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Abstract

Cysteine is a multifaceted amino acid that is central to the structure and function of many proteins.
A disulfide bond formed between two cysteines restrains protein conformations through the strong
covalent bond and torsions about the bond that prefer, energetically, £90 degrees. In this study, we
transform over 30k Protein Databank files (PDBx/mmCIFs) into a single file, SQL ite database
(Cys.sqlite). The database schema is designed to accommaodate the structural information of both
oxidized and reduced cysteines and to retain essential protein metadata to establish informational
and biological provenance. Cys.sglite contains over 95k peptide chains and 500k cysteines (700k
structural conformers); there are over 265k cysteine disulfide bond conformations from structures
solved with all available experimental methods. The structural information is analyzed with
respect to sequence identity cutoff, the experimental method, and energetics of the disulfide. We
find that as the experimental information becomes limiting and the influence of modeling becomes
more pronounced, the observed average strain increases artificially. The database and analyses
presented here can be used to improve the refinement of biological structures from experiments
that are known to contain one or more disulfide bonds.

Introduction

The presence of cysteine residues in a protein sequence implies a diverse set of chemical and
structural activities unique to the other encoded amino acids.! The cysteine sidechain
extends a sulfhydryl group (-CzSH) that has a pK, (~ 8-9) slightly above the pH of
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biological conditions (7.4). The cysteine thiolate forms strong bonds with metal ion
cofactors that are critical to enzyme catalysis and metal ion homeostatis.2 Under oxidizing
conditions and sufficiently high pH, a disulfide bond is readily formed between two
proximate cysteine residues. Disulfide bonds join different regions of proteins, which can be
separated in sequence space within a polypeptide chain or between two different chains.
These covalent interactions provide stability to the protein native state by constraining the
number of configurations available to the unfolded state.3

Organisms have evolved redox proteins to maintain specific structural or functional activities
of cysteine residues that depend on the subcellular environment; cysteines are actively
reduced in the cytoplasm and oxidized/isomerized in the periplasm.~7 Such active
intervention is required because disulfide bonds are strong (~250 kJ-mol~1) yet susceptible
to exchange with other thiolates at room temperature and sufficiently high pH (exchange
barrier ~ 60 kJ-mol~1).8-11 The dihedral angle about the disulfide bond (C4S-S-Cpg, Fig.1)
favors £ 90 degrees energetically, providing additional structural restraints on the folded
state of the protein. The folding free energy can be used to twist and strain the conformation
of the disulfide to directly increase its reactivity to thiolate exchange or reduction. These
attributes have led to many experimental and computational studies, spanning over 30 years,
into how disulfide bonds (natural or engineered) influence protein structurel2-22 and
allostery,23-27 perturb biochemical activity,?8 facilitate cellular redox signaling,2? react
under mechanical stress,30:31 enable engineered peptide therapeutics32 and provide targets
for cancer therapy.33

Recent structural surveys have used the concept of disulfide strain energy to identify and
predict the presence of allosteric switches?425 and between-strand disulfide (BSD) redox
switches found in 3 sheets.21:22:34.35 Syrveys by Hogg and coworkers24:25 used a simple,
empirical model of disulfide strain energy (DSE, in units of kilojoules per mole of disulfide)
that was introduced in an earlier study of disulfides engineered into subtilisin.1> NMR
structures were found to have significantly higher populations of disulfide bonds with high
strain energy.2> However, it is unclear whether the populations of highly strained disulfide
bonds observed in NMR result from the limitations of the structural models.

All Protein Databank structures are models, which use theoretical insights and complex
computational algorithms,38-41 based on experimental information. For example, structures
determined from X-ray crystallography represent diffracted intensities from large lattices of
repeating units. Configurations that vary with lattice displacements reduce the resolution and
the amount of information available for modeling. Within a Protein Databank file, the effects
of uncorrelated atomic motion or configurational variability are present as modeling
parameters, /.e., temperature factors and occupancies. In fact, disulfide bonds are susceptible
to reduction when exposed to X-rays during experiments; a process that generally increases
B factors and reduces occupancies of the associated cysteines.#2-46 The structures from
NMR and cyro electron microscopy model information are typically gathered from solution
phase configurations. Without the restraints of the crystal environment, the structure is
difficult to define uniquely. For all methods, as the information degrades, the structural
representation of the model becomes less accurate. The present study seeks to quantify how
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cysteine disulfide structural information depends on different experimental methods and
structural resolutions.

At this time, the Protein Databank has over 138k entries;4’ around 22 % of them contain one
or more disulfide bonded cysteines. Removing entries with over 50 % sequence identity, the
number of entries drops to around 40k, of which around 16 % contain disulfide bonds. This
number grows each week as new structures are released. Typical structural surveys involve
parsing thousands of files (in PDB or PDBx/mmCIF formats) to acquire the information
needed; parsing efforts are complicated by edge cases, and the datasets used are quickly out
of date. The present study uses the unique characteristics of cysteine to structure the
information within a single-file database (Cys.sqlite) that retains biological and structural
provenance, resolves problematic edge cases. Cys.sqlite is simple to acquire, update, and
use.

