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Misplaced helix slows down ultrafast pressure-jump

protein folding
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Using a newly developed microsecond pressure-jump apparatus,
we monitor the refolding kinetics of the helix-stabilized five-helix
bundle protein 1*YA, the Y22W/Q33Y/G46,48A mutant of A-repres-
sor fragment 6-85, from 3 ps to 5 ms after a 1,200-bar P-drop. In
addition to a microsecond phase, we observe a slower 1.4-ms phase
during refolding to the native state. Unlike temperature denatur-
ation, pressure denaturation produces a highly reversible helix-coil-
rich state. This difference highlights the importance of the dena-
tured initial condition in folding experiments and leads us to assign
a compact nonnative helical trap as the reason for slower P-jump-
induced refolding. To complement the experiments, we performed
over 50 ps of all-atom molecular dynamics P-drop refolding simu-
lations with four different force fields. Two of the force fields yield
compact nonnative states with misplaced a-helix content within
a few microseconds of the P-drop. Our overall conclusion from exper-
iment and simulation is that the pressure-denatured state of 1*YA
contains mainly residual helix and little g-sheet; following a fast
P-drop, at least some A*YA forms misplaced helical structure within
microseconds. We hypothesize that nonnative helix at helix-turn
interfaces traps the protein in compact nonnative conformations.
These traps delay the folding of at least some of the population for
1.4 ms en route to the native state. Based on molecular dynamics,
we predict specific mutations at the helix-turn interfaces that
should speed up refolding from the pressure-denatured state, if
this hypothesis is correct.

downbhill folding | fluorescence lifetime | molecular dynamics simulation |
thermal denaturation | lambda repressor

Temperature and pressure are excellent perturbations when
comparing experimental folding kinetics with molecular dy-
namics (MD) simulations (1). Fast temperature-jumps (7-jumps)
and pressure-jumps (P-jumps) are relatively easy to simulate by
MBD. Typical temperature changes required to cross the protein
folding transition are 5-20 K, easily implemented with laser
T-jumps (2). Typical pressure changes required to cross the folding
transition are 1-5 kbar, previously achieved only with millisecond
time resolution (piezo methods are limited to AP < 100 bar) (3, 4).
We recently reported a P-jump instrument capable of >1-kbar
P-drops with ~1-ps dead time (5).

Folded proteins have a larger partial molar volume than pres-
sure-denatured proteins (by about 10'-10* mL/mol) (6). The
fractal dimension of their folded state is less than 3 because voids
occur whenever a connected chain made from a finite amino acid
alphabet is packed into a compact structure (7, 8). Such imper-
fections in packing, which disappear when small water molecules
solvate the polypeptide chain, lead to protein unfolding under
pressure (9). Pressure unfolding is a slow process because the
positive activation volume is unfavorable at high pressure (10).

Here, we study the much faster process of protein refolding at
1 bar and room temperature, starting from the pressure-dena-
tured ensemble. We chose 41*YA, the Y22W/Q33Y/G46,48A
mutant of A-repressor fragment 6-85, as our model protein (11,

WWww.pnas.org/cgi/doi/10.1073/pnas.1219163110

12). Tryptophan W22 provides a fluorescent probe (11). Based
on the crystal structure, tyrosine Y33 enhances the fluorescence
lifetime difference between folded and unfolded states by con-
tact quenching W22 when the protein is folded (13). The gly-
cines-to-alanines substitution stabilizes helix 3 of the protein
(Fig. 1); thus, helices 1, 3, and 4 have high stability (14). Stable
helical structure in small peptides is difficult to pressure-de-
nature (15), even though secondary structure, whose stability is
assisted by tertiary contacts, denatures easily when the tertiary
contacts are disrupted (16). With the high stability of helices 1, 3,
and 4 in A*YA, we expect a relatively helix-rich unfolded coil on
P-denaturation of A*YA, even in the 2.4 M guanidine hydro-
chloride (GuHCI) buffer we use to poise the protein at the
unfolding transition.

We find that pressure-denatured A*YA is very different from
temperature-denatured A*YA, offering an opportunity to study
the effect of the initial denatured state on refolding. Pressure
unfolding induces a mix of helix and coil conformations, and it is
reversible at all pressures used in our high-pressure experiments.
In contrast, high temperature causes aggregation or populates
extended (B-like) structure at high denaturant concentration
(17). Our microsecond resolution P-jump refolding experiment
reveals a 1.4-ms “slow” phase, in addition to a microsecond
“burst” phase. Based on residual helical structure in the pres-
sure-denatured state as measured by IR spectroscopy, we assign
the slowdown to a trap with nonnative helix, which does not exist
in the temperature-denatured state.

