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ABSTRACT: Many protein structural investigations involve the use
of H/D exchange (HDX) techniques. It is commonly thought that
amide backbone protection arises from intramolecular H-bonding
and/or burial of NH sites. Recently, fundamental HDX-related tenets
have been called into question. The current work focuses on ubiquitin
for exploring the defining features that distinguish amides in “open”
(exchange-competent) and “closed” (exchange-incompetent) environ-
ments. Instead of relying on static X-ray structures, we employ all-
atom molecular dynamics (MD) simulations for obtaining a dynamic
view of the protein ground state and its surrounding solvent. The
HDX properties for 57 out of 72 NH sites can be readily explained on
the basis of backbone and side chain H-bonding, as well as solvent
accessibility considerations. Unexpectedly, the same criteria fail for
predicting the HDX characteristics of the remaining 15 amides.
Significant protection is seen for numerous exposed NH sites that are not engaged in intramolecular H-bonds, whereas other
amides that seemingly share the same features are unprotected. We scrutinize the proposal that H-bonding to crystallographically
defined water can cause the protection of surface amides. For ubiquitin, the positioning of crystal water is not compatible with
this idea. To further explore possible solvation effects, we tested for the presence of partially immobilized water networks. Our
MD data reveal no difference in the solvation properties of protected vs unprotected surface amides, making it unlikely that
restricted water dynamics can cause anomalous amide protection. The findings reported here suggest that efforts to deduce
protein structural features on the basis of HDX protection factors may yield misleading results. This conclusion is relevant for
initiatives that rely on sparse structural data as constraints for elucidating protein conformations. It may be necessary to pursue
detailed quantum mechanical studies of the protein, the solvent, and the hydroxide catalyst for obtaining a comprehensive
understanding of the factors that govern HDX rates. The considerable size of the systems involved makes such endeavors a
daunting task.

Backbone H/D exchange (HDX) measurements are widely
used for studying protein structure and dynamics. Both

NMR spectroscopy1−4 and mass spectrometry5−14 can serve as
detection methods. Ideally, these measurements yield the HDX
rate constant kHDX for each single NH site.
In short peptides, the deuteration kinetics are governed by

the two side chains adjacent to the amide of interest. HDX in
near-neutral solution proceeds with OD− catalysis through a
R−C(O−)N−R imidate that subsequently interacts with
D2O to form R−CO−ND−R.15 Positive charge density in the
vicinity of the NH lowers the amide pKa by stabilizing the
imidate, thereby accelerating HDX. The opposite effect is
encountered for negative charge.16−18 Accordingly, the
interactions between a peptide NH and its two adjacent side
chains can be attributed to inductive effects, with some
modulation by steric factors.19 Empirical rules have been
established to describe how these nearest neighbor interactions
determine the second-order rate constant kB, resulting in an
overall peptide “chemical” rate constant19

= × −k k [OD ]ch B (1)

Additional considerations are required to understand HDX in
proteins. Disordered segments are said to be in an “open” state,
and they exchange with rates close to those expected for short
peptides (kHDX ≈ kch).

19 In contrast, HDX in structured regions
tends to proceed much more slowly. The factors contributing
to the protection of these amides remain controversial. It is
instructive to briefly highlight some of the pertinent issues.
Solvent accessibility is often quoted as an important

determinant of HDX rates.11,20−24 This notion is in sharp
contrast to the view that protection is chiefly governed by H-
bonding,25 typically via backbone NH···..OC contacts.26 Experi-
ments confirm that H-bonded amides usually exhibit strong
protection, even if they are at the surface.25 The H-bond-centric
view emphasizes the role of conformational dynamics.
Accordingly, NH groups in structured segments predominantly
reside in a “closed” (exchange-incompetent) state, but they can
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undergo transient opening events that briefly disrupt H-bonds
and provide NH contact with the solvent. HDX-relevant
fluctuations can range from local events all the way to global
unfolding/refolding.1 During the brief time intervals that NH
sites spend in the “open” state they may undergo deuteration
with the rate constant kch (eq 1). The resulting HDX
mechanism can be expressed as27

