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ABSTRACT: The denaturant dependence of hydrogen—deuterium exchange
(HDX) is a powerful measurement to identify the breaking of individual H-
bonds and map the free energy surface (FES) of a protein including the very
rare states. Molecular dynamics (MD) can identify each partial unfolding
event with atomic-level resolution. Hence, their combination provides a great
opportunity to test the accuracy of simulations and to verify the interpretation
of HDX data. For this comparison, we use Upside, our new and extremely fast
MD package that is capable of folding proteins with an accuracy comparable
to that of all-atom methods. The FESs of two naturally occurring and two
designed proteins are so generated and compared to our NMR/HDX data.
We find that Upside’s accuracy is considerably improved upon modifying the
energy function using a new machine-learning procedure that trains for proper
protein behavior including realistic denatured states in addition to stable
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native states. The resulting increase in cooperativity is critical for replicating the HDX data and protein stability, indicating that we
have properly encoded the underlying physiochemical interactions into an MD package. We did observe some mismatch, however,
underscoring the ongoing challenges faced by simulations in calculating accurate FESs. Nevertheless, our ensembles can identify the
properties of the fluctuations that lead to HDX, whether they be small-, medium-, or large-scale openings, and can speak to the

breadth of the native ensemble that has been a matter of debate.

Bl INTRODUCTION

Proteins populate high-energy states as determined by their
free energy surfaces. These states are often relevant in folding,
catalysis, binding, conformational selection, aggregation, and
allostery." An ongoing challenge is to accurately calculate the
free energy surface, including the generation of the Boltzmann
ensemble of all major species. By providing the free energies
for the breaking of individual hydrogen bonds, AGyy, HDX
and its denaturant dependence is an excellent method to
identify excited states and test the veracity of a simulated free
energy surface.

HDX occurs when an amide proton (NH) normally
participating in an H-bond becomes exposed to solvent in a
transient “open state” (Figure 1). A major advance in the
interpretation of HDX data came about with the measurement
of the denaturant dependence of exchange, which provides an
indicator of the size of the opening event.”” For many proteins,
HDX of the most stable H-bonds has a large denaturant
dependence, and the exchange process corresponds to the
global unfolding of the protein, for example, as measured by
temperature or chemical denaturation.* The other, less stable
H-bonds have a reduced sensitivity to denaturant, indicating
that the structural opening involves only a portion of the
protein.
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The size of the opening varies, ranging from only one or a
few amides in “local” openings to larger “subglobal” openings
to complete or “global” unfolding. Rather than the breaking of
a specific H-bond, local opening events have been proposed to
reflect population shifts within a broad native ensemble.”® For
some proteins, subglobal openings likely represent unfolding
intermediates where the disordered regions correspond to the
unfolding of one or more helices and/or strands (“foldons”)
that exchange in a concerted manner.’

The prediction of a free energy surface and its validation
using HDX data is challenging. An implication of having one or
more NHs exchanging with AGyy matching the global stability
AG,, and its denaturant dependence, is that the amount of
residual H-bonded structure must be minimal in the denatured
state ensemble (DSE). Achieving such a high degree of folding
cooperativity is difficult as it requires that the energy function
strike the proper balance between the stabilizing interactions
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Figure 1. Denaturant dependence of HDX. (A) H-bonds are broken when the protein undergoes global, subglobal, and local openings that can be
identified by their sensitivity to denaturant (m-values). (B) The observed exchange rate is the sum of the rates from each class of openings, global
(U), subglobal (Sub), or local (Loc), which results in the observed denaturant dependence (black curved line). The free energy diagrams illustrate
the shift in populations as the denaturant concentration is increased, and changes which state dominants the exchange process.

needed to fold the protein and the destabilizing protein—
solvent interactions necessary to produce a DSE devoid of
residual structure.”®

All-atom molecular dynamics (MD) simulations in principle
are well suited to generate Boltzmann ensembles for HDX
calculations.” ™ Previously, however, we examined DESRES
folding simulations for NuG2b, a small a/f protein, and found
that the DSE possessed a near-native radius of gyration (R,)
and native-like H-bonding levels. These properties are
inconsistent with our HDX and small-angle scattering data.'”
Generally, MD force fields have excess residual structure,
which inhibits their ability to predict HDX, although
improvements have been made.”*

Here, we advance our near-atomic level MD Upside
algorithm that can fold proteins with accuracy comparable to
that of all-atom methods but in CPU-hours'®'” and test
whether it can generate ensembles that can reproduce HDX
data for four proteins: two Rosetta-designed proteins,"®
mammalian ubiquitin, and a ubiquitin variant (LSOE). To
predict the larger openings and their denaturant dependence,
we find it necessary to train our force field in a manner that
reduces the amount of residual structure in the DSE and
increases folding cooperativity. Although the agreement
between our simulations and the HDX data is laudable, areas
for improvement include increasing cooperativity and reducing
the number of spurious small-scale openings. In general, our
study provides a firmer foundation for testing simulations
against HDX data, which should lead to improvements in our
ability to simulate the free energy surface and interpret HDX
data.