To investigate the plausibility of this assignment further, we
calculated over 50 ps of explicit solvent MD trajectories using
four different force fields. First, A*YA was denatured at high
temperature and pressure in silico. With CHARMM?27 and 22*
force fields, refolding trajectories after a downward P-jump re-
veal a likely culprit for the slow phase: misplaced helical struc-
ture where there should be loops connecting helices in the native
state. Such nonnative helix forms rapidly via local interactions
and then traps the protein in compact states because incorrect
loops lead to incorrect packing of the native-like helices. By
identifying loop regions with nonnative helix propensity, we
predict mutation sites that could reduce the slow recovery from
the misplaced helix traps. CHARMM?36 and AMBER99-SB do
not rapidly form compact helix-rich states after the P-jump. The
initial state before the jump is not to blame: CHARMM27 and
22* form helical traps even when they start out with initial con-
ditions from AMBER-99SB.
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Fig. 1. Pressure denaturation of 2*YA probed by fluorescence spectroscopy
of a 200-uM sample (A-C) and fluorescence lifetime analysis of a 300-uM
sample (D). (A) Fluorescence spectra of 1*YA in guanidine (pH 7) at 100-bar
intervals from 1 to 2,500 bar (rainbow gradient). The basis spectrum of the
folded state is shown in black, and that of the fully unfolded state is shown in
purple (S Appendix). a.u., arbitrary units. (B) Fluorescence peak shift (cen-
troid) as a function of pressure. 1*YA in 2.4 M GuHCl shows a much larger
0.0032-nm/bar shift than A*YA in buffer (native state model) or NATA
(denatured state model). (C) Fraction folded was calculated by fitting the
spectra in A to a linear combination of the folded and unfolded basis spec-
trum (two-state model; S/ Appendix); at 1,200 bar (initial condition for P-
jumps), ~40% of the protein is unfolded. The crystallographic structure of
A*YA obtained from the PDB (ID code 3KZ3) is shown. (D) Scaled fluorescence
lifetime change relative to NATA (1 at 1 bar, 0 at 1,200 bar). NATA and A*YA
in 0 M GuHCl lifetimes decrease linearly with pressure, whereas A*YA in 2.4 M
GUHCI shows the onset of pressure denaturation (y for proteins was shifted up
by +3 because NATA has a much longer lifetime; SI Appendlix, Fig. S4).

Nonnative transient helix en route to the native state has been
observed many times under cryogenic conditions (18-20), but it
can be studied in our experiments at room temperature and 1
bar. Although helix overshoots in MD simulations may be due to
force field bias (21), our results highlight that misplaced helical
structure may occur experimentally also. Microsecond P-jump
studies can contribute to the continued calibration and im-
provement of force fields by providing an alternative initial en-
semble to temperature denaturation.

Results

We used 1*YA as a model system to study the behavior of a fast
folder by P-denaturation and microsecond P-jump kinetics. We
used two different probes in our experiments, fluorescence of
tryptophan W22 and IR absorbance of the peptide bond in the
amide I’ region of the IR spectrum. W22 fluorescence was used
previously to study fast folding of A*YA by T-jumps (12, 13).
Thus, our pressure experiments can be directly compared with
the 7-jump results. The motivation to use IR absorbance as a
complementary structural probe came from recent computa-
tional and experimental reports indicating the presence of tran-
sient p-sheet formation in A* YA at high temperature (17, 22, 23).
It was unknown what type of residual secondary structure would
exist in A*YA at high pressure.

Equilibrium Pressure Denaturation Probed by Fluorescence. 1*YA
was prepared just shy of denaturation in 2.4 M GuHCI (SI Ap-
pendix, Fig. S2). Subsequent pressure denaturation of 1*YA was
monitored by tryptophan fluorescence spectra and fluorescence

8088 ' | www.pnas.org/cgi/doi/10.1073/pnas.1219163110

decay lifetimes of 200-300 pM A*YA in 50 mM K;PO, buffer
(Methods and Fig. 1). Decay lifetime (and also intensity) is sen-
sitive to tryptophan quenching by tyrosine 33, which was used as
the probe in our P-jump. The peak shift of the spectra is sensitive
to solvent exposure (redder = more exposed).

Without denaturant, the small shift of the spectrum to
longer wavelengths (Fig. 1B) is very similar to that observed for
the tryptophan derivative N-acetyl-tryptophanamide (NATA).
Like NATA'’s lifetime, the lifetime of A*YA decreases linearly
with pressure in the absence of denaturant (Fig. 1D). Pressure
denaturation of A*YA in 2.4 M GuHCI (Fig. 1) shows a much
larger wavelength shift and a nonlinear lifetime increase. By
fitting the fluorescence spectra in Fig. 14, we estimate ~40%
denatured population at 1,200 bar, the starting point for our P-
jump experiments. It is common for pressure-induced protein
denaturation to have low cooperativity (5, 24-26), and this is also
the case for A*YA in Fig. 1.