⇄ ⎯ →⎯⎯NH NH exchanged
k

k k
closed open D O

cl

op

2

ch

(2)

This framework yields an EX2 rate constant kHDX = (kop/kcl)kch.
The extent of protection relative to the peptide-calibrated state
can be reported as6,25,26

=P k klog log( / )ch HDX (3)

Although the H-bond-centric view is quite well estab-
lished,2,6,25,26 the relative importance of steric shielding
(without H-bonding, e.g., in collapsed regions28) remains an
open question.
The above considerations notwithstanding, some amides

exchange very slowly, despite being apparently solvent
accessible and free of H-bonds.25,29−31 This phenomenon is
difficult to reconcile with traditional views of the HDX process.
It has been proposed that such anomalous protection arises
from tertiary interactions that provide a unique electrostatic
environment, thereby affecting the NH pKa in ways that go
beyond the nearest neighbor effects seen in peptides.19 This
idea shows promise in some cases,29,32 but fails in others.25 A
competing proposal25,33 dismisses the importance of tertiary
electrostatic contacts. Instead, it envisions that exposed NH
sites can be protected by H-bonding to crystallographically
defined waters at the protein surface. This alternative view re-
emphasizes the role of H-bonding for HDX protection, by
including tightly bound waters as suitable H-bond accept-
ors.34,43 The idea of NH protection via water contacts is
intriguing, but it has not been thoroughly tested yet.32

The inter-related issues outlined above complicate the
interpretation of HDX experiments. Very basic concepts such
as the exact nature of “closed” and “open” conformations
remain nebulous. These difficulties may be partly rooted in the
fact that HDX data are often interpreted in the context of static
X-ray structures.5,22,23,26,32,33 Crystal packing effects can
significantly distort amide exposure and H-bonding.33,34

Hence, X-ray structures may not properly represent the
thermally activated ensemble encountered under ambient
solution conditions. Molecular dynamics (MD) simula-
tions35−41 and related computational approaches24,42,43 can
help address these shortcomings by providing a dynamic view
of the protein and its solvent environment. Unfortunately, the
microsecond to millisecond range accessible in all-atom MD
simulations44 is much shorter than most HDX-relevant
conformational fluctuations.25 Coarse-grained simulations
provide better conformational sampling36 but lack structural
details, thereby complicating comparisons with experimental
data. Despite these limitations, MD data should provide a
better comparison basis for the interpretation of HDX data
than static X-ray structures.
Here we conduct all-atom MD simulations on ubiquitin to

examine how well the solution phase behavior of this protein
correlates with its HDX protection pattern. Ubiquitin is
relatively small (76 residues, 72 backbone amides) with a
well-defined native fold.45 It was chosen for this work because

its HDX behavior has been characterized in great detail, with
log P values that span more than 6 orders of magni-
tude.13,26,30,46,47 The disordered C-terminus lacks protection
and thus serves as internal standard. Our MD simulations
provide a dynamic view of the protein ground state in solution.
These data allow us to scrutinize on an amide-by-amide basis in
how far HDX protection can be attributed to H-bonding,
solvent accessibility, crystallographic waters, or other factors.
We find that the interpretation of HDX data in a protein
conformational context is surprisingly difficult; 21% of all
backbone amides exhibit log P values that are seemingly
inconsistent with their structural environment. Our findings
highlight severe shortcomings in the current understanding of
structure−rate relationships, and they caution against a
noncritical use of HDX data for deducing protein conforma-
tional features.

