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ABSTRACT

The existence of a large number of proteins for which both
nuclear magnetic resonance (NMR) and X-ray crystallo-
graphic coordinates have been deposited into the Protein
Data Bank (PDB) makes the statistical comparison of the
corresponding crystal and NMR structural models over a
large data set possible, and facilitates the study of the effect
of the crystal environment and other factors on structure.
We present an approach for detecting statistically significant
structural differences between crystal and NMR structural
models which is based on structural superposition and the
analysis of the distributions of atomic positions relative to a
mean structure. We apply this to a set of 148 protein struc-
ture pairs (crystal vs NMR), and analyze the results in terms
of methodological and physical sources of structural differ-
ence. For every one of the 148 structure pairs, the backbone
root-mean-square distance (RMSD) over core atoms of the
crystal structure to the mean NMR structure is larger than
the average RMSD of the members of the NMR ensemble to
the mean, with 76% of the structure pairs having an RMSD
of the crystal structure to the mean more than a factor of
two larger than the average RMSD of the NMR ensemble.
On average, the backbone RMSD over core atoms of crystal
structure to the mean NMR is approximately 1 A. If non-
core atoms are included, this increases to 1.4 A due to the
presence of variability in loops and similar regions of the
protein. The observed structural differences are only weakly

correlated with the age and quality of the structural model
and differences in conditions under which the models were
determined. We examine steric clashes when a putative crys-
talline lattice is constructed using a representative NMR
structure, and find that repulsive crystal packing plays a
minor role in the observed differences between crystal and
NMR structures. The observed structural differences likely
have a combination of physical and methodological causes.
Stabilizing attractive interactions arising from intermolecu-
lar crystal contacts which shift the equilibrium of the crystal
structure relative to the NMR structure is a likely physical
source which can account for some of the observed differen-
ces. Methodological sources of apparent structural difference
include insufficient sampling or other issues which could
give rise to errors in the estimates of the precision and/or
accuracy.
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INTRODUCTION

The growth in the size of the Protein Data Bank!
(PDB) in recent years has substantially increased the
number of proteins for which both nuclear magnetic
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resonance (NMR) and crystal structures have been de-
posited. In an October 2005 survey of the database avail-
able on the PDB web site (www.pdb.org/pdb/clusterExp-
Methods.do), a total of 288 sets of PDB-deposited struc-
tural models were found in which each member of the
set has high sequence similarity with the other members,
and where both crystal and NMR structures are repre-
sented. The size of this set is increasing due to progress
in traditional structural biology as well as from the sub-
stantial investment in protein structure determination by
the Protein Structure Initiative in structural genomics.
Given this large set of structures determined using both
experimental methods, it becomes possible to compare
NMR and X-ray crystal structures on a much larger scale
than was possible previously and to examine statistically
the possible effects of crystal vs solution environments
on protein structure.

In this article, we explore the structural differences
between NMR and crystal structural models of the
same protein using a data set of 148 such structure
pairs. Conformational differences are detected using a
method based on the FindCore method of Snyder &
Montelione? for defining core atom sets for purposes
of structural superposition. We make use of the ensem-
ble nature of the NMR structural model to determine
the statistical significance of deviations in atomic posi-
tions between the crystal and mean NMR model by
asking about the likelihood of the position of a given
atom in the crystal structure relative to the positions of
the corresponding atom in the NMR ensemble. This is
similar in spirit to methods for the statistical descrip-
tion of structural ensembles developed by Gerstein and
co-workers3’4; however, it differs in that we do not
attempt to fit full three-dimensional normal (Gaussian)
distributions for each atom. Instead, we use a statistic
based on the distance of each atom from the mean. In
this way, it is similar to the distance-derived pseudo B-
factor that has been proposed for crystallographic phase
determination via molecular replacement using NMR
structures.” Our method provides both local informa-
tion about which particular atoms have changed posi-
tion, as well as “aggregated” statistics that provide a
global summary of the overall agreement of the two
structures.

We apply this statistical methodology to a large subset
of the available protein structure pairs in the PDB to
study the nature of the differences between NMR and
crystal structures of the same protein. Possible methodo-
logical and physical origins for the structural differences
are examined, including the use of more modern data
and structure determination protocols, structure quality,
and similarity of structure determination conditions. We
explore the role of crystal contacts using a systematic
procedure that replaces the protein structure in the crys-
tal lattice with the NMR solution structure and analyzes
the resulting system for steric clashes.
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The question of the consistency of two structural mod-
els must be based on a proper estimation of precision
and accuracy, which allows the user of the model to
assess the reproducibility and correctness, respectively, of
a given result. When the fundamental data is interpreted
in terms of a model, uncertainties, ambiguities, and
errors in the raw data must be “propagated” through the
modeling process in order to obtain estimates of preci-
sion and accuracy in the model parameters (in this case,
the atomic coordinates). The proper assessment of preci-
sion and accuracy is necessary in structural biology to
evaluate whether differences between different structural
models are or are not significant, and, by implication,
whether such differences contain functional information.

In small molecule crystallography, the quantitation of
precision is well-established, leading to anisotropic B-fac-
tors that represent thermal motion via the Debye-Waller
relationship.® In macromolecular crystallography, the sit-
uation is more complex, as there is typically insufficient
data to estimate anisotropic B-factors. The reported B-
factors represent the scaling of an atom’s contribution to
the diffraction pattern required to optimally match the
back-calculated and observed diffraction patterns. While
the Debye-Waller equation enables the interpretation of
such indirectly calculated B-factors as coordinate uncer-
tainties, they do not conceptually represent the same
quantity as the variability in atomic position across an
ensemble of NMR-derived structures. Recent results indi-
cate that B-factors and the variances in NMR-derived
atomic position may be compatible measures of preci-
sion.”

In NMR structure determination, there exist only nas-
cent methods for the statistically rigorous estimation of
precision, and active research is ongoing in this area.8
Traditionally, NMR structures in the PDB have been de-
posited as ensembles which are the result of replicating
the structure determination procedure several times. The
conformational variability across this ensemble can then
be used as a measure of reproducibility, and therefore the
precision. Measurement of the divergence of an ensemble
of structures typically involves calculating a superposi-
tion, minimizing the root-mean-square deviation
(RMSD) from an average or representative set of atomic
coordinates. This approach suffers from pitfalls, however,
in that the set of atoms being superimposed must be
well-chosen.2>? Furthermore, this strategy also implicitly
assumes that the ensemble deposited in the PDB well-
characterizes the uncertainty inherent in the data.10-14

The estimation of accuracy also has complicating fac-
tors, not the least of which is the fact that the “correct”
structure is typically unknown. In the absence of knowl-
edge of the true structure, one can attempt to estimate
accuracy using internal measures. This is now routinely
done in macromolecular X-ray crystallography using the
free R-factor,15’16 which provides a cross-validated esti-
mate of the goodness-of-fit that is correlated with the
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phase error.16 The direct application of such a strategy
in NMR structure determination is difficult because of
the combined effect of low data density and high infor-
mation content of individual data points!? (e.g. critical
long-range nuclear Overhauser effect (NOE) restraints),
but extensions based on a jackknife approach have been
suggested.18 More sophisticated approaches based on the
assessment of the degree to which the model satisfies the
raw data have also been described.!%>20

