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► The acidity of protein amides is ex-
quisitely sensitive to the surrounding
charge and dielectric volume distribu-
tion.

► Poisson–Boltzmann (PB) predictions
appear sensitive to the resolution of
independent crystal structure deter-
minations.

► X-ray structures of four proteins yield
amide exchange predictions superior
to homology model and NMR struc-
tures.

► The previously reported RECOORD re-
refinement of chymotrypsin inhibitor
2 markedly improves the peptide acid-
ity predictions.
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Although the protein native state is a Boltzmann conformational ensemble, practical applications often re-
quire a representative model from the most populated region of that distribution. The acidity of the backbone
amides, as reflected in hydrogen exchange rates, is exquisitely sensitive to the surrounding charge and di-
electric volume distribution. For each of four proteins, three independently determined X-ray structures of
differing crystallographic resolution were used to predict exchange for the static solvent-exposed amide hy-
drogens. The average correlation coefficients range from 0.74 for ubiquitin to 0.93 for Pyrococcus furiosus
rubredoxin, reflecting the larger range of experimental exchange rates exhibited by the latter protein. The ex-
change prediction errors modestly correlate with the crystallographic resolution. MODELLER 9v6-derived ho-
mology models at ~60% sequence identity (36% identity for chymotrypsin inhibitor CI2) yielded correlation
coefficients that are ~0.1 smaller than for the cognate X-ray structures. The most recently deposited
NOE-based ubiquitin structure and the original NMR structure of CI2 fail to provide statistically significant
predictions of hydrogen exchange. However, the more recent RECOORD refinement study of CI2 yielded pre-
dictions comparable to the X-ray and homology model-based analyses.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Significant conformational flexibility occurs even in the compara-
tively well-ordered proteins that have proven to be more amenable to
detailed structural characterization. As a result, the accurate predic-
tion of any conformation-dependent observable will formally require
the correct modeling of the conformational distribution of that
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protein, if not the rate of conformational interchange as well. In prac-
tice, the field of structural biology has long achieved major successes
by interpreting protein reactivities and interactions based on single
structures obtained from crystallographic analysis. Although the con-
tinual expansion of computational resources has greatly stimulated
efforts to model the conformational distribution of the protein native
state, the need to determine a “most representative” structure re-
mains a critical issue in numerous applications.

With the advances in computational capacity, the field of molecu-
lar docking/virtual screening has progressed from placing rigid li-
gands into rigid protein binding sites [1] to docking of flexible
ligands into rigid protein sites, docking of flexible ligands onto pro-
teins with rigid backbones and flexible sidechains, and most recently
the incorporation of limited protein backbone flexibility as well [2].
The latter two stages are well typified by the original formulation [3]
of the popular ROSETTALIGAND program of Baker and colleagues and
the subsequent extension of this program [4] inwhich energyminimiza-
tion of the backbone conformation is applied with harmonic constraints
placed on the protein Cα atoms. In the latter case, ROSETTALIGAND re-
quired 2–4 h on a 20 processor cluster for each ligand. As many of the
structure libraries currently being used in virtual screening studies con-
tain millions of compounds, such a detailed analysis of ligand-receptor
flexibility is only viable in later stages of optimization.

Similar considerations apply to QM-MM calculations of enzymatic
reactivity in which the protein–ligand complex is divided between a
set of atoms in the primary subsystem that is represented quantum
mechanically, while the remainder of the system is modeled classical-
ly. Due to the high computational demands of the quantum mechan-
ical calculations, conformational sampling for the protein structure is
severely limited as compared to a standard classical MD simulation.
As a result, significant inaccuracies in the initial structural model
used to set up the QM/MM calculation can not be readily overcome.

Optimal utilization of single structure-based analysis serves a major
conceptual role as well. An analysis that requires the averaging of char-
acteristics over two ormore distinct protein conformations is invariably
severely underdetermined by experimental structural constraints. To
establish a physical significance to any such underdetermined compar-
ison between predicted data and experimental measurement necessar-
ily assumes that the model conformations represent a proper sampling
of the Boltzmann ensemble [5].

Although molecular dynamics or Monte Carlo sampling approaches
can be used to generate a set of energetically plausible protein confor-
mations, their correspondence to an accurate Boltzmann sampling of
the native state distribution is generally untested and in some cases
have been found to be seriously in error [5,6]. Furthermore, the added
computational demands of carrying out parallel calculations initiated
fromdiffering starting conformationswill generally necessitate a reduc-
tion in flexibility testing in molecular docking studies or a restriction of
the basis set used in the quantummechanical calculations in enzymatic
modeling studies.

Crystallographic studies generally provide a quite accurate repre-
sentation of the predominant protein conformation within a crystal
lattice. However, demonstration of the degree to which this detailed
conformation is preserved in solution is often problematic. NMR solu-
tion structure determinations account for ~10% of the recent deposi-
tions in the Protein Data Bank [7], the great majority of which are
based primarily on NOE distance constraints. Various comparisons
between NMR and X-ray structures of the same protein have nearly
always yielded differences that are substantially larger than the esti-
mated uncertainties within each individual structure determination
[8,9]. However, the degree to which these differences reflect actual
variations in structure between the crystal and solution state remains
an open question.

On occasion, protein NMR structures have been found to be suffi-
ciently similar to the corresponding crystal structure so that these
NMR structures can be used as molecular replacement models for
solution of the crystallographic phase problem [10,11]. A standard
rule of thumb holds that molecular replacement is generally feasible
using initial structural models within 1.5 Å rmsd for the heavy
atoms [11], and indeed in favorable cases, even de novomodel folding
predictions are sufficiently accurate for that purpose [12,13].

For protein functions, such as enzymatic catalysis and intermolecular
recognition, amore stringent criterion for structural accuracymay be re-
quired to obtain quantitative predictions. It is commonly held that crys-
tallographic analysis treats a protein as a single static structure, while in
contrast NMR solution structure determinations treat proteins as dy-
namic conformational ensembles. In reality, these roles are largely re-
versed. In addition to the familiar isotropic and anisotropic atomic B
factors that nominally model high frequency vibrations and librations,
larger scale collectivemotions have been integrated into protein crystal-
lographic refinement by normalmode [14,15] and TLS (translation, rota-
tion, screw-rotation) analysis [16,17]. However, it should be noted that
modeling of such larger scale motion in crystallographic refinement is
not without its challenges [18].

In contrast, nearly all NMR protein structure determinations
reported to date are based on the assumption that a single fixed con-
formation is able to simultaneously satisfy all experimental con-
straints. In the standard protocol, a stochastic simulation is carried
to generate such a single conformation. Multiple repetitions of this
procedure provide a set of views for a single structure solution to
the problem of simultaneous satisfaction of all experimental con-
straints. This set can not represent an ‘ensemble’ in the thermody-
namic sense of the term.