■ METHODS

MD Simulations. All-atom ubiquitin simulations in explicit
water were conducted using GROMACS 4.6.5.48,49 Like other
MD studies on ubiquitin,44 we used the 1.8 Å crystal structure
1UBQ45 as starting point. Hydrogens were added using the
PDB 2GMX routine. All titratable moieties were set to their
standard charge states expected for pH 7 (N-terminus+, R+, K+,
D−, E−, C-terminus−) with H68 in its deprotonated state,
resulting in a net protein charge of zero. The discussion below
will focus on data generated using the CHARMM22* force
field50 with TIP3P water.51 In addition, simulations were
conducted using Amber99sb-ILDN52 with TIP4P water.51

None of these (or any other commonly used) water models
account for the self-dissociation of H2O into H+ and OH−.53,54

The protein was placed in a rhombic dodecahedral periodic
box, with a minimum distance of 7 Å between protein atoms
and the edge of the box. ∼4400 water molecules were added
from a pre-equilibrated configuration file. Randomly selected
solvent molecules were replaced with Na+ or Cl− for a total salt
concentration of 150 mM. The systems were subjected to
energy minimization for 800 iterations, prior to 100 ps of
equilibration at 298 K and 1 bar using a velocity-rescaling
thermostat55 and Berendsen barostat.56 Initial velocities were
sampled from a Maxwell−Boltzmann distribution. One μs
production runs were initialized from the equilibrated systems,
using leapfrog integration with a time step of 2 fs. These
simulations were carried out under NVT conditions with
velocity rescaling at 298 K.55 Bonds were constrained using the
linear constraint solver algorithm for protein57 and the
SETTLE algorithm for water.58 Short range interactions were
modeled with a Lennard−Jones 10 Å potential-shifted cutoff,
while electrostatics were modeled using the smooth particle-
mesh Ewald method59 with a grid spacing of 2.4 Å. The
coordinates of all atoms were recorded every 2 ps for analysis.

Data Analysis. An in-house program was written in C++ to
detect backbone amide H-bonds. The program reports the
distance between each amide hydrogen and the closest possible
H-bond acceptor (A) that satisfies the N−H-A angle criterion
of 90°−180°.60 A NH is considered to be H-bonded if the angle
criterion is satisfied while at the same time the H/A distance is
less than 2.5 Å (Figure 1a). All oxygen and nitrogen atoms,
including those in side chains, were considered as possible A
moieties. The program was designed to record the fraction of
time that each NH site interacts with each possible acceptor.
When discussing H-bonds between two residues we will use the
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convention of naming the NH donor first, followed by the
acceptor.
A second program was developed to measure the solvent

accessible surface area (SASA) of specified atoms at each time
point using the double cubic lattice method.61 This technique
models each atom as a sphere, with previously published
effective van der Waals radii that represent protein interactions
with water.62 SASA values discussed below refer to the sum of
the amide nitrogen and hydrogen for each residue.
To investigate the possible presence of tightly bound water

networks at solvent-exposed NH sites25,33 a “bulk interaction
rate” was determined. This parameter represents a measure of
how rapidly H2O (or D2O) molecules can diffuse from bulk
solution into the direct vicinity of an NH site. For
implementing this strategy, each water within 7.5 Å of the
protein surface was tagged. Next, we determined how much
time elapsed before the first untagged water came within 3 Å of
the amide hydrogen (Figure 1b). This algorithm is only
meaningful for NH sites that are not permanently buried. The
analysis was therefore only performed for residues with greater-
than-mean SASA values. The calculations were repeated 1000
times with starting points that were spaced by 1 ns. The mean
of these replicates was used to determine the interaction rate in
units of ps−1.

■ RESULTS AND DISCUSSION
Ubiquitin Structure and Dynamics. All-atom MD

simulations of native ubiquitin in explicit water were conducted
at 298 K. During the 1 μs simulation window, the protein
remained relatively close to its initial structure, with root-mean-
square deviation (RMSD) values between 1 and 3 Å (Figure
2a). Global unfolding/refolding transitions were not observed.
This behavior is consistent with the known high stability of
ubiquitin.45 A root-mean-square fluctuation (RMSF) plot
further illustrates the rigid nature of the protein, with RMSF
values of no more than 1 Å for most residues (Figure 2b). Only
the C-terminal tail (residues 73−76) is more flexible, in
agreement with existing structural data.45 Local regions

