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Summary

With the advent of the resolution revolution in cryo-electron microscopy, low resolution
refinement is common, and likewise increases the need for a reliable force field. Here we report on
the incorporation of the OPLS3e force field with the VSGB2.1 solvation model in the structure
determination package Phenix. Our results show significantly improved structure quality and
reduced ligand strain at lower resolution for X-ray refinement. For refinement of cryo-EM based
structures, we find comparable quality structures, goodness-of-fit and reduced ligand strain. We
also show how structure quality and ligand strain is related to the map-model cross correlation as a
function of data weight, and how it can detect overfitting. Signs of overfitting are found in over
half of our cryo-EM dataset, which can be remedied by a re-refinement at a lower data weight.
Finally, a start-to-end script for refining structures with Phenix/OPLS3e is available in the
Schrédinger 2020-3 distribution.

Graphical Abstract

Correspondence: kenneth.borrelli@schrodinger.com.
Author Contributions
Conceptualization, G.C.P.v.Z and K.W.B.; Methodology, G.C.P.v.Z., NW.M., O.V.S. and K.W.B.; Software, G.C.P.v.Z., N.W.M.,

0.V.S. and K.W.B.; Validation, G.C.P.v.Z.; Formal Analysis, G.C.P.v.Z.; Investigation, G.C.P.v.Z.; Resources, G.C.P.v.Z. and K W.B.;

Writing - Original Draft, G.C.P.v.Z. and K.W.B.; Writing - Review & Editing, G.C.P.v.Z., NW.M., O.V.S., P.D.A., and KW.B.;
Funding Acquisition, K.W.B. and P.D.A.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Interests
GCPvZ and KWB have financial holdings in Schrddinger.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

van Zundert et al.

Page 2

Weak restraints

< |[[eEmDB:4536 [0

£ 3 ||Ligand:zQU ®

g -1.5

g2 [ ]

=) S

= Q.’ -1.0 49
o = ® @ Break point 4
E 20 I 0-5 \-lrE
= 4
g5 0.6 0.7 0.8 0.9 =
= s [emDB:a536 ® .
é § 4 ||Resolution:3.90 - —0.5 GEJ
§ o3 ’. g
17,1 =)
4 22 i

& oo ©® Break point

2y --15

0

o
o

0.7 0.8 0.9 — _2 0
Real space correlation 3
Strong restraints

Better fit between Model and Experiment

Eta.rget = EopLs3e + W * Egata

e-TOC blurb

Van Zundert et al. have implemented the OPLS3e forcefield and VSGB2.1 solvation model into
the structure determination package Phenix, resulting in improved structure and ligand quality for
refinement at lower resolution. Signs of overfitting were found in over half of cryo-EM cases
investigated and a straightforward remedy is proposed.

Introduction

X-ray crystallography has been the main source of structural information accounting for
about 90% of all entries in the PDB and has been the backbone of structural biology for the
last decades. With the advent of the “resolution revolution” due to improved hardware and
software, cryo-electron microscopy (cryo-EM) has become a viable approach for
investigating larger molecular complexes and membrane proteins, potentially vastly
expanding new drug targets amenable to structure based drug design (SBDD). Many SBDD
methods require atomic accuracy for at least all of the heavy atoms. Unfortunately, the
models fit to many X-ray crystallography datasets and virtually all cryo-EM datasets are
hampered by low resolution, and contain some ambiguities at this scale.

Due to the low data to parameter ratio found in macromolecular refinement, more so at
lower resolutions, knowledge based restraints are introduced to reduce overfitting, the most
simple form being bond lengths and angles. At lower resolution, additional restraints can be
included, such as secondary structure (Head et al. 2012), and deformable elastic network
restraints (Schroder et al., 2014). The former is currently routinely used during cryo-EM
structure refinement and low-resolution X-ray crystallography. Accurate restraints are thus
paramount for obtaining physically realistic structures and ligands when data is relatively
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sparse. The problem is exacerbated in cryo-EM as no robust validation metric is generally
agreed upon to detect overfitting, even though there is considerable concern and several
methods have been proposed (DiMaio et al., 2013; Falkner and Schrdder, 2013; Lagerstedt
et al, 2020; Volkmann, 2009). This is in contrast to crystallographic refinement where the
concept of Ryee is universally used (Brunger, 1992), though the precise practicalities are not
on a firm theoretical footing (Tickle et al., 1998).

Knowledge based structural restraints for the standard amino-acid residues are well
established from the wealth of high-resolution data that is available in the Protein DataBank
(wwPDB consortium, 2019) and small molecule databases (Groom et al., 2016). The Engh
and Huber equilibrium bond lengths and angles (Engh and Huber, 1991, 2001) are used for
several decades, but have been replaced by conformation dependent restraint libraries for the
backbone atoms in Phenix (Moriarty et al., 2016; Tronrud et al., 2010). Generating restraints
for small molecules, however, is significantly harder, due to the vastly increased chemical
space that they can occupy and limited available data; in conjunction with the observation
that ligand densities are typically less resolved compared to their surroundings, either due to
a superposition of states, partial occupancy, increased mobility, or any combination of these,
this has led to a number of critical publications addressing the quality of ligands deposited in
the PDB (Deller and Rupp, 2015; Liebeschuetz et al, 2012; Peach et al., 2017; Reynolds,
2014, Sitzmann et al., 2012). Graphical interface tools have been developed to help assess
and validate the ligand and its binding pocket (Cereto-Massagué et al., 2013). Moreover, the
wwPDB formed a working group to define proper ligand validation protocols to combat
these issues, with several recommendations already being implemented (Adams et al.,
2016).