Fast P-Jump Kinetics. We induced relaxation of A*YA from the
denatured state to the native state by means of a large microsec-
ond P-drop. We extended the capabilities of our recently reported
P-jump instrument (5) further: Mechanical damping and optical
isolation make the triggering more reliable, and up to 5 ms of data
can be collected (0.5 ms previously). The protein solution is placed
into a 1-mm dimple machined into a sapphire cube, which is op-
tically transparent at wavelengths greater than 280 nm for laser
excitation and fluorescence detection (Fig. 2). We monitored
pressure denaturation of A*YA via tryptophan lifetime (Fig. 1D)
by slowly increasing the pressure of the sample to 1,200 bar.

The pressure was then jumped down to 1 bar with a micro-
second dead time by resistively heating and puncturing a steel
burst membrane (Fig. 2). To monitor kinetics, the sample was
excited by 280-nm UV pulses every 12.5 ns. Tryptophan fluo-
rescence decays were detected every 12.5 ns with a 100-ps time
resolution. To monitor how the fluorescence lifetime relaxes to
equilibrium, we applied linear two-state fitting to the decays to
scale the lifetime change from y = 0 (before P-jump) to y = 1
(5 ms after P-jump) (Methods). The <3-ps dead time of the
P-jump instrument was calibrated by performing pressure jumps
on NATA (SI Appendix, Fig. S1).

Pressure

Copper electrode I I s

Burst membrane
Pressure fitting

® P =1.2kbar
® p=1bar

Mylar -coated

Al 0|I—-#

Sapphlre
cube S
by
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0 <
20 2
<
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Fig. 2. P-jump instrument. The sample is pipetted into a dimple in a sapphire
cube. The dimple is covered with mylar-coated aluminum foil and pressurized
by pumping ethanol into a pressure fitting. A current burst into a copper
electrode bursts the upper steel membrane and releases the pressure. Sample
fluorescence is excited by a 280-nm pulsed laser every 12.5 ns and is collimated
by a UV light guide onto a photomultiplier. The digitized raw data consist of
a train of fluorescence decays, whose lifetime and intensity monitor the
refolding of the sample after the sudden P-drop at t = 0.
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Fig. 3. P-jumps (300-uM sample) and T-jumps (200-uM sample) of 2*YA and
NATA, probed by tryptophan fluorescence decays. Tryptophan lifetime change
was normalized for NATA so that y = 0 corresponds to the decay lifetime before
the jump (1,200 bar) and y(t) = 1 corresponds to the decay lifetime 5 ms after
the jump (1 bar). The rest of the jumps were analyzed using the lifetime decays
from the P-jump of NATA for direct comparison. Solid black curves are the double-
exponential fits of the data with relaxation times 7;=3.8 + 0.4 psand z;= 1.4 + 0.2
ms for the P-jump and 7= 63 + 2 ps and 7z, = 2.17 + 0.02 ms for the T-jump.

Fig. 3 shows the refolding kinetics of 2*YA on a 1,200—1-bar
P-jump at 295 K in buffered 2.4 M GuHCIl. Two phases are
observed: a fast microsecond phase during which the W22 life-
time increases relative to the value before the P-jump and a
slower millisecond phase during which the W22 lifetime decrea-
ses. The fast phase could not be resolved within the dead time.
For reference, we also measured the P-jump kinetics of A1*YA
without denaturant, our model for folded protein (Fig. 1). The net
burst phase is the difference between the blue and red curves at
t = 0 (Fig. 3). On the relative scale of the NATA fluorescence
lifetime change (0 at 1,200 bar, 1 at 1 bar), the net amplitude of
the burst phase is +0.2 and the amplitude of the ms phase is —0.4
(absolute changes in fluorescence decays are shown in SI Ap-
pendix, Fig. S4). The fast phase associated with protein refolding
has a relaxation time 7y < 3 ps, and the slower phase fits to a single-
exponential lifetime of 7, = 1.4 + 0.2 ms. The 7-jump unfolding
relaxation kinetics from Prigozhin and Gruebele (23) at 339 K are
also shown for comparison. A ~60-ps phase of increasing lifetime
was observed in that case, followed by a small millisecond phase
attributed to a p-sheet-rich trap in the studies by Bowman et al.
(22) and Prigozhin and Gruebele (23).

These observations are consistent with two scenarios. In one
scenario, separate microsecond- and millisecond-folding pop-
ulations start out from two slowly interconverting pressure-
denatured states and proceed to the native state, where W22 is
quenched by Y33. Slow interconversion is not implausible at high
pressure, given the potentially large activation volume between
compact denatured states. In the other scenario, the entire
denatured protein population is trapped in a |partially folded

Prigozhin et al.

state within 3 ps, from which it escapes to the native state within
1.4 ms. In both scenarios, it is also possible that transient ag-
gregation contributes to the slow millisecond phase.