occasionally undergo opening/closing transitions, as envisioned
by eq 2. For example, the H-bonds R42-L71 and R72-Q40 are
intact at 944 ns (Figure 3a), whereas both contacts are broken
at 946 ns (Figure 3b). A few nanoseconds later, both contacts
are regenerated (not shown in Figure 3).
The H-bonding status of all backbone NH sites was tracked

as a function of time. For each residue, we identified the closest
possible acceptor A that satisfied the 90°−180° angle criterion,
and we plotted the distance of this atom to the amide
hydrogen. H/A distances below 2.5 Å imply the presence of a
H-bond (Figure 1a).60 Figure 4 exemplifies three of the profiles
obtained in this way. I44 is permanently H-bonded, R72 is H-
bonded most of the time, whereas G76 is almost completely
free. This analysis was conducted for all NH sites, yielding
average values that are summarized in Figure 5 (discussed
below).
Opening/closing events of the type illustrated in Figure 3 are

quite rare in our simulations. Many sites (such as I44, Figure
4a) remain permanently H-bonded on the time scale
considered here, despite undergoing deuteration with finite
kHDX values.13,26,30,46,47 This reflects the well-known fact that
all-atom MD studies cannot adequately sample all the
conformational events probed by HDX, where labeling times
extend to days.13,26,30,36,42,46,47 Even state-of-the-art (∼1 ms)44

simulations are orders of magnitude too short for this
purpose.25 Fluctuations can be enhanced by running simu-
lations at elevated temperature,44 but such semidenaturing
conditions favor large-scale dynamics that are not adequate for
modeling a native HDX environment.1

Figure 1. (a) H-bond detection algorithm. An NH is considered to be
H-bonded if a possible acceptor A is located within the shaded
semisphere (exemplified by A1). A2 is too far away; A3 falls outside the
permitted angular range. (b) Cartoon description of the algorithm
used for assessing how rapidly bulk solvent can replace water
molecules adjacent to a NH site (“bulk interaction rate”). One possible
trajectory of a bulk H2O (or D2O) is indicated in red.

Figure 2. (a) Root-mean-square deviation of ubiquitin backbone
atoms relative to the energy-minimized crystal structure. (b) Root-
mean-square fluctuation of backbone atoms averaged for each residue.
Panel (b) also shows the protein sequence and key secondary structure
elements.
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In summary, although our data do not report on slow
opening/closing transitions, they provide rich information on
the ubiquitin ground state ensemble and its solvent environ-
ment. NH sites that are experimentally found to be protected
must predominantly reside in a “closed” state under the
simulation conditions used here. Conversely, sites with log P ≈
0 must be “open”.1,27 Our trajectories, therefore, allow a
detailed examination of the structural features that cause NH
sites to be “open” or “closed”.
Experimental Results. Ubiquitin HDX/NMR data are

available from several sources.26,30,46,47 The log P values from
different laboratories agree with each other quite well (Figure
5a), and they are also consistent with recent top-down mass
spectrometry experiments.13 Craig et al.36 compiled an
averaged log P profile that will serve as foundation for the
following considerations (filled symbols in Figure 5a). To
simplify the discussion we categorize amides according to their
experimental behavior. NH groups with log P < 1 are
considered to be unprotected. The remaining sites are broken
down into weakly protected (1 < log P < 2) and strongly protected
(log P > 2). The locations of these NH groups are highlighted
in Figure 3 using red, pink, and blue, respectively.
Main Chain H-Bonds. MD simulations reveal that 42

residues are H-bonded via main chain NH···OC contacts,
evident from H/A distance values that fall below the 2.5 Å
threshold60 in Figure 5b. These NH sites are highlighted green
in Figure 6a. All of them fall into the strongly or weakly
protected HDX/NMR categories. Many of these sites are
located in the α helix and the five-stranded β sheet, consistent

with the view26 that HDX protection is often correlated with
the presence of secondary structure.

