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Abstract

Solid-state NMR is often applied to study many aspects of membranenpriotei
biologically relevant model membrane systems including the structurapdcs, and
oligomerization. Solid-state NMR is commonly used for membrane proteinsdn li
bilayers because these systems are difficult to study by other straptaific
biophysical methods such as x-ray crystallography and solution NMR slth#sis, we
apply solid-state NMR to explore the properties of arginine rich membpegpt&les in
unaligned lipid vesicles and aligned lipid bilayers. Multiple solid-statdRN&Ehniques
have also been applied to study water-peptide, lipid-peptide and water-lgriactndns
in these systems.

The antimicrobial peptide tachyplesin | (TP-1) is an amphipathic peptide
constrained to fi-hairpin structure by two disulfide bonds. Here it is studied extensively
along with its linear mutants that had the cysteines replaced by other andisovibal
type TP-I was found to be a lingauhairpin that is inserted in the interfacial region of the
lipid bilayer with an orientation parallel to the bilayer surface. TP-1 wasd to severely
disrupt bacterial mimicking POPE/POPG bilayers by micellizingoilagers while not
disrupting mammalian mimetic bilayers. The linear mutants that had aldia€ ) and
tyrosine (TPY4) replacing the cysteines caused non-selective disruptiwutvi
micellization of the bilayer. The mechanism of action of these peptides waseskply
various magic angle spinning (MAS) experiments and it was found that thecaokiral
activity of these peptides did not correlate with structure or insertion depth, but did
correlate with the dynamics of the peptide. The active peptides, TP-I and T&Rrar
mobile in the bilayer than the inactive peptide TPA4 is, suggesting that iagatale
motions are critical to the antimicrobial activity of the tachyplesins.

The isolated S4 helix from the voltage gated voltage sensor membrane protein
KVAP is another arginine rich peptide studied. It is a mostly hydrophebilical
sequence with 4 arginine residues evenly spaced along the helix. The peptide was
determined to have a tilt angle of 40 + 5° and a rotation angle of 280 + 20° in lipid
bilayers. Based on lipittP to peptidé’C distance measurements the peptide was found

to cause membrane thinning of ~9 A. This membrane thinning likely occurs to allow the
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viii

charged sidechains of arginine to access the lipid-water interface and cedaact with
the hydrophobic bilayer core.

Lipid-water interactions in vesicles were investigated by &'PBH correlation
experiment. Chemical exchange was found to be necessary for magnetizatsber tr
from water to lipid, as observed by water-lipid cross peaks only in lipids witle labi
protons. The presence of charged peptides in the bilayer was found to shortenrthe wate
'H T,. This was attributed to slow peptide motion, intermolecular hydrogen bonding, and
chemical exchange with the labile protons on the peptide.

We developed a new method to observed heteronuclear spectra of uniaxial
rotating lipids and peptides in lipid vesicles by combining moderate MAS and very low
power'H decoupling. This technique opens the door for studying membrane peptides on
solution NMR spectrometers that are not equipped with expensive high-fidwer

amplifiers.
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Chapter 1

I ntroduction

Dynamicsin lipid bilayers
Lipid dynamics in membranes

Vesicles composed of pure lipids are used extensively as model systems fo
studies on membrane proteins because they closely mimic the biologicat Kijay
These vesicles are liquid crystals which have extensive dynamisidhiotions of the
lipid molecule in the bilayer occur with rates that exceed the frequerfty ashspectra
splittings produced by orientation-dependent NMR interactions, these include trans-
gauche isomerizations which have large amplitude rotations leading to low order
parameters with correlation times on the order 6t10"°s. Q). There are also smaller
amplitude torsional oscillations that are on a very fast time sg@al®yerall motions of
lipids include tumbling of the whole vesicle, which have correlation times 8ftd00*
s (@) depending on the size of the vesicle, uniaxial rotation around the bilayer normal
with a correlation time of ~2 x 10s, @) and lateral diffusion in the bilayer plane with a
rate of 1 x 10 to 5 x 10° cnf/s @, 5). It is important to note that lateral diffusion of the
lipids has little effect on the NMR spectra unless pulsed field gradient emqres are
used 6). Also, while the anisotropic rotation around the membrane normal is fast enough
to scale chemical shift interaction which is on the order of ~3-10 kHz and the dipolar
couplings which are ~10-20 kHz, the isotropic tumbling of the vesicles is too slow to
affect the NMR spectra. Therefore, even though membrane samples Haveteg
content and are not rigid solids the isotropic motion of the vesicles is slow enough that
NMR experiments on these systems are in the realm of solid-state NMRospepy .

Internal and overall lipid motions lead to couplings reduced by rotational
averaging, corresponding to order parameters that are less than theniigad ¢ine.
Order parameters vary across the lipid molecule in the bilayer. For mdsttlyei order
parameter will be lowest at the end of the headgroup and the end of the acyl chain, and
highest around the most constrained part of the lipid molecule, which is the glycerol

backbone®). When considering the effect of chain length and unsaturation on the order
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parameters, the temperature with respect to the liquid-crystalline paasgion

temperature () must be taken into account. If the reduced temperatife=(T - T,

where T is the temperature of the experiment&hds the reduced temperature) of the
membrane is kept constant, changing the lengtlsatudtation of the lipid chain will
change the order parameter. For example, DMPCwWwasdturated 14 carbon chains and
a maximum bond order parameter of ~02bwhile DPPC has two saturated 16 carbon
chains and a maximum bond order parameter of {@}43his can be compared to the
~0.25 bond order parameter observed in lecithirckvhias chains of similar length to
DPPC but includes double bond®); Inclusion of rigid molecules in the membraneoals
increases the rigidity of the bilayer. When chaesttis included at 30% in DMPC
bilayers the order parameter of the lipid incredsesughly a factor of twodj. Not
surprisingly, order parameters are closely tietktoperature. In the liquid-crystalline
phase raising the temperature by 20° C lowers iither parameter by ~20-4098, (11),

with a more dramatic increase of the order paranvgten moving from the liquid-
crystal phase to the gel phase of the lipid. Oeriguid-crystalline to gel transition of
DPPC the bond order parameter increases by a faicBo@, 129.

Peptide dynamics in membranes

Membrane proteins have internal motions that are dast, on the time scale of
tens of nanoseconds and fasfe3-(5. These internal motions are mostly of small
amplitude in ordered regions likehelices ang-sheets, but can have quite large
amplitude in unordered segments such as turnsoapd.| The high mobility in the
unordered regions compromise dipolar driven NMReegixpents {6), and this motion
can leads to loss of cross-polarization sighd) &s well as the loss of cross peaks in
dipolar driven correlation experiments. Since datren and magnetization transfer do
not work with dipolar technigues in these unordeeggions other methods are required.
For mobile sections of proteins direct polarizatiam be used along with J-coupling
mediated sequencekg, 19, but these experiments are difficult due to theakv]-
coupling interaction and relatively shok and**C T values in lipid vesicle systems.
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Alternatively, these motions can be frozen out bgling the sample to the point where
the dipolar based experiments can be used.

Peptides in lipid bilayers often have overall umadxnotion faster than the NMR
chemical shift interactior2Q-25. The uniaxial motional rate for rigid bodies ipidl
membranes can be predicted by the Saffman-Dellequaktion 26), and for many
relatively short peptides (<30 residues) the ratmation is estimated to be >1 x°16z
which is faster than the NH dipolar, CH dipolardaiemical shift interaction2). In
practice, motions on this time scale lead to pleatraraging of the smaller NMR
interactions, which can give sharp lines in expernts on aligned sample20j, lead to
simple =0’ lineshapes for peptides in unaligned vesicladas, and reduce
homonuclear dipolar coupling terms in the Hamileandescribing these systems. Fast
uniaxial motion and the low order parameters atlBgand peptides in the liquid
crystalline phase of lipids are exploited sevarmaés in this work, notably chapters 6 and
9.

Ener getics of amphipathic peptide-membrane interaction
Hydrophobicity scales

The primary structure of membrane proteins hag lbsed for a long time to
predict membrane spanning domains based on thepiyobicity of the constituent
amino acidsZ7-29. The concept is that membrane spanning domairss have
relatively long (~30 residues) hydrophobic stresctespan the bilayer, and these
membrane spanning sections of the sequence caem&ied in the primary sequence
by looking at the hydrophobicity of each amino asikechain. This method of
determining membrane spanning domains is quite®fein large membrane proteins,
but is not as useful for the short amphipathic jestconsidered in this work, for several
reasons. First, the peptides here are too shepan the membrane. Secondly, they are
amphipathic, which means that they do not havéitie hydrophobicity expected for
membrane spanning motifs, and third, they are slrastigh that they can be visualized
by simpler means. For these reasons, it is easidentify amphipathic distributions on

the secondary structure either by helical wheejraias foro-helices 80) or by
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amphipathic topology plots f@-sheet structures{, 32. When applied to amphipathic
peptides in the lipid bilayer these simple viswall$ can be used to predict peptide
topology in the membran83, 39.

Free energy of peptide insertion into the bilayer

The free energy of inserting amino acid sidechuairisout the backbone, amino
acids, terminal groups, and peptide bonds intartembrane interface has been measured
to predict whether peptides will partition into thiéayer 85-38. The interfacial part of
the bilayer is a hydrophilic environment includithgg phosphate, glycerol and carbonyl
regions of the lipids that transition from the lgéa core to surrounding water.
Thermodynamic measurements of peptide partitiofrimig water to bilayer are
considered to be for the transition from wateritayer interface because the interface is
where protein folding occurs, before the peptide@santo the low dielectric part of the
bilayer. These findings have shown that aromastees are energetically favored to
insert into the bilayer surface by 1-2 kcal/mol,lettharged residues have a penalty of
1-2 kcal/mol. Interestingly, the cost of insertimgn-hydrogen bonded peptide bonds into
a POPC interface is 1.2 kcal/mol, similar to thetad partitioning a charged sidechain
(39). Thus the thermodynamic values for a non-hydrdgmrded peptide explain why
proteins often adopt strong secondary structuresitey are in the bilayer, most
peptide domains that cross the membrane are eithetical or in-barrels 89-45. The
physical principles behind folding and membraneitisn of peptides are important to
consider when thinking about the peptide-lipid iat#ions covered in this work.

Antimicrobial peptides

Antimicrobial peptides (AMPs) are a first line ofinune defense found in
multicelluar organisms. They are short peptidesallg no longer than 50 amino acids
and exhibit fast killing of a broad spectrum of rolges including bacteria and funggj.
They are found throughout the organism, espedialtile epithelial tissue, blood,
hemolymph and mucus membranes. Since these natitaiotics require little response
time to kill microbes when compared to specific@dee immune responses, the
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organism that produces them is better protected fndfection. AMPs have a very
diverse set of primary and secondary structuresmmst are amphipathic, consisting of
hydrophobic and charged residues. Because ofdhairse nature, these peptides are
often categorized by secondary structdr®.(o-helical peptides such as magainir3)(
isolated from frogs and cecropin A4) found in silk mothsp-sheet structures that are
constrained by disulfide bonds represent anotlasschwhich includes tachyplesindBf
and protegrin 149) found in horseshoe crabs and pigs, respectivelgther class
consists of non-helical linear peptides such as8PRe0) which is derived from pigs and
is very rich in proline and arginine.

Permeablization of the microbial cell wall is trezapted killing mechanism for
AMPs. The cell wall makes sense as a target faragveasons: the mechanism of action
for AMPs must be selective for microbes in the pneg of host cells, must quickly kill
invading cells, must be active against a wide spetbf microbes, and must avoid
resistance buildup. Since microbes tend to havatney charged lipids in the outer
leaflets of their membranes, the inclusion of npldtipositive charges on AMPs will
concentrate the peptides on the invading cell'tasarand allow selectivity between host
and invader. Mammalian, insect, and plant celld terhave neutral lipids in the outer
leaflet so that electrostatics do not lead to & lsigncentration of AMP on the host cells.
Since the mechanism of action relies on the ligahtity in the cell membranes,
resistance to AMPs is expected to be difficult éoelop. Further, AMPs do not need to
enter the cell to cause cell death, so this meshanan cause cell death in the order of
minutes.

While destroying cell viability by depolarizing tlvell membrane is accepted as
the mechanism of action, there is less agreemenit &low exactly these short
amphipathic peptides accomplish this. There areraéeommonly suggested
mechanisms, including the barrel-stave, the torpdee, the carpet, and the in-plane
diffusion models 84). All these mechanisms have as the first stephaatration of
AMPs on the microbial membrane surface due to mstitic interactions between the
charges on the lipids and the sidechains in thégep From this step the mechanisms

differ. The barrel-stave model, which involves gav@eptides forming a barrel to span
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the lipid bilayer, has been proposed to explaindteavior of alamethicir3é, 51. The
torridal pore model, in which several amphipatheptdes come together with lipids to
form a stable channel, has been shown to occyrétegrin-1 62, 53. In the carpet

model peptides first assemble on the bilayer saréa once a critical concentration is
reached, the membrane starts to leak. The carpd¢lrhas been proposed to explain how
AMPs which are either too short to form transmembrpores%4) or are oriented

parallel to the surfacé®) can cause leakage of cell contents. Another medik in-

plane diffusion model34), in which peptides that are surface bound catesesaof local
negative curvature strain. As these peptides difalsout the membrane surface the areas
of local curvature strain overlap causing enouginugition to form transient pores
through the membrane which leads to the loss éV@ility. This model avoids the
formation of energetically unfavorable aggregatdsighly charged peptides and

explains the leakage caused by short peptideshaeatrations lower than those required
by the carpet model.

Thesis Organization

Solid-state NMR studies on lipid membranes and brame bound peptides are
presented in this thesis. Chapter 2 explains iaild®io solid-state NMR techniques that
are commonly used to study the orientation andloggyoof membrane bound peptides,
the input codes for simulating the data obtainedfthese experiments are included in
appendix D. Chapter 3 explores the interactioraofiyplesin | (TP) and linear TP
mutants with aligned lipid bilayers By NMR. We found that TP-1 selectively disrupts
anionic POPE/POPG membranes causing micellatiolewdaving neutral bilayers,
cholesterol containing membranes and anionic POBER@bilayers undisturbed. The
linear mutants were found to cause disruption netiimicellization, in a non-selective
manner. These findings are consistent with TP-Itaednutants having different
mechanisms of action. Chapter 4 explores the streictf TP-1, where it was found to
form a straighf-hairpin oriented parallel to the membrane at théewbilayer interface.
In chapter 5 the secondary structure, insertioie stad dynamics of TP-1 and linear
mutants are studied. Here it was determined thatigeedynamics correlated with the
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antimicrobial activity. TPA4, the least active muitavas immobile in the membrane,
while the more active mutant TPF4 and the wild-tyjpel were very mobile. It was
proposed that molecular motion is requisite formiarobial activity. In chapter 6, TP-I
was shown to undergo fast uniaxial motion, thegs thotion was used to determine that
the peptide is oriented parallel to the bilayemiacroscopically unoriented lipid vesicles
as had been proposed from the topology experinemtsapter 4.

The orientation and topology of the isolatedh®4x of the KvAP voltage
sensor was determined in chapter 7. d&kweelix was found to be oriented with a tilt angle
of 40°. Membrane thinning of ~9A was also obserweich would allow the charged
arginine sidechains distributed throughout thexttelireach the lipid/water interface. In
chapter 8 the dynamics of inter-bilayer water apitl$ are explored by #-*'P
correlation experiment. It was found that the mapagnetization transfer mechanism
from water to lipid is chemical exchange as oppdsatipolar mediated diffusion, which
manifests itself as water to lipid cross peaks appg only in lipids containing labile
protons. Addition of peptide to the lipids shortéins water'H T, significantly. This was
attributed to peptide molecular motion that is sowhan the lipids coupled with
intermolecular hydrogen bonding between lipid aadtle and the presence of
additional exchangeable protons on the peptideh&pter 9 the low order parameter of
lipids combined with the fast uniaxial motion giitis and peptides in the lipid bilayer
are shown to allow direct detection of heteronucigectra with very low poweH
decoupling under moderate speed MAS. Allowing lawpr decoupling under moderate
MAS is important because membrane samples areedipih systems which require large
volume rotors which cannot be spun fast. Low posegroupling is also attractive to
avoid radiofrequency heating and sample degradatitimese ionically conductive

samples.

Copyright Permission

Chapters 3, 4, 5, 6, 8 and 9 are reprints of pabtigpapers. Permissions have been
obtained from the following publishing groups:

Chapter 3, 6, 8 and 9 Elsevier Inc.
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Chapter 2
NMR M ethodology

Alpha-helical peptide orientation by 2D dipolar-chemical shift correlation NMR
Pulse sequence

2D separate-local-fieldl] experiments correlatifgN chemical shift tdH-'°N dipolar
coupling to determine peptide orientati@) 8 in oriented lipid bicelle samples were
carried out using the sequence shown in FigureAftér *H-">N CP, the™N
magnetization is allowed to evolve unde*>N dipolar coupling with FSLG
homonucleatH decoupling 4) during t. Then theN chemical shift is refocused and
the'®N signal is detected. During detectit® is decoupled to remov&C-°N dipolar
coupling in uniformly labeled residues) (

1
HI cp | FsLe TPPM

o\ t [] t
“ i

13C

cw

Figure 2.1. Static 2D SLF experiment used to correfaiechemical shift withH-">N dipolar

coupling in uniformly labeled®C and™N residues.

Simulation

The experimental 2D separate-local-field spe@r8( §, which correlatéH-'>N dipolar
coupling with®™N anisotropic chemical shift, need to be fit by siation in order to
determine thex-helix orientation. Simulated curves were made Bpdran program.

This program first defines a coordinate system ithfiked on the peptide molecule, then
calculates the orientation dependent frequenciéiseoabeled sites as the magnetic field
is rotated about this molecular frame. For an alpdlax the molecular frame is defined
as shown in Figure 2.2. First the z-axis of theauolar frame is defined at being the
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helix axis, which is calculated by taking the ageraf all N-H bond orientations in the
helix. Next, the y-axis is made to be along theC\; bond of one of the peptide planes
in the peptide and orthogonal to the z axis andrtembrane normal n. Finally the x axis
is made to be orthogonal to the z and y axes. fgkesc andp are used to relate the
helix to the bilayer normat. is the angle between the helix axis and the memebra
normal, whilep is the azimuthal angle between the y axis of #@ide PAS and the
projection of the membrane normal into the x-y plafhthe molecular PAS as can be
seen in figure 2.2(b).

a)

Figure 2.2. Schematic representation of the valuesidp and their relation to a membrane
insertedo-helix (a). Definition oft andp values and how they relate to the molecular frame of an
a-helical peptide (b)t is the angle betweanand zp is the azimuthal angle between y and the

projection ofn into the x-y plane.

The Fortran program uses the structure coordiriedasa PDB file of the protein helix
as input. For the KvAP S4 helix, an ideahelix with phi=-64.1° and psi=-40° was
generated in the molecular modeling software Irtfligind used as the base structure.
The®®N anisotropic chemical shifts afd-**>N dipolar couplings, which depend on the
orientation with respect By, are calculated for differel®, orientations as andp are

varied systematically.
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For unflipped bicelle sampld andn are related by 90°. Fast rotation of the
bicelle around the bilayer normal at 90 Bgwas taken into account by scaling both the
chemical shift and the dipolar coupling values attgd by the Fortran simulation by -0.5
(7). Further scaling of both the dipolar and chemstaft frequencies comes from the
order parameter of the bicelle which arises frooelié wobble. It has been showf)
that bicelles made up of DMPC/DHPC lipids have gomotion to give an order
parameter of 0.75-0.85. For the bicelle samplessored here, szeie Was a free fit
parameter and was found to be 0.8. Equation8.8hould be used to scale the chemical
shift and dipolar frequencies to make sure thanthrezero isotropic chemical shift is
accounted for,

VBicelle = (1+ %)Viso _(%j\/&layer [2-1]
wherewyicele IS the anisotropic frequencies expected in anpped bicellevpiayer is the
anisotropic frequencies expected in the bilayenands the isotropic shift which is zero
for the dipolar interaction. One further scalingtta needs to be considered for this
experiment where FSL&H-'H dipolar decoupling was applied during$ince FSLG
scales heteronuclear dipolar coupling ¥té-'H dipolar dimension needs to be further
scaled by either the theoretical value of 0.57Byoa scaling factor measured on a rigid
model compound.

After T andp have been determined by fitting the experimengatsum with
simulated data, the result needs to be visualiredrder to do this, a molecular principal
axis system (PAS) similar to the one in Figure\ga® created in Insightll witB in the
required orientation. The PAS was then placed endéal helix and arranged so that the
N4-C’3 bond was collinear with the y-axis of the PAS. ®tius was dond3g
represented the bilayer normal. The Fortran codd t@ simulating the PISA wheels is

included in appendix 4.
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2D 3C detected H spin diffusion

Pulse sequence

Determining the depth of membrane protein inseriatie lipid bilayer is an important
part of understanding the peptide-lipid interacsio@ne useful solid-state NMR
experiment for determining the membrane insertopokogy is the liquid-crystalline-
phase 20°C-detectedH spin diffusion experimentLQ-12), which is shown in Figure
2.3. First any°C magnetization from previous scans is destroyed tynsecutive 90°
pulses. Following that, proton magnetization isated in the x-y plane and a 0.5-2.0 ms
'H T, filter destroys'H magnetization from any shors Eomponents of the sample. In
peptide containing lipid vesicles in the liquid-stgiline phase, this;Tilter will remove
any magnetization from the rigid peptide while themagnetization from the mobile
lipids and water will remain. The remainifig chemical shifts are encoded to make the
experiment a 2D and give resolution betwddrsources, then the proton magnetization
is moved to z by a 90° pulse. Spin diffusion froragmetization source to magnetization
sink occurs duringdx which is varied from a few milliseconds up to a@®l.
Subsequently, there is'H-*C CP and detection. It is important to remembet aHa
mechanisms of magnetization transfer duringill lead to cross peaks, including

chemical exchange.

90° 180° 90°

H t— .
mix cpP TPPM
/L
77

90°

Figure 2.3. 2D °C detectedH spin diffusion experiment pulse sequence.

Data analysis
To correctly plot 2D spin diffusion build-up curyeseveral factors need to be accounted
for. The required scaling is summarized in equadi¢h First, differences in the number

of scans and the cross polarization efficiency rtedze accounted for. Further scaling is
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required for'H T, relaxation during the mixing time, which is sigoént for the mixing
times used in experiments when the lipid is inlitpeid crystalline phase. The second to
last term normalizes the data so that the builduwpe has a maximum intensity of one.
The final term in equation 2.2 allows the buildaypve of CH to be plotted on the same
scale as the water curve. This scaling factor éxlad because of the large difference
between the number of Gldnd water spins and hence the signal due toGpigand

water in the'H direct polarization spectra.

tn
Finallnt. = (Rawlnt.){e( E ] J(nsfactor)(CPfactor{ 1 J ( H,0 Int.J [2.2]
2D 1D

H,OMax Int. CH, Int.

Error propagation for each build-up curve pointiddde treated by equation 2.3, where
the signal to noise (sino on Bruker spectrometeak)es are taken from téC cross
section. Since spin diffusion in the peptide isuassd to be very fast (i.e. there is no site
resolution), the error for each time point can bamed by adding’C slices from

different sites.

Error= ( 1 ]J{ L ] [HZOlmj [2.3]
sinoCH, sinoCH, CH, Int)

Simulation

Desired information from the spin diffusion expeeim is the minimal distance between
the peptide and the lipid chains and also the migtdrom peptide to water. The spin
diffusion experiment utilizes diffusion of protoragnetization which is mediated b-
'H dipolar coupling. Below, together with Figure 2iglan example to visualize the
experiment using lipid CHas the source. Proton magnetization starts atdheee™H of
the lipid chains, then dipolar coupling driven sgiffusion during #ix pushes the
magnetization outward in each direction. Some efdhginal magnetization reaches
protons on the sink, which is the peptide, andrnégnetization is transferred & and

detected. Based on this, transmembrane peptidesavié fast CHbuild-up curves due
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to their proximity to the lipid chains. Surface Inoupeptides have a much slower CH
build-up curve because they are far removed franiriterior of the membrane.

a) HQ ~ HO b) H20, 520 c)
1 A
CH, i-1

CH, Source
LXO |+1 ta
v

magnetization
transfer

H,0 H20 Ho0 HyO

Figure 2.4. Schematic representation of the sgfogibn experiment. Transmembrane peptides
(a) show fast CHpeptide build up curve because of close lipid mhaipeptide contact. Surface
bound or interfacial peptides (b) have slow,idptide build up curves since the magnetization
needs to diffuse over a long distance. Simulatiih\gith plane spacing a, and representation of

how magnetization diffuses through each plane (c).

Simulation of the build up curves, 13 is based on a one-dimensional lattice model,
where a plane (WM exchanges magnetization with surrounding playssguation 2.4.
AT'Vt'i =—20M,+QOM, , +OM, , [2.4]
WhereQ=D/& and a is the distance between planes, set tofb@ad D is the diffusion
coefficient which has units of rfilms and varies depending on the environment thre spi
diffusion is taking place in. The diffusion ratepg@ds on the environment because areas
of different dynamics have differefttd-"H dipolar coupling strengths which will slow
down or speed up spin diffusion since this is akdpdriven process. In peptide
containing lipid bilayer samples, there are fivstidict regions that th#4 magnetization
diffuses through on its way from the source (watdipid CH,) to the sink (peptide).
These different regions include the water soutoe]ipid bilayer source, the gap between
source and sink, the interface between the gaphensink and the sink itself. These
different regions have different lengths and diffnscoefficients. Estimates for the
values used for the lengths (L) and diffusion doefhts (D) can be made based on
literature values. Estimates for the needed coeffts and lengths have been argued

quite closely beforelQ) with commonly used values shown in Table 2.1.
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Table 2.1. Commonly used input parameters for the spin diffuduild-up curve simulation

program. Factors that affect the curve the mosDaigaccand Lgap

D (nnf/ms) L (nm)
Source (lipid CH) 0.012 0.4
Source (HO) 0.03 0.2
Gap (source to sink) 0.012 X
Interface (gap to sink) 0.00125 (varied 0.2
Sink (peptide) 0.3 3

The geometry and size of the sink are not criti@mause spin diffusion in the rigid
peptide is much faster than in the other regiohss means that once proton
magnetization reaches the peptide, it equilibratesss the entire protein removing site
resolution of the build up curve as well as depanden the 3D structure of the protein.
The unknown value that is being simulated fordgplbut Dnterfaceis difficult to estimate
and this factor changes the simulated build upegonsiderably. Conveniently,
adjusting leap has very different effects on the spin diffusiemve than changing
Dinterface (Figure 2.5).

a) Varied Dipterface b) Varied Lggyp
1004 100
80 f 80 D, (nm’/ms) =
1.25 x10°°
Dint (nmzlms) = 1
1.25 x10°2 D, (nm?ms) =
60 60 i
.-%’ Gap=2A *Ui’; 1.5|5 x10
E D, (nm%ms) = E 1 Gap=10A
£ 404 1.25 x10°2 £ 404
Gap=2A D, , (nm’/ms) =
D, (nm?ms) = 1.25x10°3
20 1.25 x10™* 20 Gap=25A
Gap=2A ]
0 T T T T T T T T T 1 0 T T T T T T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Sart(Time), (ms) "2 Sqrt(Time), (ms)*/2

Figure 2.5. Changing Rerrace Which is difficult to estimate, affects the slogfethe build up

curves (a). Changingds, changes the time when the build up curve becomesero (b). Even
though these two values are treated as unknowasutive can be fit because these two variables
have such a different effect).
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The point where the build up curve moves from t®on the y-axis changes as}s
varied, while different RierraceValues affect the slope of the curve which allthese
two values to be adjusted independently. The Fodnaulation program code is
included in appendix D.
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Chapter 3
Peptide-Lipid Interactions of the B-Hairpin Antimicrobial Peptide

Tachyplesin and itsLinear Derivatives from Solid-State NMR
Published in Biochim. Biophys. Acta
2006, 1758, 1285-1291
Tim Doherty, Alan J. Waring, and Mei Hong

Abstract

The peptide-lipid interaction off&hairpin antimicrobial peptide tachyplesin-1
(TP-1) and its linear derivatives are investigatedain insight into the mechanism of
antimicrobial activity>*P and®H NMR spectra of uniaxially aligned lipid bilayen$
varying compositions and peptide concentrationsregasured to determine the peptide-
induced orientational disorder and the selectigftynembrane disruption by tachyplesin.
The disulfide-linked TP-1 does not cause any disotd the neutral POPC and
POPC/cholesterol membranes but induces both naagthn and random orientation
distribution to the anionic POPE/POPG membranesabh@eptide concentration of 2%.
In comparison, the anionic POPC/POPG bilayer isptetaly unaffected by TP-1
binding, suggesting that TP-1 induces negativeature strain to the membrane as a
mechanism of its action. Removal of the disulfid@ds by substitution of Cys residues
with Tyr and Ala abolishes the micellization of PEFPOPG bilayers but retains the
orientation randomization of both POPC/POPG andEB®POPG bilayers. Thus, linear
tachyplesin derivatives have membrane disruptiviiab but use different mechanisms
from the wild-type peptide. The different lipid-gefe interactions between TP-1 and

otherB-hairpin antimicrobial peptides are discussed im#eof their molecular structure.

Introduction

One of the approaches for understanding the strctctivity relationship of
membrane destructive antimicrobial peptides isit@stigate the molecular interaction
between the peptide and the lipids using solicedtiIR spectroscopy. The peptide-lipid
interaction can be examined as a function of boghaimino acid sequence and the
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membrane composition, to address questions suitte asportance of structural
amphiphilicity and charge distribution to membraisuption, and how membrane
components such as cholesterol and anionic lipiodutate the peptide-lipid interaction.
31p and®H NMR are ideal probes for the peptide-lipid intgtians. The’'P chemical shift
tensor interaction is exquisitely sensitive to lip headgroup conformation, lipid
phase, and electrostatic perturbation to the memetsarfaceX). °H quadrupolar
couplings complemeritP NMR by providing information on the lipid chaigrthmics
and thus the fluidity of the hydrophobic part of tnembrane. These experiments are
best conducted on uniaxially aligned membranegsgolve the signals of non-bilayer
lipids that are often induced by the peptid&s3j. A number of antimicrobial peptides
have been investigated using this uniaxial alignM&R approach4-9).

One class of antimicrobial peptides is characterizy disulfide-stabilizefl-sheet
conformation, of which protegrin-1 (PG-1) and taglegin-1 (TP-1) are two well-studied
examples. Both exhibit potent and broad-spectrumites against Gram-positive and
Gram-negative bacteria, fungi, and some viru$es 1. Both peptides contain two
cross-strand disulfide bonds and six cationic re=sd However, the distribution of the
charged residues differs: PG-1 has the Arg resithoaged at the two long ends of fie
hairpin, leaving the central part of the molecudrophobic, while TP-1 has the Arg
residues distributed throughout the sequence (€igLir).*H solution NMR studies
confirmed that both peptides adopt a well-defifdthirpin structure in aqueous solution
(12, 13. However, when bound to DPC micelles, the TBRHairpin is reported to
undergo a significant conformational rearrangenagit bends around the middle of the
two strands, incurring a significant curvatuid)(

In addition to wild-type PG-1 and TP-1, derivatwa both peptides have been
examined to gain insight into the sequence detemmof antimicrobial activity. We
studied the peptide-lipid interactions of two P@iditants: in one mutant the disulfide
bonds are removed by Cys —> Ala mutation, whilthanother mutant the number of
cationic residues is reduced from six to thre8).(*P NMR spectra showed that the Ala
mutant nearly completely lost its membrane-disugébility while the charge-reduced
mutant caused significant membrane perturbati®h These are consistent with the
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activities of the peptided.6). Moreover,'H solution NMR spectra indicate that the Ala
mutant is a random coil in solution while the cleargduced PG-1 mutant maintaing-a
hairpin fold. For TP-1, Cys->Ala mutation (TPA4jslarly caused the peptide to
become a random coil in solution based on ciradilgliroism experiments, while Cys-
>Tyr substitution (TPY4) retained tlfiehairpin fold throught—rn stacking interactions
based orfH NMR spectra4). Again, these solution conformations correlatdl with
the antimicrobial activities: TPA4 is inactive whiTPY4 has strong antibacterial and

antifungal activitiesX7).

v DEOOEOCN;
G000 000

(b) TPY4

- EOOEOE;
G000 000

(c) TPA4

- OOCE0O0CH,
oo DEOOOEE

Figure 3.1. Amino acid sequence of (a) TP-1, (b) TPY4, (c) TPadd (d) PG-1.

(d) PG-1

In this study, we us&P and’H solid-state NMR to investigate the interactiofs o
TP-1 and its Ala and Tyr derivatives with lipiddyers of varying compositions. We
assess the membrane-disruptive abilities of thepades through non-bilayer intensities
and unoriented powder intensities in the spectianaixially aligned lipids. Interestingly,
the tachyplesin peptides show several importaférdihces from the protegrins in their
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membrane-interaction profiles, and the linear daivwes of TP-1 cause comparable or
stronger membrane perturbation compared to wilé-fy-1. The implications of these

differences will be discussed.

Materialsand Methods
Preparation of uniaxially aligned membranes

All lipids were purchased from Avanti Polar Lipi(labaster, AL) and used
without further purification. TP-1, TPA4, and TPWere synthesized using Fmoc solid-
phase peptide synthesis protocols. The amino agdences of the three tachyplesins are
shown in Figure 3.1 and compared to the sequen&et.

Glass-plate orientated membranes were preparad asiaphthalene-
incorporated proceduré). The peptide was dissolved in TFE and mixed with
chloroform solution of the desired amount of lipidite mixture was dried under a
stream of N gas and the dried film was redissolved in a 2:xitune of chloroform/TFE
containing a three-fold excess of naphthalene weispect to the lipids. The solution was
deposited on glass plates (Marienfeld Laboratogs&Ware) of ~8Qm thickness and 6
x 12 mnf size at a density of ~0.01 mg/rniThe sample was air dried for 2 hours and
then vacuum dried overnight to remove all the salvand naphthalene. The dried
membranes were hydrated first by direct deposiifonl uL water per plate, and then
through vapor diffusion at 98% relative humidityeo\a saturated solution ob80, for
3-5 days at room temperature. Subsequently, tles glates were stacked, wrapped in
parafilm and sealed in a polyethylene bag to pregehydration. To ensure
reproducibility, all membrane series as a funcbbpeptide concentration were repeated
multiple times. Peptide-lipid molar ratios of 01@60, 1:50, and 1:25 were used and were
denoted as concentrations of 0, 1%, 2%, and 4%ectisely.

Solid-state NMR experiments
NMR experiments were conducted on a Bruker DSX-<}i¥trometer operating
at a resonance frequency of 162.12 MHZfBrand 400.49 MHz folH. *!P spectra of

oriented peptide-lipid mixtures were collected gsindouble-resonance probe equipped
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with a custom-designed radio-frequency coil witteetangular cross section and a
dimension of 12 x 6 x 5 mm (L x W x H). The samphe=e inserted into the magnet
with the alignment axis parallel to the externagmetic field B. The®*'P chemical shift
was referenced externally to 85% phosphoric ac@igim. A typicaf’P 90° pulse
length of 5us, a'H decoupling field strength of 50 kHz, and a reeyatlay of 2 s were
used. Experiments on oriented membranes were ctedlbetween 291 K and 300 K,
above the phase transition temperatures of the PADIE®OPG lipids (271 K) and the
estimated phase transition temperature of the PERPEG membrane (291 KH spectra
of the POPHi;;-POPG membrane were collected at 300 K using aatdrquadrupolar
echo sequence. Magic-angle spinning (MAS) experismen POPE/POPG membrane
samples were carried out on a triple-resonance dd8e with a 4-mm spinning

module.