While crystal and NMR structures occasionally differ
from each other because of specific structural rearrange-
ments arising from interactions in the crystalline envi-
ronment (e.g. salt bridges, steric interactions),ZI_24 one
more generally sees more “diffuse” differences that are
reflected in the statistical distributions of structural prop-
erties. For example, it has been observed that
“knowledge-based” potentials can differ depending on
whether they are derived from NMR or crystal structure
databases.2>20 Furthermore, packing and global confor-
mational properties of crystal and NMR structures have
been shown to exhibit significant statistical differences.
For example, Garbuzynskiy et al27 have examined the
statistical distribution of the distance of closest approach
for all pairs of residues in a set of 60 proteins the struc-
tures of which have been determined by both crystallog-
raphy and NMR. They found that this distribution is
skewed toward shorter distances in NMR structures rela-
tive to crystal structures, that is short residue-residue
distances are overrepresented while longer distances are
underrepresented in NMR structures relative to crystal
structures. In addition, they observed differences in
hydrogen bonding patterns. The authors of that study
concluded that the differences are likely due to the meth-
odology used to determine the structural models, as the
observed effects are correlated with the structure determi-
nation software used to do the NMR structural model-
ing, and become less prominent after re-refinement using
explicit solvent. The view that deviations in the global
properties of NMR structures from those of crystal struc-
tures represents a lack of accuracy in the NMR structures
has been used as the basis for the introduction of addi-
tional constraints into the NMR structure determination
process to make the resulting structures have more of the
properties of high-resolution crystal structures.28:29

The investigation of specific structural differences
between crystal and NMR structure pairs has been com-
mon since the earliest days of NMR-based structure
determination. The most recent systematic reviews of
such comparisons are now a decade old,zl_24 with later
comparisons scattered throughout the structural biology
literature in the form of reports on individual proteins.
This paper will not attempt to review this body of work.
Rather, we will provide a systematic study of overall
structural differences in a large sample of structure pairs
using the statistical methodologies for superposition and
structural comparison described below.
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MATERIALS AND METHODS

Superposition of structures using a core
atom set

To evaluate the structural variability of the NMR-
derived ensemble and to determine whether the crystal
structure is significantly different from the NMR-derived
ensemble of structures, it is necessary to superimpose
the ensemble and the crystal structure in a common ref-
erence frame. To perform such a superposition one must
choose which atoms will be used in optimizing the trans-
lational and rotational degrees of freedom that relate the
structural models to each other. Although such super-
positions are routinely performed by the depositors of
structures to the PDB based on subsets of residues which
they consider to be ordered, the criteria used to which
determine this subset are not uniform between labs or
across time.2 Using depositor-defined “core” atoms or
residues would not allow us to make consistent compari-
sons across the range of 148 NMR-crystal structure pairs.
Instead, we use the FindCore method? to identify a core
set of atoms (which need not include all of the atoms in
any given residue) for which superpositions of the NMR-
derived ensemble and the crystal structure are well-
defined.

Briefly, the FindCore method takes an ensemble of
structures and for selected pairs of atoms in the protein
calculates the variance of the distance between that pair
of atoms across the ensemble. Typically, only a subset of
atoms are considered, for example the backbone heavy
atoms (N, C, and C%) or all heavy atoms (backbone and
side-chain). The row vectors of variances associated with
each atom is transformed into “order parameters” by
counting the number of elements less than a critical var-
iance, and atoms are categorized into core and noncore
classes using least squares clustering (see Ref. 2 for fur-
ther details). It should be noted that the “core” deter-
mined by FindCore is a reflection only of the degree of
order within the NMR ensemble, and need not corre-
spond to any physical property of the protein (such as a
hydrophobic core). In addition, FindCore can detect the
presence of multiple domains, which are defined as a set
of substructures which when subjected to rigid body
motion reduce the apparent disorder (as opposed to bio-
logical structural domains). In all of the proteins studied
here, FindCore determines that only one such domain is
present.

To define a mean NMR structure onto which to super-
impose both the NMR-derived ensemble and the crystal
structure, all pairwise superpositions of the models in the
NMR ensemble are first calculated. The “central model”
is defined to be the model i which minimizes S(i) =
iRij where the sum is over all models in the NMR-
derived ensemble of structures and where R; represents
the RMSD (calculated over core atoms) between models i
and j. All models other than the central model are then
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superimposed onto the central model, and the mean
coordinates for all atoms under consideration, both core
and noncore, are calculated based on this superimposi-
tion. The structures of the NMR-derived ensemble and
the crystal structure are then superimposed to these
mean coordinates.

A statistical test for difference in atomic
position between crystal and
NMR structures

Given the superpositions of both the crystal structure
and the NMR-derived ensemble to the mean NMR-

derived coordinates calculated wusing the methods
described earlier, we define the statistic
. “(12
a i) —m(i
) = -l () = m(i)] .o

N 2 [laxmr (7, ) — m(i)|

which measures the deviation of coordinates of atom i in
the crystal structure acryeq(i) from the mean NMR-
derived coordinates of that atom m(7) normalized by the
variation in that atom’s coordinates across the NMR-
derived ensemble (where anyr(if) represents the coordi-
nates of the i-th atom in the j-th model and N is the
number of models in the NMR-derived ensemble). The
%y statistic defined in Eq. (1) increases as the position
of atom i in the crystal moves farther away from the
mean NMR position (for a given NMR ensemble), and
also increases as the spread of atom positions in the
NMR ensemble decreases. Therefore, it agrees with our
intuition concerning the significance of a difference in
atomic position: the position in the crystal structure is
deemed to be different if its distance from the NMR
mean is large compared to the width of the NMR bundle
itself. We can quantify the degree of significance using
the standard method of the P-value,30 which we define
to be the probability that the % statistic under the null
hypothesis is as big or bigger than that observed.

Although the yj statistic is formally similar to the y’
and F statistics of elementary statistical theory,30 its distri-
bution under the null hypothesis may be quite different
from that of its more standard relatives since the quantities
in the numerator and denominator arise from variables
that are likely not normally distributed. It is possible to
show that the distribution of yJ, under the null hypothesis
if we assume that the atomic positions are distributed
according to an isotropic three-dimensional normal distri-
bution with variance 6” is a gamma distribution with mean
1 and variance 2/3.31 However, the distribution of atomic
positions is unlikely to be isotropic3’4 and may not even be
normally distributed. Therefore, we have chosen to estimate
the P-values using an empirical method.

We evaluate whether a given value of yj(i) is signifi-
cant by explicitly constructing a sample of possible y(i)
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values under the null hypothesis using a jackknife proce-
dure as follows. We repeat the core finding step using the
NMR-derived ensemble only and then treat each member
m of the NMR-derived ensemble as the “crystal struc-
ture”, recalculating the mean coordinates m,, of the
NMR-derived ensemble having left out model m, super-
imposing the NMR-derived ensemble onto that mean
and then calculating the statistic

2
I

X%p,m(i) —— llannr (7, m) . I‘n(m)(l) — 2)

N1 i AR (7, 5) — m ()|
for each atom i and model m. The collection of statistics
{X\lj,mz(i)}mzl...N constitutes a sample taken under the
null hypothesis. Since there are typically only 10-20
members in NMR ensembles deposited in the PDB, this
sample is not sufficiently large to accurately estimate a P-
value directly. However, we have empirically found that
the distribution of xﬁ,,m(i) for a given core atom i is
approximately log-normal (Fig. 1). The choice of a
log-normal is conservative in the sense that it leads to a
higher likelihood (smaller statistical significance) of more
distant outliers. Therefore, we use the sample mean and

variance of the log-transformed values (i) =
N mlog(1y,, (1) and oy (i) = 55 32, log(xj, (1))
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Figure 1

Normal Q-Q plot of the jackknife statistics xf,,m [Eq. (2)] for the C, atom of
residue 41 over the 30-member NMR structural ensemble 1IKM. The normal Q-
Q plot is constructed from a set of values S = {x;},_, by plotting each value
x;j vs the unit normal quantile qj, which is defined as the value for which the
standard normal cumulative probability _[qLOO (2n ’mexp(—xz/z)dx equals the
empirical fraction of values in S smaller than x;. 2 (A) Normal Q-Q plot of the
untransformed jackknife statistics. The dashed line is a least-squares fit to the
smallest 15 points, and the deviation from linearity indicates a non-normal
distribution. (B) Similar plot of the log-transformed jackknife statistics, showing
the agreement with a log-normal distribution. The dashed line is the least-
squares fit to all 30 points. Similar behavior is seen for other residues and for
other proteins in the test set.
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fuq,(i)]z to calculate the z-score

_ log(x (1) — 1y ()
oy(i) '

2(i) (3)

If the underlying distribution is log-normal, then the z-
score will follow a standard normal distribution and the
P-value can be calculated using the error function.33 In
summary, our measure of the statistical significance of
structural differences is based on the assumption that the
structural ensemble provided in the PDB entry represents
its precision, that the distribution of the xﬁ, statistic is
log-normal under the null hypothesis for core atoms,
and that the uncertainty in the atomic positions of the
crystal structure (as estimated from its B factors) is small
compared to that of the NMR structure. In the following
section, we comment on the effects of uncertainties in
atomic positions in the the crystal structure on this anal-
ysis. It is possible that the use of alternative sampling
strategies for generating the NMR ensemble!1,13,14,34
may not result in log-normal distributions under the null
hypothesis, and the form of the distribution would have
to be re-evaluated for these sampling methods.