Side Chain H-Bonds. In addition to main chain contacts,
NH interactions with side chains are encountered (Figure 6b).
Experiments show that K11, E51, and D58 are protected
(Figure 5a), despite lacking H-bonds to main chain carbonyls
(Figure 5b). However, inclusion of side chain atoms in our
analysis lowers their H/A distance below the 2.5 Å threshold
(Figure 5c). Specifically, K11 is H-bonded to the T7 side chain
83% of the time, E51 is 98% bonded to the hydroxyl group of
Y59, and D58 alternates between bonding to the T55 side chain
(48%) and the T55 main chain carbonyl (38%).
E18 and T55 are strongly protected, and they interact with

aspartate side chains. The corresponding contacts (E18-D21
and T55-D58) fall short of the 2.5 Å distance threshold (Figure
5c). These cases represent examples of “bifurcated” H-bonds,
where a backbone NH interacts with both oxygens of a
carboxylate. It has been noted previously that this type of H-
bond goes undetected when applying standard geometric
criteria.60 Our data nonetheless underscore the importance of
bifurcated H-bonds for HDX protection.
The MD results discussed so far confirm that H-bonding

generally leads to protection. Interestingly, more than 10% of
the HDX-relevant H-bonds do not constitute main chain

Figure 3. MD snapshots for t = 944 ns (a) and t = 946 ns (b). Side
chains are omitted. Backbone NH groups are colored according to
their experimental protection factors (from Figure 5a): blue, strongly
protected; pink, weakly protected; red, unprotected. Panel (a)
highlights two backbone H-bonds, R42-L71 and R72-Q40. In panel
(b), these two H-bonds are disrupted due to a local fluctuation. Figure 4. H-bonding properties of three NH sites. Shown is the amide

hydrogen distance to the closest carbonyl acceptor (“A”) that falls
within the permissible angular range (see Figure 1a). H/A distances
below 2.5 Å (indicated by red lines) reflect the presence of a H-bond.
(a) Data for I44, with H-bonding to H68 for 100% of the time; (b)
R72, with 93% H-bonding to Q40. The asterisk marks the opening
event of Figure 3. (c) G76, with 7% H-bonding to L73 and 1% to D39.
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contacts but side chain interactions, including bifurcated H-
bonds. Yet, it is not possible to explain the protection pattern of
ubiquitin solely on the basis of H-bonding. Eight strongly
protected NH groups remain unaccounted for, as well as nine
weakly protected sites (blue and pink, Figure 6b).
Solvent Accessibility. In an effort to rationalize the HDX

properties of the remaining sites, we next examined whether a
low solvent accessibility might contribute to protection of
amide groups that are not H-bonded. NH SASA values range
from zero for permanently buried sites all the way to ∼10 Å2 in
the disordered C-terminal tail (Figure 5d). It is not
unreasonable to assume that SASA values below a certain
threshold will slow down HDX by inhibiting NH contact with
catalyst and solvent.11,20−25 Our data offer some clues as to
what a suitable threshold might be. D39 is unprotected with

SASA = 0.38 Å2, whereas S20 with SASA = 0.23 Å2 is protected
(Figure 5). This suggests that protection should be a significant
factor for SASA values around 0.23 Å2 and below. When
adopting this threshold one can identify I36 and S65 as being
occluded from the solvent (in addition to S20). All three
residues are protected according to HDX/NMR, despite not
being H-bonded (Figure 5). Readers might object to our
somewhat heuristic choice of a SASA threshold. Indeed, it will
be discussed below that the properties of T9 are not in line with
the explanation attempts offered here. Our analysis is
nonetheless compatible with the view that the low solvent
accessibility of the non-H-bonded residues S20, I36, and S65 is
a contributing factor to their experimentally observed
protection (Figure 6c).