Beyond aiding future efforts to derive new biological information, the structural information
provided in Cys.sglite may be used to improve structural models where disulfide moieties
are present. Similar to the “allowed” and “forbidden” regions of a Ramanchandran plot*8
consequential to sidechain packing and secondary structure, the strain energy of a disulfide
should influence the native structure containing them. Whether a given biological structure
or complex contains one or more disulfide bonds can be established with reasonable
certainty experimentally. Thus, extensive structural information specific to disulfide
conformations can directly impact structural models of experimental information and
structure prediction as has been established with applications of backbone-dependent
libraries of side chain rotamers.49-55

All Protein Databank entries containing one or more disulfide bonds are identified using
XML queries, and the corresponding PDBx/mmCIF files downloaded from rcsh.org using
FTP downloads.#”-56 Compared to the previous standard PDB format, PDBx/mmCIF files
contain more well-structured information and support for large structures.>” Such queries
depend on the accumulation of metadata by the RCSB. Erroneous information has the
potential to generate entries with no cysteine disulfide bonds and miss entries with cysteine
disulfide bonds. The former is discussed in more detail below; for the latter, entries are
added as they are identified. For example, several entries associated with a study of radiation
damage on disulfide bonds** do not report the presence of disulfide bonds in the PDBx/
mmCIF files and are not resolved by RCSB XML queries.

The relevant information is extracted from each file and entered into an SQL.ite database
using HackaMol®8 and DBIx::Class; both libraries are open source and available from the
Comprehensive Perl Archive Network.%® SQL is an acronym for Structured Query
Language, and SQLite is a SQL database engine.59 SQLite was chosen because it is in the
public domain and can be used directly from most programming languages; additionally, an
SQL.ite database is a single file that can be downloaded and then accessed from freely
available database management tools. To facilitate future use of the database, we describe
the schema in detail to clarify its structure and the logical decisions made during
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construction. Overall, the schema was developed to accommodate all Protein Databank
structures. Some columns are not shared by all experimental methods; for example the
resolution (PDB.resolution) is a null value for NMR structures whereas there is only one
model number (Cys_Conf.model num = 1) for most X-ray structures. Water molecules and
hydrogen atoms, which are typically included in X-ray and NMR structures, respectively, are
irrelevant to the current study and were ignored throughout the construction of Cys.sglite.

General issues of constructing such a database are the continual growth and evolution of the
Protein Databank. New structures are released each week. A structure may be deposited and
then replaced by a subsequent, improved structure. In the present study, all available
structural information as of December 12, 2018 was processed and entered into the database.
With each update, obsolete structures are not removed; rather, SQL queries can be used to
curate the lists of PDB Ids used in analysis. Furthermore, the schema may be expected to
evolve with the needs of each application. The code used to generate the database, along
with example queries and scripts used in the present analysis, are included in the GitHub
repository (https://github.com/usnistgov/Cys.sglite) to enable other users to interact with the
database and/or modify the database schema, which is described next.

Overall, the database contains six tables, two being major parent tables, PDB and Entity
Cys, and the four remaining are hierarchically related (Fig. 2). The PDB table contains
information specific to a given Protein Databank entry while the Entity_Cys table contains
all of the unique amino acid sequences containing cysteine residues. The Chain_Cys table is
the child table of both the PDB and Entity_Cys tables and parent to the Cys table; the Cys
table is parent to the Cys_Conf table, which is parent to the Cys_Cys table. Table
relationships are established with foreign key columns of the child table that contain the
primary key of the parent table. The design of the schema makes some tradeoffs of file size
for convenience. For example, the Cys_Conf table contains all information required to
rebuild the original coordinates of the corresponding cysteine residue; thus, the Cys_Cys
table contains information, such as the S-S bond length, that is essentially redundant. To
simplify SQL queries, the schema cascades many foreign keys to the child tables below (Fig.
2); for example, the Cys_Cys table contains foreign keys for the PDB and two Entity_Cys,
one for each cysteine, entries that may exist in different entities. Combining the two
examples, the added foreign keys trivializes the query of all S-S bond lengths for a given
entity at the expense of a larger Cys.sglite file. Relevant details of the schema are described
below, see Sl for detailed tables and columns.

Each row of the parent table, PDB, corresponds to a single Protein Databank file with the
PDB ID as the primary key (/@). The RCSB REST API is used to determine the status (status
of “CURRENT” or “OBSOLETE”) and populate the sequence identity cutoff

(exp_method _identity cutoff) separately for each experimental method for all current
entries; all values of status and identity cutoff are updated after new entries are added. The
present study includes cutoffs of 50 % and 100 % identity for X-ray diffraction, solution
NMR, and electron microscopy entries. All other current entries will have a NULL entry
denoting no applied identity cutoff. The 50 % group is contained within the 100 % group.
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Thus, the 100% group can be selected from all current entries matching 50% or 100%, or
those that are not null; the overall set with no identity cutoffs corresponds to all
“CURRENT?” entries. The overall number of chains, residues, and cysteines are determined
from the sequence (chain_count, res_count, and cys_count respectively) for both the PDB
and Entity Cys tables.

The use of sequence identity values generated by RCSB to reduce redundant structural
information is routinely reported in the literature; however, the sequence identity of a given
PDB entry is somewhat obfuscated when more than one biological entity are present in the
reported structure. For example, there are solution NMR structures of the Lac repressor
DNA-binding domain complexed with different DNA sequences (PDB IDs: 2KEI, 2KE]J,
2KEK, 1L1M, 10SL). The sequence of the protein is exactly the same, but the entries are all
within the RCSB 50% cutoff due to differences in the DNA sequence. Clearly, the treatment
of such an entry depends on the context of the analysis. Such considerations motivated the
design of the Entity_Cys table. Each entry of the Entity Cys table corresponds to a unique
sequence that contains at least one cysteine. As with all tables except the PDB table, the
primary key /dis an integer that is incremented with each entry. Entities without cysteines
are ignored. Entities are added only if the entity is present in Cys structural coordinates; this
sidesteps the need to use heuristics to distinguish DNA/RNA sequences from protein
sequences as both may shared characters, such as C. The Entity Cys table facilitates the
exploration of how a given entity varies in different structures. The table can also be used to
launch more elaborate sequence analyses.

