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1 | INTRODUCTION

Abstract

We have demonstrated earlier that protein microenvironments were conserved around disulfide-
bridged cystine motifs with similar functions, irrespective of diversity in protein sequences. Here,
cysteine thiol modifications were characterized based on protein microenvironments, secondary
structures and specific protein functions. Protein microenvironment around an amino acid was
defined as the summation of hydrophobic contributions from the surrounding protein fragments
and the solvent molecules present within its first contact shell. Cysteine functions (modifications)
were grouped into enzymatic and non-enzymatic classes. Modifications studied were—disulfide
formation, thio-ether formation, metal-binding, nitrosylation, acylation, selenylation, glutathionyla-
tion, sulfenylation, and ribosylation. 1079 enzymatic proteins were reported from high-resolution
crystal structures. Protein microenvironments around cysteine thiol, derived from above crystal
structures, were clustered into 3 groups—buried-hydrophobic, intermediate and exposed-
hydrophilic clusters. Characterization of cysteine functions were statistically meaningful for 4 mod-
ifications (disulfide formation, thioether formation, sulfenylation, and iron/zinc binding) those have
sufficient amount of data in the current dataset. Results showed that protein microenvironment,
secondary structure and protein functions were conserved for enzymatic cysteine functions, in
contrast to the same function from non-enzymatic cysteines. Disulfide forming enzymatic cys-
teines were tightly packed within intermediate protein microenvironment cluster, have alpha-
helical conformation and mostly belonged to CxxC motif of electron transport proteins. Disulfide
forming non-enzymatic cysteines did not belong to conserved motif and have variable secondary
structures. Similarly, enzymatic thioether forming cysteines have conserved microenvironment
compared to non-enzymatic cystienes. Based on the compatibility between protein microenviron-
ment and cysteine modifications, more efficient drug molecules could be designed against

cysteine-related diseases.
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thiols (R-SH) may undergo oxidation leading to several chemical modifi-

cations, like, sulfenamides [R-SN-R']), sufinic acids [R-SO,H], sulfonic

Thiol group of cysteine participates in various catalytic reactions.!™
Thiol group is interchangeably used with sulfydryl group, in this report.
In regular protein structures, cysteines are observed in 2 predominant
oxidation states, disulfide (oxidation number —1) and thiol (oxidation

number —2).¢78 In addition to these 2 redox forms, reactive cysteine

acids [R-SO3H], sulfinamides [R-SON-R’], and sulfonamides [R-SO,N-
R'].3? These oxidations are mainly triggered within the cell by reaction
oxygen species (ROS) and reactive nitrogen species (RNS), like hydro-
gen peroxide, organic hydroperoxides, hypohalous acids (HOX), and

peroxynitrite etc.” Some of these oxidations are reversible whereas
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others are irreversible. Cellular reductants, like thioredoxin and glutathi-
one, facilitate reversible oxidation process. Whereas the formation of
sulfenic and sulfonic acids are irreversible modifications.® All these cys-
teine modifications can be either a part of enzymatic or non-enzymatic
chemical reactions. Cysteine is the second most reactive amino acid,
after histidine, in enzymatic reactions.™* Non-enzymatic cysteines are
involved in variety of reactions, including scavenging of free radicals,
pro-oxidants and heavy metal ions thus protecting the cell from oxida-
tive damage.®

pKa of cysteine thiol group (default pKa value is 9.0) is largely
affected by its nature of reactivity and embedded protein environ-
ment.”*° For example, pKa of catalytic cysteines acting as nucleophiles
in disulfide bond oxidoreductase (DSbA) protein is as low as 3.5.7 It was
reported earlier that the pKa shift of titrable amino acids (side chains)
were dependent upon embedded protein microenvironments.*%1?
However, limited methods are available to demonstrate the depend-
ence of cysteine pKa values on protein micro-environments, for exam-
ple, Raman spectroscopy*® and fluorescence spectroscopy.'*

Similarly, cysteine functions are also sensitive toward their embed-
ded microenvironments.>*>¢ For example, (1) thiolate group partici-
pates in catalytic action of glutathione S-transferase P protein only
upon glutathionylation of the side chain,” (2) S-nitrosylation of cys-
teines in caspase-3 and caspase-9 induce apoptosis in mitochondria’®
but not in cytoplasm,'’ (3) S-Sulfenylation of cysteines in KCNA5
potassium voltage channel protein accounts for hypoxic condition and
it downregulates channel protein expression,?° (4) S-sulfenylation of
cysteines in cancer cell lines was exploited to treat breast cancer.?!
Sensitivity of cysteine thiol functions and corresponding pKa values
toward protein microenvironments were demonstrated only for iso-
lated examples. However, characterization of cysteine thiol functions
based on their embedded microenvironments were not attempted
before.