Analysis of steric clashes arising from
crystal packing

In addition to assessing the location and extent of the
structural differences between crystal and NMR struc-
tures of the same protein, we explore one possible origin
of those differences which is related to crystal contacts by
determining how consistent the NMR structure is with
the crystalline environment. A reliable automatic super-
position method is essential for such a study. This is
because the orientation of the NMR structure relative to
the (x,,2) coordinate axes of the PDB file are arbitrary,
while those of the crystal structure are intimately con-
nected to the axes of the unit cell and symmetry axes of
the crystal. Therefore, to replicate a crystalline environ-
ment of a given crystal structure using a different confor-
mation of the asymmetric unit derived from an NMR
structure, it is first necessary to translate and rotate the
NMR structure to coincide as best as possible with the
crystal structure. FindCore provides a method for
performing this transformation. Once the transformation
has been found, the crystal environment can be simu-
lated by application of the appropriate symmetry opera-
tions and distances can be examined to find close
contacts.

Specifically, we use the core atoms found by FindCore
to bring the NMR ensemble into the same coordinate
frame as the crystal structure, extract the central model
as defined in the description of the FindCore algorithm
above, build copies of that structure by applying the
translation and rotation symmetry operators of the space
group of the corresponding crystal structure, and search-
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ing for “clashes” between heavy atoms on symmetry
related copies of the central model of the NMR ensemble.
This analysis was performed using the structure valida-
tion program used by PDB’s ADIT validation server. Two
heavy atoms are considered to clash if they are within
2.2 A of each other.

Application to a large test set of
crystal/NMR structure pairs

As of October 2005, the PDB contained a total of 427
“clusters” containing structures determined by multiple
methods (crystallography, NMR, and cryoelectron micros-
copy). These clusters are defined as groups of PDB entries
which have 95% or greater sequence similarity with the
other members of the cluster and where more than one ex-
perimental method is represented. Of these, 288 clusters
correspond to proteins whose structure has been deter-
mined using both crystallography and NMR. We have par-
tially hand-curated these clusters to select pairs of PDB
entries (one X-ray, one NMR) that could be used for our
structural comparison. Specifically, we eliminated struc-
tures that had only C, traces, no NMR ensembles, or
where the models were the result of pushing the limits of
technology (e.g. NMR models of very large proteins). Fur-
thermore, we eliminated pairs with large differences in
structure determination conditions (e.g. differences in
ligands, extra/missing domains, or participation in protein
complexes), as well as pairs in which fewer than half of the
residues include two or more backbone heavy atoms classi-
fied as core by FindCore. This filtering resulted in a total
of 136 protein pairs remaining. In addition, we also col-
lected and analyzed a more limited set of 35 proteins based
on that used previously by Garbuzynskiy et al.2” (Tables
I-IIT). Of these, 23 proteins overlap with the larger set,
resulting in a total of 148 unique protein structure pairs
which constitute our large data set.

Analysis of RMSD and statistically significant atomic
position differences was performed on the full set of 148
protein structure pairs (referred to as the “complete test
set”). In addition, analysis of contributions to structural
differences, including the analysis of crystal contacts, was
performed on the 35-protein set shown in Tables I-III
(the “reduced test set”). FindCore was run twice for each
protein structure pair, once using only backbone heavy
atoms and once using all heavy atoms. The former were
used to obtain the RMSD statistics in Table I and the res-
idue-aggregated statistics in Table III, while the latter
were used to obtain the atomic-level statistics in Table II.
The P-values assessing the significance of the difference
in position between the crystal and NMR structure was
evaluated only for core atoms. The reported P-values
have been adjusted for multiple hypothesis testing36 to
control the false discovery rate at 0.05 (i.e. on average
5% of the positives in a given protein pair will be false
positives).
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Table |

RMSD, Quality, Age and Condition Similarity Statistics for the Reduced Test Set Based on Superpositions Using Backbone

Heavy Atoms

PDB ID Core backbone (A)? Quality®
All backbone Similar

X-ray NMR RMS¢ s RMS.ryst RMS;yst (A)? X-ray NMR NMR year® conditions®
1AIE 1PET 0.20 0.61 0.59 —5.30 —135 1994 *
1AIL 1NS1 0.39 0.45 0.93 —3.37 —4.85 1997 *
1BSY 1DV9 0.45 0.70 1.72 —3.08 —6.33 2000
1BV1 1BTV 0.47 0.72 1.50 —0.83 —17.56 1997 *
1CHN 1DJM 0.38 1.16 1.7 0.59 —26 1999
1DUK TMYF 0.42 0.60 1.20 —3.75 0.41 1994
1EKG 1LY7 0.27 1.1 1.03 —0.80 —5.85 2002 *
1EY4 1JOR 0.38 0.47 3.74 —-2.11 —5.68 2001
1FIL 1PFL 0.25 1.08 1.64 —1.12 —19.78 1994
1FXD 1F2G 0.30 0.72 0.89 —1.28 —12.96 1998 *
1GPR 1AX3 0.39 0.89 1.30 —1.54 —4.91 1997 *
1GSV 3PHY 0.27 0.7 1.28 —0.80 —20.08 1998
1HB6 2ABD 0.32 0.97 1.70 —1.77 —12.04 1993
1HOE 2AIT 0.33 0.56 1.05 —1.61 —18.51 1989 *
1127 1NHA 0.46 0.58 1.09 —1.44 —2.90 2002
1JF4 1VRE 0.30 1.25 1.28 0.79 —15.42 1999
1KF5 2AAS 0.23 0.65 1.23 —0.32 —2.13 1992
1LDS 1INJ 0.31 0.94 3n —1.61 —5.91 2001 *
1R69 1R63 0.41 0.59 0.87 -0.20 —1.83 1996 *
1RBV 1RCH 0.45 0.93 1.53 —1.01 —3.31 1995
1RDG 1E8J 0.33 0.67 1.02 —0.64 —5.92 2000 *
1RNB 1BNR 0.29 0.68 0.95 —4.62 —16.29 1995
1SHG 1AEY 0.25 0.31 1.08 —2.89 —3.02 1997 *
1UBI 1D3z 0.07 0.20 0.39 —1.68 0.16 1999 *
1WHO 1BMW 0.45 0.85 1.89 —0.59 —8.46 1998 *
1Z0N 1DGQ 0.15 0.56 1.04 —1.24 —2.07 1999
2CDV 11T 0.12 0.77 121 —1.93 —22.37 2001
2CI12 3CI2 0.36 0.7 1.50 —4.49 —12.56 1991 *
2CPL 10CA 0.30 0.46 0.91 —0.83 —3.25 1997 *
2ERL 1ERC 0.26 0.92 1.24 —2.25 —-343 1994
2FFM 1PQX 0.31 1.20 2.26 —4.05 —4.14 2003 *
20V0 1TUR 0.27 0.57 1.1 -3.37 —4.55 1994
3ICB 1CDN 0.27 0.63 1.37 —4.61 0.47 1995
3IL8 1IKM 0.15 1.01 1.37 0.16 —6.15 1995 *
ARNT 1YGW 0.31 1.09 1.68 —1.89 —44.95 1996

#“Core backbone” RMSDs are over all core backbone atoms. “All backbone” RMSDs use the core atom superposition and all backbone
atoms, but exclude residues at the termini which do not contain core atoms.