B RESULTS

We first describe the Upside model and conduct dual-target
contrastive divergence (ConDiv) training of our energy
function using both the native state ensemble (NSE) and an
unstructured DSE. This procedure is designed to balance the
energy terms to decrease the amount of residual structure
while still being able to fold proteins. Next, methods for
comparing an MD trajectory to HDX data and its denaturant
dependence are presented, followed by comparisons to data.
Upside is a near-atomic, implicit solvent model that conducts
Langevin dynamics on just the three backbone N, C,, and C
atoms, with the backbone conformation guided by neighbor-
and residue-dependent (¢,y) torsion maps.'®'” Upside’s speed
in part arises from explicitly including only the three backbone
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atoms during the dynamics portion, but it uses the inferred
positions of amide hydrogens, carbonyl oxygens, C; atoms, and
side chains during the force calculation. The side chains are
represented by multiposition, amino acid-, and directional-
dependent beads. After every Verlet integration time step, the
bead position probabilities of all side chains are determined in
a single global side chain packing step that produces the lowest
side chain free energy. This step greatly reduces side chain
friction, which, along with the lack of explicit solvent, explains
much of the 10°~10*fold speedup as compared to standard
MD.

Contrastive Divergence (ConDiv) Training. Critical to
Upside’s success is the development of a force field having the
proper balancing of energy terms. Balancing is achieved by
simultaneously training essentially all parameters using our
version of the machine learning ConDiv method."” Here, one
considers two ensembles, the first restrained to be near the
native structure and the second that is free to diffuse away
during a simulation. For a perfect energy function, the
unrestrained ensemble will remain close to the native
ensemble. However, differences will arise with an imperfect
function, which can be reduced by changing the strength of the
energy terms to preferentially stabilize the native conformers as
compared to the unconstrained ensemble. For example, if too
many H-bonds form in the unconstrained ensemble, the H-
bond energy is reduced, and the training simulations are
repeated. This iterative procedure of updating the energy terms
to preferentially stabilize the NSE continues until no energy
parameter can be updated to produce a better NSE (Figure 2).
To avoid overtraining, this procedure is run for 456 proteins in
batches of 19 to produce our 2018 energy function, “FF1”.

An improved FF2 version is obtained in the present study by
adding an explicit backbone desolvation term, a better side
chain burial calculation to include the chemistry of the side
chain’s environment, and modifying the H-bond energy to be
secondary structure-dependent (varies by 10%, Supporting
Information Improving the Energy Function). These mod-
ifications follow FF1’s overall philosophy of using as few
physically based energy terms as possible while still
maintaining accuracy (Supporting Information Improving the
Energy Function).

At temperatures above the melting temperature (T,), the
DSE with FF1 has minimal H-bonded structure, but below the
T, some residual structure remains in the DSE (Figure S6).
To reduce this structure and increase folding cooperativity, we
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residual structure in the DSE while still being able to fold 20.0 ;
proteins. A DSE training ensemble was generated using 5 1 5'0 :
expanded conformations from simulations run at ~T,, (Figures _§ 1 O. 0 '
2 and S3, Supporting Information Parameterization by T 5'0 :
ConDiv). The target ensemble for the DSE was taken to be # i
a self-avoiding random walk (SARW). This dual-target ConDiv 0'980 40 0 40 30
training procedure was used to obtain FF2 (Supporting T—Tm (K)
Information Parameterization by ConDiV?. C) o FrL  Pearson=060 0
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accuracy for de novo folding, the ability to remain in the native = e fR2 ° &
well, the degree of folding cooperativity, and the overall 56 m\qjﬁ'/ ’
thermodynamic stability. The ability of FF2 to both fold & " . 7 ¢
proteins de novo and maintain the native state as a stable K 4 ° . /\‘f/’
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the predicted structure that can be aligned to the native or
some other reference structure within a certain distance cutoff
(e.g, 5 A)." Likewise, for trajectories starting from the native
state, the TM-scores of the excursions within the native basin
were 0.45 and 0.55 (RMSD values of 5.7 and 4.0 A),
respectively (Figures 3A, S4, and SS). The improvement in the
ability to remain near the native state is especially significant as
the trajectories that begin in the native state are those that are
used to calculate HDX data.