Each row of the Chain_Cystable (Fig. 2) is related to a single Entity Cysand PDB entry
through foreign keys entity idand padb_id, respectively. Thus, Chain_Cys provides a pivot
between the two tables. For example, a 100% set of X-ray diffraction structures, reduced
with respect to the RCSB generated set described above, can be constructed from queries on
the Entity_Cys table pivoted to the highest resolution structure from the PDB table.

Each row of the Cystable is connected to the Chain_Cys, PDB, and Entity Cystables via
the chain_id, pab_id, and entity idforeign keys, respectively (Fig. 2). The table contains
metadata specifying the sequence id (seq _/d) and insertion code (/insert_code), which is most
often NULL. Each Cysentry may have one or more cysteine conformers resulting from
multiple models, often in solution NMR structures, or coordinate occupancies, as is often in
X-ray diffraction structures.

The Cys_Conftable is the widest table of the schema. Each row contains the information
needed to rebuild the original Cartesian coordinates of each complete cysteine residue
corresponding to a Cystable entry. A conformer is skipped only if a complete cysteine
cannot be built, uniquely; this arises for missing coordinates or logical ambiguities arising
when more than two alternative conformers are present. The backbone dihedrals (w, ¢, and
) are stored if the cysteine has a neighboring residue before (w and ¢) or after (y). For
example, a terminal cysteine will have a null entry for the ¥ angle. However, null entries for
backbone dihedrals should not be used to imply a terminal location, because neighboring
residues may not be structurally resolved. The cysteine neighbors are determined
geometrically rather than by using the sequence due to the ambiguity introduced by residue
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insertion codes in some proteins. Identifying neighbors for cysteines containing alternative
locations requires that the alternate id (a/t_id) be the same or missing for a candidate atom.
The backbone dihedrals and the conventional y; angle (W_CA_CB_SG, see Sl), is
consistent with information included for cysteine sidechains in datasets used to compile
rotamer libraries.4950:52.54 Similarly, the total number of bonds to the sulfur atom, not
including hydrogen atoms, are determined for each conformation. The bond counts allow the
entries to be separated into sets of reduced and oxidized cysteines that may include other
more complex structural scenarios, such as bonds to metal ions or sulfur containing
compounds (not included in the Cystable).

The Cys_Cystable is constructed from two rows of the Cys Conf constituting cysteine
disulfide bonds. A cysteine disulfide bond is entered in the table if the bond between
cysteines is exclusive, and the bond distance is no more 0.231 nm, i.e. 0.025 nm greater than
twice the sulfur covalent radius (0.103 nm).61 For example, there are no cysteine disulfide
bonds corresponding to the entry for PDBID 1F3H, which contains 3 cysteines sharing 2
disulfides and a coordinated Zn2*. Each row of the Cys_Cystable contains the internal
coordinates for each cysteine disulfide. The Cys Cystable contains columns of internal
coordinates that will be analyzed in the present study.

The Cys Cystable also includes the disulfide strain energy calculated from a simple model
that was introduced by Katz and Kossiakoff!® and applied by Hogg and coworkers,24:25

DSE(KJ - mol~") = 8.37(1 + cos(3,)) + 8.37(1 + cos(3}))
+4.18(1 + cos(3,)) + 4.18(1 + cos(315)) )
+ 14.64(1 + cos(2x5)) +2.51(1 + cos(3x3)) -

This measure of DSE depends on the five dihedral angles (y1, x2, x3, x 2, and x’1, see Fig.
1) along the N-CA-CB-SG atoms of both cysteine residues. All parameters, except for the
1 parameter, are present in the AMBER forcefield and still used.52 The model introduced
by Katz and Kossiakoffl® increased the 1 parameter from 5.86 to 8.37 kd/mol. The source
of this change was not clearly reported. The Cys Cystable contains values for the DSE
model of Eq. 1 to remain consistent with earlier studies. The model is compared to gas-
phase quantum chemical calculations of dipropy! disulfide.

Structural and energetic analysis

Gas-phase calculations—Gas-phase quantum chemical calculations carried out for a
collection of unique dipropyl disulfide molecule conformations are compared to the model
of DSE described above. While neglecting interactions important to the energetics of
cysteine disulfides, such as those between polar atoms or those with the surrounding protein,
gas-phase dipropyl disulfide does retain key intramolecular interactions present in cysteine
disulfides. Collections of similar nonpolar molecules are often used in forcefield
development, e.g. Ref. 63. The comparison is expected to provide coarse validation and
insights into the limitations of the simple DSE model. Cys.sqlite can be used to frame more
detailed investigations, such as modeling the effects of the protein environment on strain,
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reduction potentials, or X-ray radiation damage,*® that are beyond the scope of the present
investigation.

The gas-phase conformations are generated from 22.5 degree bins of the the five torsions for
all X-ray structures with resolution < 0.2 nm. The set was culled from around 6500
conformations to 573 by eliminating degenerate DSE contributions (calculated in kcal/mol)
from combined y1 : y”1, combined y2 : "2, and y3 computed to 2, 2, and 1 decimal places,
respectively. All hydrogens were added 0.1 nm from the sp3 carbons at appropriate angles to
generate conventional geometries. All conformers are geometry optimized with the five
torsion angles constrained to values of the 22.5 degree bins. Geometry optimization and
corresponding conformer energies were determined using density-fitted second-order
Maller-Plesset perturbation theory (DF-MP2) as implemented in Psi4 v1.1.5465 All DF-MP2
calculations were carried out using triple zeta correlation-consistent Dunning basis sets®6.67
with tight-d functions on sulfur (aug-cc-PV(T+d)Z).68

Distributions of internal coordinates and DSE—Beyond comparisons to gas-phase
quantum chemical calculations, distributions of DSE (Eq.1) are compared for different
experimental methods (X-ray, NMR, or EM). DSE is analyzed with respect to the resolution
of the structure (X-ray and EM). The DSE is collected accordingly and compared using the
mean, STDEV, and standard error of the mean. The cysteine disulfide torsion angles are
analyzed with respect to the components of the DSE model to further validate the model and
characterize the influence of experimental approach on the observed populations. For each
comparison, the overall set of X-ray structures is included along with high-resolution (<0.15
nm) and low-resolution (>0.28 nm) subsets.

