Core packing of well-defined x-ray and NMR structures is the same
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Abstract: Numerous studies have investigated the differences and similarities between protein
structures determined by solution NMR spectroscopy and those determined by x-ray crystallogra-
phy. A fundamental question is whether any observed differences are due to differing methodologies,
or to differences in the behavior of proteins in solution versus in the crystalline state. Here, we com-
pare the properties of the hydrophobic cores of high-resolution protein crystal structures and those
in NMR structures, determined using increasing numbers and types of restraints. Prior studies have
reported that many NMR structures have denser cores compared to those of high-resolution x-ray
crystal structures. Our current work investigates this result in more detail, and finds that these
NMR structures tend to violate basic features of protein stereochemistry, such as small non-bonded
atomic overlaps and few Ramachandran and side chain dihedral angle outliers. We find that NMR,
structures solved with more restraints, and which do not significantly violate stereochemistry, have
hydrophobic cores that have a similar size and packing fraction as their counterparts determined by
x-ray crystallography at high-resolution. These results lead us to conclude that, at least regarding
the core packing properties, high-quality structures determined by NMR, and x-ray crystallography
are the same, and the differences reported earlier are most likely a consequence of methodology,
rather than fundamental differences between the protein in the two different environments.

Significance: Dense packing of hydrophobic residues is key to protein structure and stability.
Previously, it has been noted that structures solved by NMR spectroscopy have denser cores than x-
ray crystal structures. Here, we calculate the core size and packing fraction of NMR structures with
experimental restraints in the PDB. Their cores are typically smaller, but denser. However, NMR
structures with accurate stereochemistry possess core packing properties that are nearly identical
to high-resolution x-ray crystal structures.

Availability: https://github.com/agrigas115/NMR_code
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1 Introduction

We seek to further clarify the key physical properties of proteins that determine their structure and
function. This physics-based approach is complementary to that of the remarkably successful recent
machine learning methods that predict protein structure from sequence?. We focus our analyses
on protein hydrophobic cores, because the core region essentially defines the folded structure and
thermodynamic stability of proteins3*.

Over the past three decades, protein structures have been determined primarily by x-ray crys-
tallography and solution NMR spectroscopy. Prior studies have reported differences between struc-
tures determined by NMR and those determined by x-ray crystallography®'2. A fundamental
question is whether the observed differences are due to differing methodologies, or to differences in
the behavior of proteins in solution versus in the crystalline state.

For structures determined by x-ray crystallography, it is universally accepted that a good struc-
ture has a low R-factor and that high-resolution structures represent a more accurate picture of
the structure than low-resolution structures. In previous work, we analyzed a non-redundant set of
high-resolution x-ray crystal structures (with resolution < 1.8 A) and found that the cores (residues
with zero solvent accessible surface area) of these proteins represent about 8% of the total number
of residues in the protein. In addition, the packing fraction, ¢, in protein cores is ~ 0.55+0.0113:14,
In earlier work, using a subset of NMR structures with a large number of distance restraints per
residue, we concluded that the cores of NMR-determined protein structures had a higher packing
fraction than those of high-resolution protein structures determined by x-ray crystallography 2.
Denser core packing in NMR structures has also been previously reported in other studies®!°.
However, for structures determined by NMR, there is no equivalent universal definition of resolu-
tion or metric of quality'. Here, we filter the NMR dataset by a wide array of structural metrics
and track how the physical properties of the protein core vary.

Currently, there are approximately 12,000 protein structures solved via solution-NMR spec-
troscopy available in the Protein Data Bank (PDB). In this article, we focus on those structures
that have restraints accessible via the PDB, which is roughly half. We first analyzed the core pack-
ing of all individual structures in these NMR bundles. We found that on average there is a lower
fraction of residues in the core, f. , than in high-resolution x-ray crystal structures. However, the
packing fraction, ¢, of the cores of protein structures determined by NMR is higher than that of
the cores determined by x-ray crystallography. Moreover, these results also hold when comparing
the structures of the same protein, determined by both NMR, and x-ray crystallography.

