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Long-time molecular dynamics (MD) simulations are now able to
fold small proteins reversibly to their native structures [Lindorff-
Larsen K, Piana S, Dror RO, Shaw DE (2011) Science 334(6055):517-
520]. These results indicate that modern force fields can reproduce
the energy surface near the native structure. To test how well the
force fields recapitulate the other regions of the energy surface,
MD trajectories for a variant of protein G are compared with data
from site-resolved hydrogen exchange (HX) and other biophysical
measurements. Because HX monitors the breaking of individual
H-bonds, this experimental technique identifies the stability and
H-bond content of excited states, thus enabling quantitative com-
parison with the simulations. Contrary to experimental findings of
a cooperative, all-or-none unfolding process, the simulated dena-
tured state ensemble, on average, is highly collapsed with some
transient or persistent native 2° structure. The MD trajectories of
this protein G variant and other small proteins exhibit excessive
intramolecular H-bonding even for the most expanded conforma-
tions, suggesting that the force fields require improvements in
describing H-bonding and backbone hydration. Moreover, these
comparisons provide a general protocol for validating the ability
of simulations to accurately capture rare structural fluctuations.

molecular dynamics | unfolded state | denatured states | HX |
protein folding

olecular dynamics (MD) simulations can now probe pro-

tein dynamics on millisecond timescales and thereby en-
able investigation of a variety of biological problems, including
binding, conformational changes, and folding. A landmark ex-
ample is the all-atom simulations by Shaw and coworkers where
multiple folding and unfolding events were observed in long time
trajectories (1, 2). In addition to predicting or matching ob-
served folding rates with a single set of parameters, these sim-
ulations produced native-like models for 12 small, fast-folding
proteins. Equally impressive is their observation of multiple
discrete folding and unfolding transitions, which indicates that
folding proceeds on an energy landscape with two major states
separated by a free energy barrier. This barrier-limited folding
behavior replicates that observed for many proteins. Not sur-
prisingly, these remarkable simulations are being extensively
analyzed (3-5).

The applicability of MD for many situations is limited by the
extent to which the entire landscape is recapitulated. An accu-
rate representation of native-like states does not imply a correct
representation of other states (e.g., intermediates and unfolded
structures). Proper validation requires a comparison with experi-
ments that probe lowly populated conformations. NMR mea-
surements probe subsecond dynamics with single residue
resolution, although with a limitation to states with populations
exceeding 0.5% (6). Fluorescence, CD, FRET, and small angle
X-ray scattering (SAXS) measurements are well adapted to ki-
netic studies but provide limited spatial resolution.

www.pnas.org/cgi/doi/10.1073/pnas.1404213111

Hydrogen exchange (HX) data report on the H-bond patterns
and populations of extremely rare states, independent of the
timescale on which these states are sampled (7, 8). Furthermore,
the cooperativity and spatial extent of fluctuations can be
assayed in a site-resolved manner by using NMR methods to
measure HX as a function of denaturant concentration (9). Thus,
HX is an ideal probe for characterizing excited states, such as the
denatured state ensemble (DSE) and kinetically invisible inter-
mediates, even under fully native conditions.

Here we describe a detailed comparison of the folding simu-
lations to experimental data for a fast-folding variant of protein
G [NuG2b; 76% identity (1)] with an optimized amino hairpin
(10). The simulated DSE of NuG2b (and other proteins) con-
tains mostly overly compact conformations, as recently noted by
Shaw and coworkers (11) and others (3). We also find that the
DSE®™™ exhibits high levels of H-bonding, often at levels com-
parable to the native state ensemble (NSE) and with some sec-
ondary structural elements arranged in a native-like manner.

For NuG2b, experimental measurements imply that folding is
highly cooperative and the DSE®*? is largely unstructured. Based
on HX measurements, the DSE is highly solvated and devoid of
stable H-bonding. The linear dependence on denaturant con-
centration of the stability and activation folding free energy
(AG¢") along with the chevron analysis indicate that DSE*P
remains solvated and unstructured, even in the absence of de-
naturant. In addition, kinetic SAXS measurements reveal that
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DSE®*? is highly expanded. Taken together, these measurements
provide a detailed description of DSE®®, which is compared
with DSE™™.