In lieu of a suitably accurate de novo determination of the solution
structure for a given protein, utility can be obtained by establishing
an experimental method that robustly tests whether a given model
conformation is consistent with an optimal representative structure.
The wide range of reactivities exhibited by enzymes is understood
to reflect an exquisite sensitivity to the detailed structural and elec-
trostatic environment of the protein catalytic active site. This sensitiv-
ity to the chemical accuracy of the protein structure can be extended
across its entire solvent interface by consideration of the mechanisti-
cally simple hydroxide-catalyzed amide hydrogen exchange reaction.
Conventionally, protein hydrogen exchange has long been interpreted
in terms of a steric blocking paradigm [19–21] so that, in stark contrast
to the basic tenets of chemical enzymology, the exchange reactivity of a
protein amide is determined by its exposure to solvent and is effectively
independent of the conformation of the surrounding protein structure.
In reality, the reactivity of individual backbone amides varies markedly
as a function of electrostatic interactions ranging from the local geome-
try of the peptide backbone [22–24] to interactions between formal
charge interactions separated by as much as 12–14 Å [25,26].

We have recently reported that backbone amides which are
solvent-exposed in the corresponding X-ray structures exhibit a
billion-fold range in hydroxide-catalyzed exchange rates [26,27]. Fur-
thermore, for the four model proteins considered in these studies, this
billion-fold range in exchange rates was found to be predictable to
within a factor of 7 using individual models based on the highest res-
olution X-ray structures available [27]. In the case of ubiquitin, the use
of a model ensemble based on a uniform sampling of trajectory frames
from standard unconstrained molecular simulations reduced the varia-
tion in the accuracy of hydrogen rate predictions for nearly all of the
well-exposed amide hydrogens to a factor of 4 [5]. Slightly better predic-
tions were obtained when this same set of well-exposed amides were
analyzed using previously reported model ensembles of ubiquitin
(PBD codes 2NR2, 2K39 and 2KOX) thatwere systematically constrained
to match the extensive set of experimentally-derived NOE distance
bounds [5].

Given the appreciable success in predicting a wide range of amide
hydrogen exchange rates for several different proteins using the highest
resolution X-ray structure to model the predominant conformation in
solution giving rise to hydrogen exchange, the present study examines
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the degree towhich the ability to achieve single conformation-basedpre-
dictions of hydrogen exchange reactivity depends upon the resolution of
the X-ray model. We then examine the utility of crystallographically-
derived homology models and NMR solution structure models in yield-
ing reliable single conformation-based predictions.

2. Computational methods

2.1. Protein structures and modeling

For each X-ray crystallographically-derived structure, hydrogens
were added using the program REDUCE [28]. For the NMR structures,
hydrogen atoms were stripped and then added back with REDUCE.
Electron density was not reported for several C-terminal residues in
either the ubiquitin X-ray structure pdb code 1YIW [29] or the
1.00 Å resolution structure of the K29Q variant (kindly provided by
S. Ramaswamy (U. of Iowa) and A. D. Robertson (National Psoriasis
Foundation), citations of this structure have been previously pub-
lished [27,30]). We computationally terminated the truncated
C-terminus with an N-methylamide cap. For this study, the Gln 29
sidechain of the K29Q variant was truncated to alanine for the calcu-
lation of peptide acidity for the amide of Glu 16, as described previ-
ously [27]. The original CI2 X-ray structure (pdb code 2CI2 [31])
incorrectly identified residue 78 (or residue 59 in the N-terminal
truncated form as numbered in this manuscript [32]) as glutamic
acid. This sidechain was computationally transformed into glutamine
based on the higher resolution 1LW6 structure [33]. In contrast to our
earlier study [27], we did not computationally transform Cys 22 of the
various FK506 binding protein structures into the more base-stable
valine variant which corresponds to the protein sample used in the
experimental hydrogen exchange measurements. Among the static
solvent-exposed amides, Lys 47 is closest to the Cβ atom of residue
22 (7.1 Å), and it exhibits the largest change in predicted acidity
(0.11 pH units) when this computational mutation is performed.

For each protein, the X-ray structure of an evolutionarily related
homolog was identified by the BLASTP program to yield an ungapped
alignment across the protein sequence. Using only this sequence
alignment as input, a single round of homology modeling was carried
out with the MODELLER 9v6 program [34] to generate five models of
each target protein. The model yielding the best molpdf fit score was
utilized for continuum dielectric calculations.

2.2. Continuum dielectric calculations

Nonlinear Poisson–Boltzmann calculations were carried out using
the DelPhi algorithm [35] with a grid spacing of 0.25 Å, a 50% fill value
using an ionic strength of 150 mM and internal and solvent dielectric
values of 3 and 78.5, respectively. The internal dielectric value is derived
from correlation between predicted and observed hydrogen exchange
rates in proteins [26,27,36] and peptides [24,37]. The CHARMM22 [38]
atomic charge and atomic radius parameters were supplemented with
a density functional theory-derived charge distribution of the peptide
anion [27]. The protein termini and the lysine, arginine, aspartate, and
glutamate residues were set to the charged state. As earlier reported
[26,27], nearly all of the monitored amides exhibit linear log exchange
rate vs. pH dependencies with unit slope from below pH 6 to above
pH 10, indicative of simple hydroxide catalysis. The log kex rates for am-
ides near the sidechains of His 68 in ubiquitin and His 87 and His 94 in
FKBP12 exhibit deviations from simple linearity, consistent with the
known pK values for these sidechains [39,40], such that the kOH− rate
constants for the neutral imidazole form of the proteins could be deter-
mined [27].

For each protein conformation, the electrostatic potential was cal-
culated for the individual peptide anions that are formed by removal
of the amide hydrogen from each of the solvent exposed residues.
Peptide acidity predictions were carried out on every amide hydrogen
with a solvent-accessible surface area of at least 0.5 Å2, as determined
by the SURFV program [41] using the default set of atomic radii [42].
To facilitate comparisons between protein amide anions in differing
conformations, an N-methylacetamide (or N-methylacetamide anion)
molecule was added to the continuum dielectric lattice volume in each
calculation such that the distance between the N-methylacetamide ni-
trogen and the nearest formal charge was at least 16 Å and such that
no intermolecular atomic distance was less than 8 Å, resulting in negli-
gible intermolecular electrostatic interactions [24]. The differential elec-
trostatic potentials for the various peptide anions were placed onto the
pH scale noting that the acidity of water (pKa of 15.7) and the diffusion
limit of hydroxide reactivity (2×1010 M−1 s−1 [43,44]) at 25 °C pre-
dict that an amide with a pKa of 26 will have an exchange rate constant
kOH− of 1.0 M−1 s−1.