To investigate the possible origins of the differences seen in NMR core packing compared to high-
resolution x-ray crystal structures, we filtered the dataset by a variety of structural metrics. We find
that NMR bundles solved with over 10 distance restraints per residue have a fraction of residues in
the core that is similar to that of high-resolution x-ray crystal structures, but the average packing
fraction of those cores is higher than that observed in the cores of protein structures determined
by x-ray crystallography. We investigated this phenomenon further by selecting NMR, structures
that satisfy common stereochemical metrics, such as low Clashscores and few Ramachandran and
sidechain dihedral angle outliers. Applying these filters results in only 72 bundles of the original
6,449. The f. and packing fraction of the remaining 72 bundles is the same as that observed in
high-resolution protein x-ray crystal structures. These results suggest that protein structures are
fundamentally the same in solution as in crystals, and that previously noted differences in the core
are a consequence of the structure-determination methodology.



2 Results

First, we assembled datasets of x-ray crystal and NMR protein structures from the PDB. For the
x-ray crystal structures, we used a dataset of 5,261 high-resolution x-ray crystal structures culled
from the PDB using PISCES 718 with resolution < 1.8 A, sequence identity cutoff of < 20% and
R-factor cutoff of < 0.25. For the NMR structures, we retrieved all NMR bundles from the PDB
that have available restraint data (i.e. a subset of distance restraints derived from the nuclear
Overhauser effect (NOE), dihedral angle restraints from J-couplings, and bond-vector orientational
restraints from residual dipolar couplings (RDCs)) using NMR2GMX ', resulting in 6,449 NMR
bundles with a total of 127,959 individual structures. We refer to these 127,959 NMR structures
as the entire NMR dataset. We subsequently filter this dataset according to the number of NOE
distance restraints per residue and by several stereochemical validation metrics. Our goal is to
understand how the core properties depend on these parameters.

We define core residues as those whose relative solvent accessible surface area, rSASA, is < 1073,
We calculate the packing fraction, ¢ , of core residues, which is defined as the ratio of the volume of
the residue to the volume of the Voronoi polyhedron that encloses it2°. We have shown in previous
studies of high-resolution x-ray crystal structures that ¢ for core residues is ~ 0.55+0.01. (We also
found that ¢ increases with decreasing rSASA?!, until it reaches a plateau at ¢ ~ 0.55 for rSASA
< 1073.) (See Methods for more details.)

In Fig. 1 (A), we compare the distributions of the average packing fraction (¢) for core residues
in the high-resolution x-ray crystal structure dataset and the entire NMR dataset. For the x-ray
crystal structures, we average over the core residues in each protein structure, resulting in a single
value of (¢) per protein. For the NMR structures, (¢) is calculated by averaging over all core
residues across all structures in each bundle, resulting in a single (¢) per protein. We find that for
the entire NMR dataset the average value of (¢) is 0.57, (two standard deviations above the value
of 0.55 for x-ray crystal structures), and it is clear in Fig. 1 (A) that the distribution of (¢) is very
broad, and distinctly skewed towards more densely packed structures.

The average packing fraction in the core, (¢), is essentially independent of the total number of
residues in the protein, N. In contrast, the fraction of the protein that is core, f., increases with
increasing N. (See Supporting Information.) Because f. depends on NV, it is important to compare
datasets with the same length distribution. The proteins in the NMR, data set tend to be smaller
than those in the dataset of x-ray crystal structures, therefore to calculate P(f.), we resampled
the x-ray crystal dataset so that it possesses a P(IN) that is similar to that for the NMR dataset
for N < 300. The resampling was obtained by averaging over 10% independent trials. P(f.) for
the NMR dataset and the resampled x-ray crystal structure dataset with N < 300 is plotted in
Fig. 1 (B). It is clear that P(f.) has a strong peak for f. ~ 0 (i.e. no core residues) for the NMR
dataset. In contrast, P(f.) shows that most x-ray crystal structures of these lengths have a core
of f. ~ 0.05 on average. In summary, when we analyze all structures in the PDB determined by
NMR, for which restraint data is available, they on average possess smaller, more densely packed
cores compared to high-resolution x-ray crystal structures. Interestingly, smaller, but more densely
packed cores have also been found in many computationally generated low-scoring structures with
incorrect backbone placement submitted to the Critical Assessment of protein Structure Prediction
(CASP) competitions .