Results
Lipid-peptide interaction of wild-type TP-1

We first examine the interaction of wild-type TRvith zwitterionic
phosphatidylcholine (PC) membranes. Figure 3.2 sheyresentativeP spectra of
uniaxially aligned POPC and POPC/cholesterol bimgentaining 0 — 4% TP-1. If no
orientational disorder is present, a single peak3atppm, corresponding to the 0° edge
of the®*'P chemical shift anisotropy (CSA) powder pattesrexpected due to the parallel
orientation of the bilayer normal with respect  Bny peptide-induced membrane
disorder is manifested as intensities away from @fifrequency. Figure 3.2 shows that
TP-1 creates minimal disorder in either neutral memes even at the highest peptide
concentration used, as little intensity is obsermedy from the 0° peak. While other
antimicrobial peptides such as RTD-1 and PG-1 tsm@eserve the orientational order
of cholesterol-containing phosphatidylcholine meanias ¢, 19, the complete retention
of the orientational order of pure POPC bilayers’Byl is more unexpected: for
example, PG-1 completely disrupts the POPC bilagreicture above a concentration of
3%. TP-1 also causes a small reduction oftRechemical shift anisotropy in
POPC/cholesterol membranes, as shown by an ugtiéfidof the 0° frequency peak with
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increasing concentrations of the peptide. Sincespigetral linewidth is little affected by
the peptide, this suggests a small conformatiomahge of the lipid headgroup upon TP-
1 binding.

(a) (b)

31p 31p
Figure 3.2. *'P spectra of uniaxially aligned (a) POPC and (bPE@holesterol (3:1) bilayers in
the presence of TP-1. Peptide concentrations ar¢02%, and 4%. Dashed lines guide the eye
for the 0° frequency peaks.
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(a) (b) 0%

.

1%

2%

4%

SERE

31p

Figure 3.3. *'P spectra of uniaxially aligned (a) POPE : POPG)(&nd (b) POPC : POPG (3:1)
bilayers in the presence of TP-1. Peptide conceotiaare 0, 1%, 2%, and 4%. The
POPE/POPG spectrum with 4% TP-1 is best fit witlombination of a residual oriented peak
(27%), an isotropic peak (18%), and a uniaxial ppmitheshape (55%). The individual

components are shown in dashed lines.

While neutral and cholesterol-containing bilayeisin the composition of
mammalian cell membranes, bacterial membranesioaigmificant amounts of anionic
lipids, which better attract the cationic antimioia peptidesZ0). Thus we investigated
the interaction of TP-1 with two anionic bilayePQPE/POPG (3 : 1) and POPC/POPG
(3 : 1), where the only difference is the headgrsiap of the zwitterionic lipid
component. Figures 3.3 shows representat®espectra of these two membranes with
varying concentrations of TP-1. A dramatic diffezens observed: the addition of TP-1
had almost no effect on the structure of the POP@/® bilayers (Figure 3.3b), but
creates a significant 90° peak at -12 ppm andaroigic peak near 0 ppm in the

www.manaraa.com



28

POPE/POPG spectra (Figure 3.3a). The 90° peakhanorbad low intensities in the
entire CSA range indicate that a significant fraictof the lamellar bilayers has become
randomly oriented instead of uniaxially alignedaagsult of TP-1 binding. The isotropic
peak, on the other hand, indicates the formatiamootbilayer micelles or small vesicles.
The broadness of the isotropic peak indicatestltieste vesicles are not so small as to
undergo fast isotropic tumbling on timescales shdhan the inverse of tH&P chemical
shift anisotropy. Spectral simulation for the 4%fm#e bound POPE/POPG sample gives
the percentages of the three lipid componentsiasidual oriented bilayers with a
mosaic spread of 35° (27%); the isotropic vesi(1886), and the randomly oriented
bilayers (55%). The fact that these disorders ansgicuously absent in the
POPC/POPG spectra indicates that TP-1 action iereely sensitive to the curvature of
the lipid bilayer: membrane disruption is stronfglgilitated by the negative curvature of
POPE-containing bilayer, while the larger POPC heaup counters this effect, thus
maintaining the bilayer order in the presence efghptide.

To determine the dynamics of the hydrophobic phthe POPE/POPG
membrane at high concentrations of TP-1, we inaaedsn-1chain perdeuteratesti;-
POPG lipids into the mixture and measuredtitspectra in the absence and presence of
TP-1. Figure 3.4 compares the resulting spectra.cbmtrol sample shows well resolved
splittings corresponding to the different motioaeder parameters along the acyl chain:
the more rigid groups near the glycerol backbonre gse to larger quadrupolar splittings
while the more mobile groups near the chain terqiaduce smaller splittings. The
maximum splitting is 64 kHz, corresponding to &HCerder parameter of 0.26. The
addition of TP-1 significantly broadened the spettrthe point where the splittings are
no longer resolved; however, the coupling strengthsain unaffected, as seen, for
example, in the maximum splitting (Figure 3.4). $htiP-1 binding does not cause
lateral expansion of the bilayer, which would regltize acyl-chain order parameters. The
H spectrum also has a zero-frequency peak, consistth the isotropic peak in tHeP
spectrum (Figure 3.3a) that is attributed to swedlicle formation.
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64 kHz

(b)

4%

Sb 0 —5I0
2H quadrupolar splitting (kHz)
Figure 3.4 ?H spectra of anionic POPHEl;,-POPG (3:1) bilayers (a) without TP-1 and (b) with

4% TP-1. Dashed lines guide the eye for the largastirupolar splitting.

To identify whether the cationic TP-1 selectivblgds to the anionic POPG lipids
to create the isotropic vesicles, we measured' th&AS spectra of the mixture in the
absence and presence of TP-1 (Figure 3.5). If éiptigie selectively disrupts POPG
lipids but not POPE lipids, then preferential brexittg or chemical shift changes of the
POPG signal but not the POPE peak would be expéctelde absence of TP-1, the
POPE and POP&P chemical shifts are resolved by 0.5 ppm (withwidith at half
maximum of 0.25 ppm) in the MAS spectrum (Figurga}. Simulation of the MAS
sideband intensities and comparison with the spatweder lineshapes of the mixed
membrane (Figure 3.5¢) and of the individual lipisisectra not shown) yield*4P
chemical shift anisotropy parametéis 5,, -8, 0f 25.3 ppm for POPG and 28.6 ppm
for POPE. Upon TP-1 binding, the two peaks in th&@S\kpectrum broaden to a
combined linewidth of 1.2 ppm and become unresglwddle the sideband intensity
distribution remains unaffected (Figure 3.5b). 8IROPG accounts for only 25% of the
lipid in the sample, if it is the only componenbhadened by TP-1, we would expect a
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noticeably narrower and higher peak for the majad lcomponent (POPE) that is
resolvable from the POPG signal. Instead, botHitiesvidth and the chemical shift
anisotropy indicate that there is no detectablépeatial binding of TP-1 to POPG,
suggesting that the two lipids are well mixed om tlanometer scale and both are
disordered by the peptide. The statfe spectrum of the peptide-bound POPE/POPG
bilayer exhibits a uniaxial powder lineshape supposed with an isotropic peak at
~10% of the total intensity (Figure 3.5d), consisteith the oriented-membrane result.
3lp Hahn-echo experiments showed that the TP-1-bB@RE/POPG membrane has a
much shortef’P spin-spin relaxation time £lof 2.3 ms compared to the non-peptide-
containing POPE lipids, which has adf 17 ms (Figure 3.5e). These indicate that the
line broadening seen in tfi# MAS spectrum is homogeneous in origin, causeiply

motions on the time scale of the inverse of*fflechemical shift anisotropy, ~2(8.

Lipid-peptide interaction of TPY4 and TPA4

To understand the role of the disulfide bonds amyplesin-membrane
interaction, we studied two TP-1 mutants whereGlie residues are replaced by Tyr and
Ala. Figure 3.6 shows tH&P spectra of uniaxially aligned POPE/POPG membrafies
TPY4 and TPA4 binding and compare these with TBeth mutants lack the isotropic
peak of TP-1, but retain the broad intensity disition that is indicative of unoriented
bilayers. Thus, TPY4 and TPA4 randomize the mendaarentations but do not
micellize the POPE/POPG bilayers. The intensitfed#nce between TPY4 and TPA4 at
the 90° frequency (-12 ppm) is within experimentatertainty, indicating that the
membrane disruptive abilities of the two mutanessmilar. Remarkably, unlike TP-1,
TPY4 and TPA4 are also highly effective in disragtthe POPC/POPG bilayer: tf@
spectra (Figure 3.7) show significant powder iniigss similar to those of POPE/POPG
bilayers. Thus, TPY4 and TPA4 are more potent snugiting the POPC/POPG bilayers
than the wild-type TP-1, and have little selecyioetween POPC/POPG bilayers and
POPE/POPG bilayers.
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ms) than for the pure lipid (17 ms).

0o 5 10
Time (ms)

Figure 3.5. %P MAS spectra of unoriented POPE : POPG (3:1) mansin the absence (a) and

presence (b) of 4% TP-1. The corresponding stpéctsa are shown in (c, d). In (d), the TP-1-

bound POPE/POP&P spectrum is best fit (dashed line) by a combimadf 10% of an isotropic

peak and 90% of a uniaxial powder lineshape®'f@Hahn echo intensities as a function of echo

delay time for POPE/POPG lipids with 4% TP-1 (fillsquares) and for POPE lipids without TP-

1 (open squares). The decay constagtisimuch shorter for the peptide-bound membrarg (2
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Discussion

The3P NMR spectra reveal several surprising aspedgcbiyplesin-lipid
interactions that differ from the analogdisairpin peptides PG-1 and RTD-1. First,
wild-type TP-1 is extremely selective in its men@aerturbation. Among the four lipid
compositions examined, POPC, POPC/cholesterol, PRPRG, and POPE/POPG, only
the POPE/POPG bilayers are disrupted by TP-1 wihidether membranes retain their
orientational order. The TP-1-induced POPE/POPG Ionene disorder includes
randomization of the bilayer orientation and thexfation of micelles or small vesicles
that undergo isotropic tumbling on the intermedtatee scale. The latter is likely the
main cause of the significantly shortd® T relaxation time upon TP-1 binding. Based
on the broadening of both the POPE and POPG peraks'P MAS spectra, it appears
that TP-1 does not exclusively target the anioi@®B lipids and the two lipids are well

mixed on the nanometer scale in the membrane.

(a) (b) (c) 0%

1%

2%

ook

4%

SO
e

40 20 0 20 ppm 40 2 0 20 pom 40 20 0 -20 pp
31p 31p 31p
Figure 3.6. *'P spectra of uniaxially aligned POPE : POPG (3ilaybrs in the presence of TP-1
and its linear derivatives. (a) TP-1. (b) TPY4.T&)A4. Peptide concentrations are 0, 1%, 2%,

and 4%.
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o
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Since the zwitterionic lipid of bacterial membramealmost exclusively
phosphatidylethanolamine (PE) rather than B@, the selective disruption of
POPE/POPG membrane by TP-1 is consistent withep&de’s activity profile 11). The
observed micellization of POPE/POPG bilayers issesiant with negative-stain electron
microscopy of TP-1 bound to phosphatidylglycerdbjMipids and light scattering results
on PG bilayers and mixed PE/PG bilayers contaihigh concentrations (4-20%) of TP-
121, 22.

The membrane interaction profile of TP-1 differsrkeally from that of PG-1 and
RTD-1, two other disulfide-linkef-sheet antimicrobial peptides. PG-1 and RTD-1 show
strong perturbation of both PC/PG and PE/PG menalsr@n15. Moreover, PG-1
micellizes PC/PG bilayers but not PE/PG bilay&g),(in contrast to the TP-1 behavior.
Given the smaller headgroup of PE compared to € stiggests that PG-1 disrupts lipid
bilayers through positive curvature strain while Tkhduces negative curvature strain.
The exact molecular mechanism for the oppositeature strains of the two peptides is
not yet known. One possibility is that the membrbhoand TP-1 adopts a conformation
that favors negative curvature strdif.solution NMR spectra of TP-1 in DPC micelles
indicate that the peptide undergoes a significanfarmational rearrangement from the
agueous structure: the backbone of the two strbedds around Arg5 and Argl4, thus
increasing the hydrophobic accessible surface(@@alf this conformational change
persists in the bilayer, then it may increase #atide volume in the hydrophobic region
of the bilayer than at the lipid-water interfadejd creating negative curvature strain.
This hypothesis may be tested by measuring kegrtistconstraints in TP-1 when bound
to the lipid bilayer and by measuring the deptimeértion of TP-1. Alternatively, the
different curvature behaviors of TP-1 and PG-1 mesylt from the different charge
distributions of the two peptides. The cationiadass of TP-1 are located at the N- and
C-termini and in the middle of thestrands, while the Arg residues of PG-1 are cheste
to thep-turn at one end of the molecule and the two teratithe other end (Figure 3.1).
Since we have previously determined that PG-1seried into the lipid bilayer with the

B-turn near the membrane surfa28,(29, electrostatic repulsion among the thpetirn
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Arg residues should expand the bilayer surfaceydimd) positive curvature strain.
Without such a cationif-turn, and with three Arg residues located in thddie of the
two strands, TP-1 is likely to expand the hydropbgart of the membrane instead, thus
creating a negative curvature strain.

The second surprising result of this study is thelar membrane disruptive
ability of TPY4 and TPA4 towards the two anionitalgers and the stronger perturbation
of PC/PG bilayers by the mutants than by the wilsetTP-1 (Figures 3.6-3.7).
Antimicrobial assays of tachyplesin derivativeswsd that TPY4 is similarly effective
at inhibiting bacterial and fungal growths as TRdile TPA4 is inactive17). Thus one
would expect less membrane disorder by TPA4 thahy4. The fact that TPY4 and
TPA4 cause similar membrane disorder in the tworanibilayers indicates that
membrane disruption is not strongly correlated &itkimicrobial activity for the
tachyplesin peptides. This complexity has also mexad in previous studies of
tachyplesins. For example, measurements of carhmrglscein leakage from acidic
PC/PA liposomes indicate that the inactive TPA4seauwsimilar membrane
permeabilization as the active TPY4 and TR-7).(FTIR measurements of TP-Acm,
where the SH groups of Cys residues were proteawitthoacetamidomethyl groups,
showed that TP-Acm creates larger acyl-chain dexaftan TP-1 in PG lipids despite
having much weaker membrane permeabilization aweélhzation abilities than TP-1
(21). Based on these observations, Matsuzaki and ¢@nsuggested that tachyplesin
peptides interact with lipid membranes with muliphechanisms: the disulfide-linked
TP-1 permeabilizes acidic bilayers at low peptigedimolar ratios without causing
membrane disorder and achieves this by formingraséective pores followed by
translocationZ2). In contrast, the linear TP-Acm does not permeatacidic
membranes except at very high concentrations Isatiplis the bilayer organization. Our
3P NMR spectra indicate that TPA4 resembles TP-Atireing membrane destabilizing
without having strong antimicrobial activities whil PY4 possesses both membrane
perturbing and antimicrobial activities. These aotaigons imply that membrane
permeabilization, which requires pore formatiora imore direct indicator of
antimicrobial activity than membrane perturbationthe tachyplesin peptides.
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In summary>'P and®H NMR spectra of uniaxially aligned membranes afyirsy
compositions indicate that TP-1 selectively mieel§ and randomizes POPE/POPG
bilayers but retains the orientational order oftredland POPC/POPG bilayers. This
suggests that TP-1 induces negative curvaturenstsdahe bilayer, which may result from
its weaker conformational amphipathicity compa@&6-1. The removal of disulfide
bonds in TP-1 abolishes the micellization ability betains the random orientation
distribution of PE/PG and PC/PG anionic bilayemsljgating that the linear tachyplesin
derivatives perturb the lipid bilayer organizatiith a different mechanism from the
disulfide-linked TP-1. Therefore, care must be takecorrelating the membrane-
perturbing abilities of tachyplesin peptides whilleit antimicrobial activities.

(a)
0%

Figure 3.7. *'P spectra of uniaxially aligned POPC : POPG (3il&ybrs in the presence of TP-1
and its linear derivatives. (a) TP-1. (b) TPY4.T®A4. Peptide concentrations are 0, 1%, 2%,
and 4%.
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Chapter 4
Membrane-Bound Conformation and Topology of the Antimicrobial
Peptide Tachyplesin | by Solid-State NMR

Published in Biochemistry
2006, 45, 13323-13330
Tim Doherty, Alan J. Waring, and Mei Hong

Abstract

The conformation and membrane topology of the Ifideistabilized
antimicrobial peptide, tachyplesin | (TP), in lipdayers are determined by solid-state
NMR spectroscopy. The backbong {y) torsion angles of Valare found to be (-133°,
142°), and the VaICO - Phe H" distance is 4.6 A. These constrain the middldefN-
terminal strand to a relatively ideal antiparaffetheet conformation. In contrast, the
angle of Gly, is +85°, consistent with 8-turn conformation. Thus, TP adoptspa
hairpin conformation with straight strands, similaiits structure in aqueous solution but
different from a recently reported structure in DR{Celles where bending of the tviie
strands were observed. The yahd Gly, CO are both 6.8 A from the lipidP while the
Vals sidechain is ifH spin diffusion contact with the lipid acyl chairEhese findings
suggest that TP is immersed in the glycerol backb®gion of the membrane, and is
oriented roughly parallel to the plane of the mesmnler This depth of insertion and
orientation differ from the analogouyd-sheet antimicrobial peptide protegrin-1, and
suggests the importance of structural amphiphyliait determining the location and
orientation of membrane peptides in lipid bilayers.

Introduction

Tachyplesin | (TP) is a disulfide-linked 17-resedantimicrobial peptide produced
from the hemocytes of the horseshoe ciazhyplesus tridentatyd). As a member of
the antimicrobial peptide family, it is a componehthe host defense system against
microbial attacksZ). The interaction of TP with lipid membranes hagstinvestigated
in detail @). It causes calcein leakage in phosphatidylglyleesataining lipid vesicles
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(4) and forms anion-selective poré&g.(Concomitant to pore formation, TP translocates
across the membrane. At long times, the peptideliizies the membrane, as shown by
electron microscopy and light scattering experirnébjt

Despite much information on the membrane inteoaadf TP, high-resolution
structure of the peptide in lipid bilayers is spdaavailable!H solution NMR studies of
TP in water showed that TP has an antiparfilgheet conformation organized as a
hairpin held by two cross-strand disulfide bondgs€Cysis and Cys-Cysiz (7, §). In
320 mM dodecylphosphocholine (DPC) micelle solutitve peptide was found to
undergo a significant conformational change wheth the N- and C-terminal strands
curl up around the middle of each straBy(PDB accession code: 1MA5). In contrast, in
60 mM DPC micelles a straigfthairpin conformation similar to the structure iater
was found 9) (PDB accession code: 1WO1). This difference prsntipe question of
what the TP structure is in the most biologicafiievant environment of lipid bilayers. In
addition to the peptide conformation, the oriemtatand depth of insertion of TP also
give important insights into the mechanism of acwbthe peptide, and have not been
studied in detail.

In this work, we employ solid-state NMR spectrgscto investigate the
conformation and topology of TP in dimyristoylphbgfidylcholine (DMPC) bilayers
and in mixed DMPC and dimyristoylphosphatidylglyagiDMPG) membranes.
Combining 6, y) torsion angle measurements and distance expesmea find that
Valg and Cys, two residues in the middle of the N-terminal sttaadopt a canonical
antiparallel-sheet conformation, while Glyhas ap torsion angle consistent witha
turn. Thus, no bending is observed in fhstrands in the lipid bilayer. We also
determined the distances of the peptide to thd fi§i and to the lipid chain GHprotons.
These data indicate that TP is immersed in theegbydackbone region of the membrane

in parallel to the plane of the membrane.
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Materialsand Methods
Preparation of membrane samples.

Isotopically labeled amino acids were purchasenhfleotec (Miamisburg, OH)
and Cambridge Isotope Laboratory (Andover, MA) andverted to Fmoc derivatives in
house or by Synpep Corp. TP (MKWCFRVCYRGICYRRCR-CONH) was
synthesized on an ABI 431A synthesizer using stahslalid phase methods as described
before (L0). The purity of TP was greater than 95% basednahytical HPLC.

Isotopically labeled TP was reconstituted intodimiembranes by mixing the
peptide solution and the lipid vesicle solutionabthe phase transition temperature of
the lipids. A peptide/lipid molar ratio of 1:15 wased for all samples, in order to obtain
sufficient sensitivity for the NMR experiments. i@t neutral DMPC membrane or
anionic DMPC/DMPG membrane (3:1) was used. Oumiete NMR studies showed
that TP interacts with POPC and POPC/POPG (3:1jumasz in a very similar fashion,
thus the peptide structure is expected to be tme $a the two membranet$l). The
peptide-lipid solution was ultracentrifuged and et pellet was used for the C-H
REDOR experiments. Binding of peptide to the lipias ~90% based on UV-VIS
absorption. For torsion angle measureméhtspin diffusion and*C-**P REDOR
experiments, the peptide-lipid solution was lyogedi and rehydrated to 35 wt% water.
For the'*C-*'P REDOR experiments, 20 wt% trehalose was add#tetsolution and the
membrane mixture was lyophilized and directly usgdhe experiment. The
replacement of water by trehalose, or lyoprotectietains the lamellar structure of the
membrane without the excessive lipid motioh®) (The removal of lipid headgroup

motion is necessary for measuring the distancesgdaet the lipid and the peptide.

NMR experiments.

All NMR experiments were carried out on a Bruken3800 spectrometer
(Karlsruhe, Germany) operating at a resonance émgyof 400.49 MHz fotH, 162.12
MHz for *}P, 100.70 MHz fof*C, and 40.58 MHz fof’N. Triple-resonance MAS probes
with a 4 mm spinning module was used. Low tempeeagiperiments were conducted

using air cooled by a Kinetics Thermal Systems XRe& sample cooler (Stone Ridge,
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New York). Typical cross polarization (CP) time wag ms, except for th#d-'°N Lee-
Goldburg cross polarization (LG-CP) time in the G(REDOR experiment, which was
100ps to ensure that only the amide proton polarizasatetected throughiN. Typical
radiofrequency (rf) fields were 50 kHz, except fdrdipolar decoupling during
heteronuclear pulses afid homonuclear decoupling, which used strongeretél§ of
~75 kHz. The signal averaging time for each expenimvas typically 1-2 week&’C
and™N chemical shifts were referenced externally todtH8ly *CO signal at 176.49

ppm on the TMS scale and tNeacetyl-valine®™N signal at 122.0 ppm on the Nicale.

Torsion angle measurements.

The Va v torsion angle was measured using the NCCN tecknighich
correlates thé&’N;-*Co; and**CO-"*N;; dipolar couplings to obtain the relative
orientation of the two bond43, 14. **Ca-'*CO double quantum coherence was excited
by the SPC5 sequencEs, evolved under thEC-"N dipolar coupling, which was
recoupled by a REDOR pulse tralt6). For each REDOR mixing time, a reference
spectrum %) without the™N pulses and a dephased spectrum witH¥epulses were
measured. The average of B values of the @ and CO signals was plotted as a
function of mixing time to yield &-angle dependent curve. This was fit to obtainthe
angle. The samples were spun at 5-6 kHz for the Nl€Xperiment, and the pulse
sequence was tested on the tripeptide Gly-Ala-0&ugreviously.

The ¢ torsion angle of Vglwas measured using the HNCH technique, which
correlates théH"-*>N and**Ca-'Ha dipolar couplings18). *H homonuclear decoupling
during the heteronuclear evolution was achievedgiMIREV-8. The measured"+N-
Ca-Ha angle §n) is related to the conventiongdangle according t¢=¢py+60. A slow
spinning speed of 3.472 kHz was used to optimieg#rformance of MREV-8
homonuclear decoupling. The HNCH experiment waetkesn the model amino acid N-
acetyl-valine 18). Both the NCCN and HNCH experiments were condlete?33 K to
eliminate undesired local motion.

The Glyio ¢ angle was determined by 3 O-"H" REDOR distance experiment,
as theo-CH, group of Gly prohibits the use of the HNCH techuadl9). As usual, two
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experiments were conducted for each mixing time, without the™C = pulses &) and

the other with thé>C pulses ). The time depende®S, determines the coupling
strength. Incomplete dephasing duex foulse imperfections was taken into account by a
scaling factor of 0.9 for the simulated REDOR cstvEhe Gly, REDOR data was
acquired at 238 K at 3.472 kHz MAS.

Distance measurements.

The Vak *CO - Phg 'H" distance was measured usingth¢-detected*C-*H
REDOR experiment2Q). *H homonuclear decoupling during the REDOR mixingqee
was achieved using the MREV-8 sequence, with 9&edengths of ~3.5s and
synchronized with an MAS spinning speed of 3472 He experiment was recently
demonstrated on the model compouftl[ **CO] labeled N-tBoc-glycine and yielded
two distances (3.09 A and 2.78 A) that are consistéth the crystal structurd 9). To
account for dephasing of thé'ldignal by natural abundanti€ sites, we also measured
the REDOR dephasing on a control TP sample wittPtieg >N-label but no*C
labeling. This"*C natural abundance (n.a.) sample gave a8&feau of ~0.93. The
REDOR dephasing of only tH&C label was then calculated as

(& D apel = [(S/ D hota ~ (& %)n.a.+0.93]/0.93. The experiment was conducted at 233

K to ensure the dipolar couplings are in the rigit.

The lipid*'P - peptidé®CO distances were measured usi@*'P REDOR. A
single™C n pulse and multiplé'P = pulses were applied. The dephasing of the natural
abundance lipid°*CO was measured with a control experiment®énunlabeled TP. The
13c-3lp REDOR simulations are the weighted average oftinees of the labeled and the
unlabeled peptide(§/ 9 )15 = 0-68 (Y B)ape +0-32:(§ B),, 4. Where the weight
fractions are calculated based on the peptide/iipthr ratio. The experiment was
carried out at 253 K at 5 kHz MAS.

Qualitative information on the depth of insertidril® was obtained from a 2D
'H spin diffusion experiment where spin diffusionrfr lipid and water protons to the
peptide is detected through the peptit signals 21). The spin diffusion mixing times

www.manaraa.com



43

varied from 0.1 ms to 400 ms. A T filter of 2 ms prior to théH evolution period was
used to destroy th#1 magnetization of the rigid peptide while retamihat of the
mobile lipids and water. 11@ points were collected in the indiréét dimension. The
experiments were conducted at 299 K at 4 kHz MAS.

Results
Secondary structure of TP in DMPC bilayers.
To constrain the secondary structure of TP in Iipldyers, we measured thi ()
torsion angles of Val Laederach et al found this residue to be theehofga bent
conformation in 320 mM DPC micelle8)( while Kawano and coworkers found the
peptide to have straigBtstrands in 60 mM DPC micelleS)( We measured the &b,
y) angles directly in DMPC bilayers by correlatitg dipolar couplings along the two
bonds flanking the torsion bond of interest. Ferdttangle, this involves the N-H and
Ca-Ha dipolar couplingsX8), while for they angle, the N-G and C’-N dipolar
couplings are correlated3). Figure 4.1 shows the NCCN (a) and HNCH (b) canve
TP with uniformly**C, *N-labeled Va} and™N labeled Cys The NCCN data is best fit
with Jy| = 142°+2, while the HNCH data gives|| = 167° + 10°, as shown by the RMSD
analysis (Figure 4.1c, d). Sin¢e= ¢y + 60°, thep angle is —133° + 10° or —107°+10°.
Combined, the two torsion angles indicate thagdbpts a canonical antiparalfel
sheet conformation. Each experiment gives two degea angles due to the uniaxial
nature of the dipolar coupling tensor. However,rikgativey angle can be ruled out
since it occurs in an unpopulated region of the &dmandran diagram for Val residues.
For the¢ angle results, the —107° value is closer to théte paralleB-sheet
conformation. However, typical parallgisheets have a angle of about +110°, which is
ruled out by the NCCN data.

Figure 4.2 shows the&(y) Ramachandran diagram of Yalhere the solid-state
NMR results (circles) are compared with the twaisoh NMR results. The high-
concentration DPC micelle data, which is an enserabB0 structures (squares), shows

significant conformational distribution. In compson, the conformation in DMPC
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bilayers obtained from solid-state NMR clearly $atito the3-sheet region of the
diagram with a relatively small angular distributid’he ordered nature of the peptide
conformation is also reflected in thi€ linewidths of Vad and Gly,, which are ~2.8
ppm. This conformational homogeneity is similatte low-concentration DPC micelle

result (diamond).

1.0 co Ca  (a) 1.0
0.81 ‘® 0.8 4
u C
§9) ; ; :
0.6 180 140 100 60 20 So6 150 100 50
l? - 13C (ppm) 3 . C (ppm)
D 04- N
i D04
e = °
0.2 g \ on=167
1 S 02
0.0 T ez | | R LT
] 807
T T T T T T 00 T T T T T T
0 500 1000 1500 2000 2500 0 50 100 150 200 250
Time (us) Time (us)
0.25 2.0
] (c) y (d)
0.20 1.6
Q 0154 0 124
a1 Q]
= ] =
@ 0.10 X 0
0.05+ expt. 0.4
] ms
4 ' noise !
000 T L L L L L ll L . T T T T T T T T T . T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
p angle () o angle ()

Figure4.1. (¢, v) torsion angles of Valof TP in DMPC bilayers at 233 K. (a) The NCCN data
for v angle determination. A representative spectrurth) am N-C mixing time of 66is, is
shown. Best fit is obtained with = +142° (solid line), flanked by the curves 844 (dashed
line) and+14(C (dotted line). The simulated curve fpr=+80° (dash dotted line) is also shown
and deviates from the data at long time. (b) The&CHNlata forp angle determination. A
representative spectrum is shown. Best fit is abthwith¢y = £167° (solid line), flanked by the
curves fort177 (dashed line) antl157 (dotted line). RMSD plots comparing the experiment
with the simulations for the NCCN (c) and HNCH ¢t#ita quantitatively indicate the best-fit

torsion angles.
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13¢ isotropic chemical shifts of Viasupport the torsion angle results. The CO and
Co. shifts are 171.9 ppm and 57.6 ppm, respectivetgs€ differ from the random coil
values by —2.1 ppm and —2.8 ppm, indicating a Weflnedp-sheet structure2p).
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Figure4.2. The Ramachandran diagram of TP MalIDMPC bilayers measured by solid-state
NMR (open circles). For comparison, the ensembl&asolution NMR structures of TP in 320
mM DPC micelle solution (filled squares) and thagé structure in 60 mM DPC micelle

solution (open diamond) are shown.

To further constrain the conformation of TP in teatral part of the N-terminal
strand, we measured the distance betwees®@land PheH". This distance spans five
covalent bonds and thus depends on the torsioesfkthe central three bonds;-Go,
Ca7-COy, and CG-Ng. The CQ-Ngpeptide bond has a known torsion angle of 180°.
Thus, the Val CO — PhgH distance is mainly determined by thie\¢) angles of Cys
The CO-H' REDOR data is shown in Figure 4.3. The Sl&cays to 0.72 by 4.03 ms.
The data has been corrected for dephasing by hatwadancé®CO sites in the lipid
and the peptide through a control experiment’@nunlabeled but Plé°N-labeled TP in
DMPC membrane. The corrected data is best fit Bythdistance of 4.6 + 0.2 A. To
convert this distance to Gyg, y) torsion angles, we display the 8" distance as a
function of ¢, y) angles in Figure 4.4. The 4.6 A distance (baiés) is near the

maximum physically allowed distance of 4.9 A betwéee two atoms, and is satisfied
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by relatively largey angle values. Excluding negatiyendy angles, which are outside
the allowed regions of the conformational spaceti® non-Gly residue, we find that the
Cys; torsion angles are closest to the antipargHstheet structure, consistent with the

direct Vak torsion angle measurement results.
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Figure 4.3. ®N-detected Val**CO — Phg'H" REDOR data of TP in DMPC/DMPG membrane.

Representative’N S and S spectra are shown for a mixing time of 288 The S/$values had

been corrected for dipolar dephasing by naturahdhnce*CO sites. Best fit is obtained at a
distance of 4.6 A £ 0.2 A. The 3.1 A curve (daslied) predicted from the high-concentration
DPC micelle structure is shown for comparison. $atad curves were scaled by 0.9 to account

for incomplete dephasing due to pulse imperfect{@ds

TP contains two disulfide bonds, Gy8ys;» and Cys-Cys;s. These impose strong
constraints on the conformation of residues 8-tlut®n NMR data show these residues
to form aB-turn in both water and micelle8)( However, thé-turn nature of these
residues in lipid bilayers has not been directlgfiesl. Thus, we measured the &y
torsion angle. Since Gly has twaxhbrotons, the HNCH experiment cannot be used.
Instead, we measured the intra-residue three-béhe €' distance, which is determined
only by the torsion angle of the central N-Gond, i.e. the& angle. Figure 4.5a shows the
CO-H" REDOR data of Gl *CO, **N-labeled TP in DMPC bilayer#n contrast to the
Vals-Phg C-H REDOR data, the Glydephasing was rapid, reaching a low,S/&ue of
~0.2 by 2.3 ms. Simulation yielded a distance 653 0.10 A. Figure 4.5b shows tie
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angle dependence of the CO-Histance. The 3.05 A distance correspondsjtamagle
of £85°, and the angular uncertainty from the diseameasurement is +15°. Thangle
of £85° is distinct from that of the standarehelix andB-sheet conformations, but
corresponds to B-turn conformation. Since Glyis at the putative+2 position of the

turn, this value is consistent with a type I, I,,1I', V, or V' B-turn(23).

antiparallel  parallel
180° B-sheet [3-/sheet

120°F
600 -
= 0%t
34
-60° | i ]
38
| syd
O /
4.85
-180° - - ]
-180° -120° -60° 0° 60° 120° 180°

¢
Figure4.4. Val; CO —PhgH" distance as a function of Gy, y) angles. A peptide-bond

torsion angle of 180° and standard bond anglesand lengths were used. The 4.6 A distance
contour is shown in bold. The positions of the deadp-sheet andi-helical conformations are

indicated for comparison.

Membrane binding topology.