Results

Our results are presented in stages. We first analyze the level of
structure present in DSE™™, primarily focusing on the extent of
H-bonding. Next, we present the experimental methodology and
describe the results. The section ends with a comparison between
the experiment and simulation.

Properties of the Simulated DSE. The four NuG2b MD trajectories
(1) were analyzed to identify the number of native and total
H-bonds, the Co-rmsd from the native state, the radius of gy-
ration (R,), and the TM score [a 0-to-1 metric for structural
similarity (12)] (Fig. 14 and Fig. S1). These quantities often
change in concert during discrete folding transitions. The dis-
crete character of the transitions enabled us to 1dent1fy NSE*™
as the set of conformations for which the rmsd is below 4.0 A,
the number of native H-bonds exceeds 20, and the TM score is
greater than 0.6 (Fig. S24). All other conformations were
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Fig. 1. Analysis of H-bonds and 2° structure in MD simulations. (A)

H-bonding (green, native; red, total), Ry, backbone rmsd, and TM score for
one MD trajectory (three others are shown in Fig. S1). The right column
presents the distribution for the DSE. Rg*” is indicated for the chemically
denatured state (blue line). (B) H-bond frequencies, color-coded according to
whether they are the native partners, or within +1, +2, or >+2 of the native
partners. (C) Secondary structure frequencies (red, a, 3-10 and = helices;
blue, extended; green, other; cyan, turn). (D) H-bond and contact maps.
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classified as members of DSES™, The time-averaged H-bond
fraction for each residue was calculated using all 6 x 10°
conformations in the trajectories (SI Methods and Fig. S2 B and
(). For each conformation, an amide proton was considered
protected from HX if it participated in an intramolecular
H-bond within 0.5 ns, irrespective of whether the partner was
the native carbonyl oxygen.

The total number of native plus nonnative H-bonds remains
relatively constant across the entire trajectory, even in many of
the expanded conformations of DSE*™ (Fig. 14). On average,

DSE™™ structures are highly collapsed with (RP%F)/(RYSF) =

120 A/10.5 A=1.15 A. A comparison of the solvent-accessible
surface areas (ASAs) produces a similar result, <ASAPSE>/
<ASANSE> = 1.1, whereas this ratio is 1.5 for expanded con-
formations in DSES™ with R, >20 A and 1.9 for a self-avoiding
statistical coil model (<R, > = 24 A) (13). The ASA of the
polar atoms is similar for DSE51m and NSE*™, but the hydro-
phobic exposure is more variable and typically is greater in
DSES™ (Fig. S2D).

Both the residue-residue contact map and the pattern of
H-bond partners in DSE®™ resemble those of NSE¥™ (Fig. 1D).
The major fraction (~80%) of the conformations in DSE*™
contains a folded N-terminal p hairpin, whereas about half the
ensemble retains at least a portion of the helix (Fig. 1). The
C-terminal hairpin frequently remains fully extended and forms
nonnative H-bonds with the 1 strand and with residues that are
helical in the native state (Fig. 1D).

Even when the chain contains nonnative contacts in DSES™,
H-bonds still form, often within one or two residues of the native
partner for the helix and the N-terminal hairpin (Fig. 1B),
reflecting helical over/underwinding and p slippage, respectively.
The N- and C-terminal strands often are in contact in DSES™,
although typically with the nonnative antiparallel orientation.
The largest cluster (5) in DSE®™ (36%) has the N-terminal
hairpin and most of the helix positioned in a native-like ar-
rangement, with an average TM score of 0.46. The majority of
highly extended structures in the DSES™ also contain one or
more elements of native 2° structure. In addition, some con-
formations of DSE®™ adopt native-like topologies with a high
TM score, 0.6. The average TM score in DSE®™ is 0.34 and
exceeds that for a random pair of structures (0.17) (12). Overall,
DSE®I™ is often highly collapsed and extensively H-bonded with
some structural elements arranged in a native-like manner.

Experimental Characterization of the DSE. HX, kinetic, CD, and
SAXS measurements were conducted to characterize NuG2b’s
energy surface to compare with the simulations. The following
two sections provide conceptual background for the inter-
pretation of the HX and kinetic data.