To investigate the discrepancies in the core packing properties in greater detail, we compared
protein structures that had been determined by both x-ray crystallography and NMR. We assembled
a dataset of 702 pairs with both a high-resolution x-ray crystal structure (< 2.0 A) and an NMR
structure with available restraints, where the pairs have > 90% sequence similarity. (See Methods.)
In Fig. 2, we show a scatter plot of the differences in the average core packing fraction and fraction
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Figure 1: (A) The distribution of the packing fraction of core residues P((¢)) for high-resolution
x-ray crystal structures (grey squares) and NMR structures (black circles). For the x-ray crystal
structures, (¢) is averaged over all core residues for each protein and for the NMR structures, (¢) is
averaged over all core residues for all structures in the bundle for each protein. (B) The distribution
P(f.) for the resampled x-ray crystal structures (grey squares with shading based on the standard
deviation) averaged over 10 resampling trials and for NMR structures (black circles), where the
protein size is limited to 50 < N < 300.

of core residues between the NMR and x-ray crystal structures, where A(¢) = (¢)NMR — (@) x—ray
and A(f.) = (fe)NMR — (fe)x—ray. Consistent with Fig. 1, the majority of NMR structures have
smaller, more densely packed cores compared to their x-ray crystal structure counterparts, i.e. most
data points occur in the upper left corner. However, there is also data in the three other quadrants.
These results raise the interesting question of whether the differences in the size and packing
fraction of the core represent true differences between protein structures when they are in crys-
talline states versus in solution? Or are the differences a consequence of the methods used to
determine the atomic structure? Since NMR bundles are determined by a set of restraints (i.e.
distance restraints derived from NOEs, dihedral angle restraints from J-couplings, and bond-vector
orientational restraints from RDCs), it is reasonable to assume that the more restraints used, the
higher the quality of the NMR structure. Note that while requiring a large number of restraints
is necessary, previous studies have shown that it is not sufficient for identifying high-quality NMR
structures??24. Nevertheless, it is of interest to track how the core properties vary with the number
of NOE measurements per residue. In a typical NMR structure there are many more NOE distance
restraints than any other type of restraint, so we chose to analyse their effect on core properties.
We show the distribution P(N;/N) of the number of NOE distance restraints per residue in
the NMR dataset in Fig. 3 (A). There are many NMR structures with N,/N ~ 1, but the vast
majority have N,/N ~ 10-25, and a few have N,/N 2 30. In Fig. 3 (B), we plot the distribution
of the average packing fraction of core residues, P({¢)), in NMR structures with different values
of N;/N. We find that P({(¢)) does not depend strongly on N,/N and differs from P({¢)) for
high-resolution x-ray crystal structures for all values of N;/N. In contrast, the distribution of the
average fraction of core residues, P(f.), in NMR structures becomes increasingly similar to that of
the high-resolution x-ray crystal structure dataset for N,/N 2 20, as shown in Fig. 3 (C). There
is no correlation between N and N,/N and therefore we used the same resampling of the x-ray
crystal structure database in Fig. 1. The number of NOE distance restraints per residue has been
reported to be only an approximate proxy of the quality of the protein structure, since the NOE
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Figure 2: Scatter plot of the differences in the packing fraction A(¢) and fraction of core resides
A f. between the NMR and x-ray crystal structures in the paired dataset.

distance restraints can be redundant?®. However, when we perform the same analyses for the more
informative inter-residue distance restraints involving side chain atoms, the results are the same.
(See the Supporting Information.)