Knowledge based restraints for ligands are usually provided through restraint dictionaries in
CIF format, derived from high-resolution structure models extracted from small molecule
crystallography databases, or quantum mechanical calculations, with several computer
programs having been developed to automate the process (Steiner and Tucker, 2017). Large
libraries containing restraints for monomers present in the PDB such as the REFMAC5
monomer library (Vagin et al., 2004) are extensively used in REFMAC (Kovalevskiy et al.,
2018) and Phenix (Liebschner et. al., 2019). In addition, the latter uses the GeoStd library
(http://sourceforge.net/projects/geostd) that is curated for accurate amino acid restraints. The
restraints comprise the above mentioned bond length and angle restraints, but also include
torsion angle, chirality, and planarity restraints, usually combined with a repulsive
interaction energy term to prevent serious atomic clashes. However, for more complicated
molecules such as macrocyclic peptides, generating an accurate restraint dictionary can still
be a tedious, error-prone, and time consuming process. Furthermore, electrostatics and
attractive Van der Waals forces are typically not taken into account, though it has been
shown that electrostatics is important for modeling the hydration of DNA (Fenn et al., 2011),
while including an implicit solvent improves stereochemistry for solvent accessible residues
(Moulinier, 2003). Moreover, since cryo-EM results in Coulomb potential maps, the
inclusion of electrostatics during refinement will ultimately be important to accurately
represent the experimental data (Wang and Moore, 2017).
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More sophisticated approaches introduce a physics-based force field or low-level quantum
mechanics Hamiltonian to calculate energies and gradients during structure refinement. The
use of a force field in refinement has already been introduced several decades ago in the
well-known Xplor and CNS programs using the OPLS-AA parameters (Brunger et al.,
1998). Also, the Schrodinger developed PrimeX refinement protocol uses the Prime force
field, a combination of the OPLS3 and VSGB2.0 energy model, and we have shown that it
results in significantly improved structures based on standard quality measures such as the
number of clashes (Bell et al., 2012; Li et al., 2011). The Amber force field (Ponder and
Case, 2003) is available in Phenix and a recent analysis likewise showed that structure
quality is improved, more so at lower resolutions (Moriarty et al., 2020). The Q|R package
applies QM to the entire protein (reciprocal or real space) improving geometries and
hydrogen bonding networks (Wang et al. 2020; Zheng et al., 2017, 2020). A number of
publications focused particularly on ligand geometries in reciprocal space refinement and
are mainly effective in relieving ligand strain: Phenix-AFITT supplements the Phenix energy
model with the MMFF-94 force field for ligands only (Janowski et al., 2009); Phenix-
DIVCON takes a different approach by applying the AM1 quantum mechanical Hamiltonian
(Borbulevych et al., 2014, 2016).

The recently released OPLS3e force field combines accurate fixed partial charges from on-
the-fly semi-empirical quantum mechanics calculations with accurate torsional profiles from
a combination of a database covering a substantial portion of medicinal chemistry space and
the ability to easily extend that database with high-level quantum mechanics calculations
when encountering functional groups not already covered (Roos et al., 2019). To
energetically account for the macromolecule - bulk solvent interaction, we have previously
developed the VSGB energy model for accurate protein structure modeling of loops (Li et
al., 2011). The VSGB model combines an optimized GBSA-based implicit solvent model
with additional corrections for hydrogen bonding, r-rt, self-contact, and hydrophobic
interactions. Here we introduce the implementation of an interface between the principal
refinement programs in the widely used macromolecular structure determination package
Phenix and the OPLS3e force field and VSGB2.1 implicit solvation model through
Schrddinger’s Prime software, which we refer to as Phenix/OPLS3e. The implementation is
versatile supporting covalently bound ligands and multiconformer complexes, and can be
used in reciprocal and real space refinement for either the whole or part of the structure,
using pheni x. r ef i ne (Afonine et al., 2012) and pheni x. real _space_r ef i ne (Afonine
et al., 2018a). It furthermore removes the need for accurate restraints files as ligands are
automatically parameterized by the OPLS3e force field, either through its internal database
or generated by the ForceFieldBuilder available in Maestro (www.schrodinger.com), the
main graphical user interface for the Schrodinger software suite. We benchmarked our
approach on 2284 cases using X-ray data and show that refinement with Phenix/OPLS3e
results in structures with statistically significant improved Molprobity scores and
Ramachandran Z-scores (Sobolev et al., 2020) at resolutions better than 1.5A, and reduced
whole structure and ligand strain energies across all resolutions. Larger improvements are
seen at lower resolutions, with models showing a small increase in their Ryee Values, that are
only statistically significant at resolutions between 2.0 and 3.0A. Interestingly, when we
applied our method to 15 cryo-EM structural models, this resulted in models with similar
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MolProbity scores and real space cross correlation values but reduced ligand strain. We
furthermore show that the inclusion of a high quality ligand force field provides an
additional measure to reduce overfitting by constructing a ligand strain versus cross
correlation curve by sampling over weight space through multiple refinements. Our analysis
highlights some instances where structure quality and goodness-of-fit could be improved in
current deposited PDB structures, while signs of overfitting are present in 8 of the 15 cases
based on the MolProbity score and Ramachandran Z-score. These cases can be
straightforwardly remedied by re-refinement at a lower data weight factor.

The Phenix/OPLS3e implementation has already seen applications in cryo-EM enabled
SBDD of macrocycles in ribosomes (Qi et al., 2019) and determining high-confidence
ligand binding poses in ambiguous cryo-EM structures in the GemSpot pipeline (Robertson
et al., 2020). We foresee our approach as an accessible and user-friendly implementation of a
high quality force field to improve structure and ligand quality especially when using lower
resolution data provided either by crystallography and cryo-EM, and as an additional
measure for reducing overfitting in cryo-EM structure refinement and cryo-EM ligand

fitting.() arrarcfrother frother f other

Results and discussion

Structure quality improvement increases with decreasing resolution

To measure the impact of the OPLS3e/VSGB force field on refinement, we applied Phenix/
OPLS3e and standard Phenix reciprocal space refinement on 2284 protein ligand complexes
at varying X-ray diffraction resolutions as described above. For each of the resolution bins
we calculated the difference in R-factors, and MolProbity score between the two refinement
protocols where differences are calculated by subtracting standard Phenix refined structure
metrics from Phenix/OPLS3e refined structure metrics (Figurela—b). The absolute values for
the R-factors, individual MolProbity metrics, the bond length and bond angle RMSZs, and
Ramachandran Z-scores for both protocols can be found in Figure S1 and Data S1.