To examine the importance of our dual-target ConDiv
procedure, we created FF1+, a version that contains the extra
energy terms found in FF2 but lacks the dual-target training
protocol. A comparison of FF1+ to FF1 indicates that the new
energy terms did help increase folding cooperativity (Figures 3,
S6, and S7), but they did not significantly improve our
estimation of global stability (Figures S8 and S9). Hence, our
dual-target ConDiv training procedure is a key factor for the
improvement of FF2. Effectively, having a disordered DSE
serves as a regularizer that produces the minimum interaction
energy that can still generate both a stable NSE and a
disordered DSE.

The extent of folding cooperativity in FF2 was assessed by
comparing the fraction of H-bonds formed in the conforma-
tions that lie outside the NSE to the fraction that are in the
NSE at the T,. After dual-target training, the H-bond
distributions show increased bimodal character, and the ratio
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Figure 3. Improved performance with force field FF2. (A) C,-RMSD
distribution of the validation set starting from either a native or an
unfolded conformation (average values indicated with dashed lines).
(B) H-bond distribution at the T, for a set of designed mini-proteins
and the corresponding melting curves. (C) Predicted and
experimental AG values at 298 K for the mini-proteins using the
original FF1 and the new FF2 energy function. The correlation
coefficients and the slope of the best fit are listed with a 90%
confidence interval.

of the non-NSE H-bond fraction to the NSE H-bond fraction
decreased from 38—50% to 20—31% for two Rosetta-designed
mini-proteins, mammalian ubiquitin and an LSOE variant
(Figures 3B, S6, and S7). This reduction in residual H-bond
levels should improve our ability to identify large opening
events using HDX.

To make a direct comparison to the experimental data, our
first step was to calibrate the Upside temperature scale using
the measured stability of 13 Rosetta-designed mini-proteins
(Table S1) that Upside can reversibly fold to near-native
resolution, C,-RMSD = 1.2—5.0 A (average 2.3 A) at 298 K.'®
For each protein, temperature replica exchange molecular
dynamics (T-REMD) simulations””*" were run to generate
melting curves that were fit assuming a two-state U-to-N

https://doi.org/10.1021/acs.jctc.1c00960
J. Chem. Theory Comput. 2022, 18, 550—-561


https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.1c00960/suppl_file/ct1c00960_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960?fig=fig3&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.1c00960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

EHEE_rd2_0005 < il

20000 40000

frame

60000

5 10 15
#H-Bond

20

Rg (4)

pubs.acs.org/JCTC
30 -
HEEH_rd4_0097 < 2 fiaiar
e}
(1.20 A) E 0%
0
8 -
§ TR
T
S
> <5
&g
20000 40000 60000 density
frame
6.0
30 2 4.5
25 1 3.0
o~
20 go 15
15 -1 AOAO
3
101 - e 5 §
5 10 15 20 g

#H-Bond

Figure 4. Reversible folding of EHEE_rd2_ 0005 (left) and HEEH_rd4 0097 (right). Predicted (cyan) and Rosetta-designed targets (red) are
shown along with reversible folding trajectories, corresponding histograms, and heat maps of the FES at the Ty, (320 K for EHEE_rd2_000S, 317 K

for HEEH_rd4 0097). The FES is shown using two different sets of axes: (1)

and the number of H-bonds and (2) the first two components in

the PCA. Representative pathways and structures are shown, which highlight the diverse folding routes.

model (Figure S8). The single Upside simulation temperature
that best reproduced the experimental stabilities for the 13
proteins was defined to be 298 K (Supporting Information
Temperature Calibration).

For this set, Upside’s estimation of global stability differs
from experiment by an average of 1.3 kcal'mol™' ((AT,) = 7
K). The stability predicted by FF2 showed an improved
correlation with the experimental values, having a Pearson
correlation coefficient of 0.60 and a slope of 0.82, as compared
to values of —0.14 and —0.15 for FF1 (Figures 3C and S9).
This improvement is notable as the changes in FF2 were not
explicitly intended to improve Upside’s ability to calculate
stability.

Free Energy Surface of Two Designed Mini-Proteins.
We ran Upside simulations for two Rosetta-designed o/ mini-
proteins, termed EHEE rd2 0005 (40 residues) and
HEEH rd4 0097 (43 residues).'® EHEE rd2 0005 has a
three-stranded f sheet with a helix inserted between the
amino-terminal strand and the carboxy-terminal hairpin.
HEEH_rd4_0097 has a central hairpin flanked by two helices.
Reversible folding/unfolding behavior is observed for both
proteins with the NSE having an RMSD ~ 1 A from the
designed targets (Figure 4) and 1.1-1.7 A to the 20 NMR
structures (PDB: SUYO)'® for HEEH_rd4 0097.

