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Refinement of protein NMR structures using atomistic force field and
implicit solvent model: Comparison of the accuracies of NMR structures
with Rosetta refinement
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Abstract There are two distinct approaches to
improving the quality of protein NMR structures
during refinement: all-atom force fields and
accumulated  knowledge-assisted methods that
include Rosetta. Mao et al. reported that, for 40
proteins, Rosetta increased the accuracies of their
NMR-determined structures with respect to the X-ray
crystal structures (Mao et al., J. Am. Chem. Soc. 136,
1893 (2014)). In this study, we calculated 32
structures of those studied by Mao et al. using
all-atom force field and implicit solvent model, and
we compared the results with those obtained from
Rosetta. For a single protein, using only the
experimental NOE-derived distances and backbone
torsion angle restraints, 20 of the lowest energy
structures were extracted as an ensemble from 100
generated structures. Restrained simulated annealing
by molecular dynamics simulation searched
conformational spaces with a total time step of 1-ns.
The use of GPU-accelerated AMBER code allowed
the calculations to be completed in hours using a
single GPU computer—even for proteins larger than
20 kDa. Remarkably, statistical analyses indicated
that the structures determined in this way showed
overall higher accuracies to their X-ray structures
compared to those refined by Rosetta (p-value <
0.01). Our data demonstrate the capability of

sophisticated atomistic force fields in refining NMR
structures, particularly when they are coupled with
the  latest ~ GPU-based  calculations.  The
straightforwardness of the protocol allows its use to
be extended to all NMR structures.

Keywords NMR structure refinement, all-atom force
field, generalized-Born implicit solvent

Introduction

The structure determination of biomolecules using
NMR data couples NOE assignments and structure
calculations in an iterative way.! The experimental
restraints guide the conformational search, and the
calculated structures provide additional experimental
restraints. The latest algorithms can automate the
procedure for NMR structure calculations without
any manual intervention and interpretation. However,
chemical shifts must be known and assigned to most
of the atoms. Furthermore, good quality NOE data
must be available from which sufficient distance
restraints can be obtained.?3 There is now a standard
protocol for structure determination, but there are few
available experimental restraints compared with
X-ray crystallography. Therefore, the determination
of structures with the same level of accuracy and
precision as X-ray crystallography is still difficult.
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One computational approach to overcome these
difficulties and improve the accuracy and precision
of NMR structure refinement is to use sophisticated
force fields. Traditional software programs for NMR
structure calculations use simplified force fields
compared to those used in atomistic molecular
dynamics (MD) simulations.*® This simplification
principally occurs by neglecting the Lennard-Jones
potentials and solvation energies terms. Whereas
these simplifications enable the efficient survey of
conformational space by high-temperature annealing,
the geometries of the regions that lack structural
restraints often diverge and are occasionally
inaccurate. All-atom force field (AAFF) MD
calculations are helpful for characterizing the areas
where experimental restraints are insufficient. Most
atomistic MD-driven calculations for NMR structure
refinement approximate the solvation effects using
the generalized-Born implicit solvent (GBIS) model.
Using GBIS yields structures of the quality expected
from explicit solvation calculations without the large
computational overhead. Simulated annealing by MD
simulation can accelerate the search  of
conformational spaces combined with AAFF-GBIS.
Several researchers have reported the successful
application of AAFF-GBIS in protein, protein-protein
complex, and membrane protein NMR structure
refinement.”*3

Another computational approach is to extend the
accumulated  knowledge of the experimental
structures. Conformational space annealing can
belong to this type.* But, the most well-known
algorithm is Rosetta.’®> Once developed for de novo
protein structure prediction, Rosetta has evolved into
a tool for homology modeling, protein design, and
the calculation of NMR structures. Rosetta extracts
fragments from a database of 3D structures and then
assembles the fragments. This method improves the
efficiency of searching conformational space. Indeed,
several reports have demonstrated the success of this
type of structure calculation from NMR data even in
large proteins greater than 20 kDa.'®1® Besides the
improvements in determining the protein’s global
fold, these recent results demonstrated that Rosetta is
useful for refining local structures. Mao et al.
reported that Rosetta-refined structures are more
suitable for molecular replacement in X-ray crystal
structure phasing, which is indicative that these
refined structures are more accurate with respect to

the X-ray crystal structures of the corresponding
protein.?°

Studies indicate that the improvements made by
atomistic MD  simulation and Rosetta are
complimentary and can be used in a synergetic
way.?-% Despite these two computational approaches
being popular, there are few direct comparisons of
the resulting NMR structures. To develop synergistic
methods in NMR structure calculations, it is a
prerequisite that we understand the strengths and
weaknesses of both approaches. In this study, we
focus on the comparison of NMR structures refined
by AAFF-GBIS and Rosetta. We selected the 32
protein  NMR structures for which both the
information from Rosetta-refined structures and
experimental distance and torsion angle restraints are
available. Atomistic MD simulations need long
calculation times; however, here we have used the
GPU-accelerated AMBER code,?? and this has
increased the refinement speed and reduced the
computational time required to the level of
conventional NMR structure calculations.