In general there is a slight increase in the median ARyee Value, ranging from 0.003 (0.3%) in
the 1.0-1.5A resolution bin to 0.010 at the 3.5-4.0A range for models re-refined starting
from the initial PDB structure. For ARy, We observe a different behavior, with increased
values of 0.006 at high resolution and decreased values for lower resolution refinement
starting at 2.0A. However, the difference in the mean is statistically only significant within
the 2.0 — 3.0A range for Rfyee and the 1.5 — 3.0A for Rgap (P < 0.05). The MolProbity score
increases by 0.21 for high resolution refinements (1.0-1.5A), but improves at lower
resolutions with a small decrease of 0.09 at 1.5-2.0A and 0.32-0.66 improvement at lower
resolutions. As the MolProbity score is a combination of several factors, we also inspected
other geometric metrics (see Figure S1). All terms except for C-beta deviations have
improved median values for structures at resolutions lower than 1.5A, including the
Ramachandran Z-score, where the median ranges from 0.0 down to -2.0, within the bounds
that correspond to high quality structures. Unsurprisingly, the structure energy is markedly
reduced after refinement with inclusion of the OPLS3e energies indicating that the
improvement in the structure quality is indeed due to the force field (Figure 1c), with the
mode found at —1.5 x 103 kcal/mol. As observed previously, the bond length and bond angle
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RMSD values increase by 0.09A and 1.3-1.5°, with absolute RMSD values of 0.1A and
2.3°, which is well in-line with observed values in high-resolution structures (Bell et al.,
2012; Jaskolski et al. 2007). However, a better comparison is provided by the RMSZ scores,
which increases by 0.5 — 0.8 and 0.6 — 1.0 for the bond length and bond angle, but globally
stays below 1.4 for both terms after Phenix/OPLS3e refinement. The only structure metric
that suffers is the number of C-beta outliers, which is typically 0 or 1 in standard Phenix
refinements, due to tight restraints. Phenix/OPLS3e typically results in an additional 1-3 C-
beta outliers depending on resolution. All structure based metric differences are statistically
significant (p < 0.05) at resolutions worse than 1.5A, apart from the Ramachandran Z-score
which is at the border of significance in the 1.5 — 2.0A resolution bin (p = 0.05).

The improvement of structure quality in terms of the clash score has already been observed
in our previous work describing PrimeX, with similar bond length and bond angle RMSDs
found compared to ideality (Bell et al., 2012). Furthermore, during the development of this
work and manuscript, Moriarty et al. (2020) reported on the inclusion of the Amber force
field in Phenix reciprocal space refinement. The results show similar trends both in R-factors
and MolProbity statistics showing increased Ryork and Rree Values, with a reduction in the
MolProbity score and an increase in the C-beta outliers.

To properly compare the output structures of Phenix/OPLS3e and standard Phenix, it is
important to take into account the weight optimization protocol used in phenix.refine. The
weight optimization scheme is essentially a grid search where several weights are sampled,
and the weight is chosen in such a way that certain structure based metrics fall within set
cutoffs and within those bounds a specific metric is minimized. For example, for structures
with a resolution better than 1.5A, cutoffs are used for the bond length and angle RMSDs,
and the weight resulting in the lowest R¢e is chosen; this is in contrast to refinement at
lower resolution such as between 2.5 and 3.5A where besides the bond length and angle
RMSDs also an acceptable Rgap and Reree range is compared to the lowest values found
among all weights, and the structure containing the lowest clash score is chosen. The
acceptable Rgap and Reree ranges are set to 6% and 1.5% points respectively. Taking these
optimization parameters into account, we note that most Phenix/OPLS3e structures fall
within the 1.5% R¢e cutoff (Figure 1a), i.e. the median falls well below 1.5%, while nearly
all exhibit an improved Clashscore (see Figure S1), where the 95% percentile whisker is
well below zero. Thus, when the default optimization scheme would be provided with both
the Phenix/OPLS3e re-refined structure and the standard Phenix structure, it would more
often pick the Phenix/OPLS3e structure. The same arguments would hold for the other
resolution bins starting from 2.0A onward. In effect, this could also explain the behaviour
between these resolution bins in Figure 1a where the Ryork and Rsree range is markedly
increased compared to refinement at higher resolution. Obviously, changing the weight
selection parameters might change the preferred force field used, as the standard Phenix
restraints model seems better at finding lower R-factors, especially at higher resolution.

Next we inspected ligand quality by calculating the reduction in strain energy, i.e. energy
before and after refinement, and their real space cross correlation for all 4928 ligand cases.
Although the RMSDs between the starting and end conformation is typically smaller than
1A (Figure 2a), and real space cross correlations remain about the same with a median
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difference of —0.001 (Figure 2b), in 99% of the cases the strain was markedly reduced
(Figure 2c).

In general, our results are in agreement with previous studies for both full structure
refinement as well as ligand focused refinement protocols, showing that the impact of
including the force field is mainly improving the detail of the models, inherent to the Phenix
global minimization strategy employed during refinement

(refine.strategy=indi vi dual _sit es+i ndi vi dual _adp+occupanci es) which
applies a gradient based local minimization, a point that was adequately made recently by
Moriarty et al. (2020).

Finally, we investigated the computational performance of the Phenix/OPLS3e refinement
against standard Phenix refinement. In general, a Phenix/OPLS3e refinement takes about an
order of magnitude more time (Figure S2), where the bulk of the time is spent in calculating
the energies and gradients, while a negligible part is spend on input/output communication
between the main refinement instance and the OPLS3e energy server process. We would
recommend to use Phenix/OPLS3e at the final stages of the model building process, which
coincides also with the refinement strategy employed.

Re-refining cryo-EM structures with Phenix / OPLS3e

After validating our implementation in reciprocal space refinement using X-ray diffraction
data, we applied our protocol on 15 deposited cryo-EM structures and maps, previously used
in our GemSpot pipeline (Robertson et al., 2020). Since cryo-EM refinement lacks a robust
cross-validation metric, we performed a grid scan over the map weight parameters for our
cases, using both the Phenix standard restraints model and the OPLS3e force field. For each
refinement, the MolProbity score, Ramachandran Z-score, and cross correlation values were
calculated and are shown in Figure 3 and 4 for Phenix/OPLS3e. Individual Clashscores are
shown in Figure S3.