To obtain the free energy surface, we performed T-REMD
simulations and combined the different replicas using the
multistate Bennett acceptance ratio (MBAR) method.”” For
both proteins, the free energy surface contains two distinct
energy wells for the NSE and DSE, the latter of which is largely
devoid of H-bonds (Figures 4 and S13). Principal component
analysis (PCA) was conducted using the C,—C,, contact matrix
as the coordinates (C,—C, distance < 10 A). For
EHEE rd2 000S, two native-like intermediates appear that
contain either the helix (I2) or the helix plus hairpin (I1). A
minor folding pathway exists, which contains a lowly populated
intermediate having only the carboxy hairpin (I3) at a
population of only 5 X 107* relative to 12 at 287 K (Figures
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4 and S14). For HEEH rd4 0097, there are two minor
depressions in the free energy surface representing the loss of
one or both helices, while an even lower populated species is
observed lacking the internal hairpin (Figure 4). The PCA map
suggests three reversible pathways, but none is dominant
(Figure S1S5). These simulated ensembles were used to
calculate HDX patterns.

HDX Calculations. HDX occurs when an H-bond is
broken in a transient open state, and the NH is exposed to
solvent:**

Keem

k() en
H-bond formed = H-bond broken —3 H--D exchange

kose
The observed HDX rate (k,,;) can be expressed as
kypenk

open’~chem

+ k

kobs - k

+ k

open close chem

The relative slowing of kg, as referenced to the intrinsic
chemical exchange rate, kg, is termed the protection factor
(PF = kgem/kobs)- Under the typical “EX2” condition where the
closing rate, k.., of the H-bond is much faster than kg, the
PF is directly related to the equilibrium stability according to

[closed] J . ln[ kdose]

AGgyx = RT In(K,,) = RT In
1 [open]

open
= RT In(PF — 1)

(See the section Testing for EX2 Behavior.) In our ensembles,
exchange competent NHs are identified using Halle et al’s
criteria that the H-bond must be broken and the NH be
coordinated to at least two nearby waters.” These criteria are
adapted to our implicit solvent simulations using our backbone
burial level (BLM) term and H-bond score. This score is
bimodal, being near 0 (broken) or 1 (made) during the
simulations (Figure S11A). The burial level of the NH (BL™)
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comes from two contributions (Figure S11B), the heavy atoms
on the backbone (BL{}) and the side chain bead (BL!):

BL" =5 x BLY + BL{;

The value of S is used to increase the side chain score relative
to that of the three backbone atoms, amide proton, and oxygen
as the side chain bead is a single interaction center and hence
under-represents the volume occupied by the side chain
(Figure S11C). An NH is considered protected (PS; = 1) when
it is either H-bonded or buried with BL! > 5; otherwise, PS; =
0. For a simulation, the free energy for each NH is calculated
according to

N

AGyy; = RT In Zniljfw
' N-Y PS,

where 7 is the frame index and N is the number of frames.

Calculating the Denaturant Dependence of HDX. The
analysis of the denaturant dependence of AGyy parallels that
used in equilibrium measurements where the global stability is
linearly dependent on the denaturant concentration, AG =
AGy, — mg[den]. For global unfolding, the m, value is
proportional to the denaturant-sensitive surface area exposed
upon unfolding of the protein.”* Similarly, for HDX, the slope
of AGyy versus [den] reflects the size of the lowest energy
opening where NH is in an exchange competent state. Such
openings %enerally occur through global, subglobal, and local
openings3’ 5733 (Figure 1). The HDX for these three classes
has a large, medium, or near-zero sensitivity to denaturant,
respectively.

A complicating aspect with HDX is that any given NH can
exchange through multiple processes with fluxes that depend
on the relative energy of each process, which can change with
denaturant concentration. For example, for an NH that can be
opened in each of the three classes, the net HDX rate is given

by
ktotal ( [den] ) = klocal( [den] ) + ksubglobal( [den] )
+ kg]obal( [den] )

This NH may start exchanging through a local opening if
AGie < AGgpgobay AGgopa in the absence of denaturant.
With added denaturant, larger openings are preferentially
promoted as they are more sensitive to denaturant. As a result,
the NH that started exchanging via a local opening will
transition to exchanging through openings having a stronger
denaturant dependence with increasing denaturant once these
opening events become the lowest free energy states. Likewise,
a subglobal exchange process may in turn be overtaken by the
global opening once the global opening becomes the open
state with the lowest free energy. The transition from one class
of opening to another provides a stringent test of a model’s
ability to generate an accurate Boltzmann ensemble.