Experimental Methods

NMR structure calculations—Table 1 contains a list
of the proteins modeled in this study and their
various statistical properties. The distance and
backbone torsion angle restraints extracted from the
PDB-deposited restraints were used to calculate the
structures. However, the hydrogen bond and
side-chain torsion angle restraints were excluded.
Also, the restraints from residual dipolar couplings
(RDCs) were omitted. Structure calculations
consisted of initial calculations by CYANA®
followed by simulated annealing refinement using
atomistic MD simulations with AMBER.%® Firstly,
300 structures were calculated for each protein using
the experimental distance and torsion angle restraints
with CYANA. Then, using an iterative process, any
restraints that showed significant violation from
predetermined values (> 0.5 A for distances and > 5°
for torsion angles) were removed. The top 100
CYANA structures that had the lowest target
functions were chosen for further refinement. The
ff14SB AAFF and the GBIS solvation model as
implemented in the PMEMD code?”% were used
from the AMBER package (version 14) running on



CUDA-enabled GPUs.* The GBIS was set to ‘igh =
8’. AMBER refinement comprised three stages: first,
a 1500-step minimization; then, a 1-ns restrained
simulated annealing; and, final, a second 1500-step
minimization. The 1-ns restrained simulated
annealing was divided into three stages. Initially, for
the first 250 s, the temperature was increased to 1000
K. For the second 250 s, the temperature was held at
1000 K. Finally, a stepwise cooling to 0 K was
carried out for 500 s. The force constants for distance
and torsion angle restraints were 20 kcal/(mol-A?)
and 200 kcal/(mol-rad?), respectively. The integration
time step for restrained simulated annealing was 2 fs
with SHAKE restraints. Of 100 structures, 20
structures that had the lowest AMBER energies were
selected as an ensemble for analysis. All the
computations were carried out with single-precision
floating-point (SPFP) corrections®® on personal
computers equipped with GTX-780 graphic cards.

Quantitative analyses of calculated NMR
structures—The calculated structures were compared
on the basis of their backbone Co atoms root mean
square deviations (RMSDs) to the mean structure in
the ensemble. The ranges for the RMSD comparison
were determined with CYRANGE.?? The similarity
to the corresponding X-ray structure was measured
by the template modeling score (TM-score) and
global distance test total score (GDT-TS) values. The
TM-score is a measure of the global fold similarity
and is less sensitive than other structure-metrics to
local structural variations.®*3* GDT-TS is a measure
of the 3D similarity of two structures®®3" and is the
arithmetic mean of four values: the percentage of
structurally equivalent pairs of Co atoms within
specified distance cutoffs of d = 1, 2, 4, and 8 A. The
TM-score program by Zhang and Skolnick was used
to calculate both the TM-score and GDT-TS values.
In the metrics of TM-score and GDT-TS, the
averaged values from the 20 structures in each
protein were represented. Structural quality scores
were analyzed using the protein structure validation
software suite (PSVS),* which generated Verify3D,
Procheck (phi-psi), Procheck (all), and MolProbity
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Clashscore metrics.