Background: Hydrogen exchange. The analysis of HX data assumes
that backbone amide protons (NH) can exist in states that are
either HX-competent or -incompetent, termed open and closed,
respectively (7, 8). Typically, closed states are involved in intra-
molecular H-bonds. The measured HX rate (k.x) for each NH is
a function of the rates of opening (k,), closing (ky), and
chemical exchange from the open state (kchem) according to the

reaction [Closed] == [Open] — e [Exchanged]. Intrinsic ex-

change rates, kchcm, are well characterized for amide protons
in unstructured regions (14, 15). Under most experimental con-
ditions (including ours, where ko1 = ki > 10-kchem), Kot >> Kchem
and the system is in the so-called EX2 limit where the observed
rate is given by
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kex = chemkop/(kop +kcl) = kchemKop/(Kop + 1)7 [1]

where K,, = kop/ke is the equilibrium constant for the
open<sclosed reaction, and the free energy is given by AG™™ =
RTInK,,. Accordingly, a direct comparison of AG;*™ and AG;"*
is possible for each residue i, even for reactions that are orders of
magnitude faster than the HX measurement timescale.

The combined use of chemical denaturants with HX enables
the quantification of the amount of exposed protein surface in
the various conformational states. Denaturants such as guani-
dinium chloride (GdmCIl) preferentially stabilize states with
more exposed surface area (16), primarily peptide group ASA
(17). We note that denaturants do not create new states, but
rather promote preexisting ones with larger ASA (7-9). The
sensitivity of the population shift can be translated into a plot of
AG versus [GdmCl], which frequently is linear with a slope
termed the m-value (units of kilocalories per mole per molar),
that is, AG([den]) = AG(0) — m-[den]. When monitoring equi-
librium folding as a function of denaturant (e.g., by CD or
fluorescence), the m-value reflects the difference in ASA expo-
sure between the NSE and the DSE, termed “m2°%2. »

In combination with NMR methods, HX also enables de-
termination of the residue-specific m™*-values that reflect the
extent of structure remaining in states where a specific amide
proton is exchange competent (Fig. S34). Accordingly, the m"™-
value for each residue depends upon whether its exchange
occurs in the NSE, the DSE, or an intermediate state (7-9).
A residue produces m™* = 0 if the amide proton exchanges
from the NSE through a local perturbation that exposes little or
no additional ASA and has lower free energy than the globally
unfolded state. Amide protons that require global unfoldinlg
should exchange with the global stability (AG"™ = AGe°P™)
and with an m-value matching the global value (m"™* = m&°ba),
Intermediate exchange behavior representing subglobal struc-
tural openings also is possible and is observed in larger proteins
(7-9). However, only global and local opening events appear
for NuG2b.

Background: Chevron analysis to test for residual DSE structure. The
denaturant dependence of the folding and unfolding activation
free energies, AGf and AG,F, are presented using the chevron
analysis, a widely used method to demonstrate that a DSE is
devoid of significant residual structure (18-20). This test involves
a comparison of the free energy difference between the DSE and
NSE, measured independently in equilibrium melting and in
kinetic folding experiments (AGeq = AG. — AG§). A similar
comparison is made for surface burial parameters (€% = m,, —my),
where my; and m,, are the denaturant dependence of the AG# and
AG,* and provide measures of the ASA that is buried going to
the transition state ensemble (TSE) from the DSE or the NSE,
respectively. Agreement between the equilibrium and kinetically
determined parameters for AG.q and m&°% jrrespective of the
probe used to measure folding, implies that no conformations
with significant stabilization or surface burial are populated on
the DSE side of the TSE, and that the DSE under refolding
conditions has the same level of exposed denaturant sensitive
surface area as the DSE studied by equilibrium denaturation at
elevated denaturant concentrations.