"Worst PSVS Z-score™
“Year in which the NMR structure was deposited in the PDB.

over all validation methods (Procheck, Verify3D, Prosall, and MolProbity).

dAsterisk indicates that there is no indication of a difference in solution/crystalization conditions, ligands, or amino acid sequence that

might cause a structural difference.

RESULTS

Comparison using RMSDs

Traditionally, the global comparison of a crystal and
an NMR structure has been done by calculating the
RMSD between the crystal and the mean (or representa-
tive) NMR structure (which we will denote as RMS,,y),
and the significance of the differences has been assessed
by comparing it to the RMSD characterizing the spread
of the NMR ensemble (e.g. the average RMSD to the
mean NMR structure RMS,,,,).2! Table I shows the val-
ues of RMS,y and RMS,, calculated over all backbone
core atoms using the FindCore procedure as described
above for the reduced test set, while Figures 2 and 3 and
Supplementary Material Table 1 show the results for the
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complete test set. In Figure 2, we show the distributions
of RMS,y and RMS,.,,; for the complete set of 148 pro-
tein structure pairs. The RMS,,, has a rather narrow dis-
tribution centered around 0.4 A, while RMS,,ys shows
considerably more variability, with a broad distribution
peaked near 1 A but extending beyond 3 A. Of the 148
structure pairs, 61 (41%) have RMS;ys > 1 A, and 13
(9%) have RMS, .,y > 2 A. Tt should be emphasized that
these are backbone RMSDs based on the core atom set.
The inclusion of atoms outside of that set results in an
increase in the RMSDs, as can be seen in the “all back-
bone RMSHyst’ column of Table I, the average of which
is 1.4 A compared to 1 A for the core RMS, .yt A typical
example of the structural differences that we observe is
shown in Figure 4, which shows the core-atom superpo-
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Table I

Results of FindCore Superpositions, P-value Based Structural Difference, and
Crystal Clash Analysis Using all Heavy Atoms for the Reduced Test Set

Core heavy Significant

PDB ID atoms P-value? Clashes®
— Heavwy
X-ray NMR atoms Number % Number f, (%) Total Core
1AIE 1PET 295 179 61 70 39 29 5
1AIL 1NS1 558 359 64 20 6 23 0
1BSY 1DV9 1286 647 50 1 2 63 0
1BV1 1BTV 1278 713 56 14 2 24 2
1CHN  1DJM 966 578 60 353 61 83 0
1DUK  1TMYF 1212 697 58 26 4 4 0
1EKG  1LY7 940 545 58 222 41 26 0
1EY4 1JOR 1110 651 59 " 2 190 0
1FIL 1PFL 1046 664 64 517 78 13 2
1FXD 1F2G 430 254 59 48 19 9 1
1GPR  1AX3 1191 642 54 108 17 115 1
1GSV  3PHY 951 539 57 324 60 13 0
1HB6  2ABD 698 413 59 286 69 13 0
THOE  2AIT 558 328 59 20 6 59 0
1127 TNHA 616 133 22 1 0.8 93 0
1JF4 1VRE 1056 639 61 438 69 5 0
1KF5 2AAS 1055 205 19 17 57 22 0
1LDS  1JNJ 809 447 55 259 58 112 0
1R69 1R63 484 273 56 0 0 28 1
1RBV  1RCH 1234 669 54 21 3 60 1
1RDG  1E8J 398 231 58 1 04 44 0
1RNB  1BNR 907 199 22 79 40 20 0
1SHG  1AEY 427 265 56 8 3 " 0
1UBI 1D3Z 602 407 68 298 73 6 0
1WHO 1BMW 745 400 54 109 21 54 1
1Z0N  1DGQ 1779 846 48 657 78 20 3
2CDV 1T 801 471 59 422 90 3 0
2CI2 3CI2 521 274 53 29 1 16 0
2CPL  10CA 1258 668 53 3 0.5 10 0
2ERL 1ERC 598 186 31 135 73 4 2
2FFM  1PQX 626 359 57 193 54 84 0
20V0 1TUR 418 258 62 66 26 55 2
3ICB 1CDN 600 334 56 126 38 14 0
3IL8 1IKM 558 315 56 299 95 116 0
4RNT  1YGW 776 449 58 390 87 33 0

"Number (or fraction) of core heavy atoms that are significantly different at the
0.05 significance level.

"Nlumber of atoms (or core atoms) that have a contact of <2.2 A with an atom
from a symmetry-related molecule after insertion of the NMR structure into the
crystal frame.

sition of the crystal and NMR structures of Photoactive
Yellow Protein (RMS..y = 0.71). Most of the structural
variability is located in the noncore loop regions and the
N-terminus. However, significant differences are also evi-
dent at the edges of secondary structural units, such as
the start of the C-terminal 3-strand.

There is little overlap between the RMS.., and
RMS.,s distributions. This is seen clearly in Figure 3,
which shows that RMS,,y is larger than RMS,, for ev-
ery structure pair, as no points lie below the solid line of
slope one passing through the origin. Furthermore, there
is a great deal of variability in the distance of the points
from that line, ranging from proteins for which RMS,ys
~ RMS,,; to ones where RMS. is a factor of 2-10
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larger than RMS,.,. Of the 148 structure pairs, 112
(76%) have RMSDs that differ by more than a factor of
2, 68 (46%) by a factor of 3, and 42 (28%) by a factor of
4. Unlike some much earlier studies,2%37 we do not see
a linear correlation between RMSys and RMS,..

The differences between RMS, relative to RMS,
plotted in Figures 2 and 3 can be caused by methodolog-
ical or physical effects (or a combination of the two).
Since it is not easy to classify the structure pairs by the
specifics of the methodologies used to generate the mod-
els, we have chosen to use two surrogate measures: the
year in which the NMR structure was determined, and
the overall quality of the models as measured by packing,
rotomeric states, and other biophysical characteristics.
The methodology of crystal structure determination is
considered to be mature and has been stable in the time
frame of the structures that we are considering here.
NMR spectroscopic structure determination, on the other
hand, has undergone substantial improvements in meth-
odology, ranging from additional data sources to advan-
ces in data analysis methodology (not to mention orders
of magnitude increases in computational power). There-
fore, older NMR structures may be less accurate than
more recent ones. However, there is no discernible corre-
lation between the size of RMS, relative to RMS.,
and the age of the NMR structure [Table I and Fig.
5(A)] for the reduced test set. An alternative measure of
methodological effects is the overall “quality” of the
structure based on biophysical prior knowledge. It is pos-
sible that structure pairs for which RMS.. is much
larger than RMS,,, may simply arise from one (or both)
of the structures being of poor quality. We have made
use of the recently developed Protein Structure Validation
Suite (PSVS), an automated metaserver that calculates a
variety of structure quality measures (including Pro-
check,38 ProSall,39 Verify3D,40 and MolProbity4l) and
summarizes the results in terms of z-scores relative to a
set of high-resolution crystal structures. 3> These z-scores
represent how far away (in units of standard deviation) a
given quality measure is from the average of that quality
measure for the high-resolution crystal structures. In Ta-
ble I, we report the most unfavorable (most negative) of
the z-scores from among all of the quality measures, and
the structure pairs for which this z-score is less than —6
(corresponding to poor quality structures) are indicated
in Figure 5(B). We do see a larger fraction of higher-
quality structures in the region where RMS,
~ RMS,, and a slight overabundance of low-quality
structures far away from the RMS.y; = RMS,, line,
however the correlation is weak. Thus, while at least
some of the variability in “accuracy” has a methodologi-
cal origin, its effect is relatively weak based on the meas-
ures which we examined (Fig. 5). Another possible source
of methodological difference could result from the use of
residual dipolar couplings (RDCs) in the NMR refine-
ment.42—44 In the data set studied here, only 8 of the
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Table 1l