To quantitatively determine the depth of insertdP in lipid bilayers, we
carried out &°C-*'P REDOR experiment betwe&iCO-labeled TP and the lipidP in
DMPC/DMPG (3 : 1) bilayers. To ensure that thedipiotion is frozen, we used
trehalose-cryoprotected dry lipid membrane. &3P REDOR curves for Val*cO
and Glyio **CO after natural abundance correction are shoviiguare 4.6. The two
labels show very similaB/$ values, both of which are best fit td°€-*'P distance of 6.8
+ 0.4 A. For simplicity, only two-spin simulatiomse used here to fit the distance data,

since the main conclusion of interest is the re¢atlistance of Vgland Gly, from the
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phosphate groups. Multi-spin simulatio@8)incorporating, for example, thré&
atoms, do not increase the vertical distance bettee?'P plane and th&C label, even
though they yield individud’C-*'P distances that are ~1.0 A longer than that ofwtioe
spin simulation. Thus, the depths of insertionhef Vak and Gly, residues from the

membrane plane are similar and both 6-7 A.
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Figure4.5. TP Gly, ¢ angle determination by COMREDOR. (a) IntraresiduéCO-'H"

REDOR curve. Best fit is obtained with a distant8.65 A (506 Hz, solid line). Simulated
curves for 3.15 A (458 Hz, dashed line) and 2.9%5@6 Hz, dotted line) are shown to indicate
the uncertainty. The C-H couplings have been sdajatie MREV-8 scaling factor of 0.47.
Simulated curves are scaled by 0.9 from the id&D@R curve to account for incomplete
dephasing due to pulse imperfections. Represeat§fiand S spectra are shown for a mixing
time of 2.3 ms. (b) The curve relating the C®Histance to thé torsion angle. For distances of

2.93 A, 3.05A, and 3.15 A, theangles are +100°, +85°, and +70°, respectively.

Complementing th&C-*'P experiment, a 2EH spin diffusion experiment was
used to measure the proximity of the peptide tdithé chains in the center of the
membrane. Figure 4.7 shows two Z0-detectedH spin diffusion spectra, acquired
with a mixing time of 0.1 ms (a) and 100 ms (b).Iid *H — peptide*C cross peaks
are observed at 0.1 ms while clear cross peaksketihe water protons (4.6 ppm) and
Vals Cy (19.6 ppm) and between the lipid €ptotons (1.3 ppm) and Ly are
detected at 100 ms. The lack of cross peaks ahf.is an important control proving that

the magnetization of the mobile Val methyl protdirectly bonded to the detected IS
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suppressed by tHel T, filter. Thus, the 1.3-ppm cross peak at longeringiximes must
originate from the mobile lipid chain protons. Hoes experiments on DNA intercalated
with multilamellar lipid membranes indicate thatewha macromolecule is bound to the
membrane surface, ~20 A from the hydrophobic ceittekhibits virtually no cross
peaks with the lipid chain protons in 100 ms. Thhse,presence of a clear lipid €H
cross peak with TP qualitatively indicates thatpleptide is immersed in the membrane,
below the®'P-rich membrane surface. The Y@l 'H cross sections for a number of
mixing times are shown in Figure 4.7c. Thecbrrected CHlintensities show a
monotonic increase without reaching a plateau /M8 (not shown). This differs from
transmembrane proteins such as colicin la charorakth 1) or protegrin-126),

whose CH/CHjz cross peaks reach a plateau by about 100 ms. ffteudepth of

insertion of TP is intermediate between compleseisface bound molecules and fully
membrane spanning molecules. Extraction of moratifasive distances from the cross
peak intensity buildup is difficult because TP Hamke is mobile in the liquid-crystalline
phase of the membrane at this temperature, asredadey the lack of the Vigbackbone
13C signals in the spectra (not shown). This peptidéility reduces the diffusion
coefficient contrast between the lipid and the leptwhich is necessary for the distance

guantification 21).

72A
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Figure4.6. *C-*'P REDOR data of TP in DMPC/DMPG/trehalose membr#he.Va} **CO
(circles) and Gly, *CO (squares) data are shown. Best fit for bottbiained at &°C->'P
distance of 6.8 A (39 Hz, solid line) using a twmrssimulation. Simulated curves for 7.2 A (33
Hz, dashed line) and 6.5 A (45 Hz, dotted line)ase shown to indicate the distance
uncertainty. Representativg &1d S spectra are shown for a mixing time of 2&@or the Val

data.
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Figure 4.7. **C-detectedH spin diffusion spectra of uniformly Vial’C, **N-labeled TP in
DMPC membrane at 299 K. (2) 2D spectrum after angitime of 0.1 ms. No ValCy peaks are
observed. (b) 2D spectrum at a mixing time of 1@0 Yfak Cy cross peaks with water and lipid
CH, protons are detected (dotted circles). T@eprojection is shown on top of each 2D
spectrum. Note the absence of the Vakignal at 0.1 ms. (c) VaCy *H cross sections for

various spin diffusion mixing times.

Discussion

The above data indicates that the N-strand ofddpis an ideal antiparallpt
sheet conformation in DMPC bilayers. The Masidue hasi( ) torsion angles of (-
133°, 142°). The Val**CO - Phe H" distance is 4.620.2 A, which is satisfied by an
antiparallelB-sheet conformation for CysAt Glyio, @ non-sheef angle of +85°+15° was
measured, which is consistent with the residue of a type I, I, II, II', V or VB-turn
conformation. This confirms that the two disulfidends indeed constrain the overall
peptide fold to g-hairpin in lipid membranes. For comparison, thietsan NMR results
for Glyip ¢ angle are -154° in low concentration DPC micedled 114° + 55° in high
concentration DPC micelle8,(9).

Figure 4.8a shows the DMPC-bound TP structure oéthby solid-state NMR.
The structure is derived from the low-concentratd?C structure (Figure 4.819)(by
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making small changes in the Yand Cys and Gly, (¢, v) angles to satisfy the distance
and torsion angle constraints obtained here. WheiGtyio ¢ angle vas changed to 80°,
the other torsion angles of Argnd Glyo also needed to be modified to retain fthe
hairpin motif. Molecular modeling shows that, whaly standar@-turn torsion angles
are used, then among the six possiistarns consistent with the Glydata, only the type

Il B-turn gives a relatively ideal hairpin with collarestrands. This is the structure shown
in Figure 4.8a. For comparison, Figure 4.8c showypigal high-concentration DPC-
bound TP structure, with a pronounced curvatutéentwo strands around Argnd

Argi4 (8). As a result, the high-concentration micelle cinee has an average Y&0O —
Phe H" distance of 3.1 A, much shorter than the 4.6 Aadise measured in

DMPC/DMPG bilayers.
(a)

Figure 4.8. Conformation of TP in (a) DMPC bilayers as deieed by solid-state NMR, (b) 60
mM DPC micelle solution9), (c) 320 mM DPC micelle solutioB), The Val CO — PhgH"
distance differs in the three structurébe structures were visualized in the Insight Il

environment.

Induction of peptide curvature by detergent meshas been observed before.
For example, the HIV-1 envelope protein gp41 shawsenta-helical structure in DHPC
micelles but becomes a straight helix in bicellegad in stretched polyacrylamide gel
(27). Such curvature is usually attributed to the $iiaé of the micelles compared to
lipid bilayers or bicelles. However, this curvatumechanism seems inadequate for
explaining the different TP structures in the 60 raitl 320 mM DPC micelle solutions,
since both concentrations are above the criticaéli@ concentration of DPC. In fact, the
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higher concentration suggests larger micelles amadvthus be expected to cause less
peptide curvature. The main experimental conssdortthe bent structure are long-range
'H NOE cross peaks between Temd Arg, Pha and Va, and Tyks and Args (8). We
speculate that these cross peaks could originate ifitermolecular, rather than
intramolecular, contacts, as a result of peptidgoaberization in the high-DPC
concentration sample.

The most intriguing aspect of the TP structur¢sisiepth of insertion and
potential orientation. If the peptide fully spahe membrane, perpendicular to the
membrane plane, then one would expect Wrathe middle of the N-terminal strand to be
located in the hydrophobic part of the membranefréan the lipid headgroups, while
Glyso at theB-turn would be much closer to the headgroups. Hewete'*C-*'P
distance measurements showed thag satl Gly, carbonyl carbons are equidistant, 6.8
+ 0.4 A, from the’'P atoms of the DMPC/DMPG membrane. This stronggssts that
theB-hairpin is approximately parallel to the membraogace (Figure 4.9a). Moreover,
since thé'H spin diffusion experiments indicate that the M} protons receive
magnetization from the lipid GHprotons in 100 ms, which is fast compared to
membrane-surface-bound molecules such as ONA Vals must be immersed below
the membrane surface, not far from the top of thy @hains. Thus, combining the
distance constraints £8P and to the lipid Ckiprotons, TP is most likely immersed in the
glycerol backbone and lipid carboxyl region. Intfahe peptide-lipid*C-*!P distance is
very similar to the intramolecular lipidCO —>'P distance, further supporting this
conclusion.

Figure 4.9a shows the solid-state NMR refined Tecstire in a planar
orientation, superimposed with a schematic reptasen of liquid-crystalline DMPC
bilayers. The thickness of the bilayer is obtaifredh a MD simulation28) and is drawn
to scale with TP. Immersed in the membrane, @alchirpin would have nine unsatisfied
hydrogen bonds exposed to the interfacial regiath@bilayer. White and coworkers
(29) estimated an energy penalty of 0.5 kcal/mol iertransfer of an unsatisfied
hydrogen bond from the aqueous solution to the mangbinterface. However, this

energy cost is likely balanced by the favorableitisn of the hydrophobic sidechains of

www.manaraa.com



53

Trpz, Phe Tyrgand Trysin TP. It is also possible that TP is oligomerizethe lipid
membrane, as we found for the analogous peptidé B0; 31, which would reduce the

number of unsatisfied hydrogen bonds per molecule.

(a) (b)

Gly+o
A
al
~40 A

(c) (d)

lle1 Tyrig Arg
_—)

/

Figure 4.9. Models of TP binding to DMPC bilayers. TP and DMBilayer thickness are drawn
to scale. (a) TP is immersed in the glycerol baokb@gion in a horizontal fashion. (b) TP is
oriented normal to the membrane plane and pariiadigrted. (c-d) Sidechain hydrophobicities of
TP in the two orientations. Red indicates hydrophoésidues (Val, Phe, Trp, lle and Cys), blue
indicates hydrophilic residues (Arg, Lys), and perpdicates Tyr.

The current data does not rule out an alternatieeario where TP may be
partially inserted into the lipid bilayer in a tssnembrane orientation, with G§CO
outside the membrane surface while @D below the membrane surface, equidistant
from the*!P atoms (Figure 4.9b). In this way, the Msilechain can still be in spin
diffusion contact with the lipid CiHprotons. However, this transmembrane orientagon i
less likely than the planar orientation for seveealsons. First, the peptide is not long
enough to span the DMPC bilayer in a transmembii@steon, especially if the Gly-
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including B-turn is outside the membrane surface (Figure 43&¢ond, polar residues
such as Arg Argi4, Argis would be embedded in the hydrophobic region of the
membrane, which is energetically costly. Third, dmsribution of the polar and non-
polar residues in TP makes a transmembrane orni@mi@td insertion unfavorable.
Figure 4.9c-d show the sidechain hydrophobicitf¥fBfin these two orientations. A
mostly hydrophobic face is present in the peptdasisting of Trp, Phe, Vals, Cys,

and Tyg sidechains. The other face mainly consists optilar Arg and Lys residues.
The horizontal orientation places the hydrophobgeftowards the hydrophobic interior
of the membrane while the cationic face towardsptblar exterior. In contrast, the
transmembrane orientation makes this amphiphiteriace of the peptide perpendicular
to that of the membrane, which is unfavorable.

The above interpretations of the depth of inserabTP assume that the lipid
bilayer maintains its lamellar structure in theganmece of TP, without any defects that
would destroy the planarity of the membrane surfalcere thé'P atoms are. This
assumption is valid for the DMPC and DMPC/DMPG meanles used here. Our recent
glass-plate orientettP spectra for TP-including membranes showed trapéptide does
not perturb the orientational order of neutral PG#&yers nor POPC/POPG
membranes, but create isotropic vesicles in POPEER{ipid mixtures {1). Direct®'P
powder spectra (not shown) of the MAS samples beee also confirm the lack of any
isotropic peaks. Thus, there is no detectable gioueture in the membrane under the

current experimental conditions.

Figure 4.10. Amino acid sequence of (a) TP and (b) PG-1.
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The conclusion that TP is parallel to the membialaae and immersed in the
interfacial region of the membrane is in good daéiie agreement with polarized
attenuated total reflection Fourier transform irdch(ATR-FTIR) data®): the dichroic
ratio of the amide I’ band is consistent with fligheet lying parallel to the plane of the
membrane, while the lipid GHsymmetric stretching band indicates that the order
parameter of the acyl chains is slightly reduced Byindicating that the peptide
penetrates slightly into the hydrophobic regioth& membrane. In addition, Trp
fluorescence data indicated that 7gb TP is located in the hydrophobic environment
near the surface of the lipid membradg (

A related study on a cysteine-deleted version ofdPT) was recently carried
out. On the basis of the effect of CDT on the pheagsition of the lipids observed
through DSC, the authors suggested that the peigtideated at the membrane interface
without being inserted into the hydrophobic partied membrane3@). If confirmed by
direct orientation measurements, this would sugidpdtan in-plane orientation may be a
common feature of the TP family of peptides assalteof its distribution of hydrophobic
and hydrophilic residues and independent of thelfitie bonds. A similar in-plane
orientation was also suggested for the hydroptibalfide-bridged3-sheet peptide
androctonin, based on the dichroic ratios of thiellchain CH stretching bands in the
polarized ATR-FTIR spectré88). However, androctonin was thought to be lyingloan
surface of the membrane rather than in the intetfaegion, since the lipid order
parameter did not change upon peptide binding.

Interestingly, the proposed membrane insertionaightation of TP are quite
different from those of protegrin-1 (PG-1), a semitlisulfide-stabilized-hairpin
antimicrobial peptide’H spin diffusion and paramagnetic dephasing exparteclearly
indicated that PG-1 completely spans the lipid memé 26, 39. Direct orientation
measurement indicated that fhstrand axis of PG-1 is tilted by about 55° frora th
membrane normal in thin DLPC bilayef). Comparing the amino acid sequences of
the two peptides (Figure 4.10), the main differeisaat TP has two cationic Arg
residues in the middle of the C-terminal strandlevthe middle of the PG-1 C-terminal
strand is completely hydrophobic. The remaininggea are distributed in similar

www.manaraa.com



56

positions of the two peptides. Thus, it appearsghall changes in charge distribution
can significantly affect the membrane-bound stnectf these antimicrobial peptides,
and consequently their mechanisms of action.

In conclusion, we find that TP adopts a standatgarallel3-sheet conformation
in lipid bilayers with g3-turn at Gly, connecting the two strands. No bending is present
in the middle of the two strands. The peptide im@nsed in the glycerol backbone region
of the membrane, with Vaind Glyo, CO equidistant from the lipittP, and with the
Valg sidechain in close spin diffusion contact with kiped acyl chain CH protons.

These suggest a planar orientation of the peptid@MPC and DMPC/DMPG bilayers.
Further experiments involving direct orientatiodatermination is necessary to

definitively determine the membrane binding topglo§ TP.
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Chapter 5
Dynamic Structure of Disulfide-Removed Linear Analogs of
Tachyplesin-l in the Lipid Bilayer from Solid-State NMR

Published in Biochemistry,
2008, 47, 1105-1116
Tim Doherty, Alan J. Waring, and Mei Hong

Abstract

Tachyplesin-1 (TP-I) is a 17-residfehairpin antimicrobial peptide containing
two disulfide bonds. Linear analogs of TP-I whdre tour Cys residues were replaced by
aromatic and aliphatic residues, TPX4, were founkiave varying degrees of activities,
with the aromatic analogs similarly potent as TB+iderstanding the different activities
of the linear analogs should give insight into tirechanism of action of TP-I. To this
end, we have investigated the dynamic structuréiseoactive TPF4 and the inactive
TPA4 in bacteria-mimetic anionic POPE/POPG bilayerd compared them with the
wild-type TP-I using solid-state NMR spectroscoP'. isotropic chemical shifts and
backboned, ) torsion angles indicate that both TPF4 and TPdapaj3-strand
conformations without 8-turn at key residuesH spin diffusion from lipid chains to the
peptide indicates that the inactive TPA4 binddh®rmembrane-water interface, similar
to the active TP-I. Thus, neither the conformation the depth of insertion of the three
peptides correlates with their antimicrobial adies. In contrast, the mobility of the three
peptides correlates well with their activities: tetive TP-1 and TPF4 are both highly
mobile in the liquid-crystalline phase of the mear® while the inactive TPA4 is
completely immobilized. The different mobilitiesesamanifested in the temperature-
dependent®C and™N spectra®*C-*H and*>N-*H dipolar couplings antH rotating-
frame spin-lattice relaxation times. The dynamitc$®-1 and TPF4 are both segmental
and global. Combined, these data suggest thatar@-TPF4 disrupt the membrane by
large-amplitude motion in the plane of the membrdine loss of this motion in TPA4
due to aggregation significantly weakens its attibecause a higher peptide
concentration is required to disturb lipid packifigus molecular motion, rather than
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structure, appears to be the key determinant ®ormémbrane-disruptive activities of
tachyplesins.

I ntroduction

Tachyplesin | (TP-1) is a 17-residue disulfidekied 3-hairpin antimicrobial
peptide found in the hemocytes of the horseshdeTaahyplesus tridentaty4). It is
active against a broad spectrum of Gram-negatideGram-positive bacteria and fungi,
with minimum inhibitory concentrations (MICs) frota3 uM to 13uM (2, 3. Compared
to otherp-hairpin antimicrobial peptides, TP-I is similadffective as PG-1 and more
potent than RTD-14). The MIC of TP-I against the Gram-negative baatEr coliis 1
uM, and the MICs against maize fungal pathogens asEh graminearunare in the
range of 8-131M. Since peptides without disulfide bonds are edasisynthesize, linear
analogs with potent activities but low toxicitie® aesirable. A number of structure-
activity studies have been carried out on lineaivdéves of TP-1, where the two
disulfide bonds constraining tlfiehairpin structure were removesl, 6, §. Interestingly,
unlike theB-hairpin peptide PG-17}, several linear derivatives of TP-I retained nufst
the antimicrobial activities. For example, whenfallr cysteines were replaced by the
aromatic residue phenylalanine (TPF4) or tyrosiffe¥Y4), the activities are comparable
to those of the wild-type TP-I. The MICs of TPFAatgstE. coliand fungal pathogens
are 1uM and 4-13uM, respectively 8). This was thought to result from the retention of
theB-hairpin structure in solution through aromatiagyrstacking interactions, as
suggested b¥H NMR data §). In comparison, when the cysteines were substitby
alanine (TPAA4), the antimicrobial activities argrsficantly attenuated3). The MICs
againste. coliand fungi increased toBV and > 35uM, respectively. This is thought to
be related to the TPA4’s random coil structuredluson ). However, despite their
different conformations in solutio’P NMR lineshapes of glass-plate aligned
membranes shows that TPY4 and TPA4 cause similarbrane disorder, which differs
from the isotropic disorder caused by TB). When the cysteine thiol groups were
protected by acetamidomethyl (Acm) groups, thedirmmpound TP-Acm was found to

cause less dye leakage than the wild-type TP-ifmue membrane perturbation, as
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shown by light scattering and electron microscoata®, 10. Recently, a TP-I mutant
where all cysteines were deleted and not replagedher residues was found to retain
antimicrobial activity without significant hemolgtactivity ©). The decrease in
hemolysis was attributed to a decrease of the Ipyaroic character of the peptidely.

While these structure-activity studies providetuaale information on the
biological and physical behaviors of various tadagm analogs, they do not provide a
cohesive understanding why some linear analogsrsignificant activities while others
do not. This is partly due to the fact that the#&dimensional structures of these
disulfide-removed peptides in the lipid membraregenerally unknown. To identify the
key molecular structural factor that determinesahgmicrobial activity of tachyplesins,
we undertook a solid-state NMR study of the confatron, dynamics, and depth of
insertion of two tachyplesin linear analogs, TPRd &PA4, in lipid bilayers. TPF4 and
TPA4 were chosen because of their very differetiviies, which should be linked to
distinct structural or dynamical properties. Sdtdte NMR spectroscopy is a powerful
tool for obtaining atomic-level high-resolutionwtture information and dynamics of
proteins bound to lipid bilayerd2, 13. We use the anionic POPE/POPG (3:2)
membrane to mimic the bacterial membrane. Combioamjormation-dependefitC
isotropic chemical shifts and backboe\y) torsion angles, we find that both the active
TPF4 and inactive TPA4 haveastrand conformation withoutf&turn at key positions
where TP-1 adopts a turn conformation. Moreoveg,itfsertion depth of the inactive
TPA4 is at the membrane-water interface, the santbeaactive TP-I. In comparison, the
mobility of the peptides in the membrane correlaith their activities: the active TP-I
and TPF4 exhibit large-amplitude motions on the Ntitlkescales while the inactive
TPA4 is immobilized. These dynamic differences waanifested in temperature-
dependent spectral intensities, motional narrowingipolar couplings and nuclear spin
relaxation times. Thus, peptide motion in the menbrplays a central role in the
antimicrobial activity of TP-I, in contrast to tinell-studiedB-hairpin peptide PG-113,
14).
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Materialsand Methods
Preparation of membrane peptide samples.

3¢ and™N labeled amino acids were purchased from Sigmaigid
(Miamisburg, OH) and Cambridge Isotope Laboraté&mdover, MA) and converted to
Fmoc derivatives in house. TP-I (BH{WCFRVCYRGICYRRCR-CONH) was
synthesized on an ABI 431A synthesizer using stahslalid-phase Fmoc chemistry as
described beforelp). After purification of the reduced peptide by HPLthe disulfide
bonds were oxidized in 0.1% acetic acid at a camagon of 0.1 mg/ml at 25°C for 24 h.
The reaction was stopped by adding acetic aciddddowed by purification. The
linear peptides TPA4 (NHKWAFRVAYRGIAYRRAR-CONH,) and TPF4 (Nk
KWFFRVFYRGIFYRRFR-CONH) were synthesized on an ABI 432A synthesizer. All
peptides were purified by HPLC in an acetonitrilafer solvent system with 0.1% TFA
on a Vydac C-18 reverse-phase column. MALDI masstspmetry was used to confirm
the identity of the peptides. Final purity of theptides is greater than 95% as tested by
analytical HPLC.

Three consecutive residues, G10, 111, and F1PidTand G10, 111, and A12 in
TPAA4, were uniformly labeled witl'C and™N for measuring conformation-dependent
13C isotropic chemical shifts. For TPF4, a secondpamwas synthesized that contained
uniformly *C, **N labeled V6 and G10 arfdN labeled F7 and I11.

Isotopically labeled peptides were reconstituted POPE/POPG (3:2)
membranes by mixing the aqueous peptide solutidrtlanlipid vesicle solution at ~298
K, above the phase transition temperature of thalnane, which is 291 K. A
peptide : lipid molar ratio of 1:15 was used fdrsaimplesThe peptide-lipid mixture was
ultracentrifuged at 150,000 g to give a wet peiMdtich was then lyophilized and
rehydrated to 35% water by mass. This procedurdyzes membrane samples with low

salt concentrations and well-defined hydration leve
Solid-state NMR experiments.

All NMR experiments were carried out on a Bruken380 spectrometer
(Karlsruhe, Germany) operating at a resonance émgyof 400.49 MHz fotH, 100.70
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MHz for **C, and 40.58 MHz fot’N. Triple-resonance MAS probes with a 4 mm
spinning module was used. Low temperature expetisngere conducted using air
cooled by a Kinetics Thermal Systems XR air-jet glencooler (FTS Systems, Stone
Ridge, New York). Typical cross polarization (Ci)e was 0.5 ms with a Hartman-
Hahn match at 50 kHZ3C and™N 180° pulse lengths were typically {18 and 12us,
respectively’H decoupling fields of 62 kHz were used during asitjion and 71-82 kHz
were used during X-channel irradiation such assStR€5 double-quantum period and the
C-N REDOR period (see below). Recycle delays rariged 1.5 s for frozen samples to
2.5 s for room-temperature experiments to proteefprotein from excessive radio-
frequency (rf) heating™C and™N chemical shifts were referenced externally tocthe
Gly 13CO signal at 176.49 ppm on the TMS scale and\theetyl-valine"N signal at
122.0 ppm on the N¥bcale.

3¢ chemical shift of labeled sites were assigned bgymbination of 2D°C-*C
correlation experiments and 1D double-quantumefdtgperimentsi6). The TPA4
experiments were carried out at 298 K while the A Bkperiments were done at 263 K to
freeze its motion. The 2D correlation experimerssdithe'H-driven*C spin diffusion
pulse sequence, with a 50 ms mixing time under 8 ikidgic-angle spinning (MAS).

y torsion angles were measured using the NCCN tqakniwhich correlates the
*N;-2*Ca; and**CO-'°Ni:1 dipolar couplings to obtain the relative orieratof the two
bonds 17, 18. **Ca-*CO double quantum coherence was excited by the SEqifence
(16) and evolved under tH&C-*N dipolar coupling, which was recoupled by a REDOR
pulse train {9). The SPC5 sequence used@rf field of 25 kHz under 5 kHz MAS. The
total double-quantum excitation and reconversioretivas 80Qus. For each C-N
REDOR mixing time, a reference spectru®) (vithout theN pulses and a dephased
spectrum with thé®N pulses (S) were measur&i$ values of the @ or CO peak were
plotted as a function of the C-N mixing time tolgli¢hey-dependent curve. The NCCN
experiments were conducted under 5 kHz MAS at 238 RPF4 and 253 K for TPA4.

The depth of insertion of TPA4 was measured usigB &H spin diffusion
experiment wheréH spin diffusion from the mobile lipid to the rigjseptide is detected
via the peptidé’C signals 20). The rate of spin diffusion depends on tHe'H dipolar
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coupling, which in turn depends on the distancevbenh the peptide and the mobile lipid
chains. The spin diffusion mixing times varied frd@ms to 400 ms. AH T filter of 1
ms was applied before the evolution period to dgdtne initial magnetization of the
rigid peptide while retaining that of the mobilpitls and water. 128 points were
collected in the indirecH dimension. The experiments were conducted at298der 4
kHz MAS. The peak heights from the 1D cross sestatrvarious mixing times were
processed in the following way to generate thedoyalcurve for distance fitting: they
were first corrected foiH T; relaxation during the mixing time, small driftstime CP
efficiency, and differences in the number of scdi corrected intensities were then
normalized to the water-peptide cross peak intgré$il00 ms. The lipid-peptide cross
peak intensities were further scaled by the lipidvater intensity ratio in the 1fH
direct excitation spectrum. This accounts for et that even at spin diffusion
equilibrium, the lipid-peptide cross peak intengliffers from the water-peptide cross
peak intensity by a factor due to the differenatobtagnetization of the lipid and water
protons in the system.

3c-'H and**N-'H dipolar couplings were measured with the DIPSHIFT
experiment either withou() or with dipolar doublingZ2, 23. The doubled DIPSHIFT
experiment amplifies the effect of weak couplingsler MAS and was used to measure
the'N-'H dipolar couplings and tH&C-'H couplings of mobile residues witfC direct
excitation. A spinning speed of 3.472 kHz was used,an MREV-8 sequence witHta
105° pulse length of 4.0s was used folH homonuclear decouplin@4).

The'H rotating-frame spin-lattice relaxation times,, were measured using a
Lee-Goldburg spin-lock sequence witf+aeffective spin-lock field strength of 68 kHz.
A short Lee-Goldburg CP of 8@ followed the spin lock period to achieve selextiv
transfer of théH magnetization to its directly bond&tC spin. The spin-lock

experiments were conducted from 243 K to 310 Kgianing speed of 5 kHz.
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RESULTS
Secondary structure of TPA4 and TPF4.

We have recently determined the conformation of irHipid bilayers through
torsion angle, distance, and chemical shift congsaThese data indicate that TP-I
adopts a regulg-hairpin structure in lipid bilayers, with G10 &eetcorner of the hairpin
(25). In the present study, we focus on the seconstangture of the two variants, TPF4
and TPA4, to compare with the previously studieltlsype peptide. To obtain
conformation-dependefiC isotropic chemical shifts we labeled residued20n TPF4
and TPA4. These residues were chosen because @&tdsnter of th@-turn in the
wild-type TP-I, so these residues are the moshfiiteadopt nor3-sheet conformations
(26). Residue 6, Val, was also labeled in TPF4 bectnussite was implicated as part of
aturnin TP-1 and TPY4 in dodecylphosphocholin®@) micelles§).

A representative 2B°C-°C correlation spectrum and 1D double-quantum-&ider
3¢ spectrum are shown in Figure 5.1 for TPA4 bounB®PE/POPG bilayers. The CO,
Ca, and @3 peaks are well resolved, and their isotropic cleahshifts are summarized
in supporting information Table S5.1. These experntal chemical shifts are compared
to the random coil shift values of Zhang et al.dach amino acid2{) to obtain the
secondary shifts, which provide qualitative infotioa on the backbone conformation.
All labeled residues in TPA4 and TPF4 give sigmifity negative CO anddCsecondary
shifts and positive € secondary shifts (Figure 5.2), which indicftstrand
conformation 27). In particular, the G10 CO chemical shifts arécalose to the random
coil value, suggesting that neither TPF4 nor TP&tdin the3-turn of the wild-type
peptide.

To obtain more quantitative constraints on thetigepconformation, we
measured the torsion angles using the NCCN techniqlié,(19. For a triplet of
consecutively labeled residues, théorsion angles of the first two residues can be
measured in this way. Figure 5.3 shows the NCCH.d&dr TPA4 (a), the best-fit
angles are 161 + 10° for G10 and 157 + 5° for Hdth confirming the8-sheet
conformation. If g-turn is present, as in wild-type TP-I, then G1Qudadbe tha+2
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residue of the turn, and the maximynangle possible for the-2 residue in all types of

B-turn is 80° £8). This is incompatible with the data, as showrahyRMSD analysis

(Figure 5.3b). It is worth noting that the NCCNhague has the highegtangle
resolution between 140° and 180°, thus it detdetf{sheet conformation with high

accuracy. Due to the uniaxial nature of the dipotaurpling interaction, the sign of tlpe

angle can be either positive or negative. Howether negative solution can be

reasonably ruled out because they fall into an polated region of the Ramachandran

diagram.

G10

10

w
e

13C chemical shift (ppm)

1704

o
e

~
e

0@ 0o

180

180 170

70 50 30 10
13C chemical shift (ppm)

Figure5.1. 2D *C-°C correlation spectrum of G10, 111, Al12-labeled BPMeasured with a 50
ms mixing time under 8 kHz MAS at 298 K. Superimgbsat the top is the 15C double-

quantum filtered spectrum with the peak assignment.
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Figure5.2. Secondary chemical shifts of COx@nd @ for labeled residues in (a) TPA4 and (b)
TPF4. Random coil shifts are taken fro®T7)(

For TPF4 (Figure 5.3c, d), the G10 NCCN data & beby ay angle 160 + 5°.
Partial overlap of the 111 and F12.@eaks prevented the accurate extraction of the 111
y angle. We also measured the Y@ngle on a V6, F7-labeled sample, and found a best
fit y angle of 140 + 5° (Figure 5.3c). This value alsltsfinto theB-sheet regime,
consistent with the V6 secondary chemical shifddifional ¢ torsion angle
measurements using the HNCH technic2® ¢ave a V6&p angle of -140° or —100°

(supporting information Figure S5.1), confirming fhrstrand conformation of this
residue.

Therefore, thé*C chemical shifts and torsion angle results in@i¢hat neither
TPF4 nor TPA4 are bent at the G10 position whesentid-type TP-I has th@-turn. In
addition, TPF4 exhibits a norm@dstrand conformation at V6 in the lipid bilayemdar

to TP-I at this residue in lipid bilayerg5). Thus, no conformational difference exists
between TPF4 and TPA4 in the lipid bilayer for tesidues examined.
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Membrane binding topologyf TPA4

Figure5.3. y torsion angles of TPA4 and TPF4 in the POPE/POiRgdy from the NCCN
experiment. (a, b) TPA4. The G10 and 111 data aest fit to +161° and +157°, respectively,
based on the RMSD analysis in (b). (c, d) TPF4.W@&@nd G10 data are best fit to +140° and
+160°, respectively, based on the RMSD analys(d)nRepresentative spectra are shown for
each sample in (a) and (c). The NCCN spectra weasuored under 5 kHz MAS at 253 K for
TPA4 and 233 K for TPF4. For comparison, theyéngle in TP-1 was previously found to be
+142° (25).

The membrane-bound topology of proteins — whetthey are transmembrane or

bound to the membrane surface — can be measureglal$i spin diffusion experiment
that transfers thtH magnetization from lipids to the protein in tiguid-crystalline (LC)
phase 20). The experiment requires that the peptide be ibilized to receive théH
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magnetization from the mobile lipids and water. ZR$-dynamic in the LC phase of the
membrane (see below) and thus is not amenablésttetthnique, whereas TPA4 is
immobilized. A representative 2D spectrum of TPAdquired with a spin diffusion
mixing time of 400 ms, is shown in Figure 5.4a. Thass peaks of interest are the lipid
(CHy), to the peptide & peaks. The sum of tHel cross sections for the peptide: ites
are shown in Figure 5.4b, along witfithdirect polarization (DP) spectrum for
comparison. After the cross peak intensities areected for'H T; relaxation and
normalized by the equilibrium intensity of the g£peak relative to the water peak, we
obtain the CH-to-peptide buildup curve, shown in Figure 5.4ce Buildup curve rises
slowly and reaches about 30% of the full equilibriuntensity by 400 ms. To compare
this with previously measured cases, we superimgasbest-fit buildup curves of PG-1
in the POPE/POPG membrane (dash-dotted line) anél R OPC/cholesterol
membranes (dashed lin&0j. The former represents the transmembrane casthand
latter the surface-bound case, with distancesfboiRd 25 A, respectively, from the acyl
chain ends30). The TPA4 buildup curve falls between the two P@wits, indicating

that the peptide on average is inserted to the mamebwater interface, near the glycerol
backbone and carboxyl groups of the bilayer. Thigraximate depth is similar to what
we measured for wild-type TP-I in DMPC bilayeps), Quantitative simulation of the
TPA4 data gave a best-fit single distance of 5dkfthe lipid acyl chains; however, a
low interfacial diffusion coefficient of 0.000125m/ms had to be used to reproduce the
shape of the curve. This suggests that the ingedépth of TPA4 is somewhat
heterogeneous, with a dominant fraction at a distdonger than 5 A from the chains and

a small fraction in closer contact with the chains.
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Figure5.4. **C-detectedH spin diffusion spectra of TPA4 in the POPE/POP@niranes at
298 K. (a) A representative 2D spectrum, measutidtdavmixing time of 400 ms. The peptide
cross peaks to the lipid (GJd are indicated by a dashed line. (b) Sum of theighefH cross
sections at various mixing times, compared to ftectly excited'H spectrum (top). (c) The GH
buildup curve for TPA4 (filled symbols). Best fihick solid line) gives a distance of ~5 A. The
buildup curves for PG-1 in the POPE/POPG membrdash(dotted line) and PG-1 in the
POPC/cholesterol membrane (dashed line) are shomgomparison30).