Pressure Denaturation Probed by IR Absorption. To relate the slow
phase on P-drop refolding of 1*YA to secondary structure, we
used IR absorption spectroscopy. IR spectroscopy has been
successfully applied in the past to resolve the secondary structure
content of proteins under high pressure (16). We carried out
equilibrium pressure denaturation of 1*YA in a diamond anvil
cell. We monitored pressure-induced changes in the amide I’
region (prime denotes measurements in D,O solvent) from 1,600
to 1,700 cm™. This region contains vibrational information about
the carbonyl group in the amide bonds, which depends on the
dihedral angles of the backbone, and therefore the secondary
structure of the protein. The crystallographic state of 1*YA is 71%
helical [Protein Data Bank (PDB) ID code 3KZ3 (13)]. The IR
spectrum of a helix in the amide I’ region contains a single band
with a peak wave number at ~1,650 cm™'. Under pressure, the
protein is expected to lose at least some of its helical content in
favor of the random coil structure. The spectrum of a random
coil exhibits a characteristic maximum at ~1,640 cm™".

Fig. 44 shows IR spectra of 1*YA in the absence of denaturant,
one recorded at 1 bar and the other recorded at 13.9 kbar. The
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Fig. 4. Equilibrium denaturation of A*YA by pressure and temperature,
probed by IR spectroscopy (1.7-mM sample). (A) IR absorbance spectra of
A*YA in the amide /' region measured at 295 K. Triangles indicate 1 bar, and
circles indicate 13.9 kbar. These spectra were used as basis functions for the
analysis of the entire pressure denaturation curve (Methods and SI Appen-
dix). The IR absorbance spectrum of 2*YA in the amide /' region measured at
1 bar and 368 K is shown as a gray dashed line. (B) Denaturation of 1*YA as
a function of pressure [y(P) = 1 means the 1-bar basis function contributes
100% of the signal, x(P) = 0 means the 13.9-kbar basis function contributes
all the signal]. A thermodynamic two-state fit of the data is shown as a solid
black curve, and the error bars are the residuals (S/ Appendix, Fig. S5). The
midpoint of pressure denaturation, Py, is equal to 6.0 + 0.2 kbar in the
absence of denaturant.

PNAS | May 14,2013 | vol. 110 | no.20 | 8089

www.manaraa.com

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219163110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219163110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219163110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219163110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219163110/-/DCSupplemental/sapp.pdf

L T

/

1\

=y

Downloaded at Palestinian Territory, occupied on December 23, 2021

absorptlon maximum shifts from 1,650 cm™" (helix) toward 1,640
cm™" (coil) on pressure denaturatlon The two spectra were used
as basis functions to fit a sequence of 1*YA spectra as a function
of pressure. A linear combination of these two basis functions
fitted data at all pressures within measurement uncertainty
(SI Appendix, Fig. S5). Fig. 4B shows the pressure denaturation
curve, along with a two-state thermodynamic fit (27). The data
without denaturant show a transition midpoint at 6.0 + 0.2 kbar.
Helix-coil denaturation is also observed in 0.5 M guanidine deu-
teriochloride (GuDCl) by IR spectroscopy, and the absence of
aggregation can be verified in 2.4 M GuDCI (S Appendix, Fig. S7).

Temperature denaturation produces an entirely different re-
sult. The gray curve in Fig. 44 is the IR spectrum at 1 bar and
368 K. At 335 K, the protein undergoes a cooperatlve thermal
denaturation. Two shoulders at 1,618 cm™" and 1,680 cm™" appear,
due to formation of extended [p-sheet or left-handed polyproline
helix (PP-II)] structure at high temperature. Extended structure in
temperature/GuHCl-denatured A-repressor can occur in the mo-
nomeric protein (17). Indeed, at the protein concentration of 2.5
pM, temperature denaturation is reversible (SI Appendix, Fig. S3).
However, the IR measurement was taken at a much higher con-
centration (1.7 mM), and above 50 uM, denaturation is irreversible
and aggregates form (SI Appendix, Fig. S3).

In contrast, SI Appendix, Fig. S6 shows full reversibility of
pressure denaturation at the protein concentration used for our
pressure jumps, and Fig. 44 shows no evidence of p-sheet struc-
ture. Thus, the pressure-denatured state of A* YA is very different
from the temperature-denatured state. The denatured state
preceding the downward P-jump in Fig. 3 is a helix-coil state,
rather than a f-rich state as proposed for high-temperature ki-
netics (22, 23). Without any evidence at all of equilibrium pressure-
dependent aggregation with or without denaturant (SI Appendix,
Fig. S6), we also think that transient aggregation is unlikely to
dominate the slow 1.4-ms phase in the two scenarios described
above, but we cannot rule out transient interactions of the helix-
coil states during folding.