Results and Discussion

Mao et al. reported Rosetta-refined structures for 40
proteins.?’ Because eight of the proteins are either
complexes or dimers, we omitted them for
convenience with respect to format conversion.
However, the exclusion of these structures does not
imply difficulty in calculating the structures of
complex proteins using AAFF-GBIS. We refined the
32 protein structures (Table 1) by generating 300
structures using CYANA and then extracting 100
low-target scoring structures for each protein. From
these 100 structures, an ensemble of the top 20
structures with the lowest AMBER energies was
identified. The high speed of the CYANA
calculations enabled the removal of any structures
that violated restraints via iterative runs. This resulted
in no significant restraint violations (> 0.5 A for
distance and > 5° for torsion angle restraints) in the
ensembles generated by the AAFF-GBIS method.
These structures differed from the results of Rosetta
calculations, which started from the deposited PDB
structures and contained several input restraint
violations.?® In the case of a 20 kDa protein, an
AAFF-GBIS calculation run on a single CPU (Intel
E5-2650, 2.60 GHz) with a total time step of 1-ns
takes approximately 8 h per structure. In stark
contrast, the CUDA-encoded SPFP version of
PMEMD finished the same calculation within 6 min
on a GTX-780 graphic card. This represents a
speedup that is similar to reported benchmarks.?
Although there are concerns about the imprecise
handling of floating-point numbers in the GPU, the
use of experimental restraints decreases potential
errors. Indeed, even if the errors increase, the
potential deviations would be smaller than those
caused by the use of the simplified force fields used
in conventional NMR structure calculations.*
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Table 1. Statistics for the NMR structures refined by AAFF-GBIS
NMR X-ray ID  AA eR'(\E\'?Dﬂ TM-score GDT-TS  Verify3D P'(“ﬁ'j;‘k Pr‘(’;n;‘:k P'X')Ob'i'ty
1PQX  2FFM ZR18 91 0.81 0.86 0.87 -0.64 -0.55 -0.18 151
1XPV 1TTZ XCR50 78 0.56 0.86 0.88 -0.80 -0.08 -0.06 1.48
IXPW  1TVG HR1958 143 0.72 0.85 0.81 -1.28 -1.73 -1.42 15
2HFI*  2IM8  SGR145 123 0.31 0.92 0.92 -0.64 3.07 272 1.51
2JNO 3FIF ER382A 50 0.49 0.78 0.84 -1.44 -1.18 -1.06 1.25
2JN8 2ES9 STR65 109 0.84 0.90 0.89 -1.28 1.77 154 1.41
2JPU 2Q00 SSR10 129 0.5 0.92 0.92 -1.61 271 2.48 1.50
2JON 200Q CCR55 116 0.71 0.92 0.9 -0.32 -0.24 0.0 1.46
2JvD* 3BHP SGR209C 48 0.13 0.75 0.8 -2.25 2.56 3.08 1.53
2J72* 3C4S SR213 66 0.28 0.93 0.97 -3.85 -1.3 -1.12 15
2)ZT 2ES7 STR70 142 0.61 0.86 0.84 -0.32 0.67 0.0 1.44
2K07  3EVX HR41 175 0.60 0.93 0.88 -1.12 0.16 0.18 1.51
2K2E  3CPK BER31 158 0.62 0.90 0.89 -0.32 -0.28 -0.41 1.51
2K5P  3CWI  GMR137 78 0.61 0.75 0.8 -1.44 -1.53 -2.25 1.42
2K5V  3EOE  MRRI110B 98 0.31 0.94 0.95 0.32 -1.49 -1.3 1.53
2KCU  3EOH  CTR107 166 1.27 0.83 0.74 0.0 -0.28 -0.47 1.46
2KCV ~ 3MA5 SRR115C 99 0.22 0.94 0.94 -0.64 2.01 1.89 1.44
2KCZ 3GGN DRR147D 155 1.31 0.60 0.56 -2.41 -0.04 -0.47 1.43
2KFP 3H9X PSR293 125 091 0.88 0.82 0.32 -0.2 -0.83 1.45
2KHN  3FIA  HR3646E 121 0.77 0.84 0.82 -1.61 1.18 0.59 1.44
2KKZ  2RHK OR8C 134 0.38 0.93 0.93 -1.12 -0.55 -0.77 1.50
2KL6 3IDU PfR193A 108 0.13 0.87 0.86 -1.28 -1.3 -1.36 1.42
2KPP  3LD7  LKR112 114 0.27 0.95 0.97 -1.44 -1.46 -1.01 1.52
2KPU  3LYW DHR29B 96 0.64 0.89 0.89 -0.8 -1.26 -1.01 1.50
2KPW  3JTO  HR5546A 122 0.77 0.88 0.85 -0.8 -1.46 -1.6 1.51
2KRK  3KW6 HR3102A 86 0.32 0.90 0.92 -1.12 1.49 1.66 1.51
2KRT  3K63  UURL7A 121 0.70 0.82 0.78 -2.41 -0.9 -1.42 1.49
2KW2 3LMO RPR324 101 0.27 0.85 0.84 -0.32 1.18 1.36 1.53
2KW5* 3MER  SOR77 202 0.91 0.76 0.61 -0.48 -1.14 -1.36 1.14
2L05  3NY5 HR4694F 86 0.35 0.88 0.9 -1.44 -0.55 0.0 1.52
2L1P  3NZL HR4435B 83 1.26 0.79 0.82 -0.48 2.16 2.01 1.50
2133  3P1X HR4527E 91 0.11 0.87 0.91 -2.09 0.0 0.18 1.40
TEnsemble RMSD
*Omitted for comparison with Rosetta-refined structures due to the disagreements in the reported values




