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Chapter 1
Introduction to Nuclear Magnetic Resonance Methodology
and Membrane Peptides
1.1 Introduction

Solid-state NMR (SSNMR) spectroscopy is an indispensable way to elucidate
the structure and dynamics of membrane peptides and proteins (1-7), most of which have
low aqueous solubility for solution NMR and are hopeless to be crystallized for X-ray
crystallography. In the following sections, the quantum-mechanical descriptions of the
spin state, various NMR interactions and the origin of the NMR signal are introduced.
Frequency modulation under MAS is discussed. Examples of multiple-pulse NMR analy-
sis are given to show density operator evolution under dipolar. Various robust SSNMR
methods are discussed to show their application in membrane peptide studies. The
SSNMR theories and techniques in this chapter will mostly focus on membrane protein
studies, specifically about spin 1/2 nuclei including 'H, “C, "N, "F and *'P. All mem-
brane peptides studied in my graduate research are concisely introduced. Finally, an
overview of different types of peptide-containing membrane samples used in my research

is given.
1.1.1 Brief quantum-mechanical view of SSNMR (8-13): spin state and interactions

The state of a spin system can be expressed as the density operator, p(¢).Itis a

quantity defined in statistical quantum mechanics and can be used to calculate the expec-

tation value of a spin system, which reflects the NMR signal or the magnetization,_]\}(t) :

M(r)=c<i>=c-Tr<p-f> (1.1)
where p and I are matrix representation of O and I.

NMR interactions are described by nuclear spin Hamiltonian (I:I ) (see Table

1.1). H is an energy operator as can be seen from:
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Ay)=Ely) 12

The time dependence of P under the effect of H can be described by the von

Neumann equation:

dp(t) __irg s
== Hp0] a3

For time—independentl:l , the solution of equation 1.3 is (8):

p(t)=U(t)p(0)U™\(¢) , where the propagator U(r)=e " depends only on H .

When the following condition is met:
[ #.[H.50)]]= @ p(0)--

The solution of the von Newman equation is

p(t) = p(0)cos(wt)— w sin(wt) 14

For spin !4 nuclei, NMR interactions ( /1, wow) Include the interactions between a

otal

spin system and the external magnetic field ( A ,) and the applied (H « )» and local inter-
actions including chemical shift shielding ( A s )» dipolar coupling ( H ) and scalar cou-

pling (ﬁJ) for spin 1/2 nuclei (8-10):

A

H, =H+H, +H +H +H, (1.5)

total

external local

NMR interactions of spins in solid samples are illustrated in Figure 1.1. When
nuclear spins are placed in an external magnetic field, the energy level splits due to the
different alignments of the spins with respect to B, (Figure 1.1.a). The population differ-
ence between the different energy levels at thermal equilibrium is proportional to the
NMR signal. Larger B, induces larger energy differences between spin up and down
states, giving higher sensitivity. In a classical mechanics view of the Zeeman effect, the

spin (or equivalently the magnetization) will precess around B, at a frequency, ®,. This

www.manaraa.com



so-called Larmor frequency depends on the strength of B, and the type of nucleus (7). The

Larmor precession can be demonstrated by quantum mechanics, where ®, indicates the

strength of Zeeman interaction Hamiltionian ( H o)

iyt

T T
(a) (b) (©) (d)

Bo
; T |B> ,// :\\\ //’i \ ",4 Bo -
_." AE = ha ! ’:"“ .EP electron 1 1
\ AE l h()() [11 ¥ o 9"/ JCH JCC

|(l> NN
Bog 833
O A —
: : #0911 il » BB>
L \
( )(,00 = | sQ, 7 N y
: Siso= 328“ ; v ’ DQ \‘ ; _(T 4 I 1JCC
: o R — _
v 822 pa>", lop> = "Jen
. 833 \\ // \‘L‘:i 1JCC
wy=—vyBo L J___1 _ i |owor> h

Figure 1.1 SSNMR interactions of spin 1/2 nuclei in a static field. (a) Zeeman interaction (Hy).
Top: energy level splitting; Bottom: spin Larmor precession around B,. (b) Chemical shift (Hcg).
Top: interaction between B, and local electron current induces an extra magnetic field (B,
which reflects the local magnetic environment and causes perturbation of the Larmor frequency;
Bottom: isotropic chemical shifts and three principle values of chemical shift anisotropy. (c) Di-
polar coupling (Hp). Top: a dipolar-coupled spin pair in B,. Bottom: energy level diagram for a
two-spin system and allowed transitions. (c) J-coupling (Hj). J-splittings of an H-C-C coupled
system.

An additional magnetic field is generated by electron currents, so each nuclear
spin may sense a different effect due to the different electronic environment, causing
chemical shift (Figure 1.1.b). Chemical shift correlates the atomic magnetic environment
with chemical structure, which is why NMR is especially suitable to characterize the

atomic-level structure of molecules. Dipolar coupling originates from the direct di-
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pole-dipole interaction of the two spins. As illustrated in Figure 1.1.c, dipolar coupling

causes further splitting of the Zeeman energy states, stimulating zero-quantum (ZQ), sin-

gle-quantum (SQ), and double-quantum (DQ) transitions, which carry different frequency

information and can be directly or indirectly detected. J-coupling is mediated by electrons

in the chemical bonds, so it is a through-bond interaction, in contrast to the through-space

dipolar interaction (Figure 1.1.d). Both J-coupling and dipolar coupling are interactions

of coupled spin, so they have similar forms of the spin part in their Hamiltonians (Table

1.1)

The Hamiltonian equations, size and field dependence of NMR interactions are

summarized in Table 1.1. In terms of strength (Hz), the Zeeman interaction is the largest

on the scale of a hundred MHz in superconducting magnets. Dipolar coupling and chem-

ical shift anisotropy are smaller, up to tens of kHz. In organic molecules, J-coupling is the

weakest interaction with a strength up to hundreds of Hz, which means it can only be ob-

served in high-resolution spectra, e.g. of the isotropic solution sample. While in solid

state NMR, it is usually hidden underneath the much stronger dipolar coupling.

Table 1.1. Hamiltonians of NMR spin interactions for spin 1/2 nuclei in solids.

. R Size Field
NMR Interactions | Hamiltonian (Hz) dependance
Zeeman interaction | H V= -yhi B, 107-10® o< B,

. . T T _LF 5 oc
Chemical shift H.=-yhl o_ B, 0-10 B,
Heteronuclear A g y'yS 1 ) . |
dipolar interaction ), =- dr S 2 (3cos0-1)21.8, 0-10 independent
Homonuclear ~n Tyl ) 32 2 s .
dipolar interaction i, = 'E?EG cos’0-1)(3LJ.-IxJ) | 0-10 independent
J-coupling H,=2nhJ 1 -1, 0-10° | independent
tf pulse Hye=-yhBI 10*-10° o B

In the following part, I will the take chemical shift interaction as an example to

show truncation of the Hamiltonian, the frequency part (@) and other parameters in-

cluding the anisotropy parameter ( J

a

niso

), asymmetry parameter (77), isotropic chemical
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shift (J,,), the orientation dependence of anisotropic chemical shift (@) and the

time-dependent evolution of the frequency under magic angle spinning (MAS) (8, 12).

The chemical shift interaction can be expressed as: H o= yhi 0 B,, where 0'is

defined as the second rank chemical shift tensor. The local chemical shielding

B, =—Gl§0. This local field interaction is truncated by the strong external B, to the

non-vanishing parallel term, which is the z-component of B, ¢ " BX* .

A

The truncated chemical shift Hamiltonian is H =0/ =-w,c"*I  (1.6)
In a molecule-fixed principal axis system (PAS) as sketched in Figure 1.2.b:

05(0,0)=~0,(0." sin’Ocos’ g +0 " sin’ Bsin’ g+ 0 cos’0) (1.7

XX

The anisotropy parameter, 6. =0 s -0, (1.8)
PAS _ __PAS

The asymmetry parameter, 1) = W (1.9)
zz iso

PAS PAS
+0
xx »

1
The isotropic chemical shift, o, = 5(6 + GZZAS) (1.10)

Expressed in terms of pand J , equation 1.7 can be transformed (8):

cs

N N 1 .
0(0,0)=0" +0" =0, B+ 55@(3 cos’@—1-nsin’Ocos2¢)  (1.11)
Dipolar coupling has a similar expression (12),but @)’ =0 and? =0, so
1
,(0)=40, -5(3cos2 0-1) (1.12)

Thus, the angular dependant components, ©“"’(8,¢) and ®,(0), indicate the
molecular orientation dependence of anisotropic chemical shift and dipolar coupling with
respect to By,

As illustrated in Figure 1.2.a., randomly oriented molecules of powder samples

have different chemical shift freqencies. The anisotropic chemical shift interaction and

dipolar coupling are two dominant line broadening mechanisms in static SSNMR. In or-
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der to remove these line broadening factors, a mechanical technique called magic angle
spinning (MAS) was developed to spin the sample around an axis tilted by 54.7° from B,,.

Both the anisotropic chemical shift and dipolar coupling frequency is modulated by the
second Legendre polynomial, P, (cos ) :%(3 cos *@-1). When the sample spins at a fre-

quency much larger than the interaction, the anisotropic part disappears and only the iso-
tropic frequency remains. The time-dependent evolution of the NMR frequency under

magic angle spinning (MAS) will be discussed below.

7] rotor top

(a) powder sample in Bo (b) molecule-fixed PAS (C) rotor frame (RF) z
(lab frame, LAB)

N
NI
) \ |\\
N

ot

Figure 1.2. (a) Static powder sample in external magnetic field (B,). Microscopically, molecules
have different orientations. (b) The molecule-fixed principle axis system (PAS). (c) Left: macro-

scopic view of powder sample packed in the rotor, which spins at an angle of Hm

(gm = arccos(«/ 1/ 3) = 54.7°) with respect to By; Right: conversion from PAS to rotor frame. o,

B and v are the angles between molecule-fixed PAS and rotor frame: o - azimuthal angle, 3 - po-
lar angle and v - molecular orientation angle around the rotor axis.

1.1.2 Frequency evolution under magic angle spinning

In the rotor frame as shown in Figure 1.2.c, the anisotropic chemical shift fre-

quency (@) can be written in terms of o, 3 and y angles as (8):

C

o(t)=0 [C cos(y +@ 1)+ C, cos(2y +2w 1)+ S sin(y + @ 1)+ S, sin(2y + 2w 1)]  (1.13)
h V2 L sin? for isolated spin pairs, T and S
where C, = —75111(2[3), C, = 750 B.S, =S, =0, for isolated spin pairs, I and S.

The sum of angle yand @¢ can be understood in the sense that both angles are

rotational angles around the rotor axis. The periodicity due to MAS creates spinning

sidebands (SSB), whose peak envelope at slow MAS represents the CSA powder pattern
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(8). To eliminate SSB for spins with large CSA, one can use higher spinning speed or
implement the total suppression of sidebands (TOSS) technique (14). Equation 1.13 also
indicates that the frequency becomes time-dependent under MAS. During t, the total
phase angle change @(¢), which describes the t-dependent precession frequency of mag-

netization (M,), is

(1) = [ o0 B.y.0dt = [ 61C, cos(y +a,1)+ C, cos(2y + 2, 1)}t

= Cl' [sin(y +®,t)—siny]+ C; [sin(2y + 2w t,)—sin2y] (1.14)

After full rotation periods, t,=nt,andn=0,1,2 ...,

®(nt )= C; [sin(y +n-2m)—siny ]+ C;[sin(Zj/ +2n-2m)—sin2y]=0

The same derivation applies to the time evolution of dipolar coupling frequency
(@, ). At the end of each rotor period, the chemical shift anisotropy and the dipolar cou-

pling are refocused to zero. Sample spinning is the only way to remove CSA, while dipo-
lar coupling can also be efficiently eliminated by dipolar decoupling pulses. When the
spinning frequency is not significantly larger than the dipolar coupling, e.g. rigid C-H
bond under 20 kHz MAS, heteronuclear dipolar decoupling by radio-frequency irradia-
tion is absolutely necessary to ensure narrow lines.

Equation 1.14 also shows that the dipolar coupling is not refocused to zero
when t; # nt, which allows the magnetization to evolve under dipolar coupling interaction
within one rotor period. This inspires the idea of dipolar coupling measurement using di-
polar-chemical shift (DIPSHIFT) experiments (15-16), which will be discussed in section
1.6. As an example to show how Hamiltonians of spin interactions and rf pulses manipu-
late the magnetization under MAS, the density operator derivation of this experiment will
be illustrated in the same section. Moreover, if an rf pulse is placed in the middle of the
rotor period to interfere with the magnetization evolution, the phase ®(¢)is no longer
equal to zero at the end of each rotor period, causing the so-called dipolar recoupling.
This is the original idea of a widely used dipolar recoupling pulse scheme, rotational echo

double resonance (REDOR) (17), which will be discussed in section 1.3.
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1.2.3 NMR sensitivity and its dependence on type of nucleus (y), static field (B,) and
temperature (T)

NMR signal originates from the population difference of the total spin number at
each energy state splited by the Zeeman interaction (8-13). Taking spin 1/2 nuclei for
example, the initial magnetization (M,) is the magnetization difference between the two
states, lo> and IB>:

- Nm)yh (1.15)

—FE .\ /zZKT
{s)/KT)

1
M():_E(]\/ﬁ>

where N\a> “He D and N\ﬁ>=Ne(

Using (1.2) and applying the high T approximation (AE <« KT, at practical ex-

= Ne

perimental T),

N, E  —E
|B) 8) o) AE —hw, hwo
_1P_ L/ BN P /= =1- 1.16
N\a) exp[ T ]=exp[ kT] exp[ T ] T (1.16)
where AE=E|ﬁ>—E‘a>=—ha)O.

how
For 'H, when T=300 K and B,=9.5T, kTO = (.000064 . The calculation shows,

even for a high-y spin like 'H, Zeeman interaction causes only ~ 107 difference between
populations of two energy levels. This indicates extremely low sensitivity, which is why
NMR is regarded as an insensitive technique compared with other analytical methods.
Nevertheless, NMR is still powerful thanks to its ability to detect atomic-level structure

and motions in a large range of time scales from ns to s.

To calculate M,,

E,-E, hB
N, =NL @) _  AE _ \ 7hB,
2KT 2KT  2KT

N

) (1.17)

So, using (1.15) and (1.17),

M, =—%(N

|8)

NGB,
- N, hB =—"——" (1.18
o) ) ynb, AKT ( )

The signal-to-noise ratio,
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S n- 2. B 2 ) ) )
I =0, M, o< %(0) , considering noise «< /@,  (1.19)
Equation 1.18 and 1.19 implies many routes to improve NMR intensity (M,)
and sensitivity (%). For example, one can pack more sample to reach a larger spin

number (n). One can also reduce the temperature to increase the Boltzmann factor. High-
er magnetic field (B,) can certainly contribute, e.g. a sensitivity increase by 3.4 times
from a 400 MHz to a 900 MHz spectrometer. The equations also show that nuclei with
high v (such as electron, '"H and "F) have higher intensity and better sensitivity, which
can be utilized by direct observation or indirect detection via polarization transfer as

shown in Figure 1.3.

(a) DP (b) cp (c) INEPT (d) DNP
n/2 n/2 m2 m Sl icowave irmadiation]
d o wler Wil wlde
B In
X [cp— X | X cP>

Figure 1.3 Pulse schemes of (a) Direct polarization (DP) and (b-d) signal enhancement tech-
niques via magnetization transfer: (b) Cross polarization (CP). (c) Insensitive nuclei enhanced by
polarization transfer (INEPT), which establishes connectivity though J-coupling. The magnetiza-

tion transfer can be achieved if 7 = —Y (d) Dynamic nuclear polarization (DNP) (18,19).
HX

Magnetization is transferred from electron to 'H via continuous microwave irradiation. Several 90

degree pulses on 'H channel are used to destroy 'H magnetization before DNP.

High-y and naturally abundant nuclei, such as 'H and "F, can be directly excited
using a single pulse to yield high intensity sequences (Figure 1.2.a). For several other
spins like °C and "N, their magnetization can be indirectly obtained via magnetization
transfer from 'H (Figure 1.3.b-d). For example, '"H magnetization can be transferred to
bonded or nearby X spin via cross polarization when the Hartmann-hahn match condition

(Ys:Bs =7, B, . forspin 2 S spin) is met. 'H-X dipolar coupling drives cross polariza-
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tion, so the transfer efficiency will largely depend on "H-X distance and mobility. A CP
contact time of 0.5 ms to 3 ms can be used to gain sensitivity from spacial close protons,
but one needs to realize that the magnetization transfer time could not be too long due to
T,, relaxation. In case of a mobile system, which has a weak 'H-X dipolar coupling, sim-
ilar magnetization transfer can be achieved through J-coupling interaction using INEPT

(Figure 1.3c). Theoretically, both CP and INEPT can enhance the signal of S spins by a

Y s .
factor of —i- , which is equal ~ 4 in case of 'H to BC transfer. Moreover, the shorter 'H
Vs

T, allows the use of shorter recycle delays in practical experiments. However, one should
realize that CP is not able to give fully quantitative intensities due to the through-space
magnetization transfer. Even higher signal enhancement can be achieved if the magneti-
zation is transferred from electrons, which has 658 times larger y than 'H. This idea is
realized by a revolutionary method called dynamic nuclear polarization, DNP, which has

shown as much as ~330 times higher "°C intensity enhancement in practice (66,67).

As representatively illustrated in Figure 1.4.a, the NMR FID signal is featured
as a superposition of sinusoidal oscillations at many frequencies, which decay as time
goes on due to relaxation. The time-domain FID is converted to frequency domain signals
by Fourier transformation (Figure 1.4.c). For example, the simplest NMR signal of a sin-

gle frequency, o, (8, 11, 13):
SO=fO)=¢" —TF@=[ f(O)e " dt=2nw-m,) (120)

In practice, the FID is recorded in terms of discrete digital points, so the numer-
ical discrete FT (DFT) will be applied. Also, a certain period of acquisition time (t,,) ra-
ther than infinite time domain is used for signal detection, which behaves like applying a
box function and causes signal truncation. The FT of a box function yields a sinc function,

which appears as “cut-off wiggles” in the spectrum.

As shown in Figure 1.4.b, rotational echoes show up at the end of each rotor
period because the orientation of molecules in the rotor goes back to the original position
periodically. For a spin system with large CSA under slow MAS, the orientation could be

largely different at the beginning of each detection (different y angles), giving unequal
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magnetization. This may cause severe phase distortion. To solve the problem one can
spin much faster to shorten the rotor period (T,) or to implement a y-averaging (or

v-integral) period before detection (8).

(a) Free Induction Decay (FID)

5 10 15 20
aquisition time (ms)

18 20 22 24 26 28 30
aquisition time (ms)

(c) Fourier transformed (FT) spectrum

200 chemical shift (ppm) 150

Figure 1.4 (a) Time-domain NMR signal of a 1D NMR experiment. (b) Periodic rotational ech-
oes synchronized with rotor period (T,) when a spin rotates back to its original orientation. (c)
Frequency-domain (shown in ppm) NMR signal after Fourier transformation. The experiment is a
cross polarization experiment of a crystallized CO-labled glycine.

1.1.4 Bio-macromolecules studied in this dissertation.

The goal of membrane peptide and protein studies using SSNMR is to determine
atomic- or molecular- level structure and dynamics and elucidate their relation to biolog-
ical functions. Figure 1.5. depicts the rich structural and dynamic features of membrane
peptides or proteins. Membrane proteins conduct their biological functions in lipid mem-

branes, which gives rise to many structural features different from globular proteins. For
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example, membrane proteins usually have a certain topology, defined as insertion depth
and orientation. They interact with lipid through charge-charge interaction or hydropho-
bic interaction. Moreover, the impact of protein on the lipid membrane can be function-
ally relavant. This may include membrane disruption, membrane fusion and pore for-

mation.

(a)

coil

membrane
(b) o
conformation dynamics insertion orientation
manner
peptide-lipid peptide-HyO molecular tertiary
interaction interaction packing structure

Figure 1.5. (a) A hypothetical membrane protein with domains rich in various conformations,
including o-helix, B-sheet, turn and random coil. (b) Biofunctionally related structural and dy-
namics of NMR interest, using the model protein in (a) as an example.

We have successfully demonstrated the power of SSNMR to study all of these
structural and dynamic aspects in many interesting membrane peptides in my PhD re-

search, including two cell-penetrating peptides (CPP) (20, 21), two antimicrobial peptides
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(AMP) (22), an antimicrobial drug (23), the gating helix (S4) of a K voltage channel (24)
and the transmembrane 'H channel of influenza M2 protein (25). Their origins, biological
functions, amino acid sequences and our research motivations are concisely summerized

in Table 1.2. A detailed discussion of these can be found in a review paper as chapter 3.

In the following sections, I’'ll discuss many NMR methods that have been widely
applied and/or improved in my study. In section 1.2, I will show how to obtain NMR pa-
rameters including chemical shifts and torsion angles and how they are used to determine
the protein secondary structure. In section 1.3, dipolar-based distance measurement tech-
niques are discussed. Paramagnetic relaxation enhancement NMR, which is used to quan-
titatively determine long-range distances, is discussed in section 1.4. The quantitative
distance dependence of PRE is fully derived. In section 1.5, I will show how to measure
dynamic parameters including dipolar order parameters, CSA and various NMR relaxa-

tion times.

www.manaraa.com



Table 1.2. Membrane-active bio-macromolecules studied in my graduate research.

Category Bio-functions

Bio-macromolecules

Chemical Structure

Research Motivation

Antp(43-58), called penetratin

to study the structure

Cell . Delivery of Origin: the 3" helix of Anten- RQIKIWFQNRRMKWKK basis of membrane
e —.penetratlng bio-active cargos napedia Homeodomain translocation, and
peptides into cell without
(CPP) disrupting the HIV Tat(48-60), called TAT tp stud){ the conforma-
membrane Origin: the basic domain of Tat GRKKRRQRRRPPQ Eonal dlS(t)l'FleI' of mem-
protein of HIV-1 virus rane proteins
PG-1
Antimicrobial Zli?;igoetiesragii of Origin: porcine leukocytes RGGRLCYCRRRFCVCVGR to study the antimicro-
: ’ bial mechanism and
peptides broad spectrum an- IB484 bacterial
timicrobial abilit .
(AMP) ;Irlr(lilzz(l)e Cl?iv?tyl d Origin: a charge-reduced HWRLCYCRPKFCVCV gram-selectivity
PG-1 mutant
CF, CF,
Antimicrobial ~ New generation of PMX30016 0 ; o
olicomers antibiotics, with L . R ~ NS v to study the antimicro-
g simple and robust Origin: synthesized Ho 1. E\/\U,\‘H ok _-H bial mechanism
(AMO) organic structure. antimicrobial species j\ \K

NH, NH,

Voltage-gated
geg K™ transport in eu-

KvAP S4
Origin: the 4™ helix of the KvAP

to study the orientation

K* channel Karvotic cell i i LGLFRLVRLLRGLRILLII and lipid-interaction of
(Kv) aryotic cells protein, responsllble for voltage the gating helix
gating
1 M2TM
Transmembrane PH-gated H chan- to study Cu**-bound

nel of influenza

proton channel .
virus membrane

Origin: transmembrane domain of
influenza virus M2 protein

SSDPLVVAASIIGILHLILWILDRL

structure.
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1.2 Secondary Structure Determination

Protein conformation describes the local ribbon structure, defined by the backbone
torsion angle (¢, y). Typical secondary structures are a-helix, B-sheet and random coil, which
are distinguished by their hydrogen bonding patterns. For example, o-helix describes a
right-handed (natural form) coiled structure, which forms intramolecular hydrogen bonds
between backbone N;-H, group of the residue i and the backbone C,;,,=O group of residue i+4.
A complete o-helical turn is composed of 3.6 residues. A general backbone-extended con-
formation is called B-strand. If packed in the manner of parallel or antiparallel through in-
termolecular hydrogen bonds, another regular conformation called B-sheet is formed. Many
peptides and proteins adopt random-coil structure, which is an unstructured conformation
without inter- or intra- molecular hydrogen bonds. Protein conformation is a crucial structural
property related to the biological function. For example, many diseases, such as Alzheimer’s
disease, are caused by the protein misfolding and forming highly aggregated [3-sheet amyloid
fibrils.

As will be discussed in section 1.3, chemical shift is induced by the local magnetic
field and thus reflects the local structure. Chemical shifts of CO, Ca, CB and No are very
sensitive to the conformation of peptides and proteins. For example, compared with 3-sheet
conformation, CO/Coa chemical shifts of o-helix are downfield larger by ~ 2-5 ppm. Thus,
protein conformation can be identified by examining the secondary chemical shifts of CO,
Coa, CB and No. peaks. The secondary chemical shift is obtained by comparing the experi-

mental value with the database value of random coil conformation (26-28):

secondary __ Sexperimental S database
6[s - 61’50 5iso, coil (1'21)

0

Compared with other conformation determination methods like circular dichroism (CD), the
NMR chemical shifts are site-specifc and can more accurately reflect protein conformation.
Due to peak overlap issue of uniformly "*C, "N-labeled systems, chemical shifts are obtained
using two- or three- dimensional homo- or hetero- nuclear correlation experiments. In the

following, I’ll discuss many robust two-dimensional correlation techniques. A uniformly "C,
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""N-labeled model tripeptide (29-30), f-MLF-OH, is used to illustrate the spectra measured

by various NMR methods.
""""""" MetMOLeuPhe
s 1
? zméﬂg 116.2 CII) %69
C_ "2C 2 N Cxl 2C _OH
H/ \?\12,;]5%52,01% 622// _§%8%175.¥1y;(54.4\§‘5/§
o 3 40.7 . O
245 \?56 |

Figure 1.6. Molecular structure of crystalline tripeptide formyl-Met-Leu-Phe-OH (f-MLF-OH). “C

and "N chemical shifts are indicated in ppm. The backbone torsion angles are shown in green.

1.2.1 Chemical shift assignment from 2D homonuclear correlation NMR

Many 2D "C-"°C homonuclear correlation techniques have been applied in my the-
sis research. These includes proton driven spin diffusion (PDSD), dipolar-assisted rotational
resonance (DARR) (31), double-quantum filtered correlation spectroscopy (COSY), J-based
constant time COSY (CT-COSY), incredible natural abundance double quantum transfer ex-
periment (INADEQUATE) (32), most of which are listed in Figure 1.7.

In the PDSD/DARR experiment (Figure 1.7.a), the magnetization is transferred via
CP from 'H and then flipped by a 1t/2 pulse to the z-direction to allow "*C-"C spin diffusion.
A mixing time of 20-60 ms can be use to yield intra-residue "C-"C correlation. All in-
tra-residue correlations of f-MLF-OH are nicely observed in the spectrum shown on right of
Figure 1.7.a. For membrane peptides, to eliminate the overlapping lipid signals, dou-
ble-quantum filtration (e.g. SPC-5 (33)) can be applied during the “C-">C polarization trans-
fer period as shown in the DQ-COSY pulse sequence (Figure 1.7.b). As shown in the
f-MLF-OH DQ-COSY spectrum, this method is different from PDSD/DARR and correlates
directly bonded carbons since the DQ coherence is excited between two adjacent "°C spins. If
t, evolution happens in the middle of the DQ period, a correlation of DQ frequency (®,+®,)
and SQ frequency (m, or m,) can be established as shown in Figure 1.7.c. The corresponding

spectrum does not have diagonal peaks. As one advantage, this technique can indicate the °C
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(a) PDSD/DARR
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Figure 1.7. Pulse sequences (left) and representative spectra (right) of 2D "*C-">C homonuclear cor-

connectivity. The enlarged DQ dimension could have better resolution to distinguish close
peaks in the indirect dimension of other SQ-SQ correlation methods. These DQ experiments
correlate adjacent carbons, e.g. intra-residue Cot and C, thus are suitable to characterize the

conformational disorder of membrane peptides as we studied in Chapter 7.
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relation experiments. (a) Proton-driven spin diffusion (PDSD) if 'H decoupling is off during mixing
period, or dipolar assisted rotational resonance (DARR) if 'H decoupling (0,=®,) is on. (B) Dou-
ble-quantum COSY experiment. The DQ efficiency dependence on SPC-5 power level is tested under
5.3 kHz MAS and 81 kHz 'H decoupling. The maximum DQ efficiency is ~ 40% of CP intensity. (c)

Dipolar INADEQUATE experiment. It gives intraresidue carbon connectivity.
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1.2.2 Chemical shift assignment from 2D heteronuclear correlation NMR

Heteronuclear correlation (HETCOR) techniques are used to correlate different nu-
clei in a 2D mode. These methods have their own advantages compared with homonuclear
correlation experiments discussed in section 1.2.1. For example, the backbone "N peaks are
heavily overlapped for residues adopting the same conformation. The peak overlap issue may
not be well solved in 2D ""N-"N correlation since most amino acids don't have many "N
groups (other than the backbone N) to yield cross peaks. Another issues for is that "N-"N
dipolar coupling is also much weaker than "*C-"’C spin pairs due to the small y of "N spins,

so 2D "N-"N correlation spectra could not yield high cross peak intensity.

(@) 'H-"cHETCOR (b) U_]\_J\‘
z-filter
= 0
E DMPC/DMP id o-
H I\[\ I TPPM g C/ G Lipid -2 @ ° Llpd ! L|p?d ® L/"
A
UVVAV"" : g 2 Lipid G3 » ') 9 L|p|d C3
- \ Lipid G1 Lipid C2
- 8 4 LrdCho o/
qE) © Lipid Cat
" S @ Lipid G2
oy~ decoupling ; 6 T T T T (‘(J T T T T T
75 65 55 35 25 15
13C chemical shift (ppm)
(C) ™N-"cHETCOR (d) M
n/2 3 M ('{, }
1f-MLF-OH

-

o

o
1

H |cP
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Figure 1.8. 2D 'H-"C HETCOR pulse sequence (a) and spectrum (b) of hydrated DMPC/DMPG
membrane. 2D “N-">C HETCOR pulse sequence (c) and spectrum (d) of f-MLF-OH.

In my thesis research two kinds of heteronuclear dipolar correlation experiments
have been applied, including J-decoupled C-H HETCOR (21) and N-C HECTOR (35). The
C-H correlation pulse sequence is show in Figure 1.8.a. 'H and “C magnetization evolve
during t, and t, period, respectively. We implemented a 180° echo in the t, period to refocus
the evolution of the C-H scalar coupling. Without J-decoupling, the 'H peaks in the indirect
dimension will suffer from J-splitting by “C. This technique has helped the chemical shift
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assignment of TAT peptide at high temperature as studied in Chapter 3. Even without 'H-'H
homonuclear decoupling, TAT peaks are well-resolved due to its fast averaging motion as an
unstructured peptide. A *C-'"H HETCOR spectrum of mobile lipids is shown on the right. "N
and "C are correlated using N-C HETCOR, which transfer the magnetization between "N
and “C by using the rotor-synchronized REDOR blocks. As can been seen from the "N-"C
HECTOR spectrum of f-MLF-OH, all possible one-bond N-C correlations are well estab-
lished.

1.2.5. Other parameters to identify secondary structure

(a)

IDipoIardecoupIing TPPM |

Z
1H I CP' Dipolar decoupling |MREV-8 c?;izljgling
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t, t t
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024k —
0 100 200 300
Time (ps)

Figure 1.9. (a) HNCH pulse sequence to measure ¢y (36), which can be used to calculate ¢ torsion
angle by using the equation ¢ =¢y + 60°. (b) Definition of torsion angles of peptide bonds. (¢c) HNCH
curve fitting of Met residue of f-MLF-OH. The data is acquired at 3.4 kHz MAS. Semi-windowless
MREV-8 is applied for H-H homonuclear dipolar decoupling. One-bond CH and NH dipolar coupling

constants at rigid limit are 22.7 kHz and 10.5 kHz, respectively.

Secondary structure vs. torsion angles. o-helical and -sheet structure have charac-
teristic backbone torsion angles, ¢ and W, which are defined as the dihedral angles of
C,,N*C?C, and NC/C,Nf?, , respectively, as shown in figure 1.9.b. Representative

i+l

o-helical torsion angles in the Ramachandran plot are ¢e (—40°,—100°) and
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@e (—40°,—-65°). The B-sheet torsion angles are @e (—80°,—120°)and pe (120°,170°) (68).
¢ and y angles can be measured using HNCH (36) and NCCN (37), respectively. HNCH
correlates the HiN” —Nand C/ —H[.C” dipolar couplings and measure H«N*C*H angle

(¢y), which can be used to calculate the ¢ angle using the following equation:

o=, +60°

Met

The HNCH pulse sequence and example of ¢, measurement of f-MLF-OH are

shown in Figure 1.9.a and c, respectively. Both experiments need to be conducted at low
temperature to freeze any backbone motion. Torsion angles are more direct parameters to re-
port secondary structure than chemical shifts. We’ve applied HNCH method to study TAT in
order to see the correlation between the torsion angles and random coil conformation (un-
published data).

Secondary structure vs. dynamics. The secondary structure can also be correlated
with different dynamics. For well-defined a-helical and B-sheet structure, the backbone spe-
cies are usually relatively rigid due to the intra- or inter-molecular hydrogen bonding. For
highly dynamic random coil or turn conformation, their backbone groups are expected to be
mobile. Motional rates and amplitude can be measured as auxiliary data to identify the con-

formation.

1.3 Dipolar-Based Distance Measurement

Distance is an important parameter to elucidate the protein structure, domain assem-
bly, and protein-lipid interaction. For example, short and long distance constraints are crucial

to establish the tertiary structure after obtaining the secondary structure from chemical shifts

or torsion angle measurement. As shown in the F 2 equation in Table 1.1, the dipolar cou-
. . . hu yI ys 3 . .
pling constant is distance dependence (D, = 4—0_3 <r~), so many dipolar-coupling
T or
based methods are developed to yield distance information, including the direct heteronuclear
dipolar coupling measurement by rotor-synchronized heteronuclear dipolar recoupling and

dipolar driven spin diffusion among homonuclear spins.
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1.3.1 Quantitative heteronuclear distance measurement using REDOR

As shown by equation 1.14, dipolar coupling evolution is refocused to zero at the
end of each rotor period under relatively fast MAS. To recover dipolar coupling which is av-
eraged by MAS, 7 pulses are applied at every half rotor period on the S channel (*'P in the

listed case) as shown in Figure 1.10. Consider the first rotor period (17),
7, 7, 2 . )
d(7,) = JO ” o, (o, B, t)dt —j L@ (o, B, t)dt = Msm osin2f3 (1.22)
T, ﬂ'

The non-zero ®(¢)indicates the non-vanishing % . So, the evolution of initial mag-
netization, fx (of '*C spin in the listed case), under /7 % in one rotor period is:

p(0)=1 o2l 5 5z )= I -cos(wpz )+21 S sin(w)t,)

The accumulated total phase change after N7 time period is:

O(N7,)=w,(a, B,1)- N7, :%sinasinzﬁ (1.23)
V4
The NMR signal of I spin after applying multiple 7 pulses on S channel is
S(NT,)=tr{p(Nt,)-1,} =tr{I }-cos(®(NT,)) = S(0)- cos(®(Nz,))

or, %OT)) =cos(®(N7,)) (1.24), where S(0) is the NMR signal of I spin

right after CP and without 7 pulses on S spin.
Apply powder averaging for a solid sample,

S(NT;*):L‘ 27 p7l/2 . 125
5o "anh jo cos(®)sin fdadB  (1.25)

Equation 1.25 shows the dipolar coupling modulated intensity of I spin. By meas-

uring the dephased intensity at various dipolar recoupling time ( Nz,), the dipolar coupling

constant (d,, in equation 1.22 of @(N7,)) can be obtained to extract I-S distance.

The above derivations show how REDOR can measure heteronuclear distance. This

dipolar recoupling idea by Gullion and Schaefer should be greatly appreciated (17). Theoret-
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ically, these m-trains can also be applied in the observation channel, while in practice they are
used to irradiate the spins on the background (or so-called dephasing) channel to avoid too
many pulses on the detection channel, as shown in Figure 1.10.a. For uniformly labeled pro-
teins, the undecoupled J-coupling of adjacent spin pair will also modulate the intensity of the
detection channel. The J-coupling modulation can be deducted in simulation and can also be
experimentally suppressed by selective excitation (38,39). For this purpose, a soft Gaussian
pulse or rectangular pulse can be applied in the center of the REDOR period as shown in
Figure 1.10.a and b. On the dephasing channel, one needs to ensure the effective rf excita-

tion of spins with a large CSA or spectral window, such as "°N and *H.

(a) sel-REDOR

Gaussian m pulse
/2

(b)
'H |}-.CP |Dipolar Decoupling| TPPM A
selective

, pulse | —~1ms —]
c ’—CP—‘ /\ ‘ﬂﬂnnmﬂ
mt, BT soft rectangular m pulse
31p { M M ,—l
-/ Ity “NTr [«—~1ms —]

composite T pulse

(c) DQ-sel-REDOR

/2
H -.CP Dipolar Decoupling TPPM
L ™2 pQfiter 2
13C /\ ‘nnnﬂl\/\

Figure 1.10. Pulse sequence of (a) sel-REDOR (38,39) and (b) DQ-sel-REDOR (40). (c) Selective
Gaussian (top) and soft rectangular (bottom) pulse implemented in the middle of the REDOR period
on direct detection channel or indirect dephasing channel. Composite 7 pulses (90°4y:180°3:90°y.) are

used in the m-pulse train to eliminate the pulse imperfection.

The soft © pulse also serves to refocus the isotropic chemical shift evolution. It can
also be applied to the dephasing spins to selectively excite the peak of interest. Due to the

narrow band excitation, the implementation of a soft Gaussian pulse yield 65% intensity of
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CP. For a membrane peptide or protein system, the peak of interest sometimes overlaps with

lipid resonance. In order to get rid of the lipid peaks, a DQ-filter is implemented before

REDOR period (40). We have shown a successful application of this DQ-sel-REDOR in

penetratin study to obtain reliable distance between lipid *'P and Ile C81/y2, which com-

pletely overlaps with the broad lipid ® peak at ~ 14 ppm at low temperature. One should ex-

pect as low as 10 % intensity after DQ excitation and soft pulse selection.
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Figure 1.11. REDOR dephasing curves of various dipolar coupled spin pairs at different distances. (a)

C and *'P. (b) "*C and "N. (c) "°C and *H.

Figure 1.11. shows the REDOR curves of representative dipolar pairs. In (a), a

dephasing curve to represent short *C->'P distance of 4 A is plotted. This short distance has
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been observed in many membrane-active peptides in our research, including CPPs, AMPs
and a Kv channel. We fit the experimental data using a combination of a short (4 — 5 A) and
long distance (7 — 8 A). This represents the decay curvature and correlates well with the fact
that the guanidinium-phosphate interaction is relatively weak. A *C-*'P distance of ~ 8 A
usually represents the backbone carbon to phosphate distance. Any ""C-’'P distance longer
than ~10 A is not detectable by REDOR due to the very weak dipolar coupling. In (b),
13C-N distances of 1.48 A and 4.55 A are shown, representing the cases of directly bonded
C-"N and backbone carbon to sidechain “N (e.g. histidine), respectively. In (¢), REDOR

curves are shown for the directly bonded and a long-distance “C-*H.

1.3.2 Spin diffusion methods to determine homonuclear distance

Homonuclear distances can be qualitatively or semi-quantitatively obtained using
spin diffusion methods. NMR spin diffusion is a process of magnetization spreading from
one spin to another and is driven by homonuclear dipolar coupling. Thus, the spin diffusion
process carries distance information. There are several distance measurement techniques us-
ing spin diffusion, including “C detected 'H spin diffusion (41,42), homonuclear correlation
such as PDSD and CHHC experiments (43) and center-band only detection of exchange
(CODEX) (44 .45). They are distinguished by spin diffusion between different spins, or by

different magnetization pre-selections, as summerized in Table 1.3.

Table 1.3. Spin diffusion methods to determine homonuclear spin distance

spin diffusion  X-X spin magnetization spin diffu- maximum
method diffusion preselection sion time detectable
distance
PC-detected 'H 'H-'H mobile groups via T, filter 2 - 600 ms ~20 A
spin diffusion
PDSD Pc-Pc all groups via CP,witha  20-300 ms ~6A
preference of rigid ones
CHHC 'H-'H all groups via CP, witha  0-200 us ~20 A
preference of rigid ones
CODEX YF-"F 0-3s ~15 A
“c-Pc CSA 0-15s ~6A
PP 0-6 s ~9A
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Semi-quantitative distance measurement using °C detected 'H spin diffusion

The pulse sequence of the *C-detected 'H spin diffusion method is shown in Figure
1.12.a (41.42). Several consecutive T/2 pulses on the ’C channel destroy all *C magnetiza-
tion. A 1/2 on 'H channel creates the initial transverse magnetization. The magnetization of
the mobile component then selected by a T, filter. After the t, evolution, the 'H magnetiza-
tion is flipped to the z-direction to allow spin diffusion during the mixing time (t,,). After that,
the "H magnetization is flipped back to the transverse plane and transferred via CP to C
spins for detection. For a T, filter length of 0.5-2.0 ms, protons of the lipid chain and H,0,
which have relatively longer T,, can be preferentially selected as the magnetization source for

spin diffusion.
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Figure 1.12. "C detected 'H spin diffusion method to determine peptide insertion depth in the lipid
membrane. (a) Pulse sequence (42). (b) Different insertion manner and (c) corresponding build-up

curve of CH, intensity: ( full transmembrane (TM), Q) partial insertion and (3) in-plane or surface

binding.

In practice, one can conduct the experiment in the 1D mode to optimize the T, filter
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length to make sure all peptide peaks are eliminated under the condition of no spin diffusion.
In t, period, magnetization difference between water/CH, and rigid peptides serves as the
driving force of 'H spin diffusion. The 'H magnetization reaches equilibrium at a certain
mixing time. Different peptide locations and orientations, e.g. on the surface or inside the
membrane, will manifest the time to reach equilibrium differently. The spin diffusion rate is
determined from the spin diffusion cross peak intensity built-up as a function of time. We
have shown that the build-up of the protein-lipid CH, cross peak reports the minimal distance
from the membrane center (represented by chain-end CH, groups) to the peptide (42). Exam-
ples of how the spin diffusion method reports the insertion depth is illustrated in Figure
1.12.b and c. Three representative insertion manners are shown in (b) and their correspond-
ing buildup curve of peptide-CH, cross peak intensity is shown right below in (¢). For the
transmembrane case as indicated in @), the peptide is very close to lipid chains, so the spin
diffusion reached equilibrium quickly by ~100 ms. If the peptide is partially inserted into the
membrane (case (2)), the equilibrium is expected at a longer time than (D), at around 250 ms.
When the peptide is far from the membrane center as shown in (3, the spin diffusion is very
slow. It may take several seconds to reach the intensity plateau, e.g. DNA binding to the

membrane surface (42).

The spin diffusion method can be applied to rigid peptides and mobile peptides to
yield semi-quantitative and qualitative distance information, respectively. For rigid peptides
like the B-hairpin PG-1 (46), the magnetization can be efficiently transferred from the source
and then spread quickly within the peptide molecule. The magnetization transfer from CH, or
water can usually reach equilibrium within a spin diffusion time of 100-625 ms. In the case
of a mobile peptide, the spin diffusion from the source is slow due to weak dipolar couplings.
This makes it almost impossible to reach spin diffusion equilibrium since the magnetization
will be destroyed by the T, relaxation during a long mixing time of several seconds. However,
qualitative information can be obtained. For example, TAT is an unstructured and highly dy-
namic peptide and shows a clear peptide-CH, cross peak at a relatively short mixing time of
144 ms (21), which strongly indicates the peptide is bound within the membrane, since a
surface-bond peptide will take seconds to show clear CH, cross peaks. In addition, since

magnetization transfer is extremely slow within a very mobile peptide like TAT, the spin dif-
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fusion can give site-specific information.

The experimental buildup curve is simulated using a 1D lattice model, which de-
scribes the transfer of magnetization from a plane i to the neighboring two planes (plane i-/
and plane i+1/) (41,42). The spin diffusion rate is characterized by the spin diffusion coeffi-
cient (D) or interfacial rate (Q) in the unit of nm*/ms. Different coefficients, such as D epties
D, er and Dy, 4, are defined for different groups and spin diffusion medium. The value of dif-
fusion coefficients depends on sample temperature and dynamics of the molecule and are
mostly experimentally calibrated. These crucial parameters in the simulation are summerized
in Appendix D. We have successfully applied the *C-detected 'H spin diffusion method to
measure the insertion depth of the unstructured TAT in lipid qualitatively (Chapter 3) (21)
and the B-hairpin IB484 in LPS membrane quantitatively (Chapter 5) (22). In the same study,

we also experimentally calibrated the interfacial spin diffusion coefficient of lipopolysaccha-

ride-incorporated lipid membrane.

Qualitative distance measurement revealed by PDSD and CHHC.

Homonuclear spin diffusion occurs through space and encodes distance information
between spins, so correlation of NMR frequencies based on spin diffusion can be used to
qualitatively indicate the distance between the correlated spins. This idea is illustrated in
Figure 1.13.a for "C-"C spin diffusion at short and long mixing times. As can be seen from
the spectra in d and e, the 'H-driven "*C-"C spin diffusion experiment correlates intra-residue

carbons within 20 ms mixing time and inter-residue carbons at 100 ms.

Due to the larger 'H-'H dipolar coupling, long-range distance constraints can be
measured at shorter spin diffusion time as shown in Figure 1.13.b, compared to *C-"C spin
diffusion. The CHHC method is used to establish *C-">C correlation using 'H spin diffusion.
The CHHC pulse sequence is shown in Figure 1.13.c (43). The initial magnetization is from
'H via CP and is then stored longitudinally in a z-filter. Meanwhile, '"H magnetization is de-
stroyed by the T, relaxation. In the t, period, the *C chemical shifts is encoded and C mag-
netization is then transferred back to 'H via a short CP. The 'H-'"H spin diffusion then hap-

pens during t,; . After another short CP, the magnetization is transferred to °C for detection.

mix *
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A relatively short 'H mixing time of less than 200 us can be used to allow medium-to-long

range spin diffusion (up to 20 A). Uniformly “C labeled proteins can provide denser “C

magnetization pool to compensate for the intensity loss due to the 3-step CP transfer. Figure

1.13.f. shows the high 'H spin diffusion efficiency of CHHC, which yields similar correla-

tions at t,=0.2 ms as "C PDSD with a long mixing time of 200 ms. The CHHC method has

been applied to penetratin to obtain reliable chemical shift assignment and long distance con-

straints.

(a) C to C spin diffusion (b) H to H spin diffusion
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Figure 1.13. Spin diffusion of (a) °C to "°C spins and (b) 'H to 'H spins. (c¢) CHHC pulse sequence.

Representative f-MLF-OH 2D DARR spectra using a 20 ms mixing time (d), and 100 ms mixing time

(e), and 2D CHHC spectra using a 0.2 ms mixing time (f).
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Oligomeric state and intermolecular distance from °F CODEX

Similar to 'H, “F is another spin 1/2 nucleus with high gyromagnetic ratio (y) and
100% natural abundance. "F CODEX is a spin diffusion experiment utilizing large "*F-"°F
dipolar coupling to yield long-range distance information (44 45). The '"F CODEX pulse se-
quence is illustrated in Figure 1.14 a. The two mt-pulse trains are used to recouple the "°F
CSA interaction under MAS. Two z-filters are involved with different time length of t,;, and
t,. The desired t,, and short t, are used for the exchange experiment to give dephased inten-
sity (S). A control experiment (S,) without exchange uses interchanged t,, and t, to ensure the
same total T, relaxation effect as S. This technique is originally designed to study slow dy-
namics, such as reorientation on a time scale of seconds (44). But, by freezing the molecular
motion at low temperature, we use ’F CODEX to detect spin diffusion, which give intermo-

lecular distance and oligomerization information (45,46).

(a) "°F cobEx
/2

H W‘ DD ‘ | DD ‘ ‘ TPPM ‘
m n/2 n/2 n2  n2
o 1. AN

ﬂﬂﬁAAA
i

— Ntj2—! e Nt2 ——!

‘CSA recoupling'
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19}.9.6.{19F
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Figure 1.14. (a) "’"F CODEX pulse sequence (44) and (b-c) dephasing curves of oligomerized proteins:
(b) Dimer with a “F-"F distance of 9 A. (c) Symmetric trimer with "’F-"°F distance of 9 A to each
other. (d) Tetramer with square geometry of four "’F spins. Red dotted lines indicate the equilibrium
values, which are 1/2, 1/3 and 1/4 for dimer, trimer and tetramer, respectively. M indicates the oligo-

meric number.
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Figure 1.14 b-d. show the t, -dependent CODEX dephasing curves of oligomerized
peptides with the same intermolecular distances between neighboring monomers. For oli-
gomerized proteins (oligomeric number M), ’F spins at the same site of different monomers
are chemically equivalent but magnetically inequavalent due to the different molecular ori-
entation. During t,,, magnetization diffuses among the orientationally inequivalent "F spins,
so the CSA cannot be completely recoupled, showing an intensity drop. Spin diffusion
reaches equilibrium when the magnetization distributes equally to all F spins, giving a 1/M
equilibirum intensity. The time to reach equilibrium depends on the distance among all "°F
spins. Thus, the time-dependent intensity decay can be used to extract distances. The equilib-
rium dephasing ratio (1/M) indicates the oligomeric number. We applied this method to study

the oligomerization of penetratin in Chapter 3 (40).

An important advantage of “F CODEX is that ’F spins do not naturally exist in
most membrane proteins, so there is no background NMR signal. Many '’F-labeled amino
acids are available for ""F-labeling of peptides and proteins, such as 4F-Phe, 3F-Tyr and
SF-Trp. (47, 48)

1.4 Paramagnetic Resonance Enhancement (PRE) NMR for distance determination

As shown in section 1.3, the distance dependence of dipolar coupling strength al-
lows us to obtain distance constraints, however, the dipolar couplings become very small for
long distances due to 1/° dependence of the coupling. For example, the homonuclear dipolar
coupling strength of '*C spins is 35 Hz when the two spins are 6 A apart, which is compara-
ble to a one-bond scalar coupling. This results in very low spin diffusion efficiency in C-"C
correlation experiments and can also make it difficult to apply the REDOR experiment.
Moreover, the dipolar network of uniformly C and "N labeled proteins complicates the
quantitative analysis of distances. Thus, long-range distances are usually not easy to measure
in protein structure determination. In light of PRE application in solution NMR studies for
many years (49, 50), SSNMR spectroscopists have started to use this technique in recent
years to establish long-range distance constraints, in both qualitative and quantitative ways

(51-55).
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Paramagnetic species, which are mostly metal ions with unpaired elections, will in-
teract with a neighboring nuclear spin via the hyperfine interaction and/or magnetic di-
pole-dipole interaction (56). These interactions will cause relaxation enhancement (57) or
pseudocontact shift (58,59). Several examples of PRE ions showing those effects are given in

Table 1 4.

Table 1.4. PRE effects of representative paramagnetic ions.

pseudocontact NMR relaxation )
PRE agent S T, shift (5%) T, T,or T, functional form
Pr (I1T) 5/2 | <ps strong - weak Pr’*(62,63)
L5 Cu*, Cu**-EDTA
Cu (D) 172 weak strong weak (54), Cu-AA tag
ns
(55)
~10 Mn* (20,60),
Mn (II) 5/2 s no moderate strong Mn®-EDTA(55)
Gd (I1) 12 ~Ill(s)0 no strong weak nitroxide (61)

Generally, two parameters, the electron g-tensor anisotropy (g, ) and electron spin

relaxation time (T,,), determine what kind of effect paramagnetic ions will generate (55). As
examples shown in Table 1.4, metal ions such as Cu**, Mn** and Gd* with ns T, has large
effect on relaxation, while those with subpicosecond T, (particularly most lanthanide metal

ions such as Pr'*) show negligible relaxation enhancement but affect chemical shift strongly.

1.4.1 Distance-dependent PRE

The central advantage of PRE for distance determination is the large y. compared
with regular spin 1/2 nuclei. The large 7. gives large electron-nucleus dipolar coupling, which

depends on the distance. PRE effect is characterized by the enhancement parameters I',, T,

and T P which have a unit of s™. For example:

1 1

1= para dia
T

, (1.26)

where Tldm and 7,”"“are the longitudinal relaxation times without and with PRE, both of
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which can be experimentally determined. If 7, =1.0 s, which should be a reasonable es-
timation of protein backbone carbons, the dependence of I', on 7““ is plotted in Figure
1.15.a. To obtain a T, larger than 10 s, which corresponds to a “C-Cu** distance of 8 A

(shown later), the relaxation time has to become ten times shorter (7,”““=0.1 s) under the
PRE effect.

The relaxation effect of dipolar coupled electron-nuclei is described by the Solo-

mon-Bloembergen-Morgan equations (64,65):

15\ 4x 7 1+t 1+a't,

n " cl

2 2,2
r-2 (& J yigeﬂgswﬂ)_[ 30, 71, ] a7

> 15\ 4rx re l+a&'t), 1+&'7,

_ (4 Y nglmSS+1). 37, 137,
4, + + (1.28)

where g, is the free space permeability (4, = 4710"T-m/A), y, is the nuclear
gyromagnetic ratio (¥, =27-10.705 MHZ/T for °C), g is the value of electron g-tensor
anisotropy (g, =2.09 for Cu®™), u,is the Bohr magneton (4, =9.274x107** 4-m?), S is the
electron spin quantum number (S = 1/2 for "C), r is the electron-nucleus distance, and @,
and @, are the Larmor frequencies of the nucleus (@, =27-100.576 MHz) and electron

(w, =27-263 GHz), respectively. 7, and 7., are longitudinal and transverse correlation

time, respectively, under the effect of electron spin relaxation (7;,and7,,), rotational molec-

ular motion (7, ) and chemical exchange (7, ):

1 1 1 1
—=—+—+—and
Tcl YIe 7’-r TM
L:L+i+L (1.29)

z-c2 TZ@ T, TM

r

In case of solids, molecular tumbling and chemical exchange are slow and can be
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neglected,and 7, =T,,,s0 7,=7., =T,.So,for solid samples,

2 2,2
r- % (& j yfgeuBS<S+1)_[ 3%, 71, ] 1.30)

6 22 22
4 r I+o'T, 1+@T,

Taking the example of "°C spins under the Cu** PRE effect, in equation 1.30,

2 [ Hy j VagityS(S+1) _

15\ 4 e

(27-10.705MHz / T)* -2.09% - (9.274x10* 4-m*)? -;(;H)

6

2 (47107T-miA |
15

4r r
1.699x107" (Hz)* - m®
So, PRE effect
1.699x107* 37, 7T,
Fl: 6 22 22
r l+w, T, 1+aT,
B 1.699x107* 37, N 71,
re 1+(27-100.576x10° Hz)zl}i 1+(27z-263><109Hz)27}§
_1.699x107™(Hz)* - m® 3T, N T,
s 1+3.993><10”(Hz)2T1§ 1+2.731><1021(Hz)2Tl§
1.699x107* (Hz)* - m® 37, 71,
= 6 ) 17 PP 21 272 (1.31)
r 14+3.993x10"(Hz)"7,, 14+2.731x107 (Hz)'T;,

A T, value is required to determine the "C-Cu** distance in equation 1.31. Cu** has
T,. value of 1 - 5 ns (50). To evaluate how much the T,, value will affect distance determina-
tion using PRE, the dependence of r on T, is shown in Figure 1.15.b, at various I'; values of
0.3-200 s™. At a given I}, it shows that similar distances are obtained when T,, > Ins. Taking
I', =30 s (red curve) for example, a distance of 6.85 A +£0.37 A is obtained for T, ofal-5
ns. For smaller ', of 0.35 s™' as shown by the green curve, a larger but still acceptable uncer-

tainty of +0.70 A is generated. Thus, a T,, of 2.5 ns should be a reasonable choice to simpli-

fy equation 1.31.
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If T,6=2.5nsis used, equation 1.31 can be simplified as:

r

~1.699x107°(Hz)’ m°

1 6
r

then, r=s5

2147 %10°s = 3.648x 107 Hz -m®

3.648x10°  12.407

T

where r is in angstrom and T, is in second.

(1.32),

Figure 1.15.c is the plot of equation 1.32. As can be seen, a I', of 10 s gives a

13C-Cu* distance of 8 A. If Cu* is as close as 5 A to "*C spin, an extremely large I', of 200

s is expected, which converts to a 200-fold decrease of relaxation time (if 7%= 1s) after

adding Cu**. Moreover, in such a short distance, one should expect moderate T, enhancement

and small pseudocontact shift. If the relaxation time decreases from 1 s to 0.9 s, a very small

I,0f 0.111 s is obtained, converting to a *C-Cu?* distance of ~ 18 A.

(a) r1 VS. T;/mru

100

7';4/1'(1 =1s

00 02 04 06 08
T s)

rvs. Tie (c) rvs. I'y
16
14 =
r;=035s] T1e =2.5ns
[e]
0\
10 100
T1e (ns) ry(s™

Figure 1.15. (a) I'; dependence on longitudinal relaxation time after adding PRE ions (7,”").

Suppose the constitutional relaxation time without PRE ions (7;%“) is 1 s. (b) "C-Cu** dis-

tance (r) dependence on electron spin relaxation time 7;, for different I',. (¢) r vs. I'; for

T]e =2.5ns.

The above mathematical derivation and discussion show that Cu?** PRE can be used

to qualitatively measure distances in the range of ~ 5 A to ~ 20 A for °C spins. Theoretically,
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T,-dephasing PRE effects can also be used to obtain quantitative distances as shown in equa-
tion 1.28. In practice, the T, effect may cause severe intensity drop, making the T, measure-
ment difficult. We have semi-quantitatively determined the penetratin insertion depth using

Mn** T, PRE in Chapter 3.

1.4.2 Application of PRE method to lipid membrane systems

We applied the PRE method using different paramagnetic ions in our membrane
peptide studies to obtain qualitative and quantitative distances. As shown in Figure 1.16,
PRE ion-bound membrane sample is prepared by binding metal ions (M™, M™* = Mn**, Cu**
and Pr’*) to the membrane surface. The PRE membrane sample preparation is summerized in

Appendix B.

® paramagnetic agent
— (M™ ion)
———— phosphate layer
(membrane surface)

® group
(membrane center)
~__— phosphate layer

water layer
(b) POPC
(0]
Y B gl s3 )]\/03\/\/\/\/\/\9_\1
AN = 2 -, 2 16
N a H O\[(\C/\/\/E/\/\/\/\
o) 18
| headgroup glycerol acyl chain |
region

Figure 1.16. (a) One-side PRE agent-bound membrane sample. Binding of PRE ions to both
inner and outer surfaces makes it a two-side PRE sample. (b) Molecular structure of POPC, a

representative phospholipid with various lipid groups at different membrane depths indicated.

The PRE effects of different paramagnetic ions on lipid groups are shown in Figure

1.17. For a Mn**-bound POPC sample shown in (a), the NMR intensity decreases in a dis-
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tance dependent manner: the intensity of headgroup segments drops to half while the bilayer
center species remain unchanged, as indicated by the red curve. When converted to a
two-side Mn** sample, all headgroup signals have disappeared. We applied this one-side PRE
method to study the binding symmetry of penetratin in the lipid bilayer and also obtained the
insertion depth by comparing with the intensity dephasing of lipid peaks (20).