Experimental folding behavior of NuG2b. The extent of H-bonding for
the experimental ensemble was determined by collecting HX
data as a function of denaturant (Fig. 2, Upper). HX rates
were obtained by measuring the increase in amide peak vol-
umes in 'H-'°N heteronuclear single quantum coherence
(HSQC) spectra over time for predeuterated NuG2b ex-
changing in 90% H,O at 313 K (Fig. 2 and Fig. S3B). Based
upon stability and denaturant dependence, 12 sites throughout
the protein seem to exchange through a global unfolding event.
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Fig. 2. Experimental studies. (Upper) Dependence on GdmCI concentration
for D-to-H exchange of the 12 most stable, globally exchanging amide sites
in 90% H,0 at 313 K (expanded view in Fig. S3B). Stabilities are compared
with values obtained from equilibrium denaturation (black) and kinetic
fluorescence measurements in 100% H,O (red, width of the triangle reflects
the statistical error on extrapolation to zero denaturant). The pH,c,q for
each denaturant concentration were as follows: 0 mM, pH 7.51; 250 mM, pH
6.98; 500 mM, pH 6.87; 750 mM, pH 6.83; 1 M, pH 7.12; 1.25 M, pH 6.66;
1.40 M, pH 6.52. (Inset) Locations of residues undergoing global exchange are
mapped onto the NuG2b structure. (Middle) Equilibrium denaturation mon-
itored by CD at 313 K. (Lower) Folding rates at 293, 313, and 333 K.

They have AG™"™™ = 8.1 + 0.3 kcal-mol™ and m"™ = 1.31 + 0.08
kecal-mol™-M™ (errors reflect SD for the 12 sites).

To test whether exchange of the most stable amide protons oc-
curs from an unstructured DSE, the AGH* and m™*-values
were compared with those obtained from equilibrium and kinetic
folding studies at 313 K in 100% H,O (Fig. 2). The CD-monitored
equilibrium unfolding data fit well to a two-state model, yielding
a stability of 7.3 + 0.2 kcal-mol™ and m®°™ = 1.31 + 0.04
kcal-mol~"-M~'. These values closely match those obtained from
kinetic data using chevron analysis under the same conditions
(Fig. 2 and Fig. S4; AGeq = 7.7 + 0.4 keal-mol ™, m#** = 139 +
0.04 kcal-mol~-M™). Hence, NuG2b folding satisfies the chevron
criterion indicative of an unstructured DSE.

Overall, the similarity of the AG and m-values calculated from
CD, kinetic, and HX measurements suggests that they are
probing the same all-or-none unfolding transition. Nearly iden-
tical m-values were observed despite the different denaturant
ranges accessible to each experiment, with the HX measured
down to zero denaturant. Furthermore, the folding arm of the
chevron plot is linear from 6 M to the lowest measurable
denaturant concentration (0.8 M at 293 K, Fig. 2). This line-
arity indicates that no partially collapsed species accumulate
before the major folding phase even for jumps to low de-
naturant (18, 21).

The overall dimensions of DSE®*P were derived from SAXS
data collected for NuG2b in 7 M GdmCl at 291 K. DSE®* has
an average radius of gyration of 23-25 A (Fig. S54), consistent
with a self-avoiding statistical coil (13), as found for many
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chemically denatured small proteins (22-27). The R, of DSE®*?
at low denaturant was unobtainable using rapid mixing methods
with millisecond resolution owing to the extremely fast folding
rate of NuG2b. As a surrogate, we performed mixing measure-
ments on the slower-folding protein G. No measurable decrease
in the R, was found when jumping from 4 to 0.5 M GdmCl
before the observed folding phase (k; = 20 s™'; Fig. SSB) in-
dicating that protein G’s DSE®*P remains expanded in low
denaturant.

To further investigate the degree of structure in DSE®P, we

performed CD measurements on a peptide corresponding to
NuG2b’s redesigned N-terminal hairpin, because this region
contains the most residual structure in the MD simulations. The
CD spectrum of the 20-mer displays a negative minimum at
200 nm that is very similar to that of the spectra of other un-
folded states, such as a thermally denatured protein G mutant,
but quite distinct from the native NuG2b spectrum (Fig. S6).
Moreover, the peptide’s spectrum is invariant over the measured
temperature range (293-333 K). Because residual H-bonded
structure is very likely to be thermally labile, the temperature in-
variance of the spectrum implies that the peptide does not contain
residual H-bonded structure.
Limits on structure in the DSE®". HX, CD, and kinetic data produce
similar global stabilities and denaturant dependence despite
being conducted under a wide range of denaturant concen-
trations. The extrapolated stability from the denaturant melt at
6 M matches the HX value in water and its dependence on
GdmCl. These results, together with the SAXS and peptide CD
data and the chevron criterion, indicate that, under native con-
ditions, the chains in DSE“*P are expanded and expose the same
amount of surface area as at high denaturant. In addition, the
most protected H-bonds, which appear in all 2° structure ele-
ments, undergo exchange with the global m-value. All these
results point to a cooperative unfolding process to an unstructured
ensemble under all measured conditions.