Probability distributions of the internal coordinates are computed from Cys.sglite to
characterize disulfide structures in the Protein Databank; the distributions are varied by
experimental method to characterize the associated effects. Throughout the present study, the
set of structures corresponding to an experimental method are denoted by the
exp_method identity cutoffvalues of “NONE” for the entire database and those filtered to
have no more than 50 % or100 % sequence identity. Each configuration within a given set is
treated as independent; for example, each member of a solution NMR structure ensemble is
treated as if it were independent.

The present study models the DSE dependence of the Ramachandran densities,*® p(g, ¥
DSE). The cysteine disulfides from the set of high resolution (< 0.15 nm) X-ray structures
with 50% sequence identity cutoff is separated into four subsets using standard deviations of
the mean (all in units of kJ-mol™1: DSE < 5.3 ; 5.3 < DSE < 10.6 ; 10.6 < DSE < 15.9; DSE
> 15.9). The regions of DSE are analogous to side-chain rotamers used to construct rotamer
libraries. The present study uses two-dimensional adaptive kernel density estimates (AKDE)
to provide robust models of the Ramachandran densities in spite of data that is multimodal
and may be sparsely sampled in important regions. We follow the approach described by
Shapovalov and Dunbrack in Ref. 54 and the associated, detailed, supplemental information.
Briefly, two-dimensional adaptive kernel density estimates are calculated for each of the
regions of DSE,
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1
p(¢,y|DSE) = 2N
T - K
e =

rexp[%(cos(d) - ¢i) + cos(t// - l/ll-)) , @

using a von Mises distribution for each coordinate (¢ and ). The von Mises distribution,
1
P(0]0y:x) = WCXP(KCOS(Q = 0y)), &)

is an appropriate model for probability densities of a circular parameter (&), where fy(x) is
the modified Bessel function of first kind, and x is the von Mises concentration parameter.
The scaling parameter, A ;, in Eq. 2 makes the kernel density estimate adaptive to the data. It
is provided by the pilot estimate of the Ramachandran density computed over all DSE
regions,

4

where N is the total number of data points. The pilot function, f((f)l., y/i), is a nonadaptive

KDE (Eg. 2 with a A ;= 1) that re-weights the concentration parameter at each point. In the
present study, both the AKDE (Eq. 2) and pilot estimate functions are calculated with a x of
100. The R script used to calculate the ADKE maps is included in the GitHub repository.

Results and Discussion

Overall content summary

The uncompressed PDBx/mmCIF files consist of around 38 gigabytes at the time of writing.
The database is a factor of 100 smaller (around 380 megabytes), which is reduced by a factor
of 2-3 with compression. Since the initial compilation of the database (2018-09-18), 19
entries have become obsolete. Cys.sglite contains over 32k PDB, 100k Chain_Cys, 545k
Cys, 770k Cys Conf, and 290k Cys Cysentries, see Table 1 for a breakdown of entries by
the three largest contributing experimental methods (X-ray, NMR, and EM). Other methods
include solid-state NMR, powder diffraction, neutron diffraction, electron crystallography,
and one entry for infrared spectroscopy (1SSZ).

As expected from the overall growth in the Protein Databank,*’ structure deposits with one
or more disulfide bonds has been growing rapidly in recent years for both X-ray and EM.
The lag between when the structure is deposited and when it is released can be observed in
the drop from 2016 to 2017 (Fig. 3) for X-ray. Structures deposited in 2016 and 2017
continue to be released each week in 2018. The number of EM structures deposited has
grown from around 1-10 per year from 1999 to 2012 to 248 (and climbing) for 2018 (as
released by 2018-12-12). The number of NMR deposits has remained consistent at ~100
since 1995. Between 1990 and 2005, the number of disulfide bond configurations deposited
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from NMR was larger than X-ray (Fig. 3) due to the number of models included with each
NMR structure. The large peak for EM in the number of cysteines and disulfide bonds in
2013 corresponds to the deposition of two HIV-1 capsid structures (3J3Y and 3J3Q) that
contributed 1176 and 1356 disulfide entries in the Cys_Cystable, respectively. Along with
3J4F and 3J34, these entries share a single entity and are associated with an EM study that
used molecular dynamics for structural refinement.59

EM structures are composed of multiple peptide chains while most NMR entries include
multiple configurations. As a result the overall number of chains and cysteines is much
lower for NMR compared to X-ray or EM, but the number of cysteine conformations and
disulfide bond entries is much larger. There are slightly more than one conformation per
cysteine for both X-ray and EM due to multiple occupancies. There are ~18 conformations
per cysteine for NMR, which agrees well with the typical number of models reported. At
50% cutoff, around one half, one fourth, and one twelfth of cysteines in the Cystable are
involved in disulfide bond entries of the Cys Cystable for NMR, X-ray, and EM,
respectively (Table 1).

There is a large number of structures in the PDB that are degenerate with respect to the
entity. There are ~32k entries in the DB table but only around 25k in the Entity Cystable.
The top five most frequently solved entities are found in 2.2k PDB entries, the top entity
being that of lysozyme (Entity Cys.ia=T) with 699 PDB entries and around 4.8 cysteine
disulfides per entity. Using identity cutoffs, the degeneracy is largest for X-ray, which is
reduced by a factor of /~5 comparing the entire set (NONE) to 50 % sequence identity;
NMR and EM are reduced by around half for the same comparison (Table 1, PDB row). On
average for the 100% cutoff, there are approximately 1.2 and 5.3 Entity Cysentries per
PDB entry for X-ray diffraction and EM, respectively. The larger number of entities for EM
reflects its application to larger biomolecular complexes. The same comparison for NMR is
slightly less than one Entity Cysentries per PDB entry, which is consistent with identical
entities being present after the identity cutoffs are applied using the RCSB REST API, as
mentioned above for the case of Lac Repressor.