Structures refined by AAFF-GBIS are more precise
than PDB-deposited structures. No single parameter
can be used to judge whether a calculated NMR
structure is accurate or not. The currently accepted
idea in NMR community is to use several metrics
simultaneously.”® Accordingly, we extracted the
metrics recommended for the validation of NMR
structures. Ensemble RMSD reflects the precision of
the coordinates. Previously, we have reported that if
the structures are refined using an atomistic force
field and the ensemble is selected from the
viewpoints of AMBER energies then there is a
correlation between precision and accuracy.” #
Because the flanking regions in an ensemble can bias
the calculation of the RMSD, we first obtained the
core residues of the PDB structures using the
CYRANGE program.®? Within this range, we
calculated the RMSD of the Co atoms in the
ensembles. Figure 1 showed the comparison of
ensemble  RMSD in the PDB-deposited and
AAFF-GBIS-refined  structures.  Data  points
positioned under the diagonal line give an estimate of
the increased precision of structures generated by
AAFF-GBIS. The figure clearly reveals that
AAFF-GBIS-generated NMR structures are more
precise with respect to the X-ray structures, as
reported in our previous studies.” %1 Of the 32
AAFF-GBIS structures, five — 1PQX, 1XPV, 2KFP,
2KWS5, and 2L1P — showed an increase in RMSD
values. However, the deposited NMR structures of
1PQX, 1XPV, 2KFP and 2KWS5 were refined with
additional restraints except for 2L1P, where the
decrease in RMSD (0.02 A) is not statistically
significant. The restraints for 1PQX, 2KFP, and
2KWS5 included 54, 80, and 92 hydrogen bonds,
respectively. The 78 torsion angle restraints confining
side-chain geometries were added to those of 1XPV.
The restraints of 2KWS5 consisted of 201 restraints
derived from residual dipolar couplings (RDC). In
most cases, the existence of a hydrogen bond is
judged based on the secondary structure. However,
because this can miss abnormal conformations such
as bulges in the protein structure, it would be better
to determine the precise structure without adding
restraints. Besides these four cases, of the 32 cases,
20 structures also used RDCs as additional restraints.
This indicates that AAFF-GBIS improved the
precision of the structures even when not restrained
by RDC.
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Figure 1. Comparison of ensemble RMSDs between
PDB-deposited and AAFF-GBIS-refined NMR structures.
CYRANGE was used to extract the core range to calculate

the RMSD. Each data point indicates the mean value of the
ensemble.

Structures refined by AAFF-GBIS have greater
accuracy than PDB-deposited structures. We then
compared TM-scores and GDT-TS values between
PDB-deposited and AAFF-GBIS-refined NMR
structures (Figure 2). Data points that lie above the
diagonal line indicate increased accuracy with respect
to the X-ray structures. The data clearly show the
superior quality of the structures produced by
AAFF-GBIS. The improvements by AAFF-GBIS are
statistically significant by paired t-test (p-value <
105). In particular, the GDT-TS increased by more
than 0.1 in the cases of 2JQN and 2L1P. In the case
of 2JON, there was a substantial decrease in the
backbone RMSD: a reduction from 1.16 to 0.71 A.
Again, this highlights the advantages of using
AAFF-GBIS for refining NMR structures. We found
the strongest correlation between the TM-scores and
GDT-TS values of the AAFF-GBIS structures, which
had a Pearson correlation coefficient of 0.88 (R?=
0.77). The correlation coefficient between the RMSD
and GDT-TS in each structure ensemble was —0.66
(R? = 0.44). This implies that the ensemble RMSD
reflects the accuracy of structures to some degree, as
we have shown previously.”
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Figure 2. Comparison of the TM-scores and GDT-TS
values between the PDB-deposited and
AAFF-GBIS-refined NMR structures. The TM-score
program calculated the values of TM-score and GDT-TS.
Each data point indicates the mean value of the ensemble.
The diagonal line indicates x = y.