Results of FindCore Superpositions, P-value Based Structural Difference, and Crystal Clash Analysis Using Backbone Atoms

and Aggregated at the Residue Level for the Reduced Test Set

Significant P-
PDB ID Core residues value® Clashes®
Core+
X-ray NMR Residues Number % Number % Total Core sig.diff.
1AIE 1PET 31 17 55 8 47 8 1 1
1AIL INS1 73 40 55 1 2 8 2 1
1BSY 1DV9 162 97 60 0 0 7 0 0
1BV1 1BTV 159 86 54 0 0 9 2 0
1CHN 1DJM 126 70 56 47 67 1" 1 1
1DUK TMYF 153 92 60 0 0 4 0 0
1EKG 1LY7 121 82 68 33 40 8 3 1
1EY4 1JOR 144 89 62 1 1 21 3 0
1FIL 1PFL 139 91 66 67 74 7 3 2
1FXD 1F2G 58 40 69 5 13 4 3 0
1GPR 1AX3 159 91 57 12 13 12 2 1
1GSV 3PHY 122 69 57 4 59 16 3 1
1HB6 2ABD 86 48 56 34 7 3 0 0
1HOE 2AIT 74 45 61 2 4 8 1 0
1127 1NHA 73 42 56 0 0 12 1 0
1JF4 1VRE 147 109 74 63 58 2 2 2
1KF5 2AAS 124 67 54 36 54 2 0 0
1LDS 1JNJ 100 57 57 32 56 " 0 0
1R69 1R63 63 37 59 0 0 4 1 0
1RBV TRCH 155 89 57 0 0 9 4 0
1RDG 1E8J 53 29 55 3 10 9 0 0
1RNB 1BNR m 66 60 19 29 1 0 0
1SHG 1AEY 57 36 63 1 3 3 0 0
1UBI 1D3z 76 45 59 28 62 5 0 0
1WHO 1BMW 94 56 60 13 23 8 3 1
1Z0ON 1DGQ 184 112 61 90 80 7 3 3
2CDV 1M 107 65 61 60 92 1 0 0
2CI2 3CI2 65 35 54 0 0 6 0 0
2CPL 10CA 164 9% 57 0 0 2 0 0
2ERL 1ERC 40 25 63 19 76 8 3 2
2FFM 1PQX 90 49 54 26 53 12 1 1
20V0 1TUR 56 31 55 6 19 8 0 0
3ICB 1CDN 75 42 56 5 12 5 0 0
3IL8 11IKM 68 40 59 38 95 14 1 1
4RNT 1YGW 104 61 59 50 82 5 1 1
totals: 3613 2144 59 740 35 260 44 19

“Number (or fraction) of core residues that have at least two backbone heavy atoms that are significantly different at the 0.05

significance level.

"Number of residues (or core residues) that have a contact of <2.2 A with an atom from a symmetry-related molecule after
insertion of the NMR structure into the crystal frame. “Core+sig.diff.” represents the number of core residues that also have

significantly different backbone conformations.

NMR structures included RDC refinement (1D3Z, 1ESL,
1L3G, 1R36, 1U81, 1YCM, 1YJI, and 2EZN), with one
additional structure (1E8E) that made use of paramag-
netic pseudocontact shifts which also provide orienta-
tional information relative to a global reference frame.43
Although this is too small of a sample to study the effect
of RDCs in a comprehensive way, it is interesting to note
that these 9 examples have relatively large RMS,y
RMS,, ratios, averaging 4.3 and ranging up to 6.9, imply-
ing substantial structural differences relative to the crystal
structure. We will discuss the possible impact of RDC
data on precision and accuracy in more detail below.

456 rFroTEINS

One possible source of variability that is of a physical
origin is obvious: one structure in each pair was deter-
mined in solution and the other in a crystalline environ-
ment, and the impact of this difference may vary from
protein to protein. This will be considered in detail
below. However, physical differences can also arise from
differences in ligands, amino acid sequence, oxidation
state, and other changes in the environment between the
NMR and crystal structure determination. Unfortunately,
this information is not always apparent from the infor-
mation given in the PDB headers. We have tried to iden-
tify protein pairs for which there is no information that
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Figure 2

Distributions of the RMSDs of the crystal structure to the mean NMR structure
(filled gray) and the average RMSD of the structures in the NMR ensemble to
the mean NMR structure (dark line) for the complete 148-protein test set (data
in Supplementary Material Table 1).

would indicate a physical difference in the protein targets
other than the presence of a crystal lattice, and these
have been indicated in Table I by an asterisk in the right-
most column. If we examine where these structure pairs
lie in the (RMSys, RMS,,,) plane, again there appears
to be some correlation: structure pairs for which RMS, .y
~ RMS,.,s tend to have been determined under similar
conditions [Fig. 5(C)]. However, the correlation is not
strong. There are many structure pairs where the NMR
structure was determined recently, do not have poor
quality scores, and were determined under similar condi-
tions, but still have large RMS,;ys:RMS, ratios (such as
2FFM/1PQX, 1EKG/1LY7, and 1LDS/1JNJ).

Comparison using a P-values
Local measure of structural difference

The P-value based measure of structural similarity
based on the yj statistic of Eq. (1) differs from a simple
comparison of RMS,,, and RMS,, in that it is based
on a statistical measure that leads to well-defined false
positive and false negative rates relative to a null hypoth-
esis that the crystal structure coordinates do not differ
from those in the NMR ensemble. As we have con-
structed it, this measure is local, and therefore provides
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information on an atom-by-atom basis about where the
structures differ from each other in a statistically signifi-
cant way. In Figure 6, we show the multiple testing cor-
rected P-values for heavy atoms in the crystal and NMR
structures of influenza A virus non-structural protein 1
N-terminal domain (NSI1) (1AIL/INS1),45-46 ubiquitin
(1UBI/1D3Z),4748 and  the hypothetical  protein
SAV1430 from S. aureus (2FFM/1PQX). The P-value is
a measure of how unlikely the observed value of x\2|,
would be if the position of a given atom in the crystal
structure comes from the same distribution as the
atomic positions in the NMR ensemble. Small values of
P indicate that this hypothesis is likely false. In the case
of NSI1 [Fig. 6(A)], it is clear that almost all of the core
heavy atoms have P-values greater than 0.1, and the

(Angstrom)
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Figure 3

Correlation between the RMSD of the crystal structure to the mean NMR
structure and the average RMSD of the structures in the NMR ensemble to the
mean NMR structure for the complete 148-protein test set (data in
Supplementary Material Table 1). The solid line indicates the points for which
RMS,,; equals RMS,.,,, while the two dashed lines correspond to
RMS,:RMS,.,,s ratios of 2 and 3, respectively.
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(Angstrom)

RMS

Figure 4

Core atom superposition of crystal structure (1GSV) and central NMR structure
(3PHY model 20) of Photoactive Yellow Protein. The crystal structural model is
shown in blue (core residues) and green (non-core residues), while the NMR
structural model is in red (core) and pink (non-core). A “core residue” is
defined to be one in which at least 2 backbone atoms belong to the core. The
overall backbone RMSD after core atom superposition omitting the disordered
N-terminus (at the bottom of the figure) is 1.28 A.
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Figure 5

Correlation between RMS, s, and RMS,,; for the reduced 35-protein test set which
have been color-coded by properties related to possible sources of methodological or
Pphysical difference (Table I). (A) Filled circles represent structure pairs in which
the NMR structure was determined prior to 1998. (B) Red dots represent structure
pairs in which either the crystal or NMR structure had a minimal PSVS z-score of
less than —6. (C) Filled circles indicate structure pairs that upon manual curation
were deemed to have significant differences in their experimental conditions. The
solid line correspond to RMS,, = RMS,.s.
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h

atoms for which there are significant P-values are highly

localized in the vicinity of residues 8, 15, 29, and 51.
This indicates that except for those regions, the crystal

and NMR structures are identical to within the precision
of the NMR structure.