The schema support for partial occupancy atoms substantially increases the number of
cysteine disulfide bonds. In an earlier version of the schema, which supported only full
occupancy atoms, there are around 3k PDB entries with no cysteine disulfide bonds. The
current Cys.sglite has around 2k such entries, which may be attributed to the distance
between sulfur atoms being beyond the bond length cutoff, missing cysteine atoms, or errors
in the information available from RCSB queries. Overall, there are ~6.6k Cys Cysentries
with either an SG_occ< 1.0 or an a/t_id'that is not null.

Quantum chemical comparisons for sulfur-sulfur bond lengths and DSE

The quantum chemical calculations of dipropyl disulfide reveal a clear dependence of the
sulfur-sulfur bond distance on the y torsion angle (Fig. 4.A). The plot of sulfur-sulfur
distance follows the functional form of the y3 component of Eq. 1. As described in the
methods, configurations from X-ray diffraction are generated for 22.5 degree bins of the
torsional angles, which are constrained during geometry optimization. The y3 angle and
bond distance of the configuration with lowest energy on this constrained potential energy
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surface are —90 degrees and 0.204 nm, respectively. Bond distances between 0.202 to 0.205
nm are observed in the low-energy regions of y3 (columns of purple filled circles in Fig.
4.A); the bond distance lengthens to around 0.208 to 0.211 nm in high-energy regions
(around y3=0and y3 = +180 degrees).

A sulfur-sulfur dependence on y3 is observed, only, in high-resolution X-ray structures (Fig.
4.A) in the regions of |y3| = 90 + 22.5 that contain six, well-sampled, bins. The gas-phase
DF-MP2 conformations correspond to 0 K; thus, the longer bond-length observed for X-ray
is reasonable. In both low energy regions (y3 = +£90), the mean bond-length is around 0.205
nm and increases with y3 deviations. The X-ray points with large errors contain too few
PDBs to draw robust conclusions; for example, there are only two PDB entries, 5P4G and
5P4N, from a single high-throughput crystallography study’® in the point at —135 degrees
(Fig. 4.A).

The y3 dependence of the sulfur-sulfur distance will not be successfully modeled with a
simple bond-stretching molecular mechanics energy function, particularly in the regions of
+180 degrees where nonbonded repulsions will be reduced. Structural models that depend
more strongly on such molecular mechanics potentials, such as those from solution NMR,
are expected to be somewhat flat around the parameterized sulfur-sulfur bond length (0.2029
in CHARMM1 and 0.2038 in AMBER®2). Flattened bond lengths are observed clearly for
NMR, EM, and low-resolution X-ray structures (Fig. 4A.)

The agreement between the DSE model (Eq. 1) and the quantum chemical calculations of
dipropy! disulfide energetics is promising (Fig. 4.B). The majority of DSE values fall along
the diagonal with a spread of 5-10 kJ/mol (See Sl for comparisons of additional models). Of
the 573 configurations, there are around 30 outliers that are all predicted to be more highly
strained by DF-MP2. Generally, these conformers contain repulsive interactions that are
ignored by Eq. 1, such as eclipsed 1-4 groups or other nonbonded repulsions, see inline
figure in Fig. 4B. Such repulsions must be compensated within the context of the given
protein, i.e. transforming the gas-phase dipropy! disulfide back into cysteine disulfide within
the protein environment. The DSE modeled with Eqg. 1 is sufficiently accurate to identify
general trends between DSE and experimental methods in the present study.

Disulfide strain energy increases as X-ray resolution decreases

The resolution (reported for X-ray and EM) is a measure of the quality of the experimental
data. Lower numerical values of resolution correspond to more distinguishable structural
features, such as sulfur-sulfur bonds. The disulfide strain energy (DSE, Eq. 1) increases
significantly as the quality of the structure decreases (Fig. 5). For X-ray cysteine disulfides,
the average DSE increases from around 10.0 kJ-mol~1 +0.2 kJ-mol~1 for the ultra high-
resolution structures (<0.10 nm) up to around 11.4 kJ-mol~1 £0.4 kJ-mol~1 for structures
with good resolution (0.18 < Res< 0.20 nm). The overall trend is similar for that calculated
with a sequence identity cutoff of 50 %. However, for the lowest resolution structures (>0.35
nm), the 50 % set has a lower numerical mean resolution (0.4 nm) and higher mean DSE
(22.7 kd-mol~1 £0.6 kJ-mol~1) compared to overall (18.9 kJ-mol~1 £0.1 kJ-mol=1)(Fig. 5);
This observation is consistent with reduced DSE due to the utilization of redundant
information during structural refinement. The EM mean and standard deviation agree well
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with the trend extrapolated from the X-ray structures for the NONE set. The mean resolution
and DSE are 0.57 nm and 20.6 kJ-mol~1 0.1 kJ-mol~1, respectively.

The increase in DSE with decreasing structural quality is associated with modeling
limitations. Decreasing experimental information effectively increases the parameter space
available to the molecular model; disulfide strain increases, on average, as a consequence of
reducing error elsewhere within the model. Following this logic, the NMR structures have
the largest influence of modeling compared to EM or X-ray. The mean DSE for the NMR
structures is significantly higher than that of EM or X-ray (Fig. 5). However, the difference
in the experimental temperature must be considered. X-ray and EM structures are usually
solved at cryogenic temperatures (~100 K). Cryogenic cooling affects side-chain packing
and eliminates packing defects.”2 NMR data is collected for biological molecules in solution
at room temperature, which may be expected to increase the average DSE, as is observed
here, and broaden coordinate distributions as is not observed in the present study; this will
be discussed further below with respect the distributions of DSE and internal coordinates.