We were interested in investigating if the packing fraction of core residues in NMR, structures
changed over time as the methodologies for NMR structure determination have improved?6-28. In
Fig. 4 (A), we show the average packing fraction of core residues (¢) versus the year that the
NMR structures were deposited in the PDB. We find that (¢) was largest before 2004 ((¢) ~ 0.59),
decreased to (¢) ~ 0.57 after 2004, and has remained nearly constant over the past decade. One
possible cause of the elevated values of (¢) in the NMR structures, relative to the value of 0.55
observed in high-resolution x-ray crystal structures, is overlap of non-bonded atoms, which can
increase the apparent packing fraction. It is therefore of interest to note that the Clashscore, defined
by the MolProbity software?® as the number of non-bonded atomic overlaps that are greater than
0.4 A per 1,000 atoms, has decreased over time for NMR structures, with a rapid decrease around
2004 (the year MolProbity was first published) and then a slow, but steady decrease towards the
average value for high-resolution x-ray crystal structures over the last decade. (See Fig. 4 (B).) The
wwPDB NMR Validation Task Force has emphasized that validation metrics, such as the Clashscore
and Ramachandran and side chain dihedral angle outliers, used to determine the quality of x-ray
crystal structures are appropriate for assessing NMR structures'®. In particular, these metrics
should be similar for all high-quality protein structures, i.e. structures that are obtained from
x-ray crystallography and solution NMR spectroscopy 2%?°. When we remove NMR structures that
have a Clashscore larger than the average value plus one standard deviation of the Clashscore
for high-resolution x-ray crystal structures (i.e. Clashscore > 10.5), we find that (¢) decreases
significantly, but (¢) for these NMR structures with minimal or no overlap of non-bonded atoms,
remains above the value for high-resolution x-ray crystal structures.

These results indicate that while removing NMR structures that contain unphysical atomic
overlaps accounts for some of the overpacking found in NMR structures, (¢) for NMR structures is
still above the value for x-ray crystal structures. Thus, there is another reason, in addition to atomic



Figure 3: (A) The distribution P(N;/N) of the number of distance restraints per residue N;/N
for the NMR dataset. (B) The distribution P({(¢)) of the average core packing fraction and (C)
distribution P(f.) of the fraction of core residues for NMR structures with N,/N greater than a
given value (indicated by the color from 0 in violet to 30 in dark red). In (B) and (C), we also
show P({¢)) and P(f.) for the resampled high-resolution x-ray crystal dataset (grey squares with
shading that indicates one standard deviation).

overlaps, that is responsible for the elevated packing fraction observed in some NMR structures.
Although many of the metrics are inter-related, we considered several additional quality metrics,
and analysed how the properties of the cores of the protein structures depend on them. To this
end, we explicitly consider the fraction of Ramachandran and sidechain dihedral angle outliers,
bond length and bond angle outliers, fraction of backbone chemical shifts assigned, and strength
of the magnet used. If we filter the NMR dataset using each of these metrics one at a time, (¢)
for NMR structures decreases toward the value for high-resolution x-ray crystal structures and the
P(f.) distribution for NMR structures more closely resembles that of the x-ray crystal structure
distribution. However, whether or not the structure was solved with RDCs makes little difference
for the core packing properties. (See Supporting Information.)

For determining the validation metric cutoffs, we sought a compromise between strict cutoffs
near the high-resolution x-ray crystal structure values and loose cutoffs that admit more data.
When we filter the NMR dataset so that the NMR structures 1) possess values for the Clashscore,
Ramachandran and sidechain dihedral angle outliers that are within one standard deviation of the
average for the high-resolution x-ray crystal structures (i.e. Clashscore < 10.5, Ramachandran
dihedral angle outliers < 0.5% and side chain dihedral angle outliers < 3%), 2) have at least 10
NOE distance restraints per residue, 3) have 60% or more backbone chemical shifts assigned, and
4) were solved on a 650 MHz magnet or stronger, (¢) and P(f.) for the NMR structures are nearly
identical to those for the high-resolution x-ray crystal structures as shown in Fig. 5.

These filters are quite stringent, as the filtered dataset contains only 72 NMR structures of the
6,449 from the entire NMR dataset. The average packing fraction of core residues in this filtered
NMR dataset is (¢) = 0.55+0.02 compared to the value of (¢) = 0.55+0.01 for the high-resolution
x-ray crystal structure dataset. The distribution of the fraction of core residues is also similar for
the filtered NMR structures and high-resolution x-ray crystal structures. (See Figure 5.) Similar
results can be achieved when only the stereochemical criteria are considered. (See Supporting
Information.) None of the filtered NMR bundles is included the x-ray/NMR paired dataset.