However, the 12 amide sites exchanging with the global
m-value have an average AG"™ that is 0.4 kcal-mol™" higher than
the stability determined using the kinetic data (which requires
less extrapolation than the CD data). This mild difference could
reflect residual structure, although it is at the level of our sta-
tistical error and also could result from minor errors in pH and T,
or the inaccuracy of the linear extrapolation. Recently, the
same energy difference was observed for the Fyn SH3 domain by
Kay and coworkers (28), who likewise interpreted HX as oc-
curring from an unstructured state because the sites exhibited
random coil chemical shifts in the DSE.

Alternatively, low levels of residual H-bonded structure could
exist under native conditions. Six amide sites yield AG™* >0.4
keal-mol™!, consistent with these H-bonds being formed with
KeqHB~1 [AG=RTIn (1+ KeqHB)]. The sites are located on the
N- and C-terminal strands as well as on the helix, so they are
unlikely to form in a concerted fashion, and hence other alter-
natives should be considered such as transient helix formation.
Using the recent parameterization of m-values with ASA (17), we
estimate that a time average of four helical or six nonlocal
H-bonds would reduce the m-value by ~0.3 kcal-mol™-M™" (and
~0.04 kcalmol™"-M™ for each additional H-bond). This re-
duction would notlceably affect the m™™ and m-values of 1.3 and
1.1 kcal-mol™"-M~, respectively, and AG™*. Hence, we believe
this level provides a reasonable upper bound on the amount of
residual structure consistent with AG"™™ and m"™ matching their
equilibrium counterparts, the two-state chevron fit with linear
folding arms, and the N-terminal hairpin being unstructured in
water. The measured R,, which is consistent with a random
coil (23), provides an additional constraint on the level of
residual structure.
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Comparison Between Experiment and Simulation. Our analysis of
the NuG2b simulations indicates that the DSES™ is typically
compact and highly H-bonded, often with some secondary
structural elements arranged in a native-like manner. Experi-
mentally, the HX, CD, and kinetic data produce similar global
stabilities despite being conducted under a wide range of de-
naturant concentrations. These results, together with the SAXS
and peptide data and the two-state chevron fit, indicate that
under highly native conditions the chains in DSE®*® are
expanded and expose the same amount of surface area as at
high denaturant.

Benchmarking simulations against experimental data are best

conducted when both are collected under the same conditions.
Our comparisons for NuG2b, however, use simulations conducted
at 350 K (near the T®™) to maximize the number of folding
transitions, whereas the HX measurements were performed
under more stabilizing conditions, 313 K, to accurately measure
global exchange events. To adjust for the 37-K difference, a
Boltzmann reweighting of the microstates is theoretically possi-
ble but would introduce otherwise indeterminate errors. As an
alternative, the stabilities of the 12 globally exchanging sites are
referenced to the global stability (Fig. 3). The stabilities of the
12 H-bonds (AG{™) in the MD trajectorles exceed the simulated
global stability by 0.5-2.4 kcal-mol ™, reflecting a significant de-
gree of residual H-bonding. The most stable H-bonds are in the
N-terminal hairpin and a portion of the helix. In contrast, the
12 most protected H-bonds observed experimentally include every
structural element and have stabilities within 0-0.8 kcal-mol™" of
the global stability.

In addition to the differences in magnitude and pattern of
H-bond protection, quite dissimilar opening events lead to
H-bond breakage in the simulations and experiments. When any
one of the 12 globally exchanging H-bonds is broken for 1+ ns in
DSE®™, on average about two-thirds of the H-bonds remain
intact. Experimentally, however, the 12 most stable amide sites
exchange through a large unfolding transition involving the si-
multaneous breakage of most or all H-bonds and with a de-
naturant dependence that is consistent with global unfolding.