Figure 5. Overview of experimental HDX data, and various properties extracted from a 1 μs CHARMM22*/TIP3P simulation. (a) Experimental
protection factors compiled by Craig et al.36 are highlighted as solid circles. Also shown are individual data sets as open triangles,26 open circles,46

and open squares.47 (b) Average distance between the backbone NH of each residue and the closest possible main chain carbonyl acceptor. Values
below 2.5 Å (red line) reflect the presence of a H-bond. (c) Same as in panel (b), but including side chains. (d) Average NH SASA values. The red
line represents the SASA threshold of 0.23 Å2. (e) Average bulk interaction rate, describing how fast bulk water diffuses to an NH site. Red asterisks
represent exposed amides that are unprotected. Blue asterisks represent “problem cases”, where exposed amides are strongly protected. Error bars
shown in all panels represent standard deviations.
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Unprotected Sites. The above considerations focused on
sites that are protected according to HDX/NMR. We
attempted to ascribe this protection to H-bonding and NH
burial. It is also instructive to pursue the opposite strategy, that
is, examine unprotected sites and identify the reason(s)
underlying their high HDX rates. From the data compiled in
Figure 5, one can identify seven residues that have log P values
close to zero, with high SASA values and no H-bonding. This
group comprises L8, D39, A46, as well as the C-terminal tail
(L73−G76). In Figure 6d, the corresponding amides are
highlighted in green. These residues conform to the commonly
held expectation that a lack of both H-bonding and burial will
render NH sites prone to rapid exchange.
Problem Cases. The preceding discussion successfully

addressed 79% of the ubiquitin backbone sites. Unfortunately,
H-bonding and SASA considerations fail for the remaining
21%. In other words, 15 out of 72 amides do not behave in
accordance with classical HDX expectations (Figure 7a). Most
of these problem cases are NH groups that show experimental
protection, despite having high solvent accessibilities and no H-
bonding. This behavior is most dramatically illustrated by Q2,
E16, T22, L43, Q62, and T66, which have log P values between
2.2 and 3.6. The opposite problem is encountered for T9,
where log P = 0. This residue is not H-bonded, but it is situated
in a narrow pocket with a low SASA value of 0.16 Å2 (Figure
7b). According to the threshold value identified above these
conditions should provide significant protection. For compar-
ison, S20 (SASA = 0.23 Å) exhibits log P = 1.6 without H-
bonding.

Crystallographically Defined Water Molecules. It has
been proposed that H-bonding of exposed amides to
crystallographically defined waters can provide HDX protec-
tion.25,33 This proposal envisions that specific solvent molecules
are immobilized at the protein surface not only in the crystal,
but also in bulk solution.32 To examine this idea we inspected
the X-ray structure of ubiquitin, which comprises 58 crystal
waters.45 Ten of these are H-bonded to exposed NH groups
(Figure 7c). Is the presence of these H2O molecules correlated
with HDX protection? Of the six exposed NH sites that exhibit
anomalously high protection (Figure 7c, blue), three are H-
bonded to crystal water (Q2, E16, and L43); the remaining
three are not engaged in defined solvent contacts (T22, Q62,
and T66). Focusing on the weakly protected problem cases
(Figure 7c, pink), it is seen that four of them (T12, G47, G53,
and K63) interact with crystal waters, whereas no water
contacts are evident for T14, Q49, D52, and L71. Most
importantly, L8, D39, and A46 are H-bonded to crystal waters,
despite exhibiting log P values close to zero (Figure 7c, gray).
This analysis demonstrates a complete lack of correlation
between NH protection and H-bonding to crystallographically
defined water molecules.
A discussion of NH hydration on the basis of isolated crystal

waters may be too simplistic. Some studies suggest that protein
surfaces in solution can give rise to H-bonded water cages,
resulting in solvent regions that exhibit retarded exchange with
the bulk.63−65 It seems conceivable that such solvent cages
might be able to provide HDX protection for exposed amides.
To test for the presence of such protecting solvent cages we
characterized the water dynamics at the protein surface around