To investigate the origin of the deviation in the packing properties between NMR, and x-ray
crystal structures, we used GROMACS to carry out all-atom MD simulations of a globular protein,
the chitin binding domain of chitinase from Pyrococcus furiosus, which has an x-ray crystal structure
with a resolution of 1.7 A (PDBID: 2CWR) and an NMR bundle with a large number of distance
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Figure 4: (A) The average packing fraction (¢) of core residues and (B) Clashscore in NMR
structures versus the year that they were deposited in the PDB for the entire NMR dataset (black
circles) and those with a Clashscore that is lower than the average value for high-resolution x-ray
crystal structures plus one standard deviation (grey squares). The average values and standard
deviations of (¢) and Clashscore for high-resolution x-ray crystal structures are indicated by red
dashed lines and blue shading, respectively.

restraints (PDBID: 2CZN). There are 38 individual models in the NMR bundle, solved with an
average of 25 distance restraints per residue. Nevertheless, the bundle has a high Clashscore of
124. We used MD simulations to investigate if we can remove the atomic overlaps in the NMR
bundle and match the NMR distance restraints to the same extent as the deposited bundle. When
retrieving NOE distance restraints from the PDB, the restraints are reported as a lower bound, a
first upper bound, and a second upper bound on the pairwise atomic distances. Here, we define a
distance restraint as being satisfied if the distance is less than the first upper bound. In the case
of ambiguous NOE restraints, where the NOE restraint is attributed to more than a single pair
of atoms (e.g. methyl hydrogens), we count the restraint as satisfied if at least one of the set of
pairs has a distance less than the first upper bound. To assess the resulting structures, we then
calculated (¢) and (f.) over the MD simulation trajectory.

In Fig. 6 (A), we plot the average fraction of core residues (f.) versus the average packing fraction
of core residues (¢) from the MD simulations and for the x-ray crystal and NMR structures. For this
particular protein, the NMR bundle has both a higher packing fraction and a larger fraction of core
residues than the x-ray crystal structure, but it has a large Clashscore and many Ramachandran
and sidechain dihedral angle outliers. The color scale in Fig. 6 (A) indicates the average fraction
F, of the distance restraints that are satisfied (using the first upper bound).

We first ran unrestrained MD simulations, starting from a structure in the NMR bundle. This
data point is plotted as a triangle in Fig. 6 (A). In the unrestrained MD simulations, 85% of the
distance restraints are satisfied compared to ~ 93% in the x-ray crystal structure (x) and ~ 100% in
the NMR bundle (+). Note that in the unrestrained MD simulations (¢) decreases from (¢) ~ 0.63
for the initial NMR structure to the value for the x-ray crystal structure, (¢) ~ 0.57. However, the
fraction of core residues, (f.) ~ 0.03, is much smaller than that for the initial NMR bundle with
(fe) ~ 0.11 and the x-ray crystal structure with f. ~ 0.08. The unrestrained MD simulation was run
for 500 ns, during which time the packing properties rapidly equilibrate, and therefore the restrained



Figure 5: (A) The distribution P((¢)) of the average packing fraction for core residues and (B)
the distribution P(f.) of the fraction of core residues for high-resolution x-ray crystal structures
(grey squares), the filtered NMR structures (red circles), and the entire NMR dataset (black circles
dashed).