When an aspartic acid sidechain has a χ1 torsion angle near −60°
(g−) or+60° (g+), the carboxylate group is oriented near to the
amide nitrogen of that residue, suppressing the predicted exchange
reactivity. Unhindered rotation to the trans χ1 rotamer is used to
model the conformer that dominates the exchange reactivity [26].
Similarly, other residues with a g+ χ1 rotamer were rotated to alter-
nate unhindered rotamers [27]. The 1YIW X-ray structure of ubiquitin
contains three nonequivalent monomers in the asymmetric unit.
When a given amide hydrogen is solvent-accessible by at least
0.5 Å2 in all three monomers, the most acidic conformer was used
in the subsequent analysis. The analogous logic was applied to
sidechains that adopt dual conformations in other X-ray structures.

To account for the potentially rapid dielectric response of the
sidechain hydroxyl hydrogens, when serine and threonine residues
containing gauche χ1 sidechain torsion angles have solvent-exposed
amides, the peptide conformer acidity for such residues was calculat-
ed according to the water dielectric equivalence assumption, in which
the serine sidechain is truncated to alanine, and the threonine side
chain is truncated to α-aminobutyrate [27].

3. Results and discussion

3.1. Structural dependence of peptide hydrogen exchange reactivity

As first demonstrated by Molday and Kallen [43], amides behave
as normal Eigen [45] acids so that, for the weakly acidic protein back-
bone amides, the kinetic acidities reflected in their hydrogen ex-
change rates are essentially equal to their thermodynamic acidities.
More precisely, the hydrogen exchange rate is attenuated from the
diffusion limit by a factor of Ki/(Ki+1), where Ki is the equilibrium
constant for transfer of a proton from the amide to an hydroxide
ion. The brief lifetime of the strongly basic peptide anion that is in-
ferred from its diffusion-limited reaction rate is directly supported
by the ~5 ps residence lifetime of an hydroxide ion in water [46]
and the similar lifetimes that are observed for photoactivated strong
acids and bases [47,48].

The brief lifetime of the peptide anion charge state severely limits
the shielding contributions from protein conformational transitions,
since reorganizations that occur on a longer timescale can not effective-
ly shield that charge state [26,49]. As a result, electronic polarizability
effects dominate the dielectric shielding. This, in turn, implies that the
assumption of a uniform internal volume dielectric provides a reason-
ably robust approximation for modeling peptide ionization behavior.
In marked contrast, the less robustly predictable ionizable protein
sidechainshave charge state lifetimes in the μs–ms timeframenear neu-
tral pH, so that any assumption of a uniform dielectric approximation
necessarily treats the dielectric shielding effects from a wide range of
protein conformational dynamics in a globally averaged fashion.

The Curtin–Hammett principle of conformationally dependent re-
activity [50] argues that the product ratio depends only upon the dif-
ference in the transition state free energies of the reactive species
which, in turn, corresponds to the sum of differential free energies
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among the conformers and the differential free energy of activation
for each of those conformers [6]. If the electrostatic interactions sur-
rounding a given backbone amide predict a strong suppression of its
ionization for the crystallographically determined structure and transi-
tion to a conformation which reduces this suppression is energetically
accessible, this alternate conformation will generally dominate the ex-
change reactivity. Themostwidely observed local interaction of this na-
ture occurs for aspartate residues in which the sidechain carboxylate is
oriented gauche to its ownbackbonenitrogen [26,27,36,37]. Continuum
dielectric calculations applying thefinite difference solver DelPhi [35] to
reported X-ray structures indicate as much as 105 to 106-fold suppres-
sion of ionization for these conformations [26,37]. In such instances,
even a modest population of a trans conformation for the aspartate
sidechain would be predicted to dominate the exchange reactivity of
this residue. In the single conformation-based hydrogen exchange pre-
dictions considered in this study, unhindered rotation of the aspartate
sidechain to the trans χ1 rotamer is analyzed [26,27]. Such an effect ap-
plies to Asp 39 in ubiquitin inwhich the three X-ray structures of differ-
ing crystal forms that are further considered in this study each vary in
the sidechain orientation of this residue (Fig. 1).

A qualitatively similar effect occurs when the orientation of the
sidechain Cγ atom in a gauche+ χ1 rotamer results in decreased solva-
tion of the peptide anion. This much smaller predicted suppression of
peptide ionization can also be usefully compensated for by rotating
the sidechain to an unhindered χ1 rotamer [27]. Application of these
two systematic dominant acidic conformer transitions provide marked
improvements in the predictive power of single protein structure-based
predictions of protein hydrogen exchange [26,27].

The accuracy with which experimental hydrogen exchange rate
constants kOH− can be determined for backbone amides in small pro-
teins [27] and the precision with which continuum dielectric algo-
rithms predict differences in acidity for those sites [24,37] are both
at least an order of magnitude better than the current ability to pre-
dict experimental protein exchange rates from conformational analy-
sis (errors in log kOH− >~0.5 [36]). To further assess the statistical
errors that arise from lattice grid placement for calculations on an indi-
vidual protein structure as carried out in this study, 30 independent
peptide acidity analyses of Pf rubredoxin were carried out with the lat-
tice position of the 1BQ8 X-ray structure [51] randomly shifted. The
mean rmsd value for the predicted acidities of the solvent-exposed am-
ides was 0.046 pH units.

3.2. Testing the dominant acidic conformer analysis in the NMR-restrained
model ensemble of ubiquitin 2NR2

To apply the simplifying assumption of a dominant acidic conformer
of the protein, local interactions that strongly suppress peptide ionization
are considered. As illustration, in each X-ray structure of ubiquitin the
A B C

D39 D39

R74

D39

Fig. 1. Orientational variations of the Asp 39 sidechain in ubiquitin X-ray structures
from differing crystal forms. The sidechain χ1 torsion angle varies from g− to g+ to
an eclipsed orientation near +120° for the 1.00 Å (A [27,30]), 1.39 Å (B [29]) and
1.80 Å (C [84]) structures, respectively. Only the lowest resolution structure presents
a potential interresidue interaction for the Asp 39 sidechain, a salt bridge to Arg 74
in the mobile C-terminal tail. None of the structures exhibit interactions that would in-
hibit a transition to the trans rotamer state.
Asp 52 sidechain is in a g− χ1 rotamer, forming a salt bridge with the
sidechain of Lys 27. Using these conformations to predict the acidity of
the Asp 52 peptide yields exchange reactivities that are up to 105 lower
than the experimentally observed exchange rate constant [36]. Rotation
of the Asp 52 sidechain to the trans χ1 rotamer yields a hydrogen ex-
change rate prediction that closely matches the experimental data [27].