An analysis of surface exposure produces an even larger dis-
crepancy. For the states where at least one of the 12 globally
exchanging H-bonds is broken, ASA"™/ASANSE = 1.14-1.17,
whereas ASA™istical coil AGANSE'_ "1 g (Fig. S2D). Using these
values and a recent m-value:ASA parameterization (17) we
obtain ms™ HX = 020 and m&" = 1.35 kcal-mol” .M},
readily dlstmgulshable difference. The calculated 7&°%! matches
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Fig. 3. Comparison of HX data to simulations. The stabilities of individual
H-bonds derived from HX data (Table S1) are referenced to the global sta-
bility determined from chevron analysis (black). H-bond stabilities calculated
from the MD trajectories (red) are referenced to the global stability (using
the relative populations of the NSE and DSE; AGg)opa = +0.2 kcal-mol~" with
Keq = [NSES™)/[DSES™)). Dashed lines indicate mean stability differences
relative to AGgjopal-
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the experimental value, providing support for the parameteriza-
tion and our use of a statistical coil model for the DSE. Hence, the
structural fluctuations that break the most stable H-bonds are very
different for the simulations and the experiments.

The less structured DSE observed experimentally might be
argued as a consequence of a difference in conditions. How-
ever, the experimental characterization was conducted at lower
temperatures where residual structure would have been stabi-
lized. Therefore, more H-bonded structure is expected to ap-
pear at lower temperatures rather than less. In addition, the
HX measurements were performed under fully aqueous con-
ditions, and the global m-value agrees with the value at high
denaturant. Finally, the N-terminal hairpin, the predominant
residual structure in the simulations, is an unstructured peptide
in water at 293-313 K (Fig. S6). Hence, the discrepancies be-
tween experiment and simulation are unlikely to be attributable
to differences in conditions.

Nevertheless, the k{™ and T}" are remarkably similar to their
experimental counterparts without any adjustment of the force field
to fit the NuG2b data [T;)P ~370 K, T;" ~345 K; & (333 K)
~14,000 + 1,400 s7*; k3™ (345 K) ~18, 000 s7!]. These similarities
now seem rather unexpected given the high levels of structure in
DSE*™. Experimentally, the barrier for folding typically repre-
sents the formation of most 2° structure elements and the
acquisition of the native topology starting from a largely un-
structured DSE. In contrast, a high level of structure is already
present in DSE™™, and hence much less structure and topology
forms en route from DSE*™ to TSE*™ and then on to the NSE.
It is unclear why this difference does not translate into a larger
discrepancy in the predicted k¢ and T,,. These issues may also
explain the underestimation of the changes in folding enthalpy
and heat capacity observed in MD, although the enthalpy of
NuG2b is not underestimated (11).

Discussion

Long-time MD simulations are accurate enough to refold small
proteins to within 2 A rmsd with multlple discrete folding tran-
sitions (1). However, the DSEs found in MD simulations often
contain overly compact structures (11) with extensive amounts of
H-bonding compared with the experimental data. The high level
of residual structure indicates that the force field requires further
improvement to characterize nonnative regions of the energy
landscape and to describe the high degree of folding coopera-
tivity observed experimentally. Nevertheless, the level of
H-bonding in DSE*™ is physically reasonable from the stand-
point that buried H-bond donors and acceptors nearly always
form H-bonds (29). However, the predominance of collapsed
species in DSE*™ suggests that terms in the force field pro-
moting protein—protein and/or water-water H-bonds are too
strong relative to those associated with backbone hydration.

In contrast, the experimental HX, denaturation, CD, peptide,
two-state chevron fit, and SAXS data are all consistent with an
extremely cooperative unfolding process to an unstructured
DSE. The DSE®® contains highly solvated and expanded con-
formations with minimal H-bonded structure for concentrations
of GdmCl from 0 to 7 M. The most stable H-bonds exchange
through a highly cooperative transition to a globally unfolded
state that contains few, if any, H-bonds, even in the absence of
denaturant. Furthermore, linear folding arms of the chevron plot
also point to a highly solvated DSE®*® under native conditions. A
more collapsed DSE under native conditions would have pro-
duced a measureable downward curvature in the folding arm
owing to smaller AASA between the DSE and TSE. Our studies
do not rule out a subtler change in the DSE, such as a change in
local structure [e.g., a shift in the population of conformations
having backbone angles in the polyproline II region of the
Ramachandran map to angles in the helical region (13, 30)],
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which explains the frequently observed sloping DSE baseline in
CDy22nm-monitored denaturation (31, 32).