P-Denaturation and P-Jump Refolding Probed by MD Simulation. To
probe fast protein refolding on downward P-jump with atomistic
detail, we carried out all-atom MD simulations in explicit solvent
with four force fields: CHARMM?27, CHARMM?22*, CHARMM36,
and AMBERY9-SB (28-33) (Methods).

Initial denatured structures at 325 K and 5 kbar were created
by a 0.3-ps heating/pressurization protocol (Methods, SI Appendix,
Fig. S8, and Movie S1). The protocol differs in three important
aspects from experiment. No denaturant is included in the sim-
ulation. MD pressure unfolding was assisted by high temperature
because pressure unfolding alone is very slow. Finally, refolding
was studied at 325 K instead of 295 K because the melting point of
A-repressor is too high in CHARMM?27 and CHARMM?22*; thus,
325 Kin silico correlates with a lower experimental temperature (31).

Two fast pressure drops were simulated with CHARMM27
(Fig. 5). Analogous results for CHARMM36 and AMBER99-SB
are shown in SI Appendix, Fig. S10. The two refolding trajecto-
ries in Fig. 5 collapse rapidly into structures with near-native
radii of gyration, making occasional excursions to a larger size in
the search for the native state. Both accumulate nonnative he-
lical structure within 2 ps after the P-jump (SI Appendix, Fig. S9).
The first trajectory yields a compact helical globule. The second
trajectory produces a conformation much closer to the native
state (SI Appendix, Movie S2), with helices 1-3 formed and
packed into the correct native orientation (SI Appendix, Fig. S9
and Movie S3). However, helix 4 is threaded through the ring
formed by helices 1-3, creating a knotted conformation (Fig. 5,
Upper Right). In Fig. 6, the a-helical propensity for each residue
is given based on the time percentage spent in a-helical con-
formation in the last 8 ps of each simulation. Both trajectories
form nonnative helix, where there should be turns or loops in the
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Fig. 5. CHARMMZ27 simulation of A*YA during P-drop. (Upper) Structures
from the two trajectories. The high-pressure simulations start with 1 ps at
325 K and 5 kbar (blue zone), followed by a 0.15-us P-drop to 1 bar (white zone).
(Lower) Refolding (8.85 ps) was simulated at 1 bar and 325 K. Central carbon
atom root mean square displacement values were calculated relative to the
crystal structure (PDB ID code 3KZ3) (13). The fraction of residues in « (gray) and
p (red) conformations is shown. Ry, is the unsolvated radius of gyration. The
native mean values (green solid lines, except red for p-fraction) are from a 150-ns
equilibrium simulation of the native structure at T =325 K and P = 1 bar.

native state (red arrows in Fig. 6). A compact trap with helix
misplaced into loops that persists for >10 ps is consistent with
the experimental data of a slowly (1.4 ms) refolding state formed
from a helix-coil-rich denatured state right after the P-jump.

MD Simulations Using Different Force Fields. Protein dynamics in MD
simulations depends on the underlying force field. CHARMM?27
with correction map (30) has a bias toward helical structure (e.g.,
ref. 21). In contrast, our CHARMM36 and AMBER-99SB
simulations with the exact same protocol produce virtually no
helix in the initial denatured structure (SI Appendix, Fig. S8),
nor do they produce any native-like structure or a helical trap
on P-drop (SI Appendix, Fig. S10).

We examined if the initial configuration of the protein is re-
sponsible for inability of helical structure to form rapidly. We
started with the AMBER-99SB denatured structures from SI Ap-
pendix, Fig. S8 and then simulated the P-drop with CHARMM27
and CHARMM22* force fields at 7' = 325 K and P = 1 bar (8]
Appendix, Fig. S11). The CHARMM?22* force field has both folded
helical-rich protein and p-rich protein (34). Although there is al-
most no helix left in the initial configuration, the helix recovered to
near-native value in less than 1 ps with CHARMM?27. In a 10-ps
simulation using CHARMM?22*, helix content becomes significant,
although it never exceeds the native value. Like CHARMM?27,
CHARMM22* exhibits a nonnative helical propensity in several
turn/coil residues (M42, G43, A56, L57, and N58 in SI Appendix,
Fig. S12).