MD simulations described below were run for shorter times. (See Supporting Information.)
We also ran MD simulations with restraints to recapitulate the NOE distances. GROMACS
enforces NMR distance restraints using the following potential energy:

%(Tij—TO)Q, Tij < T0,
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where r;; is the separation between NOE atom pairs ¢ and j, ro, r1, and ry are the lower bound, first
upper bound, and second upper bound distances for the NOE atom pairs. Additionally, the average
separation (r;;) is weighted by a factor of ri;?’ multiplied by an exponentially decaying function of
time with decay constant 7. (See Methods.) This restraint potential is similar to the potentials
used in NMR structure determination software3%32. Each restrained simulation was initialized
using a single structure from the NMR bundle and run for 20 ns following energy minimization,
and the NOE pair separations and packing properties were obtained every 0.1 ns and averaged. We
considered several spring constants & = 103, 10%, and 10° kJ/mol/nm? and a decay time 7 = 0.5 ns,
which increases the average fraction (F.) of distance restraints that are satisfied from 0.86 to 0.90.
For k > 10° kJ/mol/nm?, (F,) saturates and cannot reach (F,.) ~ 1, which is the value for the NMR
bundle deposited in the PDB. (See Supporting Information.) Restrained MD simulations using the
flat-bottomed potential in Eq. 1 yield cores with similar values of (f.) and (¢) as the x-ray crystal
structure. To obtain (F,) ~ 1, we implemented a new flat-bottomed distance restraint potential,
where 1 is set half way between the original lower bound and original first upper bound, using
spring constants k = 103, 10%, and 10° kJ/mol/nm? and a decay time 7 = 0.5 ns and a final highly
restrained simulation with a spring constant k = 10° kJ/mol/nm? and 7 = 0 ns. (See Methods.)
With these modifications to the restraint potential and 7 = 0 ns, we are able to obtain structures
that have (F,) ~ 1 and values of (f;) and (¢) that match those for the NMR bundle. However, in
Fig. 6 (B), we show that as (F}) increases toward 1, the Clashscore rises steeply, reaching values
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Figure 6: (A) Average packing fraction of core residues (¢) and average fraction of core residues
(fe) for the x-ray crystal structure with PDBID: 2CRW (x), the NMR bundle with PDBID: 2CZN
(+), and unrestrained (upward triangle) and restrained (circles) MD simulations colored by the
average fraction of NOE distance restraints (F)) that are satisfied. (B) The average Clashscore
plotted versus the average fraction of NMR distance restraints satisfied (F.) for the systems in (A).
The data for the NMR bundle with a high Clashscore of 124 is not shown.

that are indicative of a poor quality protein structure. In addition, as shown in the Supporting
Information, the same behavior is found for the fraction of Ramachandran and side chain dihedral
angle outliers. The final increase in (F;) toward 1 is caused by the increase in the number of satisfied
inter-residue distance restraints involving side chain atoms. (See the Supporting Information.) By
enforcing the distance restraints such that (F,.) ~ 1 in the MD simulations, we obtain the same core
packing properties as the deposited NMR bundle, but these structures violate metrics of protein
stereochemistry. Thus, matching all of the deposited NOE restraints to the same extent as the
deposited NMR bundle is likely the cause of the overpacking observed in this particular NMR
bundle.

3 Discussion

An important question in protein science is to what extent are the structures of proteins in the
crystalline state different from those of proteins in solution. Here, we have shown that most NMR
structures deposited in the PDB possess smaller cores, and that these cores are more densely packed
than those observed in high-resolution x-ray crystal structures. More densely packed cores in NMR
structures have also been reported previously for smaller datasets®!?15. However, we find that
by only considering NMR, bundles that have a large number of restraints and that pass protein
stereochemistry validation metrics (i.e. those that have small Clashscores and few Ramachandran
and sidechain dihedral angle outliers), both the core size and packing fraction of these NMR struc-
tures match the values found for high-resolution x-ray crystal structures. The validation metrics
are quite stringent: Only 72 NMR bundles of the original 6,449 bundles in the dataset pass the
validation metrics. We interpret these results to show that the packing properties of the cores of
proteins in the crystalline state (determined by high-resolution x-ray crystallography) and the cores
of proteins in solution (determined by state-of-the-art NMR, spectroscopy) are the same. However,
since none of the filtered NMR structures have high-resolution x-ray pairs, it remains possible that
particular proteins may have non-zero A(¢p) or Af,.