As noted above, the Asp 39 sidechain of ubiquitin is oriented in a
different χ1 conformation in each of the three crystal structures. Re-
garding the weaker suppression of peptide ionization that results
from other sidechain types adopting a g+ χ1 conformation, Lys 63
adopts such a g+ conformation in each of these three X-ray structures
(in the 1YIW structure Lys 63 is trans in molecule C, but it is g+ in
molecules A and B). Gln 62 adopts a g+ conformation in molecule A
of 1YIW and a g− rotamer in all of the other crystal structures. No
other Cγ-bearing sidechain of ubiquitin in these three X-ray struc-
tures exhibits a g+ χ1 conformation in addition to offering a seeming-
ly unhindered transition to either a g− or trans χ1 rotamer.

The fact that applying χ1 rotamer transitions of the dominant acid-
ic conformer analysis to the sidechains of Asp 52, Asp 39 and Lys 63
yield robust predictions of the experimental exchange rates for each
of these three residues [27] does not demonstrate that the reactivity
within the experimental Boltzmann distribution is achieved by this
means. To gain further insight into the physical plausibility of this
analysis, exchange reactivity predictions were carried out for each
of the 144 conformations in the 2NR2 ubiquitin ensemble [52]. With
regards to the well-exposed peptide hydrogens of ubiquitin, the
NOE-restrained 2NR2 ensemble provides more accurate hydrogen
exchange predictions than did either the NOE- and residual dipolar
coupling-restrained 2K39 [53] or 2KOX [54] ensembles or an
unconstrained MD simulation-based ensemble [5,6,36].

A 0.5 Å2 peptide hydrogen exposure criterionwas used to select res-
idues for the single structure-based hydrogen exchange rate predic-
tions. In the ensemble averaging analyses, for each amide hydrogen
the number of conformations exhibiting at least 0.5 Å2 exposure to sol-
ventwas found to provide a useful criterion for estimating the adequacy
of the statistical sampling for the chemically reactive conformations of
that amide [36], although all solvent-exposed conformations are uti-
lized in ensemble-averaged reactivity calculations [5,6,36]. An area of
0.5 Å2 corresponds to approximately the maximum solvent exposure
for any peptide hydrogen involved in a intramolecular hydrogen bond
[6].

In the hydrogen exchange analysis of the individual conformations
of the 2NR2 ensemble, Asp 52 was excluded. The salt bridge between
Asp 52 and Lys 27 is strongly preserved among the models in this en-
semble. The markedly depressed reactivity predicted for this residue
indicates that the kinetically significant conformations at this site
are inadequately sampled in this ensemble. The 144 models of the
2NR2 ensemble yield log kOH− predictions with a median rmsd
value of 1.05. The central half of this distribution of log kOH− predic-
tions yields rmsd values between 0.90 and 1.20. Model 92 was
found to best predict the experimental log kOH− values with an
rmsd of 0.58 and a correlation coefficient of 0.88 (Fig. 2), which is
only slightly worse than the values obtained via ensemble averaging
[5]. The 2NR2 ensemble was derived by restrained molecular dynam-
ics simulations initiated from the 1UBQ crystallographic coordinates.
In generating model 92 the initial g+ rotamer of Lys 63 evolved to a
g− rotamer, and the initial eclipsed sidechain conformation of Asp
39 was transformed to a fully trans orientation. These two sidechain
transitions that evolve in the derivation of model 92 directly repro-
duce the specific sidechain rotations predicted from the dominant
acidic conformer analysis [27] applied to this crystal structure.

Only 10 of the 144 models in the 2NR2 ensemble have undergone a
similar pair of transitions to a trans χ1 rotamer for Asp 39 and to either a
g− or trans χ1 rotamer for Lys 63. Of these tenmodels, only six (includ-
ing model 92) have χ1 rotamers for each of the solvent-exposed resi-
dues that are consistent with the simple sidechain rotation protocol
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Fig. 2. Correlation of hydroxide-catalyzed hydrogen exchange log rate constants with
Poisson–Boltzmann (PB)-derived pK values predicted from model 92 of the 2NR2
ubiquitin ensemble [52] with the use of CHARMM22 electrostatic parameters [38]
and an internal dielectric constant of 3 at 25 °C. Excluding Glu 2 and the four
conformationally disordered residues at the C-terminus, thermodynamic acidities
were predicted for all backbone amide hydrogens that are exposed to solvent by at
least 0.5 Å2. As previously discussed [36], the sampling of sidechain rotamers of Asp
52 is restricted in the 2NR2 ensemble by a salt bridge interaction with Lys 27. The
rmsd (σ) and correlation coefficient (r) values are indicated, excluding Asp 52.
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has been previously reported [26].
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proposed for identifying more highly acidic conformers. Thus, among
the structural variations represented in the 2NR2 ensemble that might
yield more accurate predictions of the experimental hydrogen ex-
change data, the simple modeling approach proposed for the dominant
acidic conformer analysis [27] successfully identified the most effective
transitions.

3.3. Predicting hydrogen exchange from protein X-ray structures

For each of four proteins, Pyrococcus furiosus (Pf) rubredoxin,
human FK506 binding protein (FKBP12), barley chymotrypsin inhib-
itor 2 (CI2) and human ubiquitin, three crystal structures of differing
resolution were used to predict the hydrogen exchange reactivities
for the static solvent-exposed peptide hydrogens. With the excep-
tion of Pf rubredoxin, each of the three crystal structures for each
protein was derived from a different crystal form. In the case of Pf
rubredoxin (Fig. 3), the 1.10 Å resolution crystal form (pdb 1BQ8
[51]) and the two lower resolution structures 1VCX (1.50 Å resolu-
tion neutron diffraction study [55]) and 1CAA (1.80 Å resolution
[56]) yield similar quality hydrogen exchange rate predictions
(rmsd values for log kOH− of 0.96, 0.97 and 1.03, respectively). The
prediction for Ile 12 is significantly improved over our previous analysis
[26], in part, due to the somewhat larger log kOH− value that applies to
the charge state of the protein near physiological conditions. Further-
more, in the present study the nearby phenolic hydroxyl hydrogen of
Tyr 11 is modeled to be oriented toward the aqueous phase, as reported
in the high resolution neutron diffraction analysis of this protein [55,57]
in contrast to being oriented toward the interior as predicted by the
Reduce program [28] used in our previous analysis.

In Fig. 4A is illustrated the correlation between predicted peptide
acidities and experimental hydrogen rates for the three available
X-ray structures of the unligated form of human FKBP12. The deviation
of the predicted peptide pK values from the observed log kOH− values
increases from 0.82 to 1.07 to 1.14, as the resolution limit increases
from 0.92 Å (pdb code 2PPN [58]) to 1.85 Å (pdb code 1D6O [59]) to
2.20 Å (pdb code 1FKK, a M49V, H94N, V98I variant [60]).