In the analysis above, there was no filter used to separate the results by type of disulfide (see
Fig. 1). For X-ray structures with resolution < 0.2 nm, the DSE increases significantly as the
disulfide type goes from interchain to intrachain to being vicinal. There are 10478 high
resolution structures (< 0.15 nm), the average DSE being 10.6 kJ-mol~1 + 0.1 k-mol~1. In
that set, there are 29 vicinal, 10036 intrachain, and 413 interchain disulfides with average
DSE being 13.2 kJ-mol~1 + 0.7 kJ-mol~1, 10.7 kJ-mol~1 + 0.1 kJ-mol~1, and 7.6 kJ-mol~1
+0.2 kJ-mol~1, respectively. As the resolution is reduced (> 0.2 nm), the interchain disulfide
DSE grows to be larger than the intrachain DSE. Between 0.20 nm and 0.22 nm there are
70038 and 465 intrachain and interchain disulfides with the average DSE being 11.4 kJ-mol
~1+0.0 kI:mol~ and 14.7 kJ-mol~1 + 0.3 kJ-mol =1, respectively, and the interchain average
DSE remains larger when all resolutions > 0.20 nm are included.

As described in detail above, the DSE increases significantly as the quality of experimental
information degrades. It may follow that partial occupancy cysteine disulfide bonds would
have higher values DSE. However, partial occupancy cysteine disulfides may be associated
with the role of X-ray induced radiation damage of cysteine disulfides.#4~46 Adding a single
electron to the disulfide will change the potential energy surface of the disulfide and the
accuracy of the DSE model Eq. 1 would no longer be sufficient. Modeling the effects of
photoelectron reduction would be required and is beyond the scope of the present study. The
following are presented with these limitations in mind. For X-ray structures with resolution
< 0.20 nm, there are 12 vicinal, 3901 intrachain, and 189 interchain disulfides modeled with
partial occupancies; the average DSE are 13.1 kJ-mol~1 + 0.5kJ-mol 1, 16.0 kJ-mol 1

+ 0.2kJ-mol1, and 19.5 kJ-mol~1 + 0.9kJ-mol~1, respectively. The partial occupancy vicinal
disulfides appear less strained, although the number is small while the other two types are
more strained according to Eq. 1.

of disulfide strain energy and dihedral angles from Cys.Sqlite

The probability distributions of DSE skew to higher values with longer tails for EM and
NMR compared to X-ray (Fig. 6). Within the set of configurations for X-ray, the
distributions skew to higher energy configurations as the value of the experimental
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resolution increases (Fig. 6). For high-resolution structures (< 0.15 nm) the distribution
peaks at around 7 kJ-mol~1 and falls to near zero by 30 kJ-mol~2. In contrast, the distribution
for low-resolution structures (> 0.28 nm) peaks around 13 kJ-mol~1 and continues to have
nonzero values to 50 kJ-mol~1. While the number of EM configurations is limited when
compared to X-ray or NMR, the distribution is more aligned with NMR with a peak around
15 kJ-mol~1 and a relatively large population of configurations with DSE > 30 kJ-mol~1.

Generally, the minima and maxima of the disulfide dihedral angle distributions are in good
agreement with those expected from the corresponding energy functions for both NMR and
X-ray structures (Fig. 6). The positive and negative dihedrals are not symmetrically sampled.
Most importantly, the NMR and EM distributions for rotations about the S-S bond (y3) have
significant populations in the region that reflects the trans configuration of the disulfide
(100° to 180° ; —180° to —100°); NMR also has larger populations of disulfides 50 to 100
compared to X-ray and EM. For y1, the cysteine sidechain dihedral, NMR has significant
population in the —100° to —150° region that is forbidden similarly for X-ray and EM. For
EM, most structures have been deposited much more recently, as described above, and the
agreement for the y1 angle may reflect the influence of side-chain rotamer libraries on the
EM models.

Distributions of internal coordinates

There are significant differences between the probability distributions of some internal
coordinates of the cysteine and cysteine disulfide for NMR compared to X-ray or EM (Fig.
7). The wtorsion angle of the peptide backbone is strongly peaked around 180° for all
methods. Resonance with the carbonyl introduces double-bond character to the peptide bond
between the N and C atoms; the barrier for a cis/trans rotation is around 84 kJ-mol~1, and the
cis conformer, being around 17 kJ-mol~1 higher in energy, is rarely observed.”® The NMR
distribution is significantly sharper; taking the distribution from the high X-ray as the true
distribution, the NMR modeling restraints for that coordinate may be too strong. The same
holds true for the angle between the backbone to sidechain angle (CA CB SG) and the S-S
bond length (Fig. 7), which both have multiple, sharp peaks. The multiple peaks for the S-S
bond agree well with the bond-length parameters for the AMBER (0.2038 nm) and
CHARMM (0.2029 nm) forcefields.