It is well known that refinement is a balance between restraints and the available data,
implying a trade-off between geometric quality and fit to the data. Interestingly, however, we
find that although the cross-correlation value between the model and the map typically
increases with increasing weight for the experimental data, structure quality proxied by the
MolProbity score remains relatively stable at lower weights, after which the score increases
dramatically after a critical weight. Also, when inspecting other proxies, such as the
Ramachandran Z-score and Clashscore, a similar behavior is observed (Figure 4 and S3). In
cryo-EM modeling it is typically assumed that with equal structure quality the model with
higher cross-correlation is preferred, while at equal cross-correlation the model with higher
structure quality is preferred. Although there is no current metric that can formally decide
how to balance cross-correlation and structure quality, and thus what weight to pick to
generate the “most correct” structure, it is clear that there is a reasonable narrow range of
acceptable weight values as can be seen in Figure 3, where a noticeable kink is observed in
the quality-correlation plots. We therefore propose that providing a single cross correlation
value and MolProbity score is not convincing to indicate that the best refined structure is
obtained. Moreover, the shape of the quality-correlation curve indicates that the modeler is
essentially free to choose the correlation value, reminiscent of earlier X-ray refinement
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before the advent of Rsee Where exceedingly low R-factors were obtained. However, cryo-
EM lacking a cross-validation metric, a minimal check can be performed by staying within
the stable structure quality regime. However, we note that in most cases a weight factor of 3
provides a reasonable estimate for the location of the break point.

To further narrow down the best weight, we also investigated the ligand energy against its
local map-model correlation as a function of the weight factor (Figure 5). The shape of the
curve follows a similar pattern as the MolProbity score with relatively low ligand energies,
where the increase in energy is compared to the lowest energy conformer, at low to
intermediate weights together with low real space correlations; while at high weights the
correlation values and the energies increase. In addition to the knowledge based MolProbity
metrics, the ligand energy provides an additional physics based check on overfitting as
highly strained ligands are unlikely to be found. Since the resolution of cryo-EM maps is
often non-uniform, the weight of the data during refinement could also be varied locally for
optimal model to map fitting, even though this has not been investigated so far. Inspecting
the ligand energy versus correlation at different weights provides one route to investigating
local weight optimization, which is especially important for the binding site, as here
accuracy is key. Based on our findings here coupled with the above observation for the
global structure metrics, we advise an energy increase of the ligand to be no more than 1 log
unit, i.e. 10 kcal / mol, within Phenix/OPLS3e refinement compared to the lowest energy
conformer to reduce local overfitting.

When comparing the standard Phenix restraints model and the OPLS3e force field (Figure
S4 and S5), we find no significant difference in the structure quality-correlation curve
between the two, owing to the additional restraints introduced by default in the real space
refinement protocol including secondary structure, rotamer, NCS and Ramachandran
restraints. Although refinements with Phenix/OPLS3e result in a curve starting at low
correlations, refinement with the standard Phenix restraints model is more focused, i.e. even
at very low weights the correlation remains rather stable as well as the MolProbity score and
the Ramachandran Z-score, and the curve is less smooth compared to Phenix/OPLS3e
refinement but does still show a critical weight term after which structure quality
deteriorates rapidly. This might be due to tighter restraints where even low weights on the
geometric terms result in large forces at deviations from ideality, but we did not investigate
this further.

Having established a narrow acceptable weight range, we can evaluate the current deposited
ligand complexes (see black dots in Figure 3, 4 and 5). When checking the location of the
structure quality versus correlation locations of the deposited structures we find that most
modelers have been conservative in their modeling and most structures are in the stable
MolProbity -- high-cross correlation region. Intriguing, several cases are found very close to
the break point between structure quality and real space correlation, e.g. EMD-0280,
EMD-4536, and EMD-3953. Other models can be further refined, i.e. both their real space
correlation as well as their structure quality can be improved, such as EMD-6997,
EMD-0339 and EMD-9781. For 2 cases, EMD-4590 and EMD-0567, the deposited model is
found after the break point, and could indicate slight overfitting of the structure. Including
the Ramachandran Z-score in the analysis, however, highlights additional cases with signs of
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overfitting. A recent investigation of the Ramachandran Z-score indicated that an absolute
score below 2 is considered good, between 2 and 3 suspicious, and above 3 bad. Worryingly,
for 7 out of 15 cases the initial Z-score is below -3, going down as far as —5.6 for
EMD-6997, with all scores being negative except for EMD-9781 which has a Z-score of 2.9.
Interestingly, EMD-3953 and EMD-4536 that appeared to be in the stable MolProbity region
close to the break point, both show a Z-score below —4. In total, 8 out of 15 structures show
signs of overfitting, with either MolProbity scores well beyond the break point or having
absolute Ramachandran Z-scores above 3, which is more lenient compared to the
Ramachandran Z-score break point as that falls in all cases well before 3. It should also be
noted that although the MolProbity score and Ramachandran Z-score are complementary in
their detection of overfitting, the Ramachandran Z-score seems the more sensitive, as in all
but 1 case it shows signs of overfitting, while the MolProbity score would indicate
overfitting for 3 cases.

Investigating the initial models locally by comparing the ligand strain energy and cross-
correlation is more complicated, as the energy model used by the initial refinement for the
ligand does not necessarily translate to the OPLS3e energies, and would result predictably in
excessively high energies. However, in many cases the location of the initial ligand strain
energy - cross-correlation point lies either on or is very close to the ligand quality-cross
correlation curves of the Phenix/OPLS3e refined cases, e.g. for EMD-0280 and EMD-4590;
even when the point does not overlap, the measured cross-correlation remains a decent proxy
for overfitting by comparing its value and mapping this to the energy that corresponds to the
Phenix/OPLS3e curve. Although the energy models are different and the energies would not
necessarily translate, if the cross-correlation is well beyond what is found at a ligand strain
energy of 10 kcal/mol as found with the Phenix/OPLS3e curves, this is likely due to local
overfitting of the ligand in the map and the resulting correlations are overly optimistic of the
goodness-of-fit. However, in 13 out of 15 cases the initial ligand cross correlation is very
close to the reported cross correlation at the 10 kcal/mol boundary for the Phenix/OPLS3e
refinement curves. Only in EMD-8942 and EMD-8943 could the ligand correlation be
slightly improved further.

Although our analysis would indicate that the number of cases that show signs of overfitting
is more than half of the 15 cases investigated here, it is of a positive note that the issue is
easily remedied by a simple refinement at a lower weight factor for the data. The weight
factor should be ideally chosen such that the metrics stay within the stable structure regime,
or at least close to the break point for both the Ramachandran Z-score as well as the
MolProbity score, while local signs of overfitting can be taken into account by monitoring
the ligand strain energy.