(@) M™* = Mn2*

1.0
> ]
no Mn2+ g) 08]
9 .
£ 06 _
8 1 one-side Mn2*
one-side Mn2* N 4]
é 0_2: two-side Mn2*
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AN 0.04
-—-r-—-r—r- -’ -7  @=-r—-r—-r—— T "0 T r OO
40 O -40 40 O 40 40 O -40 a B v G3 G2G1C1C2C3CH, Aw2w-1w
6iso, 31p (ppm) Groups
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no Cu o\
20 o
15 \
o
N,
' . | 0,
i e G3 1 10 g
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—t— A NN NI

T T T T T T T T T T G3 a B G2 Gl C2C3 =CHw2 wl
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Figure 1.17. PRE effect of paramagnetic-ion-bound lipid membranes. (a) Mn**; (b) Pr’*; (c) Cu**

Quantitative distances can be obtained by using the Cu** PRE method as shown in

Figure 1.17.b (25). The 7% Cu** containing sample shows no remaining *'P signal, indicat-
g p g
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ing Cu®* binds most closely to *'P, or more likely the charged oxygen atom of the phosphate
group. This is further supported by the fact that the closest carbons, G; and o, shows line
broadening and small chemical shift change. The PRE effect, I'; values of lipid carbons are
obtained by measuring longitudinal relaxation times before and after adding Cu** ions. The
distance dependence of I';is shown in the curve of Figure 1.17.b. Headgroup carbons have
larger I, indicating stronger PRE. This validates the utility of the Cu* PRE method for dis-
tance determination in lipid membrane systems. Cu(Il) is also a metal inhibitor of the trans-
membrane 'H channel of the influenza M2 protein. We applied this Cu** PRE method to
study the binding structure of Cu® in the channel and the results have nicely indicated the

binding site and topology of nearby residues (25).

We also observed interesting pseudocontact shift of Pr'*-bound POPC lipids (Figure
1.17.¢) (unpublished data). After adding 8% Pr’*, all headgroup spins (°C and *'P) show clear
chemical shift changes downfield, while carbons in the membrane center are not affected.
Interestingly, the chemical shift change is proportional to the Pr’* concentration as indicated

by the curve.

1.5 Measurements of Local and Global Dynamics of Proteins

Protein dynamics is a crucial aspect other than the structure that significantly relates
to the biological function. Proteins have various motions like segmental reorientation, protein
folding, protein domain motion, and protein backbone motion, covering a large range of time
scales from second (or Hz) to picosecond (or 10'*Hz). Most of these motions can be charac-
terized by SSNMR. For example, fast motion (< ns or > 10" Hz) can be characterized by
NMR relaxation time (T,) measurement. Motions occurring on the intermediate time scale (~
ms or 10’ Hz) or sub-microsecond time scale can be revealed by line shape analysis like stat-
ic ’H (3) and by measuring scaled dipolar coupling using separate-local-field (SLF) correla-
tion experiments (15). The relaxation time (T,,) in the rotating frame can also probe motions
at ~ us or tens to hundreds of kHz. Motions slower than tens of ms can be studied by ex-
change NMR, such as CODEX (46). In the following sections, several robust SSNMR tech-

niques used to obtain dynamic parameters are discussed.
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1.5.1 Dipolar coupling measurement using DIPSHIFT and LG-CP

Dipolar-chemical-shift (DIPSHIFT) experiments (32,33) have been extensively ap-

plied in my thesis research. It directly measures the motionally averaged dipolar coupling
(g). The dipolar order parameter (Sy,) of a bond X-H is the ratio of the measured dipolar
coupling to the rigid-limit value (0,,). Sy indicates the motional amplitude, represented by

the angle 0 between the motional axis and the bond of interest.

1
=—(3cos’ O—1
2( )

Sy =

> |c°" |

In the following part, I will show the evolution of both frequency and spin part un-

der heteronuclear dipolar coupling.

(@) single version (b)  doubled version

7 o
2
1H S|  heteronuclear H WSS heteronuclear
CcP decoupling [ °" FSLC decoupling
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Figure 1.18. Pulse sequences and representative fitting curves of DIPSHIFT: (a) Single version and
(b) Doubled version (32,33). The data are measured for f-MLF-OH at 5.0 kHz MAS and MREV-8
pulse scheme (69) for '"H-'H homonuclear dipolar decoupling. Note the minor intensity asymmetry

between the first and last data point as guided by the red dotted lines, which is due to T, decay.

The NMR signal under MAS is S(t)=eij°w(t‘)df=e@(’) (1.33). According to
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equation 1.14,

()S(1) =™ =1,if t =0 and T,
(2)S(1)=¢e"" <1,if t, €(0,7)

So, the NMR signal is modulated by dipolar coupling during one rotor period. Be-
low, I will show how magnetization (M,) evolves under dipolar coupling interaction ( / ) In

the single DIPSHIFT experiment (Figure 1.18a).

4 1hBo

At ty, p(0) = sz , where C is the Boltzmann factor and C = XT

Hep=ho (1.5 +1,S,)

pO)——p()=C-1, p(t,afier CP)=

o 1 o 1 ~n oA A A .
C-[lx -5(1+coswlst)+ S, -E(l—cosa)lst)+(1ySz - IzSy)-sma)lst}

A

After CP, consider the evolution of the S”x term. During 7, H,

_Onm o, O84S
o =Hp+H,+H

cs

where H ”=0 under homonuclear dipolar decoupling and H ois refocused (averaged to
zero) by am pulse, so only K is retained.

To evaluate whether the conditions to use equation 1.4 are met:

[ 45,8, |=[ho21 5.8 1=2h0, (I 8.8 518 )=2no (S5 ]1=2in0,ls5,

z z X X z z

A5 ] A58 |=1h0,21 8, 210,18 1= 4ima} I2[S,,8 1= hol§, = ho?$

IS x IS™x

Then, use equation 1.4:

~ IS ;&
S Hp=0,21.5.1)
x

S -cos(wyt)+21 S -sin(wt)
Note that 2/ yS’z -sIn(@jt, )is an antiphase term that can not be detected directly.

During t,:

S -cos(alt)—He=b 50 S . cos(abt,)cos(at,) + Sy -cos(ajt,) sin(a’t,)
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So. plt1,) = C[ cos(@,)S, -cos(°t,)+S, -sin(@*1,)] |
Thus, the complex NMR signal during t, and t, is,

S(t,,1,) = C.tr{p(tl,tz)S*} (1.34)

After plugging in Pauli matries for S*, S(z,¢,)=C- Cos(a)f;tl)eiwgst2
Apply FT in the ®, dimension,
_ D acq 0551, —iont, _ D CS
S(t,@,) = C-cos(@ft))[ * de™ e = C-cos(afgt)- 276(@, — ") (135)

This shows how the DIPSHIFT experiment correlates dipolar coupling in the indi-

rect dimension and chemical shift in the direct dimension.

To measure weak dipolar coupling, the doubled version of DIPSHIFT (Figure
1.18.b) can be used (15). During t, the total phase angle change is:

()= [ oy [ axexis = [ oxexie—| [[" oxexds - [ oyt |
-2 jol t)dt =20 (1)

(1.36)

Equation 1.36 indicates that the dipolar coupling effect is doubled during the t, time
period, allowing more accurate measurement of mobile systems. Moreover, the homonuclear
decoupling time is constant, minimizing the effect of decoupling imperfection and T, decay
for different t, time points. As can be seen from the fitting curve of Figure 1.18.b, the peak
intensities of the first and last data points are almost the same. MREV-8 is used for homonu-
clear dipolar decoupling at slow spinning speeds (< 5 kHz) and has a scaling factor of 0.47
(69). For higher spinning speeds, FSLG can be used and has a scaling factor of 0.577 (70).

Another robust technique to measure the dipolar order parameter is LG-CP (71-72),
which correlates dipolar splitting and isotropic chemical shift in a 2D manner. As an ad-
vantage, one can extract dipolar coupling from the peak splitting in the indirect dimension
directly without curve fitting. This experiment can be conducted under fast MAS. Due to the
small peak splitting of weak dipolar couplings, LG-CP may not be able to yield accurate
readings for highly dynamic systems. It has a scaling factor of 0.577, which is sensitive to the

accuracy of the LG-CP setup.
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1.5.2 CSA recoupling by ROCSA and SUPER

As shown in previous sections, CSA principle values indicate the molecular orienta-

tion with respected to B,. When motion exists, CSA interactions, just like dipolar coupling,

will be averaged to give a narrower line shape (5g;erag6d) compared with the rigid limit &5 .

The line narrowing scaling factor S, or order parameter, can be obtained and used to charac-
terize the dynamics:
__ Saveraged rigid
§=5aed 5T (137)
Besides the size of CSA, the asymmetry parameter (77) identifies the uniaxiality of
motion as 77=0 for a uniaxial system. For example, the static *'P spectrum of a

well-hydrated lipid bilayer corresponding to 77=0 shows o and o,, atthe same edge

(O'XX:O'W), indicating the nature of uniaxial lipid motion around its molecular axis. For a

singly °C labeled compound, the static spectrum under proper dipolar decoupling gives the
CSA lineshape. Under slow MAS spinning, the envelope of sidebands also represents the
CSA pattern. The three principal values and the isotropic chemical shift can be obtained from
Herzfeld-Berger Analysis (HBA) (73). For uniformly labeled peptides or proteins, the 2D
RecOupling of Chemical Shift Anisotropy (ROCSA) experiments can give site-specific CSA

information (74).

(2|  @r | Bu2g | | (37(2)0| (@) (n:)ol

Trg L

Tr

Figure 1.19 Pulse sequence of ROCSA (74).
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ROCSA correlates CSA and isotropic chemical shift in the ®, and ®, dimension, re-

spectively. Figure 1.19 shows the ROCSA pulse sequence and the CSA recoupling block.
The C-symmetry block in n rotor periods, Cnfq , recouples CSA and effectively suppresses the

C-"C dipolar coupling. This experiment has a CSA scaling factor of 0.272 and requires the
C recoupling field strength to be 4.283 times of the MAS frequency (®,). High sample
spinning speed (~ 7-20 kHz) is required to allow a reasonably large spectral window in the
indirect dimension. In general, it is helpful for obtaining well-defined CSA features if the
experiment is carried out at high magnetic fields. Thus, in the experimental setup, several
important factors need to be considered together, including the static field strength, MAS
frequency and rf field strength of both °C and 'H. For example, a "’C rf nutation frequency of
64 kHz is required for 15 kHz MAS. It was found 50 kHz stronger 'H decoupling than “C rf
field is necessary to yield efficient heteronuclear decoupling (74). So, 'H decoupling will

need to be stronger than 114 kHz.

@ oy (b) © e M (@)
h Phe [
: Gl g Leu
: y :

04 I - 0+ g T T T T T
£ = N 80 60 40 20 0
g ————— g A b
s ‘ 80 60 40 20 0 2T N A Phe
3 50- 3C CSA (ppm) % 50 ol ‘

[ static Q AR~ 80 60 40 20 0
CP I
1004 100 4 P Met
50 48 46 44 42 40 38 80 60 40 20 0 60 58 56 54 52 50 48 80 60 40 20 O
'3C isotroptic shift (ppm) 3C CSA (ppm) 13C isotroptic shift 3C CSA (ppm)

Figure 1.20. Co. CSA measurement of crystalline compounds using ROCSA. (a) 2D ROCSA spec-
trum of 2-"C-Gly. (b) Top: *C CSA line pattern extracted from the cross section at 43.6 ppm in (a);
bottom: static cross polarization spectrum of the same compound. (c) 2D ROCSA spectrum of
f-MLF-OH and (d) Extracted Ca. CSA cross sections. The sample spinning speed is 8-9 kHz for MAS
spectra in (a-d). 'H decoupling of 71-93 kHz is applied during ROCSA period.

Figure 1.20 shows CSA measurement of Co-labeled glycine and uniformly labeled

f-MLF-OH. As can be seen, the red CSA line shape in (b) extracted from the 2D ROCSA
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spectra (a) at Co. position matches well with the 1D static spectrum. The MLF measurement
(c and d) shows the site-specific resolution as an advantage of ROCSA. We have measured
the °C CSA of penetratin and obtained much narrower spans (Chapter 3), indicating fast
molecular motion.

2D separation of undistorted powder patterns by effortless recoupling (SUPER) (75),
which is designed by Schmidt-Rohr and coworkers, is a robust NMR technique to extract
CSA with site resolution. The CSA is recoupled by many rotor-synchronized 2x pulses at de-
sired time points. The scaling factor of SUPER is 0.155. It does not need high MAS (®, <4
kHz). A °C 1f frequency at the strength of 12.12w, is required. The fact that the *C-"C dipo-
lar coupling and J-coupling are not suppressed during CSA recoupling makes this technique

more applicable to the sparsely labeled or natural abundance systems.

1.5.3 Protein dynamics from NMR relaxation times
(c) 'H Ty 0

W [ sL [.iocp] TPPM ]

(a) "C T4

; — Tg —

”C CP’ nc E AAAA mc | ’ MAMAAA,\V
T g ez ] Lk

Figure 1.21. Pulse sequences to measure NMR relaxation time. (a) inverse recovery experiment to

measure °C T,. (b) CP echo experiment to measure "°C T,. (¢) LG-CP experiment to measure 1H T,,.

NMR relaxation is a process of perturbed magnetization returning to the equilibrium

state in a period of time. Longitudinal and transverse relaxation describes the magnetization

returning to the z-direction when the equilibrium magnetization M =M, and

M

s~ plane =0, respectively. The longitudinal and transverse relaxation times, T, and T, re-

spectively, describe how fast the corresponding process is. T, relaxation is a relaxation pro-

cess in a spin locked state. These nuclear spin relaxations are caused by fluctuating local
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fields, which are sensitive to motions at a characteristic frequency, e.g. ®,=-YB, for T, relaxa-
tion. Different motions can be monitored by different relaxation times. For example, the
characteristic frequency of T, is the Larmor frequency (,), which is on the order of hundreds
of MHz. T, under heteronuclear 'H decoupling and T,, under spin-lock frequency are influ-
enced by motions on the decoupling field and spin lock field strengths, which are usually tens
of kHz. T, T, and T,, have been measured in many of my projects using different NMR

pulse sequences shown in Figure 1.21.
A saturation-recovery experiment is used to measure T,. No heteronuclear dipolar

decoupling is necessary in the z-filter period since the longitudinal magnetization (SZ) com-

mutes with the heteronuclear dipolar coupling Hamiltonian ( HS=w 21 S ). So, reasonably
p p g D 1S z-z

long T can be used. In the CP echo experiment for T, measurement, 'H decoupling is neces-
sary, otherwise magnetization will be destroyed by "H-"C dipolar couplings (76). The echo
time (2nt,) needs to be rotor-synchronized to avoid any CSA recoupling. The hard w pulse
can be replaced by a Gaussian selective pulse to remove the 'J..-coupling modulation. To

measure T, , magnetization is spin locked and magnetization undergoes spin lattice relaxa-

Ip>
tion in the rotating frame. "H magnetization is transferred to C for detection via LG-CP to

give site resolution to the T,, (71-72).

1.6 Peptide-Incorporated Lipid Membrane Samples

Hydrated phospholipid membranes are used to mimic the cell membrane in our re-
search. When exposed to water, phospholipids self-assemble into a bilayer with the acyl
chain pointing to the center and the polar headgroups pointing to water. Compared to deter-
gents and micelles, the liposome samples used in our SSNMR studies better represent the
physiological environment, in terms of the lipid bilayer curvature, membrane thickness, lat-
eral pressure and membrane viscosity.

Figure 1.22 illustrates various hydrated lipid membrane samples and their corre-
sponding orientation-dependent *'P spectra. The orientation of phosphate groups in lipid bi-

layers is represented by the bilayer normal due to the fast uniaxial motion of the lipid around
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the long molecular axis (Figure 1.22.a). These samples can be classified into two categories
based on whether the bilayer normal has a certain angle with respect to the static field (B):

oriented samples (Figure 1.22.b) and unoriented samples (Figure 1.22.c).

(a) (b) oriented liposomes

N - glass-plate aligned bilayer - bicelle

Bo \

An
TA ——
(Dcs,aniso(0) ~ %(300829 -1) OT Eg/\m
=—— \mmm
~ 15,000 bilayers H 0= 90O
0
|| 0=0 DMPC
6-0O-PC
50 0 5050 0 -50

aniso &+, (PPM) aniso &+, (PPM)

(c) unoriented liposomes  (d) isotropic or small vesicles
- multilaminar vesicle (MLV) - micelle - hexagonal phase

H0 bilayer

50 0 -50 50 0 -5050 0 -50
aniso O+ (PPM) aniso O+ (PPM) aniso O+ (PPM)

Figure 1.22. Oriented and unoriented lipid membrane samples. (a) Orientational dependence of bi-
layer normal with respect to static field B,. Lipid vesicle curvatures and corresponding *'P spectra of

(b) oriented bilayers, (c) multilamilar vesicles, and (d) isotropic or small vesicles.
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Oriented samples usually have a unique angle between the bilayer normal and B,
and are used to measure the orientation of membrane-bound proteins and to examine mem-
brane integrity. There are two kinds of oriented samples, mechanically and magnetically
aligned samples. Another category of hydrated membrane samples is the unoriented sample.
It is a spherical lipid vesicle and does not have a unique angle between the bilayer normal
and B,; instead, the bilayer normal has random orientations, giving a range of *'P resonance
frequencies. The frequency distribution results in a broad powder pattern in the spectrum.
There are many different kinds of unoriented samples, including small unilamellar vesicle
(SUV), giant unilamlar vesicles (GUV), and multilamillar vesicles (MLV). The bilayer
structure of these lipid membrane mimics could be disrupted to form isotropic or other small
vesicles, such as micelles or hexagonal vesicles, as shown in Figure 1.23.d.

Oriented sample preparation protocols can be found in Appendix A. Unoriented
samples are prepared by aqueous-mixing for water-soluble peptides and detergent-assisted

mixing for water-insoluble peptide, as documented in Appendix B.

1.7 Thesis Organization

My thesis research focuses on investigating the structure and dynamics of mem-
brane-active peptides in order to elucidate the relation between structure and biological func-
tion. Many interesting cationic membrane peptides have been studied and can be classified
into different categories including CPP, AMP, transmembrane Kv channel and 'H channel.
The thesis is mainly composed of published papers and organized in order according to the
category of the studied peptides.

Chapter 1 introduces and discusses most SSNMR techniques for the membrane
peptide studies. Frequency and spin evolution of several robust methods, including REDOR
and DIPSHIFT, have been quantitatively derived using quantum mechanics in term of densi-
ty operators. A full derivation of how PRE NMR determines long-range distances has also
been shown. All membrane peptides studied in my graduate research have been concisely
introduced. The recent research progress of these cationic membrane peptides are reviewed in

Chapter 2, where we also took these peptides as examples to introduce various SSNMR
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techniques.

Two representative cell-penetrating peptides, penetratin and TAT, were studied in
Chapter 3-7. They conformation and dynamics of penetratin in lipids are investigated in
Chapter 3. We developed a one-side PRE method and applied it to study the insertion depth
of penetratin in Chapter 4. In Chapter S, the different roles of two cationic residues, Arg
and Lys, have been compared by distance and dynamics measurements. In the same chapter,
oligomerization of penetratin in DMPC/DMPG lipids have been studied. To further study the
Arg-lipid interaction, highly Arg-rich TAT has been studied in Chapter 6, where we found
surprising membrane-bound highly dynamic random-coil structure and correlate it with the
translocation function. As a follow-up story in chapter 7, we examined the broad linewidth
of TAT at low temperature and comprehensively studied the NMR linewidth several other
representative membrane peptide with different conformations. The line broadening mecha-
nisms of membrane peptides have been uncovered.

Chapter 8 and Chapter 9 are studies of the antimicrobial drug (PMX30016) and
antimicrobial peptides (PG-1 and its charge-reduced mutant), respectively. In Chapter 8, we
successfully applied "°F and *'P SSNMR techniques to study the drug molecule without iso-
topic labeling and provided various structure and dynamic information. These valuable find-
ings contribute to the understanding of its subtle antimicrobial mechanism. In Chapter 9, we
have taken PG-1 and 1B484 as model peptides to elucidate the antimicrobial mechanism and
selectivity in both gram positive and negative lipid membranes.

In Chapter 10, the topology and peptide-lipid interaction of the gating helix (S4) of
KvVAP were determined and compared with the intact Kv protein. These structural data pro-
vided valuable insights into the possible gating mechanism of this class of transmembrane
potassium channels.

Finally, sample preparation protocols of hydrated peptide-incorporated membrane
samples, including glass-plate supported and bicelle oriented samples, unoriented samples,
one-side PRE sample and Cu**-PRE sample, are documented in detail in Appendix A-B. The
MatLab simulation code for orientation determination of the antimicrobial drug (Chapter 4)
is included in Appendix C. Experimentally calibrated spin diffusion coefficients for spin

diffusion simulations (Chapter 9) are summerized in Appendix D.
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Many sample preparation and curve fitting tasks related to my research are not in-
cluded here, but are well documented in other theses in the group. It is necessary to mention
these for future reference. For example, some organic synthesis and protein purification work
has been done, including the penetratin peptide purification using HPLC and Fmoc-Proline
synthesis and separation using thin-layer chromatography (TLC). Peptide purification using
HPLC, desalting using solution exchange, and the protocol of Fmoc-protection are nicely
documented in Dr. Tim Doherty’s thesis. There, the Fortran codes of SLF experiments to
simulate the PISA-wheel pattern of a-helix and 3,, helix in Chapter 10 can also be found.
Other home-written curve fitting programs, including dipolar coupling strength simulation
for the DIPSHIFT experiment, HNCH experiment, intensity buildup curve of spin diffusion
cross peaks to obtain peptide to lipid CH, or water distance, can be found in the theses of

other group members.

1.8 Copyright Permissions

Chapters 2, 3,4, 5, 6, 8,9 and 10 are reprints of published papers. Copyright and print-

ing permissions have been obtained from the following publishing groups:

Chapter 2: John Wiley and Sons, license number 2657791346813
Chapter 3: Elsevier, license number 2657790911626

Chapter 4: American Chemical Society, license number 2657801024110
Chapter 5: American Chemical Society, license number 2657800603235
Chapter 6: American Chemical Society, license number 2657800805563
Chapter 8: American Chemical Society, license number 2657801124766
Chapter 9: American Chemical Society, license number 2657800736438
Chapter 10: Elsevier, license number 2657791210829
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2.1 Abstract

Many membrane peptides and protein domains contain functionally important cati-
onic Arg and Lys residues, whose insertion into the hydrophobic interior of the lipid bilayer
encounterssignificant energy barriers. To understand how these cationic molecules overcome
the free energy barrier to insert into the lipid membrane, we have used solid-state NMR
spectroscopy to determine the membrane-bound topology of these peptides. A versatile array
of solid-state NMR experiments now readily yields the conformation, dynamics, orientation,
depth of insertion, and site-specific protein—lipid interactions of these molecules. We sum-
marize key findings of several Arg-rich membrane peptides, including b-sheet antimicrobial
peptides, unstructured cell-penetrating peptides, and the voltage-sensing helix of volt-
age-gated potassium channels. Our results indicate the central role of guanidinium-phosphate
and guanidinium-water interactions in dictating the structural topology of these cationic
molecules in the lipid membrane, which in turn account for the mechanisms of this function-

ally diverse class of membrane peptides.

2.2 Introduction

In this review we will explore the structure and dynamics of cationic membrane
peptides and proteins in lipid bilayers as learned from solid-state NMR. While hydrophobic
amino acid residues dominate in large functional membrane proteins, cationic residues such
as Arg and Lys are numerous in many membrane peptides, whose biological functions re-

quire them to disrupt or cross the lipid membrane (Table 2.1). These peptides include the
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large family of immune-defense molecules called antimicrobial peptides (AMPs) (/) and the
family of delivery molecules called cell-penetrating peptides (CPPs) (2), which contain
~30% to 100% cationic Arg and Lys residues. In larger membrane proteins rich in hydropho-
bic residues, sparsely distributed cationic residues have also been found to play key roles in
function. For example, the voltage-sensing S4 helix of voltage-gated potassium channels
contains Arg and Lys residues at every third position, which act as the gating charges that
respond to membrane potential changes to open and close the channels (3).

The fascinating fundamental question about these functionally diverse membrane
peptides and protein domains is how the cationic residues are imported into and accommo-
dated by the low-dielectric hydrophobic interior of the lipid bilayer against the free energy
barrier. The free energy (AG) of insertion of the twenty amino acids from aqueous solution to
lipid membranes has been measured using an endoplasmic reticulum translocon system (4).
While high-resolution details are not provided by this technique, the resulting equilibrium
constants of partition are qualitatively consistent with the expectation that hydrophobic resi-
dues have favorable (negative) AG of transfer into the lipid bilayer while polar and charged
residues encounter significant barriers. The AG for Arg and Lys was estimated to be +2.5 to
+ 2.7 kcal/mol (4) for transfer to the center of the lipid bilayer where the dielectric constant is
the lowest. Thus, for predominantly cationic AMPs and CPPs, where the cationicity is not
balanced by many hydrophobic residues, it is puzzling how they overcome the free energy
barrier to insert into the center of the membrane, if they indeed do, and moreover how the
solvent, the lipid bilayer, adapts to these charges. A second question is how protein insertion
into lipid bilayers depends on the secondary structure. While o-helices are stabilized by in-
tramolecular H-bonds, B-strands are stabilized by intermolecular ones. Thus, the membrane
insertion of B-sheet-rich peptides, such as some AMPs, would suggest oligomerization (5).
Even more unusual is that some highly charged CPPs such as the HIV TAT peptide are un-
structured and thus do not possess any peptide-peptide H-bonds (6), yet they are extremely
facile in crossing the lipid bilayer. Thus, elucidating the molecular structure and dynamics of
these cationic membrane peptides and their interaction with the environment is crucial for

understanding their mechanisms of action.
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Many molecular dynamics (MD) simulations have been carried out to understand
the mode of insertion of Arg-rich peptides (7-10). But solid-state NMR 1is by far the most di-
rect experimental technique to extract atomic-level structural information about the pep-
tide-membrane interactions of these systems. In this article we will review the solid-state
NMR techniques that are now available to determine the structure and dynamics of mem-
brane-bound proteins (//-13), then summarize key findings of several representative AMPs,
CPPs, and the voltage-sensing S4 helix of a potassium channel. Finally we will summarize

the common principles of membrane interactions of these Arg-rich peptides.

Table 2.1: Examples of Arg-rich membrane peptides and protein domains.

Peptide Sequence No. Arg/Lys / Total No. residues
AMP: Protegrin 1 RGGRLCYCRRRFCVCVGR 6 Arg/ 18

AMP: Tachyplesin I KWCFRVCYRGICYRRCR  5Arg,1Lys/ 18

CPP: HIV TAT(48-60) | GRKKRRQRRRPPQ 6 Arg,2 Lys/ 13

CPP: penetratin RQIKIWFQNRRMKWKK 3 Arg,4Lys/ 16

CPP: Arg8 RRRRRRRR 12 Arg/ 12

KvAP S4 helix LGLFRLVRLLRGLRILLII 4 Arg/ 19

2.2 Solid-state NMR techniques for studying protein-membrane interactions

Solid-state NMR is a highly versatile and rich spectroscopic technique that can yield
atomic-level information about the conformation, dynamics, orientation, depth of insertion of
membrane proteins and lipid-protein interactions. Protein conformation, expressed in terms
of (¢,y,y) torsion angles, can now be determined semi-quantitatively from “C and "N
chemical shifts, and ever improving computational methods promise more accurate predic-
tion of these protein secondary structure from chemical shifts alone. These chemical shifts
can now be measured with multi-dimensional *C-"C and "“C-"N correlation experiments
under magic-angle spinning (MAS) (Fig. 2.1a) (/4, 15). Torsion angles can also be directly
quantified by correlating dipolar interactions of the relevant bonds (/6, 17) or by measuring
internuclear distances. Once the secondary structure is known, the 3D fold of the protein can

be obtained by measuring inter-residue *C-"C distances using 2D or 3D correlation experi-

www.manaraa.com



57

ments with long mixing times. This full-structure determination approach has been applied to

a human o-defensin, HNP-1 (/8, 19).
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Figure 2.1. Summary of different types of membrane protein structural information that can be ob-
tained from solid-state NMR. (a) Monomer conformation and 3D fold. (b) Oligomeric structure. (c)
Protein dynamics. (d) Protein orientation in the membrane. (e) Depth of insertion. (f) Protein-lipid

interactions.
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The monomer 3D structure forms the basis for determining the oligomeric structure
of membrane proteins. To constrain oligomeric packing, one needs to have intermolecular
distances well beyond the typical range of 5 A for NMR. We developed a °F spin diffusion
NMR approach based on the CODEX pulse sequence to measure intermolecular distances up
to 15 A and to determine the oligomeric number of the membrane protein (20-22). We also
extended the heteronuclear dipolar-coupling technique, REDOR, to allow measurement of
distances from the high-frequency 'H spin to a low-frequency nucleus, so that distances as
long as ~ 8 A can be detected (23-25) (Fig. 2.1b).

Static structure only gives partial insight into membrane protein function. Of equal
importance is molecular motion (Fig. 2.1¢). Both global backbone motion and local segmen-
tal motions (6) are common in antimicrobial and cell-penetrating peptides due to the low
molecular weights of these peptides and the fluidity of the lipid membrane. With increasing
ability to detect motion by NMR, it is now recognized that even larger membrane proteins
such as seven transmembrane (TM)-helix proteins can undergo motions of sizeable ampli-
tudes on the NMR timescale. Immobilization of a small polypeptide is usually a sign of its
oligomerization in the membrane, while fast uniaxial rotational diffusion is usually associat-
ed with monomeric molecules and can disrupt lipid packing in the membrane (28). Motional
effects manifest in NMR spectra as line narrowing for fast, sub-microsecond, motions, ex-
change broadening for intermediate-timescale motions, and cross peaks between conforma-
tionally different states for slow millisecond motions. The most robust approach to detect fast
motion by NMR is to measure one-bond C-H and N-H dipolar couplings using 2D separat-
ed-local-field (SLF) experiments, which resolve the couplings of different sites according to

their isotropic chemical shifts. Reduction of the couplings from their rigid-limit values by an

order parameter S indicates motion with an amplitude 6 where S = <3c0s26 —1> / 2. To dis-

tinguish rigid-body motion from uncorrelated motion, one can measure whether multiple or-
der parameters are correlated according to the protein conformation. For example, a-helices
that undergo rigid-body uniaxial rotation around the bilayer normal should exhibit backbone
N-H order parameters that fit to a periodic dipolar wave that depends on the tilt angle of the
helix axis from the bilayer normal (29, 30). This relationship between orientation and dy-

namics has been exploited to determine the orientation of several B-sheet AMPs (27, 31).
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Local motions of protein sidechains can reveal protein-lipid interactions. For example, the
order parameters of the long sidechain of Arg residues in the HIV TAT peptide was found to
be the lowest in the middle and higher at the two ends (6), suggesting stabilization of the
guanidinium ion by salt bridge interaction with the lipid phosphates.

Membrane proteins differ from globular proteins in that their structure has a topo-
logical component, that is, their orientation and depth of insertion in the lipid bilayer. Be-
cause of the orientation dependence of nuclear spin interactions, solid-state NMR gives pre-
cise information about protein orientation in the membrane. By aligning lipid membranes
either mechanically using glass plates or magnetically using lipid bicelles, one can measure
orientation-dependent NMR dipolar couplings and anisotropic chemical shifts to report the
directions of the bonds from the magnetic field, which in turn reveal the orientation of the
molecule from the bilayer normal (Fig. 2.1d) (32). Using this approach, and by identifying
the so-called PISA wheel patterns in 2D "N NMR spectra, we have determined the orienta-
tion of the voltage-sensing S4 helix of a potassium chancel in lipid bicelles (33). While this
oriented-sample approach is the mainstay of orientation determination by solid-state NMR,
due to the dependence of the order parameters of uniaxially diffusing molecules on molecular
orientation, one can now also determine protein orientation using unoriented liposomes (29,
30). In this case more straightforward MAS experiments can be applied and the sample prep-
aration is much simpler. This unoriented sample approach has been demonstrated on a num-
ber of membrane peptides and their assemblies (27, 29, 30, 34), due to the prevalence of
uniaxial diffusion of small and medium membrane proteins.

To determine how deeply membrane proteins are immersed in the lipid bilayer at
physiological temperature, we have adapted both lipid-to-protein spin diffusion (35, 36) and
paramagnetic relaxation enhancement (PRE) (37) techniques (Fig. 2.1e) (38). The former
correlates the 'H signals of dynamic molecules in the membrane sample with °C signals of
the protein after a 'H spin diffusion period. The CH, and CH, signals of the lipid chains are
particularly important as the 'H magnetization source: TM proteins exhibit strong li-
pid-protein cross peaks in less than 100 ms while surface-bound peptides requires several
hundred milliseconds and seconds to develop cross peaks (36). For immobilized membrane

proteins, this 'H spin diffusion technique gives semi-quantitative depth information, since the
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diffusion coefficients of the lipid matrix and the lipid-protein interface can be estimated and
calibrated (39). For peptides with comparable mobility to the lipids, distance extraction from
'H spin diffusion is more difficult at ambient temperature, and the PRE technique provides a
good alternative. Mn** or other paramagnetic ions bind to the negatively charged phosphate
groups on the membrane surface and cannot freely penetrate into the membrane (38). These
paramagnetic ions speed up nuclear spin relaxation in a distance-dependent fashion. Thus, by
measuring the PREs of the peptide signals and compare them with those of the lipid carbons,
whose depths are well known, one can obtain site-specific depths of the protein residues from
the bilayer surface (38). Moreover, lipid vesicles for which only one surface of the bilayer is
coated with Mn** can be prepared to determine the asymmetry of peptide insertion (40). For
example, with outer-leaflet Mn**-bound samples, peptides that insert only into the outer leaf-
let of the bilayer will exhibit stronger PRE effects (less residual intensity) than peptides that
are distributed into both leaflets of the bilayer. Membrane protein depths can also be exam-
ined by measuring "C-"'P distances from the protein backbone to the lipid *'P, provided that
the lamellar structure of the bilayer remains intact so that the positions of the *'P atoms rep-
resent a well defined membrane surface.

Finally, peptide-induced membrane disorder can be studied using *'P NMR, which is
highly sensitive to the membrane morphology (47). Lamellar fluid bilayers exhibit a charac-
teristic uniaxial powder pattern of about 40 ppm wide, while small vesicles or micelles ex-
hibit an isotropic peak at O ppm (Fig. 2.1f). Hexagonal-phase lipids have a two-fold narrower
uniaxial lineshape that is mirror symmetric with the lamellar powder pattern. Site-specific
interactions between cationic residues and anionic lipid phosphates can be gleaned from
sidechain "C distances to lipid *'P (Fig. 2.1f) (42). Water-protein H-bonding, which may be
involved in charge solvation, can be detected using 2D “C-'"H and “N-'H correlation exper-

iments (43).

2.3 Solid-state NMR studies of antimicrobial peptides
Antimicrobial peptides are small and predominantly cationic peptides of the innate
immune systems of many animals and plants (/, 44, 45). They kill a broad spectrum of mi-

crobes, from bacteria to fungi and even viruses, while possessing high selectivity between
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eukaryotic cells and microbial cells. AMPs as a family exhibit diverse secondary structures.
Well studied o-helical AMPs include LL37 from humans, magainins from frogs, and ce-
cropins from insects (/). B-sheet rich AMPs usually contain 1-4 disulfide bonds. Examples
include protegrins from pigs, tachyplesins from horseshoe crabs, and defensins from humans
and other mammals (45). AMPs can also adopt random coil or turn conformations, such as
indolicidins from cows and histatins from humans.

Based on the similar activities of D- and L-amino acid versions of AMPs, it is known
that the principal mechanism of action of many AMPs is the destruction of the lipid-rich mi-
crobial cell membranes (46), because enzyme active sites cannot accommodate mirror imag-
es of peptides while the dynamic lipid solvent is insensitive to protein chirality. The protec-
tive membranes of bacteria vary with the cell type. Gram-positive bacteria are coated by a
thick (20-80 nm) but porous peptidoglycan layer (47) and a 4-nm phospholipid bilayer,
which is the main permeability barrier of the cell. Gram-negative bacteria are covered by an
outer membrane rich in anionic and bulky lipopolysaccharides (LPS) and an inner cytoplas-
mic phospholipid bilayer. Both the LPS-rich outer membrane and the cytoplasmic membrane
must be crossed and disrupted for AMPs to kill Gram-negative bacteria (48, 49). In addition
to phospholipid membranes, other targets of bacteria have also been found. These include
bacterial cell wall precursors such as lipid II (50, 5/) and outer-membrane proteins for
cell-wall biogenesis (52).

For AMPs that disrupt phospholipid and LPS membranes, four main structural mod-
els have been proposed: barrel stave, toroidal pore, carpet, and in-plane diffusion (44, 53).
The barrel-stave model, proposed based on studies of alamethicin (54, 55), posits the for-
mation of TM water-filled pores lined by the amphipathic peptides. Lipid molecules adopt
their normal parallel orientation to the bilayer normal, with the acyl chains contacting the
hydrophobic part of the amphipathic AMPs. In the carpet model, AMPs aggregate on the
membrane surface; at sufficiently high concentrations, they thin the membrane and eventual-
ly micellize it. In the toroidal pore model, the peptides change the orientation of some lipid
molecules so that the two leaflets merge. The resulting water-filled pore is lined by both pep-

tides and polar lipid headgroups (56, 57). Finally, the in-plane diffusion model posits that
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highly dynamic peptides undergo rotational diffusion in the membrane plane, causing transi-
ent defects that disrupt the barrier function (58).

These mechanistic models provide readily testable hypotheses because the peptide
orientation, depth of insertion and dynamics differ significantly and can be accurately meas-
ured using SSNMR techniques described in section 2. Below we summarize the key structur-
al results for several disulfide-bonded [-sheet-rich AMPs, which reveal the mechanistic di-

versity as well as common structural elements in this class of AMPs.

PG-1
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OELDEE
TP-l

LotleL oL oh
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Figure 2.1 Amino acid sequence of three disulfide-stabilized [3-sheet AMPs.

2.3.1 Protegrin-1

PG-1 is a hexa-Arg 18-residue -hairpin AMP constrained by two disulfide bonds (Fig.
2). It is derived from porcine leukocytes and has broad-spectrum antimicrobial activities (48,
59, 60). The structure-activity relation of PG-1 has been explored extensively (61). *C and
“N chemical shifts confirmed the B-strand conformation of the peptide in lipid membranes
(62, 63) as in solution (64). Dipolar order parameters indicate that except for the short-chain
lipid DLPC (12:0), PG-1 is immobilized in lipid membranes with similar thickness as cell
membranes, which contain 16- and 18-carbon chains (62). Since a monomeric 18-residue

peptide should undergo fast rotational diffusion (65), PG-1 immobilization in the biologically
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relevant membrane thickness suggests extensive peptide oligomerization and possible for-
mation of peptide-lipid supramolecular complexes (62).

PG-1 also induces membrane disorder in a thickness-dependent manner: static *'P
NMR spectra of both oriented and unoriented samples showed strong isotropic peaks in
POPX (X=C, G, E) membranes but not DLPC membranes (63). The non-lamellar intensities
increase with the concentrations of the peptide and the anionic lipids and decrease upon the
addition of cholesterol (63, 66). These trends correlate well with the selective disruption of
anionic bacterial cell membranes. *'P 1D and 2D exchange NMR, which are sensitive to mil-
lisecond lipid orientational changes, suggested that PG-1 slowed down the lipid lateral diffu-
sion and reduced the average radius of curvature of POPC vesicles by three fold (67), imply-
ing that the membrane is fragmented to smaller vesicles or formed curved morphologies such
as toroidal pores within the bilayer.

The depth and orientation of PG-1 were determined in intact DLPC bilayers using Mn**
PRE experiments (38). The two long ends of the elongated molecule experienced stronger T,
relaxation enhancements, whereas residues in the middle of the hairpin are more shielded
from the Mn*" effects. Thus, PG-1 spans both leaflets of the DLPC bilayer (38). Comparison
with the lipid PREs further suggested that the DLPC bilayer was thinned by 8-10 A by PG-1.
Since DLPC bilayers are already thinner than POPX bilayers, the result suggests even more
severe mismatch with POPX membranes, which may drive the formation of large-scale de-
fects (63, 66). The PG-1 depth was corroborated by orientation measurements. The *CO
chemical shift tensor in a B-strand is highly sensitive to the orientations of the B-sheet axis
and plane. The ?CO and "*N chemical shift anisotropies (CSAs) of glass-plate-aligned PG-1
in DLPC bilayers corresponded to a tilt angle of 55° for the B-strand axis. Thus, the 30
A-long peptide projects a hydrophobic length of ~17 A onto the bilayer normal, which is
comparable with the hydrophobic thickness of the DLPC bilayer. The fact that PG-1 is not
more upright may be due to the distribution of the Arg’s: a tilted B-sheet would better allow
snorkeling of the Arg sidechains to the two membrane surfaces than an upright 3-sheet.

In POPX membranes, PG-1 is immobilized, suggesting aggregation. The precise ol-
igomeric structure was examined using "’F spin diffusion and REDOR experiments. In the

anionic bacteria-mimetic POPE/POPG membrane, 'H-"°C and "*C-"F REDOR data indicated
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that the B-hairpins align in parallel with two C-terminal strands in H-bonding distance of
each other (68). "°F spin diffusion data confirmed this result, and further showed that the
N-terminal strands also pack together, but more loosely. Each "°F label existed in a two-spin
cluster within the 15 A upper limit of the technique (69). Thus, the basic unit of PG-1 assem-
bly is a NCCN dimer, which further associates into a ...NCCNNCCN... oligomer that likely
wraps onto itself to form a B-barrel. Leakage assays suggested an inner diameter of about 20
A for PG-1 formed pores, delineating the size of the B-barrel. Lipid-protein 'H spin diffusion
indicates that the B-barrel is TM, in close contact with the lipid chains (Fig. 2.3a).

In eukaryote-mimetic POPC/cholesterol membranes, the topology and oligomeric
structure of PG-1 differ dramatically from the anionic membrane situation. The peptide
formed at least tetramers, which are no longer inserted into the membrane, as manifested by
slow 'H spin diffusion from the lipid chains (69). Thus, PG-1 is prevented from inserting into
the cholesterol-rich host cell membranes due to the membrane rigidity and negative curvature
imparted by cholesterol.

The lipid structure around the PG-1 B-barrels in the POPE/POPG membrane was
probed using “C-*'P REDOR experiments (42). For the first time, short Arg C{-P distances
(4.0 — 5.7 A) were found, indicating H-bonding of the guanidinium with the phosphates. This
short distance was true even for an Arg residue in the middle of the TM B-strand. Combined
with the fact that two consecutive residues in the middle of the N-terminal strand have the
same short Co-P distances (6.5 A), these results indicate that the local *'P plane is parallel to
the TM [B-hairpin, which means that some lipid headgroups are embedded in the hydrophobic
part of the membrane, which is precisely the signature of the toroidal pore morphology (57,
70) (Fig. 2.3a).

We further probed the nature of the guanidinium-phosphate interaction by mutating
the Arg’s to dimethylated Arg’s (Arg™™), which removed two possible H-bond donors (27). If
electrostatic attraction is the only factor causing the Arg-phosphate interaction, then di-
methylation should have no effect on PG-1 structure and activity. Instead, Arg™-PG-1 has
three-fold weaker antimicrobial activities, and has significantly altered structure in the mem-

brane (27): it is uniaxially mobile and thus no longer highly oligomerized in the membrane.
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Based on backbone order parameters, we determined the orientation of Arg™-PG-1: it “slic-
es” into the membrane like a knife, with the B-strand axis roughly perpendicular to the bi-
layer normal (27). This dynamic “molecular knife” motif may explain the partial retention of
the antimicrobial activity, and has since been found in other antimicrobial molecules (34).

Thus, H-bonding indeed contributes to stabilization of the guanidinium-phosphate complex.

Figure 2.3. The topology of Arg-rich membrane peptides reveals their mechanisms of action. (a)
PG-1 forms TM B-barrels that cause toroidal pore defects in POPE/POPG membranes. (b) TP-1 binds
to the interface of anionic lipid membranes and undergoes fast uniaxial diffusion to cause membrane
defects. (c) HNP-1 forms TM pores with each dimer oriented with the hydrophobic basket bottom
facing the lipids and the hydrophilic top facing the pore. R25 is closest among the four Arg’s to the
membrane surface. (d) The S4 helix of the KvAP voltage-sensing domain is tilted by 40° and thins the
membrane to stabilize the gating Arg’s.

The sequence dependence of PG-1 structure in the membrane has been examined.
The disulfide bonds are important in so far as it maintains the amphipathic structure of the
B-hairpin. Removal of the disulfide bonds by Cys-Ala mutations yielded a random coil pep-
tide that no longer disrupted the lipid membrane (71). Decreasing the Arg density weakened
the antimicrobial activity (6/) and caused a mutant that no longer inserted fully into anionic
membranes, in contrast to the wild-type peptide (72).

We recently also investigated the interaction of PG-1 and a charge-reduced mutant
with LPS-rich membranes versus regular phospholipid membranes (73). While PG-1 is active

against both Gram-positive and Gram-negative bacteria, the charge-reduced mutant is inac-
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tive against Gram-negative bacteria, which contain the LPS-rich outer membrane. Depth
measurements indicated that PG-1 spans the LPS-rich membrane and causes TM pores
without lipid orientational change. These pores may allow a conduit for more peptide to cross
into the cytoplasmic membrane to kill the cells. In comparison, the charge-reduced mutant is
only partially inserted in the LPS-rich membrane, thus accounting for its inactivity against

Gram-negative bacteria.

2.3.2 Tachyplesin-1

Tachyplesin I is a horseshoe-crab-derived B-hairpin AMP with an analogous se-
quence to PG-1 (74). The main difference lies in the distribution of the Arg residues: they are
interspersed with the hydrophobic residues in TP-I but segregated from the non-polar ones in
PG-1 (Fig. 2.2) (12).°'P spectra of glass-plate aligned samples showed sensitive dependence
of the TP-I induced disorder on the membrane composition: the peptide caused no disorder to
POPC/POPG (3:1) bilayers but both isotropic and powder intensities in POPE/POPG sam-
ples (75). Since POPE is the main zwitterionic lipid in bacteria membranes and has a smaller
headgroup than POPC, this selective disordering is consistent with the peptide activity and
suggests the role of curvature induction in TP-I action.

Unlike PG-1, we directly measured and confirmed the B-hairpin structure of TP-I to
address inconsistent prior solution NMR results that showed the N- and C-terminal chains to
be straight B-strands at low DPC concentrations but curved in the middle of each strand at
high DPC concentrations (76). In DMPC/DMPG bilayers, the (¢, ) torsion angles of Val6
were measured using dipolar correlation experiments and were found to be (-133°, 142°),
while Cys7 (¢, ) angles were determined through a Val6 "CO — Phe8 "N distance to also
correspond to the [B-strand conformation (77). Thus, the N-terminal chain adopts ideal
B-strand conformation without a kink, supporting the low-DPC bound structure. For compar-
ison, the Gly10 ¢ angle was 85° or -85°, confirming its i+2 position in the B-turn tip.

How is TP-I inserted into the anionic lipid membrane? The backbone “C distances
to *'P were measured to be ~7 A, and peptide cross peaks with lipid CH, did not reach plat-

eau within 100 ms but continued to grow at longer mixing times (77). Thus, TP-I is partially
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inserted into the anionic lipid membrane (Fig. 2.3b), which differs from PG-1 and suggests
that the interspersed nature of the basic and hydrophobic residues limits TP-I insertion. In
this way, the Arg residues may be stabilized in the intermediate dielectric environment of the
membrane-water interface.

To understand how the partially inserted TP-I achieves its antimicrobial activity, we
compared its structure and dynamics with two Cys mutants with different activities: TPF4,
where all four Cys’s were mutated to Phe, was similarly active as TP-I, while TPA4 has
much weaker activities. We found that the active TPF4 and the inactive TPA4 both adopt a
straight -strand conformation without a turn, and TPA4 has similar insertion depth as TP-I.
Thus, neither conformation nor depth correlates with the activity profile of the three peptides
(28). Instead, the mobility profile does: the active TP-I and TPF4 both show fast segmental
and global motions in the membrane, whereas TPA4 was immobilized. These dynamic dif-
ferences were observed from temperature-dependent "’C intensities, motionally averaged
couplings, and spin relaxation times. These data suggest that TP-I and TPF4 disrupt the lipid
membrane by in-plane diffusion, where the interfacial-located peptides diffuse around the
bilayer normal to cause membrane defects (28) (Fig. 2.3b). In comparison, TPA4 is immobi-
lized by aggregation and lies on the membrane surface, which is the first stage in the carpet
model of antimicrobial activity. The relative activities thus suggest that the in-plane diffusion
mechanism is more effective in disrupting lipid membranes than the carpet mechanism, since

the latter requires a higher amount of peptides.

2.3.3 Human o.-defensin

Defensins are larger disulfide-bonded AMPs than PG-1 and TP-I: they typically
contain three -strands linked by short segments of other secondary structures. Depending on
their disulfide linkage patterns, defensins are categorized into o-, B-, and O-families (45).
Humans have six o-defensins, whose crystal structures have been solved in the absence of
lipid-mimetic solvents (78, 79). The proteins crystallize into basket-shaped dimers with a
polar top and a non-polar base. Based on this structure, several membrane-binding models
were proposed, including wedge, dimer pore, general pore (78), and multimeric pore (80).

Recently, methods for recombinant expression of correctly folded defensins became availa-
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ble (81), facilitating high-resolution structural studies of these proteins in membrane-mimetic
environments.

We carried out full structure determination of one of the six human o-defensins,
HNP-1, using multidimensional solid-state NMR of uniformly "*C, ’N-labeled protein (/8).
Experiments on microcrystalline, lipid-free, HNP-1 were conducted to resolve and assign all
protein signals. 2D and 3D correlation experiments, now standard in MAS NMR (82, 83),
allowed the full assignment of HNP-1 resonances. 3D “C-">C-"C correlation spectra then
provided the crucial inter-residue distances to constrain the 3D fold (84) (Fig. 2.3c¢). The
NMR structure showed the same disulfide-constrained fold as the crystal structures, but also
indicated differences from HNP-3 (78) in the conformation of the rigid loop connecting the
first and second B-strands (/8). This loop conformation is also variable among different de-
fensin crystal structures, suggesting it may be caused by sequence differences among
a-defensins (/8).

Upon reconstitution into DMPC/DMPG bilayers, HNP-1 exhibited much broader
linewidths, indicating lipid-induced conformational heterogeneity. But the peak positions
remain largely unchanged from the microcrystalline state, indicating that the average con-

formation of the protein is unperturbed by lipid binding, which is expected for this disul-
fide-stabilized protein (/9). The main exception is the R25 and 121 in the turn between the

second and third -strands, whose sidechain signals became stronger in the membrane-bound
state, suggesting immobilization by membrane binding. In contrast to the smaller PG-1 and
TP-I, HNP-1 caused little membrane orientational disorder. "H spin diffusion from the lipid
chains to the protein is rapid, indicating that HNP-1 inserts across the membrane in a TM
fashion, which rules out the wedge model. Analysis of “C-*'P distances for the four Arg’s
and the water-protein 'H spin diffusion profile led to the conclusion that the HNP-1 dimer is
oriented with the hydrophobic basket bottom facing the lipids and the polar top facing the
aqueous pore, such that R25 is the closest Arg to the membrane surface *'P (19) (Fig. 2.3c).
This topology explains the R25 immobilization seen in the 2D "C correlation spectrum. The
aqueous pore thus formed by the membrane-spanning protein should depolarize the bacterial

cell. Recent reports also suggest that HNP-1 may interact with bacterial cell wall precursors

such as lipid II (57) to achieve its antimicrobial function.
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2.4 Cell-penetrating peptides

2.4.1 Biological activities

Cellular Uptake

Fusion of "
S

Bio-active cargos:
proteins, nucleic acids,
nanopatrticles, etc.

Figure 2.4. CPP-mediated intracellular delivery of therapeutic cargos.

Efficient intracellular delivery of bioactive molecules such as proteins, DNA, and
nanoparticles is therapeutically important but difficult to achieve due to the impermeable na-
ture of cell membranes. Cell-penetrating peptides (CPPs), also called protein transduction
domains, are a family of small and highly cationic peptides that are readily internalized into
cells while tethered to large macromolecular cargos by electrostatic interactions or covalent
bonds (Fig. 2.4) (2, 85-87). Two of the most studied CPPs are the trans-activating transcrip-
tional activator (TAT) of HIV-1 virus (88, 89) and the penetratin peptide of the Antennapedia
homeodomain of Drosophilia (90). Other protein-derived or chemically synthesized CPPs
such as polyarginines have also been characterized (97, 92). Because of the highly charged
nature of CPPs, the same free-energy question for AMPs is also relevant for CPPs. Structural
studies of CPPs when bound to lipid membranes thus provide valuable insights into their
mechanism of membrane translocation. We summarize below our SSNMR findings of pene-

tratin and HIV TAT.

2.4.2 Dynamic and unstructured nature of membrane-bound CPPs

In contrast to AMPs, which mostly have well-defined and amphipathic structures,
neither penetratin nor HIV TAT exhibit canonical secondary structures in the lipid bilayer.
TAT was already known to exist as a random coil in aqueous and organic solutions (93);
nevertheless, its random conformation in the lipid bilayer was surprising (6) because many

peptides acquire H-bonded secondary structures upon membrane binding (94). The confor-
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mation of penetratin was known to depend on the environment: it is random coil in water,
o-helical in SDS micelles (95), and o-helical, random coil or B-sheet in lipid-mimetic sol-
vents depending on the thickness and anionic content of the membrane (96-98).

Chemical shifts indicate that in anionic bilayers, penetratin conformation depends on
the temperature: in the gel phase the peptide exhibits B-sheet °C and "N shifts while at
physiological temperature it exhibits coil or turn chemical shifts (99). This unusual
sheet->coil conformational change occurs in saturated DMPC/DMPG and unsaturated
POPC/POPG membranes, is reversible with temperature, and occurs at a range of pep-
tide/lipid molar ratios. Thus it is an intrinsic property of the peptide. Analysis of the peak in-
tensities of the two states indicated that the sheet->coil transition is entropically driven: a
positive enthalpy change of +0.89 kcal/mol is countered by a positive entropy change of +3.1
cal/(mol-K) (99). At high temperature, the backbone exhibits low order parameters of
0.23-0.52 (99). However, among five examined residues, one residue, Argl0, retained the
B-strand torsion angles at high temperature and exhibited a nearly rigid-limit Co-How order
parameter (Scy=0.92) (/00). This difference suggests that Arg’s, due to their interactions
with lipid phosphates, may stabilize the conformation of the otherwise coil or turn-rich pene-
tratin.

The dynamic structure is even more pronounced for membrane-bound HIV TAT (6).
Not only do TAT chemical shifts correspond to the random coil conformation, but the lin-
ewidths are extremely narrow at high temperature (~0.3 ppm for *C) and broadened (~4.5
ppm for “C) to include all secondary shifts at low temperature. This random coil confor-
mation was corroborated by extremely low backbone order parameters (0.14-0.20) and the
resolution of 'J.; couplings in 2D 'H-"C correlation spectra measured without 'H homonu-
clear decoupling. Thus, HIV TAT is arguably the first clear documented case of a mem-
brane-bound random coil peptide. The fact that both penetratin and HIV TAT are highly dy-
namic and unstructured suggests that this state may be relevant for membrane translocation,

which is supported by other data summarized below.

2.4.3 Depth of insertion of CPPs and weak membrane perturbation
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To understand how the cationic CPPs cross the lipid membrane, we measured the in-
sertion depths using PRE, "C-"'P REDOR and 'H spin diffusion experiments. One-side PRE
was developed to determine both the depth and symmetry of penetratin insertion in lig-
uid-crystalline membranes (40) (Fig. 2.5a, b). An electroporation model had suggested that
at low concentrations CPPs bind to the outer leaflet of the bilayer, causing a TM electric field
that alters membrane curvature. At sufficiently high concentrations, electroporation-like
membrane permeabilization occurs, driving peptide translocation and relieving the curvature
stress (101). The T, PREs of outer-surface Mn*" indicate that penetratin retains more than
60% of the intensity at P/L=1:40, thus the peptide is distributed in both leaflets of the bilayer
already at low concentrations (40). The peptide backbone exhibits *C-*'P distances 6.9 A -
8.2 A, indicating an interfacial location. Therefore, penetratin is inserted into both leaflets of
the bilayer but is far from the membrane center (Fig. 2.5¢). The one-side PRE technique was
also recently applied to an antimicrobial arylamide to reveal its interfacial binding (34).

'H spin diffusion was used to measure the depth of HIV TAT in DMPC/DMPG bi-
layers (6). Although mobile peptides generally do not lend themselves well to quantitative
depth extraction using this technique, due to the difficulty of estimating the diffusion coeffi-
cients, qualitative depth information can still be obtained based on the observation of li-
pid-peptide cross peaks. TAT exhibited strong water cross peaks and, despite its nearly iso-
tropic mobility and hence inefficient spin diffusion, weak but clear lipid-chain cross peaks
with the peptide were observed within a short mixing time of 144 ms. Thus, the peptide is
bound inside the membrane, likely in the glycerol backbone region (Fig. 2.5d). Indeed, TAT
binding enhanced 'H spin diffusion from water to the lipid headgroups in POPE/POPG
membranes, also ruling out an external surface location. All polar residues with exchangeable
protons such as Lys4, GIn7 and Arg8 showed strong water cross peaks, indicating stabiliza-
tion of the charged residues by peptide-water interactions.

Static *'P NMR lineshapes showed that, in contrast to PG-1 and TP-I, penetratin and
TAT did not create isotropic or hexagonal phase peaks, but only increased the powder inten-
sities in glass-plate aligned samples (34, 40). Static *H spectra showed no changes in the *H

quadrupolar splittings of the lipid acyl chains upon peptide binding. Therefore, the lamellar
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order of the lipid membrane was intact, consistent with the generally non-disruptive nature of

CPPs.
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Figure 2.5. Depth of insertion of CPPs. (a) One-side PRE of large unilamellar vesicles. Orange: li-
pids. Blue: water. Mn*" ions are distributed only on the outer surface of the lipid vesicles. (b) Double
normalized intensity of Mn**-bound POPC/POPG membranes. *'P intensities are roughly halved in a
one-side Mn®* sample (inset) as expected. Carbons more embedded in the membrane experience less
T, relaxation enhancement and thus exhibit higher intensities. Red: one-side Mn**-bound samples.
Black: two-side Mn**-bound samples. (c) Depth of penetratin in POPC/POPG membranes (P/L=1:15)
from one-side PRE and “C-’'P distances. (d) Depth of HIV TAT in DMPC/DMPG membranes
(P/L=1:15) from 'H spin diffusion and *C-*'P distances.

2.4 4 Different roles of Arg and Lys in membrane translocation

Penetratin and HIV TAT contain 38% and 62% cationic residues, respectively (Table
2.1), and thus are ideal for studying the roles of Arg and Lys in membrane translocation. Fig.
2.6 summarizes key “C-"'P distances measured in the two peptides (6, 100). Penetratin ex-

hibits short sidechain *C->'P distances of 4.2 A and 4.0 A from Argl0 C{ and Lys13 Ce, re-
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spectively, while the neutral sidechains of Ile3 has much longer distances (/00). Therefore,
short C-*'P distances are specific to cationic sidechains due to charge neutralization and

H-bonding.