CHARMM?22* and CHARMM?27 are thus most consistent
with our experimental data. Although there is a strong helical bias
in the CHARMM?27 force field, another variant of A-repressor
was folded successfully in a high-temperature enhanced sam-
pling MD simulation using CMARMM?27 force field (35). The
high temperature used in the current study likely compensates
for the helical bias in the force field to match up best with
the experiment.
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Fig. 6. Residue-specific a-helical propensity of the simulations in Fig. 5 (black, first simulation; green, second simulation). The helical percentage was defined
as the time percentage each residue spent in a-helical conformation during the last 8 ps of refolding simulation. The secondary structure of the crystal
structure is shown as a color-coded background, and the sequence at the top, together with the red arrows, highlights turn/coil residues with >75% helix

content in both simulations.

Discussion

Fast-folding experiments and simulation have converged to the
point where several small proteins’ folding equilibria have been
observed in silico and validated by kinetic, structural, and ther-
modynamic experimental data (34-36). The same small model
proteins, under the right conditions, now offer the opportunity to
study delays in folding caused by a frustrated free energy land-
scape or transient aggregation. The advantage of these model
proteins is that their misfolding processes can also be quite rapid,
and are thus amenable to simulation (22).

The formation of helical secondary structure requires only
local i to i + 4 contacts. Thus, it is not surprising that helical
intermediates that trap proteins en route to the native state have
been reported for a wide variety of proteins (18-20). However,
these excess helix traps have generally been observed under
cryogenic conditions.

Here, we provide experimental and computational evidence
that the five-helix bundle 1*YA can get trapped transiently in
states with misplaced helix at room temperature and 1 bar, when
folding is initiated from the pressure-denatured state. Pressure
unfolding experiments reveal a highly reversible denatured en-
semble with helix-coil composition (Fig. 4 and SI Appendix, Fig.
S6), and ultrafast P-jump refolding from this ensemble detects
a 1.4-ms phase in addition to a microsecond phase (Fig. 3). All-
atom MD simulations show that after a P-jump, refolding tra-
jectories can get stuck in structures with helix misplaced into
loops for >8 ps. MD results for CHARMM?27 and CHARMM22*
are consistent with some fraction of the A*YA population being
trapped in a state containing nonnative helix within <3 ps, from
which it recovers in ~1.4 ms according to experiment (possibly
slowed further by transient aggregation). This refolding pathway
is very different from refolding out of the thermally denatured
state; in that state, the protein folds in <100 ps (12) and, if not, it
either aggregates irreversibly or is trapped in a state with ex-
tended (p-like) structure, based on simulation (22) and thermal
titrations (17) (SI Appendix, Fig. S3).

Even for a helix bundle such as A¢_gs, there can be too much
of a good thing. When nonnative helix encroaches on turns, it
renders them unable to align the secondary structure elements so
that they can assemble into the proper native tertiary structure.
The “knotted” state in Fig. 5 is a good example. Fig. 6 highlights
in red the turn/coil regions of 1*YA that are particularly prone
to forming nonnative helix. In both simulations, L31, S32, M42,
G43, A56, L57, and N58 exhibit >80% average helical pop-
ulations. According to the scale of Pace and Scholtz (37), the
helical propensity for these residues is A>L~M>S>N>G. Thus,
we propose that helix-breaking mutations L31G, M42G, A56G,
and L57G in particular could reduce the transient trapping of
A-repressor fragment when it refolds from the P-denatured state.

Pressure denaturation of fast folders could provide a rich test
bed for calibrating force fields against experimental data, by
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looking at transient nonnative structure in addition to native
structure. The advantage of small fast folders in this regard
is that such nonnative structures can form and dissolve on
time scales accessible to full atom simulation, enabling com-
parisons of mechanism beyond rate coefficients, stability, or
native structure.

Methods

Protein Expression and Purification. 1*YA was expressed as described pre-
viously (27). GuHCI, deuterium oxide 99.9% (D,0), and NATA were obtained
from Sigma-Aldrich and used without further purification.

P-Jumps. P-jumps with a home-built apparatus are described in detail else-
where (5). Briefly, 300 pM protein solution was pipetted into an ~8-uL
hemispherical dimple machined in-house into an optical grade 3/8-inch
sapphire cube (Esco Products). The dimple was then covered with a double-
layer of mylar-coated aluminum foil to prevent mixing of the sample with
ethanol, which served as the pressurization fluid. The cube was inserted into
a pressurization clamp as described elsewhere (5), and the sample was
pressurized to 1.2 kbar using a hydrostatic pump (High Pressure Equipment
Company). We used 0.007-inch-thick stainless-steel burst membranes and
95 V (~10-kA current) to burst the membrane.