Dynamics of TP peptides in lipid bilayers

Since the depth of insertion of the inactive TRIo€s not differ from that of TP-
I, and the conformation of the active TPF4 andtinacTPA4 are also identical, the static
conformation and topology of the three TP peptdiesot correlate well with their
antimicrobial activities. Thus, we turn to an intigation of the dynamics of the three
peptides in the lipid membrani-*C CP efficiency is a robust measure of the dynamic
properties of molecules. Spectral intensities olat@ifrom CP are high for immobile
proteins but low for molecules undergoing large-biuge intermediate-timescale
motion. If the protein reaches the fast motionaitliat higher temperatures, then the CP
intensities rise again. Figure 5.5 shows the CRtepéor the three tachyplesin peptides
in the POPE/POPG membrane at 298 K (top row) aBd2{iiddle row), above and
below the phase transition temperature of 291 KHerPOPE/POPG membrane. Both
TP-1 (a) and TPF4 (b) show much lower intensitie2%8 K than at 273 K. This means
that TP-1 and TPF4 undergo anisotropic motion elt& phase and the motion is partly

frozen in the gel phase. In contrast, the TPA4nisitees (c) are little affected over this
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temperature range, indicating that TPA4 is alredgig in the LC phase. Even at 273 K,
the TP-1 and TPF4 CP intensities are still lowemtA PA4, indicating that they are still
more mobile than TPA4. Since all three samples wezpared with the same P/L molar
ratios of 1:15, and all peptides are highly solublevater and bind to the anionic lipid
bilayers with high affinity, the different dynamiossults from intrinsic difference among
the three peptides rather than sample preparaifil@neshces. Moreover, the immobile
TPA4 is in molecular contact with the lipids, aswshn by the'H spin diffusion data

above, thus it is not phase-separated from the membA second TPA4 sample at a P/L
ratio of 1:30 showed the same temperature-indepetiiniigh CP intensities (supporting
information Figure S5.2), confirming that TPA4 mains its immobilization, which

implies aggregation, even at the lower concentnatio

Table5.1: *H T,, relaxation times for the three tachyplesin pegtitePOPE/POPG membranes
at 298 K. Effective spin-lock fields were 68 kHzla40 kHz. The ratio of the,J values was used

to calculate the motional correlation timeas shown in ref.3({l).

Peptide Site Tip, 68kHz  T1p, 40kt e (uS)
(ms) (ms)

TP-I V60, 57.4 ppm| 4.7 £0.2 23 35
G10o 0.39+0.01

TPF4 V6o 6.6 £0.3 3.3 3.5

G110 4.6 +0.3 2.7 2.2

TPA4 G10o 8.4+0.3 4.7 2.5

111la 9.1+04 4.6 2.4

Al2a 7.6+0.2 4.4 2.3

A closer examination of the TP-1 CP spectrum & B%hows two V6>Ca.
peaks, a narrow peak at 57.9 ppm and a broad pé&akdappm. This is confirmed by the
3C DP spectrum (bottom row), which shows a veryowary6 Co. peak at 57.9 ppm.
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The'3C T of this peak is very long, about 50 ms. Thus, alkpopulation of TP-I
molecules is nearly isotropically mobile in the nane. This V6 heterogeneous
dynamics may be the result of different interactioh TP-I with the POPE and POPG

lipids.
(a) TPl (b) TPF4 (c) TPA4
G100 1B
CP, 298 K vey Alze
G10a

Voa véy 1o
| vea |
|
I T

|
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i

Figure5.5. **C cross polarization (CP) and direct polarizatibR®) spectra of TP peptides in
POPE/POPG membranes at 298 K and 273 K. (a) TH-T,RA4, (c) TPF4. Peptide resonances
are highlighted in red. The spectra are plotteketp the lipid glycerol and headgroup signal
intensities roughly constant. The TP-l and TPF4@énhsities are weak at 298 K and much
stronger at 273 K. The TPA4 CP intensity is liifeected by the temperaturéC DP spectra
(bottom) show a sharp TP-I \W@peak at 57.9 ppm. All spectra were measured unéeiz

MAS.

To further characterize the dynamics of the tireggtides in the lipid membrane,
we measured th# rotating-frame spin-lattice relaxation times,, Which is sensitive to
molecular motions on the microsecond timescalenwasured th&H Ty, using a°C-
detected Lee-Goldburg spin-lock sequence with satefe spin-lock field of 68 kHz
(31). Figure 5.6 compares the Ty, relaxation decay at 298 K of the GTCa site in
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the three peptides. TPA4 Gd8hows the longest,J of 8.4 ms while TP-I G1® has the
shorter T, of 0.39 ms, which is more than an order of magiatshorter than TPAA4.
TPF4 G1@ has an intermediate,Jof 4.6 ms (Table 5.1). Thus, TP-1 and TPF4 exhibit

extensive motion on the P& timescale at 298 K while TPA4 is much less nebil

© © o =
I fo)} ® o

Normalized intensity
o
N

Time (ms)

Figure5.6. 1*C-detectedH rotating-frame spin-lattice relaxation of Gith TPA4 (open

circles), TPF4 (open squares), and TP-I (filledesga) at 298 K. The relaxation decay constants
are 8.4 ms, 4.6 ms, and 0.39 ms, respectivefyi Apin-lock effective field of 68 kHz and a
spinning speed of 5 kHz were used. A shEHC LG-CP of 8Qus was used to ensure selectivity

of the measuretH Ty, values.

Nuclear spin relaxation times depend both on thplizude of motion, quantified
by order parameters, and by the rates of motiothenelevant timescales. To determine
whether it is primarily the amplitude or the rabatt causes the different,Irelaxation
times among the three tachyplesin peptides, we unegighe"*C-'H and*°N-'H dipolar
couplings of the labeled residues using the DIPSH#xperiment. Reduction of the
dipolar couplings from their rigid-limit values sidy motion. To provide an accurate
control for the order parameter calculation, wecllly measured the rigid-limit couplings
from crystalline model compounds under the samdiphedpulse irradiation condition as
the membrane peptides. The C-H dipolar couplingsrasolved by thé*C chemical
shifts in the direct dimension of the 2D spectrar. the peptide backbone, TPA4 exhibits
the strongest &Ha dipolar couplings or largest C-H order parametar$.95-1.00
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(Table 5.2), indicating that the motional amplitudenegligible. In contrast, the TPF4
and TP-l backbones have lowen-Ela order parameters of 0.57 — 0.91 among the

detectable sites, indicating medium- to large-atagé motions. For &, close to 1, one

can calculate the root-mean-square (rms) amplimidenotion, <62>, according to

ScH z1—§<62> without assuming a specific geometry of motione TPA4 backbone C-

H bond motional amplitude is less than 10° whileF#Rand TP-I G-Ha bonds have
larger rms angles of greater than 14°.

To extract the N-H dipolar couplings of TPF4, wstfiassigned thEN peaks
from *C-*N 2D correlation spectra. Figure 5.7a shows thed¥ MAS spectra from
298 K to 263 K. All four labeled sites, V6, F7, GHhd 111, are resolved at 298 K, with
full-widths-half-maximum of 1.4 — 3.3 ppm except fbe low peak at 118.4 ppm, which
has a linewidth of 4.0 ppm. As the temperature eteses th&N lines broaden, with a
significant transition between 293 K and 283 Koasrthe phase transition temperature
of the membrane. At 283 K, the peak at 118 ppnoiknger resolved in the 1D
spectrum, suggesting intermediate timescale matidhis site 82). A 2D *N-*C
correlation spectrum at 283 K allowed the assigriroéall four >N peaks, with the 118
ppm peak assigned to 111 (Figure 5.7b).

The N-H dipolar DIPSHIFT curves of the four labettks in TPF4 at 298 K are
shown in Figure 5.8. V6, F7, and G10 have N-H dipabuplings of 8.5-9.6 kHz,
corresponding to order parameters of 0.80-0.911€Taf2), or rms angles of motion of
14-21°, while 111 has a much smaller order paranwt6.30, indicating large-amplitude
local motion.
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Table 5.2: **C-'H and™N-'H dipolar couplingsoxy, order parametersg$and rms motional

2
amplitude<62>]/ of tachyplesin peptides in POPE/POPG membrane38ak2

12
Peptide Site oxH (kHz*  Sen® <92>
TP-I V6 Ca-Ho, 57.4 ppm 20.2 0.91 14
V6 Ca-Ho, CP, 57.9 ppm| 12.8 0.57 Large
V6 Ca-Ho, DP, 57.9 ppm| 3.0 0.13 Large
TPF4 V6 Co-Ha 18.1 0.81 20°
G10 Qu-Ha 18.0 0.81 20°
111 Co-Ha 17.0 0.76 23°
111 CB-HPB 11.7 0.52 Large
F12 Gu-Ha 17.0 0.76 23°
V6 N-H 8.5 0.80 21°
F7 N-H 9.6 0.91 14°
G10 N-H 8.5 0.80 21°
111 N-H 3.2 0.30 Large
TPA4 G10 Gu-Ha 22.3 1.00 0°
111 Co-Ha 21.3 0.95 10°
111 CB-Hp 13.8 0.62 29°
A12 Co-Ha 22.3 1.00 0
G10 N-H 10.6 1.00 0°
111 N-H 9.6 0.91 14°
A12 N-H 10.6 1.00 0°

% The dipolar couplings reported are the true coggliobtained by dividing the measured values
by the MREV-8 scaling factor (0.47) and the doulpliactor where appropriate.

> A rigid-limit C-H coupling of 22.3 kHz and N-H celing of 10.6 kHz were used to calculate
the order parameters.
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Figure5.7. N spectra of V6, F7, G10, I111-labeled TPF4. (a)'NDCP-MAS spectra as a
function of temperature. Note the significant Ioveadening from 293 K to 283 K. (b) 2fN-
3C correlation spectrum at 283 K foN resonance assignment. All spectra were measeer u

5 kHz MAS. A®*C-°N REDOR period of 1.2 ms was used to transfef¥aeand'N coherence.

A similar N-H order parameter measurement waseaduwut on TPA4, whose
data are shown in Figure 5.9. 2fC-'°N correlation spectrum allowed the assignment of
all three™N-labeled sites, G10, 111, and A12. Consistent withC-H dipolar coupling
data, the N-H DIPSHIFT curves of TPA4 show neaidrignit couplings, with order
parameters of 0.91 and 1.00, which translate tdlsma amplitudes of 0° and 14°.
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Figure5.8. ™N-'H doubled DIPSHIFT curves of labeled sites in TRF298 K. (a) V6. (b) F7.
(c) G10. (d) I111. The indicated couplings are tie tvalues after taking into account the MREV-
8 scaling factor and dipolar doubling. The dataensrquired under 3.472 kHz MAS.

Therefore, the dipolar order parameters of thecthaehyplesin peptides decrease
in the order of TPA4, TPF4 and TP-I, which is theng as the trend of decreastiT:,
relaxation times from TPA4 to TP-I. This suggekt it is the nearly vanishing motional
amplitudes, rather than slow motional rates, thag gse to the slow relaxation of TPA4.
To verify this, we examined tHeél Ty, as a function of temperature for the three peptide
(Table S5.2, supporting information). Figure 5.h0ws the logarithmic plot off as a
function of inverse temperature. TPA4 exhibits highest T, values, as expected.
Interestingly, most sites in all three peptidesarehe fast side of the, I minimum at
298 K, indicating that their motional rates areitamand all slightly faster than the spin-
lock field strength of 68 kHz. However, this fasbtion has little effect on TPA4.]
relaxation due to its miniscule amplitude. Indemmimparing the 1, values at spin-lock
field strengths of 68 kHz and 40 kHz allowed usxtract the correlation times of motion
for the three peptides using a previously estabtigtrocedure3l), and the resulting

correlation times all fall into a narrow range a2 2 3.5us (Table 5.1). This confirms
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that it is the amplitudes of motion, not ratest thiatinguish the three tachyplesin

peptides.

10.0- 10.0- 10.0- w
g £ £
aal - V6 Y = o 111

1.04 —o—G10 1.0 —o0—G10 1.04 —A— A12

; (a) TP-I (b) TPF4 ; (c) TPA4
32 34 ' 36 ' 38 | 40 42 32 | 34 | 36 | 38 40 | 42 32 ' 34 | 36 38 40 42
1000/T (1/K) 1000/T (1/K) 1000/T (1/K)

Figure5.10. **C-detectedH T, relaxation times of the three tachyplesin peptitea
function of temperature. (a) TP-I. (b) TPF4. (c)ABPThe temperature of 298 K is marked by a
vertical dashed line and the,of 5 ms is marked by a horizontal line to guide élye for the
different positions of the ;] curves among the three peptides. The V6 in TRresponds to the
57.4 ppm peak in the CP spectrum, which is the mgist component among the three V6 peaks
detected (Tabld.2).

Figure 5.10 also shows that the, minima are broad for most sites, suggesting
the presence of a distribution of motional corielatimes. The only exception to the fast
motional rate at 298 K and the broadness of theriinimum is G1@ in TP-I, the only
B-turn residue among all sites examined. Ksrinimum is much lower and sharper than
the other sites, and at 298 K the motional ragtower than the spin-lock field strength
of 68 kHz. We are not able to turn the corner efrtiinimum to the fast side without
risking overheating the sample (> 310 K). The patérly low T;, minimum of G10
indicates large-amplitude motion, while the shiftechperature position of the minimum
indicates slower rates of motion than the oth@ss#xamined.

DISCUSSION

Among the three tachyplesin peptides studied, mtiengcrobial activities are
similarly strong for TP-1 and TPF4 and much wedkeTPA4 @). Previously, we
measured the statitP spectra of oriented lipid membranes of sevenalpmsitions in
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the presence of TP-I, TPY4 and TPA4. TP-I doescaase membrane disorder in POPC,
POPC/POPG, and POPC/cholesterol membranes, butaddusignificant isotropic peak
in the bacteria-mimetic POPE/POPG membranes, indgctghe formation of micelles or
small isotropic vesicles. In contrast, tHe spectra of TPY4 and TPA4 showed a medium
degree of orientational disorder without any ispitasignals in all membranes studied.
Thus, the wild-type peptide and its linear deriveasi differed in the specificity of the
peptide-lipid interaction and the type of membrdrs®rder induced, but no correlation
was found between membrane orientational disongg@atimicrobial activities. In this
work, we address the question what molecular-Istractural or dynamical parameters

of the tachyplesin peptides account for their amtiabial activities.

€ a 1.0
&110— ( ) G10Na G10 0.84 (b) G1o
= ' I11Nu.
"% G041 1 208
= (2]
o
.5120— 50’4
£ 0.2
@
5125 | A12Na | 12'6.er
z 111-A12 A12 00 - u
~ 130 R r T T , y
199 7 tdo 1o 60 02580 100 150 200 250 300
C chemical shift (ppm) Time (us)

(d) A12

(c) 1M1

> 0.6 2
204 204
§5] QL
£ 024 £ 0.21 10.6 kHz
| | n
0.0 0.0

080 100 150 200 250 300 %0 50 100 130 200 250 300
Time (us) Time (us)

Figure5.9. ®N-'H doubled DIPSHIFT data of TPA4 at 298 K. {&3-"°N 2D correlation for°N
chemical shift assignment. (b-d) N-H DIPSHIFT sticd (b) G10, (c) 111, and (d) A12. The
indicated couplings are the true values after digdhe fit values by the MREV-8 scaling factor

and the dipolar doubling factor. The data were aedwnder 3.472 kHz MAS.

We first considered the peptide conformation inlipiel bilayer. In a previous
study, we have measur&iC isotropic chemical shifts, torsion angles anerimiaclear
distances to show that TP-I adopt$-strand conformation at V6 and C7 bui-turn
conformation at G10 in lipid bilayer&%). This confirms solution NMR results that the
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two disulfide bonds constrain TP-I conformatiorbta regulaB-hairpin in aqueous
solution and in 60 mM DPC micelles, (26, 33. In comparison, the presefi€ chemical
shift and torsion angle data for TPF4 and TPA4 stiaw all residues examined adopt a
B-strand conformation, with no sign ofaurn at G1026, 33. Thus, in anionic
POPE/POPG bilayers, the active TPF4 and much &s®d PA4 both have p-strand
conformation, which is different from the active-T.Fhus backbone structure does not
account for the activity differences among the ypbésin peptides.

Circular dichroism data had previously shown thaAZ is a random coil in
water, 50% trifluoroethanol and mixed phosphochegpphosphatidic acid liposome3).(
Solution NMR spectra indicated that this random conformation of TPA4 is preserved
in 320 mM DPC solution as web). These results contrast with the currgrstrand
conformation of TPA4 found in POPE/POPG bilayers.the other hand, FT-IR data
showed that TP-Acm adopts an antipardllsheet conformations in
phosphatidylglycerol lipid films9). Thus, anionic lipid membranes appear to prorfiete
strand conformation in linear tachyplesin analogs.

We next measured the depth of insertion of TPAAg$ spin diffusion from
the lipid chains. The experiment yielded a buildupve intermediate between full
insertion into the membrane center and surfacearmpndhdicating that TPA4 binds at the
membrane-water interface. This depth of insertsosirnilar to that of wild-type TP-I,
which we have shown byC-*'P distances and orientation experiments to liet t
glycerol backbone and carboxyl region of the meméraoughly parallel to the plane of
the bilayer 25, 394. Thus, the inactive TPA4 has the same membramdifig topology
as the active TP-I, excluding insertion depth asddwuse for the different antimicrobial
activities. In fact, so far partial insertion irttee membrane-water interface has been
found for all tachyplesin peptides, including TP-B-Acm @), and a cysteine-deleted
mutant, CDT §). Although we cannot measure the depth of insexiol PF4 using the
'H spin diffusion technique due to the dynamicshef peptide, the fact that the active
TP-1 shares the same topology as the inactive TiBAdfficient to exclude depth of
insertion as the determining factor for antimicedlactivity.
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Figure5.11. Structural models of the three tachyplesin peptidégpeptides bind to the
membrane-water interface. (a) TP-I hgsfaairpin conformation and undergoes global rotation
diffusion around the membrane normal and large-aug@ segmental motion at tReturn.

These extensive motions suggest that TP-I has aligameric number, which is represented
here schematically by a mixture of monomers ancedsim(b) TPF4. The peptide conformation is
mostly although not necessarily g#strand. The peptide exhibits similar dynamics Bsl With
particularly large-amplitude motion at 111. (c) T#Aas g-strand conformation and is
completely immobilized, suggesting large-size atigos. A higher peptide concentration is

required to inflict membrane damage.
Finally, we turned to an examination of the dynesrof the three peptides in the

POPE/POPG membrane and found a surprisingly gowdlation with the antimicrobial
activity: in the liquid-crystalline phase of the mierane at 298 K, TPA4 is immobile
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while TP-1 and TPF4 undergo complex reorientatianations with significant
amplitudes. This is clearly manifested in the terapge-dependent CP intensities, C-H
and N-H dipolar order parameters, éhUTlp relaxation times. The loss of CP spectral
intensities is a classical sign of motion on theetcale otH decoupling fields and/or
'H-13C cross polarization spin-lock field strengths, Aad been used to assess motion in
many proteins35-38. The fact that cooling the samples to lower terapges restored
the CP intensity confirms the dynamic origin of tbe intensities at higher temperature.
The lack of this temperature dependence and tleespamtly high CP intensities of TPA4
confirm its rigid nature in the LC phase of the nibeame.

The dynamics of TP-1 and TPF4 show residue-spedifferences and some
heterogeneity among different molecules. For Tirke different V6 components are
detected: a DP-detected peak at 57.9 ppm withyaleeg **C T, that suggests near
isotropic motion, and two CP peaks at 57.9 ppmZhd ppm with C-H order parameters
of 0.57 and 0.91, respectively. This heterogenaity result from differential binding of
the peptide to POPE and POPG lipids. For G10, ttitersyly short *H Ty, indicates
large-amplitude motion of th&turn on a timescale comparable to the spin-loekifi
strength of 68 kHz. In addition to these motions,hvave previously observed reduced-
width uniaxial static lineshapes B0 and"N-labeled sites in DLPC-bound TP34),
which indicate that TP-1 undergoes global uniaxshtion around the bilayer normal.
Combining all these information, it appears thatlTiadergoes both whole-body
rotational diffusion around the membrane normal lagdl segmental motion, with
particularly large amplitude at tifieturn.

TPF4 exhibits reduced order parameters of 0.78% for most backbone sites,
which translate to root-mean-square angles of ~R.exception is 111 N-H, which has
more pronounced local motion, as manifested bydtsicularly low* N CP intensity and
its small N-H order parameter of 0.30. Thg data indicate that the medium- to large-
amplitude motions of TPF4 have rates near theninimum at 298 K, 2.2-3.ps.

Finally, TPA4 contrasts with TP-1 and TPF4 in thatmeasured backbone site has any
significant amplitude. The motion at 298 K is thikely very small-angle local torsional

fluctuation, which is ineffective in causing reléoa.
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Taken together, these NMR data indicate that thienamobial activities of the
tachyplesin peptides are directly related to thebilities in the lipid bilayer. While we
do not know the full geometries of the motion in-Té&hd TPF4, it is clear that both
peptides have specific sites with large amplituafesotion (G10 in TP-l and 111 in
TPF4). In addition, global uniaxial rotation is peat in TP-1. By analogy it might be
present in TPF4 as well. What is also clear is T4 has none of these motions.
Therefore, we propose the following mechanistic etdor the antimicrobial activity of
the three peptides, illustrated in Figure 5.11.IT&-and TPF4 (b) act by an “in-plane
motion” model 89, 40 in which the peptides, parallel to the membrdaa¢and
immersed at the membrane-water interface, exhipiificant segmental motion as well
as global motion. A few residues in these two pigstihave particularly large motional
amplitudes, as indicated by arrows, and may shdherdestructive action of the
peptides toward the membrane. Effectively, TP-1 aR&4 behave like “stirring bars”,
albeit soft ones, causing transient openings imtbmbrane and allowing passage of
water molecules and ions, thus permeabilizing teenbrane. The fact that TP-I i$a
hairpin due to the disulfide bonds whereas TPRdastly aB-strand does not seem to
change the dynamics significantly. The presenaxtégnsive motion suggests that both
peptides form at most small oligomers. In contrdep-strand TPA4 is completely
immobilized at the membrane-water interface. Tleo& tz mobility is a strong indication
of extensive aggregation, probably through the &drom of intermolecular hydrogen
bonds.

Our conclusion of TPA4 is remarkably similar to thedel proposed for TP-Acm
based on translocation and calcein leakage adsay& and light scattering experiments
(9, 10. TP-Acm does not form pores and does not traagtoacross the membrane;
instead, it aggregates on the membrane surfacairfgrinterchain hydrogen-bondgd
sheets, in so doing destabilizing the bilayer oizgtion and morphologyl(). The'H
spin diffusion data and the dynamics data showa imglicate that TPA4 aggregates and
resides on the membrane surface in a similar maoneP-Acm. The remaining
antimicrobial activity of TPA4 may be mediated thgh the “carpet” mechanism, whose
essential features are an in-plane peptide orientat the early stage, significant
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aggregation, and eventual micellization of the membé 41, 42. The fact that TPA4 is
much less potent than TP-I and TPF4 implies thatdtatic aggregation-based carpet
mechanism is less effective than the dynamic im@i@otion mechanism, because a
higher peptide concentration is required. In otherds, a mobile in-plane peptide
damages the membrane more effectively than a stagilane peptide.

The extensive dynamics of TP-I detected here & @sisistent with the findings
of Matsuzaki and coworkers. Based on electrophggioal experiments, fluorescence
guenching, and calcein leakage data, they fourtdithd permeabilizes the lipid
membrane by forming transient anion-selective p@e%0. The peptide, initially bound
to the outer membrane-water interface, translocatesss the lipid bilayer. The
molecular motion observed here provides a basith#otranslocation and pore
formation.

Interestingly, an analogous horseshoe crab antimigk peptide, polyphemusin,
does not appear to use the same mechanism of attilmes not cause calcein leakage in
POPC/POPG large unilamellar vesicld8)( and causes negative curvature stré#).(
Both are opposite to the behavior of TR:0)( Thus, the motional model may not apply
to polyphemusin. It would be interesting to deterenhow small sequence changes cause
differences in the behavior of these similar pegsid

The mechanism of action and structure of TP-I &e ia stark contrast with
those of PG-1, another catiorfiehairpin antimicrobial peptide that we have studied
extensively by NMR 13, 14. PG-1 is transmembrane in most lipid membranes
examined, including DLPCLE, 45, POPC 46), and POPE/POP@Q) membranes. It is
immobilized and oligomerized infd-barrels in POPE/POPG membrangg, (47). Thus,
PG-1 exerts its membrane-disruptive action by fagiong-lasting porei8-50. In
contrast, TP-I is surface-bound and does not faermpnent poredl (), and causes
membrane permeabilization by in-plane motion.

This mobility mechanism of membrane disruption raksp be operative for other
antimicrobial peptides. For example, tadelical antimicrobial peptides PGLaL(| 52

and ovispirin $3) exhibit in-plane orientation and undergo fasixral rotation around
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the bilayer normal. This rotation is manifestediy motionally narrowed spectra of the
peptides in bilayers oriented with the alignmeris goerpendicular to the magnetic field.

The reason that TPF4 does not form immobile aggesdike TPA4 is unclear at
this point. One possibility is that TPF4 may haea{fi-sheet conformation at residues
other than the ones examined here. A previousisalldMR study of TPY4 showed that
in water TPY4 retains th&-hairpin fold, despite the lack of disulfide bondsg to
aromatic ring stacking interactiorts)(Thus, it is possible that residygahairpin
conformation may exist at other sites in TPF4 thdtices its propensity to form large
aggregates. If this is true, then it would streegtthe hypothesis that it is the three-
dimensional fold of the peptide in the membrankeathan the disulfide bonds
themselves that is required for antimicrobial agtivFunction-retaining alterations of
disulfide patterns have also been observed in defenwhich are larggi-sheet analogs
of TP-I (54).

In conclusion, we find that TP-I and TPF4 deriveitlantimicrobial activity from
extensive motion in the plane of the lipid membrameile TPA4 activity is significantly
weakened by the fact that it is immobilized, prdpalue to aggregation. Thhairpin
conformation may be important for keeping the ppfrom aggregating and thus

maintaining the membrane-disruptive motion.
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Table S5.1. Isotropic chemical shifts and secondary shifsy{pof*3C- and'*N-labeled sites in

TPA4, TPF4 and TP-I.

TPA4 TPF4 TP-I|

Residue Site| &iso  AOiso | 0iso Adiso Jiso Adiso
V6 Ca 58.1 -2.3 | 57.4/57.98.0/-2.5

CB 33.1 2.1

124.9

AIF7 N 128.9
Gl10 CO| 169.7 -25 1688 -3.4

Ca 44.4 0.5 43.6 -0.21 43.0 -0.8

N 111.5 113.8
111 CO | 1736 -0.3] 1718 -2.1

Ca | 568 -26| 569 -24

CB 42.7 5.7 41.2 4.3

N 113.5 1184
A/F12 CO | 1734 -2.6/ 1720 -19

Ca 50.0 -1.1 54.1 -2.2

Cp | 213 39| 402 2.5

N 125.2
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Table S5.2 'H Ty, values (ms) for various residues in TP-I, TPA4 &fF4 bound to
POPE/POPG membranes as a function of temperatN. all samples were measured at all
temperatures. Entry n.r. indicates that the resomaras not resolvedH T,, was measured under

an effective spin-lock field strength of 68.0 kHz.

Temp TP-I TPF4 TPA4
(K) V6 G0 | V6 G10| GI10 111 Al2
310 0.3

308 4.3

303 0.3

298 4.7 0.4 6.6 4.6 84 76 91
283 4.0 1.1 5.5 3.6

273 3.8 4.8 3.1 n.r.. 59 58

263 4.1 2.4 4.6 3.1 n.r. 44 5.2

253 7.1 5.5 nr. 45 5.7

243 4.8 8.2 7.2 nr. 6.6 8.3
(a) TPF4 G10a (b)

-
o

o
©
PR

200 100 0
13C chemical shift (ppm)

o
()
1

exp. rms noise

Normalized Intensity
_(J.l:
RMSD

o
N
P

0 5 100 150 200 250 0O ' 40 ' 8 = 120 ' 160
Time (us) on angle (°)

Figure S5.1. ¢ torsion angle of V6 in TPF4 from the HNCH expenrnhga) HNCH data,

acquired under 3.472 kHz MAS at 233 K. (b) RMSDwmetn the simulations and the

experimental data. The bestdi{ angle is £160°, which corresponds t¢ angle of —140° or —

100°, both in thg3-strand region of the Ramachandran diagram.
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(a) PIL=1:15 (b) P/L=1:30
298 K
G10a
11p
e A12a\ /
W N
60 50 40 30 20 100 60 50 40 30 20 100
13C chemical shift (ppm) 13C chemical shift (ppm)

Figure S5.2. Comparison ot*C CP-MAS spectra of TPA4 in POPE/POPG membranesaat
peptide concentrations. (a) P/L=1:15. The spectdhe same as in Figubebc, but scaled so

that the lipid CH peak is fully shown and its intensity is set tale same in all spectra to serve
as a reference to the peptide signal intensities. TIPA4 CP intensities (red) are unchanged
between 298 K and 273 K, indicating the absencgration at ambient temperature. (b)
P/L=1:30. The peptide signal intensity is rough#flof those in (a), as expected for the half
reduced concentration. The peptide CP intensitssramain unaffected by temperature. Thus,
TPA4 is immobilized at 298 K even at the lower camtcation. All spectra were measured under
5 kHz MAS.
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Chapter 6
Orientation Deter mination of Membrane-Disruptive Proteins Using
Powder Samples and Rotational Diffusion: A Simple Solid-State NMR

Approach
Published in Chem. Phys. Lett.
2006, 432, 296-300
Mei Hong and Tim Doherty

Abstract

The orientation of membrane proteins undergoisgdaiaxial rotation around the
bilayer normal can be determined without macroscapgnment. We show that the
motionally averaged powder spectra exhibit theiir@juency,s,, at the same position
as the peak of an aligned sample with the alignraristparallel to the magnetic field.
This equivalence is exploited to determine theragagon of g3-sheet antimicrobial
peptide not amenable to macroscopic alignmentgd3®0 and™N chemical shifts from
powder spectra. This powder sample approach peoméstation determination of
naturally membrane-disruptive proteins in diversei®mnments and under magic-angle

spinning.

I ntroduction

The orientation of membrane proteins has beertiadlly determined in solid-
state NMR by means of macroscopically aligned samfl). When the membrane is
uniaxially aligned so that the bilayer normal isgil to the magnetic field @, the
NMR spectrum of a single site collapses into alsitige at a frequency that reflects the
orientation of the protein with respect to the ylanormal.

However, aligning lipid membranes mechanicallygtass plates or magnetically
in bicelles is generally difficult. Many proteinarmot be aligned due to their inherent
membrane-disruptive or curvature-inducing natujeBually only certain membranes
are amenable to alignment for a specific proteilgrnent becomes more difficult as the
protein size and concentration increase. For gitste-samples, it is often difficult to
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control pH, ion concentration, or other parametieas may be relevant for the function of
the membrane protein.

Therefore, it is desirable to determine membraonéem orientation without using
macroscopic alignment. In fact, it has been redlthat for molecules undergoing fast
uniaxial rotational diffusion around the bilayermal, orientation information can be
obtained from unorienteshmples 3, 4). Uniaxial mobility is present for membrane
proteins in liquid-crystalline bilayers as longthse protein is not too large (5), and has
been reported for many membrane peptides and psoteich as gramicidin A (6),
protegrin-1 (7), KL14 andd19W (8). Here we show a simple way of deriving the
equivalence between aligned and powder samplesa@plg this principle t@-sheet
membrane peptides, which are less well understeamnbt-helices *CO and*N
chemical shift constraints obtained from powder glasiare used to determine the
orientation of g3-sheet antimicrobial peptide that has been resistamacroscopic

alignment.

Materialsand Methods

Protegrin-1 (PG-1) and tachyplesin-1 were synttexsiby Fmoc solid-phase
methods as described before 9. Unoriented proteoliposome samples were prepayed
codissolving the peptide and lipids in chloroforndd FE, Iyophilization, and
rehydration to 35% water by mass. Aligned samplesewprepared as described before
(7): the codissolved peptide and lipid organic 8oluwas spread evenly on ~8fh
thick glass plates. The sample was vacuum driedtighly, and rehydrated at >95%
humidity over a saturated salt solution for sevdeals. The plates were stacked, wrapped
in parafilm and sealed for measurements.

All spectra were acquired on a Bruker DSX-400 speceter (9.4 Tesla) using a
static probe. For aligned samples, a home-buitareglar radiofrequency (rf) coil was
used, while unoriented samples were measured imeSolenoid coil. TypicalH
decoupling field strengths and CP field strengtlesenb0 kHz.
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Figure 6.1. Schematics showing the equivalence between thigdied spectra and unoriented
spectra. (a) Rigid 0°-aligned sample. (b, c) Mohligned sample. In (c), the motionally averaged

tensor has the unique axis along the bilayer norfdaMobile unoriented sample.

Results and Discussion

We first derive the equivalence between the frequerh an immobile and
uniaxially aligned sample with the alignment axasgilel to the magnetic fieldog0°-
aligned samples), and the 0° frequengy, of a mobile unoriented sample. The
frequency of an immobile 0°-aligned sample depamdthe polar) and azimuthald)
angles of B in the principal axis system (PAS) of the releviatgraction tensor (Figure
6.1a):

mopa"gned:%6(3co§9—1—nsin29c0321>)+ Oiso- (6.1)
Hered andn are the anisotropy and asymmetry parameters, cegply, of the rigid-

limit interaction tensor. SinceoBs parallel to the alignment axi, ¢) are also the polar

coordinates of the bilayer normal in the PAS.
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Uniaxial rotation around the bilayer normal in healigned sample does not
change the frequency, since this rotation is alearad the magnetic field and thus does
not change(, ¢) (Figure 6.1b). Thus, eq. (6.1) also applies to ifeadriented samples.

For a mobile but unoriented sample, the motiore & generally not parallel to
Bo, thus the NMR spectra depend on the anisotrownmaﬁer,g, of the motionally
averaged tensor (Figure 6.1d). Siricés the frequency difference from the isotropic
frequency observed wheny B along the unique axis of the averaged tenshighwis the
motional axis (Figure 6.1c),

8 = ®opaligned- Viso = %S(Cicog 0—1-nsin’0cos 2])} (6.2)

This averaged anisotropy parameter, together Wwihaveraged asymmetry parameter
of 0, completely determine the powder lineshapthefprotein. The 0°-edge of this
powder pattern, which results from bilayer nornadsallel to the magnetic field, appears

at
8 =8+ 0jso = Wopaligned (6.3)

In other words, thé, edge of the motionally averaged powder spectruideistical to
the frequency of the 0°-aligned sample. Thus, @medetermine the orientation of
membrane proteins using powder samples providegrtitein undergoes uniaxial
rotation faster than the interaction strength. Mesg, in the static spectra, one can

determines; from the high-intensity 90° peaﬁ,L, since the two are related by:
d1L —Wjgo = —%g =-1 Y _(Disoj (64)

Figure 6.2 shows calculated motionally averag€® and™N powder spectra for
several orientations of an idgakheet peptide. The peptide was constructed Withoio
angles(¢,y,0) of (-139°, +135°, +178°), and exhibits little tivisr the short length
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considered. Thus a singl’CO and™N label was used to represent the overall
orientation. Thé*CO and™N chemical shifts were calculated as a functiothefpolar
coordinates of Bin a molecule-fixed frame defined by thestrand axis anfl-sheet
plane. For thé°CO tensor, rigid-limit principal values of (248,0,7.00) ppm were used
in the calculation, the,, axis is parallel to the C=0 bond, and the axis is
perpendicular to the peptide plane (10). For'thetensor, the principal values are (217,
77, 64) ppm, the; axis is 17° from the N-H bond, and thg axis is 25° from the
peptide plane (11). Four orientations, definedHzytilt angle ) of thep-strand axis

from the bilayer normal and the rotation angledf the3-sheet plane around the strand
axis, were considered. Figure 6.2 shows that thizomally averaged®CO and™N

powder spectra are exquisitely sensitive toffeheet orientation. For example, when the
B-strand axis is perpendicular to the bilayer normalthep-sheet plane is parallel to it
(t = 90° andp = 0°), the'®N powder spectrum has nearly rigid-limit CSA white **CO
spectrum is extremely narrow (Figure 6.2a, e). &hesult from the fact that théN o1,
axis and thé*CO oy, axis are parallel to the bilayer normal at thigwtation. When the
B-sheet lies in the plane of the bilaye<90° andp = 90°), the"®N CSA is reduced to
half the rigid-limit value and inverted in sign @fire 6.2f), while thé°CO spectrum has
the 5/ edge close tes3 (Figure 6.2b). For all orientations, the 0°-aligrspectrum shows
the same frequency as the edge of the powder pattern.