(a) arginine (b) lysine (c) isoleucine (d) arginine
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Figure 2.6. "C-’'P distances and order parameters of several residues in membrane-bound penetratin
(a-c) and TAT (d). (a) Argl0 CC-P distance in DMPC/DMPG-bound penetratin. (b) Lys13-phosphate
distance in DMPC/DMPG bound penetratin. (c) Longer Ile3 “C-"'P distances in penetratin indicate
no interaction between neutral residues and lipid headgroups. (d) Guanidinium-phosphate and guani-
dinium-water interactions of Arg8 in DMPC/DMPG bound TAT. All distances were measured in
gel-phase membranes while dipolar order parameters were measured in the liquid-crystalline phase.

It is well documented that CPP analogs where Arg’s were replaced by Lys’s have
lower translocation efficiencies (/02). For example, the uptake efficiency of an all-Arg ana-
log of penetratin was higher than the wild-type peptide, which contains 3 Arg’s and 4 Lys’s,
whereas an all-Lys analog had lower translocation abilities (/03). Thus, the similarly short
PC-"'P distances of Argl0 and Lys13 sidechains were at first puzzling. However, these dis-
tances were measured in the gel-phase membrane in order to freeze lipid motions. In the fluid
phase, Argl0 guanidinium exhibited much higher order parameters (Sy;=0.3) than the Lys13
ammonium (Syy < 0.1), indicating that the Lys-phosphate interaction is weaker at physiolog-
ical temperature where membrane translocation occurs, due to the mobility of the ammonium
group and the poorly directed nature of its H-bonds.

Similarly short Arg8 C{-"'P distance was detected for HIV TAT in DMPC/DMPG
bilayers (Fig. 2.6d) (6). Interestingly, the guanidinium-phosphate interaction caused a

non-monotonic order parameter profile of the sidechain: the order parameters decreased from
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Not (Syy = 0.20) to CO (S = 0.08) and then increased to N1 (Sy;=0.30), thus confirming the

presence of stabilizing salt bridge interactions.

2.4.5. Free energy of CPP insertion into lipid membranes

The classical Wimley-While interfacial scale has been used to estimate the free ener-
gy of transferring an amino acid from water to the membrane-water interface (/04). Based on
this scale, the insertion of TAT from water to the membrane-water interface would require a
high energy of ~9 kcal/mol. However, the actual energy barrier for TAT binding to anionic
membranes is almost certainly much lower, because the Wimley-White interfacial scale was
derived for neutral POPC bilayers and thus does not include electrostatic attraction between
cationic peptides and anionic lipids. Indeed, calorimetric studies of the binding energy of
HIV-TAT to 25% anionic membranes (105, 106) reported a favorable free energy of -5.2
kcal/mol, 80% of which was estimated to be due to electrostatic interaction. In addition to
electrostatic attraction, H-bonding of the guanidinium ions to the lipid phosphates and water,
as detected in the NMR spectra (6), must further contribute to the stabilization of TAT at the
membrane-water interface. Each guanidinium ion can form up to five H-bonds with lipid
phosphates and water. Thus the hexa-Arg TAT could gain up to -15 kcal/mol favorable free
energy (99). We hypothesize that these two contributions overcome the Born repulsion and

account for the facile insertion of this highly charged peptide into the lipid membrane.

2.4.6 Mechanism of CPP translocation

Much of the debate about the mechanism of action of CPPs centers on whether cellu-
lar uptake proceeds via direct membrane crossing, endocytosis, or other transient vesi-
cle-mediated routes. The endocytosis mechanism was proposed based on the observation that
cellular uptake of CPPs in living cells is temperature and energy-dependent (/07); however
such temperature sensitivity should also occur in membrane-mediated cellular uptake. Even
if the endocytotic pathway is operative, a CPP may still need to cross the endosomal mem-
brane in order to enter the cytoplasm. An earlier inverse micelle model (/08) can be ruled out
by the lack of isotropic signals in static *'P NMR spectra (40). A membrane-crossing mecha-

nism for CPPs was supported by MD simulations (8, /09) and by the solid-state NMR data
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summarized here. The CPP interaction with lipids is unique in many ways among membrane
peptides. The high cationic density has several consequences. First, it drives CPP binding to
the membrane surface (105, 106), after which Arg-phosphate interactions facilitate peptide
insertion into the membrane by minimizing the exposure of the charged residues to the hy-
drophobic interior. Second, the Arg clusters can strongly interact with lipid headgroups on
the distal surface of the bilayer to drive translocation. Third, the high charge density removes
any amphipathic structure, thus preventing the peptide from forming long-lasting supramo-
lecular complexes with lipids that would prevent its further entry into the cell. The unstruc-
tured CPPs stabilize their backbone polar groups by forming transient intermolecular
H-bonds with the lipid phosphates and water (6). Thus, the much higher conformational dy-
namics and the unstructured nature of TAT and penetratin compared to most AMPs are likely
functionally relevant and distinguish them from AMPs, which seemingly have similar amino

acid sequences.

2.5 Arg-rich voltage-sensing helix of a potassium channel

The opening and closing of voltage-gated potassium channels are controlled by sev-
eral conserved Arg residues at every third position in the S4 helix of the voltage-sensing do-
main (VSD) (110, 111). The interaction of these Arg’s with the lipid membrane has been of
strong interest for understanding the atomic mechanisms of voltage-gated ion channels. A
paddle model based on the crystal structure suggested that the gating Arg’s interact directly
with the lipids (3), while the canaliculi model proposed that the Arg’s were shielded by acid-
ic residues in other TM helices of the VSD (112).
We determined the orientation and insertion depth of a peptide corresponding to the S4 helix
of a potassium channel, KvAP, in lipid bilayers using both oriented-sample and MAS NMR
(33). 2D experiments correlating the "N CSAs with N-H dipolar couplings of magnetically
aligned S4 peptide revealed a tilt angle of 40° and one of two possible rotation angles differ-
ing by 180° (Fig. 2.3d). Remarkably, this orientation is nearly identical to that in the intact
VSD (113), suggesting that interactions between S4 and the other helices of the VSD may
not be essential for the membrane topology of the gating domain. *C-*'P distances from the

peptide backbone to lipid *'P suggested that DMPC/DMPG bilayers are thinned by ~9 A at
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the peptide binding site, which translates to 2-A average thinning of the entire membrane
when the peptide/lipid ratio was taken into account (33). This result is consistent with neu-
tron diffraction of the KvAP VSD (/7/4). REDOR experiments further indicate that the se-
cond Arg has a short C{ distance of 4.6 A to the lipid *'P, thus the same guanidini-
um-phosphate interaction seen in AMPs and CPPs also exist in the S4 helix. This topology
and lipid-peptide interaction suggest that the S4 amino acid sequence plays a more important
role than previously thought for determining the membrane topology of the gating segment,
possibly without requiring inter-helical protein-protein interactions. The tilted orientation of
the S4 helix is reminiscent of the orientation of PG-1 in DLPC bilayers (63), despite their
different secondary structures, and suggests that the need for Arg’s to snorkel to the mem-

brane surface may in general disfavor a more upright orientation in the membrane.

2.6 Concluding Remarks

The above survey shows that, while cationic membrane peptides and protein do-
mains encompass a large number of functionally diverse molecules with different mecha-
nisms of action, there do exist common atomic and molecular structural features. One com-
mon structural feature is that Arg residues form electrostatically and H-bonded complexes
with lipid phosphates. Existence of such guanidinium-phosphate salt bridges has been ex-
perimentally identified by both distance and dynamic NMR results. These complexes likely
have the stoichiometry of two phosphates per guanidinium ion, although it has not been di-
rectly proved. Mutation of the Arg’s significantly altered the function of one AMP and is
known to be debilitating for voltage-gated potassium channels. Another general interaction,
Arg-water H-bonding, has also be experimentally verified, for example for TAT and PG-1,
based on 2D 'H-"C and 'H-"N correlation NMR (6, 43). These two interactions can effec-
tively make the free energy of insertion of these cationic peptides favorable (negative).

Our solid-state NMR studies also suggest that the strongest membrane perturbation
is caused by peptides with intermediate cationic charge densities and with an amphipathic
structure (Table 2.1). At higher Arg densities, peptides such as CPPs become less structured
and more dynamic, and cause little orientational disorder to the membrane. At lower Arg

densities, peptides such as KvAP S4 (Fig. 2.3d) and HNP-1 (Fig. 2.3c) also become less
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perturbing to the membrane and instead exhibit local interactions between the charged resi-
dues and lipid headgroups. How exactly Arg’s and Lys’s dictate the topology of this third
class of peptides is subtler and future investigations may give more insights into the structur-
al principles behind these systems. Overall, the cationic residues play a significant and possi-
bly central role in dictating the membrane-bound topology of the peptides. Together with the
oligomeric structure and dynamics, they underlie the mechanism of action of this large class

of membrane peptides and protein domains.
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Chapter 3

Reversible Sheet — Turn Conformational Change of a Cell-Penetrating Peptide in Lipid
Bilayers Studied by Solid-State NMR
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3.1 Abstract

The membrane-bound conformation of a cell-penetrating peptide, penetratin, is in-
vestigated using solid-state NMR spectroscopy. The "*C chemical shifts of “C, '’N-labeled
residues in the peptide indicate a reversible conformational change from [B-sheet at low tem-
perature to coil-like at high temperature. This conformational change occurs for all residues
examined between positions 3 and 13, at peptide/lipid molar ratios of 1:15 and 1:30, in
membranes with 25-50% anionic lipids, and in both saturated DMPC/DMPG membranes and
unsaturated POPC/POPG membranes. Thus it is an intrinsic property of penetratin. The coil
state of the peptide has C-H order parameters of 0.23 — 0.52 for Co and CP sites, indicating
that the peptide backbone is not unstructured. Moreover, chemical shift anisotropy lineshapes
are uniaxially averaged, suggesting that the peptide backbone undergoes uniaxial rotation
around the bilayer normal. These observations suggest that the dynamic state of penetratin at
high temperature is a structured turn instead of an isotropic random coil. The thermodynamic
parameters of this sheet — turn transition are extracted and compared to other membrane pep-
tides reported to exhibit conformational changes. We suggest that the function of this turn
conformation may be to reduce hydrophobic interactions with the lipid chains and facilitate

penetratin translocation across the bilayer without causing permanent membrane damage.

3.2 Introduction
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Cell-penetrating peptides (CPPs) are small cationic peptides that are able to enter
cells carrying macromolecular cargos such as DNA and proteins without leaking the cell
content or causing permanent damage to the cell membrane (/-3). The promise of these pep-
tides as drug-delivery compounds has made them the objects of many studies to understand
their mechanism of cell entry. Earlier investigations using fluorescence microscopy and flow
cytometry found that the internalization was independent of both temperature and the D,
L-configuration of the amino acids (4, 5), suggesting that these peptides directly translocate
across the plasma membrane rather than entering by endocytosis. More recent analysis of
HIV Tat (48-60) and (Arg),, two commonly studied CPPs, found that the cell fixation proce-
dure used in the microscopy experiments caused artifactual peptide uptake into cells, and that
the actual uptake in living cells was temperature-dependent (6), suggesting the involvement
of the energy-dependent transport mechanism, endocytosis. However, reduced cell internali-
zation at low temperatures does not rule out direct membrane permeation as another route of
entry, since this mechanism is also less efficient at low temperature in the gel-phase mem-
brane, as shown by experiments comparing cell lines with different membrane fluidities (7).
Furthermore, even peptides internalized via the endocytotic pathway, as detected by biologi-
cal readout assays (8), must still cross the endosomal membrane in order to enter the cytosol,
and must cross additional membranes if they are internalized in intracellular compartments.
A large number of biophysical studies of CPPs in model membranes has shown the strong
affinity of CPPs to lipid membranes (9). This raises the fundamental question of how these
peptides, whose amino acid sequences contain 40-100% of the cationic residues Arg and Lys,
translocate across the hydrophobic part of the lipid membrane against large free energy bar-
riers (10).

CPPs share their cationic sequences with antimicrobial peptides, which are also Arg-
or Lys-rich peptides but which cause permanent damages to the cell membranes of microbial
organisms to achieve their cell-killing function. Antimicrobial peptides generally have dis-
tinct amphipathic structures, which are considered essential to their membrane-disruptive
function (/1, 12). In comparison, the role of conformation to the translocation of
cell-penetrating peptides remains ambiguous. It has been suggested that no specific confor-

mation is required for translocation, since some CPPs such as the HIV Tat peptide show no
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distinct secondary structures (/3) while other CPPs such as penetratin are structurally plastic
depending on the environment (9). MD simulations of Tat(47-58) showed a random coil that
crosses the membrane by electrostatic interactions between the Arg sidechains and the lipid
phosphate groups (/4). For penetratin, there is general consensus that it is a random coil in
aqueous solution and becomes significantly o-helical in SDS micelles (/5-717). But in lipid
vesicles both o-helical and 3-sheet conformations have been reported depending on the ani-
onic lipid content and the peptide/lipid molar ratio (P/L) (16, 18-20). Since most conforma-
tional studies on membrane-bound CPPs used circular dichrosim (CD), which is complicated
by light scattering of lipid vesicles and spectral deconvolution uncertainties, the CD structur-
al information has limited accuracy. Thus, the conformation of CPPs in lipid membranes re-
mains to be elucidated to understand the potential role of conformation in membrane trans-
location and to gain insight into the general mechanism of cationic protein interaction with
the lipid membrane.

In this work, we use solid-state NMR spectroscopy to investigate the conformation
and dynamics of penetratin in lipid membranes. Penetratin is a 16-residue peptide corre-
sponding to the third helix (residues 43-58) of the Antennapedia homeodomain of Droso-
philia. 1t is the first discovered CPP (4, 5) and one of the most extensively characterized so
far. We studied the penetratin conformation in hydrated multilamellar liposomes, which have
no large intra-vesicular aqueous compartments as in real cells. Thus, the peptide is mostly
partitioned in the lipid membrane instead of water. This sample condition allows us to cap-
ture the structure adopted by the peptide when it interacts transiently with the membranes of
real cells. We show chemical shift and dynamic data that indicate a clear tempera-
ture-induced reversible sheet <> coil conformational change of the membrane-bound pene-
tratin. The nature of this “coil-like” conformation and its potential relevance to membrane

translocation is discussed.

3.3 Results

Temperature-induced penetratin conformational change in the membrane
To determine the conformation of penetratin in the lipid membrane, we measured the

"C chemical shifts and assigned them by 2D "C-"C correlation spectra. The main membrane
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composition in this study is DMPC/DMPG (8:7). The high anionic lipid content of ~50% is
used since it was reported to be necessary for the peptide to bind to both leaflets of the bi-

layer (21).

13C chemical shift (ppm)

70

13C chemical shift (ppm)

Figure 3.1. 2D "C-"C correlation spectra of (I3, N9)-labeled penetratin in DMPC/DMPG (8:7)
membranes at P/L = 1:15. Black: 243 K; red: 310 K. Note the frequency changes of the o/} cross
peaks, which denote conformational change. The spectra were measured under 6 kHz MAS with a 20
ms DARR mixing time.

Figure 3.1 shows the aliphatic region of the 2D spectra of (I3, N9)-labeled penetratin
in DMPC/DMPG (8:7) bilayers. The spectra were obtained with a short mixing time of 20 ms,
thus showing mainly intra-residue cross peaks that are relevant for chemical shift assignment.
The spectra were measured at two temperatures, 243 K, which corresponds to the gel phase
of the membrane, and 310 K, which corresponds to the liquid-crystalline (LC) phase of the
membrane. All expected intra-residue cross peaks are observed, with the C’, Ca, and Cf3
chemical shifts reflecting the peptide conformation.

Interestingly, both I3 and N9 o/f3 cross peaks exhibit frequency changes between the
two temperatures. At the higher temperature, the Cot chemical shifts increased by 2.8 ppm
while the C chemical shifts decreased by 2.2 and 3.5 ppm compared to the low temperature
values. The Co and CJ isotropic shifts depend on the (¢, W) torsion angles in a coun-
ter-directional fashion: the o-helical conformation has larger Co chemical shifts and smaller
CP chemical shifts compared to the random coil, while the 3-sheet conformation has negative

Ca. and positive CP secondary shifts (22, 23). The observed chemical shift changes of I3 and
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N9 thus indicate a change from a [B-sheet like conformation at low temperature to a helix or

coil-like conformation at high temperature.

138, N9B
130

310K NS0 i 135 13¢

305 K
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Figure 3.2. "C CP-MAS spectra of (I3, N9)-labeled penetratin in DMPC/DMPG (8:7) membranes
(P/L = 1:15) as a function of temperature. Dashed and solid lines guide the eye for B-sheet and ran-
dom coil peaks, respectively.

To determine whether the appearance of the second conformation is gradual or sud-
den, we measured the "C CP-MAS spectra of the peptide as a function of temperature. Fig-
ure 3.2 shows the 283 — 310 K "C spectra of (I3, N9)-labeled penetratin in the
DMPC/DMPG (8:7) membrane. It can be seen that the second conformation grows gradually:
as the temperature decreases, the random-coil peaks decrease in intensity while the B-sheet
peaks increase in intensity. Around 303 K, both conformations coexist. Below 283 K only

B-sheet peaks are present and the spectra no longer change. For each site, only two chemical
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shifts are observed, without intermediate values between them. Table S3.1 lists the intensity

fractions of the two sets of peaks for I3 and N9 Ca sites at the temperatures examined.
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Figure 3.3 2D "C-"C correlation spectra of labeled penetratin in DMPC/DMPG membranes (8:7) at
P/L = 1:15. (a) (I5, Q8, K13)-labeled penetratin at 249 K with 50 ms PDSD mixing (black) and at 310
K with 100 ms PDSD mixing (red). (b) K13-labeled penetratin at 273 K with 50 ms DARR mixing
(black) and at 310 K with 30 ms DARR mixing (red). (c) 2D PDSD spectrum of K13-labeled pene-
tratin at 310 K with 100 ms mixing. Note the lipid/peptide cross peaks.

To assess if the conformational changes occur in multiple residues in the peptide, we
measured the *C chemical shifts of three other sites, I5, Q8, and K13. Figure 3.3 shows the
2D spectra at high and low temperatures for two samples containing the labeled sites. It can
be seen that the Ca/CP chemical shift changes are present for all three residues, indicating
that the sheet-turn conformational change occurs for a large fraction of the peptide. Figure
3.3c shows a long mixing-time 2D spectrum at 310 K, where cross peaks between the lipid
headgroup Ca and the peptide K13 signals are detected, indicating that the high-temperature
state of the peptide is in intimate contact with the lipids. The variable-temperature 1D “C
spectra of (IS5, Q8, K13)-labeled penetratin in DMPC/DMPG (8:7) bilayers (Figure 3.4) fur-
ther illustrate the temperature-induced chemical shift changes.

Table S3.2 tabulates the high- and low-temperature *C chemical shifts of all meas-
ured residues in the DMPC/DMPG membrane. The differences of these chemical shifts from
the random coil values give information on the secondary structure of the peptides. Using the

random coil values of Zhang et al, (24), we plotted the secondary chemical shifts in Figure
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3.5. The low-temperature secondary shifts are negative for Co. and CO but positive for Cj3,
which clearly indicate a B-sheet conformation. In comparison, the high-temperature second-
ary shifts are near the random coil values and much less than the o-helical secondary shifts.
Thus, while the peptide adopts an o-helical conformation in its parent protein, as an inde-
pendent molecule bound to the liquid-crystalline lipid bilayer, it adopts neither a B-sheet nor

an o-helical conformation, but is more like a random coil.

Q8,K13a

310K

283 K

AN

T T T

70 60 50 40 30 20 10 0
3C chemical shift (in ppm)

Figure 3.4 Variable-temperature 1D C CP-MAS spectra of (I5, Q8, K13)-labeled penetratin in
DMPC/DMPG (8:7) membranes at P/L = 1:15. Dashed and solid lines guide the eye for sheet and coil
peaks, respectively.

Generality of the sheet < coil transition of penetratin
We next examine the generality of this conformational change of penetratin in lipid
membranes. Does it occur only at high peptide concentrations or also at low P/L ratios? Is it

unique to the nearly 50% anionic DMPC/DMPG membrane or is it present also at other
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membrane compositions? To address these questions, we prepared a low-concentration sam-
ple, with P/L = 1:30, in the DMPC/DMPG (8:7) membrane, a high-concentration P/L = 1:15
sample in 25% anionic DMPC/DMPG (3:1) membrane, and a high-concentration P/L = 1:15
sample in the unsaturated POPC/POPG (8:7) membrane.
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Figure 3.5. Experimental Co., CO, and CP secondary shifts of all labeled residues in penetratin in
DMPC/DMPG (8:7) bilayers at P/L=1:15. (a) 243 K. (b) 310 K. Yellow and red lines in (a) and (b)
are database secondary chemical shifts for B-sheet and o-helical conformations, respectively (24).

Figure 3.6 shows the variable-temperature C CP-MAS spectra of (I3, N9)-labeled
penetratin in DMPC/DMPG (8:7) bilayers at the concentration of P/L = 1:30. The same
chemical shift changes are detected, but the relative intensities of the two components at each
temperature differ from those of the 1:15 sample (Table S3.1). Figure 3.7 shows the "“C
spectra of the peptide in the 25% anionic DMPC/DMPG (3:1) membrane. This sample allows
us to assess whether the conformational change is mainly induced by the anionic lipid. Again,

the same sheet <> coil chemical shift changes are observed between low and high tempera-
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tures. Thus, the conformational change is not a result of the peptide preferentially partition-

ing into anionic lipid domains, but also occurs in zwitterionic membranes.
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Figure 3.6. Variable-temperature "“C CP-MAS spectra of (I3, N9)-labeled penetratin in
DMPC/DMPG (8:7) membranes at P/L = 1:30. Dashed and solid lines guide the eye for the sheet and
coil peaks, respectively.

In the unsaturated POPC/POPG (8:7) membrane, we found the same chemical shift
changes indicative of a sheet <> coil conformational change (Figure 3.8). However, the
spectral linewidths of the POPC/POPG-bound peptide are much broader than the
DMPC/DMPG samples near and below the phase transition temperature. This suggests that
penetratin exhibits more pronounced intermediate-timescale motion in the POPC/POPG
membrane than in the DMPC/DMPG membrane, possibly due to the higher dynamic disorder
of the unsaturated chains of POPC and POPG lipids.
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Figure 3.7. Variable-temperature "“C CP-MAS spectra of (I3, N9)-labeled penetratin in
DMPC/DMPG (3:1) membranes at P/L = 1:15. Dashed and solid lines guide the eye for the sheet and
coil peaks, respectively.

80 70 60 50 40 30 20 10 0
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Figure 3.8. Variable-temperature *C CP-MAS spectra of (I3, N9)-labeled penetratin in POPC/POPG
(8:7) membranes at P/L = 1:15. Dashed and solid lines guide the eye for the sheet and coil peaks, re-
spectively.
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Nature of the coil-like conformation in the membrane from penetratin dynamics

It has been proposed that random coils, by definition without any fixed structure due
to stochastic isotropic motion of the protein segments, are not compatible with the lipid
membrane due to the energetically unfavorable exposure of non-hydrogen-bonded backbone
polar functional groups to the hydrophobic lipid chains (25). Peptides that are unstructured in
solution often adopt helical or sheet structures upon association with the lipid membrane (26).
Thus, it is puzzling that penetratin exhibits random coil chemical shifts in the lig-

uid-crystalline lipid membranes.

Table 3.1. C-H order parameters of penetratin in DMPC/DMPG membranes at 303 K and 283 K.
Superscripts ¢ and s denote coil and sheet conformations, respectively. Superscript o indicates partial

overlap with another peptide peak. Sidechain groups other than C have no conformational depend-
ence.

Residue  Site 303K 283 K
13 Co. 0.94° 0.94°
CB 0.33%°,0.66*° 0.84°°
cs 0.19 0.23
Ce 0.14 0.23
I5 Co. - 0.94°
Cy 033 0.52
cs 0.14 0.33
Ce 0.14 0.28
Q8 Co. 0.33° 0.89°
N9 Co. 0.52¢ 0.84°
CB 0.33%°,0.66*° 0.84°°
K13 Co. 0.23¢ 0.94°
Ce 033 037

To better understand the nature of the penetratin structure at high temperature, we
measured the C-H dipolar couplings of the peptide. A true random coil should exhibit van-
ishing dipolar couplings, corresponding to C-H order parameters of 0. In contrast, a B-strand
conformation is usually only stable in the membrane if inter-strand hydrogen bonds are pre-
sent (27, 28). Such a multi-strand B-sheet is usually immobilized and should have order pa-
rameters near 1 (29). Figure 3.9 shows the C-H DIPSHIFT curves of two backbone Cu sites,
Q8 and K13, in penetratin in DMPC/DMPG bilayers (P/L=1:15). The coil peaks give clearly
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less dipolar dephasing, or weaker dipolar couplings, than the corresponding [3-sheet peaks.
The Co-Ho and CB-HP order parameters of the B-sheet signals range from 0.84 to 0.94,
while the order parameters of the coil signals range from 0.23 to 0.52 (Table 3.1). Thus, the
backbone of the coil peptide indeed undergoes large-amplitude motion in the lipid membrane.
However, since the Ca and C3 order parameters are much higher than 0, the motion is not

isotropic, and the peptide retains significant residual anisotropy.
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Figure 3.9. C-H dipolar couplings of coil and sheet Ca peaks of Q8 and K13 at 303 K and 283 K,
respectively. The lipid membrane is DMPC/DMPG (8:7) and P/L = 1:15. (a) C dimensions of the
2D DIPSHIFT spectra showing the Q8a chemical shift change. (b) C-H dipolar dephasing of Q8c at
303 K (filled symbols, solid line) and 283 K (open symbols, dashed line). (c) °C dimensions of the
2D DIPSHIFT spectra showing the K130 chemical shift change. (d) C-H dipolar dephasing of K13
at 303 K (filled symbols, solid line) and 283 K (open symbols, dashed line). Best-fit couplings and
the corresponding order parameters are given in (b, d).

Table 3.1 also shows the sidechain order parameters for all resolved sites. Interest-

ingly, while the ends of the long Ile sidechains exhibit the expected small order parameters of

0.14-0.19 at 303 K, the end of the long Lys sidechain, Ce, exhibits a much higher order pa-
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rameter of 0.33 at 303 K. This suggests that the cationic Lys amino group may form transient
associations with the lipid phosphate groups, similar to what has been observed for Arg resi-

dues in an antimicrobial peptide (30, 31).
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Figure 3.10. 2D ROCSA spectra of (I3, N9)-labeled penetratin in DMPC/DMPG (8:7) membranes at
303 K and P/L = 1;15. (a) 2D spectrum. (b) N9a cross section at 52.2 ppm. (c) I3 and N9J cross
section at 36.5 ppm. In the 1D panels (b, c¢), thick line is the experimental data, thin line is the best fit,
and dashed line is the calculated static-limit CSA lineshape based on ab initio calculations for the
[-sheet conformation of these residues (36).

For protein backbones, bond order parameters may be smaller than 1 for two different
types of motion. They may reflect internal segmental motion, which is the case, for example,
for a random coil, or they may reflect overall motion of a rigid molecule. If rigid-body mo-
tion is axially symmetric around an external axis, which for membrane-bound proteins is
typically the bilayer normal, then the different order parameters simply reflect the different
orientations of the individual bond vectors with respect to the bilayer normal. Distinguishing
segmental motion from rigid-body motion is a complex task requiring the determination of
the order tensor for each segment of the molecule (32, 33). Determining each order tensor,
which is a traceless and symmetric second-rank tensor, requires five independent NMR cou-
plings (34). In the limiting case of rigid-body uniaxial rotation, the situation is much simpler:

all segments have the same order tensor, with a diagonalized unique principal value of 1.
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Further, the uniaxiality of the motion imposes an axially symmetric lineshape to all NMR
interactions, described by an asymmetry parameter 1 of 0.

One can assess which motional model is more likely for penetratin backbone in the
LC membrane by determining the asymmetry parameter of motion. If the only motion giving
rise to the reduced dipolar couplings is uncorrelated segmental motion, then the motionally
averaged NMR spectra should in general exhibit 1 different from 0. We can measure the
asymmetry of the lineshape through chemical shift anisotropy (CSA) spectra, since the stat-
ic-limit CSAs of Co and CP sites of proteins are generally non-uniaxial. We used the
ROCSA technique (35) to recouple the “C CSA while suppressing the “C-"°C dipolar cou-
plings. Figure 3.10 shows the 2D ROCSA spectrum of (I3, N9)-labeled penetratin in
DMPC/DMPG bilayers at 303 K, along with the CSA cross sections of the of N9« coil peak
and the mixed I3 and N9B coil peak. It can be seen that the CSA lineshapes are close to
uniaxial and are clearly narrower than the static-limit CSA. The N9« lineshape is well fit by
a motionally averaged anisotropy parameter 8 of 9.9 ppm and M = 0. This is very differ-
ent from the static-limit & of 14.4 ppm and n = 0.90. The static-limit CSA principal values
were taken from ab inito calculated shielding values (36) for the B-sheet conformation. For
the mixed I3 and N9B peak, the predicted rigid-limit B-sheet CSA (9,7) is (21.1 ppm, 0.82)
for Asn C3 and (11.8 ppm, 0.82) for Ile CB. Their average gives the dashed line pattern in
Figure 3.10c, which is clearly broader than the measured CSA pattern. The experimental
pattern is well fit with (S,ﬁ) = (9.1 ppm, 0). For both sites, the measured CSA lineshapes
are not only much narrower than the static-limit patterns, but are also axially symmetric
within experimental uncertainty (37), indicating that the peptide undergoes fast uniaxial rota-
tion around the bilayer normal. This backbone uniaxial motion suggests that the coil chemi-
cal shifts may result from a rigid turn conformation that rotates around the membrane normal
rather than an isotropic random coil. The chemical shifts of various B- and y-turns are inter-
mediate between helix and sheet chemical shifts and are not well distinguished from random
coil chemical shifts in protein databases. Since the coil chemical shifts are observed for resi-
dues from I3 to K13, the proposed turn structure involves a large segment of the peptide in

the fluid membrane.
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Thermodynamics of the sheet <> turn transition
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Figure 3.11. Thermodynamics of the sheet <> turn conformational change. The turn/sheet intensity
ratios, Keq, are plotted as a function of temperature. (a) [3a. (b) N9a. (c) ln(Keq) versus 1000/T for

3o at P/L = 1:15. The slope of the linear fit gives the AH and the intercept gives the AS of the con-
formational change.

The temperature-induced reversible sheet ¢« turn transition of penetratin is an equi-
librium reaction. Assuming a simple two-state model, sheet <> turn + AH, we can estimate

the enthalpy and entropy of the conformational change using the van’t Hoff equation:

t
INK g =—20 +25 \here Ko _ [tum]
RT R [sheet]

(D
The equilibrium constant Keq can be obtained from the intensity ratio between the
turn and sheet peaks at each temperature. These Keq values are listed in Table 3.2 for I3a

and N9a. in the DMPC/DMPG (8:7) membrane at both high and low peptide concentrations.
Figure 3.11(a-b) plots Keq for the two sites at both concentrations as a function of tempera-
ture. All four curves plateau below 283 K, where the 3-sheet conformation dominates. The
lower concentration curves are shifted up from the high-concentration curves, indicating in-
creased populations of the turn conformation. This is expected since the [B-sheet confor-

mation requires intermolecular association and is thus favored by high peptide concentrations.

www.manaraa.com



101

The turn conformation does not yet exhibit a plateau at the highest temperature measured

(310 K) that is still deemed safe for the samples. Figure 3.11(a-b) shows that the conforma-

tional change occurs broadly around the DMPC/DMPG phase transition temperature of 296

K.

Table 3.2. Temperature-dependent equilibrium constant Keq =[turn]/ [sheet] for the sheet <>
turn transition of I3aw and N9« of penetratin in DMPC/DMPG membranes (8:7) at P/L = 1:15 and

1:30.
P/L =1:15 P/L =1:30
T®) I3 N9« I3 N9«
243 0.33 0.58 0.68 1.00
263 0.34 0.56 0.29 0.96
283 0.26 0.52 0.54 1.25
288 0.37 1.78 - -
293 0.49 2.68 2.21 4.08
298 1.00 2.62 7.29 32.8
303 1.00 2.76 421 4.76
305 145 5.85 - -
310 3.20 7.13 18.0 155

Table 3.3. Enthalpy and entropy changes of the sheet ¢> turn transition of penetratin in

DMPC/DMPG (8:7) membranes.

The thermodynamic values are for one mole of peptide.

InK,, vs. 1000/T AH AS
Residue, P/L slope intercept  (kcal/molK) (kcal/molK)
)
Ba, 1:15 -7.52 25.1 14.9 0.050
N9q, 1:15 -7.07 24 .8 14.0 0.049
3o, 1:30 -6.79 24.1 13.5 0.048
N9q., 1:30 -7.20 25.8 14.3 0.051
mean - - 14.2 0.050

Figure 3.11c shows a representative plot of In Keq versus 1000/T for I3o. at

P/L = 1:15. For the temperature regime where the transition occurs, the data fits well to a

straight line with a negative slope. This linear regime covers 263 — 310 K for I3a at P/L =

1:30 and 283 — 310 K for the other three conditions. As indicated by eq. 1, the slope of the

line gives the enthalpy AH of the conformation change, while the intercept gives the entropy

change, AS. The negative slope indicates a positive enthalpy, or an endothermic sheet <>
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turn reaction, consistent with the fact that high temperature induces the turn conformation.
The entropy change is also positive, consistent with the higher mobility of the turn state. Ta-
ble 3.3 lists the enthalpy and entropy changes for the conformational transition. The AH and

AS values are similar between the two residues, suggesting that the conformational change is
global rather than local. Assuming that all 16 residues are involved in the conformational

change, then AH per residue is +0.89 kcal/mol, while AS per residue is 3.1 cal/(mol "K).

3.4 Discussion

Plasticity of penetratin conformation

The conformation of penetratin has been studied extensively and has been found to
be highly plastic, sensitive to the nature of the solvent (buffer, organic solution, micelles, bi-
celles, or lipid vesicles), peptide concentration, and membrane composition. Most studies
employed CD spectroscopy. In water, the peptide is clearly a random coil. In helix-promoting
solvents such as trifluoroethanol (/5, 38) the peptide becomes partly o-helical. In SDS mi-
celles the helical content is even higher (~50%) but the random coil fraction remains signifi-
cant from both CD and 'H NMR data (15-17, 39). In comparison, in lipid bilayers, CD spec-
tra show that penetratin has significant helicity only in largely zwitterionic membranes at low
peptide concentrations (/8-20, 40, 41). In zwitterionic membranes at high peptide concentra-
tions, the CD spectra indicate a high percentage of random coil (/6, 42). In anionic mem-
branes with high peptide concentrations, penetratin conformation shifts to -structures, in-
cluding B-strands as well as B-turns (42).

Since CD spectroscopy of membrane-bound peptides is complicated by light scat-
tering of lipid vesicles and uncertainties in spectral deconvolution, the conformation infor-
mation is only approximate. In comparison, NMR gives site-specific and accurate infor-
mation on the peptide conformation in lipid membranes. So far the only NMR study of pene-
tratin in lipid membranes used DMPC/DMPG (10:1) bicelles with a low anionic lipid content
and a low peptide concentration (P/L = 1:130). Under these conditions, 'H chemical shifts

and 'H-'H nuclear Overhauser effects (NOEs) indicate that the central 9 residues of the pep-
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tide are o-helical but with somewhat irregular geometries (/8), reminiscent of the random

coils observed under other conditions.

Coil or turn conformation at high temperature?

The current solid-state NMR chemical-shift based conformational constraints are
obtained for penetratin bound to 50% and 25% anionic lipid membranes and at P/L ratios of
1:15 and 1:30. We found that in the gel-phase membrane, the peptide is clearly a -sheet
from residue 3 to 13. But in the fluid phase, penetratin changes to a coil-like structure with
significant residual anisotropy and uniaxial mobility. The latter two observations suggest that
the high-temperature conformation may be a structured turn rather than an unstructured coil.
The (¢, y) torsion angles and three-dimensional fold of this turn-rich conformation are not
yet determined, since most existing solid-state NMR techniques for quantitative structure de-
termination require immobilized molecules, which would require freezing penetratin, which
would destroy the very structure of interest.

These solid-state NMR results are in qualitative agreement with CD studies done on
membranes with similar compositions. CD spectra measured in POPC/POPG (70:30) vesi-
cles at high peptide concentrations of P/L = 1:17 to 1:33 yielded estimates of 40-60%
B-structure, 20-25% random coil, and 20-30% helix (42). The B-structure included not only

antiparallel and parallel 3-strands but also -turns, thus the result is consistent with the NMR

data. The remaining o-helical content estimated from the CD spectra may be attributed to the
different vesicle sizes used. The CD experiments were carried out on sonicated small unila-
mellar vesicles while the solid-state NMR data were measured on large unilamellar vesicles.
Since penetratin has large helicity in curved SDS micelles, high curvature of the bilayer
should also promote o-helix formation.

We found that the sheet «» turn conformational change of penetratin occurs under
a range of peptide concentrations, anionic lipid contents, and lipid chain saturation. Thus it
appears to be an intrinsic property of the peptide in lipid bilayers. It is possible that short
segments of B-strand residues, not included among the five labeled residues here, connect the

turns. Turn-rich proteins with very short B-strand segments have been observed before. For
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example, the elastin-mimetic (VPGVG), polypeptides consist of repeated P-turns, called
[B-spirals, centered at Pro and Gly residues in each repeat (43). Turn-rich conformations have
also been found in a number of cationic antimicrobial peptides such as indolicidin and tritrp-
ticin (44-46). Solution NMR structures indicate that these turn-rich conformations lead to an
amphipathic organization of the peptides, which facilitate their membrane-disruptive activity.
For penetratin, whose translocation function leaves the membrane intact, the turn confor-
mation may disfavor an amphipathic three-dimensional fold.

It is important to note that the high-temperature turn state of penetratin is embedded
in the membrane rather than floating in the aqueous phase, in contrast to other peptides that
undergo coil ¢« helix or coil ¢« sheet changes as a result of membrane binding. Evidence
for the strong membrane association includes cross peaks between the lipid Cat and the coil
peptide (Figure 3.3c) and paramagnetic relaxation enhancement data that show that the turn

conformation is well shielded from the Mn** ions on the membrane surface (47).

Energetics of penetratin sheet <> turn transition and comparison with other peptides

Coil ¢« sheet conformational changes have been reported for several membrane
peptides before (26, 48, 49), and are usually triggered by the partitioning of the peptides from
aqueous solution to the lipid membrane (25). The thermodynamics of this bilayer-induced
secondary structure formation has been studied using CD and isothermal titration calorimetry
(50), which yielded quite variable AH and AS values. For example, the hexapeptide AcWL;
is a monomeric random coil in solution, aggregates to 3-sheets upon membrane binding, and
unfolds back to a coil upon heating. The per-residue enthalpy change, AH,qgque, Of the
sheet — coil unfolding was found to be +1.3 kcal/mol (48). The antimicrobial peptide
(KIGAKI), is random coil in solution and becomes a nearly perfect B-sheet upon membrane
binding. The AH,.que Of the B-sheet formation was measured to be -0.23 kcal/mol (26),
which corresponds to +0.23 kcal/mol for the reverse sheet — coil transition. The signifi-
cant AH variation among different 3-sheet formers has been noted before (26) and contrasts
with the relatively uniform helix <> coil enthalpy change of +0.7 — +1.1 kcal/mol. For pen-

etratin, assuming that the sheet <> turn transition occurs for all residues of the peptide,
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AH ogidue 18 +0.89 kcal/mol, which is within the range reported in the literature. However,
since penetratin is much closer to (KIGAKI), than AcWL; in terms of sequence length and
the cationic nature, AH for penetratin might be expected to be much closer to the value of
+0.23 kcal/mol for (KIGAKI),. Experimental conditions such as peptide concentration and
membrane composition may explain the different AH values.

The entropy change per residue, AS,qique- Of the sheet <> turn transition from the
intercept of the linear fit is +3.1 cal/mol K. Combined with AH o4;4,e. it means that the free
energy change, AG ogique = AHresidue — TASesidue» 15 only slightly negative, —0.05 kcal/mol,
at 298 K, which is consistent with the coexistence of turn and sheet peaks at this temperature.
Increasing the temperature to 310 K makes AG qgque Slightly more negative, —0.07
kcal/mol, thus the sheet <> turn transition is an entropically driven process. Overall, the
small free energy reduction of penetratin’s sheet ¢« turn transition contrasts with the pre-
viously reported AG qique Of about 0.5 kcal/mol for bilayer-induced secondary structure
formation (25). This lends further support to our conclusion that the conformational change
of penetratin occurs within the membrane, rather than involving a change from the membrane

to the aqueous phase.

out

in

Figure 3.12. Proposed model of membrane translocation by penetratin. A compact turn-rich confor-
mation reduces hydrophobic interactions with the lipid chains and enables the peptide to cross the
lipid bilayer without causing long-lasting pores.
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What is the significance of this turn conformation to the translocation function of
penetratin? The structural polymorphism of penetratin has been suggested to be important for
cell internalization by facilitating the peptide’s passage through solvents with very different
dielectric constants (57). We suggest a more specific hypothesis for the existence of the turn
structure in the LC membrane after initial peptide binding. Since the turn structure has a
small surface-to-volume ratio and lacks amphipathic organization, it may facilitate the pep-
tide’s translocation across the membrane by minimizing hydrophobic interactions with the
lipid chains (Figure 3.12). Such hydrophobic interactions are implicated in the stabilization
of amphipathic antimicrobial peptides in the membrane, which leads to pores or other per-
manent damage to the membrane (27, 52). In comparison, penetratin’s function requires it to
have only transient association with the lipid bilayer, without leaking the cell content, and a
compact turn conformation may be better suited than amphipathic B-sheet or o-helical struc-
tures for rapid crossing through and eventual dissociation from the membrane. This model
suggests that peptide conformation may in fact be important in cell internalization. It does
not, however, explain the driving force for passage through the membrane. That driving force
has been suggested to be the voltage potential across the cell membrane created by differen-

tial intracellular and extracellular ion concentrations (53).

3.5 Materials and Methods
Membrane sample preparation

All lipids, including 1,2-dimyristoyl-sn-glycero-3-phosphatidylchloline (dss~-DMPC),
1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol (DMPG),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further purification. Penetratin
(RQIKIWFQNR RMKWKK) was synthesized using Fmoc solid-phase protocols (PrimmBi-
otech, Cambridge, MA) and purified by HPLC to >95% purity. U-">C, "’N-labeled residues
were incorporated at positions I3, I5, Q8, N9, and K13 in three different samples.

Hydrated membrane samples were prepared by an aqueous-phase mixing protocol.

First, a zwitterionic lipid and an anionic lipid were mixed in chloroform at the desired molar
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ratio and dried under N, gas. The lipid film was dissolved in cyclohexane and lyophilized
overnight. The mixed lipid powder was redissolved in deionized water and vortexed thor-
oughly, then freeze-thawed eight times. The lipid vesicle solution was then extruded succes-
sively through 1.0 um, 0.4 um and 0.1 um polycarbonate filters to obtain large unilamellar
vesicles of ~100 nm diameter. The vesicle solution was added to an appropriate amount of
peptide-containing aqueous solution. The mixture was incubated overnight, then centrifuged
at 55,000 rpm for 3 hours above the lipid phase transition temperature to obtain a pellet. The
pellet was center-packed into a 4 mm MAS rotor with Teflon spacer at the bottom to give a
hydrated membrane sample for NMR experiments. This study used three membrane compo-
sitions — DMPC/DMPG (8:7), POPC/POPG (8:7), and DMPC/DMPG (3:1), and two P/L ra-
tios — 1:15 and 1:30, to examine the environmental dependence of penetratin conformation.
Chain-perdeuterated d;,-DMPC was used in the membrane mixtures to reduce the intensities

of the lipid background signals.

NMR experiments

Solid-state NMR experiments were carried out on a Bruker AVANCE-600 (14.1 T)
spectrometer and a DSX-400 (9.4 T) spectrometer (Karlsruhe, Germany) using mag-
ic-angle-spinning (MAS) probes. Low temperatures were achieved with a Bruker
BCU-Xtreme unit on the AVANCE-600 spectrometer and a Kinetics Thermal Systems XR
air-jet sample cooler (Stone Ridge, NY) on the DSX-400 spectrometer. Typical 90° pulse
lengths were 5.0 us for °C and 3.5-4.0 ps for 'H. The a-glycine C’ resonance of 176.49 ppm
on the tetramethylsilane scale was used as the external reference for the °C chemical shifts.
'H-"C cross-polarization (CP) experiments were carried out with a contact time of 500 ps
and a 'H decoupling field of 62 kHz. Variable-temperature °C spectra were acquired after
stabilizing the sample for at least 25 minutes at each temperature.
2D '"H-driven "C spin diffusion experiments were carried out without 'H decoupling (PDSD)
or with '"H decoupling at the spinning frequency (DARR) during the mixing time. Mixing
times of 20~100 ms and spinning speeds of 5.0 and 6.0 kHz were used. °C-'H dipolar cou-
plings were measured using the 2D dipolar chemical-shift correlation (DIPSHIFT) experi-
ment at a spinning speed of 3401 Hz. For 'H homonuclear decoupling, the MREV-8 se-
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quence (54) was used. The t; dipolar data were fit using a home-written Fortran program.
The fit values were divided by the scaling factor, 0.47, of the MREV-8 sequence to obtain
the true C-H dipolar couplings. The ratio of the true coupling with the rigid-limit one-bond
C-H dipolar coupling, 22.7 kHz, gives the bond order parameter, Scy. For CH, groups, the
three-spin system gives rise to an 1 = 1 dipolar pattern with principal values of (-0, 0, 9d),
where 0 is the coupling strength. For four-spin CHj; systems, the 1:3:3:1 multiplet pattern was
simulated using a 3:1 mixture of dipolar couplings 6 and 39.

BC chemical shift anisotropy (CSA) was measured using the 2D ROCSA experi-
ment (35), where the CSA interaction is recoupled by an Cn,11 sequence and the C-"C
homonuclear dipolar coupling is mostly suppressed. The "C recoupling spin-lock field
strength is 4.283 times the spinning speed. The experiment has a CSA scaling factor of 0.272.
The experiments were carried out at 310 K under 8.0 kHz MAS.
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3.8 Supporting information

Table S3.1. Intensity fractions of sheet and turn peaks of (I3, N9)-labeled penetratin in
DMPC/DMPG (8:7) membranes at P/L = 1:15 and 1:30.

P/L =1:15 P/L =1:30
TX) | 130, N9a. 3o N9«
Sheet Turn | Sheet Turn | Sheet Turn | Sheet Turn

243 | 075 025|063 037 [0.60 040 |0.50 050
263 | 075 025|064 036 (077 023 051 049
283 | 079 021 |[066 034 065 035|044 056
288 073 027 036 064 |- - - -
293 | 067 033|027 073 {031 069 020 0.80
298 | 050 050 (028 072 {0.12 088 |0.03 097
303 | 050 050 (027 073 1019 081 (0.17 0283
305 | 041 059 |0.15 085 |- - - -
310 1024 076 10.12 088 |005 095 006 094
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Table S3.2: "*C chemical shifts (ppm) of penetratin in DMPC/DMPG bilayers at 310 K and 243 K.

residue  site 310K 243 K
13 CO 173.8 172.3
Col 60.2 574
CB 36.3 39.8
Cy 26.2 264
(oh] 15.7 15.2
Ce 114 12.7
15 CO - 172.2
Co 59.2 57.5
Cp 36.8 40.1
Cy 25.6 26.5
(o] 15.7 159
Ce 11.3 12.7
Q8 CO - 172.8
Co 54.6 534
CB 314 33.8
Cy 279 31.6
Cd - 177.7
N9 CO 173.9 -
Co 52.2 494
CB 36.6 38.8
Cy 175.6 -
K13 CcO 1742 171.7
Co 54.4 53.1
CB 31.5 353
Cy 22.7 22.8
o) 272 27.2
Ce 39.8 39.7
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Chapter 4

Asymmetric Insertion of Membrane Proteins in Lipid Bilayers by Solid-State NMR
Paramagnetic Relaxation Enhancement: a Cell-Penetrating Peptide Example
A paper published in Journal of American Chemical Society
2008, vol. 130(27), page 8856-8864

Yongchao Su, Rajeswari Mani and Mei Hong

Department of Chemistry, lowa State University, Ames, [A 50011

4.1 Abstract

A novel solid-state NMR technique for identifying the asymmetric insertion depths
of membrane proteins in lipid bilayers is introduced. By applying Mn*" ions on the outer but
not the inner leaflet of lipid bilayers, the sidedness of protein residues in the lipid bilayer can
be determined through paramagnetic relaxation enhancement (PRE) effects. Protein-free lipid
membranes with one side Mn**-bound surfaces exhibit significant residual *'P and lipid
headgroup "C intensities, in contrast to two side Mn**-bound membranes, where lipid head-
group signals are mostly dephased. Applying this method to a cell-penetrating peptide, pene-
tratin, we found that at low peptide concentrations, penetratin is distributed in both leaflets of
the bilayer, in contrast to the prediction of the electroporation model, which predicts that
penetratin binds to only the outer lipid leaflet at low peptide concentrations to cause an elec-
tric field that drives subsequent peptide translocation. The invalidation of the electroporation
model suggests an alternative mechanism for intracellular import of penetratin, which may

involve guanidinium-phosphate complexation between the peptide and the lipids.

4.1 Introduction

The depth of protein residues in lipid bilayers is an important aspect of the
three-dimensional (3D) structure of membrane proteins. Even before the complete atom-
ic-level high-resolution structure is determined for a membrane protein, knowledge of the

depth of its residues already gives information on the topology of the protein in the mem-
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brane (/), which is crucial for understanding its function. Solid-state NMR spectroscopy has
provided a number of tools to determine the depth of insertion of membrane proteins. For
example, 'H spin diffusion from the lipid chains in the center of the membrane to the protein
and from water on the membrane surface to the protein has been exploited (2-6). Paramag-
netic relaxation enhancement (PRE) (7, 8) is another powerful approach to measure the
site-specific depths of membrane proteins (9-/2) or membrane-bound small molecules (/3).
Paramagnetic ions such as Mn**, Gd** and Dy’ bound to the membrane surfaces enhance the
T, relaxation rates of nuclear spins in a distance-dependent fashion, so that nuclear spins
closer to the membrane surface manifest larger relaxation enhancement, or lower intensities.
Membrane-soluble paramagnetic oxygen has also been used to induce depth-dependent
changes in chemical shifts and T, and T, relaxation rates (/4, 15). By comparing the protein
PRE effects with those of the lipid functional groups whose depths are well known (/6), one
can measure the depths quantitatively (9). The ability for depth calibration is a unique feature
of membrane protein PRE, as compared to PRE applications to macromolecules in solution
(17, 18) or to microcrystalline proteins (/9).

Despite the many advances in determining membrane protein insertion depths, to our
best knowledge there is so far no report of the determination of the asymmetric insertion of
membrane proteins in the lipid bilayer. Most membrane proteins insert in a unidirectional
fashion as required by their function (/). It is thus important to determine which leaflet of the
bilayer, in addition to the depth, a residue is inserted to. If the paramagnetic ions are distrib-
uted on both surfaces of the bilayer, then it is not possible to distinguish the depth in the in-
ner versus the outer leaflet. We demonstrate here a simple modification of the PRE technique
that distributes the paramagnetic ions on only one side of the bilayer, thus allowing the de-
termination of the asymmetric insertion depths of membrane proteins. This concept has been
shown using lanthanide shift reagents to distinguish outer- and inner-leaflet lipids (20, 21),
and in a related approach to separate extracellular versus intracellular metabolite signals in
solution (22). However, to our best knowledge it has not been applied to membrane peptides

and proteins.

www.manaraa.com



117

(a) E lowP/L (c) (d)

+

ml 1 out Mn? Mn?* Mn? out Mn?*  Mn?  Mn2*

B (B (B (S

b high P/L ,
(b) i s @)@
in in
390 ) kesue) low intensity high intensity

Figure 4.1. One side paramagnetic relaxation enhancement NMR for determining the asymmetric
binding of membrane proteins. (a, b) Electroporation model of cell-penetrating peptides. (a) At low
P/L, the peptides are bound to the outer leaflet of the membrane, causing an electric field and mem-
brane curvature strain. (b) At high P/L, the peptides distribute to both leaflets of the membrane, re-
leasing the curvature strain. When Mn** ions are distributed on the outer surface of the membrane: (c)
Membrane proteins inserted only to the outer leaflet experience strong PRE and give low intensities.
(d) Membrane proteins bound to both leaflets of the bilayer have high intensities due to the negligible
PRE experienced by the inner-leaflet molecules.

We demonstrate the one-side PRE technique on a cell-penetrating peptide (CPP),
penetratin. CPPs are Arg- and Lys-rich cationic peptides that have the remarkable ability of
transporting macromolecular cargos into cells and the cell nucleus without disrupting the cell
membrane (23-25). As such, CPPs are promising drug-delivery molecules. A large number of
biophysical studies have shown that the intracellular import of CPPs is intimately related to
their affinity to and interaction with the lipid bilayer (26). The membrane in question can be
the plasma membrane of the cell, for peptides that directly translocate across the cell mem-
brane, or, for peptides that enter cells by endocytosis (27), the endosomal membrane from
which the peptides must escape. Given the highly cationic nature of these peptides, their
mechanism of translocation across the lipid membrane is intriguing and is the subject of in-
tense study. Penetratin is the first and one of the most extensively studied CPPs, and is a
16-residue peptide corresponding to the third helix of the Drosophilia Antennapedia homeo-
domain (28).

Three models have been proposed to explain the membrane translocation of CPPs. In
the electroporation model (29), below a threshold peptide concentration, the peptide binds
only to the outer leaflet of the bilayer (Fig. 1a), thus creating a transmembrane electric field
that alters the lateral and curvature stress of the membrane. Above the threshold concentra-

tion, electroporation-like permeabilization of the membrane occurs, giving rise to transient
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membrane defects that allow the peptide to distribute to both leaflets of the bilayer (Fig. 1b),
thus relieving the curvature stress. Isothermal titration calorimetry experiments indicated that
the threshold peptide/lipid molar ratio (P/L) of penetratin was 1:20; moreover an anionic li-
pid fraction of at least ~50% was found to be necessary for translocation (29, 30). Recently,
'H solution NMR NOESY spectra of bicelle-bound penetratin showed that the depth of pene-
tratin increases with the peptide concentration (37), which was interpreted as supporting the
electroporation model.

The second model proposes that inverse micelles transiently form in the bilayer to
trap the peptide from the outer leaflet and release it to the inner leaflet (32). This model was
primarily based on lipid *'P NMR spectra that showed an isotropic peak indicative of mi-
celles in the presence of the peptide (33). However, the peptide-free control sample exhibited
a similar isotropic peak, suggesting that the micelles result from sample preparation proce-
dures rather than peptide binding. Sonication, extrusion, and extensive freeze-thawing all
create small lipid vesicles that have high isotropic mobility, which give rise to an isotropic
peak in the *'P spectra. In addition, no hexagonal-phase peak was detected in these *'P spec-
tra, ruling out the hexagonal-phase model (34).

The third model posits that guanidinium-phosphate complexation neutralizes the
Arg residues in CPPs, thus allowing the peptides to cross the membrane without a high
free-energy penalty. This model was based on phase transfer experiments of oligoarginnines
(35) and "“C-"'P distance measurements of an Arg-rich antimicrobial peptide (36), A molecu-
lar dynamics simulation of HIV Tat (48-60), another well-studied CPP, showed transient as-
sociation of the Arg residues with phospholipids in the distal leaflet from the binding side,
supporting the guanidinium-phosphate association model for Tat translocation (37).

In this work, we test the electroporation model for penetratin translocation using the one
side Mn** PRE method. By placing the Mn®* ions only on the outer surface of the lipid bi-
layer, we readily distinguish the asymmetric outer-leaflet-only binding from the symmetric
double-leaflet binding of peptides. In the first scenario, the outer-surface Mn** ions will
broaden the signals of most peptides and thus cause low intensity in the spectra (Fig. 1c). In
the second scenario, half of the peptide, those in the inner leaflet, will experience minimal

PRE, thus much higher intensities will result in the spectra (Fig. 1d). Below, we first demon-
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strate the feasibility of one side Mn** binding by "C NMR on peptide-free lipid membrane
samples, then apply this method to anionic lipid membranes containing penetratin at low and
high P/L ratios, where the electroporation model predicts a change from asymmetric to sym-
metric insertion. We show that penetratin is bound to both leaflets of the bilayer at both low

and high peptide concentrations, thus indicating that the electroporation model does not ap-

ply.

4.2 Materials and Methods
Lipids and peptides

All lipids, including 1-palmitoyl -2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG),
1,2-dimyristoyl-sn-glycero-3-phosphochloline (DMPC),
1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol (DMPG), were purchased from Avanti
Polar Lipids (Alabaster, AL) and used without further purification. Penetratin (RQIKI
WFQNR RMKWK K) samples incorporating uniformly "*C, "N-labeled residues were syn-
thesized by Fmoc solid-phase protocols and purified by HPLC to > 95% purity (38). Three
peptide samples, containing labeled residues at 13, I5, Q8, N9 and K13, were used in this

work.

Membrane sample preparation

Oriented membrane samples on glass plates were prepared using a naphtha-
lene-incorporated method as described before (39, 40). Unoriented hydrated liposomes for
magic-angle spinning (MAS) experiments were prepared by an aqueous-phase mixing pro-
tocol (38). POPC/POPG membranes with molar ratios of 8:7 or 13:7 were used for all PRE
experiments. The mixed lipids were freeze-thawed eight times and extruded through 100 nm
pores to produce large unilamellar vesicles (LUVs) of ~100 nm diameter. Peptide-containing
samples used peptide/lipid molar ratios (P/L) of either 1:15 or 1:40. The membrane mixtures
were ultracentrifuged above the phase transition temperature to obtain pellets, which are then

packed into 4 mm MAS rotors.
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Mn** ions were incorporated into the membrane samples using one of two methods.
For pure membrane samples without the peptide, the MnCl, solution was added to the LUVs
after extrusion but before ultracentrifugation (UC). Mn** ions cannot penetrate the hydropho-
bic part of the bilayer, which is known from earlier work on Mn** ions as well as lanthanide
ions added to sonicated small unilamellar vesicles (20). Thus, as long as the bilayers do not
reassemble, the Mn*" ions are naturally confined to the outer surface of the bilayers (Fig. 2a).
*'P and "C NMR spectra were used to confirm that UC does not perturb the unilamellar na-
ture of the vesicles and retains the one-sided nature of the Mn** distribution (see below). To
create peptide-containing one side Mn** samples, we added the Mn®* solution to the ultracen-
trifuged membrane pellet. Adding Mn*" ions to the LUV solution before UC was found to
lead to two side Mn** distribution by *'P NMR, possibly due to transient membrane defects
caused by the peptide. In contrast, the dense membrane pellet retains the one-sided nature of
the Mn** distribution, as shown by the *'P spectra and the lipid headgroup *C MAS intensi-
ties (see below) (Fig. 2c). All Mn** containing samples used a Mn** concentration of 8 mol%

of lipids.

Figure 4.2. One side and two side Mn**-bound membrane samples. Orange: lipids. Blue: water. (a)
One side Mn**-bound large unilamellar vesicles before ultracentrifugation. Mn** ions are distributed
only on the outer surface of the bilayer. (b) Two side Mn**-bound membranes after freeze-thawing.
Oligolamellar vesicles form where Mn** ions are distributed on both sides of each bilayer. (¢) Mn**
ions added to the membrane pellet after ultracentrifugation. The Mn** ions diffuse between unilamel-
lar vesicles and remain on the outer surface of the bilayers.