To include denaturant in the simulations, it is assumed to
destabilize individual conformations proportional to the
number of the protected backbone NHs (NHE. ;) according to

AAG([den]) = —s-N32_-[den]

where s is a scale factor that is selected to reproduce the slope
of the experimental denaturant dependence for each protein
(Table S4). The value of AAG([den]) for each conformation
is used to reweight its population at each simulated denaturant
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concentration. The use of NH protection as a proxy for the
effects of urea is supported by a strong correlation between the
number of H-bonds and exposed surface area in our
simulations (R* = 0.97, Figure S12) as well as HDX and
transfer studies that indicate that backbone exposure relates to
denaturant sensitivity for urea.’*”

Comparison to Experiment. HDX data were acquired for
EHEE rd2 0005 and HEEH rd4 0097, respectively, at 298
K, pD;ead 7.1 and 278 K, pD,.q 4.6, where the most stable site
on each protein has a stability of 8.6 and 4.3 kcal'mol™". To
focus on comparing FESs, we chose to compare the
simulations at temperatures of 293 and 299 K where the
simulated stabilities best match the experimental values for
EHEE rd2 000S or HEEH rd4 0097, respectively (Figure S;
Supporting Information Experimental Data Fitting, with
comparisons at the experimental temperatures presented in
Figure S16).
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Figure 5. HDX and its denaturant dependence for EHEE_rd2_000S
and HEEH_rd4_0097. Only residues with experimentally determined
AG values are shown.

The pattern of site-resolved AGyy and m-values from
simulations is similar to that of their experimental counterparts
(Figures 6, 7, and Table S14). As compared to the original
FF1, the dual-target training of FF2 improved the prediction of
HDX (Figure S16). The RMSE of FF2 to experimental AGyy
values is smaller by 2.5 and 0.3 kcal'mol™" for
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EHEE rd2 000S and HEEH rd4 0097, respectively (Figure
$17). The RMSE of the m-value is also lowered by 0.05 to 0.1
kcal-mol™*-M™!, which indicates that folding is more
cooperative with FF2.

Both proteins have openings with mild to large denaturant
dependence, although for the simulations with FF2, neither
protein has any sites that exchange only via globally unfolding.
The highest AGyx values for EHEE rd2 0005 and
HEEH rd4 0097 from simulation fall short by 1.2 and 0.5
kcal mol™, respectively.

An examination of the simulated free energy surface provides
an explanation for why there are no global exchanging sites
(Figure 4). For EHEE rd2 000S, an intermediate exists on
the major folding route that contains just the helix. While the
helix potentially could then exchange through global unfolding
from this state, the helix has another exchange route with an
energy just below the global stability where only the f-hairpin
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remains intact. In fact, every secondary structure in
EHEE_rd2_000S can exchange prior to global unfolding on
some pathway between the native and unfolded state. Likewise,
for HEEH_rd4 0097, the helices and the hairpin can unfold
independently. As a result, all sites can more readily exchange
through a subglobal opening than through global unfolding.

Hence, Upside has not quite achieved the folding
cooperativity under native conditions needed to reproduce
the all-or-none behavior seen in the many proteins having sites
that only exchange through global unfolding. At elevated urea
concentrations, however, Upside’s performance is improved as
the simulated m-values of most residues approach g, and
the individual AGyy traces merge into the global unfolding
“isotherm” seen experimentally and computationally.

HDX Calculations for Ubiquitin and an L50E Mutant.
We next studied ubiquitin (Ub, 76 residues) and a 5—6 kcal-
mol™" destabilized LSOE variant.”> The substituted glutamic

https://doi.org/10.1021/acs.jctc.1c00960
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Figure 8. Proposed strategy for calculating HDX patterns when folding is irreversible. HDX is calculated using only the portion of the trajectories
that go from the native to the unfolded state (U), prior to misfolding (gray regions).

acid is located on the S strand and points toward the
hydrophobic core of the protein. Rather than undergoing an
energetically costly pK, shift to the neutral Glu® form and
remaining folded, the A5 strand unfolds to solvate the Glu™
state.’> As a result of this “vivisection” strategy, the ground
state of the LSOE mutant lacks a folded S strand.

Upside is able to fold Ub and the LSOE variant to within 4.0
A under stabilizing conditions (280 K) beginning from an
unstructured state. When starting from the native state, the
native structure is maintained to within 3.5 A (Figures S18 and
S19). However, we have difficulty observing reversible
refolding in a single CPU-week due to the presence of long-
lived misfolded species (Figure S20). These kinetically trapped
states prevent refolding for trajectories that have passed from
the native state to the unfolded state. Given that there is no
reversibility, the free energy surface cannot be properly
sampled as is the case for the mini-proteins.

To circumvent this issue, we propose that one can still
obtain a reasonable conformational ensemble to predict HDX
by including only the structures present on the free energy
surface lying between the NSE and DSE (Figures 8 and S22).
In this procedure, which mimics the actual HDX experiment as
the protein starts from the native state, trajectories beginning
in the native state are allowed to continue until the protein
unfolds and then tries to refold. From this point forward, no
more conformations from this trajectory are included in the
HDX calculation. Because the DSE is under-sampled, this
method may overestimate the native stability. However, if the
protein adequately samples the region of the FES between the
NSE and the DSE (Figure S21), then AGyy, which is
referenced to the native state, should be correct for the states
that lie between the NSE and DSE.