An example of the equivalence between the powdsstspand the oriented
spectra for uniaxially mobile molecules is givenR$-1, g3-sheet membrane peptide
(12). Figure 6.3 shows tH&CO spectra of Va$ **CO-labeled PG-1. The 0°-aligned
spectrum of PG-1 (a) exhibits“CO chemical shift of 216 ppm (7). The unoriented
sample gives an axially symmetric powder patterti iy = 216 ppm and. = 151 ppm
(b), much narrower than the rigid-limit CO lineskgjFigure 6.4f). The powder pattern,
obtained with*H-'*C CP, exhibits a sharp lipid signal at ~173 ppnteA$ubtracting the
lipid background signal using a single-putd@ spectrum, the difference spectrum of the
peptide shows a “magic-angle hole” at the isotragpiift (c). This is characteristic of the
CP spectra of uniaxially mobile molecules, wheeedhemical shift and the dipolar
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coupling tensors are collinear with the motionasa¥hen the bilayer normal is 54.7°
from By, the averaget’C CSA and théH-"3C dipolar coupling both vanish, thus
abolishing CP at the isotropic shift. TRe singularity of the powder spectrum is
identical to the frequency of the 90°-aligned speut(d) obtained by tilting the glass
plates to make the alignment axis perpendicul@otdhe 5, (216 ppm), isotropic shift
(173 ppm), ands .. frequencies (151 ppm) are related by eq. (6.4xpscted for

uniaxial tensors.
t=90°,p=0°
B

t=90" p=90°

2@

— 5

(f)

t=45",p=0°

nt=0,p=0 (h)
%ﬁ 250 200 150 100 250 200 150 100 50

13C (ppm) 15N (ppm)

Figure 6.2. Calculated®CO (a-d) and®N (e-h) powder spectra (solid lines) and 0°-aligned

> 5

spectra (dotted lines) of a uniaxially molilesheet peptide for various orientations. (a; ©)

90°,p =0". (b, f)r =90°,p = 90°. (c, gk = 45°,p = 0. (d, hyx = 0°,p = 0°. Note the identity

between the frequency of the 0°-aligned spectrataad// position of the powder spectra.

This motionally endowed favorable frequency eqi@ree has been exploited

indirectly in bicelle-bound membrane proteins (Mhen bicelles are aligned
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magnetically with the alignment axis perpendicttaBy, the fast uniaxial rotation of the
protein-bicelle complex yields well-resolv&iN spectra whosé, frequencies are
related to thes; frequencies of the 0°-aligned glass-plate samguesrding to eq. (6.4).
We generalize this frequency equivalence to amgntation of the membrane, thus it is
not necessary even to prepare bicelles.

It is important to note that the rotational diffus of membrane proteins differs
from that of lipids: most proteins are internaligid, while the conformational flexibility
of lipid molecules prohibits orientation determinateven in the presence of global

rotational diffusion (14).

250 200 150 100
13C (ppm)

Figure 6.3. 1*CO spectra of Va-labeled PG-1 in DLPC membrane. (a) 0°-aligned spet
from ref. (7). (b) Powder spectrum obtained with @ Difference spectrum after subtracting
the lipid background signal, showing only the pagtsignal. (d) Spectrum of a 90°-aligned
sample from ref. (7). The peptide signals in (a) @) are indicated by an asterisk.

We use this powder sample approach to determaeribntation of #-sheet

membrane peptide that has not been amenable t@seapic alignment so far.
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Tachyplesin-1 is a disulfide-linke@-hairpin antimicrobial peptide found in the
hemocytes of the horseshoe crah¢chyplesus tridentatyd5). Figure 6.4 shows the
static'®N (a, b) and*CO spectra (d, e) dFN-Phe and**CO-Vak labeled TP-1in

unoriented DLPC membrane. In the-phase (a), th&N spectrum shows a uniaxial

lineshape, reduced anisotrop_§(/(= 195 ppm), and a magic-angle hole, indicating tha
TP-1 undergoes fast uniaxial rotation. Cooling pegtide to below the phase-transition
temperature returned the rigid-limMiN CSA (b, c). Thé*CO spectrum at 303 K after

subtracting the lipid background signal also shawsiaxial Iineshapeéi =160 ppm
andé// = 205 ppm. The broadness of t&’eedge results from insufficiefi decoupling

on the hydrated membrane sample. But the well-ddf%ll singularity and eq. (6.4) still
yield the 0° frequency to + 5 ppm.

(d)

400 200 0 25|>0 260 1 5|O 100
15N (ppm) 13C (ppm)

Figure6.4. N (a, b) and®CO (d, e) static powder spectra'tfi-Phe and*CO-Val labeled
TP-1in DLPC membrane (1:15 molar ratiG)\ spectrum at 303 K (a) and 243 K (b) differ in the
CSA. (c) Simulated rigid-limit°N powder pattern. (dfCO spectrum of the peptide and the
lipids at 303 K. (e}*CO spectrum of the peptide after subtracting thie background signal. (f)
Simulated rigid-limit**CO spectrum.
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Figure 6.5. TP-I orientation froni°N and**CO chemical shifts. (a) PhEN chemical shift as a

function of (9, ¢) of the bilayer normal in the molecule-fixed PDB&m. (b) VaJ °*CO

chemical shift as a function c('ﬁ q)). The measured chemical shifts with the associated
uncertainty are colored. (c) TF€0 and'*N chemical shifts overlap 6, ¢) = (78", 155°). (d)

TP-I orientation with the bilayer normal in the tieal direction. The peptide and DLPC bilayers

are drawn to scale.

To determine TP-| orientation, we calculate ﬁme:hemical shifts as a function of
® ¢) of By in the molecule-fixed PDB coordinate system (Ar @cent study of the TP-

| conformation indicates that the two strands efhlirpin adopt idedl-sheet

conformation (9) similar to its solution NMR struoe in 60 mM DPC micelles (16). The
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>N-Phe and**C0O-Vak chemical shift surfaces calculated with this comfation are
shown in Figure 6.5(a, b). The two experimentaltstuverlap at a single position,

(6. ¢)= (78", 155°), in the entire orientational spade Ttis results in #-hairpin that is

tilted by ~20° from the membrane plane (Figure B.%tie overall in-plane orientation is
consistent witH’C-*'P distance measurements indicating that \rethe N-terminal
strand and Gly at thef-turn are equidistant from the phosphate headgramsH spin
diffusion data indicating that the peptide is nose to the lipid acyl chains of the
membrane (9).

Conclusion

We have shown by simulation and experiments th#te presence of fast
uniaxial rotation, membrane protein orientation bardetermined by using unoriented
proteoliposomes. Using this approach, we foundttieft-hairpin antimicrobial peptide
TP-1is oriented roughly parallel to the planelod DLPC bilayers.

The use of powder samples for orientation detertiwnapens up many
spectroscopic and biological possibilities inacitdedo macroscopically aligned
samples. This is the only method for determinirgdhentation of un-alignable proteins
such as curvature-inducing antimicrobial peptidég removal of glass plates or the
need for dilute bicelle solutions increases thegaramount in the rf coil, thus
increasing sensitivity. The ease of preparing wried proteoliposomes allows direct
studies of membrane protein orientation as a fonatf external parameters such as pH
and membrane composition. Finally, with powder dasymone can access the large
repertoire of magic-angle spinning (MAS) technigtessite-resolved orientation
determination. For example, N-H dipolar couplinga be measured by 2D MAS
experiments to determine helix orientation, as wkshow elsewhere (17).
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Chapter 7
Orientation and Depth of Insertion of the $4 Voltage-Sensing Domain of
the Potassium Channel KVAP in Lipid Bilayersfrom Solid-State NMR

Tim Doherty and Mei Hong

Abstract

The orientation and topology of the isolated Sghsent from the voltage gated
potassium sensor KVAP is determined. The tilt amgle found to be 40 + 5° with a
rotation angle of 280 * 20°. This transmembranerdation rather than an surface bound
orientation is expected based upon the weakly apayiic nature of the sequence. The
peptide was also found to cause membrane thinrfinA, which is considered to be a
result of the membrane accommodating the charggdiae sidechains evenly spaced
throughout the otherwise very hydrophobic helix.

Introduction

Voltage gated potassium channels are importargifmaling in neurons and
other excitable cellsl( 2). There currently is an argument over what conéiromal
changes the potassium channel undergoes duringggatresponse to a change in
membrane potential. It is clear that the S4 helxclv has conserved positively charged
residues evenly spaced evelyr@sidue is important in this process, as mutatigrike
charged residues to uncharged residues destrogstikiy of the poreg, 4). A major
guestion that remains because of the lack of dairgsucture of the closed state is how
the charged residues on this helix interact withlthw dielectric bilayerg-9). Current
models have the some of the charged residues omlfage sensor being protected by
negatively charged glutamate and aspartate residulee S1 and S2 domains of the
sensor while others interact with the negativelgrged lipid phosphat®). The
interaction between the lipids and the positivéigrged sidechains in the voltage sensing
domain @0) and the isolated S4 helit1) has been the focus of MD simulations that
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have shown the stable transmembrane alignmenesétpeptides by thinning of the
bilayer, water penetration into the bilayer, anchladisruption of the lipid organization.
Here we look at the orientation and topology ofidtdated S4 domain with respect to the
lipid membrane and determine a transmembtahelix that causes membrane thinning
of ~9 A. The transmembrane orientation is expefitand the highly hydrophobic nature
of the peptide and the peptides ability to traresie@cross the membrarie), while
thinning of the membrane likely takes place to padihe thermodynamic penalty of

including the charged arginine sidechains in threddelectric bilayer core.

Materialsand Methods
Peptide and lipids

3¢ and™N labeled amino acids were purchased from Sigmaigid
(Miamisburg, OH) and Cambridge Isotope Laboratémdover, MA) and converted to
Fmoc derivatives in house. The peptide (LGLFRLVRIALRILLI) which correspond to
residues 113-130 of the S4 helix in the voltagaedjaotassium channel KvAP was
synthesized and purified by Primm Biotec (Cambrjdgé) with various uniformly*C
and™N labeled residues. All lipids were obtained fromefti Polar Lipids (Alabaster,

AL) and used without further purification.

MAS membrane samples

Peptide containing membrane samples were prepa@aki of two ways: mixing
in organic solvents or by agueous preparation usidgtergent. The samples made by
organic mixing were prepared by first weighing the peptide and lipid and then
dissolving them in a 3:1 mixture of CHMethanol. This was then blown dry under a
stream of N, brought back up in cyclohexane and freeze diiibd.lipid/peptide mixture
was then packed into a rotor and hydrated to 35%rweéth 10 mM phosphate buffer at
pH=7.0.

Samples prepared by the agueous meth8dvwere made by first mixing lipids in
chloroform then drying these lipids down with aesin of N. The well mixed lipids
were re-dissolved in cyclohexane and freeze dnednight, then dissolved in 10 mM
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phosphate buffer (NBIPOy/NaH,PO,/1mM EDTA, pH=7.0) and freeze thawed five
times. Next, the KvAP peptide was dissolved in 2a@hBO mg/mL octylB-glucoside
(O.G.). These two clear solutions were mixed tlendetergent was removed by dialysis
against 10 mM phosphate buffer for 3 days at roemmperature. This peptide-lipid
solution was then centrifuged for 3 hours at 150,0@ to yield a wet pellet. The
supernatant was removed and the wet pellet wasddawed, packed into a rotor and
then rehydrated to 35% with buffer.

Oriented bicelle samples

DMPC/6-O-PC bicelle samples were prepared fronptbeedure outlined by De
Angelis et al. 14) with modifications adopted from other studi@5-8. First, the
appropriate amount of each lipid was weighed tantenough 25 mM HEPES buffer
(pH=7.0) was added to make a 65% water (v/w) mextlihis mixture was cooled to 0°
C and warmed to 42° C three times and then alldwesit overnight at 4° C. The next
day the mixture was homogenous and exhibit higbogsy at 42° C and low viscosity at
0° C. This solution was then put into a 4 mm r@tod checked for alignment by static
¥p NMR. 2.5 mg of the KVAP peptide was weighed aut @5uL of bicelle solution
was added to this. The peptide containing bicellture was then heated and cooled
several times and allowed to sit at 4° C overnighthe morning the solution was
homogenous, it was then transferred to a 4mm MA& .rdhe alignment was checked
by 3P NMR again before running PISA experiments.

Solid-State NMR experiments

MAS experiments were carried out on a Bruker DSX-@4 T) spectrometer
(Karlsruhe, Germany) operating at Larmor frequenoie400.49 MHz forH, 100.70
MHz for **C. A MAS probe equipped with a 4 mm spinner wasldseall MAS
experiments, and low temperature experiments warducted using air cooled by a
Kinetics Thermal Systems XR air-jet sample codkelr§ Systems, Stone Ridge, New
York). *H-*3C cross polarization (CP) was carried out at a-kyik field strength of 50

kHz for 0.5 ms3C chemical shifts were externally referenced tooth@lycine *C CO
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resonance at 176.49 ppm on the TMS scale. J-desb&#DOR 19, 20 was used to
measure peptid€Ca to lipid *!P distances at 233 K. A gaussian-shaped 0.8 ms 180°
pulse on the carbon channel is used to recoup&RHEC dipolar coupling while
removing the*C-*C J-coupling present in the uniformly labeled rassl Two
experiments are run, a control experimesvih no*'P recoupling pulses and S witt®
recoupling pulses. The normalized intensities {&48 plotted as a function of
recoupling time to determine the dipolar couplirgveen spins. Data is fit with decay
curves generated by an in-house Fortran programrdte of decay depends on the
dipolar coupling strength and therfore the distametsveen spins.

Static oriented membrane experiments were cartedma Bruker ADVANCE-
600 (14.1 T) spectrometer (Karlsruhe, GermanyYyigid-resonance static probe with a
round coil oriented at 90° fromgBvas used for afi'P and*H->N experiments'®N
chemical shifts were externally referenced to'theresonance of N-acetylvaline at 122
ppm on the NH scale, and'P chemical shifts were referenced to 85%P€, at 0 ppm.
Temperatures for bicelle experiments depended what temperature alignment was
achieved and varied from 302-310 K. A separatel lioelal experiment was used to
correlate*H dipolar coupling with®N anisotropic chemical shift. After magnetizatisn i
transferred to nitrogen By4->N CP,**N-H dipolar coupling is allowed to evolve while
'H-'H dipolar coupling is suppressed by FLSG homonudaéolar decoupling2d).
Then the"N chemical shift and®™N-*C dipolar coupling are refocused by&0° pulse
and then thé°N signal is detectedH-'>N cross polarization (CP) for the peptide-
containing sample was carried out at a spin-loekifstrength of 50 kHz for 0.7 ms.
FSLG homonuclear decoupling was applied durireg & transverse rf field of 50 kHz.
The scaling factor for FSLG was empirically detared to be 0.54 on N-acetylvaline.
During &5 kHz CW decoupling is applied to tfi#€ channel to remove 1 boftN-*C
dipolar coupling which has a maximum strength okHk. Acquisition time forgwas
5.2 ms while acquisition time in was 1.8 ms. Typical 90° pulse lengths weges@or
>N and 5ps for'H.
RMSD between simulated points in the PISA wheetsetperimental data was

calculated with equation 7.22):
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2 2
ONH obsi ~ ONH sim; Ocspobsi — Dcsasimi
RMSD-= \/z {[ Sé‘OBS j +[ Sé‘oss j } [7.1]
i NH csA

Where the normalization factors are:

51\?:?8 = (515:—?'(1 X_ O'S)Bicelle(O'S)S(054)FSLG = 5NOI-?S'MaX = 216kHZ [72]
and
58885 = ((5CRISgAd - é}sz_O'S)Bice||e(O'8)s)+ é}so = 5(ngimax: 612 ppm [73]
Results

Secondary structure of KVAP S4 helix

To ensure that the S4 domain retains its helicatstre when isolated from the
rest of the KVAP protein, isotroptC chemical shifts of five labeled residues were
measured. Two peptide samples with different lalgedichemes were prepared, one
containing U¥C, N labeled sites G2, L6, 115 and another contaitirgC, >N V7,
L9. These residues were selected for labelingltovatlear isotropic chemical shift
resolution in MAS experiments, as well good resohutn the stati¢H-'"N experiments
since they are ~180° apart in the helical wheekr@ibal shifts were determined with
either 2D'*C-3C correlation which uses 2D to ease assignmerbatdlible quantum
filtered experiments which remove resonances béhgng the unlabeled lipids. A
representativé®’C-*C correlation spectrum for G2, L6, 115 is showrFigure 7.1a. All
sites are well resolved and assignment is includtethe spectra, while chemical shifts
for all backbone sites are tabulated in table Slhg.isotropic chemical shifts are
compared to the random chemical shi#t8)(@as a qualitative determination of the
secondary structure. Figure 7.1b and table S7.W ¢he® secondary shift values where it
can be seen that all residues but G2 give secorstiity that are positive for CO and.C
and negative for €which is strong evidence of the expectetlelix. The G2 secondary
shifts suggest that the N-terminus of the pepsdeniordered. Since residues L6, V7, L9,
and 115 arex-helical they are included in the data interpretanf the 2D

dipolar/chemical shift correlation data.
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Figure 7.1. Confirmation of secondary structure of the KvAPIlix by chemical shifts.
Representative carbon-carbon correlation spectia @etermine the chemical shifts of labeled
residues in KVvAP. Secondary shifts for C@, &nd @ of the labeled residues. Random coil

chemical shifts were derived from referen28)(

(€)) (b) (c)
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Figure 7.2. A representativé'P spectrum collected to ensure bicelle alignmen®{ N-H
DIPSHIFT spectra for static aligned-bicelle KvAP &mples. Different labeling schemes were
used to aid in spectral assignment, the SLF spadiouV7, L9 labeled sample is shown in b)
and the G2, L6, 115 data is shown in c). The adgesttrum is displayed in d). The heterogenous
peak at 110 ppm is assigned to G2 which is knowretanstructured in the helix from isotropic

chemical shift analysis (see Figure 7.1).

Membrane bound peptide orientation

To determine the orientation of the S4 helix indipilayers, two different peptide
containing oriented bicelle samples, one containinifprm **C-">N isotopic labeling at
residues G2, L6, 115 and the other containing &7, L9 were prepared and
confirmed to be aligned bBYP NMR (Figure 7.2a). Th&P spectra of the peptide
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containing bicelles show no isotropic peak, whintiicate that the S4 helix does not
strongly disrupt the bilayer organization. 2D dgrdthemical shift correlation
experiments (2D DIPSHIFTRR) were carried out on these samples, the spedra ar
shown in Figure 7.2 b-d. Having two different lahglschemes eases assignment of the
peaks in the experimental spectrum. The G2, L6sfixtra (Figure 7.2c) has a broad
peak that is heterogenous in both dimensions ahedr106 ppm. Because this amount
of inhomogenity suggests an unordered local enunent this resonance is assigned to
the unordered N-terminus G2 residue. The addedrspae shown in Figure 7.2d.

25

<20/ T=0 . |lT=10 O || T2 T=30 T=40

§,1A0 @ @

210 A

T Vo

8 o

a 2.5 o o o o

Sao T=60 T=70 T=80 T=90

210 6 0 6 6
< 10 D o
T

o

40 120 100 80 140 120 100 80 140 120 100 80 140 120 100 80 140 120 100 80
15N Anisotropic Chemical Shift (ppm)

Figure 7.3. Experimental 2BH-""N dipolar coupling and®™N chemical shift correlation spectra
overlaid with calculated patterns (black lines)ittgalc-helix (psi = -64°, phi = -40°). Best fit is
1=40° + 5°. Simulated curves are scaled in the dipahd chemical shift dimension by -0.5

because of fast bicelle rotation at 90° tcaB well as by 0.8 as a general order param2ggr (
(see Figure 7.4). The dipolar dimension is furealed by 0.54 to account for the scaling factor

of FSLG homonuclear decoupling during t

Figure 7.3 shows the experimental 2D dipolar vengical shift data overlaid with
simulated PISA wheels for ideathelicies with phi=-64° psi=-40°. The tilt angle) has
been varied over every 10 degrees in the allowegeraf 0-90°. Fot values other than
40° the™N anisotropic chemical shifts add-'°N dipolar coupling values do not fall
inside of the simulated range so the best Wialue is 40°£5°. Simulated data is scaled in

both dimensions according to equations 7.2 andTh&.theroretical value of -0.5, which

is the solution to%(3co§ 0—1) for 6=90°, is used to account for the fast motion of the
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bicelles at 90° to B and the dipolar dimension scaling factor due$& homonuclear
decoupling is set to 0.54 by measuring the coupiogerved on a model compound (data
not shown). Further motion of the bicelle ofterereéd to as bicelle wobble scales both
dimensions by an order parameter that is refered ®i.cie Work by others has shown
the order parameter of bicelles to be ~AB, 4-26. Figure S7.2 shows the variation of
Shicelle from 1.0 — 0.7 at a constanof 40°. The best fit ispRe1e=0.8. Based on the
literature values and the good fit provided by gs#.i<=0.8 this factor is used in both

dimensions for all simulations.

20
1.5

—~ 1.0

L os

140 120 100 80 140 120 100 80 140 120 100 80

15N Anisotropic Chemical Shift (ppm)
Figure 7.4. Variation ofp at constant = 40°. Spectral assignments are appended ditiectly
color. Simulated points are filled black circlegiwsimulation assignment in black. RMSD values
are listed in upper right-hand corner. Best fiigst RMSD value) ip=280° and is indicated by
a red circle. RMSD fits fop=0-160° are shown in Figure S7gE100° is another local minimum
in RMSD value because of the degeneracy of thditagbscheme. The RMSD value @100° is
0.32, which is higher thap=280° because the V7, L9 residues are 200° apdrthensymmetry

is not perfect.

Once ther value is constrained to 40+5°, the rotation arjgjeof the helix can be
determined. The rotation angle is of interest entdy which direction the charged
arginine sidechains are facing. In order to deteenthep angle, it is necessary to assign

the DIPSHIFT spectra. Since the spectra were delliein differently labeled samples the

www.manaraa.com



112

task of assignment was simplified. Assignment efékperimental spectra was carried
out by first requiring that the experimental spectrhas the correct order of peaks as
predicted by the simulated PISA wheel, for examgteng clockwise the order of the
peaks must be 6, 9, 15, 7. Then the assignmentefagned this order and gave the
lowest RMSD value was selected. A close degenesaioyroduced by the fact that the
measured isotopic labels in each sample were iedld@0° and 200° apart on the helix
for L6, 115 and V7, L9 respectfully. Figure 7.4 simassigned experimental spectra with
simulated points and RMSD values fobetween 180°-360°. The best fit by RMSD is
p=280 * 20° with a RMSD value of 0.20.values in the range of 0-160° were also fit,
for clarity these are shown in Figure S7.1. The degeneracy of the labeled sites leads
to another RMSD minimum at=100°, but the RMSD here (0.32) is significantlgliner
than thep=280° value.

Membrane topology

The orientation of the peptide is clear, but th@otogy of the peptide in the
membrane is not addressed by orientation measutsraleme. In order to determine
how the peptide is inserted into the membrane, ave lalso carried odtP-"*C REDOR
measurements in DMPC/DMPG bilayers which give gteinte measurements of the
distance from the peptide backboneJ@ the phosphorous in the lipid headgroups.
These experiments were carried out on a peptidelsanith labels at L6 and 115. By
including labels 9 residues apart the distancdutien is quite good. With a rise of 1.5 A
per residue, this equates to labeled sites thatZafeA apart in thei-helix. The results
from the REDOR measurement are shown in FigureLb.®a is well resolved from all
other peaks in the spectrum and the dipolar cogpiigtweert*Co. and*'P is determined
to be 29 Hz which equates to a distance of 7.5 ghasvn by the good fit of the 2-spin
simulated curve. The I15dCpeak is not well resolved from the lipid headgroup
resonances but the contribution to the total signtdirly low as will be shown. The
REDOR curve measured with the lipid natural abucdarontribution is shown in open
circles in Figure 7.2d. To address the lipid oyedad the fast decay that it is expected to

contribute, one REDOR point at 9.6 ms was measwittda double quantum filter to
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remove all lipid contribution from the data. Thisipt is shown as a empty square. As
can be seen by comparing the filtered data withutifédtered data the lipid contribution
is present but not large. The best fit of the,$#ay curve is 54 Hz which corresponds
to a distance of 6.1 A.
(@),
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(b),,.
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Figure 7.5. *C-*'P REDOR data for KvAP S4 in DMPC/DMPG lipid bilageBelective REDOR

spectra without double quantum filtering are shawa). Spectra shown in b) included a double-

0.0

quantum filter to remove lipid contribution to allalean detection of 115« The S/g curve for
L6 Ca is shown in c) best fit of 29 Hz which equatea .5 A distance. 115d¢Cdecay curve is
shown in d), open symbols indicate non-filterecadahile the filled square indicates SPC5
filtered data’*C labels are at'6and 1% residues which are on opposite sides of the laglik
14.6 A apart.

Discussion

In the full KVAP protein the S4 domain hasidnelical secondary structure as
shown by x-ray result$). The isolated S4 helix studied here correspoodsgidues
113-130 of the full length protein. Based on thexyx-data, residues 116-137 form-a
helix. It is therefore reasonable to expect th&aisd sequence to form a helix from F4 at
the N-terminus to the C-terminus end of the shedesequence. By looking at the
backboné>C chemical shifts (Figure 7.1) it is clear thasthonformation is retained in
isolated S4. L6, V7, L9 and 115 all have the stigmpsitive Gx and CO secondary
shifts coupled with weakly negativgd@econdary shifts which are expected fora
helical secondary structurg3, 27. In the full-length protein G114, which corresgsn
to G2 here, is in a loop and the slightly negasigeondary shifts for CO and Ca indicate
that that unordered structure is retained in tloégim fragment. This is a similar result to

those found for the S4 segment of the Shaker pgatasshannel, where the N and C-
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termini were found to be less ordered in lipid ek=s while the middle of the sequence
was a well defined helix with slofiH exchangeZ8). The fact that the secondary
structure of S4 is am-helix is not suprising, the impact of this regslthat G2 cannot be
used for analysis of the orientation data for sitheesimulations require a known
secondary structure. The unordered nature of thee€&ue allows it to be assigned in
the static DIPSHIFT spectra shown in Figure 7.Zcdlise the second residue is
unordered it is expected to lead to a heterogepeak in the dipolar/chemical shift
correlation spectrum. This is observed in the makl05 ppm which is broad in th#
dimension and also displays two coupling strengthike dipolar dimension. This

inhomogenous peak is therefore assigned to G2.

Figure 7.6. Possible insertion states for isolated S4 heliKwhP in DMPC/DMPG bilayers that
need to satisfy both the orientation measuremedQf p=280°) and the REDOR distances.
Backbone sites that were used in REDOR measurermenthown as red dots, arginine
sidechains are shown explicitly. Half inserted jmBp{a) addresses both restraints but is an
unusual insertion state that is likely not thermuaiyically stable given th&G,ater-bitayerfor this
sequence. The peptide can be set in the middkeedsitayer (b) but this leads tCo->'P
distances that ~11 A which is much longer tharéthe7.5 A measured by REDOR. An
arrangement with the peptide in the middle of tieybr can fit the data if 9 A of membrane
thinning is assumed (c). Helical wheel represemiadif KvAP S4 helix is shown in (d).
Hydrophobic residues (L, I, F, V, G) are shownedd while arginine residues are shown in blue.

Charged residues are consolidated to one side=dfdlix.
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While the secondary structure of the peptide iexqeected, how the peptide
relates to the membrane is the main question sfstiidy. The tilt angler) of the peptide
with respect to the membrar29( 30 was found to be 40+5° with a rotation angh ¢f
280+20°, which gives a transmembrane orientatiortfe helix. The orientational
constraints give information about how the peptelates to the membrane but are
incomplete to discuss peptide-lipid interactionthaut further information about the
peptide topology. Here the topology informationttisgpresent is distance constraints
from Ca sites in the backbone of the peptide to the In@ddgroup phosphorous. Since
the!P spectra collected on the oriented lipid bilayarsl MAS samples (Figure 7.2a)
have no signs of isotropic peaks that would be etgokfrom bilayer disruption, a planar
lipid bilayer is going to be assumed for the lipiémbrane. The relatively shdt€o->'P
distances of 6.1 and 7.5 A can be fit by havingl&inserted helix with the bilayer plane
bisecting the labeled sites as shown in Figure. Héee, the vertical distance between L6
Ca and 115 @ is measured to be 13.0 A which is close to the sftithe REDOR
distances which is 13.6 A. However, this orientaticould require that half of the S4
helix extend outside of the low-dielectric membrangironment. Given the strongly
negativeAGyater-vilayervalue of -13.7 kcal/mol for this peptid@lj having an insertion
state with so much water-peptide contact seemgelnliAlternatively, the peptide could
be inserted in the center of the membrane as showgure 7.6b, but this arrangement
can be ruled out by the REDOR constraints. Forreperterbed DMPC lipid membrane
the Dyp is 35 A. Taking the sum of the REDOR distancesciviis 13.6 A plus the
vertical distance between the L6 and 115 backbahel$ of 13.0 A gives a total length of
26.6 A which is ~9 A too short for the DMPC memie@-P distance (Figure 7.6b). To
address the issue of the membrane being too tbrdkis peptide insertion we suggest
that the membrane is thinned by 9 A by the presenpeptide as shown in Figure 7.6c.
Membrane thinning in the presence of peptides kas Buggested before based on NMR
measurementsp), and for the isolated S4 helix peptide in patiacloy MD simulations
(20, 11. If the dramatic membrane disruption with dirlgeid-peptide interactions

suggested by MD simulation$X) is happening in these samples it does not présetit
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as changes in theP lineshape in either the oriented bicelle samptes static>'P

spectra of MAS samples (Figure 7.2a). In Figuretile6bR5 and R8 sidechains shown
with torsion angles of mtm-85° while R11 and Rldeshain torsion angles are tpt85°.
These are both populated sidechain conformatioarfinine ina-helices 83), and were
chosen because they increase the overlap betwe@hainged arginine sidechain with the
hydrophilic regions of the membrane by snorkeligrther measurements of arginine-
lipid distances would give considerable informatatout the lipid-arginine sidechain
interactions in this system that can only be syedlabout now.

The S4 helix is very hydrophobic with regularly spd charged arginine residues
as can be visualized with the helical wheel shawhRigure 7.6d. The helix is not very
amphipathic as observed by the low calculated pltvbic momentuy = 2.0 @1) which
is expected for a transmembrane peptide such ad2hHEMP, while common
interfacially bound peptides such as Magainin-2 lgetittin havepy values in the range
of 5-7, so a transmembrane arrangement as opposesuirface bound orientation should
be expected for the S4 helix. A transmembrane raegukes with the measurements made
on a similar sequence by Hessa et ),(where the peptide was found to translocate
across the lipid bilayer despite the high chargs@nted by the arginine sidechains. In
the case of the S4 helix where there is a coexistehmostly hydrophobic residues with
some charged sidechains the fluid lipid bilayer adapt to accommodate both types of
residues possibly with water channels and lipicdgeaup-arginine sidechain
complexation 10, 11). The orientation of the isolated S4 helix togethih the altered
lipid membrane is consistent with the evidence ihatll-length Kv proteins lipid-

voltage sensor interactions are pres@nBf and important for sensor domain function.

Conclusion

The orientation and topology of the isolated S4xiebm KvAP was measured
by solid-state NMR. The-helix was found to span the membrane with a tigle of
40+5° and a rotation angle of 280+20°. The transhrame orientation makes sense

considering the low amphiphilicity of the sequentiee DMPC membrane was found to
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be thinned by 9 A likely to accommodate the chargeghine sidechains dispersed

throughout the otherwise hydrophobic sequence.
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Supporting Infor mation

Table S7.1. Isotropic chemical shifts and secondary shiftsy(pof *C-labeled sites in isolated

S4 segment of KVvAP. G2 in the shortened sequentesamnds to G114 in the full length KvAP

sequence.

KVAP

Residue Site| 8iso  Adiso
G2z CO| 1726 -07
Co | 4364 -1.04

L6 CO | 17491 1.39
Ca | 5315 2.65

CB | 4017 -0.77

Vi CO | 17406 1.94
Ca | 601 48

CP | 30.98 -1.68

L9 CO | 17491 1.09
Ca | 5315 275

CB | 4017 -0.47
115 CO | 17376 2.14
Co | 5894 2.96

CB | 36.56 -0.46

www.manaraa.com



120

0=40 0524
96

TH-15N Dipolar Couping (kHz)

15N Anisotropic Chemical Shift (ppm)

Figure S7.1: RMSD fits fort=40°, p=0-160° which are not shown in Figure 7.4. Local &/
minimum is found ap=100°, but the RMSD here is still significantly ha than fop=280°.
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Figure S7.2. Confirmation of bicelle order parametef.&.. Best fit is found for S=0.8, which is

similar to the order parameters used by otherthieiipid systemZ-4).
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Chapter 8
2D *H-3'P Solid-State NM R Studies of the Dependence of I nter-Bilayer
Water Dynamicson Lipid Headgroup Structureand Membrane
Peptides
Published inJournal of Magnetic Resonance
2009, 196, 39-47
Tim Doherty and Mei Hong

Abstract

The dynamics of hydration water in several phoplibmembranes of different
compositions is studied by 21Bi-**P heteronuclear correlation NMR under magic-angle
spinning. By using &H T filter and*H mixing time before and after the evolution
period, inter-bilayer water is selectively deteckathout resonance overlap from bulk
water outside the multilamellar vesicles. Moreaver'H T, relaxation time of the inter-
bilayer water is measured. Lipid membranes witliégirotons either in the lipid
headgroup or in sterols exhibit wafé correlation peaks while membranes free of
exchangeable protons do not, indicating that thehaieism for water-lipid correlation is
chemical exchange followed by relayed magnetizatiansfer to"P. In the absence of
membrane proteins, the inter-bilayer watérT,'s are several tens of milliseconds.
Incorporation of charged membrane peptides shaltémg inter-bilayer water oI
significantly. This T reduction is attributed to the peptides’ exchabtgeprotons,
molecular motion and intermolecular hydrogen boggdwhich affect the water dynamics

and the chemically relayed magnetization transfecgss.