To create two side Mn**-bound membrane samples, after Mn** binding, the LUVs

were freeze-thawed eight times. The freezing process fragments the LUVs by ice formation
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(41) and thawing reassembles the lipids so that Mn** ions are now distributed on both sides
of each bilayer (Fig. 2b) (42). The freeze-thawed vesicles may be oligo-lamellar rather than
unilamellar.

For peptide-lipid "C-""P REDOR experiments, d;,-DMPC/DMPG (8:7) membrane
mixtures were used. The saturated lipids have a higher phase transition temperature of 23°C,

thus better suppressing undesired peptide and lipid motions.

Solid-state NMR experiments

NMR experiments were carried out on a Bruker AVANCE-600 (14.1 T) and
DSX-400 spectrometer (Karlsruhe, Germany). Low temperature was achieved using Kinetics
Thermal Systems XR air-jet sample cooler (Stone Ridge, NY) connected to the 400 MHz
system. "“C chemical shifts were referenced externally to the *CO signal of a-glycine at
176.49 ppm on the tetramethylsilane scale. *'P chemical shifts were referenced to the *'P sig-
nal of hydroxylapatite at -2.73 ppm on the phosphoric acid scale.

Direct polarization (DP) and cross polarization (CP) magic-angle spinning (MAS)
experiments were conducted with "H decoupling field strengths of ~62.5 kHz. Typical ra-
diofrequency (rf) pulse lengths were 5 us for °C and 4 ps for "H. All PRE experiments were
carried out at 295 K, which is ~25 K above the above the phase transition temperature (7,,) of
the two lipids. 2D ""C-"C correlation experiments were measured at 303 K using the DARR
sequence with a mixing time of 30 ms.

Static *'P DP experiments on oriented membrane samples were carried out in a cus-
tom-designed 6 x 12 x 5 mm rectangular coil. The glass plates were inserted into the magnet
with the alignment axis parallel to the magnetic field. A typical 5 us excitation pulse of *'P
and a 50 kHz 'H decoupling field were used. Static "H NMR spectra were measured at 310
K using a quadrupolar echo pulse sequence with a *H 90° pulse length of 5 ps.

“C{*'P} REDOR experiments was conducted on a 4 mm 'H/”C/’'P triple-resonance
MAS probe using a REDOR pulse sequence with a soft Gaussian 1t pulse on the C channel
to remove C-"C J-coupling (43, 44). To suppress lipid and peptide motions, all REDOR

experiments were carried out at 233 K.
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4.3 Results
One side Mn**-bound lipid membranes

When added to lipid bilayers with negatively charged phosphate groups at the sur-
face, the Mn”" ion is naturally confined to the outer surface and cannot cross the bilayer to the
inner surface due to its cationic nature (Fig. 2a). Only when the bilayer is disrupted and the
lipids reassembled can the phosphate-bound Mn** ions redistribute to both surfaces of the
bilayer. Thus, any processes that cause bilayer reassembly, such as freeze-thaw and soni-
cation, should be avoided when making one side Mn**-bound membranes. Conversely, two
side Mn**-bound lipid membranes can be formed by freeze-thawing the Mn**-bound lipid
vesicles (Fig. 2b). For our membrane samples, once the Mn** solution is mixed with the lipid
vesicles, the samples are kept above the phase-transition temperature of the lipids so that the

lipid bilayers do not undergo reorganization.
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Figure 4.3. °'P static and °C MAS spectra of POPC/POPG (3:1) vesicles without any peptide. (a) *'P
static spectra without Mn** (top) and with Mn** on one side (bottom). (b) °C MAS spectra without
Mn** (black) and with (red) one side Mn**. (c) Double-normalized intensity of Mn**-bound
POPC/POPG membranes. Open circles: one side Mn**-bound membrane. Filled squares: two side
Mn**-bound membrane.

We first verified the one-sided nature of Mn**-binding on POPC/POPG bilayers
without any peptide. Fig. 3a shows the *'P static spectra of the lipids before and after Mn**
addition. The Mn**-bound sample gave a spectrum with ~30% of the height of the control
sample. Since the sample is a pellet obtained after ultracentrifugation, the presence of signif-

icant intensity indicates that ultracentrifugation does not disrupt the bilayer.
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Fig. 3b shows the "C DP-MAS spectra of the Mn**-free and one side Mn**-bound
POPC/POPG bilayers. The site resolution of the *C MAS spectra and known depths of lipid
functional groups allow us to monitor the intensity as a function of depths. The more em-
bedded groups should experience less T, relaxation enhancement and thus retain higher in-
tensity. The normalized intensity of each peak, S/S, where S corresponds to the Mn**-bound
sample and S, corresponds to the control sample, should exhibit a monotonic increase with
increasing depth. To facilitate comparison between different samples, we further normalize

the S/S, of each peak with the S/S, of the chain-end methyl carbon ®. Experiments show that

the S/S, values for the @ group fall within 80-120% in the DP spectra for the 16 and
18-carbon chain lengths of POPC and POPG lipids. Fig. 3c shows the double-normalized in-

tensity, (S/ SO)/ (S/So )0) , for all resolved lipid signals. The trend is indeed roughly monoton-

ic. At 8% Mn**, the headgroup and glycerol signals show dephasing values of 35-45% com-
pared to ®. Importantly, the same sites have vanishing intensities in the two side Mn**-bound
samples, thus confirming the one-sided nature of the non-freeze-thawed samples. The head-
group choline Cy exhibits higher intensity than o and [ due to the fast three-site jumps of
each methyl group around the Cy-N axis and the three-site jumps between the methyl groups
around the N-Cf axis. Compared to the headgroup and glycerol carbons, the acyl chain sites
from C3 to the chain termini show higher intensities. The largest slope in the curve occurs at
the C2-C3 transition. As we have shown before (9), changing the Mn”" concentration shifts
the position of the maximum slope: lower Mn** concentrations shift the depth-sensitive re-
gion towards the surface while higher Mn** concentrations shift the depth-sensitive region

towards the membrane center.

Predicted PRE effects of symmetrically and asymmetrically inserted proteins in lipid bi-
layers

If a membrane peptide is predominantly distributed in the outer leaflet of the mem-
brane, then its intensities should be low in both the one side and two side Mn**-bound sam-
ples (Fig. 1c). However, if the peptide is symmetrically distributed in both leaflets of the

membrane, then the half of the peptide molecules in the inner leaflet should experience
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minimal PRE from the outer surface, so that the one side Mn**-bound sample should have
much higher intensity than the two side Mn**-bound sample (Fig. 1d). Quantitatively, as-

suming (S/SO)(D =1, then the normalized PRE intensity of each lipid functional group is
0.5(S/ SO)L +0.5 in the one side Mn>* bound sample, where the constant 0.5 results from the
inner leaflet lipids far from the outer-surface Mn** ions. The intensity decreases to (S/SO)L
for the two side Mn**-bound bilayers, where (S/ SO)L <1. If the peptides are bound only to
the outer leaflet, then its PRE intensities are (S/SO)p in both the one side and two side
Mn**-bound samples. In contrast, if the peptides are distributed in both leaflets symmetrically,
then the PRE intensities are 0.5(S/ SO)p +0.5 in the one side Mn**-bound sample, which is
larger than (S/SO)p for the two side Mn**-bound sample. Thus, a peptide inserted only in

the outer leaflet should have little intensity change between the one side and two side
Mn**-bound samples, while a symmetrically bound peptide exhibits intensity decrease from

the one side Mn**-bound sample to the two side Mn**-bound sample.
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Figure 4.4 Static *'P spectra of lipid membranes showing the effects of penetratin on membrane dis-
order and of Mn** on *'P intensity. (a) Oriented *'P spectra of POPC/POPG (8:7) bilayers without
(dashed line) and with 4 mol% penetratin (solid line). (b) Oriented *'P spectra of POPC/cholesterol
(55:45) bilayers without (dashed line) and with 4 mol% penetratin (solid line). The lipid membranes
are oriented on thin glass plates. Note the absence of any isotropic peak. (c) *'P powder spectra of
penetratin-containing POPC/POPG (8:7) membrane before and after the addition of Mn**. Compared
to the full control spectrum without Mn** (1), 15 minutes after addition of Mn>* a roughly two-fold
intensity reduction is seen (2). Three days after Mn** addition the *'P intensity is largely retained (3),
indicating that rf pulses do not cause Mn** scrambling. After freeze-thawing the membrane the *'P
intensity is completely suppressed by the strong PRE effect (4).
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One side and two side Mn’*-bound membranes containing penetratin

Before applying the one side Mn** PRE method to penetratin, we first tested the ef-
fect of penetratin binding to the lipid bilayer, to verify that the peptide does not destroy the
lamellar structure by forming pores or micelles, which would scramble the Mn** ions onto
both surfaces of the bilayer. Fig. 4(a, b) shows the static *'P spectra of uniaxially aligned
POPC/POPG (8:7) membrane and POPC/cholesterol (55:45) membrane without the peptide
and with 4 mol% peptide. The membranes are well aligned in the absence of the peptide. The
addition of penetratin increased powder intensities indicative of misalignment but did not
create sharp isotropic signals indicative of isotropic phases. Thus, the lamellar morphology of
the bilayer is retained in the presence of the peptide.

One side and two side Mn** PRE experiments are carried out at peptide concentra-
tions of P/L=1:40 and 1:15. *'P static spectra confirming the one sided and two-sided nature
of Mn** binding are shown in Fig. 4c. As predicted, once the membrane sample is subjected
to freeze-thawing, the *'P intensity is completely destroyed due to lipid reassembly and Mn**
distribution on both bilayer surfaces. Fig. 5 shows the “C DP-MAS spectra of U-I3,
NO9-labeled penetratin in POPC/POPG (8:7) membranes at four combinations of P/L ratios
and Mn”" sidedness. The Mn**-bound spectra are superimposed with the Mn**-free control
spectra. For all resolved sites, the double-normalized intensities are plotted in Fig. 6. The li-
pid intensities give the expected monotonic increase with depth, unperturbed by Mn** bind-
ing. In comparison, the penetratin PRE intensities at P/L.=1:40 cover the range of C2 to the
double bond of the acyl chains in the one side Mn** sample (Fig. 6a). The I3 Ca. is more
shielded from the Mn** ions than N9 Ca., suggesting that the peptide backbone may be tilted
relative to the membrane plane. Upon converting the sample to two side Mn** by
freeze-thaws, the peptide intensities decreased to the range of glycerol G3 to acyl chain C2,
indicating closer distances to the surface (Fig. 6b). This is consistent with the peptide being
distributed in both leaflets of the membrane. Moreover, comparison of the peptide PRE in-
tensities with the lipid intensities shows that the peptide exhibits shallower depths in the one

side Mn**-bound samples than in the two side Mn**-bound samples. For example, the 13 Cao.
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PRE corresponds to a depth similar to the lipid C2 and C3 sites for the outer leaflet, but when

Mn** is bound to both bilayer surfaces, the 13 Co PRE shifts to the lipid G1 to chain C2 (Ta-

ble 4.1).
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Figure 4.5. °C DP-MAS spectra of 13, N9-labeled penetratin in POPC/POPG (8:7) membranes under
different peptide concentrations and Mn** binding methods. Red: Mn**-bound spectra, Black:
Mn**-free control spectra. (a) P/L = 1:40, with one side Mn**. (b) P/L=1:40, with two side Mn**. (c)
P/L = 1:15, with one side Mn**. (d) P/L = 1:15, with two side Mn**. Assignments are shown for key
peptide and lipid peaks.

At P/L = 1:15, the peptide signals also show a general decrease from the one side
Mn**-sample to the two side Mn** sample (Fig. 6¢, d). Thus, the peptide is similarly embed-
ded in both leaflets of the membrane. In the one side Mn**-bound membrane, the peptide has
a significant depth distribution between the backbone and the sidechain: the overall depth
ranges from C2 to the end of the acyl chains, while the backbone Co depth is much more
narrowly defined, between ®-1 and the double bond (Fig. 4.6¢c, Table 4.1). For the two side

Mn** sample, the backbone and sidechain combined exhibit a depth range from C2 to the
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middle of the chains, but the backbone lies between the double bond and C3 (Fig. 6d). Thus,

similar to the low-concentration sample, the peptide backbone has a shallower average depth

in the two leaflets than in the outer leaflet alone, indicating that penetratin in the inner leaf-

lets lies closer to the inner surface than those in the outer leaflet to the outer surface.
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Figure 4.6. Normalized intensities of penetratin in POPC/POPG (8:7) bilayers at 295 K. (a) P/L =
1:40, with one side Mn**. (b) P/L = 1:40, with two side Mn**. (c) P/L=1:15, with one side Mn**. (d)
P/L=1:15, with two side Mn**.

Table 4.1. Depths of penetratin backbone sites in POPC/POPG (8:7) membranes from one side and

two side Mn** PRE.

P/L Site Mn** on outer leaflet Mn** on both leaflets
1:40 I3 Co C2-C3 Gl1-C2

N9 Ca Gl -C2 G3

K13 Cao C2-C3 C3 - (CH,),
1:15 13 Ca o-1-o C9

N9 Ca o-l-o C9

K13 Ca Double bond C3

C CP-MAS spectra reproduced the trend of the DP based PRE curve; however, the

CP depth curve is noisier, as a result of the sensitivity of the intensity of highly mobile lipid
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groups to the '"H-"C CP matching condition. Table 4.1 summarizes the depths of all meas-

ured backbone Ca sites, including 13, N9 and K13.

BCA'P distances between penetratin and the lipids

We also measured “C-"'P distances between penetratin and the lipid phosphate groups to
determine the quantitative depth of the peptide from the membrane surface without distin-
guishing the sidedness. To freeze the peptide and lipid motions, the experiments were carried

out at 233 K, well into the gel phase of the DMPC/DMPG membrane.
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Figure 4.7. "C->'P REDOR curves of penetratin in DMPC/DMPG bilayers at 233 K and P/L = 1:15.
(a) I5a and Q8a.. (b) I3 and N9a. (¢) K13a.

Table 4.2. °C-’'P distances (R) of penetratin residues in DMPC/DMPG (8:7) membranes at
P/L =1:15 and 233 K.

Residue I3 Cot. I5 Co. Q8Co N9Co  Ki13Ca
distance (A) 8.2 8.1 7.2 6.9 6.9

Fig. 7 shows the REDOR decay curves of the labeled residues. The distances fall in
the range of 6.9 — 8.2 A, with the N-terminal residues having slightly longer distances than
the C-terminal residues (Table 4.2), in good agreement with the PRE results obtained from
the LC phase of the bilayer. We simulated the REDOR curves assuming two-spin systems.
As we showed recently, the incorporation of multiple *'P spins into the simulation only
lengthens the individual "C-"'P distances, but the actual vertical distance from the °C to the
*'P plane is actually slightly shorter than the apparent two-spin distance. For example, a
REDOR curve that corresponds to a two-spin distance of 8.0 A, when simulated assuming a

five-spin system, gives a vertical >C-*'P plane distance of ~7.0 A (36). A two-spin distance
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of 7 A corresponds to a vertical distance of ~5.2 A in a five-spin simulation. Here, we use
only the two-spin distances in considering the relative depths of individual residues from the

membrane surface.

4.4 Discussion
Penetratin insertion does not proceed by electroporation

Comparison of the one side and two side Mn** PRE data clearly indicates that penetratin
is inserted into both leaflets of the anionic lipid bilayer even at the low P/L ratio of 1:40,
which is well within the concentration regime previously considered to have asymmetric
binding (29). The fact that the one side Mn** samples have high peptide intensities is possible
only if 1) the peptide is deeply embedded in the outer leaflet alone, 2) if half of the molecules
are embedded in the inner leaflet and experience minimal PRE while the other half of the
molecules are inserted in the outer leaflet, or 3) if all the peptides are solely distributed in the
inner leaflet. Scenario 3 can be ruled out because it would require higher peptide PRE inten-
sities than even the membrane-center ® group, which is inconsistent with the experimental
observation. Scenario 1 is also ruled out since distributing Mn** ions to both surfaces of the
bilayer caused intensity reduction in the C spectra. Therefore, in the P/L regimes of 1:40
— 1:15, penetratin is inserted into both leaflets of the lipid bilayer. This result invalidates the

electroporation model for penetratin (29).

NEASE A= s ansik 16

gl v L) T - TR TR T

in

Figure 4.8. Symmetry and depth of insertion of penetratin in the anionic POPC/POPG membranes. (a)
P/L = 1:40. (b) P/L = 1:15. In (b) the peptides are more deeply inserted in each leaflet than in (a).
However, the common aspects are that the peptide is inserted into both leaflets of the bilayer, the av-
erage depth is closer to the inner surface than the outer surface, and the peptide is slightly tilted with
respect to the bilayer plane.
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Fig. 8 summarizes the depth information obtained from the PRE data in the lig-
uid-crystalline phase, supplemented by the REDOR data from the gel-phase membrane. Pen-
etratin is distributed in both leaflets of the bilayer, with an average depth closer to the inner
surface than the outer surface. At P/L = 1:40, the peptide is located near the upper part of the
acyl chains, with the backbone slightly tilted with respect to the membrane surface so that the
N-terminus is more buried than the C-terminus. At P/L = 1:15, the peptide backbone is more
deeply buried and near the middle of the acyl chains (Table 4.1).

We represent the peptide schematically with a turn-rich conformation with no
o-helical or B-sheet structures. This information was obtained from extensive *C chemical
shift and dipolar coupling data (38): the peptide conformation falls into the “random coil”
regime in the liquid-crystalline phase of the membrane. However, the Ca and CP3 C-H order
parameters are 0.23-0.52 instead of 0, and chemical shift anisotropies are uniaxially averaged,
indicating that the peptide undergoes anisotropic, uniaxial motion around the bilayer normal.
Thus, we hypothesized that the peptide adopts a turn conformation, which would satisfy both
the secondary chemical shift constraints and the dynamics data. The significance of this con-
formation may be that it minimizes the hydrophobic interaction between the peptide and the
lipid chains, which would facilitate passage of the peptide through the bilayer and into the
cell.

While the PRE data rule out asymmetric insertion at peptide concentrations of P/L =
1:40 and higher, it does not rule out the possibility that at much lower concentrations the
peptide may still be asymmetrically inserted. However, we think this scenario is unlikely as
an equilibrium state of the peptide, since at P/L = 1:40 the average peptide depth is already
shifted towards the inner surface of the membrane.

Smith and coworkers used 'H NOESY experiments to characterize the depth of inser-
tion of penetratin in DMPC/DMPG/DHPC (10:3:13) bicelles (37). By observing the li-
pid-peptide cross peaks in the 2D NOESY spectra, they found that the peptide contact with
the lipid chains increased with the peptide concentration. This concentration dependence of
cross peak intensity was interpreted as supporting the electroporation model. However, the

'H NOESY technique, like most NMR techniques, does not distinguish the two sides of the
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lipid bilayer. Our current data is consistent with the Smith report in that penetratin shows an
increased depth in each leaflet as the peptide concentration increases (Fig. 6). However, the
two-sided nature of penetratin binding is already present at the low P/L and remains un-
changed at the high P/L. Thus, the most essential feature of the electroporation model, the
asymmetric binding, is invalid within the concentration regimes examined here.

The Mn** PRE data shown here indicate that penetratin sidechains adopt somewhat dif-
ferent depths from the backbone. For example, at P/L = 1:15, the sidechains shown clearly
lower intensities than the backbone, indicating closer proximity to the membrane surface.
This suggests that there may exist possible interactions between the sidechains and the mem-
brane surface phosphate groups, an example of which has been shown recently in a cationic
antimicrobial peptide (36).

’H NMR spectra (Fig. S1, supporting information) of chain-perdeuterated
ds,-DMPC/DMPG bilayers show very similar quadrupolar couplings in the absence and
presence of penetratin. This is consistent with the aligned bicelle *H spectra (31) and indi-
cates that penetratin does not perturb the order of the hydrophobic core of the membrane sig-
nificantly.

Since neither the inverse micelle model nor the electroporation model are consistent
with solid-state NMR data, what mechanism explains the translocation of penetratin through
lipid membranes? Combining the high-temperature conformation, dynamics, and depth of the
peptide (38) we have determined, we propose the following model. Initially penetratin binds
to the membrane through electrostatic attraction, then the concentration gradient of the pep-
tide from the extracellular space to the membrane drives insertion into the membrane. Once
in contact with the membrane, the compact turn-shaped molecule has minimal hydrophobic
interaction with the lipid chains that retains it in the membrane. Moreover the cationic Arg
and Lys sidechains preferentially interact with the lipid phosphate groups in the distal mem-
brane leaflet (36, 37). These two factors drive penetratin to cross the lipid bilayer rapidly into

the intracellular solution.

Application of the asymmetric PRE technique for studying membrane protein topology
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The one side Mn®>* PRE approach for lipid bilayers is generally applicable. Most
membrane proteins insert into lipid bilayers with a unique orientation and topology (/), thus
the site-specific insertion depths are an important component of structure determination.
Various extensions of the outer-leaflet Mn**-PRE technique can be envisioned: for example,
inner-leaflet Mn** PRE is possible with suitable treatment of the lipid vesicles (45), and co-
valent linkage of Mn*" ions to membrane proteins may also be feasible, similar to what has
been shown for DNA-protein complexes in solution (/7, /8). In addition to membrane pro-
tein topology, functionally important membrane asymmetry between the two leaflets (46) can

be readily investigated with this technique by detecting suitable lipid signals.
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Figure 4.9. 2D "C-"C correlation spectra of POPC/POPG membranes containing 13, N9-labeled
penetratin. (a) Without Mn**. P/L = 1:15. (b) With 8% Mn** on both sides of the membrane. P/L =
1:20. (¢, d) Row cross sections at positions indicated by dashed lines in the 2D spectra. (c) Cross sec-
tions from (a) give the S, intensity. (d) Cross sections from (b) give the S intensity. The double nor-
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malized intensity (S/SO)/ (S/SO) | of several cross peaks are indicated. The spectra were collected
(D_
at 303 K under 5.0 kHz MAS using a 30 ms DARR mixing time.

Although we demonstrated this one side PRE approach using only 1D “C experi-
ments due to the good resolution of the mobile and site-specifically labeled penetratin, two-
and three-dimensional experiments can be employed when needed to obtain high resolution
for larger membrane proteins. The experiment is also not restricted to only the lipid
chain-end ® peak for normalizing the PRE intensities, thus direct °C excitation is not man-
datory. The large (CH,), peak of the lipid, for example, has reproducible CP intensities, thus
for lipids of the same chain lengths, the (CH,), signal can serve as an intensity reference with
a known average depth. As an example, Fig. 9 shows the 2D “C-""C DARR (47) correlation
spectra of a control and a two side Mn**-bound sample of POPC/POPG membranes contain-
ing 13, N9-labeled penetratin. The dephasing of the cross peaks are readily measured and the
separation of the peptide cross peaks from the lipid background "C signals along the diago-
nal is a significant advantage of the 2D spectroscopy. For Figure 4.9, the cross peak S/S, of
the peptide peaks is normalized with respect to the S/S, of the lipid w-1 peak at 23.5 ppm
along the diagonal. The cross peak dephasing values reflect the average depths between the
two carbons establishing the cross peak. Since the two carbons are spatially close, the aver-

age depth does not compromise the depth information.
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4.7 Supporting information
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Figure S4.1. Static *H powder spectra of ds,-DMPC/DMPG membrane without (a) and with (b) pene-
tratin at 310 K.
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5.1 Abstract

Cell-penetrating peptides (CPPs) are small cationic peptides that cross the cell
membrane while carrying macromolecular cargoes. We use solid-state NMR to investigate
the structure and lipid interaction of two cationic residues, Arg,, and Lys;, in the CPP pene-
tratin. °C chemical shifts indicate that Arg,, adopts a rigid B-strand conformation in the lig-
uid-crystalline state of anionic lipid membranes. This behavior contrasts with all other resi-
dues observed so far in this peptide, which adopt a dynamic B-turn conformation with
coil-like chemical shifts at physiological temperature. Low-temperature C-"'P distances
between the peptide and the lipid phosphates indicate that both the Arg,, guanidinium C{ and
the Lys,, Ce lie in close proximity to the lipid *'P (4.0 — 4.2 A), proving the existence of
charge-charge interaction for both Arg,, and Lys,; in the gel-phase membrane. However,
since lysine substitution in CPPs are known to reduce their translocation ability, we propose
that low temperature stabilizes both lysine and arginine interactions with the phosphates,
whereas at high temperature the lysine—phosphate interaction is much weaker than the argi-
nine-phosphate interaction. This is supported by the unusually high rigidity of the Argio
sidechain and its B-strand conformation at high temperature. The latter is proposed to be im-

portant for ion pair formation by allowing close approach of the lipid headgroups to guani-
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dinium sidechains. '°F and “C spin diffusion experiments indicate that penetratin is oli-
gomerized into B-sheets in gel-phase membranes. These solid-state NMR data indicate that
guanidinium-phosphate interactions exist in penetratin, and guanidinium groups play a
stronger structural role than ammonium groups in the lipid-assisted translocation of CPPs

across liquid-crystalline cell membranes.

Abbreviations: DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine; DMPG,
1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol; POPC,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine; POPE,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol.

5.2 Introduction
Cell-penetrating peptides (CPP) are arginine- and lysine-rich cationic peptides that
can readily enter cells not only by themselves but also carrying other macromolecular cargos
(1-3). Thus they are promising drug-delivery molecules. Many studies have established that
the intracellular entry of CPPs is related to their strong affinity to lipid bilayers (4). The lipid
membrane can be the plasma membrane of the cell or the endosomal membrane from which
CPPs must escape after endocytosis (5). The fundamental biophysical question of interest is
how these highly cationic peptides cross the hydrophobic part of the lipid bilayer against the
free energy barrier, and doing so without causing permanent damage to the membrane, in
contrast to another family of cationic membrane peptides, antimicrobial peptides (AMPs).
Several models have been proposed to explain the membrane translocation of CPPs.
The inverse micelle model proposes that transient inverse micelles form in the membrane to
trap the peptides from the outer leaflet and subsequently release them to the inner leaflet (6,
7). However, this model is inconsistent with the lipid *'P spectra (8), and the large rear-
rangement of lipids is difficult to achieve energetically. The electroporation model (9) posits
that at low concentrations CPPs bind only to the outer leaflet of the bilayer, thus causing a
transmembrane electric field. Above a threshold peptide concentration, the membrane is
permeabilized in a electroporation-like manner, which creates transient defects that enable
the peptides to distribute to both leaflets, thus relieving the membrane curvature stress (9-11).

The third model posits that the guanidinium ions in these arginine-rich peptides associate
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with the lipid phosphate groups to neutralize the arginine residues and thus allow the peptides
to cross the membrane without a high energy penalty. This model is supported by phase
transfer experiments of oligoarginnines (/2) and by molecular dynamics simulation of the
HIV-1 Tat peptide, which showed transient association of arginine residues with the phos-
phate groups on both sides of the bilayer (/3).

We recently investigated the depth of insertion and conformation of a CPP, penetratin,
using solid-state °C and *'P NMR. Penetratin is the first discovered CPP and is derived from
the third helix (residues 43-58) of the Drosophilia Antennapedia homeodomain (/4). Using
Mn** paramagnetic relaxation enhancement (PRE) experiments, we showed that penetratin is
bound to both leaflets of the lipid bilayer at both low and high concentrations (peptide-lipid
molar ratios of 1:40 and 1:15) (15, 16). This data indicates that the electroporation model is
unlikely for penetratin. No *'P peaks at the isotropic frequency or the hexagonal-phase fre-
quency were observed, thus ruling out the inverse micelle model. In addition, we found that
penetratin undergoes an interesting conformational change, as manifested by ""C chemical
shifts, from a B-sheet structure in the gel-phase membrane to a coil-like conformation in the
liquid-crystalline membrane (/7). The coil-like conformation at high temperature has
non-negligible residual order parameters of 0.23 — 0.52 (/7), indicating that the peptide re-
mains structured. We hypothesized that the high-temperature conformation is a B-turn that
undergoes uniaxial rotation around the bilayer normal.

Given the above experimental evidence against the electroporation model and the in-
verse micelle model, we now test the validity of the guanidinium-phosphate complexation
model for the membrane translocation of penetratin. For this purpose we measured “C-*'P
distances between several peptide sidechains and lipid *'P atoms. As shown before for an ar-
ginine-rich antimicrobial peptide, strong associations with the lipid phosphates manifest as
short *C-*'P distances (18, 19). We show here that the cationic Arg,, in penetratin indeed ex-
hibits shorter distances to phosphate groups than hydrophobic residues. However, another
cationic residue, Lys,,, also exhibits short *C-*'P distances, despite the fact that Lys mutants
of CPPs have much weaker translocation activities. We show that the answer to this puzzle
lies not in the low-temperature structure and distances of the two residues, but in their

high-temperature dynamic structures, which differ significantly. And it is the structure in the
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liquid-crystalline membrane that accounts for the distinct roles of Arg and Lys in CPP entry
into the cell. Finally, we investigate the oligomeric structure of penetratin in gel-phase mem-

branes using "’F and "°C spin diffusion NMR.

5.3 Materials and Methods

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and used without
further purification. Penetratin (RQIKI WFQNR RMKW KK), which contains three ar-
ginines and four lysines, was synthesized using standard Fmoc solid-phase peptide synthesis
methods (20). Uniformly "°C, "N-labeled arginine was purchased from Cambridge Isotope
Laboratory and incorporated into Argo in the peptide. Ile; and Lys;; were labeled in two
other peptide samples as described before (7). 4-'’F-Phe; labeled penetratin was used for '°F
experiments to determine the oligomeric structure. All peptide samples were purified by
HPLC to > 95% purity.

Hydrated membrane samples were prepared using an aqueous-phase mixing method.
Lipids were first codissolved in chloroform at the desired molar ratios and dried under a
stream of N, gas. After lyophilization in cyclohexane overnight, the dry lipid powder was
suspended in water and freeze-thawed several times before the peptide solution was added.
The solution was incubated overnight to facilitate binding, then centrifuged at 55,000 rpm for
3 hours to obtain a hydrated membrane pellet. For the Arg;o experiments, a hydrated
DMPC/DMPG (8:7) membrane with a peptide : lipid molar ratio of 1:15 was used in most
2D correlation and distance measurements. The molar ratio was chosen to balance the posi-
tive charges of the peptide (+7) by the negatively charged PG lipids (-1). This DMPC/DMPG
sample is supplemented by a hydrated POPC/POPG (8:7) sample for the conformation study,
and by a trehalose-protected dry POPE/POPG (8:7) sample for the ?C->'P REDOR experi-
ment. For distance measurements of other residues, several trehalose-protected dry
DMPC/DMPG membranes were used to ensure that both the peptide and the lipid head-
groups are completely immobilized at low temperature (2/). Trehalose is known to protect
the lamellar structure of the lipid bilayer in the absence of water (22). Below we refer to the
non-trehalose containing membrane samples as hydrated samples to distinguish from the dry

trehalose-containing samples.
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Solid-state NMR experiments

All experiments were carried out on a Bruker DSX-400 (9.4 Tesla) spectrometer
(Karlsruhe, Germany) at a resonance frequency of 100.7 MHz for °C, 376.8 MHz for "°F
and 162.1 MHz for *'P. Magic-angle-spinning (MAS) probes tuned to 'H/”°C/'P and
'H/"F/X and equipped with 4 mm spinning modules were used for all experiments. Low
temperature was achieved using a Kinetics Thermal System XR air-jet sample cooler (Stone
Ridge, NY). The temperature of the sample was read from a thermocouple placed near the
rotor and was not further calibrated. Typical 90° pulse lengths are 3.5-5.0 ps. 'H decoupling
fields of 50-80 kHz were used. "°C, *'P and "°F chemical shifts were referenced externally to
the 0-Gly °C’ resonance at 176.49 ppm on the TMS scale, the hydroxyapatite *'P signal at
2.73 ppm and the Teflon "°F signal at -122 ppm, respectively.

BC cross polarization (CP) MAS experiments were conducted with a contact time of
0.5-1.0 ms at a typical Hartman-Hahn field strength of 50 kHz. For variable-temperature ex-
periments, samples were stabilized for at least 20 min at each temperature before data acqui-
sition. 2D “C-"C dipolar assisted rotational resonance (DARR) experiments (23) were con-
ducted under 5 kHz MAS and with a mixing time of 20 ms and 30 ms. A 'H-driven spin dif-
fusion experiment with a longer mixing time of 50 ms was used to detect inter-residue cross
peaks of penetratin in DMPC/DMPG membranes.

BC-"H and “N-'H dipolar couplings were measured using DIPSHIFT (24, 25) ex-
periments at 303 K under 3.401 and 3.000 kHz MAS, respectively. The MREV-8 sequence
was used for '"H homonuclear decoupling (26), with an 105° 'H pulse length of 4.0 ps. In the
C-H DIPSHIFT experiment, the °C-"C dipolar coupling is removed by MAS while the
BC-BC scalar coupling has no effect on the t;-dependent intensity modulation due to the
constant time nature of the evolution period. The normalized t; intensities were fitted using a
home-written Fortran program. The best-fit values were divided by the theoretical scaling
factor of 0.47 for the MREV-8 sequence. For the doubled N-H DIPSHIFT experiment, the fit
value was further divided by 2 to obtain the true couplings. The ratio between the true cou-

pling and the rigid limit value gives the order parameter Sxy. The rigid-limit coupling used
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was 22.7 kHz for C-H and 10.6 kHz for N-H dipolar couplings. Simulations took into ac-
count the difference between the XH and XHj; spin systems.

Frequency-selective rotational-echo double-resonance (REDOR) experiments were
used to measure distances between peptide °C and lipid *'P (27, 28). The experiments were
conducted at ~230 K under 4 kHz MAS. A rotor-synchronized soft °C Gaussian 180° pulse
of 1000 ps was applied in the middle of the REDOR period to suppress the “C-">C
J-coupling between the on-resonance °C and its directly bonded “*C spins. >'P 180° pulses of
9 us were applied every half rotor period. The DMPC/DMPG sample were used to measure
the Argo sidechain and CO distances to °'P, whereas the POPE/POPG sample was used to
measure the Co. -'P distance, as the DMPC Cy peak (54 ppm) overlaps with the Arg;o Co.
signal.

A double-quantum (DQ) selective REDOR experiment (Figure 5.5a) was designed to
measure the °C->'P distance of Ile; sidechains, whose signals overlap extensively with the
lipid "C peaks. An SPC-5 pulse train (29) was used to create DQ coherence of the labeled
PC sites and suppress the natural abundance lipid "“C signals. The efficiency of the
DQ-REDOR experiment is about 20% of the single-quantum selective REDOR experiment.

For the CO-'P REDOR experiment, the DQ-REDOR experiment was not used due
to the low sensitivity of the CO signal. Thus, the lipid natural-abundance contribution to
the "CO signal was corrected using the equation (S/So)opserved = 0.79(S/S0)peptide
0.21(S/So)1ipia, where the weight fractions were obtained from the peptide-lipid molar ratio. At
the low temperature used for the REDOR experiments, the lipid and peptide CO groups have
very similar CP efficiencies, thus the natural abundance correction is relatively accurate.

All *C->'P REDOR data were fit by two-spin simulations. As we showed before, for
distances shorter than 5 A, two-spin simulations are sufficient. For distances larger than 7 A,
the two-spin simulation only slightly overestimates the distances compared to the vertical
distance from "°C to the *'P plane obtained from a multi-spin simulation (/8).

The oligomeric structure of penetratin was determined using the '’F CODEX experi-
ment (30, 31). The experiments were conducted at 233 K on a trehalose-protected
DMPC/DMPG sample to freeze potential motion of the peptide. Two experiments were con-

ducted for each mixing time: an exchange experiment (S) with the desired mixing time ()
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and a short z-filter (7.), and a reference experiment (Sp) with interchanged 7, and 7.. The
normalized intensity, S/Sy, was measured as a function of the mixing time until it reached a
plateau. The inverse of the equilibrium S/S, value gives the minimum oligomeric number.
Error bars were propagated from the signal-to-noise ratios of the isotropic peak and its side-
bands. The T,-dependent CODEX curve was simulated as described before (32) to extract

intermolecular distances.

5.4 Results

Arg o conformation and dynamics in penetratin
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Figure 5.1. (a) 2D "“C-"C correlation spectra of Argj, labeled penetratin in DMPC/DMPG (8:7)
membranes at 303 K (red) and 234 K (black), with DARR mixing times of 30 ms and 20 ms, respec-
tively. (b) 1D °C CP-MAS spectra of Argjo-penetratin in the DMPC/DMPG membrane as a function
of temperature. Lines guide the eye for Arg;o backbone signals and the lack of temperature-induced
chemical shift changes.
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In the present study, we focus on Argjo, one of the three arginine residues in pene-
tratin, to understand whether cationic residues in general and arginine residues in particular
play a special role in the membrane translocation of the peptide. We first investigate the
conformation of Arg;o. We recently reported the reversible conformational change of many

penetratin residues in the lipid bilayer between a [B-turn state at high temperature and a

B-strand state at low temperature. This conformational change was manifested as chemical
shift changes and was observed at Ile,, Iles, Glng, Asny and Lys,;. The chemical shift change
is independent of the membrane composition (POPC/POPG and DMPC/DMPG), anionic li-
pid fraction (PC/PG = 8:7 and 3:1), and peptide concentration (P/L = 1:15 and 1:30) (/7).
Figure 5.1a shows the 2D "C-"C correlation spectra of Argo-labeled penetratin in
DMPC/DMPG bilayers at 303 K and 234 K. Most intra-residue cross peaks are seen, and
show no frequency differences between high and low temperatures. Thus, in contrast to all
other residues examined, Arg;o does not have temperature-induced conformational change.
The difference of the experimental isotropic chemical shifts from the random coil values re-
flects the secondary structure of the protein (33). Based on the *CO, *Ca and *CP "*C iso-
tropic shifts (Supporting Information Table S1), we find Arg; adopts B-strand conformation

at both high and low temperatures.
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Figure 5.2. °C secondary chemical shifts of CO, Co and CBof Arg,, of penetratin in two lipid mem-
branes and at two temperatures.

One-dimensional *C CP-MAS spectra scanned between 303 K and 233 K (Figure
5.1b) confirm the lack of chemical shift changes in DMPC/DMPG bilayers. Moreover, the

1D spectra show that the penetratin >C lines are broader at low temperature. This phenome-
p p p p
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non is common to many membrane peptides (34, 35), and can be attributed to conformational
distribution of the peptide in the lipid membrane, which is averaged at high temperature but
frozen in at low temperature. For the sidechain Cd signal, the largest line broadening is ob-
served between 288 K and 263 K, below which the lines sharpen again. This is a definitive
signature of intermediate-timescale motion, which means that at 303 K the Arg)o sidechain
undergoes fast torsional motion. The lack of exchange broadening for the Co. and CO signals
indicate that the Arg;o backbone is already in the slow motional limit at 303 K.

We also measured the Argjo chemical shifts in POPC/POPG (8:7) membranes (Sup-
porting Information Figure S5.1) and similarly found only B-strand chemical shifts in a wide
temperature range. Figure 5.2 plots the "C secondary chemical shifts of Argo at two tem-
peratures in two different lipid membranes. The temperature-independent [-strand confor-

mation of Arg,, differs from all other residues examined so far in penetratin (/7).
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Figure 5.3. X-H DIPSHIFT time evolution of Arg, sites. (a) C-H dipolar couplings of Cc. (open cir-
cles) and C3d (filled circles) at 303 K, measured under 3.401 kHz MAS. The best-fit true couplings are

given along with the corresponding order parameters. (b) N-H dipolar coupling of N1, measured un-
der 3.000 kHz MAS. The scatter in the data is bracketed by two simulated curves, giving an Syy of
0.30 £ 0.05.

The B-strand conformation is usually more rigid than a coil or turn conformation due
to hydrogen bond constraints, and thus should have order parameters close to 1 (/7, 36). To
verify this, we measured the C-H dipolar couplings of various Arg;, segments in

DMPC/DMPG bilayers. Figure 5.3a shows the °C-'H DIPSHIFT curves of Co. and C§ at

303 K. The backbone Ca-Ha dipolar coupling is 20.9 kHz, corresponding to an Scy of 0.92,
which translates to a small motional amplitude of 13° (37). This order parameter fits into the

Scu range of 0.89-0.94 measured for the other five residues when in the B-strand confor-
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mation. In comparison, the sidechain Cd has a S, of 0.42. While this value is much lower
than the backbone due to the many torsional motions of the sidechain, it is actually larger
than all other measured sidechain order parameters, which range from 0.23 to 0.37 in the
B-sheet conformation (/7). For comparison, the Lys;; sidechain Ce was previously found to
have an Scy order parameter of 0.33 (/7). We also measured the N-H dipolar coupling of the
guanidinium Nm group, and found an N-H dipolar coupling of 3.2 + 0.5 kHz (Figure 5.3b).
This translates to an Sxg of 0.30+£0.05, which is significant considering this segment is six

bonds away from the backbone Ca.

L4a) . (b) (c)
0f<<C 1.0 7 .04 &
] N 1\ 12 ms ! 0_
1 N 7 ] T ]
0.6 \ ~ R10CL:4.2A, 061 AN ‘zr;ag—”io)"ﬁ 0.6 6'34\\6'94
] N 1 AN (ppm 1
By, ] 12ms & < 60A Ay \ & 13Co1 . .
Lo4 . A . Doa4l PN Doal 13Cy2 ~
wn 1 R10 Ct _\ ~ %) e N (%) \,
s s . - 1 K13 Ce: AN 1 So S 16 ms
024 S0 N \ 0271 40A,55A ™\ 0.2
] Z 2\ N ] T \
PN EONN < . b [A—— . ® (3Cy2
1] S~ HO RN Sel - 20 10 20 10
0.0 "% 5 (p:rsmo) " T - 0.0 AN 0.0 13C (ppm) 0 13Ca1
0 2 4 6_8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Time (ms) Time (ms) Time (ms)

Figure 5.4. °C-"'P REDOR data of penetratin sidechains in lipid membranes at 233 K. (a) Arg;o C{
in hydrated DMPC/DMPG (8:7) bilayers. (b) Lys,; Ce in dry trehalose-protected DMPC/DMPG (8:7)
bilayers. (c) Ile; methyl groups in dry trehalose-protected DMPC/DMPG (8:7) bilayers. Representa-
tive REDOR S, and S spectra are shown in the inset.

BCA'P distances between penetratin and lipid headgroups

The main goal of the present study is to determine if the cationic residues in pene-
tratin interact strongly with the negatively charged lipid phosphates. *C-*'P distance meas-
urements can provide this information site-specifically. Figure 5.4 shows the “C-*'P
REDOR data of Arg,,, Lys,;, and Ile; sidechains in DMPC/DMPG membranes. The experi-
ments were carried out at 233 K where the *'P chemical shift span is 195 — 198 ppm, corre-
sponding to fully immobilized headgroups. The arginine C{ and lysine Ce groups directly
neighbor the cationic amines and have well resolved chemical shifts of 157.0 ppm and 40.2
ppm, respectively, thus they are ideal reporters of the interaction of these sidechain ends with
the lipid headgroups. Arg,, C{ exhibits significant *C->'"P REDOR dephasing of S/S, = 0.35

by 10 ms (Figure 5.4a), indicating relatively short distances to *'P. The time dependence of
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the REDOR intensities cannot be fit to a single distance due to the presence of a kink around
12 ms. Instead, a combination of a long distance of 6.0 A and a short distance of 4.2 A at a
1:1 ratio is found by a least-squares analysis to fit the data best (RMSD = 0.029). The short
distance of 4.2 A can only be satisfied if the guanidinium N-H groups are within hydrogen
bonding distance with the O-P groups (/8). Similarly, Lys,; Ce exhibits significant dephasing
and the REDOR intensities are best fit by two distances of 4.0 A and 5.5 A (1:1) (RMSD =
0.036). Again, the short distance supports hydrogen bonding with the lipid phosphate groups.
Details of the two-distance best fit for Arg,, and Lys,; are shown in Supporting Information
Figure S5.2. Single-distance fitting of the Arg,, REDOR data indicate that the longer dis-
tance must be greater than 5.5 A while the shorter distance must be smaller than 4.8 A (Fig-
ure 5.4a). Further, the BC3'P distances cannot be shorter than 3.6 A due to steric constraints.
Thus, two-distance REDOR curves were calculated using short distances of 3.6 — 4.8 A with
an increment of 0.2 A and long distances of 5.4 — 7.2 A with an increment of 0.3 A, and the
two contributions were averaged at a 1:1 ratio. The Lys,; data was analyzed similarly. The
simulations indicate that the experimental uncertainties for these “C-'P REDOR data are
about +0.2 A for distances shorter than 5.5 A and +0.4 A for distances longer than 5.5 A.

Are the short "C-"'P distances of Arg,, and Lys,; specific to the cationic sidechains or
are they also true for hydrophobic residues in penetratin? To answer this question, we meas-
ured the *Cy2-'P and "*C381-"'P distances of the neutral hydrophobic residue Ile,. Its C81 is
three bonds away from Co., which is similarly separated from the backbone as lysine Ce. To
remove the lipid natural abundance “C signals that overlap with the Ile Cy2 and C81 peaks
between 8.9 and 19.0 ppm, we designed a DQ selective REDOR experiment, whose pulse
sequence is shown in Figure 5.5a. The DQ-selected spectra of Ile; Cy2 and Cd1 signals are
shown in Figure 5.5b (middle and bottom spectra). The REDOR dephasing of Ile, is shown
in Figure 5.4c. Much less REDOR decay is observed, with S/S, values of ~0.80 at 16 ms.
The data is best fit to a distance of 6.9 A for both Cy2and Cdl, which is 2.7-2.9 A longer
than the Arg;o C{and Lys;3 Ce. Thus, the short "C-*'P distances are specific to arginine and

lysine sidechains instead of being true for all sidechains.
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We also measured the “C-*'P distances of Argjo backbone Co and CO, which are 6.8
A and 7.8 A, respectively (Figure 5.6). These values fall into the range of 6.9-8.2 A previ-
ously measured for other residues (/5). The “CO data was corrected for the lipid natural
abundance signals, whose systematic uncertainty is much smaller than the random noise of

the data. All *C-*'P distances are summarized in Table 5.1.

(a) H{cp TPPM

13C | cp [ sPc-5] sPC-5
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REDOR, S,

13C chemical shift (ppm)

Figure 5.5. (a) Pulse sequence for the DQ selective REDOR experiment. (b) °C MAS spectra of Iles,
Asng-labeled penetratin in trehalose-protected DMPC/DMPG bilayers. Top: CP spectrum, showing
both the lipid and peptide signals. Middle: DQ-filtered spectrum, showing only peptide signals. Bot-
tom: DQ selective REDOR S, spectrum, showing only the Ile; sidechain Cy2 and Cd1 signals.
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Figure 5.6. °C-'P REDOR of Arg;, Co (open circles) and CO (filled squares) at 233 K. The Co. data
were measured in dry trehalose-protected POPE/POPG (8:7) bilayers. The CO data were measured in
frozen hydrated DMPC/DMPG (8:7) membranes.

Table 5.1. "C-’'P distances of penetratin residues in lipid membranes at P/L = 1:15 and 233 K. Co.
and Lys;; Ca distances are obtained from ref (/5).

Residue | C-*'P distances (A)

lle, Co:82, Cy2:609, C81: 6.9
Argy | CO:78, Co:6.38, C(: 42,60
Lysis Ca:69, Ce: 40,55

Oligomeric structure of penetratin in the lipid membrane

The ""F CODEX experiment was used to determine the oligomeric number and in-
termolecular distances of penetratin in gel-phase membranes. Figure 5.7a shows the normal-
ized exchange intensities of 4-'’F-Phe; penetratin in trehalose-protected DMPC/DMPG bi-
layers. The CODEX intensities decay to an equilibrium value of 0.35 by 2.5 s, indicating
three-spin clusters detectable by the "’F distance ruler. To fit the decay trajectory quantita-
tively, we first assumed an equilateral triangle geometry for the three '°F spins (Figure 5.7b).
The best-fit possible under this assumption gives an internuclear distance of 9.0 A for each
side of the triangle; however, the fit curve (dashed line) does not capture the fast initial decay
of the experimental data. To better fit the bi-exponential nature of the data, we then used a
triangular geometry with one short distance of much less than 9 A and two distances longer

than or comparable to 9 A. Modeling of penetratin as a trimer of antiparallel B-strands (see
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below) yielded one distance of 6.0 A and two distances of about 10 A (Figure 5.7¢), which

were found to give excellent fit to the experimental data.
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Figure 5.7. (a) Normalized CODEX intensities as a function of mixing time for 4-19F-Phe7-penetratin
in trehalose-protected DMPC/DMPG (8:7) membrane. The data were collected under 8 kHz MAS
and 233 K. Representative S, and S spectra are shown. (b) The equilateral triangle geometry used to
generate the dashed-line fit curve in (a). (¢) The three-spin geometry with unequal distances used to
obtain the solid-line best-fit curve in (a).

To further constrain the intermolecular packing of penetratin in the lipid membrane,
we measured a 2D 'H-driven °C spin diffusion spectrum with a mixing time of 50 ms. Fig-
ure 5.8 shows the 2D spectrum of Iles, Glng, Lys,;-labeled penetratin in DMPC/DMPG bi-
layers at 249 K. Two inter-residue cross peaks were observed: I5o-K 130 and Q83-150.. Since
the peptide adopts a B-strand conformation at this temperature, the intramolecular distances
are ~27 A and 11 A for I50-K 130 and Q83-I50i, respectively, which are too long to be ob-
served by "C spin diffusion NMR. Thus, these cross peaks must result from intermolecular

contacts, which are most likely less than 6 A for the 50 ms mixing time used.
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Figure 5.8. 2D "C-"C correlation spectrum of Iles, Glng, and Lys-labeled penetratin in
DMPC/DMPG (8:7) bilayers at 249 K. The spin diffusion mixing time was 50 ms. Two inter-residue
cross peaks are detected and assigned.

Using standard geometries for B-sheets, where inter-strand hydrogen bonds have Ry o
distances of 2.8 — 3.4 A and backbone torsion angles are ¢= -139°, y = 135°, we built a
B-sheet model for penetratin at low temperature that is consistent with the "’F and "*C spin
diffusion data (38, 39). Three penetratin B-strands are arranged as a trimer, with the middle
strand antiparallel to the two outer strands and shifted by one residue (Figure 5.9a). This ar-
rangement gives inter-strand I50-K 130 distances of 4.4 — 5.8 A, consistent with the 2D "°C
spectrum. The three Phe; rings point to the same side of the B-sheet, giving "’F-'°F distances
of 6.0 A, 9.7 A and 10 A (Figure 5.9b). Short Q88-I150 distances cannot be satisfied within
the same [B-sheet, but requires two B-sheets stacked in parallel, with an inter-sheet distance of
~10 A. This gives a Q838-I5a distance of 5.7 A (Figure 5.9a), where the Q8 y, angle is -177°,

which is the dominant rotamer of Gln in the B-sheet conformation (40).
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Figure 5.9. Oligomeric structure of penetratin in the gel-phase membrane. (a) Side view. (b) Top
view. Constraints used to build the model include Phe, "F-"F distances of 6.0, 9.7 and 10 A,
150-Q88 and I50-K 130; distances of less than 6.0 A, Ry.o hydrogen-bond distances of 2.8 — 3.4 A,
and inter-sheet distances of ~10 A. The B-strand backbone has uniform (¢, y) angles of (-139°, 135°).
The %, angle is -177° for both Phe; and Glns.

5.5 Discussion
Interaction of charged sidechains in penetratin with lipid phosphates

The main finding of the current study is that an arginine and a lysine sidechain in
penetratin both form close contacts with the lipid phosphates at low temperature. The Argio
CC-P distance of 42 A and Lys,; Ce-P distance of 4.0 A both indicate the formation of
N-H~O-P hydrogen bonds. Figure 5.10 shows the sidechain conformations of Arg,, and
Lys,; and the spatial arrangements with a phosphate group that satisfy the distances measured
here. The N-O distances in both cases must be less than 3.0 A to satisfy the experimental C{

and Ce distances to *'P.
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Arg-PO; Lys-PO,

calc

NE— S}i<0.10
Nn— S,,,;=0.30

-180°
65° Cd—> Sc=0.42

Figure 5.10. Low-temperature sidechain conformation and phosphate-interaction of Arg,, and Lys;
in penetratin. The measured C-"'P distances are indicated in black; the implied N-H O hydrogen
bond distances are indicated in brown. Sidechain torsion angles that satisfy both backbone and
sidechain "*C-*'P distances are indicated. At physiological temperature, sidechain order parameters of
various segments indicate that the lysine-phosphate complex is significantly weakened whereas the
arginine-phosphate complex remains.

The short distances of the Arg,, sidechain to the lipid *'P indicates that guanidini-
um-phosphate complexation occurs not only in antimicrobial peptides but also in
cell-penetrating peptides, even though they differ in whether they cause permanent mem-
brane damage. The similarity of lipid-peptide charge-charge attraction and hydrogen-bond
formation suggests that penetratin, like some AMPs, also uses this interaction as the main
mechanism for its function, which is crossing the lipid membrane. The fundamental driving
force for the complex formation is the reduction in the free energy when a neutral species
crosses the bilayer. The complexation entails that the peptide drags some lipid headgroups
into the hydrophobic region of the membrane, thus causing membrane disorder. However,
since no isotropic signal was observed in the *'P spectra of penetratin-containing
POPC/POPG (8:7) membranes (/5), the disorder is probably transient and not observable on
the NMR timescale or under NMR experimental conditions. The “C-*'P distances must be
measured at low temperature in the gel-phase membrane in order to freeze molecular motions
that would average the dipolar couplings. At physiological temperature where motion is
abundant and the penetratin structure is neither a canonical o-helix nor a B-strand (17),
whether the "*C-*'P distances remain short is not possible to determine, but can be inferred

from the sidechain dynamics of the residues (see below).
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More interestingly, we found that Arg;o and Lys,; sidechains both establish short dis-
tances to *'P at low temperature. This is at first puzzling, since it is well documented that
CPP analogs where arginine residues were replaced by lysine have much weaker transloca-
tion abilities (41, 42). For penetratin, which contains three arginines and four lysines, cellular
uptake efficiencies have been compared among the wild-type peptide, the all-arginine analog,
and the all-lysine analog. The efficiency was found to be the highest for the all-arginine ana-
log and the lowest for the all-lysine analog (43). Since both arginine and lysine bear a posi-
tive charge at neutral pH, the higher activity of arginine-rich peptides has been suggested to
be due to more diffuse charge distribution of the guanidinium group, or the ability of guani-
dinium ions to form multiple hydrogen bonds with oxyanions in a spatially directed manner
(44).

We propose that the similar *C-*'P distances of Arg,, and Lys,, is only true at low
temperature at which the REDOR experiments are carried out. Low temperature stabilizes
charge-charge interactions, and masks different lipid interactions between Arg and Lys at
physiological temperature. Indeed, there is good evidence for a much weaker interaction of
the lysine sidechain with phosphates at ambient temperature. First, whereas the Arg,, Nn-Hn
order parameters could be measured, attempts to determine the Lys,; NC order parameter
failed due to unstable 'H-""N cross polarization, which in itself indicates extensive dynamics
of the amino group. Second, Arg,, Cd and Nn have C-H and N-H order parameters of 0.42
and 0.30+0.05 at 303 K, which are relatively large considering that they are three and six
bonds away from the backbone Co.. Further, the similar order parameters indicate that the
guanidinium moiety as a whole is relatively rigid at physiological temperature, which should
facilitate its complexation with the phosphate groups. In comparison, the Lys,; N{- H order
parameter, although not directly measurable, can be estimated as the product of the Ce Scy of
0.33 with an additional scaling factor of 0.33 due to the three-site jumps of the amino group.

Thus, the maximum Lys,; N{-HC order parameter should be only 0.10, which is much small-

er than the Arg,, Nn order parameter of 0.30. With this small order parameter, the Lys,,

amino group is unlikely to form any long-lasting hydrogen bonds with lipid phosphates.
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The fact that Arg,, adopts a B-sheet backbone conformation that is independent of the
temperature or membrane composition, in contrast to all other residues seen so far in pene-
tratin, further supports the unique interaction of arginine with lipid phosphates. Residues Ile;,
Iles, Glng, Asny, and Lys,; all exhibit coil-like chemical shifts at high temperature, which
were assigned to a B-turn conformation (/7). These data, together with the Arg,, chemical
shifts measured here, suggest that the -turns connect a short stretch of B-strand encompass-
ing Arg,,. B-turn residues separated by short B-strands are present in various naturally occur-
ring proteins. For example, elastins have recurring (VPGVV), sequences where the central
PG residues adopt a B-turn conformation whereas the flanking Val residues have the B-strand
conformation (45).

For penetratin, between the -turn Asn, and Lys,,, there are two arginine residues and
one Met (RRM). It is very likely that the conformational propensity of Arg,, is not unique to
this residue but is also true for Arg,,, because the peptide backbone may be forced into an
extended structure in order to allow the lipid headgroups to approach the charged guani-
dinium moieties to form the guanidinium-phosphate complex. In other words, guanidini-
um-phosphate interactions may be the cause of the persistent 3-sheet conformation of Arg,,
at high and low temperatures. As a corollary, the fact that Lys,, adopts the B-turn instead of
B-strand conformation at high temperature is yet another piece of evidence that the ammo-
nium group has much weaker interactions with the phosphates in the liquid-crystalline mem-
brane.

The B-sheet oligomeric structure of penetratin in the gel-phase membrane is energet-
ically favorable. The establishment of intermolecular C=0O  H-N hydrogen bonds reduces
the free-energy cost of inserting the peptide into the membrane (46). As discussed above, the
extended conformation (Figure 5.9) may facilitate the close approach of lipid phosphate
groups with the cationic sidechains, thus allowing both arginine and lysine to interact with
the phosphates and establish short *C-"'P distances (Figure 5.10).

In conclusion, we have shown that strong guanidinium-phosphate interactions exist in
the cell-penetrating peptide penetratin, similar to antimicrobial peptides. Moreover, by con-

sidering not only low-temperature “C-'P distances of Arg,, and Lys,;, but also
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high-temperature order parameters of the two sidechains and the unique high-temperature

B-strand conformation of Arg,,, we deduce that the arginine sidechain interacts more strongly
with lipid phosphates than the lysine sidechain at physiological temperature. Therefore,
charge- and hydrogen-bond-stabilized guanidinium-phosphate interaction is not only respon-
sible for membrane translocation of this cationic peptide, but also influences the confor-

mation of the peptide.
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Figure S1. °C spectra of Argjo-labeled penetratin in POPC/POPG (8:7) membranes. (a) 2D “C-"C
DARR spectra measured at 303 K. (b) Temperature-dependent 1D "*C CP-MAS spectra.
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Figure S5.2. Root-mean-square deviations between the calculated and experimental “C-*'P
REDOR intensities. (a) Arg;p CC. (b) Lys,;; Ce. The REDOR curve fitting used a combination of a
short distance (R;) and a long distance (R,) at a 1:1 ratio. Best-fits are 6.0 A and 4.2 A for Arg,
C{(minimum RMSD = 0.029), and 5.5 A and 4.0 A for Lys,; Ce (minimum RMSD = 0.036).

Table S5.1. °C chemical shifts of penetratin Arg;o in DMPC/DMPG (8:7) at 303 K and 243 K, and in

POPC/POPG (8:7) at 303 K.