We compared the results of this strategy to new HDX data
on Ub acquired at 273 K, pD,.q 7.6 and published data on
LSOE (277 K, pD,4pq 7.5).>> According to data for the sites with
the largest AGyy and m-values, the global stabilities are 8.6 and
4.7 kecal'mol ™" for the Ub and the variant, respectively (Figure
9). For purposes of comparing the HDX patterns, we selected
simulation temperatures of 300 and 305 K to match the
experimental stabilities (simulations at the experimental
temperatures are shown in Figure S25).

As with the designed proteins, the simulated Ub and L50E
ensembles did not have any sites that exchanged solely by
global unfolding in the absence of urea, although LSOE came
close. The most stable NHs in the simulations were 1.3 and 0.2

556

- 13
V- F4 -y
—h— V5
—— K6 —@-

113 —¥— 123 % K29 @ L50 -+ Y59
L15 —&— N25 —4— 130 —@— R54 —@— L67
V17 -~ K27 144 —¥— T55 - L69
D21 -~ A28 W45 ~#— L56 —&— V70

Ub

Experiment Simulation

AGyy (kcal'mol')
E=

2_

<y T=273 K T=300 K
0l . . ——y N

0 1 2 0 1 2
[urea] (M)

¥ F4 @ 113 -¥— K27 -$% E34 —¥- S57 ¥~ N68
L50E —* v5 —% L15 — A28 R42 —4— D58 ~h— L69

~f- K6 —d— V17 - K29 144 —dp— Y59 e~ V70

@ 3% 17 &

Experiment
AGy= 3.5 kcal-mol!

V26 - Q31 -@- L56 -@- L67 - R72
Simulation

AGyx (kcal'mol")
N

N QC’\O %\ =
. T=277 K T=305 K
03 0.3 0.6 09 0 0.3 0.6 0.9
[urea] (M)

Figure 9. HDX data for Ub and the destabilized LSOE variant.

kcal'mol™ less stable than their experimental counterparts.
Consistent with the experiment, the simulations found that the
amino-terminal hairpin and helix are more stable than the
carboxy-half of the protein, which largely exchanged through
smaller-scale openings (lower m-values). As the denaturant
increased, the m-values increased as larger openings were
preferentially stabilized by denaturant.

The overall HDX pattern and its denaturant dependence
were much better predicted for the LSOE variant (Figures 10,
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11, and Table S14). This difference is due in part to the 4 kcal-
mol™" decrease in the energy gap between the native and the
fully unfolded state for the variant. For larger energy gaps,
there is an increased probability that a spurious small-scale
opening event occurs in the simulations that can be the
dominant exchange route and worsen the agreement with the
HDX data. Examples of such fluctuations are f-strand register
shifts of 1 or 2 residues (Figure S23).

The free energy surfaces for Ub and the variant were
calculated from the same portions of the trajectories used to
calculate the HDX pattern. The surfaces contain two defined
wells corresponding to the NSE and DSE (Figure S23). The
PCA map has two additional wells near PC1=2 representing
states with the $2—f3 strand pairing having different registers.
There are various states between the NSE and DSE, and the
projection of the trajectory onto the PC1 and PC2 axes finds
multiple pathways with the amino-terminal hairpin and a-helix
being the most stable structures, consistent with the HDX data
(Figure S24).
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Interpretation of Small m-Values. The m-value is the
denaturant dependence of an H-bond’s free energy, reflecting
the difference in the amount of exposed denaturant-sensitive
area between the ensemble having the H-bond broken and the
ensemble having the bond formed. We approximate the m-
value as the difference in the total number of H bonds formed
in the closed and open states, that is, m o« Nho.q — Nﬁgaen

Traditionally, a small m-value is interpreted as an opening
event involving only one or a few H-bonds in an otherwise very
native-like conformation, that is, Noplzn B — 1. In
principle, however, a small m-value could still occur in a broad
native well having multiple H-bonds broken at any given time,
so long as Ni» 4 — Ng,Ben is small for the specific site under
consideration.”

We investigated this possibility by examining NHo.4 for a
variety of H-bonds having small m-values. In the Upside
trajectories, we observe a narrow native ensemble with nearly
all H bonds being formed in the native well at low denaturant

(N52.4 ~ Niaby) (Figures 12, S26, and S27). For example, the

~
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Figure 12. Local opening events of EHEE_rd2_000S at T = 293 K. (A) HDX for seven residues that exchange via local or near-local openings. (B)
Their m-values are decomposed into values for the closed and open states (1145.q and mopen). The mys.q value of all of the local residues is close to
0 at low [urea] as all of the native H-bonds are formed >96% of the time when the H-bond of interest is formed. When the H-bond is broken, 79%
and 16% of the time, 0 or 1 H-bond, respectively, is also broken. (C) Distribution of the number of H-bonds at T = 293 K. (D) Example structures

for the local openings.