There is a reported unligated structure of chymotrypsin inhibitor
CI2 at 2.00 Å resolution (PDB code 2CI2 [31]) and two structures of
the subtilisin-bound state at 1.50 Å resolution (pdb code 1LW6
[33]) and 2.10 Å resolution (pdb code 2SNI [61]). As noted in the
X-ray analysis [61], the structure of the inhibitor is very closely pre-
served when the complex with subtilisin is formed. To minimize am-
biguities that might arise due to the differing ligation states, the
electrostatic analysis of hydrogen exchange was limited to the 14
backbone amide hydrogens that are exposed to solvent in both ligat-
ed and unligated crystal structures. The two subtilisin-complexed CI2
crystal structures yield similar quality log kOH− predictions (Fig. 4B).
The larger rmsd value obtained for the log kOH− predictions derived
from unligated structure 2CI2 is entirely accounted for by the inaccu-
racy of the prediction for Lys 53. The sidechain carboxylate of the pre-
ceding residue Asp 52 is oriented more strongly toward the amide of
Lys 53 in the 2CI2 structure than in either of the other two crystal
forms, resulting in a stronger suppression in the predicted acidity
for that peptide.

The log kOH− values for the static solvent-exposed amides in the
X-ray structure of the K29Q variant of ubiquitin (1.00 Å resolution)
predicted the experimental values to an rmsd of 0.92 [27]. Analogous
calculations on the ubiquitin X-ray structures 1YIW (1.39 Å resolu-
tion) and 1UBQ (1.80 Å resolution) yielded log kOH− predictions
with rmsd values of 1.03 and 1.17, respectively (Fig. 4C).

Although the rmsd values of the errors in the log exchange rate con-
stants predicted for these four proteins span a fairly narrow range, the
correlation coefficients for these predictions indicate that the robustness
of these predictions is significantly systemdependent. The comparative-
ly high level of correlation observed for the rubredoxin predictions re-
flects the large range in experimental rates exhibited by the static
solvent-exposed amide hydrogens of this protein (σ for log kOH− of
2.12). The average dispersion for the experimental log rate constants
for the analogous amides of FKBP12 and CI2 are somewhat smaller
(1.53 and 1.50, respectively), while the dispersion in the experimental
values for ubiquitin is only 40% as large as that of rubredoxin.

As has long been discussed in the field of protein sidechain pK pre-
dictions by continuumdielectricmethods, a limited range of experimen-
tal pK values for a particular ionizable sidechain type offers a weak test
bed for evaluating model predictions. When compared to the present
peptide pK predictions, the much lower statistical significance typically
obtained from continuum dielectric predictions of sidechain pK values
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have prompted the use of only residues exhibiting highly shifted pK
values for testing predictions [62]. As illustration, despite the wide
range of theoretical analyses that have been applied to ubiquitin, it
has not been a popular target for general sidechain pK predictions.
This likely reflects the limited range in pK values exhibited by its aspar-
tate and glutamate sidechains (rmsd of 0.24 and 0.27, respectively
[63]).

An analogous limitation applies to staphylococcal nuclease for
which early magnetization transfer-based measurements of the rap-
idly exchanging amides by Mori et al. [64] yielded an rmsd for the
log rate constants of only 0.64 for the experimentally monitored static
solvent-exposed backbone amides. Indeed, a recent continuum
dielectric-based prediction of hydrogen exchange for a mutationally
stabilized variant of staphylococcal nuclease failed to obtain a statisti-
cally significant correlation for the static solvent-exposed amides as
predicted from a modeled structure [65]. This recent study noted the
very limited range of exchange rates for this subset of staphylococcal
nuclease amides. However, in rejecting an electrostatics-based analysis,
these authors invoked their steric blocking paradigm [19–21] to argue
that the billion-fold range of experimental exchange rates exhibited
by the static solvent-exposed amide hydrogens in the proteins consid-
ered in our previous [26,27] and present studies arises from
amide-bound crystallographic waters blocking the encounters with
the hydroxide exchange catalyst [65]. Crystallographically ordered
water molecules are hydrogen bonded to nearly all surface exposed
backbone amides in the ~1 Å resolution cryo-cooled crystal structures
considered herein. A steric blocking mechanism for this wide range
of exchange rates implies that there must be at least a billion-fold
(>12 kcal/mol) variation in the binding constants for these individ-
ual hydrogen bonded water molecules. At the same time these indi-
vidual blocking water molecules must remain impervious to being
transformed into an hydroxide equivalent as predicted by the classic
Grotthuss model for proton transfer in water [66]. This steric
blocking analysis does not address why protein exchange rates can
be robustly predicted by continuum dielectric calculations of the
free energy barrier to forming the hydrated peptide anion complex
anticipated by the Grotthuss model.

In the context of ensemble-based hydrogen exchange rate predic-
tions, the staphylococcal nuclease system offers considerable poten-
tial for bringing together joint predictions of both sidechain and
peptide ionization behavior to probe transient protein conformation-
al states. Garcia-Moreno and collaborators have combined pK titra-
tion measurements on a wide range of mutational variants with
molecular dynamics simulations to gain insight into the conforma-
tional transitions involved in the dielectric shielding of structurally
buried ionizable sidechains [67–69]. It can be anticipated that at
least some of the conformational transitions that provide transient
exposure to solvent for these buried sidechains will prove to be effec-
tive in facilitating peptide hydrogen exchange as well.

Although the errors in kOH− predictions will reflect the inaccura-
cies inherent in the dominant acidic conformer analysis and the ap-
proximations underlying the continuum dielectric prediction of
conformer reactivity, by comparing the rate prediction errors for a
given protein obtained using a range of experimentally derived struc-
tures, systematic variations should reflect how reliably each structur-
al model provides a representation of the dominant conformation in
solution. Even considering the high resolution X-ray structures for
each of these four proteins, there appears to be a modest sensitivity
to the quality of the hydrogen exchange predictions as a function of
crystallographic resolution. As noted above, the one apparent excep-
tion to this trend arises from the orientation of a single aspartate car-
boxylate on the preceding residue in one CI2 X-ray structure. As
discussed below, a considerably wider range of predictive
performance is obtained when protein structures derived from ho-
mology modeling and NMR solution structure determination are
considered.
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3.4. Predicting hydrogen exchange from protein homology models

The Modeller 9v6 program [34] was used to generate homology
structures for each of the four proteins using X-ray structures from
proteins exhibiting ungapped alignment of approximately 60% se-
quence identity, excepting CI2 for which the sole homologous depos-
ited structure (bitter gourd trypsin inhibitor) is only 36% identical. The
2.50 Å resolution X-ray structure of yeast FKBP12 from Saccharomyces
cerevisiae (pdb code 1YAT, 57% sequence identity [70]) yields hydro-
gen exchange rate predictions that are only modestly worse than
those of the lowest resolution structure of the human protein 1FKK
(Fig. 5A). The 0.93 Å resolution X-ray structure of the bitter gourd
trypsin inhibitor (pdb code 1VBW) predicts the log kOH− rate con-
stants with an rmsd of 1.38 and a correlation coefficient of 0.76
(Fig. 5B), appreciably below the performance derived from the barley
CI2 crystal structures. The 1.70 Å resolution structure (pdb code 1BT0
[71]) of the 63% identical Arabidopsis thaliana Rub-1 protein yields a
similarly modest quality prediction for the hydrogen exchange rates
of ubiquitin (Fig. 5C).