Site DMPC/DMPG POPC/POPG
303 K 234 K 303 K

CO 173.4 173.0 173.5

Co 532 52.7 533

CB 315 313 319

Cy 25.8 250 259

Cd 42.2 415 421

CC 157.8 157.0 157.8
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Chapter 6

Membrane-Bound Dynamic Structure of an Arginine-Rich Cell-Penetrating Peptide,
the Protein Transduction Domain of HIV TAT, from Solid-State NMR
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Los Angeles, CA 90095

6.1 Abstract

The protein transduction domain of HIV-1 TAT, TAT(48-60), is an efficient
cell-penetrating peptide (CPP) that diffuses across the lipid membranes of cells despite eight
cationic Arg and Lys residues. To understand its mechanism of membrane translocation
against the free energy barrier, we have conducted solid-state NMR experiments to determine
the site-specific conformation, dynamics, and lipid interaction of the TAT peptide in anionic
lipid bilayers. We found that TAT(48-60) is a highly dynamic and nearly random-coil pep-
tide in the lipid bilayer, and inserts into the membrane-water interface near the glycerol
backbone region. Arg-phosphate salt bridge interaction was revealed by short guanidini-
um-phosphate distances and restricted dynamics of the guanidinium. Together with the ob-
servation of strong peptide-water cross peaks in 'H spin diffusion spectra, these results indi-
cate that TAT binding to the membrane-water interface is stabilized not only by electrostatic
attraction to the anionic lipids, but also by intermolecular hydrogen bonding with the lipid
phosphates and water, which may take the role of intramolecular hydrogen bonds in canoni-
cal secondary structures. The random-coil structure of TAT and another CPP, penetratin,
suggests that the lack of amphipathic structure is essential for rapid translocation of these
Arg-rich CPPs across the lipid membrane without causing permanent damages to the mem-

brane integrity.

www.manaraa.com



164

Abbreviations: CPP, cell-penetrating peptide; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine;
DMPG, 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol; POPC,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine; POPE,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol; MAS, magic-angle spinning; CP, cross-polarization;
DARR, dipolar-assisted rotational resonance INADEQUATE, incredible natural abundance double quantum
transfer experiment; HETCOR, heteronuclear correlation; DIPSHIFT, dipolar-chemical-shift correlation;
REDOR, rotational-echo double-resonance; FWHM, full width at half maximum.

6.2 Introduction

Cell-penetrating peptides (CPPs) are highly cationic and Arg-rich peptides that are
able to cross lipid membranes into cells both alone and in conjugation with large macromo-
lecular cargos (/, 2). Therefore, CPPs are potentially important molecules for drug delivery
and for studying macromolecular structures inside living cells (3). CPPs have been discov-
ered from diverse origins such as the TAT protein of HIV-1 (4), penetratin from the Droso-
philia Antennapedia homeodomain (5), and synthetic polyarginine peptides (6, 7). In contrast
to antimicrobial peptides (AMPs), which are similarly Arg-rich sequences but which kill
bacterial cells by disrupting their lipid membranes, CPPs appear to enter eukaryotic cells
without causing long-lasting damage to the integrity of the cell membrane.

The physical basis for the membrane translocation of CPPs has been much debated
and still not well understood (8). It is well known that the low-dielectric interior of cell
membranes presents a high-energy barrier to the direct unassisted diffusion of charged ions
and molecules. The free energies of transfer of amino acid residues from the aqueous to a
nonpolar solvent have been measured experimentally and are highly positive for Arg and Lys
(9). It is thus puzzling how short peptides containing a high density of Arg residues are able
to cross the membrane. Two models, an inverse micelle model (/0) and an electroporation
model (/7), had been proposed to account for membrane translocation of CPPs, but neither
was supported by recent solid-state NMR studies of penetratin. Specifically, *'P NMR line-
shapes indicated the absence of isotropic entities in the membrane, thus ruling out the inverse
micelle model (/2). Paramagnetic relaxation enhancement experiments using Mn** ions
bound to the outer surface of lipid bilayers versus both surfaces indicated that penetratin was
distributed equally in the two leaflets of the membrane even at low peptide concentrations

(12). This finding contradicted the electroporation model, which posits that asymmetric asso-
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ciation of CPPs with the outer leaflet of the membrane causes an electric field that alters the
lateral and curvature stress of the membrane, eventually causing electroporation-like perfora-
tion of the membrane (/7). Instead, site-specific distances between penetratin and the lipid
headgroups indicated tight guanidinium-phosphate associations (/3), suggesting that ion pair
interaction between the Arg residues and the anionic lipid headgroups may play a significant
role in the membrane translocation of CPPs.

Despite many biophysical studies of CPPs in membrane-mimetic environments, lit-
tle site-specific high-resolution structural information of membrane-bound CPPs is yet
available. Our recent studies of membrane-bound penetratin through solid-state NMR "C
chemical shifts suggested an unusual turn-rich conformation at physiological temperature
(14), whose functional role is still unclear. Moreover, the penetratin conformation was found
to depend on the temperature: in the gel phase of the membrane, penetratin adopts a B-strand
conformation, while in the liquid-crystalline phase random-coil chemical shifts were ob-
served for most labeled sites except for an Arg (/4). To further elucidate how conformation
underlies the mechanism of CPPs, and to examine the diversity of the structure-function rela-
tion for this class of peptides, we have now investigated the structure and dynamics of the
hexa-Arg CPP domain of the HIV TAT protein (residues 48-60), whose potent CPP activities
have been extensively characterized (/5-17). Using solid-state NMR, we have determined the
conformation, dynamics, depth of insertion, and lipid interaction of TAT(48-60) in anionic
lipid membranes, which led us to propose a structural basis for the translocation mechanism

of this peptide.

6.3 Materials and Methods
Membrane sample preparation

TAT(48-60) (GRKKR RQRRR PPQ-CONH,) was synthesized using standard solid
phase Fmoc chemistry and purified by HPLC to >95% purity. Uniformly “C, "N-labeled Lys,
Gln, Arg, and Pro were incorporated at residues 4, 7, 8, and 11 of the peptide, respectively, in
singly labeled samples. A “C, N-Ile, labeled penetratin sample (RQIKI WFQNR RMKW
KK-CONH,) bound to DMPC/DMPG bilayers (/3) was also used for the 'H L p experi-

ment to compare with the TAT peptide. All lipids, including DMPC, DMPG, POPC, POPE
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and POPG, were purchased from Avanti Polar Lipids (Alabaster, AL). Most experiments
were conducted on hydrated DMPC/DMPG (8:7 mole ratio) membranes. The high-melting
DMPC/DMPG mixture allows the peptide to be immobilized at moderate low temperatures
to facilitate distance and chemical shift measurements. The low-melting unsaturated lipids
(POPC, POPE and POPG) were used in aligned membrane samples since they are more eas-
ily hydrated and aligned at ambient temperature. We chose phosphatidylglycerol (PG) in-
stead of phosphatidylserine (PS), which is the anionic lipid of eukaryotic cell membranes, for
our samples in order to facilitate comparison with the large literature of CPP studies in model
membranes. Eukaryotic cell membranes contain ~10% anionic lipids (/8), which is much
less than the ~50% charge density used in this work. However, the cationic TAT is most
likely clustered in the anionic-lipid-rich regions of the biological membrane during transloca-
tion, so the current model membrane is still relevant for understanding the translocation
mechanism.

Hydrated membrane samples were prepared by aqueous phase mixing. DMPC and
DMPG (8 : 7 mole ratio) lipids were mixed in chloroform and dried under a stream of N, gas.
The lipid mixture was further lyophilized overnight to obtain a homogeneous dry powder,
which was then suspended in 2 mL phosphate buffer (5.8 mM NaH,PO, and 4.2 mM
Na,HPO,, pH = 7.0) and freeze-thawed 8 times. The resulting lipid vesicle solution was
added to the peptide solution to obtain a peptide : lipid molar ratio of 1 : 15. After incubation
overnight, the solution was centrifuged at 55,000 rpm for 4 hrs at 4-6 °C to obtain a wet pellet.
The pellet was slowly dried to a hydration level of ~40 wt%, then packed into a 4 mm MAS
rotor for NMR experiments. Over 95% of the peptide was bound to the lipids as checked by
UV-VIS spectrometry. The POPE/POPG bound TAT sample was prepared similarly.

Oriented membranes were prepared on thin glass plates using an organic-solvent
protocol described before (/9). The dry lipid/peptide film (~1 mg) on each glass plate was
first hydrated by directly dropping 1 pl water on each plate, giving a hydration level of ~50%.
The hydrated glass plates were then kept in a 97% humidity chamber containing saturated
K>SOy, solution at room temperature for 4-5 days before NMR measurements. Samples with

TAT concentrations at 1%, 2%, 4% and 8% were prepared to determine the degree of mem-
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brane disorder induced by the peptide. Three series of lipid membranes, neutral POPC, ani-

onic POPC/POPG (8:7), and anionic POPE/POPG (8:7), were prepared.

Solid-state NMR experiments

All solid-state NMR experiments were carried out on a Bruker DSX-400 (94 T)
spectrometer (Karlsruhe, Germany) operating at 400.5 MHz for 'H, 100.7 MHz for °C and
162.1 MHz for *'P. A triple-resonance 'H/”C/’'P 4 mm magic-angle spinning (MAS) probe
was used for "C->'P REDOR experiments, while a double-resonance 'H/X MAS probe was
used for other MAS experiments. Low temperature was achieved using a Kinetics Thermal
System XR air-jet sample cooler (Stone Ridge, NY). All experimental temperatures refer to
the sample temperature indicated by the probe thermocouple, and are estimated to be within
1° of the actual sample temperature since no fast spinning nor high-salt samples were used in
this work. Typical 90° pulse lengths of C, °N and *'P were 5us and typical 'H decoupling
field strengths were 75 kHz at low temperature and 50 kHz at ambient temperature. *C and
N chemical shifts were calibrated, respectively, to the a-Gly “C’ resonance at 176.49 ppm
on the TMS scale and “N-acetyl-valine (NAV) at 122 ppm on the ammonium scale. *'P
chemical shifts were referenced to the hydroxyapatite signal at 2.73 ppm for unoriented sam-
ples and to the signal of 98% phosphoric acid at O ppm for oriented samples.

“C and "N cross-polarization (CP) MAS experiments were conducted using CP
contact times of 0.5 — 1.5 ms. One-dimensional double-quantum (DQ) filtered "C MAS
spectra were measured at 233 K using SPC-5 for “C-"’C dipolar recoupling (20). When ex-
tracting full widths at half maximum, we took care to use appropriate line broadening that is
less than the intrinsic linewidths of the signals at the specific temperatures.

Two 2D "“C-"C correlation experiments, dipolar-assisted rotational resonance
(DARR) (27) and the DQ dipolar INADEQUATE experiment (22), were used to assign the
TAT “C chemical shifts at low temperature. The INADEQUATE experiment suppresses the
natural abundance lipid "°C signals and gives relatively well-resolved peptide "*C resonances.
The SPC-5 sequence was used for DQ excitation and reconversion. The INADEQUATE
spectra were measured at 233 K under 5333 Hz MAS.
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2D “C-'H heteronuclear correlation (HETCOR) experiments without 'H spin diffu-
sion were used to assign 'H and "°C chemical shifts of TAT at ambient temperatures. No 'H
decoupling was applied during the evolution period, thus only signals of highly dynamic spe-
cies can survive in the spectra. The experiments were conducted either with or without 'J
decoupling for the t, period, by the presence or absence of a *C 180° pulse in the middle of
the t, period. The pulse sequence of 'J,;-decoupled 2D HETCOR experiment was shown in
Fig. 2a. The non-'J; decoupled HECTOR was conducted at 5 kHz MAS while the 'J; de-
coupled HETCOR experiments were carried out under 7-8 kHz MAS at 303 K, in the lig-
uid-crystalline phase of the DMPC/DMPG membrane. For 'H spin diffusion experiments
probing the interaction of TAT with lipids and water, we used a similar HETCOR sequence
but with the addition of a 'H spin diffusion mixing period after t, (23). These experiments
were carried out under 5 kHz MAS at 303 K.

"C-'H and "“N-'H order parameters were measured using the 2D dipo-
lar-chemical-shift correlation (DIPSHIFT) experiment with dipolar doubling (24, 25). The
experiments were conducted at 303 K under slow spinning rates of 2800 Hz and 3401 Hz. 'H
homonuclear decoupling was achieved using semi-windowless MREV-8 with a 'H 105°
pulse length of 4.0 us (26). Small asymmetry in the t, curves was fit using an apparent T, re-
laxation factor. The best-fit couplings were divided by the theoretical scaling factor, 0.47, of
semi-windowless MREV-8 and a factor of 2 for doubling to give the true X-H dipolar cou-
plings. The order parameters, Sy, were calculated as the ratio of the true coupling with the
rigid-limit one-bond X-H dipolar coupling. The rigid-limit value was taken as 22.7 kHz for
C-H and 10.6 kHz for N-H dipolar coupling, respectively.

'H rotating-frame spin-lattice relaxation times (T),), which reflect microsec-
ond-timescale motions that are important for biological membranes, were measured using a
PC-detected 'H Lee-Goldburg spin-lock sequence with an effective 'H field strength of 61.2
kHz (27). The experiments were conducted at 303 K under 7 kHz MAS.

PC-*'P rotational-echo double-resonance (REDOR) experiments were carried out
under 4 kHz MAS at 230 K, where both the lipids and the peptide were immobilized. A *'P
180° pulse length of 9 us was used to achieve complete inversion of the broad *'P spectral

width. A frequency-selective version of REDOR (28) was used to measure the distance of
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Co to *'P. A 1 ms “C Gaussian 180° pulse centered at the ’C resonance of interest was used
to remove the J-coupling between the on-resonance Cow and its directly bonded “C spins.
Two-spin simulations were used to fit the C-'P REDOR data. Although multiple *'P spins
are present on the membrane surface, the average *'P density on the membrane surface (10 A
spacing between *'P atoms) is sufficiently low that when the REDOR dephasing is fast, cor-
responding to two-spin *C->'P distances of ~5 A or less, two-spin simulations report the cor-
rect distance of the "°C to a single *'P (29). When the dephasing is slow, comparison of mul-
ti-spin and two-spin simulations indicated that the two-spin distance is effectively the vertical
distance between the "°C and the *'P plane, thus reporting the depth of the "*C spin (29).

Due to overlap with the lipid "CO signals, the "CO-"'"P REDOR data were corrected
for the natural abundance lipid background (/3) using the equation (S/So)observed =
0.79(S8/80)peptide T 0.21(S/So)1ipia, Where the weight fractions were calculated based on the pep-
tide/lipid molar ratio of 1 : 15. The lipid >CO-*'P REDOR dephasing was previously meas-
ured using POPC lipids (29). The Pro;; Coo REDOR was similarly corrected for the small
percentage of overlapping natural abundance lipid Co: signal, whose distance to *'P is fixed at
2.9 A. To fit the Arg C{ REDOR data, which shows heterogeneous couplings, we used two
distances in the simulation, where the long and short distances were each incremented at 0.1
A steps within physically allowed ranges (13). The best fit was obtained as the lowest RMSD
between the data and simulations. Table S6.1 summarizes the main conditions of all the ex-

periments carried out in this work.

Table 6.1. 'H, °C and “N chemical shifts (ppm) of labeled residues of TAT in DMPC/DMPG bi-
layers at 303 K and 233 K.

Random coil
values (31)

Lys, CO |[1747 1745|1745
Co |544 543 |547
CB [309 313 |308
cy |[228 229 |-
cs 272 263 |-
Ce  [402 397 |-

Residue  Site 303K 233K
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Table 6.1. (Continuted) 'H, °C and ""N chemical shifts (ppm) of labeled residues of TAT in
DMPC/DMPG bilayers at 303 K and 233 K.

Residue  Site | 303K 233K | Random  coil

values (31)
Lys, Ho 429 - 4.28
Hp 1.82 - -
Hy 1.45 - -
Ho 1.69 - -
Gln, co 173.8 1740 | 1742

Co  |538 538 |542
B |278 267 |270
cy 320 333 |-
cs | 1784 1779 | -

Hoo | 437 - 426
HB  |201 - -
Argg Noo | 123.1 1222 | 1189

Ne |854 832 |-
N | 730 713 |-
CO | 1741 1743 | 1742
Co | 542 534 |543

cCB 289 287 |288

cy 252 254 |-
cs | 415 410 |-
cC | 1577 1569 | -

Hn 840 - 8.17
Ho 431 - 433
HB 187 - -
Hy 1.64 - -
Ho 322 - -

Pro,, No 138.3 1369 | -
co 1725 172.6 | 1752
Co 597 586 |61.8
cB 290 287 [302
Cy 254 255 |-
Co 486 483 |-

Ho 4.68 - 441
HB 192 - -
Hy 200 - -
Hd 382 - -
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6.4 Results
Random coil conformation and high mobility of TAT in lipid bilayers

We first examined the conformation of TAT in DMPC/DMPG membranes using "*C
and "N chemical shifts. Four uniformly "*C, '’N-labeled residues, Lys,, Gln,, Argg and Pro,,,

were singly incorporated into the peptide.
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o
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£ 304
< 60
340- : 701
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Fig. 6.1. °C chemical shifts of HIV TAT(48-60) in DMPC/DMPG (8:7) bilayers. (a) 2D "“C-"C
DARR spectrum of Lys,-TAT at 233 K, measured with a mixing time of 30 ms. (b) 2D INADE-
QUATE spectrum of Argg-TAT at 233 K. (c) TAT "C chemical shifts at 303 K (open circles) and
233 K (closed circles) compared to database values for various secondary structures (37). The Co-Cf3
chemical shift difference was used as a marker of secondary structure (58).
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Fig. 6.1 shows representative 2D "“C-"C correlation spectra of Lys,- and
Argg-labeled TAT in the gel phase of the membrane at 233 K. Broad Co and CJ peaks with
linewidths of 4.0 — 5.1 ppm were observed, indicating significant conformational heterogene-
ity. When the lipid "°C signals were removed by a double-quantum (DQ) filter, more than one
set of "C chemical shifts was found for some of the "°C sites in Lys,, Gln,, and Arg, (Fig.
6.1b), suggesting that the conformational distribution may be more complex than a single
Gaussian. Chemical shift multiplicity for the same domain in the intact TAT protein was also
observed in solution, and was postulated to result from transient folding events of the protein
(30). When the chemical shifts of the dominant peaks of membrane-bound TAT were com-
pared with random coil values from protein databases (37), we found most residues to exist
in a random-coil state (Fig. 6.1c). The only exception is Pro,,, which is known to be predis-
posed to B-strand conformation by the imine sidechain.

To examine if the random coil chemical shifts of TAT at low temperature were
caused by the gel-phase disorder of the membrane, we measured the TAT "°C chemical shifts
in the liquid-crystalline phase of the membrane at 303 K using 2D 'H-"’C correlation experi-
ments. Even in the absence of '"H-'H homonuclear decoupling, we observed extremely nar-
row 'H and "C linewidths and resolved ' splittings in the '"H dimension (Fig. 6.2b): the °C
linewidths were 0.3-0.4 ppm while the undecoupled 'H linewidths were 0.15-0.30 ppm. Thus,
fast isotropic motion largely averaged the 'H-'H dipolar couplings, giving well-resolved 'H
peaks even without homonuclear decoupling. As a comparison, in the HETCOR spectrum
(data not shown) of Ile,-labeled penetratin with 'J,-decoupling, no peptide 'H peaks sur-
vived in the spectra, indicating penetratin has slower motion than TAT. Most importantly, the
TAT “C chemical shifts remained at the random coil positions, close to the center of the
broad peaks at low temperature (Fig. 6.1c). Thus, TAT undergoes near-isotropic motion at
high temperature, with an average conformation approaching the random coil. This result is
consistent with circular dichroism data of TAT in POPC/POPG vesicles, which also sug-

gested a random-coil structure similar to that in buffer (32).
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Fig. 6.2. 2D 'H-"C HETCOR spectra of TAT in DMPC/DMPG bilayers at 303 K. (a) Pulse sequence
of 'Jo-decoupled 2D HETCOR experiment. No 'H homonuclear decoupling was applied during t,,
thus only highly dynamic molecules can exhibit 'H-""C cross peaks. (b) 'Jo,-decoupled HETCOR
spectra (black) of the DMPC/DMPG membrane without and with various site-specifically labeled
TAT. The spectrum in red in the bottom panel is the HETCOR spectrum of Pro,-TAT without "Jqy
decoupling. A 141 Hz 'Jy splitting of Pro,,Co peak was observed. The Co 'H cross section was

compared between the 'J-decoupled and undecou

pled spectra.
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To observe how the narrow linewidths of TAT at high temperature transition to broad
linewidths at low temperature, we measured the 1D "C and "N spectra of TAT as a function
of temperature. Fig. 6.3a, b shows "C and "N spectra of Argg-labeled TAT bound to
DMPC/DMPG bilayers from 303 K to 233 K. The Arg, signals were sharp at 303 K: the lim-
iting °C linewidths were sufficiently small that *C-">C scalar-splittings of ~40 Hz were ob-
served for many sites such as Co. The peptide signals became undetectable around 283 K,
and became broad and strong at 233 K, with 3.5 — 4.8 ppm linewidths for °C and a 12 ppm

linewidth for No.. Similar trends were observed for the other labeled residues. For the back-

bone Ca, the low-temperature linewidth of Argg covers the entire range of helix to sheet
conformations (Fig. 6.3¢). We further compared the TAT linewidths to several other mem-
brane peptides, including penetratin, the -sheet antimicrobial peptide PG-1 (29), and the
o-helical influenza M2 transmembrane peptide (33). Among these peptides, TAT exhibits the
narrowest linewidths at high temperature and the largest linewidths at low temperature (Fig.
6.3d), indicating that TAT undergoes faster exchange among a wider range of conformations
at high temperature, thus giving rise to sharp signals averaged at the random coil chemical
shifts. Lowering the temperature freezes the motion and captures all conformation-dependent
chemical shifts.

Thus, the broad low-temperature linewidths reflect the large conformational space
sampled by TAT. While it is difficult to quantify the exact conformational distribution, com-
pared to the structurally defined B-sheet PG-1 and a-helical M2, the TAT structure is almost
completely random. Comparison with PG-1 and M2 also indicates that the contribution of
gel-phase membrane disorder is minor compared the intrinsic disorder of the peptide. Fur-
thermore, the possibility that freezing changed the TAT conformation can be ruled out, since
the average chemical shift frequencies were unchanged between high and low temperatures

(with the slight exception of Pro,, Cav).
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Fig. 6.3. Temperature-dependent TAT linewidths in DMPC/DMPG membranes. (a) “C MAS spectra
from 303 K to 233 K for Args-TAT. Stars denote lipid peaks. Most spectra were measured by cross
polarization (CP). A 303 K spectrum was measured by "’C direct polarization (DP). A 233 K "C
DQ-filtered spectrum gives pure peptide peaks and linewidths. "C-"C J splittings were resolved for
some peaks at 303 K, as shown in expanded regions in blue. (b) °N spectra of Argg-TAT at 303 K (by
DP) and 233 K (by CP). (c) The Co peak of Argg at 233 K from the DQ spectrum spans the chemical
shift range for canonical secondary structures. (d) Comparison of Ca linewidths of TAT, penetratin,
PG-1, and the influenza M2 peptide in lipid bilayers at high and low temperatures.
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Fig. 6.4. C-H and N-H dipolar couplings of Args-TAT in DMPC/DMPG membranes at 303 K. (a) Ca
and Co C-H DIPSHIFT curves. (b) No and N1 N-H DIPSHIFT curves. (c) Argg order parameters
from the measured dipolar couplings. The lowest order parameters were observed for the middle of
the sidechain, while the guanidinium moiety and the backbone exhibit higher order parameters.

To quantify the dynamics of TAT in the lipid membrane, we measured “C-'"H and
“N-'H dipolar couplings and the corresponding order parameters at 303 K using 2D DIP-
SHIFT experiments. Order parameters indicate the amplitude of motion. A maximum order
parameter of 1 corresponds to the rigid limit while a minimum order parameter of O indicates
large-amplitude, isotropic motion. Fig. 6.4 shows representative dipolar coupling data of the
membrane-bound TAT. Low order parameters of 0.14-0.20 were found for the peptide back-
bone (Table 6.2), comparable to the order parameters of the middle portion of the lipid mol-
ecules (34), indicating that the peptide undergoes large-amplitude motion. Interestingly, the
Arg order parameters decrease from Not (Syy = 0.20) to CO(Scy = 0.08) but then reverse the
trend and increase to N1 (Sy;=0.30), indicating that two relatively rigid ends of the residue
flank a more mobile aliphatic middle (Fig. 6.4c). The larger order parameters of the guani-
dinium moiety immediately suggest stabilizing interactions with the lipid headgroups. TAT

also exhibits long 'H T, relaxation times of 1030 ms (Table 6.3), indicating that the

large-amplitude motions occur at rates far exceeding 100 571
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Table 6.2. °C-'H and ""N-'H dipolar couplings (kHz) and order parameters of TAT in DMPC/DMPG
membranes at 303 K.

Residue  Site d(ppm) XH, oy Sxu
Argg No 123.1 NH 2.13 0.20
Nn 73.0 NH, 3.19 0.30
Ca 542 CH 4.09 0.18
CB 28.9 CH, 34l 0.15
Cé 414 CH, 1.82 0.08
Pro,; Ca 59.7 CH 3.18 0.14
CB 28.9 CH, 3.86 0.17
Cé 48.7 CH, 4.54 0.20
Lipids Co 60.3 CH, 2.72 0.12
G, 714 CH 4.31 0.19
C, 34.7 CH, 4.77 0.21
(CH,), | 310 CH, 5.68 0.25

* gy 18 the true dipolar couplings after taking into account various scaling factors in the
pulse sequence. The rigid-limit couplings used for calculating the order parameters are 10.6

kHz for N-H and 22.7 kHz for C-H dipolar couplings.

Table 6.3. 'H T,, relaxation times (ms) of TAT and penetratin in DMPC/DMPG membranes at 303 K,
measured with a 'H effective spin-lock field of 61.2 kHz.

Peptide Residue | Site T, (ms)
TAT (48-60) Argg Ca 11.6
CB 11.3
Co 29.3
Proy; Cao 14.9
Cp 8.8
Co 7.0
Penetratin Iles Co 3.0
Co 4.9
Ce 6.2

Interaction of TAT with lipid membranes

To probe whether TAT binding causes membrane disorder, we measured *'P spectra

of oriented lipid bilayers of several compositions in the presence of increasing amounts of the

peptide.
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Fig. 6.5. Effects of TAT on the membrane structure. (a) Static *'P spectra of glass-plate oriented lipid
membranes with varying mole concentrations of TAT. Three membrane compositions, POPC,
POPC/POPG (8:7) and POPE/POPG (8:7), were examined. The percentage of intensity in the 12 to
-27 ppm range is indicated for each spectrum to denote the amount of membrane disorder. No iso-
tropic signal near 0 ppm was observed in any spectra. (b) Static *'P spectra of unoriented
DMPC/DMPG (8:7) membrane and POPE/POPG (8:7) membranes containing 6 mol% TAT. The
isotropic peak at 1.6 ppm is the phosphate buffer peak. All *'P spectra were measured at 296 K.

Fig. 6.5 shows the effects of TAT on both the neutral zwitterionic POPC membrane
and two anionic membranes, POPC/POPG (8:7) and POPE/POPG (8:7). Up to 8 mol% pep-
tide, the POPC and POPC/POPG membranes remain largely well ordered, as shown by the
high 0° peak at ~30 ppm and the low 90° peak of the powder pattern at -15 ppm, which is in-
dicative of misalignment of the membrane. The lack of an isotropic peak at O ppm indicates
that the membrane remains lamellar and intact. For the POPE/POPG membrane, higher
powder intensities were observed compared to the other two membranes, but the isotropic
peak is still absent. The lack of membrane disruption was further confirmed by static *'P
spectra of unoriented DMPC/DMPG and POPE/POPG membranes containing 6% TAT,
where regular uniaxial powder lineshapes were observed (Fig. 6.5b). The minor isotropic
peaks were attributed to the phosphate buffer. The lack of isotropic disorder is consistent

with previously reported *'P NMR spectra of unoriented POPC/POPG (3:1) membranes (32)
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containing TAT, and is also consistent with the ability of this cell-penetrating peptide to

cross the membrane without damaging its integrity.

Depth of insertion of TAT in lipid bilayers from 'H spin diffusion

To determine how deeply TAT is inserted into the lipid bilayer, we carried out
“C-detected 'H spin diffusion experiments from water and lipids to the peptide (23). The
distance between the source protons and protein protons determines the intensities of the in-
termolecular cross peaks. Since TAT is similarly mobile as lipids at ambient temperature, the
dipolar-mediated 'H spin diffusion process is similarly inefficient in the peptide as in the soft
lipid matrix. Therefore, spin diffusion cross peak intensities depend on the distances of indi-
vidual residues from the source protons. The site-specific nature of the depth information for
the mobile TAT differs from the case of large immobile membrane proteins, where rapid spin
diffusion within the protein largely removes the site-resolution of the depth, and only the
shortest distance between the protein and the source protons can be obtained (23).

Fig. 6.6 shows representative “C-detected 'H spin diffusion spectra of Arg,- and
Pro,,-TAT, measured with a 'H spin diffusion mixing time of 225 ms and 144 ms, respec-
tively. Weak cross peaks were observed between the lipid chain CH, protons at 1.3 ppm and
the peptide "°C signals. The mixing time of 100-200 ms is modest for the highly dynamic
TAT with low spin diffusion coefficients. For comparison, immobilized DNA bound to the
surface of cationic lipid membranes showed no cross peaks with the lipid chain protons until
after ~400 ms, even though the spin diffusion coefficient of the rigid DNA rods is much
larger than TAT (23). Thus, if TAT were similarly surface-bound as DNA, ~20 A from the
center of the membrane, then it will not exhibit any cross peaks with the lipid chain protons
in the short mixing times used here. Therefore, the presence of the lipid-TAT cross peaks
within the modest mixing time is strong qualitative evidence that TAT binds inside the lipid
bilayer rather than lying on the membrane surface.

Fig. 6.6 shows strong water cross peaks at 4.7 ppm for Argg but not Pro,,. Fig. 6.7
compares the water region of the “C-'H 2D spectra for all sites studied. Interestingly, all po-
lar residues containing labile protons — Lys,, Gln, and Arg, - exhibited water cross peaks,

while the hydrophobic Pro,, without any exchangeable protons did not. This difference indi-
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cates that hydrogen exchange is necessary for water-protein spin diffusion cross peaks to oc-
cur, consistent with many recent studies of the mechanism of water-protein magnetization
transfer (35-37). Thus, Pro,, is not necessarily further away from water than the other resi-
dues. Overall, the strong water cross peaks with the peptide indicate that TAT is not deeply
inserted into the bilayer.

The coexistence of water and lipid cross peaks with TAT is most consistent with a
location of the peptide in the glycerol backbone and headgroup region of the membrane. This
interfacial location inside the membrane is further supported by the fact that TAT enhanced
the water-to-lipid spin diffusion of the POPE/POPG membrane. Fig. 6.8 shows that the lipid
headgroup Coa and acyl chain C2 have stronger cross peaks with water in the presence of

TAT than in its absence, which is not possible if TAT were on the surface of the membrane.
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Fig. 6.6. (a) 2D ""C-detected 'H spin diffusion spectra of DMPC/DMPG-bound TAT at 303 K. (a)
Argg-TAT spectrum measured with 225 ms spin diffusion. Water and lipid CH, cross peaks are col-
ored. (b) Pro,;-TAT spectrum with a mixing time of 144 ms. No water cross peaks (37) but clear lipid
CH, cross peaks were detected.
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The exact distance of TAT to the center of the membrane cannot be quantified by
observing cross peak buildup intensities as a function of mixing time due to the lack of
well-calibrated spin diffusion coefficients for dynamic molecules. Nevertheless, one can ob-
tain some insights based on the relative intensities of the water-peptide and lipid-peptide
cross peaks. In ~40% hydrated membrane samples, the number of water protons is about
twice the number of lipid CH, protons. Previous calibrations of water and lipid-chain spin
diffusion coefficients indicated that the water spin diffusion coefficient is about 10-fold larg-
er than the lipid chain diffusion coefficient because of the faster translational motion of water
(23, 38). Thus, the water-peptide cross peak should be higher than the lipid-peptide cross
peak even if a residue is at comparable distances to the membrane surface water and to the
hydrophobic chains. Thus, the presence of a lipid-TAT cross peak at all is a strong indication

of the membrane-immersed nature of TAT.
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Fig. 6.7. 2D "“C-detected 'H spin diffusion spectra of DMPC/DMPG (8:7) membranes with and
without TAT. (a) Without TAT. (b) With Lys,-labeled TAT. (c) With Gln,-labeled TAT. (d) With
Argg-labeled TAT. Water-peptide cross peaks were detected in (b-d). (e) With Pro,,-labeled TAT with
a mixing time of 225 ms. No Pro,,-water cross peaks were observed.
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Site-specific distances to the membrane surface from >C-"'P REDOR

To confirm the interfacial location of TAT, we carried out *C-*'P distance measurements
at low temperature using REDOR. If TAT were inserted into the hydrophobic core of the bi-
layer, long "*C-*'P distances or slow dipolar dephasing would be expected, as is the case for
the lipid chain "C signal. The REDOR experiments were conducted at ~230 K to completely
freeze the dynamics of both the DMPC/DMPG membrane and the peptide. The *'P spectra at
this temperature give a span of 197 ppm (Fig. S6.1), which is the rigid limit for the *'P
chemical shift tensor (29).
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Fig. 6.8. 2D "“C-detected 'H spin diffusion spectra of POPE/POPG (8:7) membranes with a mixing
time of 144 ms. (a) Without TAT. Only very weak water-lipid cross peaks were observed. (b) With
Argg-labeled TAT (P/L = 1:15), showing stronger water-lipid cross peaks. (c) 'H cross sections at
several lipid "°C frequencies. The TAT-free spectrum is in black and the TAT-containing spectrum is
in red. TAT enhances the water-lipid cross peaks, indicating that the peptide is inserted into the
membrane. All spectra were measured at 303 K under 5 kHz MAS.
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places the two groups within hydrogen-bonding contact of each other (29, 39).
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Fig. 6.9 shows the "C-*'P REDOR data of the backbone and sidechain sites of Arg,
and Pro,,. Relatively short backbone "*C-*'P distances of 5.7 — 6.6 A were observed, con-
sistent with the 'H spin diffusion result that the peptide backbone lies in the glycerol back-
bone region of the membrane-water interface. Natural abundance lipid signals were corrected
for both the Argg CO peak and the Pro,; Co peak. For the guanidinium CC of Argg, a 1 : 1
combination of 4.1 A and 5.5 A distances fit the data well (Fig. 6.9b). The former is at the

lower limit of the possible distance between the guanidinium and the lipid phosphate, and

Fig. 6.9. "C-"'P REDOR data of DMPC/DMPG-bound TAT at 230 K. (a) Representative REDOR
control (S,) and dephased (S) spectra. (b) REDOR data and simulation for Argg CO and C{. The C{
data is best-fit fit by a 1:1 ratio of 4.1 A and 5.5 A. (c) REDOR data and best fit for Pro,, Co.. The
lipid Ca. contribution (7% of full intensity) was taken into account by a fixed distance of 2.9 A. @)
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REDOR data and best fit for Pro;; C5. (¢) RMSD between the simulated and experimental REDOR
curves of Argg C to obtain the best-fit distances for CC in (b).

Thus, the Arg residues in TAT interact with the negatively charged lipid headgroups
in a similar fashion to Arg-rich antimicrobial peptides (29, 40). Since the superposition of
two distances fits the CC data well, there is no sign of a broad distance distribution, suggest-
ing that guanidinium-phosphate ion pair interaction, rather than the peptide backbone con-

formation, is the determining factor for the Arg sidechain conformation.

6.5 Discussion
Depth and thermodynamics of insertion of TAT into lipid membranes

The 'H spin diffusion and “C-"'P distance data indicate that TAT binds inside the
DMPC/DMPG (8:7) bilayer in the glycerol backbone and headgroup region of the mem-
brane-water interface (Fig. 6.10). This location is consistent with the temperature dependence
of the “C and "N spectra (Fig. 6.3), since exchange broadening of TAT signals coincided
with the membrane phase transition. This depth is also consistent with molecular dynamics
simulations of TAT and the related CPP penetratin (47, 42).

It is interesting to consider the free energies of TAT insertion into the mem-
brane-water interface. Using the Wimley-White interfacial scale developed for zwitterionic
POPC bilayers (43), an energy barrier of about 9 kcal/mol against insertion would be pre-
dicted. However, the interfacial scale derived from neutral POPC bilayers does not account
for strong electrostatic attraction between cationic peptides and highly anionic membranes as
used in this study. Using isothermal titration calorimetry experiments, Seelig and coworkers
characterized the thermodynamics of TAT binding to anionic membranes in detail, and found
that the free energy of binding of TAT to 25% anionic membranes in 100 mM salt solution
was about 80% electrostatic and 20% hydrophobic, with a total Gibbs free energy of -5.2
kcal/mol (32). The NMR samples used here contain less salt (10 mM) and more (~50%) ani-
onic lipids, thus the binding energy should be even more negative or favorable. Similar to
TAT, oligoarginine peptides also showed a significant electrostatic component in their bind-

ing energies (44).
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arginine
guanidinium

Fig. 6.10. Model of TAT structure and dynamics in DMPC/DMPG bilayers. The random coil peptide
is inserted into the bilayer at the glycerol backbone region, outside the hydrophobic core, and is stabi-
lized by intermolecular hydrogen bonds with lipid phosphates and water. The glycerol region has in-
termediate dielectric constant and accommodates TAT through the polar phosphate and carboxyl
groups, which can act as hydrogen bond acceptors for the guanidinium.

In addition to the electrostatic attraction, "C-"'P REDOR experiments found tight
association of the Argg guanidinium group with the lipid phosphates, similar to a number of
other Arg-rich CPPs and antimicrobial peptides (12, 29, 40). A C{-P distance of 4-5 A indi-
cates hydrogen bonding between the guanidinium N-H and the lipid P-O groups. The im-
portance of this hydrogen bonding was demonstrated for the antimicrobial peptide PG-1,
where mutation of the guanidinium to dimethylated guanidinium weakened the antimicrobial
activity by 3-fold and changed the oligomeric structure and orientation of the peptide in the
lipid bilayer (40). Each guanidinium ion can form up to five hydrogen bonds with lipid
phosphates or water. Thus, the hexa-Arg TAT can form as many as thirty hydrogen bonds
from the Arg sidechains. If each hydrogen bond formation gives a favorable free energy
change of -0.5 kcal/mol (45), then the total free energy change can be as much as -15
kcal/mol in favor of binding, which would greatly stabilize TAT at the membrane-water in-
terface. Therefore, the combined electrostatic attraction and hydrogen bonding effects should

be more than sufficient to overcome Born repulsion and facilitate TAT insertion into the
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glycerol backbone region of the membrane-water interface. An increasing number of MD
simulations also pointed out the importance of guanidinium-phosphate and guanidini-
um-water interactions for reducing the free energy cost of inserting Arg residues into the li-
pid membrane (42, 46-48).

The location of TAT is deeper than polylysine peptides, which was found by mono-
layer pressure and area measurements to lie on the surface of anionic lipid monolayers (49).
Differences in the experimental conditions as well as the intrinsic membrane affinities of the
two peptides most likely account for the observed depth difference. The polylysine meas-
urements were carried out in 33% negatively charged membranes in 100 mM salt (49), while
the bilayer samples in the present NMR study contained ~50% anionic lipids and only 10
mM salt. A lower fraction of acidic lipids reduces the electrostatic attraction while a higher
salt concentration shields the electrostatic attraction between the peptide and the membrane.
Thus the polylysine peptides are expected to have weaker membrane binding than the TAT
peptide under the conditions of the two studies. The sensitivity of membrane binding to salt
concentration is well known, and is exemplified by the fact that the free energies of polyly-
sine binding decreased from -1.5 kcal/mol to -7 kcal/mol from 500 mM to 50 mM salt (49).
The polylysine binding study also used lipid monolayers, where the lack of a distal mem-
brane surface, with its concomitant anionic lipid headgroups, may weaken the propensity of
the polylysines to insert into the membrane. In addition to these experimental differences,
there is also a real difference in the affinity of Arg-rich and Lys-rich cationic peptides for the
membrane interior. It is well known that Lys substitution for Arg in cell-penetrating peptides
abolishes the membrane translocation ability (50, 57). An increasing number of recent studies
of CPPs and antimicrobial peptides suggested that the structural basis for this difference may
lie in the ability of guanidinium to form hydrogen-bond-stabilized bidentate complexes with
lipid phosphates (12, 29, 40, 52), which cannot be achieved by the mobile amine of the Lys
sidechains.

Taken together, the interfacial location of the Arg-rich TAT in the lipid bilayer cor-
relates well with the membrane translocation ability of the peptide, and can be attributed to
the strong electrostatic attraction between TAT and the anionic lipid membranes as well as

hydrogen-bond stabilization of the Arg residues by the lipid phosphates and water.
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TAT perturbation of lipid membranes

*'P NMR spectra of both neutral and anionic lipid membranes in the presence of
TAT showed little isotropic disorder. The observation is reproduced in both aligned mem-
branes and unoriented vesicle samples (Fig. 6.5). This finding suggests that TAT binding
does not significantly perturb the lamellar structure of the lipid bilayer. Interestingly, a de-
tailed *'P NMR characterization of TAT binding as a function of membrane composition
showed that the isotropic disorder is a sensitive function of the acyl chain saturation and
temperature (53). Low-melting lipids such as DLPC and POPC did not exhibit membrane
disruption by TAT, while high-melting DMPC and DPPC bilayers were. Moreover, the
non-lamellar disorder was only present in zwitterionic bilayers and not in anionic bilayers.
The present use of unsaturated lipids in all three membrane series for the oriented *'P NMR
experiments thus precluded the observation of any potential isotropic features. Our depth and
conformational experiments were conducted in negatively charged lipid membranes, thus
similarly precluding the observation of membrane disorder. When we applied two cycles of
heating and cooling to the TAT-containing DMPC/DMPG (8:7) membrane sample, we did
not observe an isotropic peak (Fig. $6.2), which confirmed the lack of significant membrane
disorder induced by thermal history.

Interestingly, an MD simulation of HIV TAT in a neutral DOPC bilayer as a func-
tion of peptide/lipid molar ratios found transient pores at high peptide concentrations (42).
Based on these simulations, Herce and Garcia proposed that the mechanism of translocation
involves membrane thinning, reorientation of the lipids near the peptide, and attraction of
TAT to lipid headgroups on the distal (far) side of the membrane. The “C-*'P distances
measured here support the latter two proposals. However, the lack of isotropic *'P signals in-
dicates the absence of long-lasting pores, although our data, which describes the equilibrium
state of the peptide, does not rule out the existence of transient pores during translocation.
One possibility is that the Arg-phosphate salt bridge interaction may slow down the fast lipid
lateral diffusion necessary for observing an isotropic signal, so that membrane defects may
be present but undetectable in the *'P NMR spectra. However, we do not think this scenario
is likely, because the salt bridge interaction is too weak (with a guanidinium N1 order pa-

rameter of 0.30) to retard the lipid diffusion. Moreover, similar Arg-phosphate salt bridge
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interactions were observed in antimicrobial peptides such as PG-1 (29), which caused pro-

nounced *'P isotropic features (39, 54).

Random coil conformation of TAT in lipid bilayers

The temperature-independent random coil chemical shifts of TAT and the tempera-
ture-dependent linewidth changes provide a rare example of a truly dynamic random coil
peptide in lipid membranes. The 2D INADEQUATE spectra at low temperatures (Fig. 6.1)
exhibited fine structures for some sidechain peaks. However, the chemical shift differences
between the multiple peaks of each site are small compared to the linewidths, thus they do
not change the qualitative conclusion that the TAT adopts a random coil conformation in the
lipid membrane.

While TAT is known to be unstructured in solution (30), the finding that it remains a
random coil in the lipid bilayer is still surprising, since it is generally believed that unstruc-
tured peptides in solution acquire hydrogen-bonded canonical conformations upon membrane
binding to reduce the number of polar N-H and C=0 groups exposed to the membrane (45).
In light of the lipid-peptide interaction data here, we propose that TAT remains random coil
by substituting intramolecular hydrogen bonds by intermolecular ones with the lipid phos-
phates and water, and by residing in the membrane-water interface, which has a higher die-
lectric constant than the hydrocarbon region of the bilayer. The intermolecular
Arg-phosphate interaction is not only revealed by the short guanidinium-phosphate distance
but also by the fact that the guanidinium exhibits higher order parameters than the rest of the
Arg sidechain. This lipid anchoring effect dovetails a recent solution NMR and MD simula-
tion study of Arg sidechains in ribonuclease H, where the dynamics of the guanidinium Ne
was found to be primarily governed by salt bridges and was decoupled from the dynamics of
the rest of the aliphatic sidechain (55).

The random coil backbone should facilitate TAT interaction with multiple lipid
headgroups, whose positions in the fluid bilayer are highly disordered. The completeness of
the Arg; C{-*'P REDOR dephasing (Fig. 6.9) confirms that all peptide molecules, instead of
just a fraction, experience guanidinium-phosphate interactions. Finally, a random coil back-

bone reduces the hydrophobic surface of TAT and prevents any defined polar/apolar separa-
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tion. In this way, the peptide may rapidly cross the bilayer instead of being retained perma-
nently in the membrane, as is the case for amphipathic antimicrobial peptides. Since the in-
termolecular lipid-TAT and water-TAT hydrogen bonds can be formed for any phospholipid
membranes, TAT is expected to adopt similar random coil structures in any anionic mem-
branes. This prediction is supported by the fact that the same random coil chemical shifts
were found in both DMPC/DMPG membranes and POPE/POPG membranes, even though
PE membranes appear to permit more efficient translocation of TAT than PC membranes

(52).

6.6 Conclusion

In summary, using solid-state NMR we found that HIV TAT(48-60) adopts a ran-
dom-coil conformation and inserts into the glycerol backbone region of the membrane-water
interface in anionic lipid bilayers. This structure is thermodynamically stabilized by electro-
static attraction with the anionic lipids, guanidinium-phosphate salt bridges and guanidini-
um-water hydrogen bonding. The highly dynamic TAT does not cause permanent damages to
the membrane integrity, but may cause transient defects, as suggested by short guanidini-
um-phosphate distances. These results suggest that TAT translocation is an extremely rapid
phenomenon that relies on transient interactions of the Arg sidechains with lipid phosphates
of the distal leaflet. The equilibrium structure observed by solid-state NMR, showing the
peptide lying at the membrane-water interface of both leaflets, is the structure after transloca-
tion. Catching the peptide “in action”, during translocation, may require independent experi-
ments of the kind that has been used to probe transient macromolecular interactions and
structural changes in solution (56, 57). We postulate that the role of the random coil confor-
mation is to prevent the peptide from permanently residing in the hydrocarbon core of the
lipid bilayer through hydrophobic interactions. The dynamic nature of TAT, together with the
previously reported dynamic turn-rich conformation of penetratin, suggests that the Arg-rich
CPPs differ from the Arg-rich amphipathic AMPs mainly by the presence or absence of in-

tramolecular hydrogen-bonded conformations (/4).
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Figure S6.1. Static *'P CP spectra of two TAT-containing DMPC/DMPG (8:7) membrane samples
(P/L=1:15) used for "C-"'P REDOR experiments. The spectra were measured at 230 K. The span of
197 ppm indicates completely immobilized lipid headgroups.
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Figure S6.2. °'P spectra of TAT-containing DMPC/DMPG (8:7) membranes at P/L=1:15. Spectra
were measured on a 600 MHz NMR spectrometer. After two cycles of heating and cooling, no iso-
tropic peak appeared, indicating that the lipid order is largely preserved independent of the thermal
history.
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Table S6.1. Different types of solid-state NMR experiments performed in this work.

MAS rate
Motivation Experiment name T (K) Sample
(kHz)
Mermb Oriented and
embrane per-
b Static *'P DP 296 0 unoriented mem-
turbation
branes
1D *C/“N/'H CP/DP 233-303 | 4-5
2D “C-"*C DARR 233-303 | 5
Conformation
2D BC-"“C INADEQUATE 233 53
1D "*C DQ filtered spectra 233 55
Unoriented mem-
2D “C-'H HETCOR 303 5-8
branes
2D "*C/"*N-'H DIPSHIFT 303 28,34
Dynamics
1D “C-detected '"H T,, (LG-CP) | 303 7
2D "C-detected 'H spin diffusion | 303 5
Insertion
1D “C-*P REDOR 233 4
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Chapter 7

Conformational Disorder of Membrane Peptides and Proteins Studied by Solid-State
NMR Spectroscopy

A manuscript under review of Journal of Physical Chemistry B

Yongchao Su and Mei Hong

Department of Chemistry, lowa State University, Ames, [A 50011

7.1 Abstract

A challenge in the application of solid-state NMR spectroscopy to membrane pro-
teins and peptides is the relatively broad linewidths compared to solution NMR spectra. To
understand the linewidth contributions to membrane protein spectra, we have measured the
inhomogeneous and homogeneous linewidths of several well-studied membrane peptides
under immobilized conditions. “C T, relaxation times of uniformly “C-labeled residues
show that the homogeneous linewidths of the peptides are comparable to those of crystalline
model compounds under identical 1H decoupling and magic-angle-spinning conditions, in-
dicating that the homogeneous linewidths are determined by conformation-independent fac-
tors, including residual dipolar coupling, J coupling and intrinsic T, relaxation. However, the
membrane peptides exhibit larger apparent linewidths than the crystalline compounds, indi-
cating conformational disorder. A cationic cell-penetrating peptide, the human immunodefi-
ciency virus TAT, exhibits the largest apparent linewidths, which are about 5-fold larger than
the homogeneous linewidths, while the transmembrane helix of the influenza M2 protein and
the B-hairpin antimicrobial peptide PG-1 have moderately larger apparent linewidths than the
crystalline compounds. These results are consistent with the random coil nature of the TAT
peptide, which contrast with the intramolecularly hydrogen-bonded M2 and PG-1. Cross
peak lineshapes of 2D double-quantum correlation spectra show that the conformational dis-
order can occur at the residue level and can result from three origins: lipid-peptide interaction,
intrinsic structural disorder encoded in the amino acid sequence, and sidechain rotameric av-

eraging. A particularly important lipid-peptide interaction for cationic membrane peptides is
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guanidinium-phosphate salt bridge formation. Thus, NMR linewidths and lineshapes are

useful for understanding the conformational disorder of membrane peptides and proteins.

7.2 Introduction

Solid-state NMR (SSNMR) spectroscopy has become a powerful probe of the molec-
ular structure and dynamics of insoluble biological macromolecules such as membrane pro-
teins, amyloid fibrils, and cell walls (/-7). A persistent challenge in high-resolution structure
determination of these systems is spectral resolution. While biomolecules in solution have
narrow linewidths due to their fast isotropic tumbling, solid systems without the benefit of
such motion exhibit broad NMR linewidths. Under this condition strong orienta-
tion-dependent nuclear spin interactions such as chemical shift anisotropy (CSA) and dipolar
couplings cause significant line broadening. Magic-angle-spinning (MAS) (8) and many het-
ero- and homo-nuclear dipolar decoupling techniques (9-74) eliminate most of this orienta-
tional broadening. Nevertheless, residual dipolar couplings between protons and heteronuclei
due to imperfect decoupling still contribute sizeable linewidths, and dipolar couplings be-
tween isotopically enriched heteronuclei can broaden lines when MAS rates are insufficient.
These coherent dipolar broadening mechanisms are ameliorated by higher magnetic fields
(15), which reduce the relative contribution of dipolar coupling to the field-dependent chem-
ical shift frequency. They are also reduced by faster MAS rates (/4, /6) and chemical means
of reducing the proton density. For example, protein perdeuteration followed by H/D ex-
change gives rise to much higher-resolution spectra than protonated analogs (/7-19).

An incoherent source of line broadening that cannot be removed by radio-frequency
(rf) pulses is transverse T, relaxation, which results from incoherent fluctuations of local
magnetic fields due to molecular motion (20, 21). When motional rates are comparable to the
strength of the dipolar decoupling field or the MAS rate, extreme line broadening occurs that
abolishes the spectral intensity altogether. This intermediate-rate motional broadening has
been studied in both small-molecule compounds (22, 23) and membrane peptides (24-26).

The third line broadening mechanism, which also cannot be refocused by rf pulses, is
molecular conformational disorder. The structural distribution in disordered solids gives rise

to multiple isotropic chemical shifts for each chemically unique nuclear spin, in the same
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way that chemically inequivalent spins have different isotropic chemical shifts. This inho-
mogeneous line broadening causes characteristic lineshapes in 2D spectra (27, 28) and can be
substantial, even if the homogeneous linewidths due to T, relaxation and residual dipolar
coupling are small. The large difference between inhomogeneous and homogeneous lin-
ewidths has been exploited for developing J-coupling based polarization transfer experiments

in solids (29, 30).

(a) < (b) (c) (d) (e)
L M A29 R4
135 K4
F L26
120 H
137 Hz OHz 162 Hz 212z [ | 479 Hz
T T T T T T 1 T T T 1T T T T T T T
60 55 50 60 55 50 45 65 60 50 45 60 55 50 45 60 55 50
6iso, 3C (ppm) Siso,’:’c (ppm) Siso,”c (ppm) 6iso, 3C (ppm) Siso, 13C (ppm)

Fig. 7.1. Representative Co. peaks from the “C CP-MAS spectra of (a) Arg - HCI at 296 K, (b)
f-MLF-OH at 296 K, (¢c) LAGI-M2TM in viral membranes at 238 K, (d) Arg4 labeled PG-1 in
POPE/POPG lipids at 238 K. (e) Lys4 labeled TAT in POPE/POPG lipids at 238 K.

To date, the line broadening mechanisms of only a few biological solids has been in-
vestigated in detail. These include the natural biopolymer wood cellulose (27, 28, 30), elastin
(31), and a crystalline tripeptide, formyl-Met-Leu-Phe-OH (f-MLF-OH-OH) (32, 33). No
explicit investigation of the linewidth contributions of membrane-bound peptides and pro-
teins has been reported. The amphipathic lipid bilayer surrounding membrane proteins (34)
presents a complex anisotropic environment, with a distribution of lateral pressures and die-
lectric constants across the bilayer normal (35) and tremendous thermal disorder for the lipid
chains at physiological temperatures. Therefore, membrane-bound peptides and proteins have
additional sources of conformational disorder compared to semi-crystalline molecules, glob-
ular proteins, and fibrous biopolymers. Fig. 7.1 compares the °C MAS spectra of two crys-
talline small molecules, arginine hydrochloride (Arg - HCl) and f-MLF-OH-OH, with three
membrane-bound peptides: the transmembrane (TM) domain of the influenza M2 protein
(M2TM), the disulfide-bonded [B-hairpin antimicrobial peptide PG-1, and the Arg-rich
cell-penetrating peptide (CPP) HIV TAT. The membrane peptide spectra were recorded at
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sufficiently low temperature, 238 K, to immobilize the peptide backbone and thus eliminate
dynamic contributions to line broadening. To keep the contribution of coherent dipolar
broadening the same among different samples, we applied the same 'H decoupling field
strength (71 kHz) and MAS spinning rate (7 kHz). Arginine hydrochloride and f-MLF-OH
exhibit Ca linewidths (full width at half maximum, FWHM) of 137 and 120 Hz, M2TM and
PG-1 show modestly larger Cat linewidths of 160 Hz and 212 Hz, but in contrast TAT gives

an extremely large linewidth of 480 Hz.

Understanding the different sources of line broadening of membrane peptides is im-
portant both for developing new ways to enhance spectral resolution and for harvesting the
structural information inherent in the linewidths and lineshapes. In this work, we investigate
the line broadening mechanisms of these representative membrane peptides by measuring the
apparent and homogeneous linewidths and by analyzing peak lineshapes in 2D correlation
spectra (36). We analyze the linewidths at a moderate low temperature of about 240 K, where
the backbones of these membrane peptides are immobilized in the gel phase of the membrane.
Low-temperature membrane protein linewidths are interesting for both technological and
structural reasons, because an increasing number of solid-state NMR experiments now utilize
low temperature to enhance the spectral sensitivity (37) and to elucidate protein-folding
pathways (38). Our experiments reveal several mechanisms of structural disorder that con-
tribute to the inhomogeneous linewidths, and shed light on the relationship between dynamic
conformational exchange at physiological temperature and the structural distribution at low

temperature.

7.3 Materials and Methods
Sample Preparation

All phospholipids, including POPE, POPG, DMPC, DPPC, DPPE, and egg sphingo-
myelin (SPM) and cholesterol were purchased from Avanti Polar Lipids and used without
further purification. Uniformly "“C, "“N-labeled Arg - HCl was purchased from Sig-
ma-Aldrich. Fmoc-protected uniformly "C, ""N-labeled amino acids were either prepared
in-house (39) or purchased from Sigma-Aldrich and Cambridge Isotope Laboratories. All
peptides, including PG-1 (RGGRLCYCRRRFCVCVGR), the CPP domain of the HIV Tat

www.manaraa.com



201

protein  (residues 48-60, GRKKRRQRRRPPQ), and M2TM (residues 22-46,
SSDPLVVAASIIGILHLILWILDRL), were synthesized using Fmoc chemistry and purified
by HPLC.

Hydrated proteoliposomes were prepared in aqueous solution as described before
[Cady, 2008 #40;Mani, 2006 #38]. Lipids were mixed in chloroform and dried under nitro-
gen gas. The lipid film was redissolved in cyclohexane and lyophilized to remove trace or-
ganic solvent. The lipid vesicles were prepared by suspending the dry powder in phosphate
buffer and freeze-thawed for six cycles. For the water-soluble PG-1 and TAT, a peptide solu-
tion was directly added to the lipid vesicle solution and incubated overnight before ultracen-
trifugation. For the insoluble M2TM, the peptide was reconstituted into lipid bilayers by di-
alysis using octyl-B-D-glucopyranoside [Cady, 2008 #104]. All proteoliposomes have pep-
tide/lipid molar ratios of 1: 15 or 1:12.5 and were hydrated to about 40% by mass using a pH
7.0 and 7.5 phosphate buffer.

All peptides contain uniformly C and "N labeled residues. One PG-1 sample con-
tained labeled Gly3 and Leu5 while another PG-1 sample contained labeled Arg4. Both sam-
ples were incorporated into POPE/POPG (3:1) membranes. One M2TM sample contained
labeled Val27, Ser31, Gly34 and Asp44 (VSGD-M2TM) and was reconstituted into DMPC
bilayers. Another M2TM sample contained Leu26, Ala29, Gly34 and Ile35 labels
(LAGI-M2TM) and was reconstituted into a virus-mimetic membrane mixture consisting of
DPPC, DPPE, SPM and cholesterol (6:6:4.5:6.4). Two TAT samples containing a Lys4
label and an Arg8 label were bound to POPE/POPG (8:7) membranes.

Solid-State NMR experiments

All solid-state NMR experiments were carried out on a Bruker DSX-400 spectrome-
ter (Karlsruhe, Germany) operating at Larmor frequencies of 400.49 MHz for 'H, 100.70
MHz for “C, and 40.58 MHz for “"N. A double-resonance MAS probe tuned to *C/'H or
“N/'H modes was used. A Kinetics Thermal System XR air-jet sample cooler (Stone Ridge,
NY) was used for cooling samples using dry air or nitrogen gas as input. Sample tempera-
tures were direct readings from the thermocouple and were estimated to be within 1°C of the

true temperature due to the moderate MAS rates (< 8 kHz) of all experiments. °C and "N
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chemical shifts were externally referenced to the a-glycine *CO resonance at 176.49 ppm on
the TMS scale and "N-acetylvaline (NAV) at 122.0 ppm on the NH, scale, respectively.