The sample was excited by a Ti:sapphire laser (KMLabs). The laser emission
at 840-860 nm was frequency-tripled to 285 + 3 nm. The laser was adjusted
to a pulse rate of 80 MHz. Tryptophan fluorescence decay was collected by
means of an optical waveguide (Oriel) every 12.5 ns and passed through
a B370 band-pass filter (Hoya) onto a photomultiplier (R7400U-03; Hama-
matsu Corp.). The fluorescence decays were recorded by a DPO7254 digitizer
(Tektronix) with 2.5-GHz bandwidth, locked to the 80-MHz laser cavity to
avoid aliasing. Each kinetic trace contained 400,000 fluorescence decays.
Each fluorescence decay was sampled at 10 GHz (125 points per decay). The
amplitude of the fluorescence signal was 100-250 mV.

The data were analyzed using custom code written in LabView (National
Instruments), MATLAB (MathWorks), and IGOR Pro (Wavemetrics). One
hundred raw fluorescence decays were binned into average decays every 1.25
microseconds, reducing the time resolution to a value comparable to the
dead time of the P-jump. To assign a single lifetime parameter to each
fluorescence decay, we fitted them to the linear combination of a prejump
and postjump fluorescence decay. We averaged the first 100 decays of the
time trace to get a representative decay f; before the P-jump and the last
100 decays at 5 ms to get a representative decay f; after the P-jump. Decays
between these two P-jumps were fitted by f = af; + a,f,, and the fraction
contributed by the second decay was calculated as y = ay/(a; + ay). Thus,
a decay with the same lifetime as before the jump yields y = 0, and a decay
with the same lifetime as at 5 ms yields y = 1. We fit the resulting time
trajectory to a double-exponential function Aexp(—t/zy) + Asexp(—t/zy).

Fluorescence Thermodynamics Under Pressure. Fluorescence spectra were
measured using a Cary Eclipse fluorescence spectrophotometer (Varian). Ex-
citation and emission slit widths were 5 nm each, excitation wavelength was
280 nm, and the scan rate was 120 nm/min. Sample concentration was 200 uM.
The sample was pressurized with a high-pressure cell (ISS). We used a rectan-
gular quartz cuvette with a path length of 4 mm. Spectrophotometric grade
ethyl alcohol (95.0%, A.C.S. reagent; Acros Organics) was used as pressuriza-
tion fluid. The center of the spectral mass in Fig. 1B is the weighted average
(I)=/dA 2 1)/ [dA I(2) of the fluorescence intensity in Fig. 1A (6).
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IR Thermodynamics Under Pressure. Lyophilized protein was dissolved in 50
mM K3PO, buffer in DO (Sigma), and D,0 exchange was allowed to proceed
for 2 h at room temperature and then overnight at 4 °C. The protein was then
lyophilized again. For the measurement, the protein was dissolved in 50 mM
K3PO4 buffer in D0 at pD = 7.1 to the final concentration of 1.7 mM. pH of
deuterium (pD) was adjusted using DCl. Approximately 10 uL of the sample
was then placed in a diamond anvil cell equipped with type lla diamonds
(High Pressure Diamond Optics). The sample was held in a stainless-steel
gasket (overall diameter = 12.5 mm, center pinhole diameter = 0.45 mm,
thickness = 0.050 mm). The gasket was secured in the diamond anvil cell using
gum from Faber—Castell (127020). A small amount of BaSO4 was placed in the
chamber with the sample. IR spectra were collected using a Nicolet Magna IR
550 spectrometer equipped with a nitrogen-cooled mercury cadmium
telluride (MCT) detector. The sample chamber within the instrument was
purged with dry CO,-free air. The IR beam was focused onto the pinhole of
the diamond anvil cell. Spectra were collected from 400 to 4,000 cm™" using
256 accumulations and a resolution of 1 cm™". Pressure was increased using
the spring-loaded screw of the diamond anvil cell assembly. Changes in the
pressure were quantified by monitoring the stretching vibration of the cali-
brant, BaSO,. Its peak was at 983.6 cm~" at 1 bar and shifted linearly with
pressure toward larger wave numbers.

All-Atom MD Simulations. All-atom MD simulations were performed in explicit
solvent using the TIP3P water model (38). The simulations were carried out
both on general-purpose supercomputers using NAMD 2.8 (39) and on the
special-purpose supercomputer Anton (40). All simulations were carried out
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with periodic boundary conditions in constant particle number, tempera-
ture and pressure ensemble. More details of the simulations are given in
SI Appendix.

To generate two initial states for P-drop simulations, we started with 1*YA
constrained to the PDB structure (PDB ID code 1LMB) (41) at 325 K. The
pressure was increased from 1 to 5 kbar in 0.15 ps. The temperature was
then ramped to 525 K for another 0.15 ps to unfold the protein more ex-
tensively (S/ Appendix, Fig. $8). Finally, the simulation was returned to 325 K
and 5 kbar to yield the initial states for the P-drop simulations.