Strikinglyworse statistics are obtainedwhen thehydrogen exchange
rate constants for Pf rubredoxin are predicted using an homologymodel
derived from the 59% identical Clostridium pasteurianum (Cp) protein
(pdb code 1IRN [72]). The rmsd for the predicted log kOH− values is
nearly twice as large as those obtained using the three Pf rubredoxin
crystal structures (Fig. 6), while the correlation coefficient of 0.69 is
markedly below the value of 0.93 obtained with the three Pf structures.

The poor statistics for the Cp rubredoxin-based predictions largely
arise from the highly inaccurate prediction for the exchange behavior
of Phe 30. The amide hydrogen of this residue is predicted to be well ex-
posed to solvent in the Cp rubredoxin-based homology model of Pf
rubredoxin, although it is completely inaccessible in each of the Pf
rubredoxin X-ray structures. In the Pf rubredoxin X-ray structures, the
amide hydrogen of Phe 30 is hydrogen bonded to the structurally buried
carboxylate sidechain of Glu 15. When the Pro 15 of the Cp rubredoxin
was converted to a glutamate, the automated application of theModeler
program was unable to predict the local conformational rearrangement
that leads to the burial of the glutamate sidechain and instead the car-
boxylate was directed out into the solvent phase. Along with the substi-
tution of Trp for Tyr at residue 4, the Pro to Glu substitution at residue 15
is considered to provide a characteristic signature of the hyperthermo-
phile archaeal rubredoxins as compared to the mesophile eubacterial
rubredoxins and is believed to account for a significant proportion of
the difference in thermal stability exhibited by the P. furiosus rubredoxin
relative to the Cp protein [56,73]. Removal of the exchange rate predic-
tion for Phe 30 reduces the rmsd for the log kOH− values to 1.47 with a
correlation coefficient of 0.82, considerably more similar to the values
derived from the homology modeling predictions for the other three
proteins.

Although the rmsd for the log kOH− predictions derived from the
yeast FKBP12 is only 17% higher than the average of the values obtained
from the three human FKBP12 structures, the homology models for the
other three proteins yield rmsd values close to 50% higher (excluding
the aberrant prediction for Phe 30 of Pf rubredoxin). The correlation co-
efficients for the homology models are on average 0.10 less than the
predictions derived from the X-ray structures of the proteins under
study. As is well known, homology modeling is markedly less robust
when mutational variations induce substantial changes in local struc-
ture as illustrated by the burial of the Glu 15 carboxylate in the hyper-
thermophile rubredoxins. In this example, the hydrogen exchange
analysis cleanly identifies the site of error in the homology modeling.

3.5. Predicting hydrogen exchange in ubiquitin from the models of an
NMR solution structure

NMR structure determinations were reported for each of these
four proteins in the early days of solution structure technique
development. However, NOE-based structures utilizing current analy-
sis protocols have only been deposited for ubiquitin and CI2. Al-
though ubiquitin continues to be the most widely used protein for
demonstrating the utility of residual dipolar couplings in the determi-
nation of protein structure and conformational dynamics, the most
recently deposited solution structure of the free ubiquitin monomer
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Table 1
Hydrogen exchange predictions derived from the 1V80 solution structure of ubiquitin.

Model Δlog kOH− Correlation Access in X-raya

1 1.57 −0.36 9
2 1.47 0.21 10
3 1.01 0.26 10
4 1.61 0.23 9
5 2.02 −0.18 10
6 1.02 0.39 10
7 1.86 0.23 10
8 1.81 0.19 10
9 1.66 −0.27 9
10 1.22 0.46 9
ave 1.52 0.12 9.6

a Number of amide hydrogens exposed to solvent >0.5 Å2 that are similarly exposed
in the 1.00 Å ubiquitin X-ray structure (16 total).
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utilizing a conventional NOE-based protocol is that of Akasaka and
colleagues (PDB code 1V80 [74]). By many criteria, the 1V80 study
is a typical solution structure analysis. The CYANA structure analysis
program [75] was used to generate 100 views of a single structure so-
lution to the experimental constraints and the 10 models yielding the
lowest DYANA target function values were then deposited. The mean
rmsd value of 1.1 Å obtained for these 10 models with respect to the
backbone of the 1UBQ X-ray structure compares quite favorably to
the rmsd values obtained for other pairs of analogous NMR and
X-ray structures. Garbuzynskiy and colleagues [8] compared struc-
tures for 60 proteins determined by both X-ray and NMR methods
in which no large scale structural differences were observed. For
only 11 of these 60 pairs of protein structure determinations do the
backbones of the X-ray and mean NMR structures differ by 1.0 Å or
less, and for only one of these 11 proteins was the NMR structure de-
posited in the Protein Data Bank before the deposition of the corre-
sponding crystal structure.

Akasaka and colleagues identified model 3 as the most representa-
tive from the set of 10 models in the 1V80 structure determination.
Using this model, essentially no correlation was obtained between
the predicted and observed hydrogen exchange rates (Fig. 7). Analo-
gous calculations for the other nine models in the 1V80 structure de-
termination indicate a general inability to yield statistically significant
predictions (Table 1, Fig. S1— Supplementary Materials). The average
rmsd error in the log kOH− predictions is 80% larger than the average
dispersion for the experimental log rate constants. Since averaging the
reactivity of highly exposed amides over the entire 2NR2 ensemble
yields an rmsd of only 0.48 with a correlation coefficient of 0.95 [5],
the approximations underlying the continuum dielectric prediction of
conformer reactivity are not a limiting aspect of this comparison.

Another relevant measure of similarity between two protein struc-
tures is the number of amide hydrogens that are solvent-exposed in
both models. In the earlier figures of this manuscript, static solvent-
exposed amides that are not similarly exposed in the highest resolution
X-ray structure have been symbolized as diamonds. Among each of the
10 models in the 1V80 NMR structure, the amide hydrogens for be-
tween 5 and 8 residues are accessible by >0.5 Å2 in either the NMR
model or the highest resolution X-ray structure, but not in both. In
contrast, the set of static solvent-exposed amides for 1UBQ and 1YIW
X-ray structures differ from the 1.00 Å resolution ubiquitin structure
at 1 and 3 residues, respectively (Fig. 4C). The large discrepancy for
the 1V80 NMR models primarily reflects the fact that significantly
fewer amides are solvent-exposed than for the 16 residues in the
highest resolution X-ray structure (Table 1).