By contrast, both the SAV1430 [Fig. 6(B)] and ubiqui-
tin [Fig. 6(C)] structure pairs show large numbers of P-

values less than 0.01 throughout the protein. The origin

of these significant differences, however, are quite differ-
ent in the two proteins. In SAV1430, RMS is large
(1.2 A), therefore we might expect a large number of dif-
ferences in atomic positions between the crystal and
NMR structure that are significant. Ubiquitin, by con-
trast, has an RMS,, of 0.2 A, indicating that the struc-
tural differences between the crystal and mean NMR
structures are quite small. Nonetheless, these very small
differences appear to be statistically significant because
the “width” of the NMR ensemble is even smaller (as
suggested by the RMS.,; of 0.07 A). It should be noted
that the 1D3Z ubiquitin structure makes extensive use of
residual dipolar coupling data, which may contribute to
its high apparent precision.
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Profile of structural difference p-values along the protein chain for three selected
protein structure pairs IAIL/INSI (A), 2FFM/1PQX (B), and 1UBI/1D3Z (C).
Small P-values (e.g. <0.05) indicate that it is unlikely that the observed atomic
position came from the same distribution as the atomic positions in the NMR
ensemble. Values for all core atoms for which the positions are determined by
backbone degrees of freedom (N, C, O, C*, and Ce‘) are shown. The arrows and
numbers located at residue 8 in panel A and residues 1 and 14 in panel C
indicate the number of atoms for which the P-values are less than 10~°.
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Global measure of structural difference using
aggregate statistics

The differences seen in the three panels of Figure 6
suggest that we can use the fraction of core heavy atoms
showing significant deviation between the crystal and
NMR structures as an aggregated measure of the overall
similarity of two structures. If we examine the fraction of
core heavy atoms showing significant deviation f, at a
significance level of 0.05 (Table II and Supplementary
Material Table 1), we see that there is considerable vari-
ability, with some structure pairs (such as NS1) having
very few deviant core heavy atoms, while others (such as
2CDV/1T1 and 3IL8/1IKM) having essentially all of their
core heavy atoms differing between the crystal and NMR
structures. This is despite the fact that almost all of the
structure pairs considered have a similar fraction of their
heavy atoms in the core (50-65%).

There are a large number of structure pairs for which
the differences between the crystal and NMR structural
models appears to be significant: 73 of the complete set
of 148-protein test structure pairs (49%) have more than
50% of their core heavy atoms in significantly different
positions in the NMR and crystal structures at a confi-
dence level of 0.05. This suggests that these are global
differences in the results of the two structure determina-
tion methods for approximately half of the proteins in
the large data set whose structures were determined by
both NMR and X-ray crystallography. Furthermore, of
the nine NMR structural models that make use of RDCs
or pseudocontact shifts, all but one have fy values greater
than 50%. In addition to the global aggregation used to
calculate fa, one could also aggregate on intermediate
levels, such as residues or secondary structure units. We
make use of aggregation at the residue level in the study
of crystal contacts below. Aggregation at the secondary
structure level could detect correlated motions of such
units as rigid bodies.

Comparison with RMSD-based structural
difference measures

It is interesting to ask if fy contains similar informa-
tion to that contained in the more traditional compari-
son of RMS. and RMS.,,. In Figure 7, we plot fa
versus the ratio of RMS .y to RMS,,: it can be seen
that structure pairs with very small RMS, s :RMScy,
ratios (smaller than ~ 2) consistently have very small
values of fp, while those with large RMS, .y RMScy,
ratios (greater than =~ 3) have large values of fy. For
RMSD ratios in the 2-3 range, however, we see that there
is a “twilight zone”: protein pairs with very similar
RMSD ratios can have extremely different f5 values.

We can further explore the relationship between the
RMSD ratio and atomic-level xf—based P-values by
interpreting the RMSD ratio in a statistical manner.
RMS,,s is defined as an average over an ensemble of
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Correlation between RMSD ratio and the fraction of core heavy atoms whose
crystal vs NMR coordinate differences are significant (fo) for the complete 148-
protein test set. The outlier pairs 1IIW6/IR2N and 1BR9/2TMP have been
deleted for clarity. The shaded region represents the “twilight zone” for the
RMSD ratio measure as discussed in the text.

RMSDs to the mean NMR structure. If we assume that
the distribution of those individual RMSDs that contrib-
ute to RMS,, is a half-normal

20?2

0 otherwise

2 (—RMSD2
T exp [
no?

RMSD > 0
P(RMSD) =

)

then we can calculate a P-value corresponding to the
probability that a value RMSD > RMS, would be
observed. We choose ¢ to be such that the mean of the
half-normal is equal to RMS.,, or 6 = y/7/2 RMSeys.
To be significant at a confidence level of 0.05, RMS,,y
must exceed RMS, ;s by a factor of 2.44. Of the 148 pro-
teins studied here, 87 (59%) have RMSD ratios that are
significant at a 0.05 level according to this measure. This
is larger fraction than the 49% found using the globally
aggregated atomic level xlzl,-based P-value analysis above,
and is consistent with the log-normal distribution being
more tolerant of outliers and the presence of a “twilight
zone” in the relationship between fy and the RMSD
ratio.

These results together with the fy analysis provide a
statistical basis for the interpretation of RMSD ratios: if
the ratio is less than 2 or greater than 3, then we can say
with confidence that the structures are globally similar or
different, respectively, and that these differences are stat-
istically significant. On the other hand, if the RMSD
ratio is in the 2-3 range, then the globally aggregated P-
value statistic fo provides additional information about
the significance of the differences between the crystal and
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NMR models that complements that provided by the
RMSD ratio.

Effect of crystal structure uncertainty

The analysis performed above depends on the assump-
tion that all of the structural uncertainty is associated
with the NMR model and none of it with the crystallo-
graphic model. This is clearly not the case, as crystal
structures have atomic B-factors that can be understood
as a measure of precision. We have found for our test set
that the mean-square displacement derived from a simple
Debye-Waller analysis of the B-factors for core atoms as
well as the corresponding variability in position of core
atoms in the NMR ensemble are comparable in magni-
tude and are on the order of 0.1-0.3 A% It might seem
that since the atom-level precisions are similar, the uncer-
tainty in the crystal structure cannot be ignored. How-
ever, what is important is whether inclusion of the crys-
tallographic uncertainty will convert a statistically signifi-
cant position difference into an insignificant one. This
will happen when the distance between the mean NMR
coordinates and the crystal coordinates for a given atom
is on the order of tenths of an Angstrom, since if it is
shorter than that, the difference will already be insignifi-
cant, while for longer distances the inclusion of the crys-
tallographic uncertainty will cause a small P-value to
increase but still remain small.