The distribution of CA_CA distances is a measure of the stretch of the cysteine disulfide.
There is a small peak in the region between 0.35 and 0.45 nm for all methods. For NMR and
EM, this peak has higher populations near 0.375 nm than X-ray (Fig. 7) reflecting a larger
number of disulfides that are more compressed. At the higher end of the distribution (~ 0.7
nm), there is a larger population of stretched disulfides for NMR, EM, and low resolution X-
ray. For high-resolution X-ray structures, the largest peaks in the distribution are around 0.50
and 0.575 nm. These peaks shift out to larger values for low resolution structures. If the
thermal motion and solution conditions reflected in NMR experiments were able to lead to
the broader distributions of CA distances, the internal coordinates described above would
also be expected to have broader distributions.
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Ramachandran density maps

Ramachandran densities characterize the distribution of observed backbone conformations.
The present study uses ADKE to model the true distributions for reduced cysteine and
cysteine disulfide (Fig. 8) for high-resolution (<0.15 nm) X-ray structures with 50% identity
cutoff. All cysteine Ramachandran densities have a strong peak around ¢, of =50,-50 in
the a-helix region (-180° < ¢ < -30° ; —120° < y < 30°). Compared to reduced cysteine, the
disulfide bond distribution has a larger population in the 8 P region (-180° < ¢ < -30°; 30°
< ¥ <180°);the P, region is an oval oriented to the upper right of the 8 P, region and
slanted downward with increasing ¢.”4 The ratio of integrated density (a-helix / 8_P;)
decreases from 0.77 for the reduced cysteine distribution to 0.60 for cysteine disulfide
distribution.

The Ramachandran density for cysteine disulfide is a mixture of low and high DSE
conformations (see, Fig. 6). There is a clear dependence of the distribution on the DSE; four
gradations of DSE are plotted in Fig. 9. For the lowest energy gradation (0 to 5.3 kJ-mol™1)
there is a significant population in the g P, region with a ratio of integrated density (a-
helix / g_P,,) of 0.45. That ratio increases dramatically to 0.83 for the next gradation (5.3 to
10.6 kJ-mol~1) before dropping again to 0.52 (10.6 to 15.9) and finally to 0.40 for the most
strained disulfides (highest DSE region). For strained disulfides (bottom two panels of Fig.
9) a strong peak in the density forms around [¢, y] of [-125,150] in the B_P with
associated decreases in the P, region. Considering these population shifts, with disulfide
strain, for high resolution X-ray structures, there is a clear correlation of strained disulfides
with the S-sheet secondary structure element. The population shifts from both the P, and a-
helix regions to the S-sheet region reflect the central importance of the strong nonbonded
interactions within /3 sheets in facilitating cross-strand disulfide redox switches.21:22:34.35

The shifts in Ramachandran densities is largely absent for NMR structures. Overall, the
maps for NMR cysteine disulfide bonds contain the same strong peak in the a-helix region
but are much more di use (see Sl). There is more density in the 8 P, region than the a-helix
region; the ratios of integrated density (a-helix / g_P,) for the four increasing DSE
gradations are 0.46, 0.47, 0.42, and 0.46. There are no distinguishable changes in the
features, as are observed for the corresponding X-ray distributions (see Sl).

Concluding Remarks

In the present study, we used the structure and energetics of the cysteine disulfide bonds
from the entire Protein Databank to compare structures within and across experimental
methods. The simple approximation for disulfide strain energy (Eq. 1) reveals that cysteine
disulfides appear to become more strained as the structural information degrades for X-ray
structures. The strained populations were much larger for EM and NMR than X-ray. The
effects of modeling in NMR are much clearer than in X-ray structures where some internal
coordinates (e.g. the wand CA_CB_S angles) appear overly restrained. These observations
are independent of sequence identity cutoffs.

Gas-phase quantum chemical calculations reveal a clear dependence of the sulfur-sulfur
bond length on the y3 torsion angle. This dependence is only observed in high-resolution X-
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ray structures in low DSE regions. For high-resolution X-ray structures, there is a striking
DSE dependence of the cysteine disulfide Ramachandran density that is analogous to
dependencies associated with side-chain rotamer regions used in the development of rotamer
libraries. There is a clear opportunity to improve the modeling of cysteine disulfides in low-
resolution and NMR structures.

To our knowledge this is the first attempt to use a highly structured single file to make a slice
of the vast information contained in the Protein Databank. The unique structural
characteristics of cysteine are well-represented by the database schema presented here.
Cys.sglite provides cysteine-centric information with comprehensive coverage for proteins
with one or more disulfide bonds in the Protein Databank. The presence of cysteine
disulfides is not a requirement; the hierarchy of the schema establishes a parent-child
relationship between the cysteine and the cysteine disulfide, respectively. The schema
developed here may provide guidance to developing schema for cofactors such as metal
ions, hydrophobic packing, and salt bridges.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
VMD?38 licorice rendering of a disulfide between two cysteine amino acids. All atoms

included in the dihedrals are rendered with overlayed CPK spheres. Cystine (left,
SMILES:C(C(C(=0)O)N)SSCC(C(=0)O)N) involves two cysteines that may be on the
same or different protein chains; the atom names and disulfide torsion angles are shown in
white and black, respectively. Cyclocystine (right,
SMILES:C1C(C(=0)NC(CSS1)C(=0)0)N) corresponds to a vicinal disulfide bond3’; the
backbone torsion angles are shown for reference. The arrows point along the direction of the
polypeptide chain.
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Figure 2:
Relationships between tables for the Cys.sqlite schema. The primary keys and foreign keys

(italic) enable connections between tables. All foreign keys cascade down the intuitive
hierarchy (arrow) except for those of the Cys table; the Cys Cystable does not contain
foreign keys for the Cys table. The Cys Cystable contains a column (a/t_occ flag) to
facilitate queries of whether the cysteine disulfide is associated partial occupancy residues.
See Sl for detailed tables and columns.
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Characterization of total annual entries, accumulated from the deposit date, for several
Cys.sglite tables. The upper right panel is the only to display the total number of new entries
(entities) released each year (the sum of X-ray, NMR, and EM).
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Figure 4:

Comparison with DF-MP2 quantum chemical calculations of dipropyl disulfide. A., The
sulfur-sulfur bond distance is plotted as a function of the y3 torsion angle for all DF-MP2
geometries. Also plotted are the mean and standard error of the mean for all Cys.sglite
cysteine disulfide bond configurations for X-Ray (high and low resolution < 0.15 and > 0.28
nm, respectively), EM, and NMR. B., The disulfide strain energy (DSE) calculated with the
simple model (Eq. 1) is compared to energies determined using DF-MP2 for each
conformation (see Fig. S2), both being calculated relative to the minimum energy
configuration. A line of unit slope (black line) represents perfect agreement. The
configuration of the outlier (black arrow) has y1, x2, x3, ¥ 2.x 1 torsion angles of
90,90,-90,67.5,-45.0, respectively and a carbon-carbon distance of 0.33 nm between the
nearest nonbonded CHz and CH, groups.