One-dimensional “C and "N cross polarization (CP) MAS spectra were measured
using CP contact times of 0.5-1.5 ms. T, relaxation times were measured using the
Hahn-echo experiment (40) under 7 kHz MAS. The temperature was 238 K for membrane
peptides and 296 K for crystalline model compounds. 'H TPPM decoupling (9) at 71.4 kHz
was applied during detection. An acquisition time of ~17 ms, which was sufficiently long to
avoid truncation of the time signal, was used for most membrane peptides at 238 K.

1D CP-MAS or 1D double-quantum (DQ) filtered MAS spectra were measured to
extract the apparent “C linewidth as a function of temperature. The DQ experiment sup-
presses the natural-abundance lipid "°C signals and gives well-resolved peptide "C signals.
When extracting the full width at half-maximum (FWHM), we did not apply apodization to
the time signals. In a few cases where two peaks partially overlap, we obtained the FWHM as
twice the half width at half maximum. For 2D correlation spectra shown in Fig. 5, modest
line broadening was used as indicated in the figure caption. The SPC-5 sequence (47) was
used to recouple the C-"C dipolar coupling for DQ excitation and reconversion. All DQ
spectra were measured under 5333 Hz MAS. The 2D DQ dipolar INADEQUATE experi-
ment (36) suppresses natural abundance "C signals and correlates mostly resonances of di-
rectly bonded carbons (Fig. 7.4, 7.5). It uses a shorter DQ excitation time than the J-coupling
analog of the INADEQUATE experiment (30) and thus has higher sensitivity in our experi-

€nce.

7.4 Results

We chose three membrane peptides with diverse secondary structures and dynamics
to gain a comprehensive understanding of the structure dependence of SSNMR linewidths
and lineshapes. The TM domain of the influenza M2 protein forms a four-helix bundle in the
virus envelope and conducts protons for the virus lifecycle (42). The antimicrobial peptide
PG-1 is a disulfide-linked B-hairpin that associates into B-barrels in anionic lipid membranes
to kill bacterial cells (43-45). The cell-penetrating peptide, TAT, from HIV crosses the

membrane of target cells to transport molecular cargos (46). Both PG-1 and TAT are cationic

www.manaraa.com



203

due to a large fraction of Arg residues in their amino acid sequences (34) while M2TM is
highly hydrophobic (42, 47). We measure the static conformational disorder by freezing the

membrane peptides at 238 K, which is well into the gel phase of the lipid membranes used.

Immobilized membrane peptides have similar homogeneous linewidths as crystalline
compounds

We measured the T, relaxation times using the spin-echo experiment. The
echo-detected T, gives the homogeneous linewidth (A) according to A =1/nT; . In this work,
we include the effects of both residual dipolar broadening and true T, relaxation in the ho-

mogeneous linewidths, since the two cannot be completely separated without infinite 'H de-

coupling strength. The apparent linewidth (A*) obtained from the FWHM of the peaks in-

cludes both inhomogeneous and homogeneous contributions and translates to an apparent T,

relaxation time (Tz>X< ) according to A= l/ 7'CT2>X< . We measured all spectra at a magnetic field
of 9.4 Tesla and all °C T, relaxation times at a 'H decoupling field of 71 kHz. Stronger 'H

decoupling will give narrower A, while higher magnetic fields will result in larger apparent

linewidths A" (in frequency units) due to the field dependence of chemical shift. Since the
crystalline compounds and the examined residues in the membrane peptides are all uniformly
labeled in °C, and neither MAS nor the hard-pulse echo experiment removes *C-"C J cou-
pling, a fixed contribution of 50-80 Hz due to one-bond "*C J couplings contributes to both
the homogeneous and apparent linewidths.

Fig. 7.2a shows the aliphatic region of the "C CP-MAS spectra of the crystalline
model compounds and the immobilized membrane peptides. Only resolved "“C signals were
used to report the T, values. Arginine hydrochloride shows two peaks for each "°C site due to
two inequivalent molecules in the asymmetric unit cell (48, 49). Representative T, decays are
shown in Fig. 7.2b. All data fit to single-exponential decays with time constants of 3-4 ms,
indicating that the J-coupled "*C homogeneous linewidths are ~100 Hz (1.0 ppm) for both the
crystalline compounds and the hydrated membrane peptides under the 'H decoupling and

MAS conditions used here.
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Fig. 7.2. "C CP-MAS spectra and T, relaxation decays. (a) Representative “C CP spectra of
Arg - HCI, f-MLF-OH, Arg8-TAT in POPE/POPG bilayers and VSGD-M2TM in DMPC bilayers.
Experiments were conducted at 293 K for the model compounds and at 238 K for the membrane pep-
tides. (b) Representative fittings of exponential T, decays, measured under 7 kHz MAS and 71 kHz
'H TPPM decoupling.

Table 7.1 lists A and A" of all measured carbons, distinguished by their numbers
of directly bonded protons. For backbone Ca., the homogeneous linewidths (A) of all samples

range from 75 to 100 Hz (0.75 - 1.0 ppm), irrespective of the crystalline or the mem-
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brane-bound nature of the samples. At stronger 'H decoupling fields the linewidths decrease

(16, 30, 50), especially for rigid CH, groups, as shown in Table S7.1. The membrane pep-

tides exhibit the expected larger A" than the crystalline compounds. For backbone Ca, the

membrane peptide linewidths ranges from 160 to 500 Hz while the model compound lin-

ewidths span 110-140 Hz. The ratio A / A is an indicator of the conformational heterogene-

ity of the sample (30): larger conformational disorder gives many uncorrelated chemical shift

frequencies, whose intrinsic linewidth can be much smaller.

Table 7.1. °C apparent (A*) and homogeneous (A) linewidths of C, N-labeled compounds ob-

tained from 1D "C spectra and T, measurements, respectively.

Peptide Site CH, A'Hy AMH) A'/A
fMLF-OH L Caq CH 120 93 13
F Ca CH 140 96 15
MCoa |CH 116 78 15
L Cy CH 90 64 14
L CB CH, 112 98 1.1
M CB CH, 106 68 1.6
M Cy CH, 73 43 1.7
L CS,, (CH,), 64 47 14
Arg - HCI R C{ C 75 45 1.7
R Co CH 137 102 1.3
R CS CH, 112 70 1.6
R CB CH, 125 95 1.3
R Cy CH, 125 99 1.3
M2TM G34 Ca CH 158 75 2.1
V27 CB CH 178 116 1.5
D44 Ca CH 167 89 19
D44 Cj3 CH, 180 105 1.7
PG-1 R4 C¢ C 187 49 38
R4 Co CH 215 86 2.5
L5 Ca CH 160 90 1.8
R4 Cd CH, 290 97 3.0
TAT R8 C{ C 212 51 43
K4 Ca CH 479 100 4.8
R8 Ca CH 506 89 5.7
R8 Cd CH, 358 100 3.6
K4 Ce CH, 354 145 24
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Table 7.1 shows that the two crystalline compounds have Co A / A ratios of 1.3—
1.5, M2TM and PG-1 have moderately larger Cal A*/ A ratios of 1.8-2.5. In contrast, TAT
has very large A / A ratios of 5-6, indicating severe conformational disorder. The TAT pep-

tide disorder approaches the reported A / A ratios of 5 — 17 for cellulose in wood, obtained
under 10 kHz MAS and 100 kHz '"H decoupling (30).

Sidechain CH, carbons show similar trends of A’ among the different samples,

with TAT exhibiting the largest A Fig. 7.3 plots the homogeneous (open bars) and appar-
ent (filled bars) linewidths of the different carbons, organized according to CH, CH,, CH,
and quaternary carbons. The average homogeneous linewidth is the smallest for quaternary
carbons, 45-51 Hz, as expected for their weak 'H dipolar coupling. Methine and methylene
carbons show similar homogeneous linewidths, averaging ~91 Hz. CH, carbons are generally
expected to have larger A due to stronger residual dipolar coupling to protons; however many
CH, groups examined here are from the amino acid sidechains, whose mobility at the tem-

peratures of the experiments may attenuate the 'H-""C dipolar coupling.

The crystalline Arg- HCI have smaller A*/A (1.3-1.7) ratios than arginines in

membrane-bound PG-1 and TAT (2.5-5.7). Arg4 in PG-1 also has 1.4 times larger A*/ A
than its neighboring residue Leu5. Another Arg in PG-1, Argl1, exhibits an even larger Ca.
linewidth A* of 460 Hz (not shown). Thus, Arg in membrane peptides experiences additional
line broadening mechanisms that are absent in the crystalline environment. *C->'P distance
measurements have shown that many Arg-rich membrane peptides form guanidini-
um-phosphate complexes with lipid headgroups (34, 44-46, 51) to carry out their function.
We attribute the larger linewidths of Arg residues in membrane peptides to this specific pep-

tide-lipid interaction.
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Fig. 7.3. Summary of the "*C apparent linewidths (A*, filled bars) and homogeneous linewidths (A,
open bars) of CH,, (n = 0-3) in crystalline compounds and membrane peptides.

Conformational disorder of membrane peptides from 2D correlation spectra

The 1D “C spectra above show strong variations in the apparent linewidths (A*) of
the three membrane peptides. M2TM has the smallest A" while the cationic residues in

PG-1 and TAT have the largest A", To gain insights into the nature of the conformational
disorder represented by these linewidths, we measured the 2D single-quantum (SQ) correla-
tion spectra of these peptides with a double-quantum (DQ) filtered polarization transfer se-
quence. Fig. S7.1 shows the aliphatic regions of several representative 2D spectra. Database
chemical shift ranges for o-helical, B-sheet and random coil structures are distinguished by

color. Peak assignments are based on the connectivity patterns and literature (52, 53). Along
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the spectral diagonal, the crystalline compounds exhibit round lineshapes while the mem-
brane peptide lineshapes are elongated. The latter is a sign of the inhomogeneous nature of
the line broadening, where the homogeneous linewidth is reflected by the narrower linewidth
in the direction perpendicular to the spectral diagonal. The specific conformations of the res-
idues can be gleaned from the chemical shifts spanned by the Co diagonal peaks. One of the
two Co peaks of Arg - HCI resonates at a coil/sheet chemical shift while the other Cat signal
resonates at the o-helical frequency. In f-MLF-OH, the three Co chemical shifts correspond
to different conformations that are in agreement with direct (0,y) torsion angle measure-
ments (54). For M2TM, the D44 Co. peak spans the o-helical and coil chemical shifts when
the peptide is bound to DMPC bilayers but becomes only o-helical when the peptide is re-
constituted into a virus-mimetic membrane (Fig. S7.1e, f). Arg8 Co of TAT shows the larg-
est chemical shift distribution among all sites examined: the linewidth is more than two times

larger than M2TM Ca sites.

90°
| I
H I CP Dipolar Decoupling
90° 90°
t
"C | CP I DQ exc 1 >DQ reconv ta
helix coil sheet
(b)

Double-quantum
chemical shift

Single-quantum chemical shift

Fig. 7.4. (a) Pulse sequence of the dipolar INADEQUATE experiment (36). (b) Predicted Co-Cf3
INADEQUATE Ca-Cf cross peak lineshapes if a residue experiences well defined secondary struc-
tures within each molecule, but with the secondary structure varying from one molecule to another.
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To examine how the lineshape of one carbon is correlated with the lineshape of its
directly bonded carbon, we measured 2D DQ — SQ correlation spectra using the dipolar IN-
ADEQUATE experiment (36) (Fig. 7.4a). The indirect dimension of the spectrum represents
the sum chemical shift of the two coupled "*C spins. Compared to SQ 2D correlation experi-
ments, the INADEQUATE experiment has the advantages that it not only suppresses natural
abundance "C signals but also removes the spectral diagonal so that carbons with similar
chemical shifts are well resolved. While C-""C J-coupling can be used to transfer polariza-
tion between directly bonded “C spins, in rigid molecules dipolar-based transfer is similarly
selective for one-bond “C pairs since the one-bond “C-"C dipolar coupling is about 5-fold
larger than two-bond "*C-"C dipolar couplings.

Fig. 7.4b depicts the hypothetical lineshapes expected for a Co-CP spin pair of pro-
teins. For conformationally disordered proteins, multiple cross peaks are expected for each
"C pair. It is well known that Coe and CP have opposite signs for their secondary-structure
dependent chemical shifts (55, 56). For example, in o-helices, Co has larger chemical shifts
than random coils while CP has smaller chemical shifts than random coil values. As a result,
if each molecule exhibits a well-defined conformation but the structure varies from one mol-
ecule to another, then the pair of Co-C cross peaks should be elongated and tilted in oppo-
site directions in the INADEQUATE spectrum (Fig. 7.4b). On the other hand, if each mole-
cule samples a variety of conformations due to dynamic disorder, then a single Co. chemical
shift can correlate with multiple CB chemical shifts and vice versa, leading to round line-
shapes for the cross peaks. Finally, a structurally ordered molecular ensemble should exhibit
narrow linewidths due only to T, relaxation and residual dipolar or J couplings. Approximat-
ing the DQ T, as the sum of the two SQ T,’s (57), then the pair of cross peaks should have

elliptical lineshapes with the long axis parallel to the m, axis.
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Fig. 7.5. 2D "“C INADEQUATE spectra of (a) Arg - HCI at 296 K, (b) viral-membrane-bound
LAGI-M2TM at 238 K, and (c) Arg8-labeled TAT in POPE/POPG membranes at 238 K. All spectra
were measured under 5333 Hz MAS and 71 kHz 'H TPPM decoupling. Gaussian multiplication was
applied to both dimensions with LB/GB values of -3/0.1, -7/0.07 and -15/0.04 for (a), (b) and (c), re-
spectively. The single-quantum Ca. linewidths of Arg hydrochloride, M2TM Ile35 and TAT Arg8 are
126 Hz, 138 Hz and 360 Hz, respectively.
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Fig. 7.5 shows three representative 2D INADEQUATE spectra. The Arg- HCI
spectrum resolves two sets of *C connectivities for the two inequivalent molecules (Fig. 5a)
and shows parallel oval lineshapes for each pair of cross peaks, consistent with the ordered
nature of this crystalline compound. The viral-membrane bound M2TM has modestly larger
linewidths than arginine hydrochloride but most pairs of cross peaks exhibit oval lineshapes
with the long axis parallel to the m, axis, with the exceptions of the sidechain carbons of
Ala29 and Leu26, which show tilted lineshapes indicative of sidechain disorder. Mem-

brane-bound TAT exhibits by far the broadest peaks with ill defined shapes.

Ca C

helix coil sheet

60 58 56 54

Co C

59 57 55 53 42 40 38

DQ "3C chemical shift (ppm)

68 66 64 62
78
80
82
84
86

58 56 54 52 50 34 32 30
SQ "3C chemical shift (ppm) SQ "3C chemical shift (ppm)

58 56 54 52 50 32 30 28

Fig. 7.6. Amplified Ca-CP regions of the INADEQUATE spectra. (a) Arg - HCI at 296 K. (b) Ile35
of viral-membrane bound M2TM at 238 K. (c¢) Leu26 of viral-membrane bound M2TM at 238 K. (d)
Arg8 of TAT in POPE/POPG bilayers at 238 K. (e) Lys4 of TAT in POPE/POPG bilayers at 238 K.
Helix, coil and sheet chemical shift regions are shaded in blue, red and green, respectively. Selected

correlated Co-CP positions are connected by lines to guide the eye. Sheet-helix chemical shift corre-
lations are colored by red lines.

Fig. 7.6 zooms in the Ca-C[ region of the 2D spectra to examine the backbone

conformational distribution. Characteristic chemical shift ranges for o-helix, B-sheet and
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random coil (58) are shaded in blue, green, and red, respectively. The two dimensions of the
spectra are drawn with the same ppm span per unit length to reflect the relative linewidths of
the DQ and SQ dimensions. In Arg - HCI, one pair of Co-C cross peaks corresponds to the
a-helical conformation while the other pair falls in the coil/sheet secondary shift region. This
is consistent with the crystal structure, which shows one molecule with (¢, ) angles of (-50°,
-51°), corresponding to a helical backbone, while the other molecule has (¢, ) angles of (0°,
-41°), outside the helix or sheet regions. The apparent linewidths in the DQ dimension are
40-50 Hz smaller than the sum of the SQ linewidths for the two crystalline model compounds,
due to the fact that DQ coherence commutes with the *C-">C coupling so that the ®, dimen-
sion should not suffer from "C-""C J broadening.

In viral-membrane bound M2TM, the Ile35 and Leu26 lineshapes show moderate
conformational disorder: both Cou peaks fall well within the o-helical range while the C[3
chemical shifts are found in both the helix and coil regions (Fig. 7.5b, ¢). In contrast, the
Lys4 and Arg8 peaks of TAT span all three secondary structures (Fig. 7.5d, e). In addition to
the expected coil — coil and sheet — sheet Co-CJ correlations, we also observed B-sheet Ca.
frequencies correlated with o-helical CB chemical shifts (red lines). The random correlation
at individual frequency components creates tilted lineshapes that differ from the case depict-
ed in Fig. 7.4b. Thus, some molecules at these residues adopt (0, ) torsion angles far from
the canonical secondary structures. This suggests large conformational distributions at the
residue level at low temperature, which implies interconverting conformations at physiologi-

cal temperature.

Sidechain conformational disorder

An inhomogeneously broadened peak can result from a continuous distribution of
many frequency components or the overlap of a few discrete peaks. Bajaj et al. studied the
temperature-dependent linewidths of the microcrystalline f-MLF-OH and found discrete
multiple peaks per carbon between 90 K and 200 K (59), which they attributed to protein
glass transition. Specifically, they assigned changes in the Met and Leu sidechain confor-

mation to the slowing down of the phenylene ring motion at low temperature.
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Fig. 7.7. 2D “C INADEQUATE spectra of POPE/POPG-bound Arg4-labeled PG-1 at (a) 238 K and
(b) 283 K. (c) Enlarged region of the Cf peak at the two temperatures.

We observed a similar phenomenon of discrete sidechain disorder in PG-1. At 238 K,
Arg4 of PG-1 in POPE/POPG membranes shows two Cf peaks (29.5 ppm and 33.1 ppm)
correlated with the same Co chemical shift (Fig. 7.7a). When the temperature increased to
283 K, a single C peak at the averaged position (31.7 ppm) of the two low-temperature
chemical shifts (Fig. 7.7b, ¢) was observed. Thus, Arg4 undergoes equal-population two-site
exchange that is slow at 238 K but fast at 283 K. Since PG-1 backbone is disulfide bonded to
be a robust B-hairpin structure, and Arg4 Co does not display this peak doubling, the nature
of the conformational exchange is most likely sidechain rotameric averaging, which is con-
sistent with the low order parameters measured for the sidechain (60). The existence of the
sidechain conformational distribution is also consistent with the fact that the “C{-"'P distance
between Arg4 guanidinium and lipid phosphates shows a distribution in the previously re-
ported REDOR data (45). Assuming a Gaussian distribution, we obtained a best-fit distance
of 5.7 A with a distribution of 1.5 A. The present observation of two discrete Cp peaks sug-
gests that the conformational distribution should be bimodal rather than a single Gaussian
distribution. Indeed, Fig. S7.2 shows that the REDOR dephasing data can be equally well fit
by a 1:1 combination of a short distance of 4.8 A and a long distance of 8.5 A. This revised
two-distance fitting, with one of the two distances being much shorter than the average dis-
tance of 5.7 A from the single-Gaussian fitting, strengthens our model that guanidini-

um-phosphate interaction is strong for membrane-bound PG-1 (44, 45, 61). Arg4 lies in the
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B-strand part of the peptide, far from the tip of the hairpin near the membrane surface. Thus,
the fact that Arg4 guanidinium can approach lipid *'P to 4.8 A means that the guanidinium
ions are highly effective in dragging lipid headgroups into the traditionally hydrophobic re-

gion of the bilayer, causing toroidal pore defects.

7.5 Discussion

All "C sites examined for the three membrane peptides exhibit larger apparent lin-

>k
ewidths and A/ A ratios than the crystalline compounds, indicating larger static disorder.
On the other hand, the homogeneous linewidths A are similar between the membrane pep-

tides and the crystalline compounds, supporting the notion that A is mainly dictated by intrin-

sic T, relaxation and residual dipolar and J broadening.

Both 2D INADEQUATE lineshapes and A*/ A ratios indicate that the three mem-
brane peptides have different degrees of conformational disorder. M2TM and neutral resi-
dues in PG-1 have relatively small disorder, while cationic residues in PG-1 and TAT have
much larger inhomogeneous broadening. These differences can be understood based on the
oligomeric structure and lipid interactions of these peptides. M2TM forms a water-filled te-
trameric helical bundle (/, 62-64) that is immobilized in the virus-mimetic membrane (65).
The interhelical interactions stabilize the peptide backbone, and the high viscosity of the
cholesterol-rich viral membrane reduces the conformational plasticity of the helices (65). The
conformational landscape of M2TM has been investigated extensively. It is known that the
peptide adopts several discrete “basis” conformations whose equilibrium depends on the
membrane composition, pH and drug binding (66). In the virus-mimetic membrane used here,
a single dominant conformation is observed with small distributions in the backbone (¢, )
angles, consistent with the relatively narrow linewidths seen in the 2D spectra.

PG-1 is constrained by two disulfide bonds to adopt a well-defined B-hairpin structure

(67). In addition, it oligomerizes into a transmembrane [-barrel in the POPE/POPG mem-
brane, thus the peptide-peptide interaction should also reduce conformational distribution.
Countering this influence is the abundant peptide-lipid interaction due to guanidini-

um-phosphate ion pairing, which causes larger linewidths, multiplicity of sidechain chemical

www.manaraa.com



215

shifts, and distributions of *C-"'P distances. The fact that guanidinium-phosphate interaction
is the main contributor to line broadening is reflected by the narrower linewidths of neutral

residues in PG-1 (Table 7.1).

TPPM 50 kHz 38 kHz 25 kHz 10 kHz 0 kHz

42 40 38 42 40 38 42 40 38 42 40 38 42 40 38
3C chemical shift (ppm)

Fig. 7.8. Co.(a) and Ce (b) peaks of Lys4-labeled TAT in POPE/POPG bilayers at 303 K. The spectra
were measured by direct C polarization under 5 kHz MAS with varying 'H decoupling field

strengths. (a) Co peaks. (b) Cepeaks.

The cationic TAT peptide also suffers large inhomogeneous line broadening for the
Arg sidechains, but charge-charge interaction is not the only or the dominant factor. Instead,
the amino acid sequence of TAT encodes for an intrinsic lack of conformation. The Tat pro-
tein from which the TAT domain is derived is an RNA-binding protein central for HIV rep-
lication, and interacts with a variety of intracellular and extracellular molecules. Solution
NMR studies showed that Tat does not have a fixed conformation in solution (68), similar to
a number of other natively unfolded proteins, which adopt specific structures only upon
binding to substrates (69). Our data show that the highly basic cell-penetrating domain of the
Tat protein remains unstructured upon binding to the lipid bilayer. The broad
low-temperature Co/C[3 peaks correlate with extremely narrow high-temperature peaks, both
of which resonate at random coil chemical shifts (46) regardless of the membrane composi-
tion (Table S7.2). This indicates that at high temperature TAT undergoes nearly isotropic
conformational fluctuations and samples a large conformational space, which is captured by

slow freezing. The nearly isotropic distribution of TAT structure gives rise to resolved
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C-PC J-splittings in the high-temperature spectra (Fig. 7.8), even when the 'H decoupling
strength is weak (50 and 25 kHz). In DMPC/DMPG bilayers the C-H order parameters for
Co and CP sites are as small as 0.15-0.18 (46, 70), further confirming the dynamic nature of
this peptide in the lipid bilayer.

We posit that the unstructured nature of the TAT peptide in the membrane is func-
tionally relevant. By not having a fixed conformation stabilized by intramolecular H-bonds,
TAT can better form transient intermolecular H-bonds with lipid phosphates and water to
facilitate its translocation across the lipid bilayer (46). The lack of a stable amphipathic con-
formation also prevents TAT from forming long-lasting hydrophobic interactions with the
lipid bilayer, which would retard its cell-penetrating activity.

The homogeneous linewidths reported here are specific for the 'H decoupling field
strength of ~70 kHz. Stronger 'H decoupling increases the T, and decreases the homogene-
ous linewidths (71, 72) (Table S7.2). As noted above, "C-"°C J-coupling and residual dipolar
coupling also contribute a fixed amount to the homogeneous linewidths of the uniformly
C-labeled residues. For comparison, the "’N spins, without any J-coupling, show limiting
homogeneous linewidths of ~10 Hz (0.25 ppm) for crystalline compounds (Table S7.3). For
singly °C labeled crystalline model compounds, the *C homogeneous linewidths are 20-30
Hz for backbone Cao. (Table S7.4) significantly smaller than the values of uniformly "C la-

beled samples.

7.6 Conclusions

We have systematically examined the conformational disorder of several membrane
peptides by comparing their homogeneous and apparent linewidths and by examining their
2D spectral lineshapes. At low temperature the membrane peptides exhibit similar homoge-
neous linewidths as crystalline compounds, consistent with the origins of homogeneous lin-
ewidths in residual dipolar and J-coupling and T, relaxation. But membrane peptides exhibit
larger apparent linewidths than crystalline compounds, the extent of which depends on the
peptide structure. The largest apparent linewidths are observed for non-oligomeric and cati-
onic TAT, due to its intrinsic amino acid sequence and extensive peptide-lipid interactions.

The main source of disordering peptide-lipid interactions in cationic membrane peptides is
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guanidinium-phosphate interaction, which can cause multiple sidechain conformations and
distance distributions.

Our study indicates that strong peptide-peptide interactions through oligomerization
and intramolecular H-bonding promote relatively homogeneous conformations, while pep-
tide-lipid interactions cause larger linewidths and structural disorder. This insight is useful
for freeze trapping experiments for studying protein folding intermediates (73) and protein
photoreactions (59, 74). Low-temperature experiments have become increasingly important
in biological SSNMR (38, 73, 75-77) due to the maturation of the dynamic nuclear polariza-
tion technique (59, 78). Our data suggest that the linewidths of membrane proteins without
strong charge interactions with lipids should not be excessively broadened at low temperature,

thus DNP should be applicable to a large number of membrane protein systems.
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%
Table S7.1. °C apparent (A ) and homogeneous (A) linewidths of f-MLF and POPE/POPG-bound
TAT under different "H decoupling fields. The linewidths were measured at 293 K for f-MLF and 238

K for TAT under 7 kHz MAS.

. . 50 kHz 62.5 kHz 83.3 kHz

Peptide site A A A /A A A A /A A A A / A

f-MLF-OH  LCa 138 127 1.1 127 103 12 119 89 1.3
FCa 159 127 13 145 106 1.4 141 94 1.5
MCa, 127 100 1.3 118 8 14 115 77 1.5
LCB 199 199 1.0 152 145 10 111 98 1.1
MCy 94 84 1.1 86 68 13 74 38 1.9
LC3 78 71 1.1 69 59 12 66 51 1.3

TAT KCa 637 122 52 531 106 5.0 455 94 4.8
KCe 398 245 1.6 354 168 2.1 318 127 25

Table S7.2. °C apparent linewidth A (Hz) of labeled residues of DMPC/DMPG-bound TAT at 233 K.

The data were from .

Residue Lys4 GIn7 Arg8 Prol1
Ca 460 500 460 290
CB 400 500 480 280
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k
Table S7.3. "N apparent (A ) and intrinsic (A) linewidths measured under 7 kHz MAS and 71 kHz

'H decoupling.

peptide site NH, A* (Hz) A(Hz) A* / A

f-MLF-OH M No NH 36 9 4.0
L Na NH 40 13 3.0
F Na NH 41 11 3.7

Arg-HCl R Ne NH 58 24 24
R Ne NH 47 23 2.1
R Nnj4 NH, 52 21 24
R Nn;4 NH, 44 20 2.2
R Nn; NH, 48 20 24
R N1 NH, 42 16 26
R Na NH, 37 31 1.2

M2TM G34 Na NH 114 16 6.9
V27&D44 No NH 152 17 8.8

PG-1 L5/R4 Nau NH 212 25 8.6
G3 Na NH 202 27 7.5
L5 No NH 180 19 9.5
R4 Ne NH 227 47 4.9
R4 Nn NH, 290 51 5.6

TAT R8 Na NH 590 39 164
R8 Ne NH 265 58 4.6
R8 Nn NH, 290 64 4.5

k
Table S7.4. “C apparent (A ) and homogeneous (A) linewidths of singly "C labeled crystalline
amino acids under 71 kHz 'H TPPM decoupling and 7 kHz MAS.

Amino acid CH, A (Hz) A (Hz) A / A
2-"C-Leu CH 63 31 20
2-C-Gly CH, 39 20 2.0
3-BC-Ala CH, 27 13 2.1
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Fig. S7.1. Conformational dispersion of membrane-bound peptides revealed by 2D DQ filtered cor-
relation spectra. (a) VSGD-M2TM in DMPC membrane at 238 K. (b) Arg8-labeled TAT in
POPE/POPG membranes at 238 K. (c) Ca region of Arg - HCI at 296 K. (d) f-MLF-OH at 296 K. (e)
VSGD-M2TM in DMPC membranes at 238 K. (f) VSGD-M2TM in viral membranes at 273 K. (g)
Arg8-labeled TAT in POPE/POPG lipids at 238 K. Colors indicate the chemical shift ranges of

o-helix (blue), random-coil (red) and B-sheet (green) conformations.

www.manaraa.com



226

(a)
1
0.8
o0.6
G o1 74y 154

0.2
0

0 5 0 15

t ()

Fig. S7.2. °C-"'P REDOR data for R4C{ of PG-1 in POPE/POPG membranes. (a) Best fit assuming a
Gaussian distribution gave a 5.7 A + 1.5 A. (b) Best fit assuming two discrete distances, giving a 1:1
combination of 4.8 A and 8.5 A. Data were taken from >.
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Orientation, Dynamics, and Lipid Interaction of an Antimicrobial Arylamide Investi-
gated by F and *'P Solid-State NMR spectroscopy
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8.1 Abstract

A number of arylamides have been synthesized and found to exhibit potent antimi-
crobial activities against a broad spectrum of Gram-positive and Gram-negative bacteria
while exhibiting low toxicity toward eukaryotic cells. These facially amphiphilic foldamers
have a relatively rigid intramolecular hydrogen-bonded arylamide as a framework, which
places trifluormethyl versus positively charged amino and guanidino groups along opposite
faces of the elongated molecule, facilitating interactions with lipid membranes. To better un-
derstand the mechanism of action of these antimicrobial foldamers, we have investigated the
lipid interaction, depth of insertion, orientation, and dynamics of an arylamide, PMX30016,
using *'P and "“F solid-state NMR spectroscopy. Static *'P NMR line shapes of lipid mem-
branes with a range of compositions indicate that PMX30016 does not disrupt the lamellar
order of the lipid bilayer but perturbs the lipid headgroup conformation. This headgroup per-
turbation, manifested as systematic *'P chemical shift anisotropy increases, is consistent with
the well documented “electrometer” effect of lipid membranes in response to the addition of
positive charges to membrane surfaces. Paramagnetic relaxation enhancement experiments
indicate that the arylamide inserts into the membrane-water interface, just below the head-
group region. Measurement of '°F-'°F dipolar couplings within each CF; moiety revealed that
PMX30016 is oriented with the molecular plane 20° and 30° from the membrane normal of

neutral and anionic bilayers, respectively, and the long molecular axis lies parallel to the
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membrane plane. Thus, this arylamide inserts into the bilayer in a knife-like fashion, con-
sistent with previous vibrational spectroscopy results. Moreover, '’F NMR line shapes indi-
cate that this molecular knife undergoes fast uniaxial rotation around the bilayer normal.
These results suggest that antimicrobial arylamides destabilize anionic lipid membranes pri-
marily by altering the membrane electric potential profile, and the spinning molecular knife
may additionally create transient defects in the lipid membrane. Compared to typical antimi-
crobial peptides, this arylamide has more subtle effects on and is less disruptive of the struc-

ture of lipid bilayers.

8.2 Introduction

Antimicrobial peptides (AMPs) have attracted much attention in the last two dec-
ades as potentially alternative antibiotics against drug-resistant bacteria (1). Many naturally
occurring AMPs have been discovered that possess broad-spectrum and potent antimicrobial
activities against many bacteria. However, despite the large number of AMPs studied, thera-
peutic applications have been limited by their relatively large size, toxicity and difficulties
associated with large-scale synthesis of these molecules (1). Thus, it is important to design
smaller and more structurally robust synthetic antimicrobial molecules with the essential
structural requirements for potent antimicrobial activity and low toxicity. It is by now well
known that AMP activities often correlate with their amphiphilic structures and high cationic
charge densities, which enable them to selectively target and disrupt the negatively charged
lipid membranes of microbial cells (2). Based on these considerations, short sequences of
synthetic antimicrobial foldamers have been designed that contain arylamide (3), phenylene
ethynylene (4, 5), polynorbornene (6,7) and polymethacrylate (8) backbones. The arylamide
series has been particularly well studied. The arylamide backbone is decorated with basic
guanidinium sidechains and hydrophobic moieties, and the molecules are conformationally
rigid by virtue of thioether-based intramolecular hydrogen bonds and amide groups (9, 10).
Structure-activity relationship studies revealed that the amphiphilicity and conformational
rigidity of these arylamide foldamers are essential for their high antimicrobial potency and

low toxicity, and members of this class of foldamers have been found to have low minimum
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inhibitory concentrations (MICs) but high EC,, or HCs, values towards eukaryotic cells (9,
11).

While the antimicrobial activities of arylamide foldamers have been extensively
studied, the physical mechanism of their interaction with the lipid membrane is still not well
understood. Determining the three-dimensional structure and topology of these antimicrobial
molecules in the lipid bilayer is essential for elucidating their mechanisms of action. So far,
sum frequency generation (SFG) vibrational spectroscopy (12, 13) and molecular dynamics
(MD) simulations (14, 15) have been used to deduce the topological structure and dynamics
of the arylamides in the membrane. These studies suggest that the arylamide oligomers insert
into the membrane perpendicular to the bilayer surface, and do not cause the formation of
water pores in the membrane. However, high-resolution orientational constraints, depth of
insertion, and the mobility of the arylamides have not been reported.

The chemical structure of one of the arylamide foldamers, PMX30016, is shown in
Fig.8.1. The molecule consists of a central pyrimidine ring flanked by two phenylene dia-
mine units. A thioether moiety allows the attachment of basic groups and forms intramolecu-
lar hydrogen bonds with neighboring amides. The phenylene diamine rings are also decorat-
ed with a trifluoromethyl group and a terminal guanidine-pentanoyl sidechain that increases
the positive charge density of the molecule. PMX30016 was found to have excellent thera-
peutic indices: its MICs are 0.1 uM against Gram-negative E. coli, 0.2 uM against
Gram-positive tetracyclin- and streptomycinresistant S. aureus, and its HC,, against red
blood cells is 440 uM (9,10).

In this work, we use *'P and "°F solid-state NMR spectroscopy to determine the lipid
interaction and membrane topology of this arylamide foldamer in lipid bilayers of varying
compositions. *'P NMR is a sensitive probe of the membrane morphology and disorder in-
duced by antimicrobial molecules (16-18). "F NMR is a highly sensitive and back-
ground-free indicator of mebrane-active molecules, and has been used extensively for deter-
mining the orientation (19, 20) and quaternary structure (21-23) of oligomeric membrane
peptides and proteins. While the three “F spins of a trifluoromethyl group are chemically
equivalent, dipolar couplings among the three spins are observable and depend on the orien-

tation of the C-CF; bond with respect to thmembrane normal (24). We used a simple 2D di-
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polar-chemical-shift correlation technique to resolve the orientation-dependent ’F-'°F dipolar
coupling from the "F chemical shift pattern. Combined with paramagnetic relaxation en-
hancement experiments, we have determined both the orientation and the depth of insertion

of PMX30016 in lipid bilayers, and propose its membrane disruptive mechanism.

Figure 8.1 Molecular structure of PMX30016. Dash lines indicate the intra-molecular hydrogen
bonds.

8.3 Materials and Methods

Lipids and arylamide compound

All lipids, including 1-palmitoyl -2-oleoyl-sn-glycero-3-phosphatidylcholine
(POPC),1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol(POPG) palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylserine ~ (POPS), 1,2-dimyristoyl-sn-glycero-3-phosphochloline
(DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol (DMPG), dihexylphosphati-
dylcholine (6-O-PC) and cholesterol were purchased from Avanti Polar Lipids (Alabaster,
AL) and used without further purification. PMX30016 was synthesized by PolyMedix (Rad-
nor, PA).

Membrane sample preparation

Glass-plate oriented lipid membranes containing varying concentrations of
PMX30016 were prepared using a naphthalene-incorporated method 25. After co-dissolving
PMX30016, lipids and naphthalene at desired molar ratios in MeOH/CHCI3 (1:2, v/v), the
solution was deposited drop-wise onto 6 x 12 mm glass plates (Marienfeld, Germany). After

drying overnight in a lyophilizer, the lipid films were hydrated first by directly applying 5 ul
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water on each plate, followed by incubation in a 97% humidity chamber containing saturated
K,SO, solution at 20°C for 4-5 days. Finally, the glass plates were stacked and wrapped with
parafilm for static 31P NMR experiments. We prepared four membrane series with different
lipid compositions: POPE/POPG (3 : 1), POPC/POPG (3 : 1), POPC/POPS (4.5 : 1), and
POPC/POPS/cholesterol (4.5 : 1 : 2.4). The bicelle samples for orientation determination
were prepared using published protocols 26. Briefly, the zwitterionic lipid DMPC was mixed
with the ether lipid 6-O-PC at a DMPC/6-O-PC molar ratio of q = 3.2 to a total lipid concen-
tration of 35% (w/v) in pH 7.0 phosphate buffer. The mixture was vortexed, heated to 42°C
and cooled to 5°C until a clear, homogeneous and viscous solution was obtained. Static *'P
NMR spectra confirmed that the lipid mixture was well aligned in the membrane with the
bilayer normal perpendicular to the magnetic field at 306 K. PMX30016 was added to the
bicelle solution to a drug : lipid molar ratio of 1 : 15, then subjected to another round of vor-
texing, heating and cooling cycles, and the alignment of the resulting bicelle was again
checked by *'P NMR.

Unoriented PMX30016-containing lipid membranes were prepared by mixing
PMX30016 with DMPC/DMPG (3:1) vesicles at a molar ratio of 1:15. The solution was in-
cubated overnight and then spun down to obtain a hydrated membrane pellet. UV-VIS spec-
troscopy showed that >96% of PMX30016 was bound to the lipids. For paramagnet relaxa-
tion enhancement (PRE) experiments, 5 mol% Mn2+ relative to the total molar amount of
lipids were added to hydrated DMPC/DMPG vesicles containing PMX30016. In general,
Mn** ions added to a lipid vesicle solution cannot cross a lipid bilayer that is free of any de-
fects or pores. Thus, all Mn?* ions should be distributed on the outer surface of the bilayer, as
demonstrated by NMR (27). However, freeze-thawing a one-sided Mn**-bound membrane
sample redistributes the ions to both surfaces of the membrane due to the fragmentation of
the bilayer by ice. We prepared both one-sided and two-sided Mn**-bound membrane sam-
ples containing PMX30016 to assess the depth and polarity of insertion of the arylamide

compound.

Solid-state NMR experiments
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All solid-state NMR experiments were carried out on a Bruker DSX-400 spectrom-
eter (Karlsruhe, Germany) operating at a resonance frequency 376.8 MHz for “F and 162.1
MHz for *'P. Typical radiofrequency (rf) pulse lengths were 5 ps for 'H and *'P and 6 us for
"F. *'P chemical shifts were referenced to the liquid phosphoric acid peak at 0 ppm for the
oriented membrane experiments, and to the isotropic signal of hydroxyapatite at +2.73 ppm
on the phosphoric acid scale for unoriented membrane experiments. The '°F chemical shifts
were referenced to the Teflon isotropic "°F signal at -122 ppm. A double-resonance probe
equipped with a custom-designed 6 x 12 x 5 mm rectangular coil was used for the *'P NMR
experiments on glass-plate oriented samples. The samples were positioned in the magnet
with the alignment axis parallel to the magnetic field. The *'P spectra were measured at 296
K by single pulse excitation. A 'H/"’F/X magic-angle-spinning (MAS) probe was used for all
19F experiments. Static 1D *'P and "F spectra of bicelle samples were measured at 306 K, at
which bicelle maintains good magnetic alignment. A 2D 1H-decoupled correlation experi-
ment (Fig. 8.5a) was implemented to correlate the '"F-'’F dipolar coupling with the "F
chemical shift anisotropy. A dwell time of 20 us and a total t, evolution time of 6.4 ms were

used.

Orientation calculation and °’F NMR lineshape analysis

The two C-CF; bonds lie mostly in the molecular plane formed by the centers of the
three aromatic rings (Fig. 8.6a). The angle between the C-CF,; bond and the long molecular
axis, which is defined as the vector connecting the two carbons ortho to the nitrogen atoms of
the pyrimidine ring, is 72°

For orientation calculations, we defined a molecule-fixed frame where the x-axis is
the long molecular axis described above, the y-axis lies in the plane of the central aromatic
ring, perpendicular to the ortho C-C vector, and the z-axis is perpendicular to the ring (Fig.
8.6a). The direction of the bilayer normal relative to the molecule is defined by a tilt an-
gletfrom the z-axis and a rotation anglep between the x-axis and the projection of the bi-
layer normal onto the x-y plane. By rotating the bilayer normal through all combinations of
(t,p) from 0° to 360°, we can obtain the corresponding C-CF; bond orientations to the bi-

layer normal and thus calculate the '’F-"’F dipolar couplings as averaged by the CF; rotation
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to be along the C-CF; bond.

The chemical shift anisotropy (CSA) tensor is defined by three principal val-
ues, sxx’syy’azz’ whose average is the isotropic shift §;,, = (Sxx +6yy +8ZZ )/3 The ani-

and the asymmetry parameter 1 is defined

sotropy parameter J is defined as §=0,, —0;q,,

as n:(ﬁw —SXX)/ (Szz _Siso]‘ The Syy principal value is the closest to the isotropic

chemical shift while &, is the furthest. Powder patterns with n= 0 due to identical Syy
and 0,, frequencies are called uniaxial powder patterns. Another indicator of the size of the
CSA is the span AG=9,, —0,,. For n= 0 CSA patterns, which are observed for all uniaxi-
ally diffusive molecules in lipid bilayers, the frequency position 0 o = Syy is called the 90°

edge since they result from molecules whose bilayer normal is perpendicular to the magnetic
field, while the 6,, frequency is called the 0" edge.

8.4 Results
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Figure 8.2. (a) Static *'P lineshapes of representative membrane morphologies. (b) Static *'P spectra
of oriented lipid membranes of different compositions in the presence of PMX30016 at 296 K. The
PMX30016 molar concentrations are 0%, 2%, 4% and 8% from top to bottom. The membrane com-
positions are POPE/POPG, POPC/POPG (brown), POPC/POPS (blue), and POPC/POPS/cholesterol
(red). (¢)’'P chemical shift anisotropy (CSA) change of different lipid membranes as a function of
PMX30016 concentration.

The PMX30016 structure has a two-fold symmetry with respect to the central ring
(Fig. 8.1). The pyrimidine-4,6-dicarboxylic center is connected to an m-phenylenediamine

group on each side. A CF; group and a thioether group are attached to each
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m-phenylenediamine to increase the amphiphilicity of the molecule. The molecule is termi-
nated at the two ends by a hydrophilic guanidine-pentanoyl side chain. The aromatic rings,
amide groups and hydrogen bonds create a highly rigid molecule, which was found to be
important for antimicrobial potency and selectivity (10). The compound has a molecular
weight of 1063 Da, which is smaller than that of most antimicrobial peptides, which have

molecular weights of 2-5 kDa.

Membrane perturbation by PMX30016

Static *'P NMR lineshapes of aligned lipid membranes are sensitive reporters of the
types of lipid morphology caused by antimicrobial molecules. Both the anisotropic frequency
and the intensity distribution reflect the membrane morphology and the lipid headgroup
packing. Lamellar bilayers aligned with the bilayer normal parallel to the magnetic field ex-
hibit a single narrow peak at ~30 ppm. Unoriented bilayers show a broad powder pattern with
maximum intensity at about -12 ppm. Isotropic vesicles and micelles give a sharp isotropic
signal near O ppm (Fig. 8.2a). Membranes whose orientational order is perturbed by antimi-
crobial peptides often exhibit residual powder patterns and intensities at the 90° edge. Thus
the area fraction of the disordered region reflects the extent of the membrane disruption (16,
18).

Fig. 8.2b shows the static *'P spectra of four series of oriented membranes in the
presence of varying concentrations of PMX30016. Three series combine a zwitterionic lipid
(POPE or POPC) with a negatively charged lipid (POPG or POPS) to mimic the bacterial cell
membrane composition, while the fourth series contains cholesterol along with POPC and
POPS to mimic the eukaryotic membrane composition. Interestingly, we did not observe any
significant residual powder patterns nor isotropic intensities in these spectra up to a peptide
molar concentration of 16%. The fractional disorder is 20-35% at 8% PMX30016, which is
small compared to most antimicrobial peptides (16, 18). Thus, PMX30016 does not disrupt
the overall lamellar morphology of the bilayer. However, in all four series the 0° *'P peak
shifted downfield (to larger chemical shifts) with increasing concentrations of PMX30016,
indicating that the electronic environment of the *'P was altered by the drug. Using the dif-

ference between the 0° and 90° edges of the powder pattern as an indicator of the magnitude
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of the *'P CSA, we found that the span increased by 6.2 — 8.7 ppm, or 15-23%, for the four
membrane series between 0 and 8% arylamide (Fig. 8.2¢). Upon addition of 16% PMX30016,
the most bacteria-mimetic membrane, POPE/POPG, showed a span increase of 9.3 ppm
(26%), while the most eukaryote-mimetic POPC/POPS/cholesterol membrane exhibited a
span increase of 13.2 ppm (32%) (see SI Figure 8.1).

Binding of PMX30016 to the membrane-water interface
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Figure 8.3. Depth of insertion of PMX30016 in lipid membranes from Mn>* paramagnetic relaxation
enhancement experiments. (a) *'P and "°F MAS spectra of PMX30016-containing DMPC/DMPG bi-
layers without Mn** (black), with Mn** on the outer membrane surface (blue), and with Mn** on both
membrane surfaces. The intensities normalized to the Mn**-free samples are indicated. (b) PRE ef-
fects of PMX30016 in DMPC/DMPG (3:1) bilayers containing 5% Mn**. The ratio of the lipid *C
intensities (not shown) between the Mn**-containing sample (S) and a Mn**-free control sample (S,)
is S/S,. This dephasing value was further normalized to the S/S, of the acyl-chain terminal methyl
group ®. The “F intensity of PMX30016 is comparable to the glycerol and headgroup carbons, indi-
cating that PMX30016 is associated to the membrane-water interface, close to the surface water.
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To determine the depth of insertion of PMX30016 in lipid membranes, we carried
out a paramagnetic resonance enhancement (PRE) experiment using Mn** ions. Mn** ions
bind to the surfaces of lipid bilayers and enhance the T, relaxation rates of nuclear spins in a
distance-dependent fashion. The closer the nuclear spins to the paramagnetic center, the
broader and lower the signal intensities (28). The ratio of the peak height in the presence of
Mn** to the full intensity in the absence of Mn*" reflects the distance of the nuclear spins to
the paramagnetic ions on the membrane surface. By comparing the PRE effect of the peptide
signals with that of lipid functional groups, whose depths are known (29), we can thus de-
termine the insertion depth of PMX30016.

Fig. 8.3a shows the single-pulse *'P spectra of the DMPC/DMPG bilayer and “F
spectra of PMX30016. Three spectra, without Mn?**, with Mn** on the outer surface of the
bilayer, and with Mn*" on both surfaces of the bilayer, are compared. The one-side Mn**
sample reduced the *'P intensity to 26% and the ’F signal of the arylamide to a similar level
of 29%. The addition of Mn*" to both surfaces of the bilayer further decreased the *'P and "°F
signals. Again, the residual "°F signal height (12%) is larger than the residual *'P signal (8%),
indicating that the CF; groups are buried more deeply than the phosphate group. The lower
NMR signals of the one-side Mn** sample compared to the two-side Mn”* sample indicates
that the arylamide, just like the lipid, is bound to both leaflets of the bilayer rather than to
only the outer leaflet, since the distance from the outer leaflet to the inner surface of the
membrane is sufficiently large that purely outer-leaflet bound molecules would not experi-
ence sufficient PRE effect from Mn** ions on the inner membrane surface (27). The differ-
ence between the two spectra also clearly demonstrates that Mn*" is not freely permeable to
the inside of the vesicle, thus ruling out the possibility that the arylamide forms large stable
pores.

To obtain more quantitative depth information, we compared the PRE effects of all
lipid "C signals in the one-sided and two- sided Mn** samples with the "F PRE of
PMX30016 (Fig. 8.3b). The lipid signals show the expected trend of increasing residual in-
tensity (weaker PRE) with increasing distance from the membrane surface, and the two-side
Mn** samples have lower residual intensities than the one-side Mn** sample. The "°F intensi-

ties are comparable to that of the headgroup carbons for each sample, indicating that
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PMX30016 is shallowly inserted into the membrane-water interface, between the phosphate

groups and the glycerol backbone region.

(a)

J *
% i L A *
0 20 -40 -60 -80 -100

19F isotropic chemical shift (ppm)

(b)

T T T T T
0 20 40 -60 -80 -100
19F anisotropic chemical shift (ppm)

Figure 8.4. "°F spectrum of PMX30016 in unoriented DMPC/DMPG (3:1) bilayers. (a) MAS spec-
trum. (b) Static spectrum (black line). Three simulated powder patterns corresponding to
Wega —Op (green), Wcgy (red), and ®c-gq +®p (blue), at 1:2: 1 area ratios are shown. The
sum of the three simulated patterns is shown as dashed line. A line broadening of 10 ppm was used
for each sub-spectrum. The 90° edges of the triplet are spaced by a "F-'"F dipolar coupling of 4.5
kHz.

Orientation and uniaxial rotation of PMX30016 in lipid bilayers

The "F MAS spectrum of PMX30016 in DMPC/DMPG bilayers (Fig. 8.4a) shows
only a single "’F peak (-62.6 ppm), indicating that the two trifluoromethyl groups have the
same chemical environment in lipid membranes. Under the static condition, the YR spectrum

shows a triplet powder pattern with three distinct 90° edges at -62.6 ppm, -73.4 ppm and
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-85.4 ppm (Fig. 8.4b). This triplet pattern is well known for CF; groups as resulting from
"F-"F dipolar splitting of each '°F by the two other fluorines in the trifluoromethyl group and
has been explored extensively for orientation measurements of membrane peptides (19,20).
The three components of the triplet correspond to the unperturbed chemical shift spectrum
and the sum and difference of the anisotropic dipolar and chemical shift frequencies:
Wesa —Op, Ocga,and Wegq +®p. Analogous to the C-H J-splitting of a CH, group, the
integrated intensities of the three sub-spectra have the ratio of 1 : 2 : 1. Fig. 8.4b shows that
the central component of the PMX30016 triplet has a uniaxial lineshape (= 0), indicating
that the molecule undergoes fast uniaxial rotation around the bilayer normal. This motion av-
erages both the ""F-"°F dipolar coupling and the '’F CSA to be uniaxial and collinear with the

bilayer normal. As a result, the sum and difference spectra are particularly simple: they have

h = 0 lineshapes and anisotropy parameters of SCSA +SD and SCSA —SD. Since the central
90° edge of the triplet (-73.4 ppm) is 4.4 kHz from the two other 90° edges, the motionally

averaged "“F-"F dipolar coupling constant SD is 4.4 kHz. Fig. 8.4b shows simulated "°F

spectrum based on a 1 : 2 : 1 superposition of threen = 0 powder patterns with motionally
averaged anisotropy parameters of 0.5, 23.6, and 46.7 ppm, respectively. The simulation has
excellent agreement with the experimental spectrum, confirming the nature of the triplet.

To better resolve the '’F-"’F dipolar coupling from the ’F CSA, we implemented a 2D
dipolar chemical-shift (DIPSHIFT) correlation experiment where a 180° pulse in the middle
of the t, evolution period encodes pure '’F-"’F dipolar coupling in the indirect dimension and
correlates it with the mixed CSA-dipolar spectrum in the direct dimension (Fig. 8.5a). Alt-
hough the directly detected dimension is not a pure chemical shift spectrum, for simplicity
we use the terminology of homonuclear DIPSHIFT to refer to this experiment. Pure "°F dipo-
lar spectra have been previously extracted mainly using the 1D Carr-Purcell-Meiboom-Gill
(CPMG) experiment (30, 31), where the "F signals were detected in the windows of long
multiple-pulse trains (19, 24, 32). Compared to the multiple-pulse experiment, this 2D
Hahn-echo based homonuclear DIPSHIFT experiment has the benefits of a lower ra-
dio-frequency duty cycle and a simpler signal acquisition method, since windowed detection
entails scaling of the spectral width and is sensitive to the cumulative effects of pulse imper-

fections.
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Figure 8.5. Orientation determination of PMX30016 in neutral lipid bilayers. (a) Static 2D "°F dipolar
chemical-shift correlation pulse sequence for measuring "’F-"°F dipolar couplings. (b) Geometry of
magnetically oriented bicelles containing PMX30016. (c) Static 2D ""F homonuclear DIPSHIFT
spectrum of PMX30016 in aligned DMPC/6-O-PC bicelles. The dipolar cross section at -62 ppm is
shown as a blue trace.

We first applied the static 2D homonuclear DIPSHIFT experiment to PMX30016 in
magnetically aligned DMPC/6-O-PC bicelles. The alignment axis of the bicelle is perpendic-
ular to the magnetic field, thus scaling all measured couplings by -0.5 (Fig. 8.5b). The 2D
spectrum shows the expected correlation of the triplet pattern in the ®, dimension with
"F-"F dipolar coupling in the ®, dimension. Both the most downfield (-61.5 ppm) and the
most upfield (-75.3 ppm) "°F peaks exhibit a doublet splitting of 5.2 kHz, as expected be-
cause these two ""F peaks correlate with dipolar couplings with the same magnitude,
SCSA _SD and SCSA +SD, and the dipolar spectrum is sign-insensitive. Also as expected,
the central "°F peak (-68.5 ppm) does not exhibit a splitting because it corresponds to the un-

perturbed CSA, SCS 4. The dipolar coupling constant of interest is half the splitting, which is
thus 2.6 kHz.

We now consider the orientation dependence of the motionally averaged '’F-"°F dipo-
lar coupling of the CF, group. For two '“F spins separated by 2.09 A as in a CF, group, the

homonuclear “F-""F dipolar coupling in the absence of motion is 17.6 kHz. The three-site
jumps of the CF; scales the coupling by a factor of (3005290 —1)/2 =—0.5 due to the 90°

angle between each F-F vector and the C-CF; axis. Thus, the ’F-'"°F coupling of a rotating
CF; group without any other motion is 8.8 kHz. If the C-CF,; axis undergoes rotation around

the bilayer normal, then the dipolar couplings will be scaled by an orientation-dependent
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factor Scc , = (300s2 Occ n —1)/2.

All lipids and peptides in aligned bicelles rotate around the bicelle normal, which is

perpendicular to the magnetic field in our case. The bicelle normal usually exhibits a small

degree of wobbling, as described by an order parameter S, ,, . These two effects further re-

icelle

duce the dipolar coupling, so that the total measured "’F-'"F coupling is:

p 371 =8.8 kHzx|(-0.5),.. 10 X Shicetle X Sccn =39%Scc p kHz. (1)

In the above equation we have used a §,, ,, value of 0.89, which was directly measured from

icelle

the *'P spectrum according to
Sbicelle = (Sobs - 8iso )/(690O _Siso)’ (2)

where 8;,, =—0.9 ppm, dggo =—14.9 ppm, 3, =—13.3 ppm . This S, value is

icelle
consistent with the literature range of 0.75 — 0.94, which depends on the q ratio, the hydration
level and temperature of the bicelle (26, 33).

In unoriented membranes where the molecule of interest undergoes uniaxial diffu-
sion, the observed ""F-"°F dipolar coupling constant is larger due to the lack of two scaling

factors:

<CF
So3 PO _ g 8 x Sey kHz 3)

Equations (1) and (3) show that the ""F-"’F dipolar coupling of the CF; group ulti-
mately depends only on the angle between the C-CF; bond and the bilayer normal. Since the
C-CF; bond is rigidly held to the rest of the arylamide ring plane, this vector orientation re-
veals the orientation of the rigid molecular plane with respect to the membrane normal. Thus,
simulation of the ""F-'°F dipolar coupling can yield the orientation of PMX30016 in the lipid
bilayer.
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Figure 8.6. Extraction of the orientation of PMX30016 in neutral DMPC/6-O-PC bicelles. (a) Defini-
tions of the molecular coordinate system and (T, p) angles. (b) Calculated "’F-"’F dipolar couplings as
a function of (7, p) for the CF; groups associated with the C9-C11 bond (red) and the C23-C25 bond
(green). Contour lines for the measured value of 2.6 kHz are bolded. The best-fit (t,p) = (70°, 95°)
and its degenerate solutions are indicated as black dots. The non-degenerate region of the orientation
plot is shown in grey. (c) Front (left) and side (right) views of the orientation of PMX30016 in DMPC
bilayers. The plane of PMX30016 is tilted by 20° from the bilayer normal, which corresponds to T =

70°.

Fig. 8.6b shows the calculated '°F-'°F dipolar couplings as a function of the tilt angle
and rotation angle of the arylamide with respect to the bilayer normal. A tilt angle of 0° and
90° means, respectively, that the normal of the molecular plane is parallel and perpendicular
to the bilayer normal. A rotation angle of 0° and 90° corresponds to the long molecular axis
being parallel and perpendicular to the bilayer normal, respectively. The observation of only
one ""F-"F dipolar coupling in the static spectrum indicates that the two C-CF, bonds have

the same orientation with respect to the bilayer normal. The calculated dipolar couplings of
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the two CF; groups are shown in red and green contour lines, and the contour lines corre-
sponding to the observed 2.6 kHz coupling are bolded. Since both CF; groups exhibit the
same coupling, only a single solution of (t,p) = (70°, 95°) was identified within the
non-degenerate quadrant of 0-180° for p and 0°-90° for t. All other solutions such as (T,p) =
(110°, 85°) are degenerate. Fig. 8.6¢ shows the (t=70°, p=95°) orientation of PMX30016 in
the DMPC bilayer. The molecular plane is almost perpendicular to the bilayer plane, reflect-
ing the tilt angle, while the long axis of the molecule is nearly parallel to the bilayer surface,
reflecting the rotation angle. This orientation corresponds to a knife-like insertion of the ar-
ylamide into the membrane, with the aromatic plane only 20° from the vertical bilayer nor-
mal.

To determine whether the orientation is affected by the presence of negatively
charged lipids, we measured the 2D ""F DIPSHIFT spectrum of PMX30016 in unoriented
DMPC/DMPG bilayers. Fig. 8.7a shows a similar triplet pattern in the direct dimension, but
it is now correlated with a larger dipolar splitting of 8.6 kHz due to the absence of two bicelle
scaling factors (Equation 3). The dipolar coupling constant of 4.35 kHz was calculated to
yield a unique orientation solution of (1=60°, p=99°) (Fig. 8.7b), indicating that now the mo-
lecular plane is moderately more tilted from the bilayer normal (30°) than the case in the
neutral DMPC bilayer, but the long molecular axis remains largely parallel to the membrane

plane. Overall, the knife-like insertion motif is maintained, as shown in Fig. 8.7c.