H-bond involving Arg22 of EHEE rd2 0005 has an m-value
that is 5% of the global m-value, and when the H-bond is
formed, all other native H-bonds are formed >96% of the time.
Additionally, when the H-bond of Arg22 is broken in the NSE,
nearly all other H-bonds remain (i.e., 79% and 16% of the NSE
have 0 or 1 additional H-bonds broken, respectively). For this
and other sites having small m-values, the local opening events
reflect the breaking of a single or a few H-bonds rather than a
population redistribution within a broad native ensemble. Our
simulations generally find that local openings occur at the
termini of helices and strands or at turns. In helices, the donor
and acceptor residues separate, whereas the NH becomes
exposed in strands via individual crankshaft motions (Figure
12D).

Testing for EX2 Behavior. An assumption in the
calculation of stability from HDX data is that exchange is
occurring in the thermodynamic EX2 limit where kgoq > kepem
and the rate is proportional to the fraction of time the NH is
exchange competent, that is:

open

—k

close

kobs ~ chem — KEchhem

In the other EX1 limit where kg, < kg €xchange occurs
every time the NH becomes exchange competent so that the
observed rate matches the opening rate, Koy, = kopen-

For EHEE rd2 0005, we measured the refolding kinetics as
a function of urea, tracking tryptophan fluorescence at 298 K,
pH 7.54 to match the HDX condition. The folding rate
extrapolated to 0 M urea was ~1700 s™', whereas k.., for the
measured NHs was between 9 and 26 s™' for the five most
stable sites. At the highest urea concentration (6 M), the
corrected ke is 4—12 s~ for these residues, while k; = 390
s (in 4 M urea, 1.25 M guanidine hydrochloride). Under the
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experimental conditions for HEEH_rd4 0097 (278 K, pD,.q
4.6), kgher is ~0.008 s~!, which makes it highly likely that this
small protein exchanges in the EX2 limit.*® Likewise, for Ub
and the LSOE variant, folding time constants are in sub-20 ms
range (i.e, >50 s7'),>**” whereas (kgem) = 2.4 5" at 273 K,
PD;eaq 7.6 for the seven most stable sites. Hence, data for the
proteins likely all are in the EX2 limit.

B DISCUSSION

The goals of our study are to advance the Upside model’s
ability to calculate the free energy surface and develop
protocols for validating this and similar calculations using
HDX and its denaturant dependence. A comparison involving
the denaturant dependence provides a sensitive test of the
veracity of the simulated ensemble as both the free energy and
the structural content of the partially folded states must be
correctly predicted. This task is particularly challenging for the
larger openings as it requires that the simulations have low
levels of residual H-bonded structure in the disordered regions.
To achieve such cooperativity requires the stabilizing
interactions to be strong enough to fold the protein while
not overstabilizing residual structure.

We achieved moderate success with two small, designed
proteins as well as Ub and an LSOE variant, observing openings
having probabilities as low as 1 part in a million for the two
most stable proteins, EHEE rd2 0005 and Ub. In the absence
of denaturant, however, these rare events do not quite
represent global unfolding. Because of an overprediction of
the partially folded states, the AGyx values for the most stable
NHs in the simulations are below the experimentally
determined values for the sites that likely exchange by global
unfolding by 0.2—1.5 kcal mol™". With urea, these states are
destabilized, and the HDX shifts from being dominated by
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local and subglobal openings to occurring via larger-scale
openings, including global exchange, in agreement with
experiment.

Upside’s performance is the product of our ConDiv training
procedure that was trained for stable native and disordered
unfolded states. The dual-target training increased folding
cooperativity and reduced the amount of residual H-bonded
structure, which is essential for accurately predicting HDX
patterns. Other improvements included energy terms related to
backbone and side chain desolvation.

We are able to reversibly fold EHEE rd2 0005 and
HEEH rd4 0097 but did not achieve this level of success
for Ub and the LSOE variant. For these larger proteins, we
adopted a strategy of calculating HDX using only the portion
of the trajectories that connects the NSE to the DSE,
mimicking actual HDX measurements. The general agreement,
especially for the LSOE variant, argues that this approach does
provide a way forward for handling larger proteins, especially
for describing the lower energy, smaller-scale opening events.

Other challenges exist in predicting HDX data. There must
be sufficient sampling that the ensemble properly reflects the
Boltzmann weighting, especially for the rare opening events.
The use of enhanced sampling methods including replica
exchange combined with reweighting methods such as
MBAR™ is extremely useful.