A related question is whether a given model structure is within the
energetically accessible neighborhood of conformations that provide ac-
curate predictions of the hydrogen exchange reactivity throughout the
protein-aqueous interface. Kolmogorov–Smirnov analysis [76] for the
distribution of intra- and inter-ensemble pairwise structural rmsd values
provides a robust means of assessing the degree to which two sets of
protein conformations are mutually consistent with a single underlying
distribution or are either partially or fully disjoint [6]. In the simplest ap-
plication, analysis of the structural rmsd values provide insight into
whether the three ubiquitin X-ray structures, the 1BT0-derived homolo-
gy model or any of the 1V80 NMRmodels can be viewed as lying within
the conformational distribution sampled by the 144models of the 2NR2
ensemble. Each of the three X-ray structures yield smaller mean back-
bone heavy atom rmsd values to these 144 conformations than do the
majority of the 2NR2 ensemble members with respect to the other 143
conformations (Fig. 8), indicative of the fact that the X-ray structures
lie near the center of the 2NR2 conformational distribution. In contrast,
the 1BT0-derived homologymodel lies near the edge of the 2NR2 distri-
bution while each of the 1V80 NMR structures lies significantly farther
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Table 2
Hydrogen exchange predictions derived from the 3CI2 solution structure analysis.

Model Δlog kOH− Correlation Access in X-raya
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from the 2NR2 distribution than does any member of that distribution
with respect to the rest of the model ensemble. Analysis of the mean
rmsd values for all heavy atoms of the structural models yields a similar
conclusion (Fig. S2 — Supplementary Materials).

The practical significance of the disjointedness between the 2NR2
ensemble and the models of 1V80 NMR structure can be illustrated by
a molecular docking protocol in which a large number of initial pro-
tein conformations are utilized in parallel. To the degree that the
2NR2 ensemble accurately represents 144 random samplings of the
Boltzmann distribution, a protocol that is based on selecting protein
conformations in an energetically balanced fashion would very rarely
utilize the conformational space represented by the models in 1V80
NMR structure.

3.6. Predicting hydrogen exchange in CI2 from the models of an NMR so-
lution structure

The solution structure of CI2 was reported by Poulsen and col-
leagues in 1991 (PDB code 3CI2 [77]). Fig. 9A illustrates the hydrogen
exchange predictions obtained using their first model. The statistics
for model 1 are modestly better than the average values obtained
from all 20 models (Table 2). Analogous to the considerations for
Asp 52 of ubiquitin, the gauche χ1 rotamer states for Asp 45 and
Asp 55 in the 3CI2 models led to their being removed from the hydro-
gen exchange analysis.

Similar to the case of the 1V80 NMR structure of ubiquitin, the av-
erage rmsd error in the log kOH− predictions from the 3CI2 models is
70% larger than the average dispersion for the experimental log rate
constants. Only 1 of the 20 models from the original 3CI2 study
(model 12 — Fig. 9B) yielded hydrogen exchange predictions that
were comparable to those from the X-ray and homology models.
However, it should be noted that only 6 of the 14 amides that are ex-
posed to solvent in all three CI2 X-ray structures are also accessible in
this model (Table 2). Indeed, on average, only 7.2 of these 14 residues
are exposed to solvent in the 20 models of the original NMR structure.
Although several of these 20 models yielded reasonably large correla-
tion coefficients (Table 2), as illustrated by the −0.94 correlation co-
efficient of model 2, the optimized slope of the correlation between
the predicted and observed values often markedly deviates from the
expected unit slope.

More recently, the NOE distance bounds and other NMR restraints
for the 3CI2 set were reanalyzed in the RECOORD study [78] which
used CYANA [79] and CNS [80]-based structure refinement with ex-
plicit solvation applied to 545 deposited NMR structures. The central
result of the RECOORD analysis was that a consistent protocol with
current versions of CYANA [79] and CNS [80] using explicitly solvated
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1 2.32 0.58 8
2 2.57 −0.94 4
3 2.52 0.72 9
4 2.08 0.62 6
5 2.36 0.57 6
6 1.89 0.84 7
7 2.14 0.77 9
8 1.87 0.81 9
9 1.68 0.35 7
10 3.47 0.45 8
11 3.92 0.06 5
12 1.24 0.85 6
13 3.43 0.13 9
14 2.74 0.03 6
15 1.71 0.72 9
16 3.18 −0.20 7
17 1.63 0.69 6
18 2.74 0.72 8
19 3.60 0.38 9
20 3.87 0.22 6
ave 2.55 0.42 7.2

a Number of amide hydrogens exposed to solvent >0.5 Å2 that are similarly exposed
in the CI2 X-ray structures (14 total).
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protein models produced an increase in the average rmsd values of
0.4 Å for the well-ordered regions of the individual families of struc-
tures without compromising the distance and dihedral angle re-
straints, while markedly improving the local geometry as assessed
by PROCHECK [81] and WHATCHECK [82]. The RECOORD study of-
fered compelling evidence that a large fraction of the deposited
NMR protein structure families are overly precise.

The hydrogen exchange predictions from both the CYANA- and
CNS-based refinements of CI2 are markedly superior to those obtained
from the original 3CI2 NMR structure (Table 3). The mean rmsd for
the log kOH− predictions from all 25models in the CYANA-based refine-
ment was 1.22 with a mean correlation coefficient of 0.70, comparable
to the values obtained from the homology model based on the 36% se-
quence identity 1VBW crystal structure.Whilemodel 10 yielded hydro-
gen exchange prediction statistics that were similar to the average
performance (Fig. 10B), several models (e.g., model 1 — Fig. 10A)
yielded predictions comparable to those from the CI2 X-ray structures.
The RECOORD re-refinement also led to sets of static solvent-exposed
amides that are markedly more similar to the X-ray structures
(Table 3) than those obtained in the original 3CI2 analysis. Analysis of
the hydrated CNS-based refinement structures provided similarly ro-
bust predictions.

The Asp 55 amide hydrogen is exposed to solvent by more than
0.5 Å2 in 20 of the 25 RECOORD re-refined 3CI2 models. Nevertheless,
this residue was excluded from the hydrogen exchange analysis, in
part, due to its gauche χ1 rotamer conformation in these re-refined
structures. More importantly, a cross-hydrogen bond 15N-13C′ scalar
coupling has been reported between the Asp 55 amide and the Asp
52 carbonyl [83], inconsistent with the local structure reported in
the RECOORD models. All three X-ray structures indicate this same
hydrogen bond.