8.5 Discussion

The above solid-state NMR data provides the most comprehensive information to
date about the lipid interaction, depth of insertion, orientation, and dynamics of an arylamide
oligomer. We first discuss the membrane topology of this arylamide foldamer. In both neu-
tral DMPC bilayers and anionic DMPC/DMPG bilayers, the long molecular backbone lies
parallel to the bilayer surface, as reflected by p =90°. Our 19F NMR method allows precise

measurement of the orientation of the phenyl rings of the arylamide molecule. We did not
measure the orientation of the central pyrimidyl ring, but previous studies showed it to be

constrained to lie coplanar with the phenyl rings through the formation of an extended hy-
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drogen-bonded network (Fig. 8.1) (9). The two phenyl groups are oriented with their rigid
aryl planes nearly perpendicular to the membrane surface (7 =60°,70°). The phenyl ring’s
deviation from perpendicularity is 20° for the neutral bilayer and 30° for the anionic bilayer.
This orientation resembles a knife cutting into the bilayer, which makes perfect sense be-
cause it matches the amphiphilic structure of the arylamide with the amphiphilic structure of
the lipid bilayer, by pointing the basic guanidinium and the amino-ethyl thioether substitu-

ents to the aqueous surface of the membrane while the hydrophobic groups towards the lipid

chains.
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Figure 8.7. Orientation of PMX30016 in unoriented DMPC/DMPG membranes. (a) 2D "°F homonu-
clear DIPSHIFT spectrum of PMX30016 in DMPC/DMPG (3:1) membranes. (b) Calculated "F-'"°F
dipolar couplings as a function of (7,p) angles. The intercepts of the two CF; groups’ couplings at
435 kHz give the best-fit orientation, which is (t,p) = (60°, 99°). The non-degenerate region of the
orientation plot is shown in grey. (c) Best-fit orientation of PMX30016 in anionic lipid membranes.
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The parallel orientation of the long molecular axis with the membrane plane
satisfies the two-fold symmetry of the molecule and maintains the same intermolecular po-
tentials for the two sides of the pyrimidine ring, which are chemically identical. The moder-
ate difference in the tilt angle between the neutral and anionic membranes can be understood
by the fact that the less vertical molecular plane enables the positively charged guanidinium
groups to interact more strongly with the negatively charged DMPG headgroups on the
membrane surface (Fig. 8.7c). In other words, competition between water and the negative
charge density of the membrane surface may cause small modulation of the tilt angle of the
arylamide plane.

The knife-like orientation of PMX30016 obtained here is in excellent agreement
with the results of SFG vibrational spectra of an analogous arylamide (12). There, analysis of
the symmetric and asymmetric stretching modes of tert-butyl sidechains adsorbed onto
DPPG bilayers concluded an angle of 0° - 35° for the three-fold axis of the tert-butyl. This
orientation, while of the limiting nature, is consistent with the YF NMR result for the
DMPC/DMPG-bound PMX30016, where the molecular plane is 30° from the bilayer normal
(Fig. 8.7¢). Since the two arylamide molecules differ in their basic sidechains and the hydro-
phobic functional groups, the similarity of the results indicates that the facial amphiphilicity
and restrained backbone structure of the molecules are sufficient to determine their orienta-
tions. The '"F NMR constraints obtained here have higher angular resolution and more com-
plete information than the SFG results, since as long as the arylamide plane is not exactly
perpendicular to the bilayer plane, a second angle defining the long axis direction is neces-
sary to fully describe the molecular orientation.

Paramagnetic relaxation enhancement data indicate that the knife-like arylamide
inserts only shallowly into the membrane, just below the phosphate headgroups and not
reaching into the acyl chain region (Fig. 8.3). The shallow depth was obtained at a drug : li-
pid molar ratio of 1 : 15, at which the arylamide was already distributed into both leaflets of
the bilayer. Direct comparisons of the drug : lipid molar ratios in the hydrated pastes of the
solid-state NMR samples versus the aqueous solutions of antimicrobial assays are fraught
with uncertainties. Nevertheless, we believe at higher arylamide concentrations the equilib-

rium structure is unlikely to be a deeper transmembrane insertion, and the mechanism of ac-
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tion of the arylamide should be considered in the context of the observed shallow depth and
knife-like orientation. This topology should be combined with the fact that the drug under-
goes fast uniaxial diffusion at rates greater than 10° s'. Thus, the rigid arylamide knife is by
no means static, but spins around the membrane normal with its full extended length, which
has the potential to perturb and destabilize a large area of the membrane.

The topology and dynamics of PMX30016 in the lipid bilayer are inconsistent with
the three main classical antimicrobial structural models, namely, the barrel-stave (34, 35), the
toroidal pore (36, 37), and the carpet models (38). The arylamide foldamer is not transmem-
brane, and does not cause lipid orientational disorders of the toroidal type. The knife-like to-
pology is also distinct from the carpet model, since the arylamide does not aggregate into ex-
tended immobile assemblies.

One of the most intriguing aspects of the arylamide interaction with the lipid
membrane is the increased *'P CSA and the nearly complete absence of orientational disorder
as the concentration of the foldamer increases. These features indicate that the doubly
charged molecule influences the headgroup conformation of the phospholipids without caus-
ing large-scale orientational disorder of the bilayer. It is well known that the polar lipid
headgroups act as molecular electrometers to membrane surface charges (39). The addition of
positively charged metal ions, hydrophobic ions, amphiphiles, and peptides increases the
magnitude of the *'P CSA and the 2H quadrupolar coupling of the headgroup B-CD2, but de-
creases the *H coupling of the a-CD2 (39-42). The addition of negatively charged species to
the membrane surface creates the opposite effects. Based on analysis of the *'P chemical shift
tensor and “H quadrupolar couplings, it was proposed that cationic species change the lipid
headgroup conformation such that the N* end of the 'P-N" dipole moves towards the water
phase. The PMX30016-induced *'P CSA increase is consistent with this electrometer effect
both qualitatively and quantitatively. A cationic amphiphile, sodium dialkyl phosphate, was
found to increase the *'P CSA of POPC lipids by 8 ppm at 20 mol% amphiphile (40). Simi-
larly, at 8 mol% arylamide, which corresponds to 16 mol% positive charge density, the

'P CSA span of the POPE/POPG membrane increased by 7.8 ppm (Fig. 8.2).

The "’F NMR results of the arylamide and the *'P NMR spectra of the lipids, taken together,

suggest that the antimicrobial arylamide disrupts the membrane barrier function of microbial
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cells primarily by altering the membrane electric potential profile. While the spinning molec-
ular knife would certainly perturb lipid packing on the molecular level, it appears to do so
only transiently and leaves no long-lasting physical damages behind. The lack of permanent
membrane disorder by PMX30016, manifested by the *'P spectra, is in sharp contrast to many
other antimicrobial peptides such as PG-1 (18, 43) and magainin (44). The absence of per-
manent disruption is more akin to tachyplesin, which, interestingly, also exhibits fast uniaxial
rotation with an in-plane orientation (17, 45). Instead, the spinning arylamide knife, with its
positively charged guanidinium groups, significantly alters the lipid headgroup conformation,
an effect that is absent for tachyplesins. We propose that this perturbation of the lipid head-
group conformation changes the membrane surface potential and eventually leads to mem-
brane permeabilization, possibly by interacting with protein components of bacterial mem-
branes.

At higher drug concentrations than used in this study, it is possible that the spin-
ning arylamide may increasingly cause more pronounced physical disruption of the mem-
brane, so that a balance between the two effects —perturbation of the membrane potential
versus the physical disruption — may be responsible for bacterial killing. Such a mixed
mechanistic scenario has been suggested before for analogous antimicrobial arylamides
based on the different concentrations and kinetics of membrane permeabilization and bacteria
killing (10). The possibility of a mixture of mechanistic modes has also been gleaned for
some antimicrobial peptides. For example, magainin showed clear signs of physical disrup-
tion of lipid membranes based on *'P NMR spectra (44), but it also dissipates the electrical
potential across lipid membranes and has been proposed to kill bacteria by decreasing the
membrane potential and interfering with free-energy transduction in microbial cells (46).

The present study illustrates the robustness and utility of 19F solid-state NMR for
elucidating the topology and dynamics of pharmaceutical compounds. The high sensitivity
and lack of background of "’F spins, combined with the large chemical shift anisotropy and
"F-"F dipolar couplings, make "F NMR exquisitely sensitive to molecular orientation and
dynamics. The simple 2D "°F homonuclear DIPSHIFT experiment, while analogous to sever-
al other NMR techniques (47-49), has not been employed before for determining orienta-

tion-dependent dipolar couplings, and promises to facilitate high-resolution structural analy-
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sis of CF;-containing pharmaceutical compounds.

8.6 Conclusion

The orientation, depth of insertion, mobility and lipid interaction of an anti-
microbial arylamide has been determined using "’F and *'P solid-state NMR. The arylamide
inserts into the lipid membrane just below the headgroups with the molecular plane nearly
perpendicular to the bilayer surface and the long axis parallel to the bilayer. In this knife-like
manner, the molecule undergoes fast uniaxial rotation around the bilayer normal. Interest-
ingly, this spinning molecular knife does not directly cause permanent damage to the lamellar
integrity of the lipid bilayer, but rather changes the lipid headgroup conformation, specifical-
ly, the P-N dipole orientation, through interaction of the positively charged guanidinium ions
with the lipid phosphate groups. This conformational change, manifested as *'P chemical
shift increases, was detected in all negatively charged lipid membranes studied here. We
propose that the antimicrobial arylamide destroys the barrier function of microbial cell mem-
brane mainly by altering its electrical potential, and the spinning molecular knife may further

create transient defects in the membrane.
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8.9 Supporting Information.
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Figure S8.1. Static *'P spectra of oriented lipid membranes of POPE/POPG (3:1) and
POPC/POPS/cholesterol (4.5:1:2.4) without (black) and with (red) 16% PMX30016.
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Chapter 9

Solid-State NMR Study of B-hairpin Antimicrobial Peptides in Lipopolysaccharide In-
corporated Lipid Membranes: Mechanism of Gram-Selectivity
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9.1 Abstract

The structural basis for the Gram selectivity of two disulfide-bonded B-hairpin antimi-
crobial peptides (AMPs) is investigated using solid-state NMR spectroscopy. The
hexa-arginine PG-1 exhibits potent activities against both Gram-positive and Gram-negative
bacteria, while a mutant of PG-1 with only three cationic residues maintains Gram-positive
activity but is 30-fold less active against Gram-negative bacteria. We determined the topo-
logical structure and lipid interactions of these two peptides in a lipopolysaccharide
(LPS)-rich membrane that mimics the outer membrane of Gram-negative bacteria and in the
POPE/POPG membrane, which mimics the membrane of Gram-positive bacteria. *'P NMR
lineshapes indicate that both peptides cause less orientational disorder to the LPS-rich mem-
brane than to the POPE/POPG membrane. C chemical shifts and *C-'H dipolar couplings
show that both peptides maintain their B-hairpin conformation in these membranes and are
largely immobilized, but the mutant exhibited noticeable intermediate-timescale motion in
the LPS membrane at physiological temperature, suggesting shallow insertion. Indeed, 'H
spin diffusion from lipid chains to the peptides showed that PG-1 fully inserted into the
LPS-rich membrane whereas the mutant did not. The "C-’'P distances between the most hy-
drophobically embedded Arg of PG-1 and the lipid *'P are significantly longer in the LPS
membrane than in the POPE/POPG membrane, indicating that PG-1 does not cause toroidal

pore defects in the LPS membrane, in contrast to its behavior in the POPE/POPG membrane.
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Taken together, these data indicate that PG-1 causes transmembrane pores of the barrel-stave
type in the LPS membrane, thus allowing further translocation of the peptide into the inner
membrane of Gram-negative bacteria to kill the cells. In comparison, the less cationic mutant
cannot fully cross the LPS membrane due to weaker electrostatic attractions, thus causing
weaker antimicrobial activities. Therefore, strong electrostatic attraction between the peptide
and the membrane surface, ensured by having a sufficient number of Arg residues, is essen-
tial for potent antimicrobial activities against Gram-negative bacteria. The data provide a ra-

tional basis for controlling Gram selectivity of AMPs by adjusting the charge densities.

Abbreviations: AMP: antimicrobial peptide; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine;
POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol; LPS: lipopolysaccharide; DEPE:
1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine; MAS, magic-angle spinning; CP, cross-polarization; DARR,
dipolar-assisted rotational resonance DIPSHIFT, dipolar-chemical-shift correlation; REDOR, rotational-echo
double-resonance.

9.2 Introduction

As a consequence of evolution, a large number of bacterial strains have developed
resistance to conventional antibiotics, urging the design of new antimicrobial molecules (7,
2). Antimicrobial peptides (AMPs), small cationic peptides of the innate immune systems of
many animals and plants, have attracted much attention as potential antibiotics because of
their potent and broad-spectrum activities (3, 4). The mechanisms of action of AMPs have
been extensively investigated using biophysical and biochemical methods (5-8). These stud-
ies showed that a large number of AMPs kill bacteria by disrupting the membrane integrity
(6) or altering the membrane potential (9, /0) of the microbial cells. Thus, the structures of
the protective layers of bacterial cells traversed and disrupted by AMPs are relevant for un-
derstanding AMP’s mechanisms of action. Gram-positive bacteria are coated by a thick pep-
tidoglycan layer of several tens of nanometers and an inner phospholipid bilayer, while
Gram-negative bacteria are protected by a lipopolysaccharide (LPS)-rich outer membrane, a
thin periplasmic peptidoglycan layer, and an inner phospholipid bilayer (Fig. 9.1) (/7). The
outer membrane of Gram-negative bacteria is compositionally asymmetric: LPS molecules
cover ~90% of the outer membrane surface while phospholipids compose the inner leaflet

(12). It 1s known that the activity of many AMPs that target Gram-negative bacteria is con-
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current upon permeabilization of the inner phospholipid bilayer rather than the outer mem-
brane. This is true, for example, for the -sheet-rich and disulfide-bonded protegrin-1 (PG-1)
and human B-defensins (9, 13). Thus, these AMPs must first bind to and cross the LPS-rich
outer membrane before reaching their target phospholipid bilayer. As a corollary, AMPs that
are active against Gram-positive bacteria but not Gram-negative bacteria must be discrimi-
nated by the LPS membrane. Therefore, elucidating the structure and lipid interactions of
AMPs in the LPS-rich membrane is important for understanding the mechanism of Gram se-

lectivity.

(a) Gram negative (b) Gram positive

Lipopolysaccharide m % T
\/—\

(LPS) —_—————
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Fig. 9.1. Schematics of the different membrane structure of bacteria. (a) Gram-negative bacteria have

a lipopolysaccharide (LPS)-rich outer membrane, a thin peptidoglycan layer, and an inner phospho-
lipid membrane. (b) Gram-positive bacteria have a thick peptidoglycan layer and a cytoplasmic
membrane. The main phospholipids in both bacteria are phosphatidylethanolamine (PE) and phospha-
tidylglycerol (PG) (79). LPS is about 10 mol% of the phospholipid amount in E. coli cells (38). The

long O-antigen chain of LPS is shortened for simplicity.

LPS is a negatively charged complex glycolipid that can be divided into three struc-
tural regions: the hydrophobic lipid A that anchors LPS to the membrane, an oligosaccharide
core, and an O-antigen polysaccharide (11, 14). The lipid A moiety consists of four to seven

acyl chains attached to a di-glucosamine diphosphate, and is responsible for the severe host
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inflammatory responses triggered by LPS (/1, 15). The oligosaccharide core can be divided

into the inner core, which contains a Kdo (3-deoxy-D-manno-oct-2-ulosonic acid) disaccha-

ride and heptoses, and a structurally diverse outer core. The LPS derived from the E. coli

deep rough mutant, ReLPS (Fig. 9.2b), contains only lipid A and two Kdo units, yet retains

most of the endotoxin activity of native LPS (/6). This structurally homogeneous ReLPS is

thus an appealing molecule for investigating AMP-LPS interactions.
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Fig. 9.2. Chemical structures of the peptides and lipids used in this study. (a) Amino acid sequences
of disulfide-bonded PG-1 and IB-484. (b) Chemical structure of ReLPS. (c) Chemical structures of

DEPE, POPE and POPG.
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A number of biophysical and biochemical studies have probed the interactions of
AMPs with LPS (14, 17-22). Most of these studies indicate that strong binding of AMPs to
LPS is necessary for potent antimicrobial activities. For example, transmission electron and
atomic force microscopies were used to study the effects of NK-lysin peptides on the mor-
phology of different Gram-negative bacteria. The results suggested that electrostatic interac-
tion with LPS was the decisive factor that correlated with bacteria killing (/8), while subse-
quent outer-membrane intercalation and permeabilization are mostly independent of the
chemical structure of the LPS oligosaccharides. Several solution NMR studies gave
high-resolution structures of AMPs bound to LPS micelles and showed favorable electrostat-
ic interactions between the cationic residues of the peptides and the anionic phosphates and
Kdo units of LPS (/4, 17). However, the biochemical studies used vesicles or real cells and
had low structural resolution, while high-resolution solution NMR studies used LPS micelles
or monolayers, which do not represent the bilayer nature of outer membranes well.

Here, we investigate two protegrin peptides, PG-1 and a charge-reduced mutant,
IB484, to understand the structural basis underlying the Gram selectivity of B-hairpin AMPs.
PG-1 is a porcine-derived 18-residue disulfide-bonded AMP containing six Arg residues (Fig.
9.2a). It is active against both Gram-positive and Gram-negative bacteria, with minimum in-
hibitory concentrations (MICs) of 0.3 — 3.0 uM (23, 24). The mutant IB484 contains the
same disulfide bonds but only three cationic residues, two Arg and one Lys (Fig. 9.2a). Its
activity against the Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) is
comparable to PG-1 but its activity against the Gram-negative Pseudomonas aeruginosa is
more than 30-fold weaker than PG-1 (25). The MIC values of PG-1 and IB484 are tabulated
in Table 9.1. Our previous solid-state NMR studies showed that PG-1 disrupts anionic
POPE/POPG membranes by forming transmembrane (TM) oligomeric -barrels. Some of the
lipid molecules around these [-barrels embed their phosphate groups into the hydrophobic
middle of the membrane, thus connecting the two membrane leaflets (6, 26-33). The for-
mation of these toroidal pores explains the antimicrobial activity of PG-1 against
Gram-positive bacteria. However, how PG-1 interacts with the LPS membrane of
Gram-negative bacteria has not been studied. Further, the topological structures of the

Gram-selective IB484 in the two types of lipid membranes are completely unknown.
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Table 9.1. Minimum inhibitory concentrations (MICs) of PG-1 and IB484 against two types of bacte-
ria. The MIC values were normalized to those of PG-1, which are 1-4 pg/ml against MRSA and 0.2-2
ug/ml against P. aeruginosa. The data are quoted from reference (25).

Peptide MRSA P.aeruginosa
(Gram positive) (Gram negative)

PG-1 1 1

IB484 |2 32

In this study, we use solid-state NMR spectroscopy to determine the structure and
lipid interaction of PG-1 and IB484 in lipid membranes that mimic the Gram-positive and
Gram-negative bacteria cell surfaces. *'P NMR was used to examine the nature and extent of
membrane disorder caused by these peptides. The peptide conformation and dynamics were
characterized by two-dimensional (2D) "*C-"C correlation and dipolar-chemical-shift (DIP-
SHIFT) correlation experiments. We then determined the depth of insertion of PG-1 and
IB484 in the two types of membranes using 'H spin diffusion and *C-*'P distance measure-
ments. From the observed structural differences, we propose mechanistic models for the
Gram selectivity of the charge-reduced mutant as well as the interaction of wild-type PG-1

with the LPS membrane of Gram-negative bacteria.

9.3 Materials and Methods
Lipids and peptides

All lipids, including 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG),
1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine (DEPE) (Fig. 9.2¢), and the deep rough
mutant ReLLPS isolated from the E. coli strain WBBO06, were purchased from Avanti Polar
Lipids (Alabaster, AL). ReLPS (Kdo,-Lipid A) has comparable endotoxin activity as native
LPS and can now be obtained with high purity in large scale (34). Fmoc-protected °C,
"N-labeled Val was prepared in-house while backbone and sidechain protected °C,
"N-labeled Arg was purchased from Cambridge Isotope Laboratories.

PG-1 (RGGRLCYCRRRFCVCVGR-CONH,) and IB484 (HWRL-
CYCRPKFCVCV-CONH,) were synthesized using Fmoc solid-phase synthesis protocols
and purified by reversed-phase HPLC. The peptides were oxidized and folded as described
before (29) to yield the correct disulfide linkages. The disulfide connectivity pattern is the
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same between synthetic and natural protegrin peptides based on sequential enzyme digestion
combined with mass spectrometry analysis (35) and solution NMR studies (36, 37). The
PG-1 sample contained labeled Arg4 while the IB484 sample contained labeled Arg3 and
Vall3.

Membrane sample preparation
POPE and POPG were mixed at 3 : 1 molar ratio in chloroform, dried under nitrogen gas,

redissolved in cyclohexane and lyophilized overnight. The homogeneous dry powder was
suspended in 2 ml phosphate buffer (10 mM, pH 7.0) and freeze-thawed 6 times to obtain a
translucent vesicle solution. About 5.5 mg peptide was dissolved in 0.5 ml phosphate buffer.
The lipid vesicle solution was added to the peptide solution, which immediately caused pre-
cipitation, indicating membrane binding of the peptides. The solution was incubated over-
night at 4°C, followed by ultracentrifugation at 55,000 rpm at 6°C for 3 hours to obtain a
membrane pellet. UV-VIS analysis indicated >95% binding of the peptide to the membrane.
The water content of the pellet was adjusted to 40% (w/w) by slow evaporation of the sam-
ples in a desiccator. The pellet was center-packed into a 4 mm NMR rotor.

The LPS membrane contained ReLLPS and DEPE at 1 : 5 molar ratio (about 3 : 5 mass ratio)
to mimic the outer membrane composition of Gram-negative bacteria (38). The two lipids
were codissolved in chloroform/methanol (4:1, v/v) and subjected to the same procedure as
above to produce the proteoliposomes. All peptide-containing membranes had a peptide/lipid

molar ratioof 1 : 12.5.

Solid-state NMR spectroscopy
NMR experiments were conducted on a 9.4 Tesla wide-bore Bruker DSX-400 spec-

trometer (Karlsruhe, Germany) operating at a resonance frequency of 162.12 MHz for *'P,
100.72 MHz for "C and 40.58 MHz for “"N. 4 mm magic-angle spinning (MAS) probes
tuned to triple resonance 'H/"*C/*'P or double-resonance 'H/X (X="C or "N) were used. Low
temperatures were achieved using a Kinetics Thermal System XR air-jet sample cooler
(Stone Ridge, NY). Typical 'H, PC and *'P 90° pulse lengths were 4.0, 5.0 and 4.5 us, re-
spectively. °C, N and *'P chemical shifts were referenced to the "C signal of the a-Gly CO
at 176.49 ppm on the TMS scale, the N signal of "N-acetyl-valine (NAV) at 122.0 ppm on
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the liquid ammonia scale, and the *'P signal of hydroxylapatite at 2.73 ppm on the phosphoric
acid scale, respectively.

'H-"C cross polarization (CP) was achieved using spin-lock fields of 50 kHz. "*C
chemical shifts were assigned using 1D double-quantum (DQ) filtered experiments and 2D
C-C DARR correlation experiments (39). DQ excitation and reconversion were achieved
using the SPC-5 sequence (40) under 4.5-5.5 kHz MAS. The DARR experiments used a
mixing time of 40 ms to establish through-space correlation peaks.

“C-'H dipolar couplings were measured using the DIPSHIFT experiment under
spinning speeds of 3.5-5.0 kHz (41, 42). '"H homonuclear decoupling was achieved using the
MREV-8 sequence with a 'H 105° pulse length of 4.0 us (43). Fitting the t, curve gave the
apparent C-H dipolar coupling, which was divided by the MREV-8 scaling factor of 0.47 to
give the true dipolar coupling. The ratio of the true coupling to the rigid-limit value, 22.7
kHz, gave the order parameter Sc;. The model tripeptide, "“C, "N labeled
N-formyl-Met-Leu-Phe-OH (f-MLF), was used to verify the MREV-8 scaling factor.

Semi-quantitative distances from the peptide to the center of the lipid membrane and
to water were measured using the 2D "C-detected 'H spin diffusion experiment. This ap-
proach has been used extensively to determine the depth of insertion and water accessibility
of membrane peptides and proteins (26, 44-49). The experiment selects the 'H magnetization
of mobile lipid chains and water using a '"H T, filter of 0.8-1.0 ms. The selected 'H magneti-
zation is then transferred to the rigid peptide and protein during a mixing period (t,,). The
transfer rate depends on the intermolecular distances. The result of 'H spin diffusion to the
protein is detected via "°C after a 'H-">C CP step. The buildup of the cross peak intensities as
a function of t,, is fit to give semi-quantitative distances. We carried out the 'H spin diffusion
experiments under 5 kHz MAS at 308 K for the ReLPS/DEPE samples and 288 K for the
POPE/POPG samples. Both temperatures were 3°C below the phase transitions of each
membrane and thus give comparable spin diffusion coefficients. For the POPE/POPG sam-
ples, a buildup curve was also measured at 298 K, 7°C above the phase transition temperature,
to compare with previous PG-1 data measured at 298 K and to validate the interfacial diffu-

sion coefficient used for distance fitting at 288 K.
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PC-'P distances between the peptide and the lipid phosphates were measured using
the rotational-echo double-resonance (REDOR) experiment (50, 51). For Co—*'P distances, a
1 ms “C 180° Gaussian pulse on resonance with the Co. peak was applied in the middle of
the REDOR mixing period to refocus the "C chemical shift and eliminate the “C-"°C scalar
couplings (57). Arg C{ does not have a directly bonded "C, thus a non-selective 180° pulse
was used. A pair of experiments without (S,) and with (S) *'P pulses was measured for each
mixing time. A "H decoupling field strength of 71 kHz was used during the REDOR period,
and the experiments were conducted at 233-237 K under 4.0 or 4.5 kHz MAS. The decay of
S/S, as a function of mixing time was fit using the SIMPSON software (52) to obtain the
distances. Two-spin (C-"'P) simulations were used for all distance fitting. We have shown
before (27) that, for *C->'P distances shorter than 5 A, two-spin simulations accurately rep-
resent the C distance to the nearest *'P, since the average *'P-"'P separation in membrane
bilayers is much larger, ~10 A. For apparent two-spin distances greater than 7 A, the
two-spin distance closely represents, and only slightly over-estimates, the vertical distance of

the "°C spin to the *'P plane.

9.4 Results
In our study, the POPE/POPG membrane was used to mimic the Gram-positive bac-

terial membrane as well as the inner membrane of Gram-negative bacteria, whereas the
ReLPS/DEPE membrane was used to mimic the outer membrane of Gram-negative bacteria.
ReLPS and DEPE mix homogeneously because of their similar phase transition temperatures
(36°C for ReLPS (34) and 38°C for DEPE (53)) and the strong hydrogen-bonding capability
of the PE headgroup (54, 55).

Membrane disorder caused by PG-1 and IB484

We first measured the static *'P spectra of the two types of lipid membranes to as-
sess the membrane disorder caused by IB484. *'P chemical shift anisotropy (CSA) is highly
sensitive to the membrane morphology (32, 56-62). Unoriented liquid-crystalline lamellar
bilayers exhibit a powder pattern with a uniaxial lineshape, whose maximal intensity (90°

edge) appears between -12 and -17 ppm. Correspondingly the span of the powder pattern is
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38-50 ppm. In comparison, small isotropic vesicles, micelles and cubic-phase lipids give rise
to an isotropic *'P peak at about O ppm due to lateral diffusion of the lipids over the curved
surface of these morphologies or fast tumbling of the vesicles when they are highly hydrated.
Finally, hexagonal-phase lipids exhibit a uniaxial lineshape that is mirror-symmetric with

that of the lamellar bilayer around the isotropic shift, with the maximal intensity at about +8

Static MAS
(a)
no |IB484
(b)
with I1B484
40 20 0 20 40 2 0 2
31P anisotropic 31P isotropic

chemical shift (ppm) chemical shift (ppm)

Fig. 9.3. °'P static (left) and MAS (right) spectra of POPE/POPG membranes at 303 K. (a) Without
peptide. (b) With 8 mol% IB484.

Fig. 9.3 shows the static and MAS *'P spectra of the POPE/POPG membrane with-
out and with IB484. While the peptide-free spectrum is characteristic of liquid-crystalline
lamellar bilayers, the static spectrum of IB484-containing POPE/POPG membranes exhibits
a high 0-ppm isotropic peak superimposed with residual powder intensities, indicating that
the bilayer is significantly disrupted by the peptide to form high-curvature isotropic phases.
The MAS spectra show that IB484 binding broadened the *'P linewidths so that the two lipid
signals are no longer well resolved. Thus, IB484 strongly disrupts the POPE/POPG mem-
brane, similar to PG-1 (29, 32), consistent with the similar antimicrobial activities of the two

peptides towards Gram-positive bacteria (Table 9.1).
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Fig. 9.4. Experimental (black) and simulated (red and blue) static *'P spectra of ReLPS-containing
membranes without and with peptides. The spectra were measured at 303 K and 313 K. (a) DEPE
spectra. (b) ReLPS/DEPE spectra. (¢) Spectra of ReLPS/DEPE membranes containing 8 mol% PG-1.
(d) Spectra of ReLPS/DEPE membranes containing 8 mol% IB484. Best-fit simulations yield the

percentages of each component.

Fig. 9.4 shows static *'P spectra of ReLPS/DEPE membranes in the absence and
presence of the peptides and their best-fit simulations to identify the membrane morphologies
under the various conditions. The spectra were measured at 303 K and 313 K, which are
slightly below and above the phase transition temperature of the membrane. The spectra of
pure DEPE membranes (Fig. 9.4a) show lamellar powder patterns at both temperatures. In
contrast, the ReLPS/DEPE (1:5) membrane exhibits a clear isotropic peak (~15%) in addition
to a bilayer powder pattern (Fig. 9.4b) at 303 K, indicating that a small fraction of lipids as-
sembled into small vesicles, micelles, or cubic phases. When the temperature increased to
313 K, the bilayer pattern was replaced by a hexagonal-phase powder pattern, which ac-

counted for ~88% of the total intensity. This hexagonal phase formation suggests that the
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LPS acyl chains experience larger disorder relative to the headgroup in the liquid-crystalline
phase, thus causing negative curvature strain to the membrane. The result is consistent with
previous X-ray diffraction and NMR studies of LPS-related membranes. For example, X-ray
diffraction of lipid A membranes detected inverse hexagonal phase in the liquid-crystalline
state under a wide range of hydration levels and Mg** concentrations (63, 64) X-ray diffrac-
tion of LPS molecules with varying acyl chain numbers and headgroup sizes (65) showed
that whether LPS molecules have cylindrical or conical conformations strongly influences

the packing and phase behavior of mixed LPS-phospholipid membranes.

(a)

ReLPS:gluco-
(b) samine C1 RelPS

\ C3-C6
| ReLPsc2

g
a 50 ‘
~ )
® 1 2
e ©-
170+ .
,

7 v13Ca R3C'a R3CS  vi3R3acp 180 160 140 120 100 80 60 40 20
180 . ‘

180 170 "T85 45 35 | 25 | 15 13C chemical shift (ppm)

13C (ppm)

Fig. 9.5. °C chemical shifts of PG-1 and IB484 in ReLPS/DEPE membranes. (a) Representative 2D
PC-PC DARR spectrum (40 ms mixing) of Arg3, Vall3-labeled IB484 in POPE/POPG membranes at
263 K. The 2D spectrum was measured in 19 hrs with a maximum t, evolution time of 6 ms, 218 t,
slices and 160 scans per slice. (b) 1D "C CP-MAS spectra of ReLPS/DEPE membranes. Asterisks
indicate spinning sidebands. (c) "C CP-MAS spectrum (black) and "*C DQ filtered spectrum (red) of
PG-1 in ReLPS/DEPE membranes. (d) C CP-MAS spectrum (black) and “C DQ filtered spectrum
(red) of IB484 in ReLPS/DEPE membranes. The 1D spectra were measured between 237 and 253 K
under 4-5 kHz MAS. The 1D DQ filtered spectra were acquired with 2560 scans.

A previous *'P NMR analysis of ReLPS mixtures with phospholipids found that
ReLPS forms lamellar bilayers with PE lipids more readily than with phosphocholine (PC)
lipids due to the shape complementarity of LPS and PE (55), and that at 10 mol% ReLPS,
only a small isotropic *'P peak was present at 40°C. However, small- and wide-angle X-ray

scattering indicated that the amount of the isotropic phase increases with the LPS concentra-
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tion and becomes dominant in equimolar mixtures of ReLPS with DPPE/DPPG lipids (66).
The ReLPS/DEPE membrane used here contains 20 mol% ReLPS, thus the significant but

not dominant *'P isotropic peak in the 313 K spectrum is qualitatively consistent with the

previous results obtained at 10% and 50% LPS.
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Fig. 9.6. C-H order parameters of IB484 and PG-1 in different membranes by 2D DIPSHIFT experi-
ments. (a) IB484 in POPE/POPG membranes at 298 K under 4.5 kHz MAS. (b) IB484 in
ReLPS/DEPE membranes at 308 K under 5 kHz MAS. (c) PG-1 in POPE/POPG membranes at 298 K
under 4.5 kHz MAS. (d) PG-1 in ReLPS/DEPE membrane at 308 K under 5.0 kHz MAS. Solid and
dashed lines are best-fit simulations without and with the T, decays, respectively.

Adding PG-1 and IB484 to the LPS membrane removed the hexagonal phase and

stabilized the bilayer phase to about ~80% of the total intensity (Fig. 9.4¢, d) (67). Thus,

PG-1 and IB484 counter the negative curvature strain of the LPS-rich membrane. At 303 K,

the bilayer powder patterns are ~9 ppm narrower than those of the peptide-free LPS mem-
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branes, suggesting that the lipid headgroup conformation may be moderately affected by the
peptides to give a different motionally averaged CSA (57, 68). The *'P powder patterns in the
presence of the peptides also show less defined edges, even though the same 'H decoupling
field (50 kHz) was applied. We attribute this effect to peptide-induced changes of the lipid
diffusion rates, which cause intermediate-timescale broadening of the spectra. Finally, for
both PG-1 and 1B484, the isotropic peak of the ReLPS/DEPE membrane is smaller than that
of the POPE/POPG membrane (Fig. 9.3b) (37), and the difference between the spectra of
PG-1 and IB484 containing ReLPS/DEPE membranes is modest compared to the 30-fold
MIC difference against Gram-negative bacteria. Thus, we turned to other observables to un-
derstand the origin of the different interactions of these two peptides with the LPS mem-

brane.

Conformation and dynamics of PG-1 and IB484 in bacteria-mimic membranes

We determined the conformation of PG-1 and IB484 in the two lipid membranes by
measuring “C chemical shifts of site-specifically labeled residues. The 2D “C correlation
spectrum of IB484 in POPE/POPG membranes resolved all intra-residue cross peaks of Arg3
and Vall3 (Fig. 9.5a). For the ReLPS/DEPE samples, 1D "C spectrum in the absence of the
peptides (Fig. 9.5b) showed weak carbohydrate signals in the 60-100 ppm range as expected.
The addition of PG-1 and IB484 gave rise to clear peptide "°C signals that were confirmed by
DQ filtered spectra (red), which suppressed all natural abundance "C signals of the lipids.
These 1D and 2D spectra readily yielded Co., C3, CO and No chemical shifts of the labeled

residues, and confirmed the B-sheet conformation of the two peptides in the ReLPS/DEPE
membrane. Moreover, no chemical shift or linewidth changes were observed from 243 K to
308 K, and the 308 K "*C spectra showed ~85% of the intensities of the 243 K spectra (data
now shown). Thus, PG-1 and IB484 are mostly immobilized in the LPS membranes at physi-
ological temperature.

To quantify the dynamics of IB484 in the two lipid membranes, we measured C-H
dipolar couplings. Fig. 9.6 shows the DIPSHIFT data of IB484 in POPE/POPG membranes
at 298 K, which is above the phase transition temperature (291 K), and in ReLPS/DEPE
membranes at 308 K, slightly below the phase transition temperature (311 K).
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In both membranes, the Co sites of Arg3 and Vall3 exhibit fast dephasing in the
first half of the rotor period, indicating strong C-H dipolar couplings. The best-fit couplings
gave C-H order parameters of ~0.9, indicating that IB484 does not undergo fast motions at
these temperatures in the two membranes. The POPE/POPG result was also reproduced at
288 K (data not shown), confirming the lack of fast peptide motion at 298 K. However, the
time signals of IB484 showed varying extents of asymmetry between the first and second
half of the rotor period: the intensities at the end of the rotor period was ~72% of the first
time point for the POPE/POPG sample at 298 K and ~54% for the ReLPS/DEPE sample at
308 K. This asymmetry is known to be caused by intermediate-timescale motion that inter-
feres with °C-'H and 'H-'H dipolar couplings and MAS (69). The larger intensity reduction
in the ReLPS/DEPE membrane suggests that IB484 may bind more superficially to this
membrane or may be less oligomerized compared to its behavior in the POPE/POPG mem-
brane. Comparison with reported DIPSHIFT curves for various motional rates and ampli-
tudes (69) suggests that the intermediate-timescale motion of 1B484 may occur in the 2-10
kHz regime, although the exact rates and amplitudes depend on the motional geometry and
are outside the scope of this study.

Interestingly, the POPE/POPG-bound PG-1 also exhibited noticeable intensity
asymmetry in the DIPSHIFT data (Fig. 9.6¢), indicating that intermediate-timescale motion
was already present in the wild-type peptide. Table S9.1 summarizes the C-H order parame-
ters and the apparent 7, decay constants (7,*) of the four peptide-lipid combinations. In the
ReLPS/DEPE membrane, PG-1 has a much longer 7,* (1.45 ms) or much less DIPSHIFT
asymmetry (Fig. 9.6d) than 1B484 (0.34 ms), suggesting that the wild-type peptide binds

more tightly to the LPS membrane than the mutant.

Depth of insertion from "*C-detected 'H spin diffusion

To determine the depth of insertion of the two peptides, we conducted 2D
“C-detected 'H spin diffusion experiments. The spin diffusion spectra were measured for
POPE/POPG samples at 288 K and ReLPS/DEPE samples at 308 K, ~3°C below the corre-
sponding phase transition temperatures. The similar reduced temperatures make 'H spin dif-

fusion coefficients similar so that buildup curves can be compared between the two types of
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membranes. Based on previous calibrations we used the following diffusion coefficients to
extract lipid-protein and water-protein distances: D; = 0.012 nm*/ms for the lipid phase, Dy, =

0.03 nm*ms for water, and D,= 0.3 nm?*/ms for the peptides (26, 45, 48). For the li-

pid-protein interface, we used a D, of 0.005 nm*/ms, as verified below.

nt
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Fig. 9.7. 2D "C-detected 'H spin diffusion spectra of IB484 in the ReLPS/DEPE membrane to deter-
mine the peptide’s depth of insertion. (a) Representative 2D spectrum, measured with a 100 ms mix-
ing time. (b) Sum of the Arg3 and Vall13 Co. 'H cross sections as a function of mixing time.

Fig. 9.7a shows a representative 2D "“C-'H correlation spectrum of IB484 in
ReLPS/DEPE membranes. With a 100 ms mixing time, peptide-CH, and peptide-water cross
peaks were clearly observed at 'H chemical shifts of 1.3 ppm and 4.8 ppm, respectively. The
sum of the 'H cross sections of Arg3 Ca. and Vall3 Ca as a function of mixing time is shown
in Fig. 9.7b. The cross peak intensity buildup as a function of mixing time is shown in Fig.
9.8a for IB484 in the two membranes. The lipid CH, buildup curve rises much more slowly
in the ReLPS/DEPE membrane than in the POPE/POPG membrane. The latter curve is best
fit to a 2 A distance, indicating that IB484 is inserted into the center of the POPE/POPG

membrane. The lipid chain CH, buildup curve (not shown) is similar to the CH, curve (44),
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confirming that the mutant is fully inserted across the membrane. Water spin diffusion to
IB484 is also fast in the POPE/POPG membrane. Since the IB484 length (~26 A) is shorter
than the POPE/POPG P-P thickness (~40 A), fast spin diffusion from both water and lipid
acyl chains suggest water permeation into the membrane. In comparison, the CH, buildup
curve for the ReLPS/DEPE membrane is best fit to a distance of 7 A, indicating that IB484 is
only partly inserted into the LPS membrane. At the same time, the water buildup curve is al-
so slower in the ReLPS/DEPE membrane than in the POPE/POPG membrane, corresponding

to a ~5 A distance.
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Fig. 9.8. Analysis of 'H spin diffusion data of PG-1 and IB484 in two lipid membranes. (a) Buildup
curves of IB484 in ReLPS/DEPE (filled circles) and POPE/POPG membranes (open squares), meas-
ured at 308 K and 288 K, respectively. The intensity is the sum of the Arg3 and Val13 Co. 'H cross
sections. Top: Spin diffusion from lipid CH, protons to the peptide. Bottom: Spin diffusion from wa-
ter to the peptide. (b) Buildup curves of IB484 (circles) and PG-1 (triangles) in ReLPS/DEPE mem-
branes at 308 K. For the IB484 data, the sum of the Arg3 and Vall3 Ca intensity is shown as filled
circles, while the Arg3 Co intensity is shown as open circles.
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The 'H spin diffusion curves of PG-1 and 1B484 in the ReLPS/DEPE membrane are
compared in Fig. 9.8b. Spin diffusion from both lipid CH, and water to PG-1 is rapid (2 A),
indicating TM insertion of the peptide. The lipid CH, buildup curve is clearly faster for PG-1
than for IB484, supporting deeper insertion of the more cationic PG-1. Water spin diffusion
to PG-1 is modestly faster than to IB484 in the LPS membrane. Since the PG-1 buildup
curves were extracted from the Ca signal of Arg4, which contains labile sidechain protons
that can readily exchange with water, we analyzed the water spin diffusion curve to IB484
using only the Arg3 Co intensity. The resulting buildup curve (open circles) is the same as
that obtained using the combined Arg3 and Vall3 intensities (filled circles, Fig. 9.8b), con-
firming that IB484 is further away from water than PG-1.

The above spin diffusion buildup curves were fit using an interfacial diffusion coef-
ficient of 0.005 nm*/ms, which is larger than the value of 0.002 nm*/ms used before for lig-
uid-crystalline membranes (45). This interfacial diffusion coefficient is a sensitive parameter
in the distance fitting, and is only semi-quantitatively estimated based on 'H-"H dipolar cou-
plings (48). Although the higher D,, was consistent with the moderate gel-phase nature (3°C
below the phase transition temperature) of the membranes in our experiments, we further
verified the interfacial diffusion coefficient by repeating the spin diffusion experiment for the
POPE/POPG-bound 1B484 at 298 K. Fig. §9.1a compares the CH, buildup curves of IB484
and PG-1 at 298 K in the POPE/POPG membrane (26). The two curves superimpose well,
indicating that the two peptides have similar distances to the center of the POPE/POPG
membrane. Using a D, of 0.00175 nm*/ms, which was previously estimated for PG-1, we
obtained the 2 A distance for IB484, which is identical to the result at 288 K. Fig. S9.1b
compares the buildup curves of IB484 at 288 K and 298 K in the POPE/POPG membrane.
As expected, higher temperature slowed down 'H spin diffusion due to the lower membrane
viscosity, but the intrinsic depth of the peptide is the same within this narrow temperature
range. Thus, the choice of 0.005 nm*/ms for D, at 288 K is consistent with the higher D,

value for liquid-crystalline POPE/POPG membranes, and IB484 is inserted into the hydro-

phobic center of this membrane.
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Fig. 9.9. "C-"'P REDOR data of PG-1 and IB484. (a) PG-1 Argd Co and C{ distances to *'P in the
ReLPS/DEPE membrane (filled symbols). The POPE/POPG data (open symbols) are superimposed
(27). (b) 1B484 Arg3 Co, CC and Vall3 Co data in the ReLPS/DEPE membrane (filled symbols)
versus the POPE/POPG membrane (open symbols). (c) Representative REDOR S, and S spectra of
IB484 in the POPE/POPG membrane. Mixing time: 10.7 ms. The REDOR experiments were carried
out at 233-237 K under 4.0 or 4.5 kHz MAS.

Guanidinium-phosphate “C-"'P distances

To understand how Arg residues in the two peptides interact with the lipids, we
measured “C-*'P distances in both the LPS and regular phospholipid membranes. Fig. 9.9a
shows the REDOR data of PG-1 in ReLPS/DEPE membranes and compares them with the
previously reported POPE/POPG results (27). In the POPE/POPG membrane, Arg4 has a
short C{ -P distance of 5.7 A indicative of guanidinium-phosphate complexation and a Coi-P
distance of 6.5 A (27). These distances suggest toroidal pore formation by PG-1 in
POPE/POPG membranes (26, 27). In the ReLPS/DEPE membrane, the Arg4 C{—P distance
increased to 6.9 A while the Co-P distance increased to 8.0 A. Thus, guanidinium-phosphate
salt bridge no longer exists in the LPS-bound PG-1. Since the 'H spin diffusion data indicates
TM insertion of PG-1 in this membrane, the lack of short “C-*'P distances suggests that there

are fewer or no lipid headgroups in the center of the membrane, which is consistent with the
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limited isotropic intensity in the static *'P spectrum of PG-1 containing LPS membrane (Fig.
94c).

Fig. 9.9b show the REDOR curves of IB484 in POPE/POPG (open symbols) and
ReLPS/DEPE membranes (filled symbols), and a representative pair of REDOR spectra is
shown in Fig. 9.9c. The Arg3 CC-P dephasing in both membranes are well fit by a Gaussian
distribution of distances centered at 5.7 A with a half width of 1.5 A. Thus, on average Arg3
has close contact with the lipid phosphates in both membranes. For the backbone atoms,
Arg3 shows a Co-P distance of 6.4 A in the LPS membrane and 7.4 A in the POPE/POPG
membrane, while Vall3 has a Ca-P distance of 7.6-7.7 A in both membranes. The accuracy
of the REDOR experiment is verified by the rapid dephasing of the lipid glycerol G1 and G3
peak (63.5 ppm), which fit to a 1:1 combination of a 2.6 A and 52 A distance, consistent
with the short intramolecular distances of these carbons to *'P. All measured *C-*'P distances

are summarized in Table 9.2.

Table 9.2. *C-3'P distances of PG-1 and IB484 in POPE/POPG and ReLPS/DEPE membranes.

Peptide Residue Site | POPE/POPG ~ ReLPS/DEPE
PG-1  Argd  C{ [57+15A27) 69A
Co | 65A(27) 8.0 A
IB484 Argd  C{ |57+15A 57+15A
Co | 74A 6.4 A
Vall3  Co |76 A 7.7 A

Although short guanidinium-phosphate distances were found for IB484 in both lipid
membranes, the different depths of the peptide obtained from the 'H spin diffusion experi-
ment indicate different reasons for the short "C-"'P distances. The mutant is shallowly in-
serted into the ReLPS/DEPE membrane and is thus in close proximity with the phosphate
groups on the membrane surface. In contrast, the peptide is fully inserted across the
POPE/POPG membrane, thus the relatively short C{-P distance of Arg3 must result from
phosphate groups embedded in the hydrophobic region of the membrane, as in toroidal pores.
The 1.3 A difference in the Arg3 and Vall3 Ca distances to *'P in the LPS membrane sug-

gests that the C-terminus may be more deeply inserted into the membrane than the
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N-terminus, due to the more hydrophobic nature of the C-terminal strand compared to the

N-terminal strand (Fig. 9.2a).

9.5 Discussion

Understanding the Gram selectivity of AMPs is important for designing new antibi-
otics that selectively targets resistant bacteria. Previous studies of AMPs in LPS micelles or
intact Gram-negative bacteria suggested the lack of peptide insertion to be the cause for the
weaker antimicrobial activities of Gram-negative-inactive AMPs (/7-19). However, molecu-
lar structures of AMPs in LPS-containing lipid bilayers have not been reported so far. The
current study addresses the mechanism of Gram-selectivity by comparing the structures of
PG-1 and a mutant in Gram-positive and Gram-negative mimetic lipid membranes. Based on
our data, we propose four structural models (Fig. 9.10 and Table S9.2) that explain the dif-
ferent antimicrobial activities of the two peptides.

Both PG-1 and IB484 adopt a robust B-hairpin fold due to the disulfide bond con-
straints. Previous solid-state NMR data and MD simulations showed that the wild-type
B-hairpins assemble into oligomeric TM B-barrels in POPE/POPG membranes (26, 70, 71),
which lead to toroidal pore defects (Fig. 9.10a) (27). The current data show that the
charge-reduced mutant is similarly inserted into the POPE/POPG membrane and also exhib-
its short Arg CC-P distances that are diagnostic of toroidal pores (Fig. 9.10¢). The membrane
disorder is consistent with the *'P NMR lineshape of mutant-bound POPE/POPG membranes,
which exhibited a high isotropic peak (Fig. 9.3b). It is also consistent with the similar anti-
microbial activities of IB484 and PG-1 against Gram-positive bacteria (Table 9.1).

Guanidinium-phosphate salt bridges have now been observed for many cationic
membrane peptides, including the antimicrobial peptides PG-1 (27) and human a-defensin 1
(72), the cell-penetrating peptides penetratin (73, 74) and HIV TAT (75), and the S4 helix of
the KvAP potassium channel (76). Solid-state NMR provided the most direct means of iden-
tifying the existence of guanidinium-phosphate complexation through distance measurements
between the Arg C{ and lipid *'P. In addition to interaction with the lipid phosphates, the
guanidinium ion can also H-bond with water (77, 78). Both interactions shield the positive

charge from the hydrophobic lipid chains, thus facilitating membrane insertion of these pep-
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tides. IB484 exhibits clear guanidinium-phosphate interactions in POPE/POPG membranes,
suggesting that even with only two Arg residues, the peptide is able to cause some phospho-
lipids to reorient to lower the free energy barrier of peptide insertion into the hydrophobic

region of the membrane.

(a) PG-1 (b) PG-1 ReLPS

(c) 1B-484 (d) 1B-484

(3 e SNk 12 A
¥ )
il

Fig. 9.10. Structural models of PG-1 and IB484 in ReLPS/DEPE and POPE/POPG membranes. (a) In
the POPE/POPG membrane, PG-1 is TM and causes toroidal pores with strong orientational disorder
(26, 27). (b) In the ReLPS/DEPE membrane, PG-1 is TM and causes barrel-stave pores with little
lipid orientational disorder. (c) In the POPE/POPG membrane, IB484 is TM and causes toroidal pores
with moderate lipid disorder. (d) In the ReLPS/DEPE membrane, IB484 is partially inserted without
causing lipid disorder. The peptide cannot subsequently cross into the cytoplasmic membrane, thus
explaining its weak antimicrobial activity against Gram-negative bacteria.

While both PG-1 and 1B484 induce toroidal pores in the POPE/POPG membrane,
they show different Arg Co-P distances: IB484 Arg3 Co, exhibited a 1-A longer distance (7.4
A) than the corresponding Arg4 Co in PG-1 (6.5 A). This difference suggests that fewer
phosphate groups may reorient to contact the Arg in the mutant, as a result of the weaker
electrostatic interaction of the membrane with the +3 charged mutant compared to the +6
charged PG-1. The distance difference is consistent with the 2-fold weaker antimicrobial ac-
tivity of IB484 than PG-1 towards Gram-positive MRSA (Table 9.1).
In ReLPS/DEPE membranes, 'H spin diffusion data indicate that PG-1 lies close to

both water and lipid chains and is thus inserted in a TM fashion (26). However, the peptide
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exhibits much longer Arg4 distances to *'P compared to the distances in the POPE/POPG
membrane. Although only Arg4 is measured in the present study, distances from other Arg’s
to *'P will not provide additional information about the peptide-lipid interaction, because the
other five Arg’s in PG-1 are located at the hairpin tip and at the N- and C-termini, thus they
are close to the lipid *'P regardless of whether the peptide adopts a TM or a surface-bound
structure. Among the six Arg’s, Arg4 is closest to the hydrophobic middle of the B-hairpin,
and is thus most sensitive to the absence or presence of toroidal pore defects. The combina-
tion of 'H spin diffusion and *C-’'P distance data indicate that PG-1 causes TM pores of the
barrel-stave type in the ReLPS/DEPE membrane (Fig. 9.10b), where the lipid molecules
maintain their regular orientation parallel to the membrane normal. The relative lack of ori-
entational disorder is confirmed by the *'P spectra (Fig. 9.4¢). These TM pores, presumably
filled with water, shield the Arg residues from the hydrophobic lipid chains, and at the same
time provide a conduit for translocation of more PG-1 molecules into the cytoplasmic mem-
brane, where actual cell killing occurs. The phase behavior of the ReLPS/DEPE membrane is
complex in the absence of the peptide, and has not been fully explored as a function of tem-
perature and composition (55, 66). Nevertheless, the *'P spectra in Fig. 9.4 clearly show that
the ReLPS/DEPE membrane has significant curvature strain in the liquid-crystalline phase
that is reduced in the gel phase. Thus, chain disorder plays a significant role in the lipid
packing of the ReLPS/DEPE membrane. Binding of either peptide to the LPS membrane re-
stored the lamellar bilayer at high temperature, which may proceed by chain rigidification or
by the peptides counteracting the negative curvature strain of the lipids.

The biggest difference between the mutant and wild-type PG-1 lies in their depths of
insertion in the ReLPS/DEPE membrane. The mutant cannot insert into the center of the LPS
membrane, as shown by the slower 'H spin diffusion from the lipid CH,, thus it cannot cross
further into the cytoplasmic membrane. The shallow insertion of IB484 in the LPS membrane,
in contrast to its TM orientation in the POPE/POPG membrane, may result from a combina-
tion of the large oligosaccharide moiety, the presence of six acyl chains, and the divalent
cations that neutralize the LPS negative charges. These structural features serve to make the
LPS-rich membrane more rigid and less permeable than regular phospholipid membranes

(Fig. 9.2). The fact that wild-type PG-1 still inserts into the ReLPS/DEPE membrane, despite
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the high membrane viscosity and impermeability, must then be attributed to the higher charge
of the wild-type peptide and the stronger electrostatic interaction. But the more rigid LPS
molecules cannot reorient to neutralize the Arg’s of the inserted PG-1, thus no toroidal pores
are observed. For IB484, the smaller number of cationic residues (2 Arg and 1 Lys) weakens
the electrostatic attraction with the membrane, hence abolishing TM insertion. In the asym-
metric outer membrane of real Gram-negative bacterial cells, the LPS molecules are almost
exclusively located in the outer leaflet. Therefore, resistance against peptide insertion may be
stronger and a higher cationicity may be required for potent antimicrobial activities.

In conclusion, the solid-state NMR data obtained here indicate that Gram selectivity
among [B-hairpin AMPs is largely the result of different insertion depths, which depend on
the degree of peptide binding to the membrane, which is in turn determined by the Arg den-
sity of the peptides. Having a sufficient number of Arg residues facilitates peptide binding to
and translocation across the LPS membrane of Gram-negative bacteria, allowing subsequent

disruption of the inner cytoplasmic membrane.
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9.8 Supporting Information

Table S9.1. C-H order parameters (S¢y) and the apparent 7,* of IB484 and PG-1 in different lipid
membranes. 7,* is the apparent decay constant in the DIPSHIFT time data due to intermediate time-
scale motion, and was measured as the decay of the last data point compared to the first data point.

Peptide POPE/POPG ReLPS/DEPE
P Temp Scu T,* (ms) Temp Scu T,* (ms)
288 K 0.87 0.48
IB484 Arg3 Ca 298 K 087 0.66 308K 092 0.34
288 K 091 0.40
PG-1 Arg4 Ca 298 K 091 0.94 308K 0.90 1.45

Table S9.2. Experimental constraints for the topologies of PG-1 and 1B484 in POPE/POPG and
ReLPS/DEPE membranes.

'H spin diffusion ~ “C-'P distances

Peptide Membrane Insertion model Lipid CH, Water Backbone Arg CC
PG-1  POPE/POPG  B-barrel toroidal pore 2 A 2A  5565A 40-57A
ReLPS/DEPE Barrel-stave pores 2A 2A  80A 6.9 A
IB484  POPE/POPG  Toroidal pore 2A 2A  7476A 57A
ReLPS/DEPE Partial insertion 7A 5A  6477A 57A
(a) 1 (b)
1F 1F 2A |.--gr-----
2 2
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Figure S9.1. Comparison of lipid-peptide 'H spin diffusion curves at different temperatures for
POPE/POPG-bound peptides. (a) Buildup curves of PG-1 (open circles) and IB484 (filled squares) at
298 K. A D, of 0.00175 nm*/ms was used for distance fitting. (b) Buildup curves of IB484 at 298 K
(filled squares) and 288 K (open squares). D;, was 0.00175 nm*/ms for 298 K and 0.005 nm*/ms for
288 K.
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10.1 Abstract

The opening and closing of voltage-gated potassium (Kv) channels are controlled by
several conserved Arg residues in the S4 helix of the voltage-sensing domain. The interaction
of these positively charged Arg’s with the lipid membrane has been of intense interest for
understanding how membrane proteins fold to allow charged residues to insert into lipid bi-
layers against free energy barriers. We have now determined the orientation and insertion
depth of the S4 peptide of the KvAP channel in lipid bilayers using solid-state NMR. 2D "N
correlation experiments of macroscopically oriented S4 peptide in phospholipid bilayers re-
vealed a tilt angle of 40°, and two possible rotation angles differing by 180° around the helix
axis. Remarkably, the tilt angle and one of the two rotation angles are identical to those of the
S4 helix in the intact voltage-sensing domain, suggesting that interactions between the S4
segment and other helices of the voltage-sensing domain is not essential for the membrane
topology of the S4 helix. *C-*'P distances between the S4 backbone and the lipid *'P indicate
a ~9 A local thinning and 2 A average thinning of the DMPC/DMPG bilayer, consistent with
neutron diffraction data. Moreover, a short distance of 4.6 A from the guanidinium CC of the
second Arg to *'P indicates the existence of guanidinium-phosphate hydrogen bonding and
salt bridge. These data suggest that the structure of the Kv gating helix is mainly determined
by protein-lipid interactions instead of inter-helical protein-protein interactions, and the S4
amino acid sequence encodes sufficient information for the membrane topology of this cru-

cial gating helix.
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10.2 Introduction
Voltage-activated potassium (Kv) channels are important for electrical signaling by
neurons and muscle cells. The Kv voltage-sensing domain, which contains four helices des-
ignated S1 to S4, drives the opening and closing of the potassium-conducting pore in re-
sponse to changes in the membrane potential (/, 2). Most of the gating charges are located on
the S4 helix, which contains several conserved arginine residues (Arg) at every third position
(3). High-resolution crystal structures (4-6) and avidin accessibility measurements (7) sug-
gested that the S3b-S4 segment, which forms a helix-turn-helix motif called the volt-
age-sensing paddle, moves by as much as 15 A during channel activation under depolarizing
membrane voltages. Since positively charged Arg residues incur a high free energy cost to
insert into the low-dielectric hydrophobic core of lipid bilayers (8), there has been intense
interest in understanding how the Arg-rich S4 helix is structured in the lipid bilayer in the
resting and activated states of the protein. The paddle model proposes that the gating Arg’s
interact directly with the lipids (5), while the canaliculi model proposes that the Arg’s are
shielded by acidic residues in other transmembrane (TM) helices (9). Molecular dynamics
(MD) simulations of the S4 helix alone (/0) and of the entire voltage-sensing domain (//,
12) suggested that Arg-phosphate salt bridges, water clusters near the guanidinium moieties
deep in the membrane, and membrane thinning, contribute to the stabilization of the S4 Arg’s
in the lipid membrane. Conductivity measurements showed that voltage sensing requires
phosphate groups in lipid membranes (/3, /4), also supporting the notion that the volt-
age-sensing domain interacts strongly with the lipid headgroups. Neutron diffraction of the
KvAP S1-S4 domain in POPC/POPG bilayers showed that the voltage sensor is fully em-
bedded in the lipid bilayer and does not cause strong perturbations of the membrane structure
(15). Despite this increasing body of evidence, atomic-level structural information of the Kv
voltage-sensing paddle and the Arg residues therein, measured directly in phospholipid bi-
layers, remains scarce.
Solid-state NMR spectroscopy has contributed significantly to the understanding of
the structural basis for the function of Arg-rich membrane peptides such as antimicrobial
peptides (16, 17) and cell-penetrating peptides (18, 19). These studies demonstrated the fea-

sibility of measuring inter-atomic distances between Arg residues and lipid phosphates in
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multilamellar lipid membranes. In addition, due to the intrinsic orientation dependence of
NMR frequencies, solid-state NMR spectroscopy is a sensitive probe of the orientation of
membrane proteins in lipid bilayers. Here, we combine static oriented-membrane solid-state
NMR techniques with magic-angle spinning experiments to determine the orientation, depth
of insertion, and Arg-phosphate interaction of the Kv S4 peptide in phospholipid bilayers.
We compare these results with the structure of the S4 helix in the intact voltage sensor to in-

fer the importance of lipid-protein versus protein-protein interactions for channel gating.