Structures refined by AAFF-GBIS show higher
accuracy than Rosetta-refined structures. Next, the
results by AAFF-GBIS and Rosetta were compared.
The Rosetta-refined structures are not publically
available, which made it impossible to make a
straightforward comparison of the AAFF-GBIS and
Rosetta structures. Instead, we inspected the
parameters that Mao et al. reported?® and those that
we calculated from our AAFF-GBIS structures. We
found some disagreement between the values that
likely arose from differences in parameter extraction.
For example, the values of the TM-score and
GDT-TS of 2HFI (NMR) with respect to 1TVG
(X-ray) were 0.86 and 0.82, respectively, whereas the
values reported by Mao et al. were 0.79 and 0.77,
respectively. Therefore, in order to compare fairly the
AAFF-GBIS and Rosetta-determined structures, we
extracted the parameters in the cases where the
values from PDB structures and from the paper were
comparable. For instance, because the values for
TM-score and GDT-TS in 1XPV were 0.88 and 0.90,
respectively, both in the reported result and our
calculation, we accepted all the parameters of 1XPV
from Rosetta. Using our criteria, there are 28 cases
for further comparison, omitting 4 — 2HFI, 2JVD,
2JZ2, and 2KW5 — due to the large deviations.
Figure 3 shows the comparison of TM-score and
GDT-TS  between structures calculated by
AAFF-GBIS and those by Rosetta. Remarkably, the
structures generated by AAFF-GBIS are more
accurate in 20 out of 28 cases with respect to the
corresponding X-ray structures than Rosetta. In some

cases, the Rosetta results were better; however, the
overall results are sufficient to demonstrate the
outperformance of AAFF-GBIS. The paired t-test
reveals that the probability that AAFF-GBIS
outperforms Rosetta by chance is 0.004 and 0.003 in
TM-score and GDT-TS, respectively, proving that the
improvements are statistically significant. In addition,
it is noteworthy that the reported values of ensemble
RMSD in the Rosetta-refined structures were
comparable to those of the PDB-deposited structures.
20 This indicates that AAFF-GBIS structures were
more precise than those calculated by Rosetta.

1
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Figure 3. Comparison of TM-scores and GDT-TS values
between Rosetta- and AAFF-GBIS-refined NMR structures.
The same annotations as Figure 2 were used. Paired t-test
indicates that the probability that AAFF-GBIS outperforms
Rosetta by chance is lower than 0.01 both in TM-score and
GDT-TS (p-value < 0.01).

Structures refined by AAFF-GBIS show better
geometries than Rosetta-refined structures. How
good are the geometries of the structures refined by
AAFF-GBIS? We used the PSVS server
(http://psvs-1_5-dev.nesg.org) 3 to extract four
metrics—\erify3D, Procheck (phi-psi), Procheck
(all), and MolProbity Clashscore—from the
structures produced by AAFF-GBIS (Table 1). We
compared these values with the reported values from
both the PDB-deposited and Rosetta-refined
structures. The metrics were normalized and are
presented as Z-scores. Values close to zero indicate a
good geometry. Figure 4 shows the values of the
PDB-deposited, Rosetta-refined, and
AAFF-GBIS-refined structures as boxplots. For all
metrics except the MolProbity Clashscore, the
Z-scores of the AAFF-GBIS structures have better
statistical distributions. This demonstrates that the
structures refined by AAFF-GBIS also show



improved geometries over Rosetta and PDB
deposited structures. The largest improvements were
found for 1PQX and 2KCZ, where the GDT-TS
values increased from 0.78 to 0.87 and from 0.46 to
0.56, respectively. The reason that the MolProbity
Clashscores of AAFF-GBIS structures were worse
than those in Rosetta structures is unclear at this
moment. To know whether one can improve the
Clashscore by the force field or the solvent model of
AAFF-GBIS will deserve future study. Nevertheless,
it is noteworthy that the Clashscores by
AAFF-GBIS-refined structures are still better than
those found in PDB structures.
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Figure 4. Boxplot-based comparison of geometric
parameters extracted by PSVS version 1.5% in
PDB-deposited, Rosetta- and AAFF-GBIS-refined NMR
structures. The normalized Z-scores close to zero indicate a
good geometry.
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Conclusion

In this study, systematic calculations have
convincingly shown that refinement of protein NMR
structures with AAFF-GBIS improves the protein
structures in terms of precision, accuracy, and
geometry in comparison with other methods. To the
best of our knowledge, this is the first example of a
comparison between the performance of AAFF-GBIS
and Rosetta for NMR structure determination. The
PMEMD GPU-accelerated CUDA code allowed
AAFF-GBIS refinements to run in several minutes
even for time steps of up to 1-ns. This enabled many
calculations, consisting of 3,200 runs (100 x 32), to
be carried out. Recent studies have demonstrated the
synergic use of AAFF-GBIS and Rosetta methods in
modeling, and considering the popularity and power
of these methods, their combined use will open new
opportunities in many areas including protein
engineering and design. Also, the synergistic use of
AAFF-GBIS, Rosetta, and AlphaFold*** for the
refinement of NMR structures and the use of NMR
restraints for modeling can lead to significant
improvements in this field. Our data will be a
valuable addition to future studies in this direction.
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