The procedure to vary the weight factor between data and model has been investigated
earlier by Monroe et al. (2017) in the context of MDFF and Rosetta, where they found that
most models could be “refined further”, although their dataset was mainly aimed at lower
resolution cases down to 20A. In addition, besides the difference in software platform used,
they did not explicitly show how the weight factor relates to the cross correlation or how to
decide on the optimal weight factor at high resolution cryo-EM modeling.
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Finally, to help with determining a near-optimal weight, we implemented an automatic
weight scanning tool that runs several refinements at different weights and produces a plot
similar to Figures 3 and 5 showing MolProbity score versus real space correlation as the
global metrics and ligand energy versus correlation for local ligand metrics.

Conclusions

Here we have described our implementation of Phenix/OPLS3e, which incorporates the
OPLS3e force field and VSGB2.1 solvation model into the popular refinement package
Phenix, for both reciprocal and real space refinement. Our approach alleviates the need to
handcraft an accurate restraints dictionary for ligands as gradients are provided by the force
field and includes additional physics based forces, most notably electrostatics and a GBSA
implicit solvent model. More specifically, for reciprocal space refinement a clear
improvement in structure quality is observed starting at resolutions worse than 1.5A, while
Rree IS generally slightly increased compared to the standard Phenix restraints model,

results that are in line with previous observations (Bell et al, 2012; Moriarty et al., 2020).
For real space refinement of cryo-EM structures, no significant improvement is noticed in
refinement when comparing the structure quality-correlation plots between the two restraints
models by scanning across weights, though global and ligand energies are significantly
reduced when using Phenix/OPLS3e. We furthermore have shown that, although cryo-EM
currently has no universally used cross validation metric, and thus no formal target to
determine the weight ratio for data versus restraints, there is actually only a relatively narrow
weight range where structure quality is acceptable while correlation is maximized. Insights
into local overfitting can be obtained by inspecting ligand strain compared to the low energy
conformer. The nature of the quality-correlation curve implies that a weight scan should
preferably be performed to find the optimal point that balances structure quality and data fit,
i.e. MolProbity score or Ramachandran Z-score and cross correlation, although we find that
a weight value of 3 often provides a reasonable estimate. We’ve also shown that 8 out of 15
cryo-EM cases show signs of overfitting, with 7 having a Ramachandran Z-score lower than
-3, and 2 cases, of which one unique, have a MolProbity score well beyond the break point.
However, we propose a straightforward solution by performing a simple re-refinement at the
appropriate data weight factor. Finally, the use of the OPLS3e/VSGB force field within
Phenix is made user-friendly by a tool that includes preparing the input structure, performing
the refinement and calculating several validation metrics, and which is available in the 2020-
3 release of the Schrddinger software. This release of the software is compatible with Phenix
version 1.16 and later.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for data will be fulfilled by the lead
contact Kenneth Borrelli (kenneth.borrelli@schrodinger.com).

Materials availability—No experimental material was used in this study.
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Data and code availability—The Phenix software suite is freely available for academic
institutions and can be downloaded from https://www.phenix-online.org. The OPLS3e force
field and VSGB model are part of the Schrddinger software suite, and free licenses are
available via the SBGrid Consortium (https://www.sbgrid.org) for North American academic
institutions. The newly created user-friendly phenix.py pipeline within the Schrédinger
distribution does not require any additional licenses. The Maestro interface and the Protein
Preparation Wizard are freely available and can be accessed again via the SBGrid
Consortium or downloaded from https://www.schrodinger.com after registration.

All re-refined structures are freely available upon request and a table of the 2284 re-refined
X-ray model PDBIDs and their global refinement statistics can be found in Data S1.

Experimental model and subject—For the X-ray crystallography benchmark all 2282
models and structure factors were downloaded from the PDB and their corresponding PDB
IDs can be found in Data S1. Their aggregate analysis after re-refinement is reported in
Figures 1, 2, S1, and S2. The cryo-EM benchmark models were downloaded from the PDB
with the following IDs: 6cvm, 5ala, 6a95, 6gm7, 6n4b, 6eti, 6j8h, 6nr3, 6dzz, 60ik, 600h,
6huk, 6qee, 6nr2, 6dzy. The experimental cryo-EM maps were downloaded from the EMDB
with the following IDs: 7770, 2984, 6997, 4590, 0339, 3953, 9781, 0488, 8943, 20079,
0567, 0280, 4536, 0487, 8942. Individual re-refinement statistics are reported in Figures 3,
4,5, S3, S4, and S5.

METHOD DETAILS

Overview—Macromolecular refinement with Phenix in general consists of three stages: an
initial stage where all the input data is processed and prepared; the actual refinement stage
which involves the concept of the macrocycle, an iterative sequence of distinct procedures
that optimize different aspects of the model; and an end stage where the refinement is
finalized and the structure and any other outputs are written to disk. An important procedure
in a macrocycle is the optimization of the atom coordinates, which ultimately is a fine
balancing act between the available experimental data and knowledge-based restraints. The
target function 7 during coordinate optimization can be written as a simple linear function
consisting of two terms

T(x,y,z)=w-Eg+ E,

Where E,and Eyare the (pseudo-)energies of the restraints and fit to the data respectively; w
is a weight factor determining the impact of the restraints, and is typically determined
automatically during refinement, using differing algorithms depending on the refinement
engine, i.e. reciprocal space (pheni x. r ef i ne) or real space refinement

(pheni x. real _space_r ef i ne). In the reciprocal space refinement engine, the total
weight factor is the product of two terms, where the first term is determined by normalizing
the restraints gradients against the data fit gradients, after performing a local minimization
and a short molecular dynamics simulation (Adams et al., 1997); the second weight term is
by default set to 0.5 or can be determined using a grid search that aims to optimize the
metrics for model to data fit, while simultaneously maintaining overall geometric quality

Structure. Author manuscript; available in PMC 2022 August 05.


https://www.phenix-online.org/
https://www.sbgrid.org/
https://www.schrodinger.com/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van Zundert et al.

Page 12

within a reasonable range of values. In real space refinement, when no NCS restraints are
present, the weight factor is determined by refining small pieces of the structure against the
density at different weights. The final weight is chosen such that a reasonable
stereochemistry is maintained. In the case of NCS restraints the whole structure is refined
instead of random pieces (Afonine et al., 2018a).