J Chem Inf Model. Author manuscript; available in PMC 2020 February 25.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Fobe et al.

Count (thousands)

Page 22

Mean DSE (kJ/mol) STDEV DSE (kJ/mol)
4 15— . _ _ _ _ _ _ _
25— ]
20— " | *
] 10—
15— -
i i * EM
N A * X-ray
10 5— ~ NMR
- g -o- X-ray
g ] -0- X-ray (50%)
5 T | T | T | T | T ] T T | T | T | T | T | T
0 1 2 3 4 5 6 0 1 2 3 4 5
Mean Resolution (A, 0.1 nm) Mean Resolution (A, 0.1 nm)
25
1@ X-ray
] X-ray (50%
50 &L X-ray (50%)

—
o1 o
cev b b by

15 !! !
. a@! ! .
I I I I I I I I I I I I I I

10 1.2 14 16 18 20 22 24 26 28 3.0 35 100
Maximum Resolution in Bin (A, 0.1 nm)

Figure5:
Dependence of disulfide strain energy (DSE) on resolution. A. The overall mean (left) and

standard deviation (right) are shown for NMR (dashed red), X-ray (black star), and EM
(blue star) for all cysteine disulfides in Cys.sqlite (Table 1). The resolution (x-axis) of X-ray
and EM points correspond to the average resolution for the set; NMR is plotted as a constant
because the resolution does not apply. The X-ray DSE measures are plotted overall entries
and also for the set with 50 % sequence identity cutoff. In B., The counts of the
corresponding X-ray entries are plotted for each bin of resolution. The average (STDEV)
resolution for all Cys.sqlite X-ray (black star) and EM (blue star) structures is 0.22 (0.06)
and 0.57 (0.48) nm, respectively; the minimum (maximum) resolution is 0.05 (1.0) nm and
0.22 (5.0) nm, respectively.
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Figure6:
Probability distributions of the disulfide strain energy (DSE) and disulfide dihedrals plotted

for EM, NMR, and X-ray with no sequence identity cutoff. The X-ray is calculated overall
(solid), high resolution (<0.15 nm, dashed), and low resolution (>0.28 nm, dotted). The
shaded region of the DSE distribution corresponds to the separation between unstrained and
strained disulfides (15.9 kJ-mol™1). The 1 and y, angles are combined with the y; and x
’5 angles on the same plot. For the three dihedrals (y1, x2, x3), the corresponding
contributions to the energy is plotted (green), each scaled by the same amount to be plotted
alongside the probability distributions.
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Probability distributions of selected cysteine and cysteine disulfide internal coordinates for
X-ray, NMR, and EM with no sequence identity cutoff. The X-ray is calculated overall
(solid), high resolution (<0.15 nm, dashed), and low resolution (>0.28 nm, dotted).
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Figure8:
AKDE models of the Ramachandran densities reduced cysteine (left) and cysteine disulfide

(right) in high-resolution X-ray structures with 50% sequence identity cutoff. The ¢,y
region around —50,-50 (white) is higher than the ceiling of 4 x 1074, There are 884 and
4427 data-points associated with the left and right panels, respectively.
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Figure9:
AKDE models of the Ramachandran densities for four regions of DSE for high-resolution

X-ray structures with 50% sequence identity cutoff. The DSE of the region increases from
left to right and from top to bottom; the upper right panel corresponds to a lower energy
region than the lower left panel. The overall number of data points for all plots is 4427,
which consists of 716, 1865, 1238, and 608 data points in order of increase DSE region. See
Methods for the definition of the regions. For all plots the ¢, yregion around —50,—-50 (white)
is higher than the ceiling of 4x1074. All plots are on the same scale (x1074).
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Table 1:

Summary of Cys.sglite contents corresponding to current, released PDB entries (query run on 2018-12-12).
The counts are determined by method and sequence identity cutoff. Obsolete entries (20) are not included; the
two Entity Cysentries with no current PDB entries are also ignored. For each value of the sequence identity
cutoff (50 100 NONE), the count represents the total in that set. The Cys Cystable includes both the total and
unique disulfides, in parenthesis, for NMR. The Entity Cysvalues are determined using a join on the
Chain_Cysand PDB tables.

Table exp_method 50 100 NONE
X-ray 5543 10454 29561
NMR 1207 1631 2254
PDB
EM 361 468 811
All 32717
X-ray 6089 12896 24990
NMR 1189 1624 2088
EntityCys
EM 2022 2460 3342
All 25566
X-ray 19467 32535 85489
NMR 1287 1740 2558
ChainCys
EM 7020 8125 14556
All 102748
X-ray 83041 157561 466685
NMR 6332 8852 12820
Cys
EM 28234 34186 68004
All 548513
X-ray 85048 161100 476796
NMR 116926 160491 224266
CysConf
EM 28313 34284 68102
All 771161
X-ray 20449 49959 173724
NMR 55060(2987) 76303(4215) 106758(6107)
CysCys
EM 2445 3711 10712
All 291847
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