A rough calculation using NMR variability and B/8n
both 0.2 A% and a typical log-normal xﬁ,,m distribution
indicates that inclusion of the crystallographic uncer-
tainty causes an uncorrected P-value of 0.02 to increase
to 0.05. Therefore, we expect that inclusion of B-factor
uncertainties will only have a consequential effect on P-
values in the 0.01-0.05 range. On average, proteins in
our test set have less than 20% of their heavy atoms with
P-values of this magnitude. While this is a non-negligible
fraction, it does not have a large impact on our conclu-
sions. Inclusion of B-factor based uncertainties will cause
the points in Figure 7 to shift downwards on average by
0.2, but is unlikely to change the shape or correlation
with the RMSD ratio. Similarly, our statement that 73 of
the 148 proteins have more than half of their core atoms
in significantly different positions remains qualitatively
correct. For example, only 14 of the 73 proteins have f)
in the range of 0.5-0.6. If crystallographic uncertainty is
taken into account, then the fraction of proteins having
more than half of their core atoms in significantly differ-
ent positions decreases from 49% to approximately 40%.

Analysis of crystal-induced clashes

We have deferred the discussion of crystal contacts as
sources of conformational difference until now. As
described in the Methods section earlier, it is possible to
use the FindCore superposition methodology to simulate
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the presence of a crystalline environment by translating
and rotating the NMR ensemble such that its mean coin-
cides as best as possible with the crystal structure and
then constructing the corresponding crystal environment
by application of the appropriate symmetry operations to
the central model. The close contact statistics obtained
using this analysis are shown in Table II. It should be
noted that the “clashes” discussed below are not actual
physical clashes that are seen in any structural model in
the PDB. Instead, they are “virtual collisions” that would
arise if a crystal lattice was constructed using representa-
tive NMR structures.

For the reduced test set, the number of close contacts
ranges widely from 3 to 190, or 1 to 21% of the heavy
atoms in the protein. While these represent a small frac-
tion of the total atoms in each protein, in absolute
terms they are substantial. However, there is no discern-
ible correlation between the fraction of close contacts
and the fraction of core heavy atoms occupying signifi-
cantly different positions fp. Furthermore, the number
of clashes that occur between pairs of core atoms is
remarkably small both in fractional and absolute terms,
with 24 of the 35 proteins having no core-core clashes
and another 9 having only one or two core clashes, as
seen in Table II. From this point of view, it would seem
that crystal contacts play only a small role in the differ-
ences between crystal and NMR structural models.

The above analysis was performed on an atomic level.
It is also possible to examine the clash data from a resi-
due-based viewpoint. We consider an entire residue to be
“core” if the backbone-based FindCore analysis deter-
mined that at least two of its backbone heavy atoms
belong to the core. Similarly, a residue is considered to
be in a significantly different position in the crystal and
NMR structures if at least two of its backbone heavy
atoms have significant P-values. A residue is counted as
being involved in a crystal clash if any of its atoms (core
and non-core, backbone and sidechain) are involved in a
close contact.

The results of this residue-aggregated analysis shown
in Table III are similar to what was found in the
atomic-level case. In particular, only 2% (44/2144) of
the core residues (those with well-ordered backbone
atoms) are involved in a clash, and only 17% (44/260)
of the residues that are involved in clashes also have
well-ordered backbones. As before, this suggests that
incompatibility with the crystal environment plays only
a minor role in giving rise to the observed differences
between core residues in the crystal and NMR struc-
tures. This result is supported by a comparison of the
rate at which statistically significant position differences
occur depending on whether the residues is or is not
involved in a clash: of the 44 core residues involved in
clashes, 19 (43%) have significantly changed backbone
atomic positions. On the other hand, of the 2144 — 44
= 2100 core residues not involved in a clash, 740 — 19
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= 721 (34%) have significantly changed backbone
atomic positions. The increase in structural difference
rate from 34 to 43% is not large or even statistically sig-
nificant, and this result again points out the relatively
small role played by steric clashes.

DISCUSSION

On the basis of biophysical principles, it is expected
that a crystal and NMR structure of the same protein
should agree with each other to within appropriate
“error bounds” that reflect both the dynamic nature of
the protein and the lack of knowledge because of impre-
cise and sparse experimental data. If they do not agree,
then the differences must be attributable to either physi-
cal or methodological factors, or a combination of the
two. Using both the y,° and RMSD-based methodolo-
gies described earlier, we have found that there are wide-
spread statistically significant structural differences
within pairs of crystal and NMR structures of the same
protein. We would like to understand the origins of
these differences.

The observation that the apparent precision of NMR
structures is greater than the observed structural differen-
ces (i.e. RMS.,s < RMSy) is a phenomenon that has
been seen previously in the results of experimental struc-
ture determinations.!8-24 It is possible that this indicates
real differences between crystal and NMR structures aris-
ing from differences between the crystal and solution
environments2! or, alternatively, these structural differen-
ces may reflect systematic bias introduced by differences
in the structural constraints and modeling methods used
by the two approaches.27-29 However, this phenomenon
was also observed in early studies involving error analyses
performed using synthetic data where the true accuracy
can be determined directly (since the structure which
generated the data is known).37:49:50 The apparent pre-
cision was greater than the difference between the calcu-
lated and true structure even in studies where the
synthetic data were subjected to relatively mild “noise”3”
and only became worse when more realistic models of
the noise were used.”0

It should be noted that several of these studies are at
least a decade old, and it is possible that changes in
NMR refinement protocols have ameliorated the prob-
lem. In fact, more recent studies with synthetic data give
a less consistent picture: Chalaoux et al. report a “bias”
similar to that observed in the older studies,”! while
Bassolino-Klimas, et al. do not.52 This may be due to
the differences in the methods used to add “noise” to the
NOE data or differences in the form of the NOE restraint
pseudopotential used.

It has been shown that the crystal structures of the
same protein in different crystal forms or as multiple
copies in an asymmetric unit can have significant differ-
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ences (e.g. see Refs. 53 and 54), indicating that crystal
contacts do play a role in determining the observed confor-
mations. Although we see weak evidence for structural dif-
ferences between crystal and NMR structures because of the
NMR structure’s incompatibility with the crystalline envi-
ronment, most of the significant differences cannot be
explained by clashes in the immediate vicinity of the differ-
ence. It is possible that clashes could give rise to nonlocal
changes in structure, although we see no direct evidence for
this.

Forces other than repulsive interactions, such as
hydrogen bonds, ion pairs, and hydrophobic surface
contacts all play a role in stabilizing conformations.
These attractive interactions could, for example, selec-
tively stabilize conformations in the crystalline state that
are rare in the solution ensemble, leading to observable
differences between crystal and NMR structures. This
possibility is supported by recent work using new exper-
imental tools for the study of protein dynamics by
NMR.%> In particular, elegant studies from the Kern
laboratory have reported large global conformational
fluctuations on the microsecond timescale in enzymes,
and they observe that this motion is coupled to cataly-
sis.”®37 Furthermore, they have shown that this dy-
namics is also present in the free enzyme (without
bound substrate).58

It is not unreasonable to suppose that the crystalline
environment could have the effect of “freezing out” one
global conformation from the more diverse ensemble
present in solution, leading to considerably different
average structures in the solution state and the crystal. It
is also possible that the structure which is favored by the
crystalline environment also exists in solution, but as a
minor conformer that could be missed in the NMR
structure determination process. This may be exacerbated
by the use of cryo-cooling techniques in crystallography
that have become common in recent years.59’60 The
detection of such effects will require a more detailed and
extensive analysis than we can provide here, and will be
left for future research.

Alternatively, it may be that the apparent differences
are in fact only apparent: that is, they appear to be sig-
nificant because of methodological issues. For example,
small differences in atomic position (on an absolute
scale) can appear to be significant because the precision
estimate is even smaller than the position difference [e.g.
Fig. 6(C)]. One might argue that since an “expert” would
likely not consider the differences between the two struc-
tures to be “real”, the statistical measures of similarity are
generating spurious results. However, measures of statistical
significance are only as good as the estimates of precision
(e.g. the diversity of the NMR ensemble) on which they
are based. The methodology by which NMR ensembles
are typically generated is not geared toward reliably sam-
pling the full conformational distribution, but is instead
based on repeated minimizations and selection of the
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“best” structures that satisfy the constraints as much as
possible. This strategy may lead to a systematic overesti-
mation of the precision of NMR structures,!! thereby
rendering small apparent deviations significant. While
the case illustrated in Figure 6(C) may not specifically be
an example of such precision overestimation, it has the
characteristics that would be symptomatic of such a sit-
uation.