The restraints energy £,in turn can again be separated into a linear combination of terms
given by

Epc=Eff+ Epther

Where £ is the force field energy consisting of a linear combination of bond length, bond
and torsion angle, planarity, chirality, parallelity, and nonbonded restraint terms. In the
default Phenix restraints model the nonbonded restraints consist of solely a repulsive term to
prevent atom clashes. The second £, term is a collection of additional restraints such as
non-crystallographic symmetry (NCS) restraints, deformable elastic network (DEN)
restraints and others. Our aim is to use the energies and forces provided by the OPLS3e
force field and VSGBZ2.1 energy model and exchange it for the default force field energy
term E¢¢, while still allowing the use of restraints included in £yser.

Implementation details of the OPLS3e/VSGB force field in Phenix—Since the
Schrddinger software stack is written primarily in Python3, while Phenix currently supports
Python-2.7, this makes a direct connection between the software entities challenging. Thus,
we decided to create an external program that runs in the background during a refinement
using either the pheni x. r ef i ne or pheni x. real _space_r ef i ne engines. This acts as
an energy server, running parallel to the refinement process. The external process is
initialized using the starting structure in Maestro format and additional options that impact
the energy calculation, such as including crystal symmetry or energy flags to include or
exclude certain terms. During all subsequent energy calculations, the refinement protocol
writes coordinates to disk that are then read by the external server. The external energy
server internally updates its coordinates and calculates the energy and gradients of the
system, which are then written to disk and read by the refinement program. In the case of a
multiconformer model, the energy and gradients are calculated for each consistent
conformer, after which the energies and gradients are summed and divided by the number of
conformers. The concept of a consistent conformer simply entails that atoms carrying a
certain alternate location ID interact only with atoms with no or the same alternate location
ID.

Our implementation is versatile and allows for inclusion of the full range of Phenix energy
terms, such as NCS and DEN restraints, alongside the OPLS3e energy terms. In addition, the
force field can be used for only a subset of the structure, by providing a selection, such as a
ligand and its surrounding residues. In this mode, atoms governed by the OPLS3e force field
will be fully aware of its environment, while energies and gradients are calculated
appropriately for the subset. A more restricted version applies the force field to a ligand that
is decoupled from its environment, i.e. interaction energies with the macromolecule are not
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included, similar to the Phenix-AFFIT plugin. This is useful when higher resolution data is
available for the macromolecule while the ligand densities remain ambiguous, or for larger
complexes found typically in cryo-EM where refinement with the full force field can be
lengthy. Crystal symmetry, which by default is not used, needs to be explicitly accounted for
in the OPLS3e force field energy calculations when using crystallographic data by using the
schr odi nger . use_synmet r y=Tr ue parameter. After obtaining energies and gradients,
the default Phenix energy and gradient terms for the relevant selected atoms (default is all)
are subtracted from the total energy and gradients, while the OPLS3e/VVSGB force field
energies and gradients are added with a weighting term (default is 10). In addition, the riding
hydrogen model in the version of Phenix (1.16) used in this work was disabled for the force
field selected part, as this increased the energy in the OPLS3e force field calculations. It
should furthermore be noted that chemical components need to be consistent with the
OPLS3e force field, meaning that the valency rules of atoms need to be adhered to, i.e.
hydrogens need to be added to the system. Truncated residues are supported, though requires
the addition of non-standard hydrogens.

Performing a refinement with Phenix/OPLS3e—lInitially the structure to be refined
needs to be processed with Schrédinger’s Protein Preparation Wizard (Sastry et al, 2013),
which adds hydrogens and additional bonds between residues and ligands, among other
things, so the structure is fully compliant with the OPLS3e force field specification.
Although performing a refinement with the force field takes care of all structural restraints,
restraint dictionaries describing the topology of ligands still need to be provided to Phenix
for restrained atomic displacement (ADP) refinement and to prevent errors due to unknown
atom types. Restraint file generation is provided by the hetgrp_ffgen utility, an internally
used atom typing program, which generates restraints based on the OPLS2005 force field.
After processing the input structure and generating the required restraint files, the structure
can be refined through the command line. The OPLS3e force field can be requested by
setting the parameters schr odi nger . use_schr odi nger =Tr ue and

schrodi nger. maestro_fil e=<STRUCT_FN> where <STRUCT_FN> is the processed
input file in Maestro format.

The pipeline can be cumbersome to go through manually, as atom naming and residue
naming conventions in Phenix are different compared to Schrédinger’s approach, thus there
is a consolidated single entry point command line script within the Schrédinger distribution
to provide a user-friendly experience. The minimal input solely consists of a PDB or
Maestro structure file and a data file and in case of real space refinement the map resolution.
The pheni x. r ef i ne (Afonine et al., 2012) engine is used when a file containing
reflections in either MTZ or mmCIF format is provided, and

pheni x. r eal _space_r ef i ne (Afonine et al., 2018a) when a map in CCP4 or MRC
format file is provided. Currently providing a real space map for reciprocal space refinement
is not supported, but is under development for the next release. The calling signature is
condensed to the following
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$SCHRODI NGER/ run - FROM psp pheni x. py <STRUCT_FN> <EXP_DATA FN> [-resol ution
<RESOLUTI ON>] [options]

The resolution option providing the cryo-EM map resolution is required solely for real space
refinement. All Phenix refinement parameters can be provided through the command via
key-value pairs, or by providing an input parameter file, which is directly passed on to the
refinement engine. Before and after refining the structure, validation scripts are run
including pheni x. mol probi ty (Williams et al., 2018) to calculate geometry statistics and
R-factors, pheni x. real _space_correl ati on (Liebschner et al., 2019) for real space
correlations on a per residue basis when dealing with reciprocal space refinement and
pheni x. nodel _map_cc (Afonine et al., 2018b) for real space refinement plus total and
per-atom based energies are calculated with Prime. All calculated energies and metrics are
stored in the output Maestro structure file and are viewable in the Worktable in Maestro and
are accessible as structure level and atom level properties. The user-friendly script is
available in the Schrédinger 2020-3, and works ‘out of the box” when both Phenix and the
Schradinger suite are installed and users have set the SCHRODI NGER and PHENI X
environment variables to the root directories of the Schrédinger and Phenix distributions.