Since the RECOORD re-refinement of CI2 markedly improved the
peptide acidity predictions, it is warranted to consider how this
re-analysis affects the overall differences in structure vis-a-vis the
highest resolution X-ray structure. For the 20 models in the original
3CI2 structure study, the mean rmsd value with respect to the
Table 3
Hydrogen exchange predictions derived from the CYANA-based RECOORD re-refinement
of CI2.

Model Δlog kOH− Correlation Access in X-raya

1 1.06 0.89 10
2 1.41 0.78 10
3 1.49 0.68 10
4 1.07 0.59 11
5 1.33 0.60 10
6 1.00 0.83 9
7 1.08 0.59 10
8 1.06 0.80 9
9 1.28 0.70 10
10 1.19 0.73 10
11 1.60 0.52 10
12 0.89 0.92 9
13 0.92 0.90 8
14 1.61 0.36 10
15 1.23 0.84 11
16 0.98 0.65 12
17 1.44 0.52 11
18 1.21 0.79 9
19 1.60 0.69 11
20 1.30 0.56 10
21 1.29 0.68 9
22 1.14 0.73 11
23 1.18 0.66 10
24 1.15 0.65 11
25 0.90 0.79 9
ave 1.22 0.70 10.0

a Number of amide hydrogens exposed to solvent >0.5 Å2 that are similarly exposed
in the CI2 X-ray structures (14 total).

vent >0.5 Å that are solvent inaccessible in the highest resolution cognate X-ray struc-
ture are indicated as diamonds. The rmsd (σ) and correlation coefficient (r) values are
indicated.
1LW6 X-ray structure is 1.55 Å for backbone atoms and 2.29 Å for
all heavy atoms. These values are reduced to 1.10 Å and 1.81 Å, respec-
tively, for the 25 models from the RECOORD re-refinement. All but 1 of
the 25 RECOORD re-refined CI2 models are closer to the highest resolu-
tion X-ray coordinates than is any model of the original NMR structure.
The substantial increased consistency between the sets of static
solvent-exposed amides for the RECOORD re-refinement and X-ray
structures likely implies an appreciable improvement in the modeling
of local mainchain geometry due to the inclusion of a more realistic ex-
plicitly hydrated force field during the structural refinement protocol.

The RECOORD re-refinement yielded a systematic shift in the NMR
models toward the CI2 X-ray coordinates, while simultaneously im-
proving the peptide acidity predictions. The quality of hydrogen ex-
change rate predictions provided by the CI2 X-ray structures is
consistent with a close preservation of protein conformation between
crystal and solution phase, as has previously been argued on the basis
of chemical shifts and cross-hydrogen bond coupling interactions
[83].
4. Conclusion

The experimental rates at which hydroxide-catalyzed exchange
of amide hydrogens occur at sites along the protein backbone are de-
termined by the reactivity of all of the energetically accessible
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conformations in the Boltzmann distribution. Nevertheless, for each
of the four proteins considered in this study, individual structural
models can prove sufficient to provide statistically significant pre-
dictions of these exchange rates. Since for many practical applica-
tions it is desirable to identify a most representative structure for
the conformation of a protein in solution, chemical reactivity-based
hydrogen exchange analysis offers a powerful experimental ap-
proach to assessing the degree to which a given model fulfills that
most representative ideal.

The high resolution X-ray structures of rubredoxin, FKBP12, CI2
and ubiquitin provide more robust predictions of the exchange rates
for backbone amide hydrogens that are exposed to solvent in the stat-
ic structures than do either modeled structures based on sequence
identities near 60% or NMR solution structure analyses (Table 4).
The rmsd between the backbone atoms of each model and the highest
resolution structure of that protein generally follows the correlation
coefficient for the hydrogen exchange predictions. The RECOORD
analysis of the NMR restraints of CI2 yielded hydrogen exchange pre-
dictions that were, on average, comparable to those derived from the
1BT0-based homology model. In contrast, the models of the 1V80 so-
lution structure were unable to provide statistically significant pre-
dictions of ubiquitin hydrogen exchange, presumably due to a
combination of conformations that are more divergent from the
high resolution X-ray structures and the relatively limited range of
experimental exchange rates for the static solvent exposed amides
of this protein.

Hydrogen exchange analysis appears capable of distinguishing the
relative quality of protein X-ray structures as representations of the
conformation in solution. Although resolution limit is not a perfectmea-
sure of structure quality, the ability to observe modest correlation be-
tween resolution limit and the accuracy of hydrogen exchange
predictions supports the interpretation that the increased structural ac-
curacy which is achieved by pursuing X-ray analysis to the maximum
diffraction limit may often be reflected in the increased accuracy with
which the structure of the protein in solution is represented. In the ab-
sence of any apparent evolutionary pressure, the differences in electro-
static environments yield up to billion-fold variations in the rate at
which sterically accessible amides undergo reactions at the protein sur-
face. Although hydroxide-catalyzed peptide exchange is arguably the
simplest reaction of proteins, its exquisite sensitivity to protein
Table 4
Summary of hydrogen exchange predictions derived from X-ray, homology modeling
and NMR structures.

Protein Method PDB
code

Resolution Δlog kOH
−

Correlation Δrmsdc

Ubiquitin X-ray a 1.00 Å 0.92 0.79 –

X-ray 1YIW 1.39 Å 1.03 0.61 0.66 Å
X-ray 1UBQ 1.80 Å 1.17 0.82 0.43 Å
Homology 1BT0 1.70 Å 1.44 0.61 0.61 Å
NMR 1V80 1.52 0.12 1.10 Å

CI2 X-ray 1LW6 1.50 Å 0.83 0.83 –

X-ray 2CI2 2.00 Å 1.04 0.77 0.46 Å
X-ray 2SNI 2.10 Å 0.84 0.83 0.38 Å
Homology 1VBW 0.93 Å 1.38 0.76 1.15 Å
NMR 3CI2 2.55 0.42 1.55 Å
NMR b 1.22 0.70 1.10 Å

FKBP12 X-ray 2PPN 0.92 Å 0.82 0.85 –

X-ray 1D6O 1.85 Å 1.07 0.82 0.32 Å
X-ray 1FKK 2.20 Å 1.14 0.85 0.40 Å
Homology 1YAT 2.50 Å 1.18 0.74 0.84 Å

Rubredoxin X-ray 1BQ8 1.10 Å 0.96 0.93 –

X-ray 1VCX 1.50 Å 0.97 0.94 0.22 Å
X-ray 1CAA 1.80 Å 1.03 0.93 0.15 Å
Homology 1IRN 1.20 Å 1.85 0.69 0.54 Å

a Cited [27,30] but unpublished.
b RECOORD analysis [78].
c rmsd for protein backbone with respect to the highest resolution X-ray structure.
conformation strikingly demonstrates the rigorous demands placed
upon establishing chemical accuracy in protein modeling.
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