Introduction

Water is essential to the structure and dynamid¢saddgical molecules. The
folding, dynamics and function of proteins and eicchcids are strongly influenced by
water. The self-assembly of amphipathic lipid males to form the bilayer that protects
all cells also requires water. The hydration fdseéween lipid bilayers has long been
recognized as an important factor that influenbesahysical properties of lipid
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membranesl( 2). A wide range of biophysical techniques, inclgdfihl NMR (3-6), *H
NMR (6-9), neutron scatterindlQ, 11, x-ray scatteringl2, 13, Raman scatterind.{),
osmotic stress and surface force measuremgntar(d molecular dynamics simulations,
have been used to characterize the interactioraténwith lipid membranes. The most
extensively characterized lipid membranes are bwsphatidylcholines (PC), for which
both the water dynamic8,(4) and lipid dynamicsl() have been investigated as a
function of hydration level and the membrane phblssvever, so far few spectroscopic
studies have directly compared the dynamics of mmatkpids of different headgroups,
and the effect of membrane proteins on water-mengbirsteractions has been scarcely
investigated.

High-resolution magic-angle spinning (MAS) NMR spescopy is an excellent
approach for probing the structure and dynamidgpaf membranesl6, 17. Due to the
fast uniaxial rotational diffusion of lipid moleas, hydrated lipid membranes exhibit
well resolved'H spectra under moderate magic-angle spinning, mdki 1D and 2D
MAS NMR the method of choice for investigating mearke dynamics and disorder
(18). The heteronucledH->!P 2D correlation technique is particularly sensitio
membrane-associated water. Since water resideneeotn the membrane surface is only
on the order of 100 ps based'8hNOESY experiment7), direct dipolar coupling of
water with the lipid phosphate group is not suéfitly strong to be detectable by NMR.
Instead, watef2P correlation peaks in 2D spectra reflect watermatigation transferred
to some lipid headgroup protons, then relayedpid Iprotons closest t3P before cross
polarization (CP) t3'P.

In this work, we probe the water-lipid interactiosing the'H->*P 2D correlation
experiment and examine the dynamics of the lipidtetated water by measuring its T
relaxation times. A number of membranes with déferheadgroup structures are
studied. They include phosphatidylcholine, phosplylthanolamine (PE), and
phosphatidylglycerol (PG). Cholesterol is addedrie of the PC samples to study the
effect of this important sterol on hydration wadgnamics. Mixed PE/PG membranes
containing two cationic antimicrobial peptides #ren studied to examine the influence

of membrane proteins containing polar charged vesidbn hydration water dynamics.
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These membrane composition variations allow usittetstand the effects of labile lipid
protons, hydrogen bonding, membrane surface chstg®|, and proteins on the

hydration water dynamics.

Materialsand Methods
Membrane sample preparation

All lipids were purchased from Avanti Polar Lipiilabaster, AL) and used
without further purification. Most samples were aeed by dissolving and mixing the
lipids in chloroform, evaporating chloroform undestream of dry nitrogen gas, then
resuspending the lipid mixture in cyclohexane amgbhilizing overnight. Chloroform is
necessary for complete mixing of the lipids, wliyelohexane is necessary for complete
removal of the organic solvent after mixing. Theeddipid powder was packed into 4-
mm MAS rotors and directly hydrated. The amounwafer added was approximate 35
Wt% of the total mass. The exact hydration leves watermined by integration of tfie
NMR spectra. Antimicrobial peptides TP-I and PG-drevsynthesized using standard
FMOC chemistry as described befoi®,(20, and were reconstituted into POPE/POPG
membranes by mixing lipid vesicle solutions witke #ippropriate amount of the peptide
solution. The mixed solution was centrifuged at,080 g to obtain wet pellets, which

were then lyophilized, packed into the rotor, agldydrated to ~35 wt% water.

Solid-state NMR experiments

Magic-angle spinning (MAS) NMR experiments wererieal out on a Bruker
DSX-400 spectrometer (Karlsruhe, Germany) operatrigarmor frequencies of 400.49
MHz for *H and 162.12 MHz fot'P. An MAS probe equipped with a 4 mm spinner was
used for all experiments. The samples were spdtDakHz in most experiments. Typical
'H-3!p cross polarization (CP) contact times were 4 mastle Hartmann-Hahn match
was established at 50 kHz. TH¢ 90° pulse length was 5, and théH decoupling field
was 42-50 kHz during'P detection. Recycle delays for thé->P 2D correlation
experiments were 2.5-3.0 s. The¢ chemical shifts were internally referenced tolthiel
chain CH signal at 0.9 ppm2Q).
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'H-detected water ;15 were measured using a 1D Hahn-echo experiniht.
detected water 315 were measured using the 2B->'P correlation experiment with'a
mixing period and a pre-evolution Tilter (Figure 8.1) 22). In this experiment’P
magnetization is first destroyed by several 90%@sl A'H 90° excitation pulse is then
applied, followed by a Hahn-echo period with a ahie delay 2. *H chemical shift
evolution (&) ensues, then tHél magnetization is stored along the z-axis for o,
during which magnetization transfer occurs by eigpn diffusion or nuclear
Overhauser effect (NOE). Finally, thid magnetization is cross-polarized®te for
detection in4 A series of 2D experiments with varying echo gelZ was conducted to
measure theslof the water protons that correlate with the lipid. Mixing times of 1 ms
to 225 ms were used in the 2D experiments.

90° 180°
1 1
; Tl b tm ICP TPPM
- //-
31 t
dll o7 .

L

Figure8.1. Pulse sequence for the 2B-*'P correlation experiment with'8l T, filter period of

2t and a mixing period of,t Filled and open rectangles denote 90° and 1868epu

Y
(a) N o E -
22 gha e
R
(]
(b) Haﬁ a IFl, G3 G1
~
\"/\O/CL _ O/\é\r{'
o R
(C) b o I,:l; G3 G1
Ho/\ﬁ/\o/l _\O/\G/Z\R
(0]
OH R

Figure 8.2. Headgroup structures of the phospholipids usekignstudy. (a) POPC. (b) POPE.
(c) POPG. R and R’ denote oleoyl and palmitoyl oharespectively.
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Results
1D *H MAS spectra — bulk water and inter-bilayer water

The goal of this study is to investigate the intéom between water and lipid
membranes with different headgroups and measureytiemics of the hydration water
of the membrane. Phospholipids containing palmiémd oleoyl chains were used in all
samples because these acyl chains are the mostaatiun biological membranes. The
PC, PE and PG headgroup chemical structures amdhtimaenclatures are shown in
Figure 8.2. The three lipids have different geiqaid-crystalline phase transition
temperatures ({): —2°C for POPC and POPG and 25°C for POPE. Thamijcs of
hydration water should depend both on the bulk mateperty and the membrane
dynamics. We chose to conduct the NMR experimergsralar temperatures with
respect to their phase transition temperaturgs (lhis reduced temperatur€l = T-Tp,
was set to be 5-7°C for the various membranesedudiable 8.1). For mixed
POPE/POPG membranes the weighted molar averageds is used to find the,Jof

the mixture.

Table 8.1: Water'H T, (ms) values observed from 1B and 2D'H-*'P spectra.

Membrane 1D, Narrow 1D, Broad 2D T(CCAT (°C)
POPC - 59+1 - 5 7
POPC/cholesterol (3:2) 375140 231 15+1 5 7
POPE 410£70 18+1 16x2 30 5
POPG - 32+1 303 5 7
POPE/POPG (3:2), POPE 30+2 20 6

_pops O ) 40+1 20 6

POPE/POPG/TP-I (9:6:1 82+1 4.520.% 3.310.3 20 6
POPE/POPG/PG-1 (8:4:1) - 161 0.4+£0.2, 12+1 2|5 7
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Table 8.2: Water'H chemical shifts (ppm) in various lipid membrariBse bulk water
frequencies are obtained from 1B spectra, and the inter-bilayer water frequenaiesobtained

from 2D *H-*'P spectra.

Membran: Bulk Inter-bilayet
POP( - 4.92
POPC/cholesterol (3: 5.0C 4.94
POPE 4.71 4.6¢€
POPE/POPG (3: 4.7¢ 4.71
POPE/POPG/T-I (9:6:1) 4.91 4.8¢
POPE/POPG/P-1 (8:4:1 4.8( 4.7¢€

Figure 8.3 shows the 1fH MAS spectra of the POPC, POPE, and POPE/POPG
mixed membranes. THel peaks are assigned based on literature chentiéavalues
(23-25 and additionatH-'*C 2D correlation spectra measured directly on tisaseples
(not shown). Close inspection of the water regibthe'H spectra show two partially
resolved peaks — a narrow downfield component dmad upfield component - for
POPC/cholesterol, POPE, and POPG membranes bfdrribe POPC membrane
(Figure 8.4). The chemical shift difference betwdsntwo components is about 0.05
ppm (Table 8.2). We assign the sharp peak to mobbilewater outside the multilamellar
vesicles and the broad peak to inter-bilayer widt@tr interacts intimately with the lipids.
The partial spectral resolution means that thetfyes of water are in slow exchange
with rates less than 0.05 x 400 x 2 125 §, consistent with prior experiments on
membranes packed in spherical inse8jslahn echo detection with a long echo period
preferentially suppressed the broad upfield peapparting the presence of two types of
water. The'H T, relaxation times of the two water peaks are ligteBable 8.1: the broad
water T, (~ 20 ms) is an order of magnitude shorter themgrrow water 7(~400 ms)
for the POPC/cholesterol and POPE membranes. Eqdptide-containing POPE/POPG
membranes, th#H T,'s of the broad water peak is generally shorten the pure
membranes. The TP-I sample retains the order-ofarhade difference between the bulk
water and inter-bilayer water.TThe PG-1 sample shows only a single water pe#h,av
short'H T, of 16 ms.
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'H- 31p 2D correlation spectra H T of the inter-bilayer water

Since 1D'H spectra do not completely resolve the inter-lsitayater signal from
the bulk water signal, it is of interest to seleely detect the inter-bilayer water in the
absence of the dominant bulk water peak. Thél2B'P correlation experiment with
mixing (22, 26 achieves this purpose and at the same time e®iifie assignment of the
broad water peak to inter-bilayer water. In thiperkment, théH spins closest to the
lipid phosphate group, ddand G3, cross-polarize . Protons further from the
phosphate group, including water, first transfeirtmagnetization to &6d and G3 by a
number of possible mechanisms, including chemixethange, spin diffusion, and
dipolar cross relaxation (i.e. NOE), then crossafak to*'P. A mixing time of 64 ms
and a'H-*'P CP contact time of 4 ms were typically used ®2B experiments. When
water cross peaks are not detected under thesé@ioosdthe mixing time was extended
to 225 ms. Figure 8.5 shows two representdtii&'P 2D spectra, for the POPC
membrane and the POPE/POPG membrane, and Figuter@ffares th&H cross
sections for six lipid membranes with their respeciD'H direct-excitation spectra.
Several common features are observed in the 20rspé&irst, the stronge&t->'P cross
peaks come from the headgroup Bind glycerol G3, as expected due to the proxiofity
these methylene groups®. The G3 cross peak is broader and lower thamvhich is
expected because fid homonuclear decoupling is applied during the etioh time and
'H-'H dipolar coupling for G3 are a factor of 3.5 tins#nger than H due to the nearly
parallel orientation of the G3 geminal H-H vectoithe lipid motional axis7). On the
other hand, G3 protons do not cross polarize munte refficiently than td. to 3'P since
the'H-3!P dipolar coupling for G3 is only a factor of 1tfomger than for i (27). The
second common feature among the spectra is thacghiehain CH also exhibits a cross
peak with®'P, indicating chain-headgroup contacts. A signiftaeontribution to this
cross peak is intermoleculd#d-"H NOE due to chain upturns in the fluid bilayer, as
shown before for non-cholesterol-containing memesa@8, 29. Finally, water*'P
cross peaks are observed between 4.7 and 5.1 path imembranes except for POPC,

and in most cases have lower intensities than theédks. This is consistent with the
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intermolecular nature of the watéf magnetization transfer and the high mobility of

water.
CH,
CHj
(c) poPE/
POPG cH,
G2
C9,10
1 1 1 I 1
4 3 2 1 0
H 5 (ppm)
o (PE)
(d)  cspr PO
a1e) C1 PO\ aB(PO) 5 PE)
OH (PG)

Figure 8.3. 1D 'H MAS spectra of three hydrated lipid membraney.R@PC. (b) POPE. (c)
POPE/POPG membrane. (d) Inset for the POPE/POP@Grmamshowing the assignment for the
3.0-4.6 ppm region.

In the following we describe the watéR cross peak for each lipid membrane.
The POPC membrane does not exhibit any witecross peak up to 225 ms mixing
(Figure 8.6a). We attribute this absence to thk tdexchangeable protons in the POPC
headgroup, since all other membranes studied loaertaia labile protons and exhibit
water cross peaks in 2D spectra. Negative wateddreap’H-H cross peaks in 2D
NOESY spectra, corresponding to positive water-geag cross relaxation rates, have

been reported for POPC membrarigsy. Thus, the lack of a watétP cross peak
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suggests that the water-headgroup dipolar coupihge present, is not strong enough to
be detected by the current 2B-*'P correlation experiment. In addition, the D
spectrum of POPC shows only a single water peal, thiie water signal must come from
the inter-bilayer hydration water rather than théklwater outside the multilamellar

vesicle.

(a) PoPClcholesterol

inter-bilayer

/

(b) POPEIPOPG 1, e

\

inter-
bilayer
/

(c) porPc

52 50 48 46
TH 6 (ppm)

Figure 8.4. Water region of the 1D direct-excitatidd MAS spectra of lipid membranes without
(thin line) and with a Tfilter (thick line). (a) POPC/cholesterol membrafbe echo delay 2
is 80 ms. (b) POPE/POPG (3:2) membranes 30 ms. (¢c) POPC membrane.280 ms. Note

the one-component nature of the POPC spectrum.

In contrast to the pure POPC membrane, the addificholesterol to the POPC
membrane gave rise to a strong water cross peglir@=8.6b) that matches the position
of the broad water peak in the 1D spectrum (FiGude). Varying the Tfilter time of
the 2D experiment yielded®sP-detected water,Tof 15 ms, in qualitative agreement
with the 1D-detectedI(Table 8.1). We attribute the water cross peakén
POPC/cholesterol membrane to the combined effeexdiange between water and the
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cholesterol hydroxyl proton and the condensingotféé cholesterol on lipid membranes,

which facilitates'H spin diffusion.

(a) /\POPC (b) POPGANDOPE

L CH e
J 2 Qg CH,
C3© A c30
24 2
| oC2 R GQCZ
= o € 00
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o 10 2 (-]
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Figure 8.5. Representative 2EH-*'P correlation spectra of hydrated lipid membraniis av
mixing time of 64 ms. (a) POPC. (b) POPE/POPG (B1@nbrane'H peak assignment is
indicated. POPC lacks a waféR cross peak. Extending the mixing time to 225 tilis/elds no

water cross peak. Spectra were measured undeH2.MRS.

The POPE membrane exhibits a weak water crossgiehk6 ppm (Figure 8.6¢)
in the 2D spectrum with a 16 msg, Tonsistent with the 18 ms Tound in the 1D spectra.
Figure 8.7 shows several watef T, decay curves detected using the’tDand 2D*'P-
detected experiments. The POPE data highlightspgietral simplification by 2D
correlation: the 1D Fdecay is bi-exponential due to the partial ovedathe inter-
bilayer and bulk water signals, while the 2D-detdct; decay is single exponential,

reflecting only the inter-bilayer water dynamics.
For the POPE membrane, the water cross peak rkebt fesults from chemical

exchange between water and the headgroup aminenpr() followed by relayed
magnetization transfer t8P. The native K3'P cross peak, if protected from exchange,
would be negligible, since thepf'P cross peak is already very weak. The monotonic

intensity decrease 0H-*'P cross peaks fromdHto HB and H is clearly seen in the 2D
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POPC spectrum (Figure 8.6a), which does not hasaeance overlap between water and
Hy.

(a) (b) (c)
H,O H,O H,0

a,G3
G2 CHo
\
G1
5 5 4 3 5 1 6 5 4 3 5> 1 ' & 5 4 3 2 1 '
H'§ (ppm) H 8 (ppm) H § (ppm)

Figure 8.6. 'H direct-excitation spectra (top) and cross sestfoom'H->'P 2D spectra (bottom)

of various lipid membranes. Dashed lines guidestreefor the water peak. The most significant
lipid peaks are assigned. (a) POPC membrane. (BJJRDolesterol membrane. (c) POPE
membrane prepared from organic solution. (d) POREInane prepared from aqueous solution.
(e) POPE/POPG membrane with TP-I. (f) POPE/POPGbrame with PG-1.

To examine the influence of sample preparation puslon hydration-water
dynamics, we prepared another POPE sample by makregicle solution, subjecting it
to several freeze-thaw cycles, then centrifugirgggblution to give a pellet. This aqueous
sample gave a broad water peak at 5.09 ppm (F&6d), which is 0.43 ppm downfield

from the broad water peak in the “organic” samplas downfield water peak shows a
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T, of 4.9 ms from the 2D experiments. The chemicdt shthe lipid-associated water
peak is the weighted average of thegNHemical shift and the water proton chemical
shift. Lys NH; protons in proteins protected from exchange hasteeanical shift of 7 — 8
ppm @0), thus the downfield displacement of the inteaydr water peak in the agqueous
POPE sample indicates that the amount of the bitayer water is smaller in the
agueous sample than in the organic sample. Simikké shorter water;1{4.9 ms) of the
aqueous POPE sample compared to the organic séb®ahes) can be attributed to the
stronger influence of the Nhproton dynamics in the exchange-averagelheH Ty's

of the POPE headgroup decrease fromtél HB, in contrast to the POPC headgroup,
which has increasing,B from Ha (27 ms) to H§ (38 ms) and (71 ms). The shorter
'H T, towards the end of the POPE headgroup most liledlgcts intermolecular
hydrogen bonding between NHand PQ of neighboring lipid molecules, which restricts
the headgroup mobility3(, 32.

POPE POPE/POPG
1.04 X
18 ms
(a)
2 06 =
(2} (2}
5 5
€04 410 ms €
0.2
| |
0.04+————F—"—F+——+— 0.0 i
100 200 300 400 500 0 20 40 60 80 100 120 140
Time (ms) Time (ms)
1.08% 1.08
0.84 (b) 0.8
> >
:‘5 0.64 “5 0.6
sl 16 ms S o]
E 0.44 E 0.44
] N ] 30 ms
0.2 0.2
0.0 T T , T ) 0.0 , v x , .
0 10 20 30 40 50 0 10 20 30 40 50
Time (ms) Time (ms)

Figure 8.7. RepresentativiH T, curves fromH 1D and*H-*'P 2D correlation spectra. Left
column: POPE membrane. (a) #B-detected Tdecay of the narrow water peak, (b) 2B-
detected wateH T, decay. Right column: POPE/POPG membrane. (cH:Betected T decay
of the water peak, (d) 2BP-detected watéH T, decay. Filled squares: POPE. Open squares:
POPG. Note that the time axis is not the samelfpaaels.

To obtain further insight into the nature of theFEOhydration water, we

examined the temperature dependence of the watss peak in the 2EH-*'P spectra.
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Figure 8.8a shows the 1D cross sections of thenard@OPE sample from 20°C to 40°C.
The spectra were collected with identical scans@otied on the same intensity scale
after taking into account small CP efficiency diffieces. The water cross peak decreases
with increasing temperature, with the most sigaificchange occurring across the phase
transition temperature of 25°C. We also examinedixing-time dependence of the
water cross peak at 30°C. The water cross peakletasted as early as 4 ms, as shown
in Figure 8.8b.

The POPG membrane shows a single water peak itatspectra with a Jof 32
ms and a watet'P cross peak in the 2D spectrum with a similaofl30 ms. The high
salt content of this lipid made the samples sudgleptio rf heating and degradation so
that variability in the cross peak intensity wasetved. Buffering the membrane pH to 7
stabilized the sample to some extent and gaveaiaelear watef*P cross peak in the
64 ms 2D spectra. Mixing POPG with POPE lipids @&ismated stable membranes, with
reproducible watef!P cross peak intensities for both the POPE and P&@R@onents.
Figure 8.5b shows the 2D spectrum of the POPE/P@EX} membrane, exhibiting two
well resolved®P peaks along with their respective water croskgpéghe watefH T
values are 30 ms for POPE and 40 ms for POPG (Bab)eSince the organic POPE
membrane alone has a waterof 16 ms, the mixture result indicates that POPG

lengthened the Jlof the POPE component.

Effect of cationic membrane peptides on inter-bilayer waier T

We next examined the inter-bilayer water dynamicthe presence of two
cationic membrane peptides. Tachyplesin-I (TP-§ protegin-1 (PG-1) are Arg-rich
cationicB-hairpin antimicrobial peptides that have recebtgn extensively
characterized by solid-state NMRY( 20, 33, 31 We measured the 21b1->'P spectra of
POPE/POPG membrane containing these peptides’ fFlepectra no longer resolve the
two lipids due to line broadening by the peptidése 'H cross sections are shown in
Figure8.6e, f. For the TP-I sample, the water cpes is relatively broad and is lower
than the main H/G3 peak, similar to the other membranes. In cehtthe PG-1 sample

exhibits a narrow and much stronger water peak siittilar intensity as the &ddlG3
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peak. The T decay of these 2D-detected water peaks are showigure 8.9. Both
peptide-containing samples exhibit much shorteew&fs than the pure POPE/POPG
membrane: 3.3 ms for the TP-I sample and 0.4 m&])2Md 12 ms (80%) for the PG-1
sample (Table 8.1).

@ o (b)

20°C 64 ms
H,0

e |
v (S
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©
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35C
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Figure 8.8. 'H cross sections of the 2BH-*'P spectra of hydrated POPE membrane. (a)
Temperature dependence of the water cross peaisityteMixing time was 64 ms for all spectra.

(b) Mixing time dependence of the water cross peggnsity at 30°C.

The double-exponential nature of the watgd&cay for the PG-1-containing
membrane is noteworthy. The large value of 12 nsgwmslar to the 1D-detected wates T
of 16 ms. Since the water cross peak is much hiightiis sample than in the other
samples, we assign the longercbmponent to highly mobile water between bilayers,
whose magnetization is transferred#® as a result of the immobilizgebarrel
assembly of PG-1 molecule34). In other words, the rigid peptide oligomers pdavan
efficient spin diffusion pathway from water to thiygid 3'P. This assignment is confirmed
by **C-'H 2D correlation spectra that correlate tf@ labeled residues in PG-1 with
water'H. The spectra showed similar waterdephasing as tH&P-detected experiment

(Figure 8.9), indicating that the same water mdkscgorrelate with the lipid phosphate
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and with the peptide. The implication of this assmgnt is that the main water peak in
the 1D*H spectra of the PG-1 sample results from nearepat inter-bilayer water
rather than bulk water outside the liposomes, sintd the POPC membrane. The
absence of this long.Tin the TP-I sample can be attributed to the exterdynamics of

TP-I that prevents the detection of the highly nwbiter-bilayer water19).

0.4 ms

Intensity
.9

o
»

g
[=}

0 5 10 15 20 25 30 35 40

Time (ms)
Figure 8.9. *'P-detected watéH T, decays of the POPE/POPG membrane containing @ation
peptides. Open squares: TP-1. Filled squares: ROpén circle: PG-13C-detected water cross

peak intensity.

Discussion

The lipid membranes used in this study are muti@éar vesicles that can have
two very different types of water: bulk water odtsithe vesicles and inter-bilayer water
within the vesicles. The observation of two palyiaésolved watetH peaks in the slow-
exchange limit with very different,5 supports the assignment of these two types of
water.

The nature of water-membrane interaction has betams&ively discussed in the
literature. Early’H NMR studies 4) led to the proposal of as many as three types of
membrane-bound water, including tightly bound, wedlound, and trapped water with
fast exchange between the layers. More recentestudonitoring hydration-dependent
H quadrupolar couplings indicate that the inteaylr water dynamics is a continuous

function of hydration leveld). A single quadrupolar splitting was observeduprto ~15
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water molecules per POPC molecule (n = 15), abdvehwa zero-frequency peak grows
in that corresponds to bulk water in slow exchandgk the inter-bilayer water. The
single-component nature of thid spectra below n = 15 indicates that all intesjpir
water undergoes rapid exchange on’thé&IMR timescale. Thus, phenomenologically,
we do not further distinguish among inter-bilayexter molecules3, 35, even though
the middle of the hydration layer has more isotapater than the region near the
membrane surface.

While wate”’H NMR spectra of hydrated phospholipids give infation on the
residual quadrupolar coupling due to the interyldtavater anisotropy induced by the
membrane, the 2EH- 3'P correlation technique is more sensitive to chahegchange
between water and labile lipid protons and to whgped dipolar interactions. The fact
that the only lipid membrane that does not extahitater®’P correlation peak, POPC, is
also the only lipid without any labile protons pesvthe essential role that chemical
exchange plays in intermolecular magnetizationstiem POPE and POPG headgroups
possess labile NdHand OH protons, whose exchange rates have beesuradan amino
acids to be in the range of 1000-4000as$ 36°C and pH 7.(86). The exchanged water
'H magnetization can then be relayed to béfore cross-polarizing t8P. This
mechanism was termed chemically relayed nuclearl@user (or spin diffusion) effect,
and its dependence on exchange rate and molecatamnal correlation time have been
analyzed in detail by 2EBH-'H correlation NMR 87).

The rate of chemical exchange increases with testyrer while the rate of
dipolar magnetization transfer decreases with teatpee. Thus, the change of the water
cross peak intensity with temperature depends @netlative sensitivity of the two
processes on temperatuB$), For the POPE membrane, we found that the waer-
cross peak increases as the temperature decremsapan entering the gel phase the
cross peak intensity increases dramatically. Tidgchtes that the more efficiel spin
diffusion in the gel-phase membrane outweighs ¢dection of the proton exchange rate
at low temperature. However, this does not meanetkehange is unnecessary for the
detection of the watef'P cross peak. At 30°C, the water-Nékchange rate of several
thousand times per secor86) is much faster than the rate'sf spin diffusion and
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cross-polarization from Nito **P. The'H-3'P dipolar couplings to the nearest
methylene groups of &dland G3 are 200-300 Hz in liquid-crystalline PC &t
membranes27), thus the magnetization transfer rate from theememote K is at most
several tens of hertz. Thus, the limiting factotiia chemically relayed nuclear
Overhauser or spin diffusion process is the dipw&nsfer rather than chemical
exchange, and the temperature dependence of tbkudignsfer determines the overall
intensity of the water cross peak. Recently it alaswn that the 2BH-3'P experiment is
able to detect a water cross peak in sphingomy8m) membranes but not in PC
membranes38). While this difference is partly due to the rigydof the SM membrane
over the PC membrane, the presence of two labo®ps in the SM backbone, which are
absent in glycerophospholipid backbones, is alroesainly necessary for the
observation of the water cross peak.

POPC differs from other membranes not only in hgvio labile protons in the
headgroup, but also in having a single water sigiihl a T, (~60 ms) that falls between
the bulk water 7 (~400 ms) and inter-bilayer,T15-40 ms) of the other membranes. We
assign this signal to inter-bilayer water for tb#dwing reasons. First, PC is much more
hygroscopic than PE and PG lipids, as reflected thycker hydration layer and stronger
repulsive hydration force2(31). The higher hydration of PC compared to similarly
zwitterionic PE lipids is attributed to the methyda of the primary amine in the PC
headgroup, which weakens the attractive inter-bildgrces resulting from hydrogen-
bonded water bridges between apposing bilayershé&imolecular dynamics
simulations showed that the PC trimethylamine grieapa much larger hydration shell
than the PE amin&®) (39) due to the absence of hydrogen bonding. Thuse mmber-
bilayer water is required to hydrate PC than PRaly, our POPC sample has 15-18
water molecules per lipid based on thiespectral integration. This is in the regime of
little bulk water based ofH NMR (3), thus supporting the assignment of the singlewat
'H peak to inter-bilayer water.

The lipid-correlated watéH T,'s increase in the direction of POPC/cholesterol
POPE < POPG. Although it is tempting to interphes trend as reflecting the interaction
strengths between water and the various lipid mands, the water,Tis the weighted
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average of the inter-bilayer water and labile lipidton T’s, thus the lipid proton JI
affects the measured water cross pealEdr example, POPEfhas a shorter;I(~ 20

ms in the organic sample and ~ 7 ms in the aqueample) than the &dprotons (~25 ms
in all samples), thus POPEy ldrotons should have an even shorter intringjavhich
should shorten the measured water cross pgakimong all the lipid membranes studied
here, the POPC/cholesterol bilayer is the mostl @gid thus its water cross peak should
have the largest contribution from direct dipoltieets between water and the lipid. Even
so, the magnetization transfer pathway most likalplves an initial step of exchange
from water to the cholesterol hydroxyl proton, éelled by back transfer to the lipid
chains and then to the lipid headgroup. Mixing tuependence of the POPC/cholesterol
2D spectra (not shown) indicates that the watescpak buildup is slower than the
POPE membrane, consistent with a magnetizatiosfeapathway that involves lipid

MR MomARRG
N ol

Figure 8.10. Topological structures of TP-l and PG-1 in POPE?BOnembranes. (a) TP-I is

monomeric and mobile and lies at the membrane-viatienface. (b) PG-1 is transmembrane and

forms immobilized3-barrels.

Inclusion of cationic membrane peptides reducediphd-correlated water;Ito a
few milliseconds. The number of labile protons r-Tand PG-1 is similar. TP-I has 17
residues while PG-1 has 18, with the corresponfdibide backbone amide protons. TP-I
has five Arg residues and one Lys, each with exgbable sidechain NHprotons, while
PG-1 contains six Arg residues. TP-1 and PG-1 a¢oniteo and one hydroxyl-containing
Tyr residues, respectively. However, the expostithese labile protons to water and the
efficiency of*H-'H dipolar transfer differ significantly between ttveo peptides due to
their different topological structures in the meare. TP-I binds to the membrane-water

interface near the glycerol backbo®8)( is oriented roughly parallel to the membrane
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plane ¢0), and is highly dynamicl@). In contrast, PG-1 forms immobilized
transmembranp-barrels in the anionic membrarg4( 41 (Figure 8.10), whose
extensive intermolecular hydrogen bonding shouidldlsome backbone NH protons
from exchange. Thus, TP-I should experience mdreiait water exchange than PG-1.
But since the limiting factor in the wat&P cross peak detection is the dipolar transfer
rate rather than the exchange rate, the immobik£@€dl backbone transfers whatever
level of exchanged water magnetization to the [fiidmuch more efficiently than the
dynamic TP-I. PG-1 thus shows a higher water cpes&k than TP-I, and allows the
observation of more isotropic inter-bilayer wat&hich is not observed in the TP-I

sample.

Conclusion

The current 20H-*'P correlation study indicates that chemical excharigys an
essential role in the dynamics of hydration watdrgid membranes. The presence of a
31p_correlated water peak in the 2D spectra reqeixehangeable lipid protons, while the
intensity of the cross peak is mainly determinedh®sH-'H dipolar transfer efficiency.
The3'P-detectedH T, of the inter-bilayer water is the exchange-avetafeof all inter-
bilayer water and the labile lipid proton, and degeon the hydration level of the
membrane and the property of the labile proton.|€dterol facilitates the detection of
the inter-bilayer water through its condensing &ffen the membrane. Cationic
membrane proteins affect the hydration water dyoarirough intermolecular hydrogen
bonding and protein dynamics.
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Chapter 9
High-Resolution Solid-State NM R of Anisotropically Mobile M olecules
Under Very Low Power 'H Decoupling and Moder ate Magic-Angle
Spinning
Accepted taJournal of Magnetic Resonance, 2009
Tim Doherty and Mei Hong

Abstract

We show that for observing high-resolution heted@ar NMR spectra of
anisotropically mobile systems with order paranseless than 0.25, moderate magic-
angle spinning (MAS) rates of ~11 kHz combined wWithdecoupling at 1-2 kHz are
sufficient. Broadband decoupling at this 1G4/ nutation frequency is achieved by
composite pulse sequences such as WALTZ-16. We nlsinade this moderate MAS
low-power decoupling technique on hydrated POPI lpembranes, and show that 1
kHz 'H decoupling yields spectra with the same resaiugiod sensitivity as spectra
measured under 50 kHi decoupling when the same acquisition times (mSPare
used, but the low-power decoupled spectra givedrigesolution and sensitivity when
longer acquisition times (> 150 ms) are used, whiehnot possible with high-power
decoupling. The limits of validity of this approaate explored for a range of spinning
rates and molecular mobilities using more rigid rhbesame systems such as
POPC/cholesterol mixed bilayers. Finally, we sHoM and**C spectra of a uniaxially
diffusing membrane peptide assembly, the influeh4d2 transmembrane domain, under
11 kHz MAS and 2 kHZH decoupling. The peptid&N and**C intensities at low power
decoupling are 70-80% of the high-power decoupiehisities. Therefore, it is possible
to study anisotropically mobile lipids and membraegtides using liquid-state NMR
equipment, relatively large rotors, and moderateSvifequencies.
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I ntroduction

Very fast magic-angle spinning (MAS) frequenciégmater than 40 kHz
combined with low-fieldH decoupling of 5 — 25 kHz has been shown to yield
heteronuclear spectra of rigid organic solids witmparable linewidths and sensitivities
to those measured under high-poWtérdecoupling {-5). The primary motivation for
low powerH decoupling is to allow fast MAS frequencies toused on high-field NMR
spectrometers, so that the increased chemicalashgotropy (CSA) sidebands can be
removed without a concomitant increase in'thalecoupling field strength or the
recoupling of the heteronuclear dipolar interactigrthe rotary resonance phenomenon
(6). Low power decoupling also reduces the radiodezgy (rf) load on the spectrometer
and allows shorter recycle delays to be used,ittmreasing the sensitivity per unit time.
This fast MAS - low power decoupling approach hasrbdemonstrated on small amino
acids and large microcrystalline proteits ), all of which are rigid solids. However, a
necessary cost of spinning at 40 kHz or highenas very small rotors (< 2 mm outer
diameter) with sample volumes of less tharl .5must be used. This severely restricts the
range of systems that can be investigated withagisoach. In particular, membrane-
bound peptides and proteins that are already diloyethe lipids cannot be easily studied
in such small sample volumes.

Since the criterion for fast MAS is that the spimgrate is larger than the strength
of the heteronuclear dipolar interaction to be sepged, mobile semi-solids such as lipid
bilayers and peptides embedded in them should ivérmeh low power decoupling at
much lower MAS frequencies and rf irradiation fiekthan required for rigid solids. The
fact that hydrated lipid membranes are also moseeqtible to rf-induced sample heating
and degradation gives further incentive to exptbeeregime of low power decoupling
and fast MAS for hydrated biological membrane sa&s ).

MAS frequencies of 10-15 kHz have been used bdéoreH NMR of lipids @)
and mobile proteingd( 10 in lipid membranes. The narrowing 1 lines under these
MAS frequencies in the absence of homonuclear d#itmpallows high-resolutionH-
3C or'H-'*N heteronuclear correlation spectra to be measwitbd'H detection, as
shown for cholesterol in deuterated DMPC bilayéd, (or with°N detection, as shown
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for a membrane peptide in deuterated DMPC lipid3. However, to our knowledge,
moderately fast MAS frequencies have not been coeabivith low powefH decoupling
to obtain high-resolution heteronuclear spectraekiee show that for anisotropically
mobile lipids and membrane peptides with segmentidr parameters of 0.25 and
smaller, moderate MAS speeds achievable on 4 mmaats (11-15 kHz) and very low
'H decoupling fields of 1-2 kHz are sufficient tavgisimilar spectral resolution and
intensity as spectra measured under high decoufiilitg. In practice, low poweH
decoupling yields higher resolution than high podecoupling for hydrated lipids, due
to the fact that longer acquisition times can bedusithout undesirable rf heating and
sample degradation. The ability to measure higblaéien heteronuclear spectra of
membrane systems using moderately fast MAS fredesand low powetH decoupling
allows dilute isotopically labeled membrane pegitiebe studied without severe volume

limitations, thus enhancing sensitivity.