10.3 Results
S84 backbone conformation in the lipid bilayer
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Figure 10.1. °C isotropic chemical shifts of the KvAP S4 peptide in DMPC/DMPG bilayers. (a) 2D
PC-"C correlation spectrum of Leug, Ile s labeled S4 at 263 K, with a spin diffusion mixing time of

30 ms. (b) Secondary chemical shifts of CO, Ca and CP of labeled residues, using random coil
chemical shifts of reference (21) (Table S10.1).

Before determining the S4 peptide orientation, we first measured the backbone con-
formation of the KvAP S4 peptide (residues 113-130) to determine if this segment is
o-helical in the lipid membrane in the absence of the other helices of the voltage-sensing
domain. For this purpose we measured the ">C isotropic chemical shifts of six labeled resi-
dues distributed throughout the segment: Gly,, Leus, Val;, Args, Leuy and Ilejs. A repre-
sentative 2D °C-">C DARR (20) correlation spectrum is shown in Fig. 10.1a. The difference
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of the Ca,, CB, and CO isotropic chemical shifts from the random coil values gives infor-
mation on the protein secondary structure (27). Fig. 10.1b shows that most residues exhibit
positive CO and Ca secondary shifts and negative Cf3 secondary shifts, which are character-
istic of the a-helical conformation. The only exception is the N-terminal Gly,, which is con-
sistent with the fact that the corresponding Gly residue in the intact voltage sensor is part of

the turn between the S3b and S4 helices (4).

n
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Figure 10.2. Measured orientation-dependent spectra of KvAP S4. (a) *'P spectra of S4-containing
unoriented DMPC/DMPG membranes (top) and magnetically aligned DMPC/6-O-PC bicelles (bot-
tom). The minor peak at O ppm (top) is the phosphate buffer signal. (b-c) 2D N-H dipolar and °N
CSA correlation spectra of bicelle aligned S4 peptide. (b) With Val,, Leu, "N labels. (c) With Gly,,
Leus, and Ile;s °N labels.

S84 helix orientation in the lipid bilayer

The S4 helix orientation was determined using a 2D "N NMR experiment that cor-
relates the "°"N-"H dipolar coupling with the "N CSA of uniaxially aligned peptides (22). Due
to the periodic orientation distribution of the backbone N-H bonds with respect to the helix
axis and the relative orientation of the "N chemical shift tensor to the N-H bond, these 2D
spectra exhibit wheel-like patterns (23, 24) whose position and size indicate the tilt angle of
the helix from the bilayer normal. The position of individual resonances on these “PISA”
wheel indicates the directions of the sidechains around the helical axis.

We oriented the S4 peptide using magnetically aligned DMPC/6-O-PC bicelles.
Static *'P spectra show sharp peaks at frequencies consistent with well-aligned bicelles
whose bilayer normal is perpendicular to the magnetic field (Fig. 10.2a). No isotropic *'P
peak was observed in the bicelle spectrum, and the unoriented spectrum of S4-containing

DMPC/DMPG bilayers which also shows a uniaxial powder pattern except for a phosphate
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buffer peak, indicating that the peptide does not perturb the bilayer integrity. The absence of
strong membrane perturbation is consistent with neutron diffraction data of the S1-S4 domain
in POPC/POPG membranes (/5). Fig. 10.2b, ¢ show the 2D N correlation spectra of the
oriented S4 peptide: the Val;, Leug-labeled sample shows an N-H dipolar splitting of 1.2 kHz
(read as twice the value from the zero-frequency axis) for one residue and nearly vanishing
coupling for the other (b), while the triply Gly,, Leug, Ile;s-labeled sample shows a maxi-
mum N-H splitting of 2.8 kHz (¢). The latter spectrum can be partially assigned on the basis
of the "N-labeled positions: Leus and Ile;s should differ in their p angles by 180° since every
consecutive residue in an o-helix increments the p angle by 100°. Thus Leus and Ile;s peaks
should appear on opposite sides of the PISA wheel. As a result, the 120 ppm and 95 ppm
peaks in Fig. 10.2¢ must be assigned to Leug and Ile;s, while the weak signal at 106 ppm can
be assigned to Gly». Its nearly vanishing coupling is consistent with the unstructured nature
of Gly; obtained from the "°C isotropic chemical shifts. Since Gly; is not part of the o-helix,

we do not consider its "N frequencies in the following orientation analysis.
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Figure 10.3. Simulated orientation-dependent spectra of KvAP S4. (a) Simulated 2D ""N-'H dipolar
and "N CSA correlation spectra (black lines) overlaid with the sum of the two experimental spectra
of Fig. 10.2b, c. Best fit is T=40° + 5°. Simulated spectra are scaled from the rigid-limit values as
shown in Fig. S104 (57). (b-d) Simulated 2D spectra for T = 40° and different p. (b) p=0°.(c) p =
100°. (d) p = 280°. The assignment in the simulated spectra is annotated in black, while the assign-
ment for the experimental spectrum is shown in color. The RMSD between the calculated and meas-
ured spectra is indicated in the upper right corner of each panel.

www.manaraa.com



289

Fig. 10.3a superimposed the sum of the two experimental spectra with simulated 2D
PISA wheel spectra for an ideal o-helix with tilt angles of 0° to 90°. The best-fit T is found at
40°, where the position and size of the wheel are in excellent agreement with the experi-
mental peak distribution. The spectral linewidths are 4 — 5 ppm for the N anisotropic chem-
ical shift dimension and 0.4 — 0.5 kHz for the dipolar dimension. These linewidths allow the
tilt angle to be determined with a precision better than 5°, as shown in Fig. S10.1. A survey
of published oriented membrane protein spectra shows that the ’N anisotropic chemical shift
linewidths range from 2.5 ppm to 9 ppm, while the N-H dipolar coupling dimension has lin-
ewidths of 0.3 to 1.2 kHz. This large linewidth variation reflects the intrinsic conformational
distribution and dynamic disorder of the different membrane proteins (25-30).

To extract the p angle, we require that not only should the individual resonance po-
sitions on the T=40° wheel have minimal deviations from the measured frequencies, but also
the order of peaks around the PISA wheel should follow the intrinsic orientation relationships
of the N-H bonds. Excluding Gly,, the order of the four residues in the clockwise direction
should be Leug, Leuy, Ile;s, and Val;. Fig. 10.3b-d show simulated spectra for several p an-
gles, where the RMSD between the simulated and measured spectra is indicated. The p=0°
spectrum is an example of poor fit with large RMSD, while p=100"+20° and 280°+20" show
good agreement with the experimental spectra and correspond to the two RMSD minima in
the full 360° range (Fig. S10.2). Moreover, the peak assignments are consistent with the
known ""N-labeled positions in the two samples. The difference of 180° in the two p solu-
tions is not coincidental, since Leus and Ile;s differ in pby 180° while Val; and Leusy differ in
pby 200°, thus the two assignments are nearly degenerate. Although the RMSD values indi-
cate that p=280° agrees better with the experimental spectra, due to the near degeneracy we
consider both orientations in the subsequent analysis that combines the insertion depth and

the peptide orientation.
Depth of insertion of S4 residues and Arg - phosphate interaction

We probed the insertion depth of the S4 helix through C-*'P distances between the

peptide and the lipid. Co-P distances indicate the backbone immersion depths while the Arg
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C( distance to *'P identify possible salt bridges and snorkeling (37). The *'P atoms lie in la-
mellar planes in our membrane samples based on the lack of isotropic peaks in the static *'P
spectra of both oriented bicelles and unoriented liposomes (Fig. 10.2). Fig. 10.4 shows rep-
resentative "C-"'P REDOR data. Argg guanidinium C{ shows the shortest *C-*'P distance of
5.5 A when fit with a single distance. When the slower dephasing at long mixing times were
taken into account, then a 1:1 combination of a 4.6 A distance and a 7.8 A distance was

found to best reproduce the data. Thus, at least 50% of the Argg guanidinium lies within hy-
drogen-bonding distance to the lipid phosphate headgroups.
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Figure 10.4. Representative "C-'P REDOR data of DMPC/DMPG membrane-bound S4. (a) ArgyC_
data. Best fit involves a 1:1 combination of a short distance of 4.6 + 0.2 A and a long distance of 7.8
+ 0.5 A. The single-distance best fit gives an average distance of 5.5 A. Representative control (S,,
thin line) and dephased spectra (S, thick line) are shown in the inset. (b) Leu,Cat, with a best-fit dis-
tance of 7.5 + 0.3 A. (¢) Val,Ca, with a best-fit distance of 8.5 + 1.0 A. (d) Ile,;s Cot, with a best-fit
distance of 7.5 + 0.5 A. For (c) and (d), the simulated REDOR decay curves (solid lines) were cor-

rected for lipid G1 and G3 intensities, whose distances to *'P are fixed (dashed lines). In (c), a dou-

ble-quantum REDOR data point (filled circle) falls on the uncorrected REDOR curve for 8.5 A, thus
confirming the single-quantum corrected REDOR distance simulation. All simulated REDOR curves
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are two-spin distances, which reflect the vertical distance of the "’C to the *'P-containing membrane
plane for distances within 7 —9 A (16).

Compared to Argg, the hydrophobic residues all exhibit longer distances to *'P. Leus
and Tle;s Ca are 7.5 A from the *'P plane, while Val; has an even longer Ca-P distance of
8.5+1.0 A. These distances were obtained using two-spin REDOR simulations. For fast
REDOR dephasing such as that of Argg C{, only one *'P atom can approach the peptide "*C
closely due to the average 10 A *'P-*'P separation in the plane of the membrane. For slower
REDOR dephasing that corresponds to a nominal two-spin distance of 7 A or longer, multi-
ple *'P atoms can interact with each "*C spin. In this case, we have previously shown by mul-
ti-spin REDOR simulations that although the individual *C-"'P distances are longer than the
nominal value obtained from two-spin simulations, the vertical distance between the C at-
om and the *'P plane (/6), which is the relevant parameter for reporting membrane protein
depths, approaches the nominal two-spin distance. Thus, the two-spin simulated distances
here can be used to reflect the depth of the "°C spins to the membrane plane.

Val; and Ile;s Ca signals overlap with the lipid glycerol G3 and G1 carbons, which
have short distances to *'P. Thus, in the REDOR simulation, we corrected for the lipid inten-
sity contribution using the equation (S/So)observed = 0.76(S/So)peptide T 0.12(S5/So)c1+
0.12(5/So)a3, where the coefficients were based on the lipid/peptide molar ratio. This natu-
ral-abundance correction was confirmed by a double-quantum filtered REDOR experiment
(19) on the Val; labeled S4 peptide, which removed the lipid °C signals (Fig. S10.5). The
resulting REDOR S/S, value supports the natural-abundance corrected REDOR distance of
8.5 A (Fig. 10.4c).

10.4 Discussion

The "C isotropic chemical shifts indicate that most labeled residues in the S4 pep-
tide exhibit the o-helical conformation in lipid bilayers (27), consistent with the confor-
mation of this domain in the intact protein (4, 6). The only non-helical residue is the
N-terminus Gly,, which is also consistent with the turn conformation of the corresponding

Glyi14 between S3b and S4 helices in the intact KvAP voltage sensor.
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The 2D "N anisotropic correlation spectra indicate that the S4 helix deviates signif-
icantly from the limiting cases of a fully TM orientation (t = 0°) or a fully in-plane orienta-
tion (T = 90°). Spectral simulations yielded a tilt angle of 40+5° and two p angles differing by
180° around the helix axis (Fig. 10.5). The data does not allow unambiguous determination
of which p is adopted by the peptide, and it is possible that both are populated in the absence
of other TM helices of the voltage sensor. Although not all residues of the peptide were
"N-labeled, the inclusion of residues 6 and 15 among the labeled sites suggests that the tilt
angle is valid for the central majority of the helix. Additional simulations show that the
best-fit spectrum agrees with the experimental spectra to within +5° for the tilt angle (Fig.
S10.1). It has been shown that PISA wheels are sensitive not only to helix orientation but al-
so to backbone (¢, y) angles (32). Non-idealities greater than +4° of the torsion angles pro-
duce significant distortions in the PISA wheel pattern. Thus, the good agreement between the
best-fit and experimental spectra of the S4 peptide suggests that the conformation of the
C-terminal half of the peptide, although only labeled at Ile s in this study, may not differ sig-
nificantly from the o-helical structure. Interestingly, the crystal structure of the pad-
dle-chimaera channel showed residues 297 to 306 to be a 3,, helix. However, detailed exam-
ination of the conformation of membrane proteins in available crystal and solid-state NMR
structures by Cross and coworkers suggests that the low dielectric and anhydrous environ-
ment of the lipid bilayer disfavors the formation of 3,, helices, since 3,, helices increase the
exposure of the partial negative charge of the carbonyl oxygens to the lipid membrane com-
pared to o-helices (32). Moreover, due to their significantly different (¢, y) angles, 3,, heli-
ces have distinct 2D "N spectral patterns from the PISA wheels for o-helices (33) (Fig.
$10.1). Additional "N-labeling of the C-terminal residues will be useful for verifying the

exact conformation of the C-terminal portion of the S4 peptide in the lipid bilayer.

To compare the NMR-determined orientation of the isolated S4 peptide with that in
the intact voltage sensor, we show the 2.4 A crystal structure of the voltage-sensing domain
of the paddle-chimaera channel in Fig. 10.5¢, d. The tetramer structure was taken from PDB
(accession code: 2R9R) (6), where the S4 helix and the S4-S5 linker helix were colored to

guide the eye, and the pore helices S5 and S6 were removed from view for clarity. The
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structure was solved using crystals grown in a mixture of detergents and phospholipids (6),
where the S4 helix was that of the Kv2.1 potassium channel with a different amino acid se-
quence. The S3b-S4 voltage-sensor paddle has been shown to be transferrable among voltage
sensors of different origins (34), and three of the four Arg residues are conserved between
KvAP and Kv2.1, thus the S4 helix is expected to be comparable between the crystal struc-
ture construct and the NMR sample studied here. We extracted the tilt angle of the S4 helix
by comparing the average N-H bond orientation of each helix with the orientation of the
four-fold symmetry axis of the tetramer, and found the tilt angle to be 43° for all four helices.
Within experimental uncertainty, the NMR-determined 40+5° tilt angle of the isolated S4
peptide is identical to the 43° tilt of the S4 helix in the intact voltage sensor. Even more
strikingly, Fig. 10.5 shows that one of the two rotation angle solutions, p=100°, agrees very
well with the sidechain directions of the S4 in the intact voltage sensor (6). Using the hydro-
phobic Leu,; between the third and fourth Arg (Arg,, and Arg,,) as a point of reference, since
the Leu rotameric state is relatively well defined (35), we found that the Leu,; sidechain in
the isolated peptide has a similar orientation to the corresponding Leu,, in the intact voltage
sensor. The remarkable similarities in T and p angles indicate that the isolated S4 helix,
bound to the lipid bilayer, already adopts its final orientation in the intact S1-S4 domain. This
in turn suggests that the S4 structure in the membrane is mainly dictated by the lipid-protein
interaction and the S4 amino acid sequence, and is only minimally affected by interactions
with the other helices in the voltage sensor. In the crystal structure, the two C-terminal Arg’s
of the S4 helix interact with glutamate residues in the S1 and S2 helices while the two
N-terminal Arg’s interact mainly with lipid phosphates and water (6). The preservation of the
S4 orientation in the absence of the acidic residues suggests that the two lipid-interacting Arg
residues may be largely sufficient for determining the global topology of the mem-
brane-bound S4 helix.

Since the S4 peptide is mostly hydrophobic, the non-Arg residues are not expected
to interact significantly with the polar lipid headgroups. If the Arg residues were not present,
we suspect that the peptide orientation will be less tilted, like the WALP peptides (36), to

better match the thickness of the lipid bilayer. We speculate that the tendency of Arg residues
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to interact with the lipid phosphates and snorkel their sidechains to the membrane surface

may be an important driving force for the observed tilted orientation of the S4 helix.

The short 4.6 A distance between the C{ of the second Arg and the lipid *'P pro-
vides the first direct distance constraint for Arg-phosphate interactions in the Kv voltage
sensor. Since the guanidinium C( is surrounded by N-H groups while the *'P is surrounded
by oxygen atoms, the 4.6 A C{-P distance suggests N-H to O-P hydrogen bonding. This
Arg-phosphate interaction is fully consistent with biochemical data that voltage gating is in-
hibited when the phosphate groups of lipids are enzymatically removed (73, /4). In either
orientation of Fig. 10.5a, b, all four Arg residues can adopt well-populated rotamers to bring
their sidechains towards the membrane surface *'P. For example, in the p=280° orientation,
excellent Arg-headgroup contacts are established if Args, Argg, Arg;; and Arg;4 adopt the
mtm-85, ttp180, tpt85 and tpt85 rotamers, respectively, where t, p, and m represent 180°,
+60°, and -60° (Fig. 10.5a). For p=100°, guanidinium contacts with the membrane surfaces
can be established if all four Arg’s adopt the mtt180 state, which is the second most populat-
ed Arg rotamer in o-helices (35) (Fig. 10.5b). Modeling shows that more than one rotameric
state can allow guanidinium snorkeling to the bilayer surface. In fact, the thermal disorder of
the lipids and interactions with other helices of the voltage sensor may induce multiple rota-
mers for each Arg while still maintaining the salt bridge with the lipid phosphates.

The measured Ca. - P distances confirm the implicit assumption of Fig. 10.5 that the
S4 peptide is fully immersed in the lipid bilayer. Specifically, Ile;s has a similar Co-P dis-
tance (7.5 A) to Leus and Val; Ca.(7.5 and 8.5 A), which are 8 and 9 residues apart. These
distances rule out a half inserted model (Fig. S10.3), since the vertical separation between
Ile;s and Leus Ca or between Ile;s and Val; Ca is too short compared to the combined Co-P
distances of ~16 A: the separation is 8-10 A for p=100" and 12-13 A for p=280°, which is
2-8 A shorter than the sum of the Cai-P distances. Thus the S4 peptide must be fully inserted
into the bilayer, in agreement with neutron diffraction data of deuterated S1-S4 domain in
POPC/POPG bilayers (/5). For the fully inserted helix, combining the Val;-Ile;s Co-Ca ver-
tical distance of 10 A, the Val; Co-P distance of 8.5 A, and the Ile;s Co-P distance of 7.5 A,

we obtain a P-P separation of 26 A between the two membrane planes (Fig. 10.6a). This dis-
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tance is 9 A shorter than the unperturbed DMPC/DMPG bilayer thickness of 35 A (37).
Thus, the distance and orientation data suggest that the DMPC/DMPG bilayer is thinned by
about 9 A at the site of S4 insertion. If residues Phe;, to Ileis adopt the more extended 3
conformation rather than the a-helical conformation, then the vertical separation between
Val; and Ile;s Co. would increase to about 13 A, which would still indicate membrane thin-

ning, but by about 6 A.

Figure 10.6. Proposed membrane topology of the KvAP S4 peptide in lipid bilayers. (a) Orientation
and depth of insertion of the peptide. S4 is fully inserted and causes a 9 A thinning of the membrane
at the site of peptide binding. (b) Helical wheel diagram of the S4 peptide, with hydrophobic residues
in red and Arg’s in blue. The peptide has little amphiphilicity, supporting a TM motif.

Local thinning of phospholipid bilayers has been frequently observed before

(38-41), and is often associated with the function of membrane-active peptides (42). Mem-
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brane thinning has also been seen in MD simulations of the S4 helix (/0, /7). A thinning of 9
A may appear large at first. However, at the 1 : 5 peptide/lipid mass ratio used in the NMR
samples, the 9 A local thinning translates to a modest ~2 A thinning averaged over the entire
membrane, which is in excellent agreement with neutron diffraction data of the S1-S4 do-
main (/5). This membrane thinning is almost certainly driven by the Arg-phosphate attrac-
tion, similar to what has been reported for Arg-rich antimicrobial peptides and
cell-penetrating peptides (16, /9). The membrane thinning would better allow the central two
Arg’s, Argg and Arg;;, to reach the membrane surfaces to establish guanidinium-phosphate
contacts, which would lead to a reduction of the free energy of insertion.

How does the S4 amino acid sequence dictate the membrane-bound topology of the S4 helix?
The helical wheel diagram (Fig. 10.6b) shows that the S4 peptide is actually quite hydropho-
bic despite the presence of four Arg residues, and lacks a clear polar/non-polar separation.
The calculated hydrophobic moment () of the peptide is only 2.0 (43), which is compara-
ble to the Uy of hydrophobic membrane peptides such as the influenza A M2 TM domain
(44). In contrast, surface-bound membrane peptides such as magainin-2 and melittin have
much higher py values of 5-7. Thus, a TM topology of the S4 helix is actually not so sur-
prising. Its significant tilt angle allows the four Arg residues to reach the membrane surface
more readily than a helix that is completely parallel to the bilayer normal, since the latter
backbone may cause steric conflicts with the Arg sidechains.

The fact that the isolated S4 peptide adopts the same orientation as in the intact
voltage-sensing domain suggests that S4 interactions with acidic residues in the rest of the
voltage-sensing domain may not affect the global structural topology of this domain in the
membrane, even though they may influence local structural features such as the sidechain
conformations. Phospholipids and the intrinsic amino acid sequence appear to be sufficient
for determining the membrane-bound orientation and depth of this important gating helix.
The NMR data here thus supports the model that the paddle directly interacts with the lipid
bilayer during channel activation and deactivation. Perhaps it is not so surprising that the he-
lix carrying the gating residues of the Kv channels has an intrinsic orientation that is not eas-
ily perturbed by the rest of the protein. The Kv voltage-sensing domain may have evolved to

preserve the core structure and function of the S4 helix, making it dependent on the ubiqui-
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tous and less variable phospholipids of the cell membrane rather than the easily mutated pro-

tein residues.

10.5 Materials and Methods
Peptide and lipids

The segment corresponding to residues 113—-130 of the voltage-sensing domain of
KvAP, which is an archaebacterial Kv channel from Aeropyrum pernix, was synthesized and
purified using Fmoc chemistry (PrimmBiotech, Cambridge, MA). The amino acid sequence
is LGLFRLVRLL RFLRILLI. The corresponding amino acid sequence of the Kv2.1 seg-
ment in the paddle-chimaera crystal structure is residues 286-303 --VVQIFRIM RILIRFKL
(6). Except for the first Arg, the second to fourth Arg residues were conserved between the
two sequences. Four KvAP S4 peptides were synthesized, incorporating a total of six "C,
""N-labeled residues: Gly,, Leu,, Val,, Arg,, Leu, and Ile ;. The four samples were Gly,,
Leu,, Ile s-labeled S4, Val,, Leuy-labeled S4, Val,, Arg-labeled S4, and Leu,, Ile,s-labeled
S4.

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphochloline), DMPG

(1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol), and 6-O-PC
(1,2-di-O-hexyl-sn-glycero-3-phosphocholine) were purchased from Avanti Polar Lipids.

Unoriented and oriented membrane samples

Unoriented hydrated proteoliposomes were prepared by mixing the peptide and li-
pids in organic solvents (3 : 1 chloroform : methanol) or in aqueous solution. A DMPC:
DMPG (3 : 1) lipid mixture and a peptide/lipid molar ratio of 1:16 were used for all unor-
iented samples for magic-angle-spinning (MAS) experiments. For organic-solvent mixed
samples, the peptide-lipid mixture were lyophilized and rehydrated to 35 wt% using a 10 mM
pH 7 phosphate buffer. For the aqueous-phase mixed samples, the peptide was dissolved in 2
mL of 30-60 mg/mL octyl-B-glucoside (OG) solution, mixed with the lipid vesicle solution at
pH 7, then dialyzed against the buffer for 3 days to remove the detergent (45). The prote-

oliposome solution was centrifuged at 150,000 g at 6 °C to yield a homogeneous pellet. Ex-
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cess water was removed by vacuum drying and the powder was then rehydrated to 35% wa-
ter for MAS experiments.

Oriented DMPC/6-O-PC bicelles containing the peptide were prepared as described
before (46-49). The lipid mixture was suspended in a 25 mM pH 7 HEPES buffer to make a
35% (w/v) solution. The mixture was thermocycled between 0 and 42°C three times and in-
cubated at 4°C overnight. The resulting homogenous solution was viscous at 42°C but fluid at
0°C, characteristic of bicelles. The degree of alignment of the bicelle in the magnetic field
was examined by *'P NMR. 2.5 mg of KvAP S4 was mixed with 75 uL of the bicelle solu-
tion, subjected to several thermocycles, and incubated at 4°C until a homogenous solution

was obtained.

Solid-State NMR experiments

Magic-angle-spinning experiments were carried out on a Bruker DSX-400 (9.4 Tes-
la) spectrometer at Larmor frequencies of 100.70 MHz for C and 162.1 MHz for *'P, using
a triple-resonance 4 mm MAS probe. °C and *'P chemical shifts were referenced to the
a-glycine CO resonance at 176.49 ppm on the TMS scale and the hydroxyapatite *'P signal
at 2.73 ppm on the phosphoric acid scale. Conformation-dependent "*C chemical shifts were
measured using 2D “C-""C DARR correlation experiments and a double-quantum (DQ) fil-
tered experiment (50) that removed the lipid °C signals. The 2D experiments were conducted
at 233-263 K under moderate spinning rates of 5.0 and 5.5 kHz. Low temperatures were
achieved using a Kinetics Thermal Systems XR air-jet sample cooler (Stone Ridge, NY).
Thermocouple-indicated temperatures were reported here. The actual sample temperature for
both the moderate spinning MAS experiments and the static bicelle experiments is expected
to be within 1-2°C of the reported value.

A frequency-selective REDOR experiment (57, 52) was used to measure pep-
tide-lipid “C-"'P distances. A selective ’C Gaussian pulse (0.8 — 1.0 ms) in the center of the
REDOR period removed C-"C J couplings in the uniformly “C-labeled residues, thus al-
lowing "“C->'P REDOR effects to be observed at long mixing times. The experiments were
carried out at 228 K, well below the phase transition temperature of the DMPC/DMPG

membrane, to freeze lipid and peptide motions. Spinning speeds were 4.5 kHz to 5.5 kHz.

www.manaraa.com



299

Static *'P and "N NMR spectra for orientation determination were measured on a 600 MHz
spectrometer (14.1 Tesla). The static probe contained a solenoid coil whose axis is perpen-
dicular to the magnetic field. "N chemical shifts were externally referenced to the
N-acetylvaline signal at 122 ppm on the NH; scale, and *'P chemical shifts were referenced
to 85% H,PO, at O ppm. The sample temperature was carefully chosen between 302 and 310
K to optimize bicelle alignment. For the 2D 'H-"N dipolar-chemical-shift correlation (DIP-
SHIFT) experiment (22), the N-H evolution period followed the 'H-"’N cross polarization
(CP), and 'H-'H homonuclear decoupling was achieved using the FSLG sequence (53),
whose scaling factor was directly measured on model compounds to be 0.54. During N de-
tection, °C decoupling at 5 kHz removed the one-bond "N-"C dipolar coupling. This 2D
experiment differs from the PISEMA experiment in the way the "N magnetization evolves
during t,, but produces the same 2D spectral patterns as the PISEMA experiment (54). Simi-
lar to PISEMA spectra, the static 2D DIPSHIFT spectra were plotted to show only half of the
symmetric dipolar dimension, and simulated PISA wheels that cross over to the other half of

the dipolar dimension were reflected back to the unique half.

Orientation calculation

Orientation-dependent 2D N-H/"N correlation spectra were calculated for an ideal
o-helix with (¢,y) = (-64°, -40°) as described before (22). Briefly, we defined a mole-
cule-fixed frame whose z-axis was the helix axis, which was calculated as the average N-H
vector orientation of 18 residues of the peptide. The y-z plane was defined as the common
plane containing the helix axis and the CO-N vector between residues Leu; and Phe,. The tilt
angle T was the angle between the helix axis and the bilayer normal, while the rotation angle
p was the angle between the bilayer normal and the y-z plane of the molecular frame. p = 0°
corresponds to the case when the bilayer normal lies in the y-z plane. In the Rose convention
of Euler angles Q(a,,Y), the rotation angle, which is uniquely determined by the protein
sequence, corresponds to the azimuthal angle o (55, 56) of the bilayer normal in the mole-
cule-fixed frame. It differs from the azimuthal angle y of the helix axis in a bilayer-fixed
frame. The angle y generally assumes all values, but for oriented samples whose alignment

axis is parallel to the magnetic field, the NMR frequency is independent of Y. For oriented
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samples whose alignment axis is not coincident with the magnetic field, the different y angles
will lead to different anisotropic frequencies. However, bicelles undergo fast uniaxial rota-
tion around the bicelle normal, thus averaging the y angle and making the frequency only
dependent on the tilt angle T (=) and the rotation angle p (=c).

We simulated 2D spectra for T between 0° and 90° in 5° steps and p between 0° and
360° in 20° steps. To obtain the best-fit orientation angles, we minimized the

root-mean-square deviation (RMSD) between the calculated and experimental 2D spectra

using (22):

2
obs sim obs sim
() () ()
RMSD = 2 NH,z NH " CSA; —YWCSA ’ (1)
- Smax §max
l CSA

where the maximum N-H coupling 8]”\};_’1)6 and "N chemical shift anisotropy (CSA)

max
o (oA are:

sax — N8 ()5.0.8.0.54 =2.16 kH; @)

d
CSA {Srlgl lso) 0.5- 0.8+ 85, =80 ppm 3)

In the above equations, we used a rigid-limit N-H coupling Srzg id o100 kHz, "N

z-principal value Srlg id of 207 ppm, and a N isotropic shift 5, of 122 ppm. The factor
of -0.5 is due to the 90° orientation of the bicelle axis from the magnetic field. The factor of
0.8 accounts for the wobble of the bicelle axis, and was estimated from the *'P CSA of the
bicelles, which was 82-88% of the *'P CSA of lipid bilayers (Table S10.3) (47, 57, 58). This
value was confirmed by simulations of the measured 2D "’N spectra (Fig. S10.4). The scaling
factor of 0.54 accounts for the homonuclear decoupling sequence of FSLG.

To visualize the peptide orientation, we affixed the best-fit bilayer normal to the

molecule-fixed coordinate system defined above. The assembly of the peptide and the Carte-
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sian system was then rotated such that the bilayer normal is vertical on the screen. The bi-
layer normal coordinates were inputted as (x =rsin@cos¢, y = rsin0sind, z = rcos0), where
0 =7tand ¢ = p+90°.

To extract the orientation of the S4 helix in the crystal structure of the pad-
dle-chimaera channel, we calculated the S4 helix axis as the average N-H bond orientation
for eleven consecutive residues from 286 to 296. The choice of eleven residues was to com-
plete three turns of the o-helix while not involving residues in the 3,, helix (from residue
297). Since the tetramer is symmetric, the channel axis orientation was the average orienta-
tion of the four S4 helix axes. The scalar product between the channel axis and each S4 helix

axis gives the tilt angle.
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10.8 Supplementary Material

Table S10.1. °C isotropic chemical shifts (ppm) of labeled residues in KvAP S4 in DMPC/DMPG
bilayers. Secondary chemical shifts were calculated by subtracting the experimental shifts by the
random coil (rc) chemical shifts '. The chemical shifts are relative to TMS.

Residue Site Sg’pAtP §rc SgcléyAtP -§"¢
G2 CO 171.9 172.6 -0.7
Co 42.6 43.6 -1.0
L6 CO 176.3 174.9 1.4
Ca 559 53.2 2.7
CB 39.4 40.2 0.8
V7 CO 176.0 174.1 1.9
Co 64.9 60.1 4.8
CB 29.3 31.0 -1.7
RS CO 177.2 174.2 3.0
Co 57.4 54.3 3.1
CB 28.5 28.8 -0.3
L9 CO 176 174.9 1.1
Co 56.0 53.2 2.8
CB 39.7 40.2 -0.5
115 CO 175.9 173.8 2.1
Co 61.9 589 3.0
CB 36.1 36.6 -0.5

Table S10.2. TALOS * predicted (¢, ) torsion angles for Val, and Argg of the S4 helix, obtained us-
ing DSS-referenced "°C chemical shifts.

Residue (0, V)
Val, (-61+£5°,-48+9°)
Argg (-61x4°,-43+8°)

Table S10.3. Observed *'P anisotropic chemical shift 0,pg of DMPC lipids in DMPC/6-O-PC bi-
celles containing the KvAP S4 peptide. The order parameter was calculated using

Shicelle :(Sobs _Siso)/(890Y_ Sisoj 3, where the input chemical shifts were 0;,, =—0.8 ppm
and Ogpy=—14.9 ppm .

Sample 8Obs (ppm) Shicelle
G2,L6,115-1abeled S4 -124 0.82
V7, L9-labeled S4 -132 0.88
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Fig. S10.1. Simulated 2D “N-'H dipolar and "N chemical shift correlation spectra to estimate the
precision and accuracy of the S4 helix orientation. (a) Simulated spectra for a-helices with tilt angles
of 25° to 50° at 5° steps. An 18-residue ideal o-helix with (¢, y) angles of (-64°, -40°) was used as the
input. The 40° PISA wheel (red) best fit the experimental spectrum, with a precision of better than 5°.
(b) Simulated 2D "N spectra for 3,, helices with tilt angles from 20° to 50° at 10° steps and an arbi-
trary rotation angle. A 15-residue 3,, helix with (¢, ) angles of (-49°, -26%) were used as the input.
Circles indicate the simulated peak positions. Lines connect the peak positions of consecutive resi-
dues but do not indicate possible peak positions. Due to the 3-residue per turn geometry of the 3,
helix, the spectral patterns have an approximate 3-residue periodicity, and the peaks for each unique
(T, p) pair are clustered at three positions, leaving most of the spectral region empty. (c) When multi-
ple rotation angles (at 30° steps) are combined for a tilt angle (1=40° as an example), an elliptical pat-
tern emerges. Since a functional transmembrane helix has unique rotation angles (within < 10° uncer-
tainty), most of the positions of each ellipse are not populated, in contrast to an o-helix.
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Fig. $10.2. Simulated 2D "N anisotropic correlation spectra for T= 40° and p from 0° to 340°. The
assignment for each simulation is indicated in black and the closest experimental assignment is indi-
cated in blue and red. Two degenerate best fits to the experimental spectrum are found at p=100°+20°
and 280°+20°.

Fig. S10.3. Two alternative membrane topology models of KvAP S4 that can be ruled out based on
solid-state NMR constraints. The S4 peptide is shown to scale with a 35 A thick DMPC bilayer *. The
vertical separation between V7 Ca and 115 Ca, which depends on the helical conformation and the
peptide orientation, is 10 A. (a) Half insertion model. If this model were correct, then the sum of the
Val, and Ile,5 *Co->'P distance should be equal to 10 A. However, the measured sum of *Co-*'P dis-
tances is 16 A, thus ruling out this model. (b) Full insertion model without membrane thinning. This
model would require Val; and Ile,;s Cat to be 12-13 A from the *'P plane, which does not agree with
the measured distance of 7.5 A and 8.5 A.
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Fig. S10.4. Simulated 2D "N anisotropic correlation spectra to verify the bicelle wobble order pa-

rameter. A tilt angle of T= 40Y was simulated using a generalized order parameter S from 1.0 to
0.7. Best fit was found for § =0.8, consistent with the *'P spectra and previous literature evidence
for this bicelle composition *”.
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Fig. S10.5. “C double-quantum filtered “C-"'P  REDOR data of Val, Co. and Argg Co in
DMPC/DMPG-bound S4 helix. The lipid natural-abundance glycerol G1 and G3 peaks, which over-
lap with the Val, Ca peak, were removed by the DQ filter. (a) Double-quantum filtered REDOR S,
and S spectra at a mixing time of 10.2 ms. (b) Unfiltered ’C->'P REDOR spectra at the same mixing

time. The regular REDOR spectra show lower S/S, values for the Val, Ca peak due to the influence
of the glycerol G3 and G1 carbons, which are close to the phosphate group.
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Figure S10.6. Distance uncertainty for the Argg C{-"'P REDOR data. (a) Uncertainty of the short
component of the dual-distance fit. The 4.6 A fit is distinguishably better than 4.4 A and 4.8 A, indi-
cating an error bar of 0.2 A. (b) Uncertainty of the long component of the dual-distance fit. The 7.8 A
has an uncertainty of +1.2 A and -0.6 A, consistent with the larger difficulty of measuring longer dis-
tances with high precision.
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Chapter 11

General conclusion

Solid-state NMR is among the most important analytical techniques to provide
atomic-level structural and dynamic information of chemical and biological systems. Due to
the insoluble and non-crystalline nature of most membrane peptides and proteins, SSNMR is
particularly powerful to investigate their conformations, dynamics, domain assembly, oliog-
merization, and the characteristic structural properties in lipid bilayers including insertion
orientation and depth, residue-lipid interaction, and membrane perturbation. Our research is
to collect structural and dynamic information and correlate it with biological functions to
elucidate the structure-bioactivity relation. In my PhD projects, we have successfully applied
various SSNMR techniques to study many interesting membrane peptides including the
cell-penetrating peptide (CPP), antimicrobial peptides (AMP), antimicrobial oligomer
(AMO), gating helix of K* channel (KvAP) and transmembrane 'H channel of influenza M2
protein (M2TM). Their biological functions and structures are concisely sumerized in Table
1.2 on page 14. We also developed a novel paramagnetic-ion-membrane bound paramagnetic
relaxation enhancement (PRE) method to provide quantitative long-range distance constrain
(~20 A) in membrane-active biosystems and applied the method to obtain high-resolution
residue-specific insertion depth of two membrane peptides, penetratin and M2TM.

One main category of my research topics is the cationic membrane peptide. On the
one hand, phospholipid membranes have highly hydrophobic interiors that cannot accom-
modate charged species, while on the other hand, cationic peptides need to insert or translo-
cate across the membrane to conduct biological functions. So, we are motivated to uncover
the structural basis of the membrane insertion and translocation. With this motivation, we
have studied two kinds of cationic bio-macromolecules, including CPP and AMP. We have

experimentally proved that all these Arg-rich peptides generally have strong guanidini-
um-phosphate (Gdn— PO, ) interaction with the phospholipids. This charge-charge interac-
tion causes headgroup reorientation and allows the peptide to insert. For CPPs, the
Gdn— PO, ion pair helps to stabilize the unstructured peptide in the membrane-water inter-

face. The observed peptide-water interaction further minimizes the peptide polarity and
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makes it more membrane-soluble. We find that two representative CPPs, penetratin and TAT,
have highly dynamic and plastic conformations, proposed to facilitate the movement within
the membrane. In the penetratin study, the one-side Mn**-bound PRE method has been de-
veloped and applied to study the peptide-concentration dependent insertion depth and sym-
metry in the outer and inner leaflets of the POPC/POPG bilayer. Another important kind of
cationic membrane peptides is AMP. Taking PG-1 and its charge reduced mutant IB484 as
model AMPs, we have studied the antimicrobial mechanism, and for the first time, provided

high-resolution structural information to elucidate the bacterial Gram-selectivity. We find
that the Gdn — PO, interaction manifests the manner of peptide insertion in terms of orienta-

tion and depth, which in turn determined the antimicrobial ability in gram positive and nega-
tive bacterial membranes. The antimicrobial mechanism of a guanidinium-rich AMO,
PMX30016, has also been investigated. The finding of drug-concentration dependant lipid
*'P CSA change and the fast uniaxial motion in the interfacial membrane region suggest a
subtle and combined antimcicrobial mechanism of membrane potential perturbation and
in-plane disruption.

Another category of my research topics is the transmembrane ion-conductive chan-
nel study, including the gating mechanism of a K* channel (KvAP) and the blocking mecha-
nism of the M2TM 'H channel by the metal ion inhibitor (Cu**). We have determined the to-
pology of an isolated gating helix (S4) of KvAP and compared the orientation with that of an

intact K* channel, Kv1.2-Kv2.1 paddle chimera. The identical tilted and rotational angles of
the S4 helix in the isolated form and intact protein, and the observed Gdn— PO; interaction

suggest the channel gating might be manifested by the peptide-lipid interaction rather than
the interaction among different helical domains. Finally, we applied PRE techniques to study
the Cu**-inhibited M2TM channel and obtained high resolution Cu** binding structure and

long-range distance constraints for the binding structure refinement.
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Appendix A

Preparation of oriented samples: glass-plate aligned samples and bicelle

A.1. Glass-plate aligned sample preparation:

Sample to prepare: The peptide-incorporated POPC/POPG oriented sample

Apparatus and materials: 10 pl, 200 ul and 1 ml glass syringes, 6 x 12 mm” or 4 mm round

glass plates, humanity chamber, etc.; e-pure water, chloroform, POPC, POPG, etc.

Preparation procedures using naphthalene-incorporated method:

_
20 0 -20-40
aniso 3+, (PPM)
)

—_——T
20 0 -20-40
aniso &+ (PPM)

Figure A.l. Preparation of square (a-f) and round (g-i) glass-plate supported lipid bilayers. (a) Dry
lipid film spread on glass plates after evaporating the organic solvent in hood. (b) Direct hydration of
lipids on glass plates after overnight lyophlization. (c) Parafilm-wrapped glass plates. (d) The glass
plate sample sealed in a plastic bag. (e) The glass-plate sample in a square coil. (f) the *'P spectrum of
oriented POPC lipids prepared in (a-e). (g) Lipid-coated round-glass plates. (h) Indirect hydration in
the humidity chamber. (i) Stacked glass plates on top of a spacer. (j) Glass plates packed in a glass
tube with top and bottom spacers. (k) The round glass-plate sample in a 5-mm round coil. (1) the *'P

spectru, of oriented POPC lipids prepared in (g-k). Note: These samples are prepared by Frank Lange

and Yongchao Su together for the pulsed-field-gradient (PFG) NMR study of the transmembrane M2

'H channel.
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(1) Weigh peptides and lipids at a desired molar ratio. Weigh naphthalene at a 1: 1 molar
ratio to lipids.
Note: total amount of lipid/peptide film on each plate is ~I mg for 6 x 12 mm® glass
plates, or 0.01-0.02 mg/mn?’.

(2) Co-dissolve all compounds in CHCl,.
Note: if the peptide cannot be dissolved in CHCL;, other organic solvent can be used,

such as methanol, TFE, etc.

(3) The solution is deposited dropwise onto six to twelve 6 x 12 mm?® glass plates (Figure
p P g P

A.l.a).

(4) Evaporate the solvent in hood for 1-2 hrs and then lyophilize-dry overnight to remove

any residual naphthalene and organic solvent.

(5) Hydrate the lipid films by directly dropping 1 uL. of water on each plate, giving a hydra-
tion level of ~50% (Figure A.1.b).
Note: for samples with much less total lipid mass on each plate, e.g. 0.1 mg on each
plate for the small round glass-plate sample shown in the bottom row of Figure A.l.,
direct hydrate using a small amount of water can be achieved via spray but is not highly
recommended since it makes the hydration hard to quantify. Instead, the sample can be

indirectly hydrated in a humidity chamber as shown in Figure A.l1.h.

(6) Incubate the glass plates in a 97% humidity chamber containing a saturated K,SO, solu-
tion for 3-4 days.
Note: keep the humidity chamber in an incubator to maintain a temperature above the

lipid phase transition temperature.

(7) Finally, the glass plates are stacked and wrapped with parafilm for NMR experiments
(Figure A.l1.c).
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Note: to prevent the sample from dehydration, the parafilm-wrapped glass plates can be
sealed in a polyethylene bag (Figure A.1.d).
(8) Load the wrapped oriented sample in a square coil for static NMR measurements. (Fig-

ure A.l.e)
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A.2. Bicelle (magnetically aligned) sample preparation:

The bicelle sample is prepared using published protocols (see references). Brief proce-

dures to prepare DMPC/6-O-PC bicelle-incorporated protein samples are listed here:

(1) Weigh the zwitterionic lipid DMPC and the ether lipid 6-O-PC at a molar ratio of q =
3.2.

(2) Mix the lipids in pH 7.0 phosphate buffer (or HEPES buffer) to a total lipid concentra-
tion of 35% (w/v).

(3) Vortex the mixture, heat to 42 °C, and cool to 5 °C. Keep the vortexing, thawing and
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cooling cycle till a clear homogeneous and viscous solution is obtained.

(4) The mixture is then incubated at 4 °C overnight. The resulting homogenous solution

should be viscous at 42 °C but fluid at 0 °C, which is the characteristic of bicelles.

(5) The bicelle alignment in the magnetic field is examined by *'P NMR. A well aligned bi-
g g y g

celle sample should have only sharp peaks, as shown in the bottom spectrum in Figure

A.2. The 90° peaks should appear at negative ppm since the bilayer normal is perpen-

dicular to the magnetic field, which is different from the glass plate-aligned sample.

(6) The protein (or drug) is added to the bicelle solution to a desired molar ratio and the so-

lution is then subjected to another round of vortexing as well as heating and cooling cy-

cles. The alignment of the protein-incorporated bicelle is again checked by *'P NMR.

(@)

DMPC : 6-0-PC=3.2: 1
pH = 7.0 buffer

Magnetically aiignment
of bicelle in Bg

(b)

302 K

306 K i ;\

310K : n

-10.7 ppm
314 K
FWHM =
: 0.7 ppm /170 Hz
-3.7 ppmb

T

20 0 -20 -40

31p chemical shift

20 0 20 -40
31p chemical shift

Figure A.2. Bicelle alignment checking using static >'P NMR. (a) Time dependence of bicelle align-

ment. It takes at least 20 min to get better alignment in the 600 MHz static filed. (b) Temperature de-

pendence of bicelle alignment. The best alignment is found at 314 K. The FWHM is 0.7 ppm at 50 'H

kHz decoupling,
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Storage of bicelle samples

The peptide-containing bicelle sample can be stored in 4 °C or -25 °C freezer. The

alignment can be well maintained for at least 6 months from my experience.
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Appendix B

Paramagnetic Relaxation Enhancement (PRE) membrane-bound peptide sample prep-

aration: applications of Mn(II) and Cu(II) ions

B.1. One-side and two-side PRE (Mn**) membrane-bound peptide sample
The unoriented lipid membrane sample for magic-angle spinning (MAS) experi-
ments is prepared by an aqueous-phase mixing protocol. Mn** ions are added in two different

ways. Taking peptide-containing POPC/POPG sample for example:
(1)  Weigh and mix POPC/POPG lipid in CHCI, at a desired molar ratio.

(2) Blow dry the lipid solution in hood using dry N, gas. Then dissolve the lipid film in cy-

clohexane and lyopholize overnight.

(b) (c) (d)

Figure B.1. (a) The translucent lipid solution after extraction through O.1pum filter. (b) The
POPE/POPG lipid vesicle solution after freeze-thawing thermocycles. (c) Precipitate after adding the
cationic peptide IB549. Clear precipitation can be seen in cases of penetratin, TAT, KvAP S4, PG-1,
IB484 and 1B549. (d) Pellet at the bottom after ultracentrifugation. The sample is prepared together
with Byungsu Kwon for the antimicrobial mechanism study of the lysine-mutant IB549 of PG-1.

(3) The dry lipid mixtures are suspended in buffer and then freeze-thawed eight times to
make multilamellar vesicles. It will usually looks like a homogenious system (Figure

B.1). To make smaller lipid vesicles, extraction can be done.
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(4) The lipid suspension is then gone through the extrusion process. It is first extruded
through first 0.4 mm and then 0.1 mm filters to produce large unilamellar vesicles
(LUVs). The final extruded lipid solution looks extremely homogeneous and translu-

cent. Make sure that the lipid concentration is not too high to cause vesicle fusion.

(5) Add the lipid solution into peptide solution to reach the desired peptide/lipid molar ratio
(P/L) and allow overnight binding. One should expect clear white precipitate after cat-

ionic peptide-lipid binding (Figure B.1)

(6) The membrane mixtures are ultracentrifuged above the phase transition temperature to

obtain pellets. The wet pallet is then packed as the SSNMR sample.

Addition of Mn’* (in form of MnCl,) for one-side PRE sample
There are two methods to incorporate Mn®* into the lipid membrane sample.

(1) Add right before ultracentrifugation. This method allows a small metal ion concentration.
The metal ion binds to the membrane surface via free partition. The unbound ions will
stay in the supernatant.

(2) Add Mn** into the rotor directly after packing. This makes it easy to quantify the Mn**
amount. We found 8% (molar ratio) Mn** of total lipid gave reasonable dephasing to de-

tect the insertion depth of peptides.

It’s crucial to prepare and store one-side PRE samples at a stable temperature above

the lipid phase transition temperature (T,,) to avoid the bilayer reassemble.

Converting one-side sample to two-side PRE sample

The two-side PRE sample is prepared by thoroughly freezing and thawing the
one-side Mn** sample. This thermocycle will reassemble the bilayer and make the metal ions
distribute on both sides of the lipid bilayer. One should also note that the converted sample is

highly likely a multilamellar sample.
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Checking of one-side or two-side binding of Mn’* by *’P NMR

The static *'P spectrum acquired using direct polarization is a quantitative method to
check the sideness of Mn”** on the membrane surface. For the one-side sample, one expects
half of the intensity (by area integration), while for the two-side sample, no *'P signal will

retain due to the PRE T, effect to *'P spins on inner and outer membrane surfaces.

B.2. Cu(II)-bound membrane sample (in case of M2TM peptide)
Membrane sample preparation for insoluble peptides

The lipid vesicle preparation is similar to the protocol described in B.1, while the
incorporation of the M2 transmembrane peptide is different because the peptide cannot be
dissolved in water. Thus, the M2TM-bound membrane sample is prepared in ways of either
organic mixing or OG-assisted preparation. The latter method can yield a more homogeneous
sample. After the peptide-lipid mixing, dialysis helps to remove small OG molecules. I have
used this method to prepare the V7, R8-labeled KvAP S4 incorporated DMPC/DMPG sample
and the GHI-labled M2TM incorporated viral membrane plus (VM") sample. Figure B.1

shows the peptide-membrane precipitate after 3-day dialysis.

Figure B.1. The G34, H37, 142-labeled M2TM incorporated VM* sample in the dialysis bag after
3-day dialysis.

Cu’* addition and concentration

Cu®™ is added to the NMR rotor directly in the form of CuCl, solution. Our pep-
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tide-free POPC test shows that 6% Cu®" is enough to see a reasonable PRE T, effect for car-

bons inside the membrane.
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Appendix C

Simulation codes of the seprated-local-field (SLF) experiment for orientation determi-

nation of a body-rigid molecule

MATLAB (version: R2007b) simulation codes for Su et al, JACS, 2010

%
% calculate dipolar couplings of C-CF3 bond of a
% rigid molecule, AMO

% written by Y. Su and M. Hong, 2010

%

clear

% 1st C-CF3 bond, C1C2
al4=[-8.267 6.006 2.789];
al6=[-8.739 7.493 2.775];
c9cll=al6-al4;
nor_c9c11=c9cl1/norm(c9cl1);

% 2nd C-CF3 bond, C3C4
a35=[5.624 6.022 2.571];
a37=[6.081 7.505 2.755];
c23c25=a37-a35;
nor_c23c25=c23c25/norm(c23c25);

% x-axis, molecular axis, connect a4_a6 vector of
% the central ring

c4=[-2.529 3.981 2.693];

c6=[-0.101 3.964 2.584];

molx=c4-c6;

% y-axis, along the C-H bond of the central ring
% normal to the a4-a6 vector; a5=C2; a67=H2;
a5=[-1.311 4.705 2.675];

a67=[-1.302 5.785 2.721];

moly=a67-a5;

% define z-axis, an axis perpendicular to xy-plane
molz=cross(molx,moly);

% normarlization of x, y, z axis (unit vectors)

nor_x=molx/norm(molx);
nor_y=moly/norm(moly);
nor_z=molz/norm(molz);

new_c9c11(1)=nor_c9c11(1)*nor_x(1)+nor_c9cl11(2
)*nor_x(2)+nor_c9c11(3)*nor_x(3);
new_c9c11(2)=nor_c9c11(1)*nor_y(1)+nor_c9c11(2
)*nor_y(2)+nor_c9c11(3)*nor_y(3);
new_c9c11(3)=nor_c9c11(1)*nor_z(1)+nor_c9c11(2
)*nor_z(2)+nor_c9c11(3)*nor_z(3);

new_c23c25(1)=nor_c23c25(1)*nor_x(1)+nor_c23c
25(2)*nor_x(2)+nor_c23c25(3)*nor_x(3);
new_c23c¢25(2)=nor_c23c25(1)*nor_y(1)+nor_c23c
25(2)*nor_y(2)+nor_c23c25(3)*nor_y(3);
new_c23c25(3)=nor_c23c25(1)*nor_z(1)+nor_c23c2
5(2)*nor_z(2)+nor_c23c25(3)*nor_z(3);

% define bilayer normal and calculate the angle theta
%between bilayer normal & each of the C-CF;bond

Yotau=input('tau value = ")*(180/3.1415926);
Yorou=input('rou value = ')*(180/3.1415926);
%om1=input('number of tau =");
9%on1=input('number of rou =");

tau=[0:1:360]*(pi/180);
rou=[0:1:360]*(pi/180);
ntau=361;

nrou=361;
taudeg=[0:1:360];
roudeg=[0:1:360];

for i=1:ntau
for j=1:nrou
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cos_theta_c9c11(i,j) =
(new_c9c11(1))*sin(tau(i))*cos(rou(j))+(new_c9c11(
2))*sin(tau(i))*sin(rou(j))+((new_c9c11(3)))*cos(tau
®);
end
end

% calculate dipolar coupling strength of C1C2
% scaled_dipolar_limit=input('scaled dipolar cou-
pling rigid limit =")

% scaled dipolar couplinig limit for bicelle sample
scaled_dipolar_limit=3.9;

for i=1:ntau
for j=1:nrou

wd_c9c11(i,j)=0.5*(3*cos_theta_c9c11(i,j)*cos_thet
a_c9cl11(,j)-1)*scaled_dipolar_limit;

end
end

for i=1:ntau
for j=1:nrou

cos_theta_c23c25(i,j)=(new_c23c25(1))*sin(tau(i))*
cos(rou(j))+(new_c23c25(2))*sin(tau(i))*sin(rou(j))+
((new_c23c25(3)))*cos(tau(i));

end
end

% calculate dipolar coupling strength of C3C4
for i=1:ntau
for j=1:nrou

wd_c23¢25(i,j)=0.5*(3*cos_theta_c23c25(i,j)*cos_t
heta_c23c25(i,j)-1)*scaled_dipolar_limit;

end
end

% rmsd of C1C2 and C3C4, seperately
for i=1:ntau
for j=1:nrou

rmsd_c9c11(i,j)=abs(abs(wd_c9c11(i,j))-2.54);
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rmsd_c23c25(i,j)=abs(abs(wd_c23¢25(i,j))-2.54);
end
end

% rmsd of C1C2 and C3C4 together

for i=1:ntau
for j=1:nrou

rmsd_c9c11_c23¢25(i,j)=sqrt((abs(wd_c23c25(i,j))-2
S54)A2+(abs(wd_c9c11(iy)))-2.54)22);

end
end

% to plot the contour level

figure

v=[-4:1:4,2.54-1.8];

[C1,h1] = contour (roudeg, taudeg, wd_c9cl1v);
set(h1,'ShowText','on', TextStep',get(h1, LevelStep')*
2)

colormap jet

figure

[C2,h2] = contour (roudeg, taudeg, wd_c23c25v);
set(h2,'ShowText','on', TextStep',get(h2,'LevelStep')*
2)

colormap jet

figure

[C1,h1] = contour (roudeg, taudeg, wd_c9cl1yv,'1");
set(hl,'ShowText','on', TextStep',get(h1, LevelStep')*
2)

hold

[C2.h2] = contour (roudeg, taudeg, wd_c23c25,v,'b");
set(h2,'ShowText','on', TextStep',get(h2,'LevelStep')*
2)

figure

[C1,h1] = contour (roudeg, taudeg, wd_c9c11.v,'r");
hold

[C2.h2] = contour (roudeg, taudeg, wd_c23c25,v,'b");

% figure
% contour(roudeg, taudeg rmsd_c9cl11)
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figure contour(roudeg taudeg rmsd_c9c11_c23c25)

contour (roudeg, taudeg, wd_c9c11,2.54,'r") %[C3.,h3] = con-

hold tour(roudeg taudeg rmsd_c9c11_c23c25)

contour (roudeg, taudeg, wd_c23c25,2.54,'b") %set(h3,'ShowText',on', TextStep',get(h3,LevelStep'
)*2)

figure 9ocolormap jet
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Appendix D

Spin diffusion coefficients consolidated from previous studies

Table D.1. Experimentally established spin diffusion coefficients in membrane proteins.

Reference Membrane T (K) diffusion coefficients (nm*/ms)”
D, D, D,
Kumashiro et al, 1998 | DLPG/DLPC (2:3) ~240 04 0.025 and 0.050 -
Huster et al, 2002 POPC/POPG (3:1) 293 03 0.0025 0.0025
Gallagher et al, 2004 | DMPC ~245 0375 0.025 -
Mani et al, 2006 POPE/POPG (3:1) 298 03 0.00125 0.00125
Ader et al, 2008 DMPC 280 03 0.008 -
Tang et al, 2009 POPC 295 03 - 0.0005
Tang et al, 2009 POPG 295 0.3 - 0.0012
Luo et al, 2010 viral membrane 293 03 0.008 -
Zhang et al, 2010 DMPC/DMPG (3:1) 303 03 0.0025 0.0025
Suetal, 2011 ReLPS/DEPE (1:5) 308 0.3 0.005 0.005
Suetal, 2011 POPE/POPG (3:1) 288 03 0.005 0.005
Suetal, 2011 POPE/POPG (3:1) 298 03 0.00175 0.00175

* D,,: diffusion coefficient within peptide; D,,,: water-to-peptide diffusion coefficient;
D,,: lipid-to-peptide diffusion coefficient.
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