Previous studies!1>12 have suggested that it is possible
to find more diverse sets of structures that fit a given set
of NMR data than those generated by currently used pro-
tocols. In particular, a large-scale re-refinement of NMR
structures based on publicly-available data using a mod-
ern protocol found that the RMSD values of the ensem-
bles increased significantly over those reported by the
original authors. On average, a 0.4 A increase was seen,
while for 44 proteins (out of a total of 545) the ensemble
RMSD increased by more than 1 A12 Furthermore,
recent work on the interpretation of crystallographic data
has suggested that a single structure may not be the best
representation of the solution to the crystallographic
structure determination problem,61’62 and that this may
cause overestimation of precision in the crystal structure
as well. Underestimation of precision can also be due to
“conformational pinning” in which the lack of considera-
tion of ensemble-averaging leads to the “trapping” of the
conformation between conflicting minima in the con-
straint pseudoenergies.10 It is possible that Bayesian sam-
pling-based approaches to NMR structure determina-
tion!314 or other alternative sampling procedures!1,34
including explicit ensemble-based refinement®3-67 will
lead to more realistic estimates of the precision and accu-
racy, and therefore more reliable identification of confor-
mational differences between crystal and NMR struc-
tures.

Some of the differences observed here are too large to
be explained by erroneous precision estimates (such as
those in the long tail of the RMS,, distribution in Fig.
2). These could be due to inaccuracies in the NMR or
crystal structure. It has been observed, for example, that
re-refinement of NMR structures results in deviation of
the mean structures from those originally reported, and
that the resulting average structures have improved struc-
tural quality12 and are more consistent with correspond-
ing crystal structures.2” However, the changes observed
on re-refinement are relatively small (~0.5 A)12 and are
unlikely to render many of our observed differences in-
significant, particularly when coupled with the increase
in coordinate uncertainty that they observe. The large dif-
ferences observed here may be examples of true structural
differences that have a physical origin, or may be due to
a combination of factors.

NOE distance constraints remain the dominant form
of structural data used in the determination of NMR
structural models. Within the past decade, however, the
use of RDCs has become much more common as an
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additional source of data on macromolecular structure
and dynamics.42-44.68,69 RDCs arise from the incom-
plete averaging of the dipolar Hamiltonian due to the
partial ordering of the molecule relative to the static
magnetic field and provide information about the orien-
tation of internuclear vectors relative to an alignment
tensor describing the ordering. This dependence on the
angle relative to a global reference frame makes RDCs
highly complementary to the local distance information
contained in NOEs. However, RDCs differ from NOEs in
that a single RDC value is consistent with many bond
vector orientations that can be visualized as a continuous
curve on the surface of a unit sphere. On the other hand,
even very small deviations off of that curve can result in
significant disagreements with a measured RDC value.

This highly-constraining nature of RDCs will have an
impact on both precision and accuracy: they could
improve the accuracy of the resulting structural models,
but could also exacerbate the overestimation of precision,
in that they are particularly susceptible to conformational
pinning, especially if steep quadratic constraint pseudo-
potentials are used. It has been observed that the refine-
ment of protein structures using RDCs can significantly
increase the number of residues falling in the most
favored regions of the Ramachandran plot4Z; however, it
is not always clear if such refinement actually improves
the accuracy of a structure.44 In addition, such refined
structures have higher apparent precision (based on the
RMSD within the ensemble) by as much as a factor of
2-342 It is not yet clear whether such increases in the
ensemble tightness represent a true improvement in the
precision or are the result of effects such as conforma-
tional pinning.

RDCs hold the promise of clarifying some of the pos-
sible sources of the structural differences that we observe
here by improving the accuracy of the structural model.
For example, suppose a protein undergoes a large-scale
motion involving the closing of a flap (as in Ref. 56, for
example), and that the open form has the flap too far
away from the body of the protein to give rise to observ-
able NOEs, while the closed form does lead to NOEs.
Even if the closed form is a minor conformer, NOEs
would still be observed from the flap to the body of the
protein, since their r °-dependence causes them to be
dominated by the distance of closest approach. The ob-
servation of such NOEs could lead to the incorrect con-
clusion that the closed form predominates in solution.
On the other hand, the global orientation dependence of
RDCs could be used to produce a more accurate picture
of the structure and dynamics.

The structural interpretation of RDCs in the presence
of such conformational dynamics is not straightfor-
ward.08:69 Because RDCs are the result of direct spin-
spin interactions and not relaxation, the effect of motion
on RDCs is not “washed out” by the overall tumbling of
the molecule in solution. Therefore, RDCs are subject to

DOI 10.1002/prot



Comparison of Crystal and NMR Structures

conformational averaging from motions ranging from
librational motions on the sub-picosecond timescale to
the millisecond timescale of the NMR experiment itself.
The dynamical interpretation of RDCs has been the sub-
ject of considerable con‘[roversy,70_73 in that the same
data can produce very different pictures of the magnitude
of the conformational fluctuations depending on the type
of analysis that is performed.68 Many analyses of dynam-
ics are based on discrepancies of the data relative to pre-
dictions based on a model that was itself derived on the
basis of the assumption of a static structure,69 and it is
possible that the extensive refinement of (implicitly
static) structures with respect to RDCs could partially
absorb the effects of internal motion.68

The varying interpretations of RDC data—some sug-
gesting more dynamics,70’72 others less’3—lead to dif-
ferent pictures of the native state of proteins, and have
consequences for the interpretation of structural differen-
ces studied here. The resolution of these discrepancies
will require further developments in refinement method-
ology and data interpretation, and will likely involve the
generation of ensemble representations of protein confor-
mation that simultaneously satisfy all available structural
and dynamical data (including NOEs, scalar couplings,
RDCs, and relaxation measurements), thereby avoiding
the current artificial dichotomy between structure and
dynamics.6>

CONCLUSIONS

We have performed a statistical comparison of the
structural differences between crystal and NMR structural
models of the same protein on a large data set of 148
structure pairs for which structural models derived from
both crystallographic and NMR data have been deposited
in the PDB. To the best of our knowledge, this is the
largest set of proteins for which such an analysis has
been performed. The detection of significant structural
differences was performed in an automated fashion based
on the FindCore method for structural superposition,
and made use of P-value estimates of statistical signifi-
cance based on the distribution of distances of atomic
coordinates from their mean positions to obtain an esti-
mate of the probability of observing the crystal structure
given the NMR ensemble.

Using this statistical methodology, we have found per-
vasive statistically significant structural differences within
pairs of crystal and NMR structures of the same protein.
For all of the 148 structure pairs examined, the difference
in RMSD between the crystal and the mean NMR struc-
ture was found to exceed the RMSD within the NMR
ensemble, and in 73 of the 148 structure pairs more than
half of the core heavy atoms are in significantly different
positions.
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While we would like to be able to attribute the large
number of apparent structural differences observed to a
particular physical or methodological source, this is not
possible. We can, however, rule out the role of repulsive
crystal packing effects as a dominant source of structural
difference. Further clarification of the origins of the
structural differences between crystal and NMR struc-
tures must await further methodology development in
structural biology, including the development and study
of advanced sampling methods both in NMR and crystal-
lography,11,13,14,34,61,74 ¢oypled with ensemble meth-
ods for refinement.03=66 The precision and accuracy of
crystallographic and NMR structural models are more
than academic issues, with ramifications for ligand dock-
ing and virtual screening,62 and it is hoped that with
careful experimental work and statistical analysis these
questions can be resolved.
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