Another challenge relates to the observation of rare events.
Their observation in an HDX experiment requires that no
lower energy opening exists as it would dominate the exchange
process. Hence, to match the experimental observation of a
high energy species requires the model both accurately
simulate the rare species and, at the same time, not have any
lower energy states where those NHs are not involved in H-
bonding. Hence, reproducing HDX data requires an accurate
calculation of the free energy surface at both high and low
energies.

This issue becomes more problematic with more stable
proteins as overprediction of exchange competant states
becomes more likely as the energy gap between the DSE
and NSE increases. This effect can be seen in our poorer
prediction of HDX for wild-type ubiquitin as compared to the
LSOE variant, which is § kcal-mol™ less stable.

From the experimental perspective, the conversion of
experimental HDX rates to AGyy requires knowledge of the
intrinsic rate kg.,,. The standard intrinsic rates were obtained
using peptides in 0.5 M KCI, which is appropriate for unfolded
chains.®® While deviations in kg, have been observed in
unusual electrostatic environments®”*’ or with highly charged
proteins,*’ we believe these effects are likely to have minimal
impact on the large-scale unfolding events we are investigating
as the charge density is lower in these expanded states.
Nevertheless, these effects could affect the comparison
between local unfolding events. Future HDX studies may be
conducted in the presence of divalent cations to reduce these
effects.”’

Previous HDX Prediction Studies. The challenge of
calculating a conformational ensemble that determines the free
energy surface and HDX pattern is quite different from the task
of predicting AGyy. A variety of strategies have predicted
AGyy using properties of the native state’ sometimes
augmented by HDX enhancing motions.*”** HDX data have
also been used to improve computational ensembles.**”*® For
the purposes of our study, however, we are focused on de novo
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HDX calculations that are based solely on the NH protection
levels in a predicted Boltzmann ensemble.

Generally, at least one amide proton exchanges with the
stability and denaturant dependence consistent with total
unfolding.”*” This observation implies that HDX for such sites
occurs from a highly expanded state. Hence, models where
exchange is predicted to occur from near-native or collapsed,
H-bonded conformations do not accurately describe the
Boltzmann ensemble, regardless of how well they may predict
AGyy in the absence of denaturant.

All-atom simulations are well suited to predict HDX.”~"*
Although improvements have been made,”® these simulations
generally have too much residual structure to be consistent
with the strong denaturant dependence seen in HDX data.
Other approaches with the potential to predict Boltzmann
ensembles and HDX patterns include coarse-grained Go
models*® and COREX.>* The latter method generates
energy-weighted ensembles where each site is considered
binarily as either native or unfolded in windows of 6+
residues.”*’

In their comparison of COREX to HDX data,® Hilser et al.
suggested that the NSE is broad with 10—20% of the buried
surface exposed. Within the context of this broad ensemble,
they proposed that small m-values arise when the average
exposure in the subensemble having the specific H-bond closed
matches the exposure in the subensemble where the H-bond is
open: that is, m = Myeq = Mopen & 0.° As discussed earlier,
such a broad NSE is not observed in the Upside simulations.
Rather, we find that small m-values reflect H-bonds
predominantly breaking as singletons due to local deforma-
tions at the ends of secondary structures and turns (Figures
12). This observation supports the standard view that local
unfolding events occur with the breaking of only one or a few
H-bonds” and the native well is a relatively narrow ensemble
(Figures S26 and S27).

B CONCLUSION

We found that the prediction of the free energy surface and
validation using HDX is extremely challenging and hence
provides a very rigorous test of the accuracy of an energy
function and sampling engine. The pair must predict the
probability and structural content of rare events while having a
DSE with minimal residual structure and avoid overpredicting
intermediate-level fluctuations. In this light, we view the
outcome of the present study to be commendable, although we
appreciate that there is room for improvement.

We improved our performance by training the energy
function to simultaneously fold proteins and have an
unstructured DSE. This results in more realistic denatured
states and increased folding cooperativity, which improves the
match to HDX data. The dual-target training procedure also
improved our ability to predict protein stability even though
this was not an explicit goal, suggesting that the training
procedure should be useful in improving other energy
functions.

B METHODS

MD simulation and sampling can be found in the Supporting
Information Simulation Details and Sampling. Protein
sequences, expression, HDX/NMR, and kinetic studies can
be found in the Supporting Information Experimental
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Methods. The Upside package is available for download at
https://github.com/sosnicklab/upside-md.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00960.

Detailed discussion about the energy function improv-
ing, dual-objective contrastive divergence training,
temperature calibration, stability prediction, simula-
tion/sampling methods, and experimental methods
(PDF)
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