ACKNOWLEDGMENTS. The Anton machine was generously donated by
David E. Shaw (D. E. Shaw Research, New York). We acknowledge supercom-
puter time provided by the National Center for Supercomputing Applica-
tions and the Texas Advanced Computing Center via the Extreme Science
and Engineering Discovery Environment (Grant MCA935028) and the use of
the parallel computing resource Taub provided by the Computational Sci-
ence and Engineering Program at the University of lllinois. Anton computer
time was provided by the National Resource for Biomedical Supercomputing
and the Pittsburgh Supercomputing Center (Grant RC2GM093307) from the
National Institutes of Health (NIH). This work was supported by NIH Grants
R01-GM093318 (to M.G.) and 9P41-GM104601 (to K.S.) and by National Sci-
ence Foundation (NSF) Grant PHY 0822613 (to K.S. and M.G.). R.W. acknowl-
edges financial support from the Deutsche Forschungsgemeinschaft and the
Cluster of Excellence Ruhr Explores Solvation (RESOLV, EXC 1069). M.B.P. is a
Howard Hughes Medical Institute International Student Research Fellow.
A.J.W. is supported by the NSF Graduate Research Fellowship under grant
number DGE-1144245.

21. Freddolino PL, Park S, Roux B, Schulten K (2009) Force field bias in protein folding
simulations. Biophys J 96(9):3772-3780.

22. Bowman GR, Voelz VA, Pande VS (2011) Atomistic folding simulations of the five-
helix bundle protein A(6—85). J Am Chem Soc 133(4):664-667.

23. Prigozhin MB, Gruebele M (2011) The fast and the slow: Folding and trapping of 16-
85. J Am Chem Soc 133(48):19338-19341.

24. Panick G, et al. (1999) Exploring the temperature-pressure phase diagram of staph-
ylococcal nuclease. Biochemistry 38(13):4157-4164.

25. Imamura H, Isogai Y, Kato M (2012) Differences in the structural stability and coop-
erativity between monomeric variants of natural and de novo Cro proteins re-
vealed by high-pressure Fourier transform infrared spectroscopy. Biochemistry
51(17):3539-3546.

26. Rouget JB, et al. (2011) Size and sequence and the volume change of protein folding.
J Am Chem Soc 133(15):6020-6027.

27. Prigozhin MB, et al. (2011) Reducing lambda repressor to the core. J Phys Chem B 115
(9):2090-2096.

28. Mackerell AD, Jr. (2004) Empirical force fields for biological macromolecules: Over-
view and issues. J Comput Chem 25(13):1584-1604.

29. Mackerell AD, et al. (1998) All-atom empirical potential for molecular modeling and
dynamics studies of proteins. J Phys Chem B 102(18):3586-3616.

30. MacKerell AD, Jr., Feig M, Brooks CL, 3rd (2004) Improved treatment of the protein
backbone in empirical force fields. / Am Chem Soc 126(3):698-699.

31. Piana S, Lindorff-Larsen K, Shaw DE (2011) How robust are protein folding simu-
lations with respect to force field parameterization? Biophys J 100(9):L47-L49.

32. Best RB, et al. (2012) Optimization of the additive CHARMM all-atom protein force
field targeting improved sampling of the backbone ¢, y and side-chain x(1) and x(2)
dihedral angles. J Chem Theory Comput 8(9):3257-3273.

33. Hornak V, et al. (2006) Comparison of multiple Amber force fields and development
of improved protein backbone parameters. Proteins 65(3):712-725.

34. Lindorff-Larsen K, Piana S, Dror RO, Shaw DE (2011) How fast-folding proteins fold.
Science 334(6055):517-520.

35. Liu YX, Strumpfer J, Freddolino PL, Gruebele M, Schulten K (2012) Structural char-
acterization of lambda-repressor folding from all-atom molecular dynamics simu-
lations. J Phys Chem Lett 3(9):1117-1123.

36. Piana S, et al. (2011) Computational design and experimental testing of the fastest-
folding p-sheet protein. J Mol Biol 405(1):43-48.

37. Pace CN, Scholtz JM (1998) A helix propensity scale based on experimental studies of
peptides and proteins. Biophys J 75(1):422-427.

38. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML (1983) Comparison
of simple potential functions for simulating liquid water. J Chem Phys 79:926-935.

39. Phillips JC, et al. (2005) Scalable molecular dynamics with NAMD. J Comput Chem
26(16):1781-1802.

40. Shaw DE, et al. (2008) Anton, a special-purpose machine for molecular dynamics
simulation. Commun ACM 51(7):91-97.

41. Beamer LJ, Pabo CO (1992) Refined 1.8 A crystal structure of the lambda repressor-
operator complex. J Mol Biol 227(1):177-196.

Prigozhin et al.

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219163110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219163110/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1219163110