Figure 6. Energy-minimized structure of ubiquitin, where blue/pink/red coloring denotes the level of HDX/NMR protection as in Figure 3. Green
represents NH sites with experimental HDX properties that are consistent with features seen in the MD simulations. These “explainable” sites are
then grayed out in the subsequent panels. (a) Green: Protected sites that are involved in main chain NH···OC H-bonds. (b) Green: Protected sites
that are H-bonded to side chains. Orange: Side chain H-bond acceptors. (c). Green: NH sites protected by low solvent accessibility. I36 is not visible
in this all-atom spacefill representation. (d) Green: Unprotected sites that are solvent accessible and not H-bonded.
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each NH site. A “bulk interaction rate” was determined from
our MD data, which describes how fast solvent molecules can
diffuse from the bulk into the direct vicinity of any given NH. A
large interaction rate signifies that solvent molecules adjacent to
an NH site are in rapid exchange with the bulk, implying the
absence of protecting water networks. The unprotected sites in
the C-terminal tail (residues 73−76) provide a reference
context for this analysis. Bulk interaction rates for individual
amides were generally found to be between 0 and ∼0.05 ps−1

(Figure 5e). This range is consistent with earlier reports of
surface solvent exchange on picosecond time scales.65 The key
questions is the following: Do exposed NH sites with log P≫ 0
exhibit lower bulk interaction rates than NH sites with log P ≈
0?
It is most instructive to examine the bulk exchange

characteristics of exposed NH sites by focusing on the two
extreme cases of strongly protected vs unprotected surface

amides (marked with blue and red asterisks, Figure 5e). The
average bulk exchange rate of the “blue” sites is 0.020 ± 0.01
ps−1, whereas the “red” sites have a bulk exchange rate of 0.024
± 0.01 ps−1. The standard deviations of these average rates
overlap with each other. While the “red” average is slightly
higher, it would be far-fetched to propose that this small
differences could be responsible for modulating HDX rates by
more than 2 orders of magnitude. We conclude that the solvent
interactions for protected and unprotected exposed amides are
not significantly different. In other words, our data do not
support the idea that the HDX properties of exposed amides
can be modulated by partially immobilized water molecules.

Force Fields and Solvent Models. It is unlikely that the
lack of correlation between HDX protection and water
immobilization in Figure 5e reflects inherent limitations of
the MD strategy used here. The data of Figure 5b−e were
obtained using the CHARMM22* force field50 with TIP3P
water.51 Earlier simulations using the same approach were
found to be remarkably accurate in folding simulations on a
range of proteins.66 The TIP3P water model has recently been
applied to address intricate solvation details at protein
surfaces.64,67 Nonetheless, it is clear that the results of MD
simulations can be affected to some extent by the choice of
force field.50,68 To test the robustness of our findings, we
repeated the simulations using a different force field
(Amber99sb-ILDN52) and a different water model (TIP4P51).
The results obtained in this way are compiled in Supporting
Information Figure S1. Comparison of these data with those of
Figure 5 shows a very high degree of consistency. These
additional data do not affect any of the aforementioned
considerations.

■ CONCLUSIONS
It is sobering that, after 50+ years of using HDX as a structural
biology tool,27 practitioners have now concluded that it is
necessary to revisit very simple proteins for conducting “a
detailed hydrogen by hydrogen analysis to examine the bases of
structure-rate relationships”.25 The current work employs all-
atom MD simulations in an effort to scrutinize some of the
pertinent issues. Computational techniques of the type used
here cannot model actual NH → ND conversion events; doing
so would require ab initio approaches that are not practical for
large systems.69 Nonetheless, even classical simulations can
provide insights that go beyond those obtainable from static
crystal structures.44,66

It remains undisputed that amides in rigid regions tend to be
more protected than those in disordered segments. For
ubiquitin, most of the amides in the structured sequence
range (residues 1−72) are protected, while the disordered C-
terminus (residues 73−76) is unprotected. However, the exact
physicochemical features that provide amide NH protection are
poorly defined. The results of the current analysis can be
summarized as follows (Table 1): (i) H-bonding always leads to
HDX protection. This includes H-bonds to backbone carbon-
yls, side chains, as well as bifurcated H-bonds. (ii) For NH sites
that are not H-bonded, low SASA values are of ten (but not
always) associated with HDX protection. (iii) A lack of H-
bonding at solvent-accessible amides does not imply that the
corresponding sites are unprotected. Instead, many of these
amides are characterized by log P ≫ 0.25,29−31 Aspect (iii) is
the most troublesome finding of our work, as it goes against
paradigms that are widely accepted in the HDX community.
Most practitioners would concur that log P ≫ 0 implies either