A recent study reported that many NMR structures have surface loops that are often under-
restrained and too floppy?2. This observation is consistent with our finding that the cores of NMR
structures solved with few distance restraints are typically too small. In particular, inappropriately
positioned surface residues will affect the solvent accessibility of the interior residues.

Over-packing occurs simultaneously with poor protein stereochemistry (large non-bonded atomic
clashes and many dihedral angle outliers) in NMR structures in the PDB. However, this result does
not rule out the possibility that denser core packing than that found in high-resolution x-ray crystal
structures could occur in principle without violating protein stereochemistry. For example, pack-
ings of amino acid-shaped particles can become denser with the addition of thermal fluctuations,
in contrast to packings that are rapidly compressed and energy-minimized'?. Therefore, we car-
ried out MD simulations with NOE distance restraints to attempt to remove non-bonded atomic
overlaps and dihedral angle outliers and then measured the resulting core packing properties. Our
MD simulations on a particular globular protein, the chitin binding domain of chitinase from Pyro-
coccus furiosus, showed that forcing the NOE distance restraints to be satisfied to the same extent
as the deposited NMR bundle leads to incorrect core packing features, non-bonded atomic clashes,
and dihedral angle outliers.

The NOE restraint data clearly contains important structural information, as the NMR and the
x-ray crystal structures have similar overall folds (with an average C, RMSD = 1.6 A) and loosely
enforcing all of the NOE restraints in the MD simulations leads to core packing properties that
are similar to the high-resolution x-ray crystal structure. However, enforcing the NOE distance
restraints to the same extent of the deposited NMR bundle appears to be inconsistent with protein
steroechemistry. The fact that simultaneously satisfying all of the NOE distance restraints leads
to violations of protein stereochemistry (for this particular protein) is likely related to the fact
that the conversion of NOE measurements to distance bounds is approximate and NOEs report
on time-averaged atomic separations, which can be challenging to implement in protein structure
determination 33435 We emphasize that our MD simulations were performed on a single protein
whose structure was determined by both x-ray crystallography and NMR (from quadrant 2 of
Fig. 2). In future studies, it will be important to study protein structure pairs that represent
all four quadrants from Fig. 2 and to determine what restrained MD protocol would be needed to
improve the modeling of the protein core. Additionally, our unrestrained MD simulations show that
the core packing fraction is recapitulated using the Amber99SB-ILDN forcefield and TIP3P water
model, but the core size is not. Therefore, we will explore whether the same result is observed with
different force fields and solvation models, which would indicate how well the hydrophobic effect is
currently captured in MD simulations of proteins.

4 Materials and Methods

Datasets

We collected two datasets of protein structures from the Protein Data Bank (PDB). We first
compiled a dataset of 5,261 high-resolution x-ray crystal structures from the PDB using PISCES17:18
with resolution < 1.8 A, a sequence identity cutoff of < 20%, an R-factor cutoff of < 0.25, and
lengths greater than 50 residues. We also assembled a large dataset of NMR structures from the
PDB. We identified all NMR bundles that have available restraint data in the NMR-STAR, format
using NMR2GMX !9, resulting in 6,499 NMR bundles, each with at least 10 structures in the bundle.
In this dataset, 5,830 bundles have NOE distance restraints, 3,994 have dihedral angle restraints,
and 507 have RDC restraints. The NMR dataset was not filtered for similarity in amino acid
sequence, and thus it has multiple bundles for some proteins. PYPDB was used to retrieve all of
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the validation metrics for each protein from the PDB36. In addition, PYPDB was used to identify
a set of NMR and x-ray crystal structure pairs. We selected pairs for which the x-ray crystal
structure sequence matched > 90% via MMSeqs237, the lengths differ by < 10%, the x-ray crystal
structure resolution is < 2.0 A, and the NMR bundle has restraint data. This dataset has 702
pairs, made up of 514 x-ray crystal structures and 525 NMR structures, as some NMR structures
have multiple x-ray crystal structure matches and vice versa.