Materialsand Methods
Membrane samples

All lipids were obtained from Avanti Polar Lipidélgbaster, AL) and used
without further purification. POPC and POPC/chaesit(3:2) membranes were
prepared by dissolving the lipids in chloroformyidg them under nitrogen gas to
remove the solvent, then dissolving the lipid fimcyclohexane and lyophilizing
overnight. The dry and homogeneous lipid powder suspended in water, subject to
freeze-thawing five times, then centrifuged at 080,g for 3 hours to produce a
membrane pellet. The pellet was lyophilized, padkéal4 mm rotors, then rehydrated to
35 wt % water. This procedure gives a low-salt memé sample with a well defined
hydration level.

In addition to lipids, the transmembrane peptidéhefinfluenza A M2 protein
(M2TMP), which forms a pH-gated proton chanri)( was used to demonstrate the
validity of this moderate MAS - low power decouglimethod on mobile membrane
peptides {4). The peptide contains uniformi§C, *°N-labeled residues at V28, S31 and
L36, and was reconstituted into DLPC bilayers biedgent dialysis as described
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previously (5). The membrane peptide sample was prepared atjhviiich
corresponds to the closed state of the proton @laiihe sample also contains

amantadine, which gives higher resolution spetiaa the apo peptid& ).

Solid-State NMR experiments

MAS experiments were carried out on a Bruker DSX-gpfectrometer
(Karlsruhe, Germany) operating at Larmor frequenoie400.49 MHz forH, 100.70
MHz for *C, and 40.58 MHz fot"N. A MAS probe equipped with a 4 mm spinner was
used for all experimentdH->*C and'H-"N cross polarization (CP) for the peptide-
containing sample was carried out at a spin-loekifstrength of 50 kHz for 0.5 msSC
chemical shifts were externally referenced todh8lycine**C CO resonance at 176.49
ppm on the TMS scale aftN chemical shifts were externally referenced to'the
resonance of N-acetylvaline at 122 ppm on the Bitéle.

Low power decoupled spectra used the WALTZ-16 caitpgulse sequence
(17) to achieve broadband decoupling. FHenutation frequencies ranged from 1 kHz to
11 kHz, and were measured by direct observatidghedH spectra of lipids. High power
decoupled spectra used TPPM decouplik8) yith a field strength of 50 kHz for the
lipid samples and 63 kHz for the peptide-contairsagiple.

Most **C direct-polarization spectra of lipid-only sampiesd acquisition times
of 51 ms with 4096 data points. The time-domairadetre zero filled to 16,384 points
and Fourier-transformed with 3 Hz Lorentzian broadg except when indicated
otherwise. Longer acquisition times were not usecbimparisons of high-power and
low-powder decoupled spectra, since high power wigony for more than 50 ms is
deemed detrimental to the probe and the sampldefemine the ultimate resolution and
sensitivity of the lipid membranes under 11 kHz MA® measured a 1 kHk
decoupled®C spectrum of POPC lipids with an acquisition tiofid 50 ms. For the
peptide-containing sample, th&€ CP spectra were measured with an acquisition dime
25.7 ms and processed with 35 Hz Gaussian linedbroag, and th&N CP spectra were

measured with an acquisition time of 17.6 ms wltHz Gaussian line broadening.
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Results and Discussion

Theory for low power decoupling and moderately fast MAS of uniaxially diffusive systems
The theory of fast MAS and low powk decoupling has been described in

detail by Ernst et allj. Below we briefly summarize this theory and pant the

differences between uniaxially mobile systems agid solids. Under fast MAS and low

power decoupling, we consider the nuclear spinracteons to be averaged first by MAS

and then by rf irradiation. For $&pin systems under infinite speed MAS, the average

Hamiltonian collapses to the zero-order terms, Wwitientain only interactions expected
for an isotropic solution, namely isotropic chenhiglaifts (HiCS) of the | and S spins,

and the homonucleai—(ﬂ ) and heteronucleaﬂ-(%,) J couplings:

T . .
HO  — L G H(t) = HSS + HICS 4 1Y + HY, (9.1)
Tro
Under finite MAS frequencies, we need to considerfitst order terms in the average

Hamiltonian. Higher than first-order terms scal¢hvthe MAS frequency a@/@r)z and

higher powers, thus are not considered here. Tstedider terms result from time-

dependent commutators between the various interecti
o —i T t,
H® == [dt,[dt-[H(E,). H(t)] 9-2)
2r, 5 o

In general, there are three non-vanishing crosssémom the above commutator. They
are the cross term between the I-1 homonucleardaipoupling and the I-S
heteronuclear dipolar coupling:

—(1 1 —
Hi ,)IS = 2oskiS iy (9.3)

r k=l

the cross term between the I-I homonuclear dipmapling and I-spin CSA:
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—(1 1 —
Hi =— Zokiliody (9.4)

Or ke

and the cross term of the |-l homonuclear dipotampting with itself:

—(1 1 —
|"$|,)|| =— 2oiklizlklly (9.5)

Or jkl

In these expressions, the coupling cross temnfsve the unit of frequency squared
(rad/s¥ due to the commutation.

For uniaxially diffusive lipids and peptides in lmgical membranes, the I-I
homonuclear coupling cross term (eqg. 9.5) vanisleesuse all motionally averaged
dipolar couplings within each lipid and betweenaaédt lipid molecules are parallel to
the motional axis, the bilayer normal, thus theyenthe same orientation dependence.
Analytically, the homonuclear dipolar coupling beem spin andk can be written as

coik(t)zgik -o(p,v,t), wherep andy are the polar coordinates of the local bilayemmedr

with respect to the rotor axis and are the samalf@pin pairs, an@ik is the motionally
averaged coupling constant. As a result, the seffroutation of the homonuclear dipolar

coupling becomes:

Sik - o1, L)X =1 1%) = §ik - 0B, 1.t 3|i2|§—|i-|"J
> ik - o (B, Y 2)( ) ik - 0B,y 1)( )

i=k

[Hu (t2),Hy (tl)]{

—co(B,y,tz)m(B,y,tl{Z Sik(31LIK -1 |") > Sik(3hIX -1 |k)} (9.6)
0 i=k ik

The I-spin CSA and I-I dipolar cross term in eqo@at9.4 does not directly lead to
S spectral broadening since it only involves tBpihs. But the I-1 and I-S dipolar cross
term in equation 9.3 leads to S broadening thrabgheteronuclear dipolar coupling. To

obtain narrow S spectra, one needs to decouplevgtrautation frequency either much

www.manaraa.com



150

higher thanm, or much lower thamw, but still adequate to remove the remaining S-I
dipolar interaction. In the latter regim&, << o, , the rotary resonance recoupling
condition o = ne, (n=12) does not apply, thus no line broadening from gotar
resonance will occur.

Under the condition that the decoupling fieldag/ér than the spinning rate but
higher than the MAS-averaged spin interactiongjima¢ions (9.3) and (9.4),
transformation to an interaction frame defined iy ff field and a second averaging lead

to the zero-order average Hamiltonian:

H =HSS+H . (9.7)

Compared to the rigid solid case, no homonuclgaoldr coupling term remains for the
uniaxially mobile systemlj. Comparing equations (9.1), (9.3) and (9.7)ait be seen
that low power decoupling removes the I-S J-cogpéind suppresses the cross term
between the homonuclear and heteronuclear dipolgsling.

For rigid solids, MAS rates, /2r larger than 40 kHz and rf fields; /2n
smaller than ~20 kHz were found to be the fastrépmand low power decoupling
regimes, respectively. We can estimate the prerfa?xw/(or in equation (9.3) as
follows. Using the one-bond C-H dipolar coupling2@ kHz and the geminal H-H
dipolar coupling of 25 kHz, and assuming an MA® 1@it50 kHz, a Chkispin system has
a prefactor of:

osd @i oy _(21-22kH2) 21-25kH) 11KHz.

(9.8)
Oy op 2n- 50 kHz

This prefactor matches well the experimental oketéow that at 50 kHz MAS,
decoupling field of less than 15 kHz causes broadeof the CH signal ). For C-H
spin systems, the prefactor is smaller, about BIA kue to the weaker H-H dipolar
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coupling. Correspondingly, the measured threshdldecoupling field decreases to ~8
kHz, below which line broadening occurs.

For uniaxially mobile lipids where the segmentaley parameterscg are in the
range 0.02 — 0.23.9), the spinning frequency and decoupling field regqaents are
correspondingly lower. Assuming an intermediateeopghrameter of 0.10 for a typical
lipid group, the residual heteronuclear dipolarmiog prefactor for a Ckgroup under
11 kHz MAS can be estimated as:

osk _ ois o (2:22:0.1kH2)- (22-25-01kH) KHz.(9.9)
op op 2n-11kHz

Thus, a'H decoupling field of ~1 kHz should be sufficieatsuppress this residual

coupling. This suggests that moderately fast MASgdiencies that are readily achievable

on 4 mm rotors may allow lipid membranes and evembrane peptides to be studied

under extremely low powéH decoupling. In this; regime, composite pulse sequences

such as WALTZ-16X7) are necessary to achieve broadband decoupling.

Low power decoupling of low-viscosity hydrateddipiembranes

Figure 9.1(a, byhows thé>C direct polarization (DP) spectra of hydrated POPC
membranes under 11 kHz MAS with 1 kHz WALTZ-16 dagang (a) and 50 kHz
TPPM decoupling (b). Both spectra were process#u 3vHz of Lorentzian broadening
to reduce truncation wiggles. It can be seen tiatritensities and linewidths of the low-
power decoupled spectrum is comparable to or bittder the high-power decoupled
spectrum. For a clearer view of the intensities larelvidths, Figure 9.2 shows expanded
regions of thé3C spectra of the lipid chain GHesonance at 31 ppm (a) and the glycerol
G2 peak at 71 ppm (b) as a function of tHedecoupling field. These two resonances are
chosen because they are the most rigid segmehtgliated phosphocholine, as
manifested by their relatively large C-H order pmaegers 20), and thus are the most
difficult sites to decouple well. Figure %hows that both resonances broaden and

decrease in intensities with increastirgdecoupling fieldw, /27, with the minimum
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intensity at the rotary resonance conditionogf=w, at 11 kHz. This is expected due to
the recoupling of the C-H heteronuclear interactkor all resonances, the maximum
intensity is observed at the lowest decouplingifefl 1 kHz.

w1/27 = 1.0 kHz
aq =50 ms

(a)

70 65 60 55 35 30 25 20 15

w1/2n = 50 kHz
aq =50 ms

)
[
7I06I56|05|5

(b

35 30 25 20 15

w1/2x = 1.0 kHz
aq =150 ms
(c)
WW
I I I N I I Y I [ IR I 1
70 65 60 55 35 30 25 20 15
d¢c (ppm) d¢ (ppm)

Figure 9.1. Direct polarizatiort®C spectra of hydrated POPC bilayers under 11 kHAMA293

K with different'H decoupling methods. (a) 1.0 kHz WALTZ-16 decongliwith a 50 ms
acquisition time. (b) 50 kHz TPPM decoupling, wétih0 ms acquisition time. (c) 1.0 kHz
WALTZ-16 decoupling with a 150 ms acquisition tingpectra (a) and (b) were processed with 3

Hz Lorentzian broaderning, while spectrum (c) ditl use any line broadening.

At the HORROR condition of; = o, /2, it is known that recoupling of the
homonuclear dipolar coupling I-1 enhances I-spim sfiffusion and leads to line
narrowing of the heteronuclear spectra by self dplog 21). This effect has been
observed in rigid®C-labeled model compound®)(We do not observe this HORROR
line narrowing effect ato; /2r =5.5 kHz for the lipids (Figure 9.2). This is consistent

with the suppression of the I-1 homonuclear dipalaupling cross term by uniaxial
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motion as shown in equation (9.6). In additiongamtrast to rigid solids2j, we do not
observe line broadening at low decoupling fieldss@fwo, <0.25. Down to 1 kHz
decoupling, the intensity increased monotonicdllyis is again expected from the
estimated prefactor for the residual dipolar intéoms of lipids (eq. 9.9). When ribl
decoupling is applied, tHeC spectrum of POPC membrane under 11 kHz MAS (Eigur
9.3) shows>C-'H J-splittings with linewidths of 10-25 Hz, whichesonly slightly larger
than the linewidths of the best decoupled spewatnéch are 7 — 20 Hz. This means that
11 kHz MAS is already sufficient to suppress mdghe residual heteronuclear
interactions, and low power decoupling mainly sergesuppress tHéC-'H scalar

coupling in a broadband fashion.

WALTZ-16
A
oo 1AkHZ 3.7 kHz 83kHz > TPPM
1.0 kHz 2.8 kHz 5.5 kHz 11 kHz 50 kHz

7|2 ‘7TO 7|2|7|0 7|2 ‘7IO 7|2 I7‘0 75 I7IO 7|2|7b 7|2|7|0 7|2‘7|0
d¢ (ppm)
Figure 9.2. Expanded regions of tH&C direct polarization spectra of hydrated POPQltip{a)
Lipid chain CH peaks. (b) Lipid glycerol G2 peak. Thé decoupling method and field strengths

are indicated above the individual spectra. Dasined guide the eye for the maximum intensity.

A practical advantage of the very low power dediogpunder moderately fast
MAS is that it allows suitably long acquisition &sto be used for hydrated membranes.
With an acquisition time of 50 ms, the lipid spaditill exhibit truncation wiggles for
many peaks such as the highly averaged headgrpap%2.6 ppm (Figure 9.1a, b).

When a full acquisition time of 150 ms was usedeauridkHz decoupling, the linewidths
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of the lipid*C spectrum are found to be 7 — 20 Hz (Figure 9lhis long acquisition
time is not possible under high power decouplingdaiions.

Limits of applicability: spinning speed, temperatuand mobility
To test whether the low-power decoupling and matgdy fast MAS approach
works for a wide range of membrane systems, westigated thé>C spectral resolution

and intensity as a function of MAS frequency, terapge, and lipid mobility. Figure 9.4

shows the glycerol G2 region of tH€ DP spectra of hydrated POPC lipids for a number

of MAS frequencies under the saftedecoupling field of 1 kHz. At 9 kHz spinning the
spectrum shows similar intensity to the 11 kHz Mgx&ctrum, but decreasing the
spinning speed to 7 kHz and below clearly decretigestensities under low power
decoupling. Thus, for hydrated lipids, the minimgpinning rate necessary to achieve
MAS averaging of the dipolar interaction is aboQtkHz.

Cy CH, -1

w

70 65 60 55
¢ (ppm)
Figure 9.3. POPC™C direct polarization spectra at 293 K under 11 KH¥S. Both spectra were

measured with an acquisition time of 150 ms. (a)lWW2-16 *H decoupled spectrum withw/2r
= 1 kHz. (b)*H undecoupled spectrum. The FWHM linewidths ofpieaks are 7 — 20 Hz in (a)
and 10 — 25 Hz in (b).
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/2t 11 kHz 9 kHz 7 kHz 5 kHz
G2
I 7l2 7I1 o 7l2 711 ' 712 7I1 't 7I2 7l1 I
dc (ppm) dc (ppm) dc (ppm) dc (ppm)

Figure 9.4. Low power decoupled POPC glycerol G2 intensita &snction of MAS frequency
at 293 K. All spectra were measured with 1.0 kHz\WZ&-16 *H decoupling. Spinning rates are
(a) 11 kHz, (b) 9 kHz, (c) 7 kHz, and (d) 5 kHz.

WALTZ-16 TPPM
w1/27=1.0 kHz 1/27=50 kHz
293 K
258 K
[ T T T I T T T
34 32 30 34 32 30
d¢c (ppm) d¢c (ppm)

Figure 9.5. *C direct polarization spectra of hydrated POPC mramés under 11 kHz MAS as a
function of temperature arftl decoupling field strength. Top spectra: 293 KttBm spectra:

258 K. Left column: WALTZ-16 decoupling at 1.0 kHzight column: TPPM decoupling at 50
kHz field strength.

The next two tests explore the effect of increametecular rigidity on the low power
decoupling efficiency. When the hydrated POPC mamdbis cooled to below its phase

transition temperature of 270 K, thi€ DP spectra showed higher intensities and
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narrower lines under higher power decoupling tlean power decoupling (Figure 9.5).
Although we did not measure the C-H order parameitthe gel-phase POPC lipids|
quadrupolar splittings from the literature sugdbat the order parameters increase by a
factor of 2 @2).

Cholesterol-containing membranes are of interest for understanding the
fundamental biophysics of domain formation in lipi@mbranes and for mimicking
eukaryotic membranes. Addition of cholesterol toggholipids is well known to make
the lipid membrane less elastic, with order paransahcreasing by about a factor of 2
(23). Figure 9.6shows three representative peaks of POPC and tdmaleim the mixed
POPC/cholesterol (3:2) membrane under 11 kHz MA®Bwamious'H decoupling fields.
It can be seen that the moderately fast MAS raitesigfficient to narrow the cholesterol
ring 1°C peaks due to the rigidity of the sterol ringswidwer, the resolved aliphatic
peaks of cholesterol such as C26 and C27 at 23nlviapy in intensity with decoupling
in a similar fashion as the POPC resonances. EdP@PC lipids in this membrane
mixture, the'*C intensities at low power decoupling are similaréyrow as the pure
POPC sample.

WALTZ-16
Pl — TPPM
()/21[ 1.4 kHz 3.7 kHz 8.3 kHz
)
. 2.8 kHz 5.5 kHz 11 kHz 50 kHz
"nn TR Rn n 27 27 127 1271
(b) C14,

»/J\/\M/\WW/\WW/WWWWMWWW

" 5857 5857 | 5857 5857 5857 5857 5857 58 57

SAAALIAT

||||||

423 " 2423 " 2423 " 2423 " Zazs ' 2423 ' 2423 ' 2423
d¢ (ppm)

Figure 9.6. Expanded regions of POPC/cholesterol spectr@ak2under 11 kHz MAS with
different'H decoupling fields. (a) POPC glycerol G2 peak.Ghplesterol ring C14 and C17
peaks. (c) Cholesterol aliphatic C26 and C27 paakisthe POP@-1 peak. The assignment of

cholesterol resonances is based on referé®e (
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Uniaxially mobile membrane peptides under low posleroupling and moderate MAS

Since the basic requirement for moderate MAS amddower decoupling to
yield high resolution heteronuclear spectra ispitesence of large-amplitude fast
motions that lead to sufficiently low order paraarst the approach should also be
applicable to polypeptides that undergo fast ualadiffusion in lipid membranes.
Several examples of such membrane protein diffusave been reported4, 25-27.
Hydrated membrane peptide samples often contamifisignt levels of associated salt,
thus the reduction of rf irradiation and heatingday power decoupling is highly
desirable.

We use the transmembrane domain of the influenk&Arotein (M2TMP) to
demonstrate the low power decoupling method. Thephd®ein is a proton channel
important for the influenza life cycle, and is etigely blocked by the drug amantadine
(28). The 25-residue transmembrane domain forms antetric helical bundle in lipid
bilayers (3, 29, 30. In simple phosphocholine membranes such as DDORMRC and
POPC at physiological temperature, the M2TMP hebcadles undergo rotational
diffusion around the bilayer normal at rates fagftean the’H quadrupolar interaction
(14). Typical C-H dipolar order parameters in M2TMIRga from 0.4 to 0.6, while the
variations in the N-H order parameters are largertd their sensitivity to the helix
orientation 16, 3. Figure 9.7(a, bdhow the™N CP spectra of amantadine-bound
M2TMP in DLPC bilayers. The spectra were acquiredas 11 kHz MAS with 2 kHz
WALTZ-16 decoupling and 63 kHz TPPM decoupling. Ton-power decoupled
spectra have 70-80% of the intensities of the lpigiver decoupled spectra. This is
remarkable, considering that the overall oligomsize of the protein is about 11 kDa.
The rigid-limit one-bond N-H dipolar coupling is@lt 10 kHz, a factor of two smaller
than the one-bond C-H dipolar coupling. The neareighbor K-H" dipolar coupling is
about 5.2 kHz for a distance of ~2.5 A. Thus, ifassume a local segmental order
parameter of ~0.5, the residual N-H dipolar couplwnefactor under 11 kHz MAS is
estimated as:
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oskl _ (21-10-05kHz)-(2n-52:0.5kH2) _

2n-12kHz,  (9.10)
o 2r-11kHz

which explains why the combination of 11-13 kHz MA&d 2 kHz decoupling is

adequate to give reasonable lineshape.

WALTZ-16 TPPM
w¢/2n=2.0 kHz 04/2n=62.5 kHz

(@) wves, S31
L36

140 130 120 110 100
dN (ppm) dN (ppm)

(d)
d1=2.5s

140 130 120 110 100 140 130 120 110 100
ON (PPm) ON (PpPm)

Figure9.7. >N CP spectra of V28, S31, L36-labeled M2TMP at Bl DLPC bilayers under
11 kHz MAS with an acquisition time of 17.6 ms. 28iHz WALTZ-16 decoupled spectrum. (b)
63 kHz TPPM decoupled spectrum. Intensities indlepower decoupled spectra are 70-80% of
the high-power decoupled intensities. (c) 2 kHz WAEL6 decoupled spectrum measured with a
recycle delay of 1.0 s and 23,040 scans. (d) 63TPRM decoupled spectrum measured with a
2.5 s recycle delay and 9216 scans. The fast-redyoW-power decoupled spectra have 1.3
times higher intensities than the high-power detaippectrum in the same total experimental

time.

With 2 kHz*H decoupling the recycle delay is no longer limibcthe rf duty
cycle, thus much faster signal averaging can begechout. Indeed, the limiting factor in
the low-power decoupled CP experiments is'Hhd@1, which is usually in the hundreds

of millisecond range for membrane samples. Figuré&9d) compares the M2TMPN
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CPMAS spectrum acquired with a recycle delay ofslald 23,040 scans under 2 kHz
decoupling, with a spectrum acquired under reguilgin power decoupling but a recycle
delay of 2.5 s and 9,216 scans. The low-power dq#edwspectrum gave ~1.3 times
higher intensities than the high-power decouplextp in the same amount of
experimental time.

To obtain similarly narrow*C spectra should in principle require higher MAS
rates andH decoupling fields due to the stronger C-H dipalauplings. Yet Figure 9.8
shows that the peptidéC signals with 2 kHZH decoupling still have 70-80% of the
intensities of the high-power decouplég spectrum. However, this comparison is
limited by the fact that the M2TMP motional rates aot much faster than the C-H
dipolar couplings at this temperature, so that iBeresonances are broader tha

peaks even in the high-power decoupled spectrum.

70 60 5IO 4I0 30 20
d¢ (ppm)

Figure 9.8. **C CP spectra of V28, S31, and L36-labeled M2TMPBIiPC bilayers at 313 K
under 11 kHz MAS. Black: TPPM decoupling at 63 kRed: WALTZ-16 decoupling at 2 kHz.
Peptide**C peaks are assigned. The low-power decoupledsitiesiare 70-80% those of the
high-power decoupled spectra. The two spectra tieegsame number of scans and recycle
delays. Similar to Figure 9.7, if the low-power depled spectrum were measured with shorter

recycle delays higher intensities would resulthiea $ame experimental time.

These™C and™N peptide spectra indicate that for low power detiog to be
useful for membrane peptides, the molecular maieeds to be well into the fast regime,
and slightly higher MAS frequencies is also desedb fully recover the intensity of the
high power decoupled spectra. We predict that 3r2rotors that allow spinning rates of
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15-20 kHz will provide the best combination of sa@nwolume and low-power

decoupling efficiency for mobile membrane peptides.

Conclusion

We have shown that moderate MAS frequencies ofSLlRHz combined with
very low'H decoupling fields of 1-2 kHz are sufficient teld high-resolution
heteronuclear spectra of motionally averaged lipenbranes. The fast uniaxial
diffusion removes the homonuclear dipolar couptngss terms in the average
Hamiltonian, thus suppressing spin diffusion. Foids with order parameters of less
than 0.25, the low power decoupfég spectra have equal intensities compared to the
high power decoupled spectra at the same acquigitiees. But by allowing much longer
acquisition times to be used, low power decouplngractice results in significant
enhancement of sensitivity and resolution. Foresystwith order parameters of ~ 0.5,
MAS frequencies of 11 kHz combined with low powecdupling do not fully recover
the high power intensities. Nevertheless, it issjiile to obtain low-power decoupl&iN
and**C spectra with 70-80% intensity of the high powseatra on a membrane peptide
assembly with an effective molecular weight of Tlak This opens up the intriguing
possibility of determining membrane peptide streesun lipid bilayers using liquid-state
NMR spectrometers equipped with MAS probes.
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Appendix A
Amino acid FMOC protection

The majority of solid-state NMR techniques usedttaly peptides in the lipid
membrane environment used naturally scarce isompgsas>C, *°N and’H. At natural
abundance these spins are often too dilute to geosmough signal for NMR experiments
and must be isotopically enriched. There are twgswa include these nuclei in proteins
that are being studied: expression of the protéin \wotopically labeled media or solid-
phase peptide synthesis with isotopically labelatha acids. While expression is an
effective way to label entire proteins it often ses spectral resolution problems in
membrane samples where due to sample heterogéi@iand™N linewidths are often
~1-2 ppm FWHM. While there are ways to sparselglaiboteins using expressiol) (
often times specifically labeled residues are @esiFrom this point of view solid-phase
peptide synthesis is an attractive way to prepapgiges with a few isotopically labeled
residues as long as the peptide is relatively {e@ residues) and easy to synthesize
2.

Unfortunately the price of labeled amino acidg thelude the protecting groups
required for solid-phase peptide synthesis is canably higher than the cost of
unprotected labeled amino acids, and in some dalseled and protected amino acids are
not commercially available. Since the protecticact®mn was designed to be a one step
reaction with high yield, it is an attractive madétion to carry out in the lab. A widely
used protection strategy is FMOC chemistry anddhewing outlines the procedure for
FMOC protection of amino acids with hydrophobicesidains. Here amino acids with
sidechain functionality are avoided because thegtierther protection before being
used in solid phase peptide synthesis.

Procedure(3, 4)

1. Add 2 equivalents of sodium bicarbonate to 1 edaiteof amino acid in a round

bottom flask with enough water for solubility. Soam@ino acids are not well
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soluble in water, and up to 50% p-dioxane can lbeado help solubility in this
step. Cool this to ~5° C while stirring with a magjn stir bar.

2. Dissolve 1 equivalent of FMO®-hydroxysuccinimide ester (FMOC-OSu) in p-
dioxane and cool to ~5° C. Then add FMOC-OSu swiutito amino acid vessel.

3. Allow to stir for 1 hour at 0° C, then remove icatlp and let stir overnight.

4. In the morning, double the volume of the reactiartane with water to stop
reaction. Then extract the reaction solution withykacetate.

5. Take the organic fraction from the extraction araswvwith 2% sodium
bicarbonate 2x, and combine aqueous fractions ofdenic fraction here likely
contains most of the impurities and should be sielea

6. Acidify aqueous fraction with 2 M HCI to pH 2. Thertract the acidified
aqueous solution with ethyl acetate three timed,camefully dry the organic
fraction with sodium sulfate.

7. Rotoevaporate the organic product to drynesselptioduct was not dried well in
step 6, it will likely be a viscous liquid. To ren®residual solvent re-dissolve the
product in toluene and dry down again, and repeaeaessary. At this point, the
product should be dry white powder, with yieldsnfir60-90%.

Purification and analytical methods

Purification can be carried out on the first (ongafraction if necessary, best results
for FMOC glycine and FMOC phenylalanine are achiewor silica gel columns with
a solvent system of 10:1 toluene:acetic acid. Aneshere is the low solubility of the
products in toluene:acetic acid mixture. Becausestilubility is so low, the product
cannot be added to the column dissolved in theneld® allow a column separation
the FMOC product can be added to the column irsditid state by dissolving it in
ethyl acetate, adding an equal volume of silicathed drying. This silica/product
mixture can then be added to the column and ekgetrmal. To check purity, use
thin layer chromatography, mass spectroscopy;draeblution NMR. Thin layer
chromatography can be carried out with the sameesbhs used in the column. In
13C labeled amino acid&H solution NMR should be carried out witfC decoupling
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to remove'H-*C J-coupling which makes spectral interpretatidfiodilt, as seen in

figure Al.

DMSO

CH,
150 Hz
splitting

2.0 1.0
TH & (ppm)

Figure Al. *H spectra of FMOC unifornC, **N leucine, without*C decoupling

(black) and with*C decoupling (red). The removal of thiesc 1interaction by
broadband®C decoupling eases the assignment for amino aotdms directly bonded to
labeled"*C.
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Appendix B
Preparation of bicelle samplesfor solid-state NMR

In solid-state NMR of membrane proteins, alignedniene samples are often
used to get information about peptide orientatidath wespect to the membrane and lipid
disruption by the peptide. Two of the most commoparded lipid systems used are lipids
mechanically aligned on glass platésdnd bicelle sampleg). Both of these aligned
systems can render the same informat&r), but bicelle samples have the benefit of
being easier and quicker to make while allowing soeament in a probe designed for
MAS experiments. Here, a method for preparing wednted peptide containing bicelles

is given.

Composition of bicelles
This procedure roughly follows the protocol desedliby De Angelis and Opella
(5), while additional references were used for comgparof preparation conditiong,(6-

8). Bicelle compositions that were prepared aredish table B1.

TableBL1. Bicelle composition for charged and unchargedileise

- Molar Lipid Alignment Temp
Lipids Ratios (K) PH
DMPC/6-O-PC 3.2 302-310 7.0  Uncharged
DMPC/DMPG/6-O-PC 2.6:0.6:1 304-310 7.0 14% anionic

The bicelles prepared here consisted of 35% (Wgid in 100 mM HEPES buffer
at a pH of 7.0. HEPES was used instead of phosjplditer because it does not have any
phosphorous resonances which could interfere wiirpretation of thé'P
characterization spectra of the bicelle solutidf@ mM buffer is fairly high
concentration for NMR measurements and there reason that lower concentrations
such as 25 mM cannot be used. The lipid to water weas chosen to be at the higher end
of the range mentioned in the references so thaxamum amount of peptide could be

put into a 4mm MAS rotor, which with a 2-3mm teflspacer has space for aboutul5
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of bicelle solution. With a lipid/water ratio of 85 75uL of bicelle solution can contain
about 2.5 mg of peptide (MW ~2500 g/mol) while kiegpa relatively low lipid to
peptide ratio of ~10 (w/w) or ~40 (mole/mole).

Both DMPC/6-O-PC and DMPC/DMPG/6-O-PC bicelles hagen prepared,
representative spectra are shown in figure B1l.|Bistability was found to be about 2
months for peptide containing uncharged bicellesjrach point the alignment started to
worsen. This is manifested in the broad baseliea sefigure B1 (d), as compared to (c).
The integrated area of this broad baseline is aB8ut of the total intensity and is
enough of a loss in aligned intensity to m&i¢ detected spectra have low S/N. The
stability of bicelles containing charged lipids wast measured, but has been suggested

to be as short as 2 weelks. (

a) 117 C) -12.6
DMPC/6-O-PC DMPC/6-O-PC/
KvAP, New

10 0 10 20 30 10 0 10 20 30
b) -12.1 d) -11.6
DMPC/DMPG/ DMPC/6-O-PC/
6-0-PC 8.2 KVAP, 2 Months

4.4

1 1
10 o -10 -20 -30 10 o -10 -20 -30

31P Anisotropic Chemical Shift (ppm)
Figure B1. *'P lineshape of different bicelle samples. Purelleisshown are DMPC/6-O-PC
bicelles (a) along with anionic DMPC/DMPG/6-O-P@diles (b)*'P spectra of peptide
containing bicelles are shown for comparison, (tgshly prepared DMPC/6-O-PC/KVAP
bicelles and (d) the same sample after 2 monthsm@fal shifts of the three resonances in (b) are

as expected from the data shown by Crowell and bizaid Q).
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Procedure for preparation of bicelles

DMPC/6-O-PC bicelle samples are prepared byvisghing out ~5 mg of 6-O-
PC into a 1.5 mL eppendorf tube. Due to the higiiricopic properties of the short
chain lipid, this should then dried on the lyophefifor 2-4 hours. A weight lost of up to
10% is commonly observed during this step due tiemzeing removed. The now dried
6-O-PC can then be reweighed, and the dry masstosedculate the appropriate
amount of DMPC required to make a DMPC/6-O-PC ratid.2. Then the proper mass
of DMPC should be added along with enough buffdartog the mixture to a lipid/water
ratio of 35% (w/v). The mixture resulting at thieg is heterogenous, with water sitting
on top of the lipid. To mix these different phat®es mixture can be heated to ~42° C,
cooled to 0° C on ice, then vortexed for 30 secowitd a final step of gentle
centrifugation to return the mixture to the bottofihe tube. After three of these cycles,
the lipid is usually mostly dissolved into the watend the sample will be a fairly
homogenous solution. Even if there are no obviartigbes floating in the solution, the
next step should be to set the sample in a re&igeovernight to allow the lipid to
dissolve and the sample to completely equilibrate.

The next day, the bicelle solution should be ctaat viscous at 42° C while
flowing easily at 0° C. If this simple viscositystds passed, the quality and magnetic
alignability of the bicelles can be checked® NMR. In the past, when volumes lower
than 50uL were used for this measurement, broad lines aond @alignment was observed
even when the bicelle solution was good, so far skep at least 50 of bicelle should
be checked. Another possible difficulty at thiggst#s that the temperature of alignment
can be different than expected for a couple ofaesisClose inspection of the phase
diagrams for bicelles6f shows that small variations in the DMPC/6-O-Ptrand
hydration ratio can cause large changes in theralent temperature. Also, the
temperature experience by the sample in the magagte different than the
temperature observed by the spectrometer. Foraason, a broad range of temperatures
(298-320 K) may need to be scanned before goodrabgt is seen.

After a well aligned bicelle sample has been nattecharacterized, it can be

added directly to the peptide. Here, sample he&reity is again an issue but it can be
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overcome by the heat-freeze-vortex-centrifuge netthescribed above. If after heating
and cooling 3 times the peptide is still stuckhte bottom, then a clean needle can be
used to physically stir the mixture and speed gpalution. Needle mixing was usually
required for the very hydrophobic KVAP S4 peptidd aot required for M2 or the
hydrophilic IB736. Regardless of how the peptidmiged into the lipid solution, after
the peptide is added to the bicelle solution tisaltang mixture should be allowed to sit
overnight to equilibrate. For all the peptide camtag bicelles prepared so far the
samples are viscous at all temperatures and thé@ois most easily transferred at warm
temperatures. In generdlP measurements have shown that the best alignment
temperature is the same after addition of pepédd,the’*’P lines are not broadened that
much. For a perspective of how mu¢R linewidth changes upon addition of peptide,

compare the spectra in figure B1 (a) and (c).
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Appendix C
Peptide Purification

It is commonly accepted that to study peptidesmstituted in lipid bilayers the
peptide samples should be >95% pure. However,ipsotkat are produced by FMOC
synthesis are not of this purity after they areweézl from the resin. In order for these
peptides to be used for solid-state NMR studieg tieed to be purified further. There are
many ways of purifying proteins, including gelidtion and ion-exchange
chromatography, but the most common method forigepinvolves reverse-phase high
performance liquid chromatography (RP-HPLC) 2. RP-HPLC is a broadly applied
technique with a wide array of stationary and n@pihases that can be used to separate
many compounds3]. Here we will focus on a common setup for theasafion of
peptides: a stationary phase of C18 functionalitgitica particles combined with a
mobile phase of water/acetonitrile with an ion pgjrreagent of TFA at 0.1%). In
these RP-HPLC separations, it is the hydrophobdadityre proteins that determines the

retention time.