Similar signatures of an unstructured DSE appear in other pro-
teins. For a ubiquitin variant (33) and a coiled-coil (34), the HX
determined stabilities and m-values match those derived from
global measurements. Also, Pace and coworkers (35) found that
HX and equilibrium-determined stability matched for 19 of 20
proteins, indicating that the two methods typically probe the same
transition to a DSE that is devoid of stable H-bonds. The DSE for
many [but not all (36)] small proteins remains expanded upon
a shift to native conditions according to SAXS (22, 24-26). In ad-
dition, most [but not all (37)] small proteins satisfy the two-state
chevron criterion, sometimes even down to 0 M denaturant (18, 19).
This highly cooperative behavior is not unique to experiments be-
cause some coarse-grained models now can produce nearly all-or-
none folding behavior with linear (38) or near linear chevrons (39).

Analyses by Shaw and coworkers of group trajectories for A re-
pressor (1) and ubiquitin (40) produce similar pictures of highly
collapsed and H-bonded DSE®™s containing considerable native
character, although to a lesser degree than observed for NuG2b
(Figs. S7 and S8). Other all-atom MD simulations also yield col-
lapsed DSEs (41-43). Experimentally, A repressor and ubiquitin
satisfy the authentic two-state chevron criterion (19, 21, 44, 45),
again indicating that their DSEs at low denaturant concentration
are highly solvated and that early intermediates are not significantly
populated. Furthermore, NMR tracking of the thermal de-
naturation of A repressor beautifully demonstrated that this protein
fully unfolds in a single transition without populating any other
species (46). In addition, time-resolved SAXS studies of ubiquitin
indicate that chains in DSE®P remain expanded down to 0.7 M
GdmCl at 293 K (25) The FRET-determined R, of the low de-
naturant DSE often is less than that observed by SAXS [e.g., R,
~22 versus ~26 A (47)] possibly owing to transient hydrophoblc
contacts (48), but it still is considerably larger than found in the all-
atom simulations (27). Thus, the choice of experimental technique
is unlikely to provide an alternative explanation for the discrepancy,
thus suggesting the result is general.

HX-MD Comparisons. HX is an excellent tool for verifying MD
simulations because it provides the stability and cooperativity of
unfolding events with individual H-bond resolution (7, 8). Past
attempts to compare MD to HX have been limited by the short
durations of simulations and by the uncertainty in how to relate
structural ensembles and HX rates (49). Recent technical advan-
ces in MD simulations (50) combined with the modeling of HX
protection presented here make it possible to directly compare
these two techniques.

The H-bond pattern in the NuG2b trajectories clearly differs
from what was observed experimentally. However, future simu-
lations may differ in subtler ways. In such cases, one should use
a site-by-site comparison of the AG and m-values by reweighting
each state in DSE*™ according to surface exposure, AAG([den]) =
(%ASA)-[den]-m&°P™. The reweighted ensemble can be used to
calculate the H-bond populations as a function of denaturant
from which individual m-values can be determined. This method
could thereby be applied to various systems to extend the com-
parison beyond the DSE to include states that break only a sub-
set of H-bonds, such as subglobal openings.

However, we assume that the HX rate is governed by the
H-bond fraction and the intrinsic HX rate (kchem). This as-
sumption is valid when considering unfolding of a segment to
a well solvated conformation, but may not apply for small open-
ings where local geometry may affect kchem. We leave this issue for
future studies because it does not affect the present conclusions.

Conclusions

The MD simulations by Shaw and coworkers can reversibly fold
small proteins and reproduce their native structures, folding rates,
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and melting temperatures. However, the discrete transitions ob-
served in the MD simulations for NuG2b and other small proteins
occur between the native state and a highly collapsed, H-bonded
species. In contrast, experimental data indicate that small proteins
often fold much more cooperatively with a denatured state that is
expanded and largely unstructured even at low denaturant con-
centrations. The excessive amount of intramolecular H-bonding
observed in the simulations suggests that changes in the force field
are warranted to produce the correct balance between H-bonding,
backbone solvation, and nonbonded interactions.

Methods

Before HX measurements, NuG2b was exchanged into D,O and then
lyophilized. Exchange measurements were initiated by the addition of solvent
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