Benchmarking the impact of the OPLS3e force field on macromolecular
refinement—The Phenix/OPLS3e protocol was benchmarked on a diverse dataset of 2284
protein-ligand cases downloaded from the Protein DataBank (wwPDB consortium, 2019).
The 2284 cases were selected based on the following criteria: the macromolecule is only
protein; the sequences contain less than 30% sequence identity among entries; and the entry
should have at least 1 ligand according to Schrédinger’s LigandFinder (total of 4928
ligands). To ascertain the impact of the Schrddinger force field, the cases were divided in 6
different resolution bins with a width of 0.5 starting at 1.0A and ending at 3.5A resolution,
where each bin contains 11, 863, 823, 433, 56 and 98 number of structures, respectively.
Starting structures were downloaded from the PDB database with their associated reflection
files in MTZ format using pheni x. f et ch_pdb with the - - nt z option. Each structure was
prepared using Schrddinger’s Prot ei n Preparati on W zar d tool to add and optimize
hydrogen positions (heavy atoms positions were fixed), and to define bonds and linkages
between residues, e.g. disulfide bridges. The output structure is further processed by
renaming residues and atom names to be consistent with the naming conventions in Phenix.
Waters near special positions were removed for Phenix/OPLS3e as these resulted in non-
bonded overlaps in the current Schrédinger energy calculation routines. Input restraint files
were generated using het gr p_f f gen. Reciprocal space refinement was performed using
pheni x. r ef i ne using as input the PDB and Maestro file describing the structure, the PDB
MTZ file, and generated restraint files as input files with the following refinement options:
mai n. nunber _of _macrocycl es=5, optim ze_xyz_wei ght =Tr ue,

opti m ze_adp_wei ght =True, strategy=i ndi vi dual _sites+i ndi vi dual _adp
+occupanci es wei ght _sel ection_criteria.bonds_rnsd=0. 020

wei ght _sel ection_criteria.angles_rnsd=2.5

schrodi nger . use_schrodi nger=True schrodi nger.use_symetry=True
schrodi nger. maestro_fil e=<MAESTRO FI LE>, where <MAESTRO FI LE> is the input
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structure in Maestro format. The macrocycle thus follows the iterative optimization scheme:
1) locally optimize atom positions; 2) optimize individual ADPs; and 3) optimize the atom
occupancies atom positions for residues with alternate conformations or atoms with
occupancies less than 1 but greater than 0. The default i ndi vi dual _sites_real _space
strategy component was disabled, as this typically raised the energy dramatically,
presumably due to rotamer idealization. The weight selection criteria for the automatic
restraints weight determination were increased compared to default values for refinement at
lower resolution, as shown in previous work (Bell et al., 2012). R flags were generated
for the downloaded MTZ files, using pheni x. refl ection_fil e_converter using
default values. For the reference Phenix workflow, which we will refer to as standard
Phenix, the input structure and restraint files were prepared using pheni x. r eady_set
(Word et al., 1999; Moriarty et al., 2009) with the option add_h_t o_wat er =Tr ue. The
output model, ligand restraint, and metal/link edi t files were used as input to

pheni x. r ef i ne using the same options as described above, except for the Schrodinger
specific options and the weight selection criteria were left at their default values. All re-
refined output models were analyzed using pheni x. nol probi ty and

pheni x. real _space_correl ati on, and energies were calculated using Prime. For
pheni x. nol probi t y we used the following option keep_hydr ogens=Tr ue. Calculations
were performed using Phenix-1.16.

Re-refinement of high-resolution cryo-EM models—To determine the impact of the
OPLS3e/VSGB force field in cryo-EM structure refinement, 15 protein-ligand complexes
were retrieved from the PDB and EMDB (Lawson et al., 2016) containing pharmaceutically
active compounds. These 15 are from a total of 19 high-resolution (< 4.5A resolution) cryo-
EM structures that contained a pharmaceutically relevant ligand, and that were originally
used to benchmark the GemSpot pipeline, a robust ligand fitting procedure for cryo-EM
structures (Robertson et al., 2020). Structures were manually prepared using the Pr ot ei n
Prepar ati on W zard in Maestro. For all cases default options were used in the

Pr epr ocessi ng step, i.e. bond orders were assigned, hydrogens were added, metal zero-
order bonds created and ligand protonation states determined. Since in some cases a
substantial part of the structure was missing side chains, they were added using Prime for all
cases. Protein protonation states and hydrogen bond networks were optimized and a
restrained energy minimization of hydrogens only was performed. For 6NR2 (EMD-0487)
and 6NR3 (EMD-0488) large stretches of unknown (UNK) residues were removed. The
refinement pipeline is similar as described above for reciprocal space refinement, with the
following differences: cross-correlations were calculated with pheni x. model _map_cc;
Ramachandran Z-scores were calculated with pheni x. r ama_z (Sobolov et al., 2020); and
pheni x. r eal _space_r ef i ne was used as refinement engine with different input
parameters: the refinement strategy was set to only the global minimization and ADP
optimization protocol, the weight factor of the experimental data in the refinement target
function and the exclusion of crystallographic symmetry
(refinement.run=minimization_global+adp, weight=<WEIGHT>and
schrodinger.use_symmetry=False). Since cryo-EM modeling currently lacks a proper
broadly accepted cross-validation term, determining an acceptable weight factor in the target
function between the restraints and the experimental data is not straightforward. Default
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pheni x. r eal _space_r ef i ne behavior is to perform a guided weight grid search, where
pieces of the model are refined at different weights and monitoring the bond length and bond
angle RMSD. Default values are set to 0.1A and 1.0° angle deviation from ideality, which is
too tight for the OPLS3e force field (Bell et al., 2012). Therefore, we performed an explicit
weight scan by performing a full refinement at different weights. For comparison we also re-
refined the structures using solely Phenix tools as described above and identical refinement
options. Calculations were performed using Phenix-1.16, except for pheni x. r ama_z for
which Phenix-1.18 was used.

Limitations of current implementation—Our current implementation is lacking
support for automatic water and ion placement and simulated annealing in torsion angle
space. In addition, multiprocessor use for weight scanning within the refinement protocols is
not available. Currently, only two conformers can be handled, as the Pr ot ei n

Prepar ati on W zar d only takes into account the A and B conformer when adding
hydrogens. Finally, as mentioned above, residues on special positions need to be removed to
prevent high energies caused by clashes within the OPLS3e force field.