Solubility, gradient

To carryout a good separation of peptides the e is to determine the
solubility parameters for the peptide. Due to tlghltontent of charged sidechains most
antimicrobial peptides, including TP-l and PG-¥ exadily soluble in water. More
hydrophobic peptides such as the S4 segment of KarARe transmembrane domain of
M2 require up to 40% acetonitrile to be solublizafter the solubility of the peptide is
determined, the proper gradient can be chosennframn gradient4) that is used for
amphipathic membrane peptides is shown in Figure C1

To ensure that a proper separation can be achienedhis gradient, it can be
first tested on a small amount of the peptide td@rest with an analytical column as
shown in Figure C2a. For these tests only 0.1 nuepfide in 10QuL of water is

required. As seen in Figure C2a, the largest paakalreasonable retention time and
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decent resolution from most impurities. The idgnoit the main peak fraction can be
collected and checked for identity by MALDI-MS toseire that it is the desired product.

20

Gradient (% Acetonitrile)

o

10 20 30 40 50 60 70 80 %0
Time (minutes)

o.

Figure C1. HPLC gradient for separation of water soluble aipgtiic peptides. Gradient starts
at 0% acetonitrile and goes to 60% acetonitritthenfirst 60 minutes. This increases to 100%

acetonitrile by the eighty minute mark, and is reld00% until the end of the run at 90 minutes.

To use HPLC to purify the amount of peptide neddedolid-state NMR
experiments (>2 mg) preparatory scale HPLC is requiThis is because in analytical
scale HPLC the surface volume of stationary phasei large enough to interact with
the large amount of solute. If large amounts ofiteolre added to a small volume
column, overloading will result leading to degragegk quality and a decrease in
resolution. If analytical and preparatory columnghe same type of stationary phase
are used, well knowrBJ theroretical calculations can be used to scadéaading and

flow rates, which allows similar retention timessgiee large changes in column size:

(Dppar)’
Flow rate= Flow rate, ;,, x-—ma’_ [C1]

(Dinitial )2

2
Load= Loaqnitial x (Dfinal )2Lfinal [C2]
(Dinitial) Lini’(ial

Where D is the diameter and L is the length of eadbhmn. As can be seen by the very
reproducible separations in Figure 2a and 2b, actpre these equations can be used to

change between columns with little difference benvthe observed separations.
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Figure C2. RP-HPLC separation of TPA4 peptide on C18 colurith water/acetonitrile mobile
phase. Shown are (a) analytical separation of goualguct, (b) preparatory separation with

yellow highlighting the collected peak and (c) atiahl separation after the preparatory step.

Injection

There are a few concerns when injecting crude giimse synthesis products into
the HPLC. First, the products should be filteredeimove any particulate impurities by
using commercially available syringe filters. Sedanjection of large amounts of
peptide requiring large volumes of solvent can iffecdlt since semi-prep scale HPLC
injection loops often have volumes in the rang8-@D mL. It may be difficult to
dissolve 50 mg of peptide in such a small volumeyhich case multiple injection steps
can be used. First inject the maximum allowed va@whdissolved peptide and allow 5
minutes for this solute plug to be pushed out efitijection loop and onto the beginning
of the column. Repeat until all of the sample sotuts used then start the separation.
Multi-step injections save time and solvent andumeful on preparatory columns which
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have broad peaks compared to analytical columnaeMer, this method of injection will
yield a poorer separation than several single figeseparations and should be avoided
if possible. The injector itself can be a sourcamjurities and should be cleaned
between separations. To clean the injector, pufthhgiL of methanol through the
injection process is adequate.

Collection

Collecting the peaks that come out of preparatepagations is critical. In order
for this to be done in a proper manner, the flolaylbetween detector and the sample
collector was determined with dye to be 2 seconda flow rate of 10 mL/min.
Parameters that are required for proper detectopkacollector communication are
shown in Table C1. These are explicitly shown l@eause they are not well
documented in the users manual.

Settings on ProStar sample collector. Settingsin method
Setting Value 325 settings Value
Type Peak detectic Bunch rat: 8
Rack Type 12/13 mm Noise length 64
Last Tube N/A Response time| 1 second
Pattern Standard Scaling factor| 1
Method Fraction by time
Fraction Time 55 seconds CIM settings Value
Flow delay 2 second Data rat: 10 Hz
Peak detector 100 mV Output (Prerun) 0.1V
Peak threshold 15% Output (1.0 minute8)L V
Peak width 1 minute Relay 1 Pulse
Non-peak/window collect Relay 2 Off
Restart none Relay 3 Off

Table C1. Settings for ProStar 704 sample collector antihggstinside the collection method for
CIM and 325 detector. These settings are for a fete of 10 mL/min.

Unfortunately, at the moderate flow rate of 10 minfate, the sample collector does not
switch tubes fast enough to avoid wasting a sigaifi amount of sample. For example,
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the estimated tube switching time is 2 secondfs@éak collected in Figure C2b would
have lost a full 2 mL of eluent during the switditimes.

6switche€ Lmin j(lOij( 2§ecj =2mLlost [C3]
60sec/\ min J\ switch

This can be overcome by watching the separatiorcalhecting the waste stream while
the peak of interest is eluting.

Desalting

After the peptide is purified by HPLC it is impantao remove excess TFA salt
that has been associated with the peptide durmg@uhification process, this is especially
true for NMR experiments which utiliZéF as an observed nucleus. Salt removal can be
done by two methods: gel filtration and dialysistiBof these methods take advantage of
the size differential between salts such as TFAthadlesired protein. Dialysis uses a
semi-permiable membrane that allows small moledolgmss while holding in larger
molecules %). Gel-filtration chromatography uses a column acwith porous material
into which small molecules can diffuse but from @¥hlarge molecules are excluded.
Since large molecules are excluded from the ptr@gtravel though the column in the
intersital volume and are followed by the saltschielute in the interstitial plus pore
volume @). Pre-packaged commercially available gel colusuwh as the PD-10
desalting column (Amersham Biosciences, PiscataiNdyallow easy desalting for
moderate amounts of water soluble protein. Firsindaway storage solution and wash
the column with 25 mL of your buffer. Then placauypeptide containing sample on the
column and elute, collecting 1 mL fractions. TPsually comes off in fractions 3-9, the
presence of peptide in these fractions can be eldeitk by U.V. absorption at 280 nm.
The column purification procedure can be repeaigdrnove more salt.

Dialysis is carried out in dialysis tubing (Spefffar dialysis membranes,
Spectrum Labs, Rancho Dominguez, CA) with a mobactlitoff not larger than one half
of the molecular weight of the peptide. Peptidetaiming solution is put into the dialysis
bag which is then sealed and put into a 0.1% H{Okism and stirred, changing water
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every 12 hours for 3 days. This yields low saltteohpeptide that can be used for solid-
state NMR studies.

General care

Semi-preparatory scale reverse-phase guard colarerfairly expensive, so in order to
keep these in good working order a few guideliresikl be followed. First, the column
should always be operated with guard column whithcallect any irreversibly bound
solutes and keep them from binding to the coluneco8dly, since these columns are
silica based they should be used in the pH ran@e8fo avoid defuntionalization (low
pH) and dissolution of the silica (high pH). Becawa$ the vulnerability of the column to
acidic or basic conditions it should be storedunepHPLC grade methanol whenever it is
not in use. Finally, since the HPLC injector isigasd for use with blunt needles, no
sharp needles should be used for injections, oikeryou risk ruining the injector.
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Appendix D

Simulation Codes

Helix orientation simulation code
PROGRAM NAME: Ideal_18_res_ahelix_11-25-08.f

program calc Pisa wheel pattern For Ideal

alpha helix. phi=-64.1, psi=-40

Ideal helix coordinents added by TFD 11/25/08

18 residue helix, first residue made by in8lghas deleted
Origonally started with helixprogM2correct.f

OO0 000

Rho is defined by the CN vector of the 4th residu

Fixed error of different rho values give blig different
PISA patterns
TFD 11/25/08

OO0

parameter

real

real
reNH(0:nmaxx,0:nmaxy),reCSA(0:nmaxx,0:nmaxy)

real rePISA(0:nmaxx,0:nmaxy)

real vNH(100,3),uNH(100,3),uC0O(100,3),
betax(3),ubetax(3)

real
VCN(100,3),uCN(100,3),aCNleng(100),uNH2(100,3)

real vNC(100,3),uNC(100,3),aNCleng(100)

real testbetax(3),omegNH(100),0megCSA(100)

real uniNH(3),uniNC(3),vs11(3),vs22(3),vs33(3)

real uniCO(3),testC0O2(3),
vCO(100,3),uniCO1(3),uniCO2(3)

real v1s11(3),v2s11(3),v1s22(3),v2s22(3)

real uniNH1(3),uniNH2(3),aCOleng(100)

real v1s33(3),v2s33(3),vs22intopl(3)

real cols11(100,3),cols22(100,3),cols33(100,3)

real col2s11(100,3),col2s22(100,3),c0l2s33(100,3)

integer num(100)

real beBObetax,gammabetax

integer intl, outnumt, tcount, inr,outnumr,

(nmaxx=256,nmaxy=256)
redat(0:nmaxx,0:nmaxy),b0(3),aleng(100)

& rcount,t,r.b,p
character*32 outfile, outb,outp
common redat,nx,ny,outfile
real testperp(3),testperp2(3)
Chrreeerreeeree e INput.....ccoooeiiieeeene

write(6,*)'Calculation of 2 series of 1D spa'

write(6,*)'(1) CO CSA spectra’
write(6,*)'(2) N csa spectra’
write(6,*)'from given N-H, C=0, and CO-N vectors'
write(6,*)'and the resulting 2D spectrum’

write(6,*)'delta NH coupling (kHz, ca. 10) -->'
write(6,*)'10'
delta=10.0

write(6,*)'Width of NH range (kHz, ca. 20.2) -->'
write(6,*)'20.2'
read(5,*)swNH

Cc

write(6,*)'15N CSA:'
write(6,*)'s11= 64, s22= 77, s33= 217 (ondatters!)’
write(6,*)'chem. shift s11,s22,s33 -->'
read(5,*) s11,s22,s33

write(6,*)'ppm range of w2 axis (e.g. 300->'
read(5,*)ppmmin,ppmmax

write(6,*)'# of frequency points (e.g. 106}’
read(5,*)nx
nxd2=nx/2
wNHscal=(nx-1)/swNH
wCSAscal=(nx-1)/(ppmmax-ppmmin)

ny0=18 Inumber of NH bonds
ny=ny0
Gttt s
c.....Ideal Helix phi=-64.1 deg psi= -40 deg.....
Gttt s

INSERT PDB COORDINATESHERE, E.G.
IDEAL a-Helix with phi=-64.1, psi=-40

VNH(1,1)=
VNH(1,2)=
VNH(1,3)=

VCN(1,1)=
VCN(1,2)=
VCN(1,3)=

vCO(L,1)=
vCO(1,2)=
vCO(1,3)=

vNC(1,1)=
VNC(1,2)=
vNC(1,3)=
[
¢ calculate unit vectors
[

write(6,*)'lengths of N-H vectors:'
do j=1,ny

aleng(j)=0.

doi=1,3

aleng(j)=aleng(j)+vNH(j,i)*vNH(j,i)

enddo

aleng(j)=sqrt(aleng(j))
write(6,*)j,aleng(j)

doi=1,3

UNH(j,i)=vNH(j,i)/aleng(j)

enddo
enddo !j residue number
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enddo lj residue number
write(6,*)'lengths of CO-N vectors:' goto 20 !skip CO calculation (needs to be rengroed
do j=1,ny otherwise functional)
aCNleng(j)=0.
doi=1,3 c
aCNleng(j)=aCNIeng(j)+vCN(j,i)*vCN(j,i) ¢ determine the orientation of the a-helix axis
enddo [«
aCNleng(j)=sqrt(aCNleng(j))
write(6,*)j,aCNleng(j) 20  write(6,*)'define a-helix axis and '
doi=1,3 write(6,*)'starting residue for a-helix axie.g.13)-->'
UCN(j,i)=vCN(j,i)/aCNIeng(j) write(6,*)'start from #1 residue’
enddo nstart=1
enddo lj residue number c read(5,*) nstart
write(6,*)'lengths of N-Ca vectors:' betax(1)=0.
do j=1,ny betax(2)=0.
aNCleng(j)=0. betax(3)=0.
doi=1,3 betaxlen=0.
aNCleng(j)=aNCleng(j)+vNC(j,i)*vNC(j,i)
enddo do j=nstart,nstart+18
aNCleng(j)=sqrt(aNCleng(j))
write(6,*)j,aNCleng(j) doi=1,3
doi=1,3 betax(i)=betax(i)+vNH(j,i)
UNC(j,i)=vNC(j,i)yaNCleng(j) c betax(i)=betax(i)+vCN(j,i)
enddo enddo
enddo !j residue number
enddo
c
¢ determine principal axes of 15N CSAs
c doi=1,3
betaxlen=betaxlen+betax(i)*betax(i)
write(6,*)'angle of N-H & s33 (e.g. -17) -->' enddo
write(6,*)'-17' betaxlen=sqrt(betaxlen)
read(5,*)ochiNHs33 doi=1,3
ubetax(i)=betax(i)/betaxlen
write(6,*)'out-of-plane angle of s22 (e.g. 25)' enddo
write(6,*)'25' write(6,*)ubetax(1),ubetax(2),ubetax(3)
read(5,*)alphoutofplane write(6,*)betaxlen
do j=1,ny thebetax=acosd(ubetax(3))
if(sind(thebetax).ne.0) then
doi=1,3 sinphi=ubetax(2)/sind(thebetax)
uniNH(i)=uNH(j,i) cosphi=ubetax(1)/sind(thebetax)
uniNC(i)=uNC(j,i) if(sinphi.gt.0) then
enddo phibetax=acosd(cosphi)
else
chiNHs33=0chiNHs33 phibetax=360.-acosd(cosphi)
endif
c for geometry see Hong et al., IMR 135, p. 16§, Fi else
¢ cross product of N-Ca and N-H yields s22(intaapleaxis phibetax=0.
endif
call crossprodU(uniNC,uniNH,vs22intopl) write(6,*)'a-helix axis (theta,phi)=

& 'thebetax,phibetax
c rotate N-H around s22(into-plane) axis to give asis
c
call rotaxis(vs22intopl,chiNHs33,uniNH,vs33) c restrict to the labeled residues of interest
c

c rotate s22(into-plane) around s33 axis to giads (tilted)
write(6,*)'15N-labeled residue numbers (end: -1,
call rotaxis(vs33,alphoutofplane,vs22intopl, V22 & all:-99)-->'
write(6,*)'1-18"
¢ cross product of s22 and s33 gives s11

numresi=18
call crossprodU(vs22,vs33,vs11) do k=1,numresi
num(k)=k
doi=1,3 enddo
cols11(j,i)=vs11(i)
cols22(j,i)=vs22(i) do k=1,numresi
cols33(j,i)=vs33(i) doi=1,3
enddo uNH(k,i)=uNH(num(k),i)
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cols11(k,i)=cols11(num(k),i)
cols22(k,i)=cols22(num(k),i)
cols33(k,i)=cols33(num(k),i)
enddo
enddo

write(6,*)'Number of residues = ',numresi

c auto ouput many results

2001 write(6,*)'angle range and incre between B @n

helix axis -->'
read(5,*)beB0Obetax0, beBObetaxl, intl
write(6,*)'rotation angle range and incre along a-

c helix axis -->'
read(5,*) gammabetax0, gammabetaxl, inr

c cal cycle
outnumt=(beBObetax1-beB0betax0)/int1+1
tcount=0

100 beBObetax=beBObetax0+tcount*intl
bO(1)=0
b0(2)=sind(beBObetax) B0 in the y-z

c plane, same as sheet plane
b0(3)=cosd(beBObetax)
tcount=tcount+1
outnumr=(gammabetax1l-gammabetax0)/inr+1
rcount=0

200 gammabetax=gammabetax0-+rcount*inr

c

¢ now transform to make the b-strand axis the g axi
¢ definition of rho angle

C

call rotvect(phibetax,thebetax,0,

& ubetax,testbetax)
write(6,*)'a-helix axis, should be 0 0 1"
write(6,*)testbetax(1),testbetax(2),testkédn
write(6,*)

¢ calculate plane of sheet to determine gammalfetegte

C

betw)

c rho angle is defined using the CN vector (rotatetthe XY
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write(6,*) 'gammebet0="',gammabet0
gammabetax=gammabetax+gammabet0

c
¢ now calculate frequencies
c

¢ apply rotation to all selected residues
do j=1,numresi

doi=1,3
uniNHZL(i)=uNH(,i)
v1s11(i)=cols11(j,i)
v1s22(i)=cols22(j,i)
v1s33(i)=cols33(j,i)
enddo

call rotvect(phibetax,thebetax,gammabetax,
& uniNH1,uniNH2)
call rotvect(phibetax,thebetax,gammabetax,
& v1ls11,v2s11)
call rotvect(phibetax,thebetax,gammabetax,
& v1s22,v2s22)
call rotvect(phibetax,thebetax,gammabetax,
& v1s33,v2s33)
doi=1,3
UNH2(j,i)=uniNH2(i)
c residue j in new frame
col2s11(j,i)=v2s11(i)
c j in new frame
col2s22(j,i)=v2s22(i)
c j in new frame
col2s33(j,i)=v2s33(i)
c j in new frame
c write(6,*)'col2s11',col2s11(j,i)
enddo

IN-H bond of

enddo lj residue number

do j=1,numresi

c plane) so itis perpendicular to the a-helix do iw=1,nx
reNH(iw,j)=0.
doi=1,3 reCSA(iw,j)=0.
c use #4 residue enddo
uniCO1(i)=uCN(4,i) enddo
enddo
do jw=1,nx
call rotvect(phibetax,thebetax,0, !rotate uniC@into do iw=1,nx
strand rePISA(iw,jw)=0.
& uniCO1,uniC0O?2) laxis frame, Wwit=strand axis redat(iw,jw)=0.
enddo
gammabetold=acosd(uniCO2(2)) luniCO2(2hes enddo
c dot product between
[« uniCO2 and the y-axis (01 0). ¢ t & r output
call crossprodU(uniCO2,testbetax,testperp) write(6,*)'t', int(beBObetax),'r',int(gammabetax-
& gammabetO)
gammabetO=acosd(testperp(1)) ltestperp(hd
c dot product between testperp and the x-axisQ)L O do j=1,numresi

if(testperp(2).1t.0) then
gammabetO=-gammabet0
endif

call rotvect(0,0,gammabetO,

& testperp,testperp2)
write(6,*)'Test x-axis should be 1 0 0'
write(6,*)testperp2(1),testperp2(2),test2€8)

c if (j.ne.9) then

¢ cos(theta)=B0*NH dot product
costheta=0.
cosgam1=0.
cosgam2=0.
cosgam3=0.
doi=1,3
costheta=costheta+b0(i)*uNH2(j,i)

Idirection cosine
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cosgaml=cosgam1+b0(i)*col2s11(j,i)
cosine
cosgam2=cosgam2+b0(i)*col2s22(j,i)
cosgam3=cosgam3+b0(i)*col2s33(j,i)
enddo

c calculate frequencies
wNH=0.5*delta*(3*costheta**2-1)

WCSA=sl1*cosgam1**2+s22*cosgam2**2+s33*cosgam3**2
omegNH(j)=wNH
omegCSA(j)=wCSA
iwNHp=nx/2+wNH*wNHscal
iwNHm=nx/2-wNH*wNHscal !2nd transition
iIWCSA=(ppmmax-wCSA)*wCSAscal+1

c residue # shift 1 here
write(6,*)'residue number: ', num(j)
write(6,*)'NH dipolar coupl., kHz & pts:
& ',WNH,iwNHp,iwNHmM
write(6,*)'N chemical shift, ppm & pts: ', WCSA,
& IWCSA

redat(j,1)=abs(wNH)
redat(j,2)=wCSA

€ put unit intensity into spectrum at the frequesci

reNH(@iwNHp,j)=reNH(iwNHp,j)+1. Islice j is
spectrum of NH bond j
reNH(iwNHm,j)=reNH(iwNHm,j)+1. Islice j is

spectrum of NH bond j
reCSA(IWCSA,j)=reCSA(IWCSA,j)+1.

rePISA(iwNHp,iwCSA)=1. 12D corr. spectrum
rePISA(IWNHm,iwCSA)=1. 12D corr. spectrum

enddo !jresidue number
¢ save PISA wheel

write(6,*)'write 2D NH/CSA (PISA wheel) the disk'
write(6,*)'read with read2dbin (100) in Matlab'
c call wrte2d(int(beBObetax),int(gammabetax
[« gammabet0))
b=int(beB0Obetax)
p=int(gammabetax-gammabet0)

WRITE(6,*) 'Name of output file -->'
if (b .It. 100) then
outb=char(int(b/10)+48)//char(b-int(b/10)*1(B)4
else
outb=char(int(b/100)+48)//char(int((b-
int(b/100)*100)/10)+48)
[Ichar(b-int(b/10)*10+48)
endif
if (p .It. 100) then
outp=char(int(p/10)+48)//char(p-int(p/10)*1@By4
else
outp=char(int(p/100)+48)//char(int((p-
int(p/100)*100)/10)+48)
llchar(p-int(p/10)*10+48)
endif
outfile="t'//trim(outb)//'r'//trim(outp)

Ro Ro

Ro Ro

435 format(a32)
open(unit=12 file=outfile,form="unformattgd

write(12) ((redat(i,j),i=1,numresi),j=1,2)

Idirection

179

close(12)

rcount=rcount+1
if (rcount.lt.outnumr) goto 200
if (tcount.lt.outnumt) goto 100

write(6,*)'re-run b-strand orientation (0//1) -->'
read(5,*)irerun
if(irerun.eq.1) goto 2001

write(6,*)'re-run b-strand orientation (0//1) -->'
read(5,*)irerun
if(irerun.eq.1) goto 2001

stop
end

C *kkkkkhkkkkkkkkkkkhx end maln program

c
subroutine  writelD
c
real spect(2000)
character*32 outfile
common spect,nx,outfile
c
WRITE(6,*) 'SUBROUTINE WRTE1D:'
WRITE(6,*) 'Name of output file -->'
READ(5,435) outfile
435 format(a32)

open(unit=12 file=outfile,form="unformattedatus="new’)
write(12) (spect(i),i=1,nx)

close(12)

return

end

ADD SUBROUTINES:
ROTVECT

ROTAXIS
CROSSPRODU
DOTPROD

WRTE2D
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Spin diffusion ssmulation code write(6,*)'the long period is ',drep,'nm’
write(6,*)

write(6,*)'integrate source (0) or non-

& source(=de) compon. (1)'
c write(6,*)'or source region (highly mobil@) -->'
c read(5,*)intede

PROGRAM NAME: lattsd1dmemTD.f

c program lattice spin diffusion 1D

c e . . _
[« numerical simulation of spindiffusion imiallar systems if (intede.ne.0.and.intede.ne.2) intede=1
Gt e .

40  write(6,*)'D source (nm*nm/ms) -->'
parameter (nmax=50000) c read(é * grr:40) Diffgo )
integer nx,ny T
real p(1024),palt(1024),ratl(1024),r4024) ! A . o
real rat21(1024),rat2r(1024),aMagncr(d®lagnso(512) c45 wr|te(6,_) D S'r.]k (_nm nm/ms) -->

o ) c read(5,*,err=45) Diffsink
character*32 infile,outfile
real redat(0:512,0:128) 50  write(6,*)'D interface (nm*nm/ms) -->'

real cmpdat(512,128) o read(5,*,err=50) Diffif

common cmpdat,redat,nx,ny,infile,outfile 60 Write(’G’*)'D detection (nm*nm/ms) -->'
[T 0 -

write(6,*)'lattice spin diffusion 1D’ ¢ read(5,*,err=60) Diffde

write(6,*) . T o

write(6,*)'Interphases consist of 50% seusad 50% 0 re\;vdrl(tse &6,el?rt_n;c;r)1|tt$;£‘r}qs) g
detection’ s

71 write(6,*)'tm final (ms) -->'

c read(5,*,err=71) tmend

72 write(6,*)'number of tm-points'
write(6,*)'(e.g. 100, <128) -->'

c read(5,*,err=72) ntm

write(6,*)'components.'
10  write(6,*)'source thickness: entire middfe
write(6,*)'bilayer, (ca. 1 nm) -->'
c read(5,*,err=10) dso

15  write(6,*)first sink thickness for a moager (ca. 1.4 nm)'

read(5,* err=15) dsink ir;)(?gtrlﬁgbl Inumber of repeat domains
. e . ) write(6,*)'plot M(x,t)? --> (0//1)'
2>0 write(6,*)'thickness interphase for a mayekr (ca 0.2 nm) c read(5.#)iplot
. nxmin=(2.*ndomd2+2.)*ndrep
c read(5,*,err=20) dif _ : | -
30  write(6,*)'thickness detection region: gmetein’ nx—nxrallrrilte(ﬁ )4 full ggtrf]llaz\rlg. %ig:’ﬁlme;rfgl(l. r'enpxeats
write(6,*)'thickness (ca. 1 nm) -->' nstep=1 ' ’ o
¢ read(5,*err=30) ddehalf p=
dde=2*ddehalf .
. s . \ nxd2=nx/2 Inxd2= (center ofisme) -ieven
35  write(6,*)'site (proton) spacing a (nm).(6&2 nm) nx=2*nxd2 Imake even numbers

c read(5,*,err=35) a
nxab=nint(dso/a)
nxab=nxab/2 Ibasis for (dite) domain sizes
ndso=2*nxab+1
ndsoa=nint(dso/a)
ieven=1
if(ndsoa.eq.ndso) ieven=0
write(6,*)ieven

nlamr=nxd2+ndrep
Icenter of right lamella, periodic boundagint
ibox=nxab
Pboxlim=1

80  write(6,*)'max. transition rate per step.(0.1, <0.5) -->'
c read(5,*err=80) rat

write(6,*)

diffmax=max(Diffde,Diffif, Diffso)

c write(6,*)'max D=",diffmax

deltat=rat/diffmax*a*a

write(6,*)'time steps (us)',deltat*1000

write(6,*)

imax=nint(tmend/deltat)

write(6,*)'maximum number of steps ',imax

ndso=ndso-ieven  INo. of source gridifdnm, 5 lines
ndsink=nint(dsink/a)
ndif=nint(dif/a)
ndde=nint(dde/a)
ndrep=ndso+2*ndsink+2*ndif+ndde
Inumber of total grid lines

i *)! id li = write(6,*)
write(6,*)'number of total grid lines =drep diffway=1
= * | I .
dso ndsp a_ . Imodified source thickness deinif=0.
dsink=ndsink*a il b
dif=ndif*a ndi —nx_2+n>§ c
= ndifr=ndifl+ndif
dde=ndde*a

do n=ndifl+1,ndifr
deinif=deinif+(n-ndifl)*2./ndif
enddo

drep=ndrep*a

nxbc=nxab+ndsink !contact of firstisend interphase

delimit=(2.*ibox+1-ieven)/ndrep*(ndde+deiytif00./ndrep

1 *
write(6,%) write(6,*)'equilibrium value: ',delimit%'

write(6,*)'dso=",dso,'nm, dsink=",dsink,'nm'

. TTERER TR . ' ' c
write(GV\’l*;Ite(&*) dif="dif,'nm, dde=",dde,'nm c relate diffusion coefficient to diffusioates
g &Wme(B'*)(Jggfaitf?/z:;cuon of detectioomponent is ', if(Diffde.eq.Diffmax) then

ratde=rat
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ratso=ratde*Diffso/Diffde
ratsink=ratde*Diffsink/Diffde
ratif=ratde*Diffif/Diffde
endif

if(Diffso.eq.Diffmax) then
ratso=rat
ratde=ratso*Diffde/Diffso
ratif=ratso*Diffif/Diffso

ratsink=ratso*Diffsink/Diffso
endif

if(Diffif.eq.Diffmax) then
ratif=rat
ratde=ratif*Diffde/Diffif
ratsink=ratif*Diffsink/Diffif
ratso=ratif*Diffso/Diffif
endif

if(Diffsink.eq.Diffmax) then
ratsink=rat
ratde=ratsink*Diffde/Diffsink

ratif=ratsink*Diffif/Diffsink
ratso=ratsink*Diffso/Diffsink
endif

assign rates to grid points
first, paint everything with ratde

do n=1,nx
ratl(n)=ratde
ratr(n)=ratde
enddo

assign rates in source

do I=-ndomd2,ndomd2
nsol=I*ndrep+nxd2-nxbc+ieven
nsor=I*ndrep+nxd2+nxbc
do n=nsol+1,nsor-1
ratl(n)=ratso
ratr(n)=ratso
enddo
ratr(nsol)=ratso
ratl(nsor)=ratso
assign rates in interface

nifl=nsol-ndif

do n=nifl+1,nsol
ratl(n)=ratif
ratr(n-1)=ratl(n)

enddo
ratl(nifl)=ratde

nifr=nsor+ndif

do n=nsor+1,nifr
ratl(n)=ratif
ratr(n-1)=ratl(n)

enddo
ratr(nifr)=ratde

lieven already in nsol

ndel=nifl-ndde+2 +2: sufficient overlapde at I-1,l,I+1

do n=ndel+1,nifl-1
ratl(n)=ratde
ratr(n)=ratde

enddo

nder=nifr+ndde-2

do n=nifr+1,nder-1
ratl(n)=ratde
ratr(n)=ratde

enddo

enddo !l

o

o

Cc

write(6,*)'Positions with interfacial rates:
do n=1,nx
if(ratl(n).eq.ratif) write(6,*)n
enddo

initialize distribution of magnetizationtat 0

do n=1,nx
palt(n)=0.
enddo
ijmax=0
do I=-ndomd2,ndomd2
nboxI=I*ndrep+nxd2-ibox+ieven
nboxr=I*ndrep+nxd2+ibox
palt(nboxl)=Pboxlim
palt(nboxr)=Pboxlim
p(nboxl)=Pboxlim
p(nboxr)=Pboxlim
do n=nboxl+1,nboxr-1
palt(n)=1.
p(n)=1.
enddo
write(6,*)p(nboxl),p(nboxr)
enddo

run discretized diffusion

do j=1,ntm
ijmaxold=ijmax
tm=tmanf+(j-1)**2*(tmend-tmanf)/(ntm-1)**2
ijmax=nint(tm/deltat)
if(diffway.ge.(0.9)) then
do i=1,ijmax-ijmaxold
do n=nxd2,nlamr-1 Indrep-1 points
p(n)=palt(n)*(1.-ratl(n)-ratr(n) )
& +ratr(n-1)*palt(n-1)+ratl(n+1)*palt(n+1)
enddo
do n=nxd2,nlamr-1
palt(n)=p(n)
enddo
palt(nxd2-1)=p(nlamr-1)
palt(nlamr)=p(nxd2) !periodic boundagnditions
enddo

else
do i=1,ijmax-ijmaxold
do n=nxd2,nlamr-1 Indrep-1 points
p(n)=palt(n)*(1.-ratl(n)-ratr(n)
& -.125*(rat2l(n)+rat2r(n)) )
& +ratr(n-1)*palt(n-1)+ratl(n+1)*palt(n+1)
& +.125*( rat2r(n-2)*palt(n-2)+rat2l(n+2)ght(n+2) )
enddo
do n=nxd2,nlamr-1
palt(n)=p(n)
enddo
palt(nxd2-1)=p(nlamr-1)
palt(nxd2-2)=p(nlamr-2)
palt(nlamr)=p(nxd2) !periodic boundagnditions
palt(nlamr+1)=p(nxd2+1)
enddo
endif

do n=nstep,nx,nstep
ishift=0
if(ieven.eq.1.and.n.lt.nxd2) ishift=1
redat(n/nstep,j)=
& palt(nxd2-ishift+mod(jiabs(nxd2-n),ndrép)
enddo

Integration over detection region
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ndifl=nxd2+nxbc

ndifr=ndifl+ndif

if (intede.eq.1) then

do n=ndifl+1,ndifr
aMagncr(j)=aMagncr(j)+p(n)*(n-ndifl)*2.dif 1*2.: 2

interfaces

(]

(]

enddo
ndetl=nxd2+nxbc+ndif
ndetr=ndetl+ndde c
do n=ndetl+1,ndetr

aMagncr(j)=aMagncr(j)+p(n)

enddo
else

amagnso(j)=0.

if (ileven.eq.0) amagnso(j)=p(nxd2)

do n=nxd2+1-ieven,ndifl

aMagnso(j)=aMagnso(j)+2*p(n)

enddo

if (intede.eq.0) then

do n=ndifl+1,ndifr c
aMagnso(j)=aMagnso(j)+p(n)*(ndifr-n+1)*2dif

1*2.: 2 interphases

enddo

endif
endif

c

aMagncr(j)=aMagncr(j)/ndrep*100.
aMagnso(j)=aMagnso(j)/ndrep*100. c
amagncrlim=aMagncr(j)+2.*p(ndetl)/ndrep*100
enddo lj

write(6,*)'equilibrium: *,delimit

save magnetization distribution

if(iplot.eq.1) then
write(6,*)'write data to file'
write(6,*)
ny=ntm
nx=nx/nstep
write(6,*)'Maximum nx = ',nx
write(6,*)'Number of points per domain ',ndrep
write(6,*)'Reduce nx to (e.g. # in previous jine>'
read(5,*)nx
write(6,*)'# of time points ny =',ny
write(6,*)
write(6,*)'save M(x,t) data :'
call wrte2d
endif

save sorption curve and parameters

doi=1,512

doj=1,3
cmpdat(i,j)=(0.,0.)

enddo

enddo

do mt=1,ntm

cmpdat(mt,1)=sqrt(tmanf+(tmend-tmanf)*(mt-
& 1.)**2/(ntm-1.)**2)

cmpdat(mt,2)=aMagncr(mt)/delimit*100.

if (intede.ne.1) cmpdat(mt,2)=aMagnso(mt)

enddo

cmpdat(1,3)=dso

cmpdat(2,3)=dif

cmpdat(3,3)=dde

cmpdat(4,3)=Diffso

cmpdat(5,3)=(Diffso+Diffde)/2
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cmpdat(6,3)=Diffde
cmpdat(7,3)=amagncr(ntm)/delimit*100.

nx=max(ntm,7)

ny=3

write(6,*)

write(6,*)'save I(t) curve:'

write(6,*)'save as ASCII (1) or bin for &b (0) -->'
read(5,*)iasc
if(lasc.eq.1) then
call wrte2dasc
else lwrite just M(t) for Matlab bmary
ny=1
do mt=1,ntm
redat(mt,1)=aMagncr(mt)/delimit*100.
if (intede.ne.1) redat(mt,1)=aMagnso(mt)

lwrite sqrt(t) andt\Mor Kaleidagraph

enddo
call wrte2d
endif
write(6,*)'type 0O to stop'
read(5,*)idummy
stop
end
subroutine  wrte2dasc

c Add WRTE2D SUBROUTINESHERE
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