rSASA

To identify core residues, we measured each residue’s solvent accessible surface area (SASA). To
calculate SASA, we use the NACCESS software package3®, which implements an algorithm originally
proposed by Lee and Richards®?. To normalize the SASA, we take the ratio of the SASA within
the context of the protein (SASAcontext) and the SASA of the same residue (X) extracted from
the protein structure as a dipeptide (Gly-X-Gly) with the same backbone and side-chain dihedral

angles:
SASAcontext

_— 2
SASAdipeptide ( )

Core residues are classified as those that have rSASA < 1073. The choice of this threshold has
been discussed in several previous studies?%-2!.

rSASA =

Packing Fraction

A characteristic measure of the packing in an atomic system is the packing fraction. The packing
fraction of residue pu is defined by

_ Y

¢“ o VM’ (3)
where v, is the non-overlapping volume of residue p and V,, is the volume of the Voronoi cell
surrounding residue p. The volume of the residue is determined by the atom sizes and their
locations. The particular atom sizes that we used have been previously selected from the range
of literature values to reproduce the backbone and side chain dihedral angle distributions found
in high-resolution x-ray crystal structures® 2. The Voronoi cell represents the local free space
around the residue. We calculate the non-overlapping residue volume with a grid-based volume
estimation. To calculate the Voronoi polyhedra for a protein structure, we use surface Voronoi
tessellation, which defines a Voronoi cell as the region of space in a given system that is closer
to the bounding surface of the residue than to the bounding surface of any other residue in the
system. We calculate the surface Voronoi tessellations using the POMELO software package®3. This
software approximates the bounding surfaces of each residue by triangulating points on the residue
surfaces. We find that using ~ 400 points per atom, or ~ 6400 surface points per residue, gives an
accurate representation of the Voronoi cells and the results do not change if more surface points
are included.

Molecular Dynamics Simulations

The unrestrained and restrained all-atom molecular dynamics (MD) simulations of the globular
protein, the chitin binding domain of chitinase from Pyrococcus furiosus, were performed using
the GROMACS software package?*. The MD simulations used a cubic box with edge lengths
63 A, which ensures that the protein is > 10 A away from the box edges, and the box is filled
with water molecules modeled using TIP3P#® at neutral pH and 0.15M NaCl. Periodic boundary
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conditions are applied in the z-, y-, and z-directions. Short-range van der Waals and screened
Coulomb interactions were truncated at 1.2 nm, while longer-ranged electrostatics were tabulated
using the Particle Mesh Ewald summation method. We performed two short energy minimization
runs to relax the protein first and then the water molecules and protein together using the steepest
decent method. We then simulated the system for 20 ns in the NPT ensemble at temperature
T = 300K and pressure P = 1 bar using the weakly coupled Berendsen thermostat and barostat
and calculated the (¢) and f. every 0.1 ns. The time constant of the Berendsen thermostat was set to
2 ps and the isothermal compressibility for the Berendsen barostat was set to 4.5 x 10~°bar~!. (See
the Supporting Information for more details about the equilibration procedure.) The equations
of motion for the atomic coordinates and velocities were integrated using a leapfrog algorithm
with a 1 fs time step. For both the unrestrained and restrained MD simulations, we used the
AMBER99SB-ILDN force field*®47. For the restrained MD simulations, we implemented the flat-
bottomed spring potential Vg,(r;;) given in Eq. 1 with spring constants k = 103, 10%, and 10°
kJ/mol/nm? to enforce the NOE distance restraints between atom pairs i and j. We calculate the
time average NOE pairwise atomic separations as:

(ris) = <(Tij3(t — ADAYT) 43y (1 _ e(—At/T)))—1/3> | @

t

where At is the time step and 7 is the decay time. 7 = 0.5 ns for all restraint simulations, except
for the most highly restrained simulation. This time-averaging method has been suggested to
more accurately represent NOE distance restraints and allows for larger fluctuations in the atomic
separations if NOE distance restraints are incompatible. To further increase the fraction of NOE
restraints that are satisfied during the MD simulations to (F,) ~ 1, we also implemented a narrower
flat-bottomed spring potential, where the first upper bound r; is set to the separation between the
NOE atom pairs of the initial NMR structure, and 7 = 0 when calculating (r;;).

12
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