Figure 7. (a) Colored NH sites are problem cases, with HDX/NMR
properties that are inconsistent with their H-bonding or SASA
characteristics. Not all amides are annotated to prevent clutter. (b)
Same as in (a), but in all-atom spacefill representation. (c) Ten
crystallographically defined waters (red) are H-bonded to backbone
amides in the PDB file 1UBQ. Only three out of six strongly protected
surface amides interact with water molecules. Highlighted in gray are
water-bound surface amides that are unprotected.
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H-bonding or NH burial (or both). Our work demonstrates
that this view is incorrect for many surface amides. This issue is
particularly worrisome for modeling initiatives that rely on
HDX data or other “sparse” structural information for
elucidating protein conformations.35,37,42,70 The unexpected
HDX behavior displayed by a considerable fraction of amides in
a small model protein does not bode well for investigations on
larger systems with unknown structures.
Efforts have been undertaken to account for unexpected

surface amide protection on the basis of electrostatic
factors.29,30,32 As noted earlier, negative charges in the vicinity
of an amide will slow down HDX by raising the NH
pKa.

16−18,71 It remains unclear if such electrostatic effects can
be responsible for the surface amide protection considered
here. A recent study found no correlation between the HDX
rates of surface amides and the calculated electrostatic field.25

Also, our MD trajectories do not reveal enhanced charge
density (from E− or D− side chains) in the vicinity of protected
surface amides, with the exception of NH sites that engage in
bifurcated H-bonds.60 Electrostatic effects could nonetheless be
a contributor to anomalous surface NH protection. Electro-
static modeling approaches require future refinement, as
current results are strongly parameter-dependent.30 Challenges
include an adequate description of polarizabilities, dielectric
properties, solvent contributions, salt-mediated screening,18,30

as well as the choice of suitable reference structures.32

Our results do not support the proposal25,33 that crystallo-
graphically defined water molecules can protect exposed amides
via H-bonding contacts. The validity of this idea had previously
been questioned by others.32 Many of the surface amides in
ubiquitin are indeed bound to crystal water, but these
interactions are not correlated with the degree of NH
protection. We further tested whether protection might arise
from higher order water networks. Unfortunately, there is no
evidence for differences in the solvation behavior of protected
versus unprotected exposed amides. It would be of interest to
extend this analysis by including interaction rates of NH sites
with OH− (or OD−) which acts as HDX catalyst. Regrettably,
such calculations require ab initio strategies that are out of
reach for systems of the size considered here.72,73

The interpretation of HDX kinetics in terms of log P values
(eq 3) relies on the adequacy of peptide-calibrated kch data.

19

This approach has been criticized because peptides may not
always properly mimic the environment experienced by protein
NH groups (eq 2).31 Indeed, there are indications of
discrepancies between protein and peptide-calibrated data in
a few cases.74,75 Some log P values can also be affected by
measurement artifacts. These issues introduce uncertainties,
especially for the “weakly protected” sites of Figure 5a. Data
obtained for the “strongly protected” and “unprotected” amides

are more robust, which is why most of our discussion focused
on the latter two categories.
Overall, the results of this study emphasize that HDX data

have to be interpreted with caution. Widely accepted tenets
such as the putative correlation between HDX protection and
amide H-bonding (and/or solvent exclusion) may have to be
revised. At the current stage of development, there is no
consistent explanation for the fact that surface NH sites can be
strongly protected, while structural data show them to reside in
a seemingly “open” conformation. These inconsistencies show
that the mechanism of protein HDX is far from being
understood. Perhaps it is time to move beyond the simple
Linderstrøm-Lang formalism (eq 2),27 which has governed the
interpretation of HDX kinetics for decades. Quantum
mechanical investigations that take into account the electronic
properties of all interaction partners (protein, solvent, catalyst)
as well as their conformational dynamics may be required to
fully understand the intricacies associated with the seemingly
trivial conversion of NH to ND.
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