QUANTIFICATION AND STATISTICAL ANALYSIS

Refinement metrics were calculated using Phenix and energies with Prime. Specifically,
MolProbity statistics were calculated with pheni x. nol pr obi t y, real space correlations
with pheni x. real _space_correl ati on for X-ray crystallographic structures, and
pheni x. nodel _map_cc for cryo-EM structures, and the Ramachandan Z-scores were
calculated with pheni x. r ama_z and pheni x. nol pr obi t y. Bond length and bond angle
RMSZ scores were calculated using a custom made Python script using the Phenix API.
Phenix-1.16 was used for all calculations, except for the Ramachandran Z-scores, for which
Phenix-1.18 was used.

Statistical analysis was performed using a Jupyter notebook and the Python sci py and
pandas package, where the former was used for Welch’s t-test using a cutoff p-value of
0.05, although our analysis and conclusions would stand at p-values of 0.01 and lower. The
Python packages seabor n and nat pl ot | i b were used for visualization and plotting
engine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The OPLS3e force field and VSGB2.1 solvation model are incorporated into
Phenix

Structure and ligand quality for lower resolution X-ray models improves
Global and local structure quality measures provide insight into overfitting

Indications of cryo-EM model overfitting are found in more than half the
cases
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Figure 1. Global structure refinement metric differences.
Shown are the difference in Ryork, Rfree and Rgap (2) and MolProbity score (b) distributions

between standard Phenix refinement and Phenix/OPLS3e refinement. Differences are
calculated by subtracting standard Phenix refined structure metrics from Phenix/OPLS3e
refined structure metrics. The whiskers in the box plots represent the 5t to the 95t
percentile, the box the 25t to 75t percentile and the line in the box represents the median.
(c) Energy difference distribution between Phenix/OPLS3e refined structure and starting
structure. See also Data S1.
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Figure 2. Ligand metrics before and after refinement with Phenix/OPLS3e.
Distribution difference plots before and after Phenix/OPLS3e refinement are shown for

ligand RMSD (a), real space cross correlation (b), and Prime Energy (c) when starting out

with the PDB deposited structure.
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Figure 3. Phenix/OPLS3e real space refinement and the impact of data weight.
The MolProbity score versus real space correlation is shown after refinement at different

weight factors when using the OPLS3e force field. The black dot represents the deposited

structure. The color of each dot represents the weight parameter for the impact of the
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Coulomb potential map used during refinement with blue indicating lower weights, and pink
indicating higher weights.
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Figure 4. Phenix/OPLS3e real space refinement and the impact of data weight on the

Ramachandran Z-score.
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The absolute Ramachandran Z-score versus real space correlation is shown after refinement
at different weight factors when using the OPLS3e force field. The black dot represents the
deposited structure. The color of each dot represents the weight parameter for the impact of
the Coulomb potential map used during refinement with blue indicating lower weights, and
pink indicating higher weights. All values shown were negative, except for the initial (black

dot) value of EMD-9781.
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Figure 5. Ligand energies and correlations after Phenix/OPLS3e real space refinement
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Energy differences against the lowest energy conformer for 5 ligands, one for each cryo-EM

structure, against the cross correlation are shown. The energy of the lowest energy

conformer was set to 1 and the energy axis is on a log scale. The black dot represents the
ligand as found in the deposited structure. The color of the dot represents the impact of the
Coulomb potential map, with blue tints indicating a low weight and pink tints indicating a

high weight.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited Data

Beta-galactosidase / 2-phenylethyl 1-thio-beta-D-
galactopyranoside

Bartesaghi et al., 2018

PDB: 6cvm, EMD: 7770

Beta-galactosidase / 2-phenylethyl 1-thio-beta-D-
galactopyranoside

Bartesaghi et al., 2015

PDB: 5ala, EMD: 2984

Sodium channel protein PaFPC1 / Tetrodotoxin

Shen et al., 2018

PDB: 6a95, EMD: 6995

L. tarentolae proteasome 20S / GSK3494245

Wyllie et al., 2019

PDB: 6gm7, EMD: 4590

Cannabinoid Receptor 1-G Protein Complex / Fubinaca

Krishna Kumar et al., 2018

PDB: 6n4b, EMD: 0339

Broad substrate specificity ATP-binding cassette
transporter ABCG2 / BWQ

Jackson et al., 2018

PDB: 6eti, EMD: 3953

Sodium channel Nav1.7 / Saxitoxin

Shen et al., 2019

PDB: 6j8h, EMD: 9781

TRPM8 ion channel / icilin

Yinetal. 2019

PDB: 6nr3, EMD: 0488

Serotonin transporter / ibogaine

Coleman et al., 2019

PDB: 6dzz, EMD: 8943

Muscarinic acetylcholine receptor 2-Go complex / Iperoxo

Maeda et al., 2019

PDB: 60ik, EMD: 20079

ATP-citrate lyase / NDI-091143

Wei et al., 2019

PDB: 600h, EMD: 0567

GABA receptor / Biculine

Masiulis et al., 2019

PDB: 6huk, EMD: 0280

Human-mouse chimeric ABCB1 / Zosuquidar

Alam et al., 2019

PDB: 6gee, EMD: 4536

TRPM8 ion channel / menthol analog WS-12

Yin et al. 2019

PDB: 6nr2, EMD: 0487

Serotonin transporter / ibogaine

Coleman et al., 2019

PDB: 6dzy, EMD: 8942

Software and Algorithms

Prime

Bell et al., 2012

https://www.schrodinger.com

Maestro

Schrédinger Release 2020-3: Maestro,
Schrédinger, LLC, New York, N, 2020.

https://www.schrodinger.com

Protein Preparation Wizard

Sastry et al., 2013

https://www.schrodinger.com

phenix.refine

Afonine et al., 2012

https://www.phenix-online.org

phenix.real_space_refine

Afonine et al., 2018a

https://www.phenix-online.org

phenix.rama_z

Sobolev et al., 2020

https://www.phenix-online.org

phenix.molprobity

Williams et al., 2018

https://www.phenix-online.org

phenix.real_space_correlation

Liebschner et al., 2019

https://www.phenix-online.org

phenix.model_map_cc

Afonine et al., 2018b

https://www.phenix-online.org

phenix.ready_set

Word et al., 1999; Moriarty et al., 2009

https://www.phenix-online.org
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