We have earlier developed protein microenvironment quantitative
descriptor that is the summation of hydrophobic contribution from all
the protein fragments and solvent molecules present within the first
contact shell of a particular amino acid (or its functional group).22
Recently, we have demonstrated that protein microenvironments
around -S-S- linkage of cystines are conserved, those are part of the
active sites in specific enzyme classes, irrespective of their very low
sequence similarity.?> However, the study was confined to enzymatic
cystines only, no references were made with respect to the non-
enzymatic cystines. No literature report is yet known that correlates
different functions of cysteine with their embedded protein
microenvironments.

Here, we hypothesized that individual cysteine functions (metal-
binding, redox and so forth) prefer particular protein microenvironment,
secondary structure and specific biological function. This hypothesis
has been tested on latest microenvironment dataset around cysteine
thiol groups in high resolution enzyme crystal structures. We have
demonstrated the cysteine thiol functions for both enzymatic and non-
enzymatic classes. Similar to the functions of enzymatic cystines (disul-
fide-linked), individual enzymatic cysteine function has conserved
microenvironment. However, non-enzymatic cysteines (of same thiol
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function) do not have conserved microenvironments. The possible out-
come of this study will presumably help exploring more effective drugs,
targeting cysteine-related disorders, based upon embedded protein

microenvironments.

2 | METHODS

2.1 | Protein microenvironment calculation for
cysteine residues in the current dataset

Protein microenvironment calculation around an amino acid required
the 3-dimensional structure of the protein. This 3-dimensional struc-
ture can be derived from X-ray crystallography, NMR, or any other
modelling techniques. In the present study, protein microenvironments
around cysteine thiol groups were derived from crystal structures of
enzymatic proteins in recent PDB?* entries, dated August 2016. Selec-
tion criteria were following: (1) resolution better than 1.5 A, (2)
sequence similarity <30% (the least sequence similarity cutoff provided
by PDB database), and (3) exclusion of modified proteins and protein-
nucleic acid complexes. These selection criteria resulted into 896 enzy-
matic proteins with 5257 cysteine residues were selected (PDB IDs are
shown in Table S1). These selection criteria were chosen to ensure
structural precision and statistical adequacy of protein microenviron-
ments around cysteine thiol groups. To ensure statistically significant
number for cysteine functions, we have reviewed individual cases. For
example, there were only 59 sulfenylated cysteines from 48 proteins,
using resolution cutoff 1.5 A. To make the number statistically signifi-
cant for both enzymatic and non-enzymatic sulfenylated cysteines,
resolution cutoff was removed; 390 sulfenylated cysteines were
selected from 183 proteins. Including sulfenylated cysteines, total 1079
enzymatic proteins with 5647 cysteines were selected (Table S1).
Protein microenvironments around all the 5647 cysteines, were
computed using a FORTRAN program developed earlier.?? This calcula-
tion required following inputs—(1) 3-dimensional structure of the pro-
tein, (2) CHARMM?® topology and parameter files, and (3) Rekker’s
fragmental constants of individual atom types.2® Microenvironment cal-
culations report 2 outputs—(1) buried fraction and (2) rHpy. Definition
of these 2 output parameters follow. (1) Buried fraction was described
by the normalized surface area of cysteine thiol group buried inside the
protein. Values of this parameter ranged from 0.0 to 1.0. Zero buried
fraction indicated that the thiol group was completely exposed to the
solvent and vice versa. Buried fraction of an amino acid (or its side-
chain) was computed in this FORTRAN program by calling another
FORTRAN program GEPOL93.2” (2) Second parameter, rHpy, termed
as microenvironment property descriptor, described the relative hydro-
phobic contribution of protein and the solvent toward the cysteine

thiol group within its first contact shell.?2

According to the mathemati-
cal formulation, rHpy value adopted upper limit of 1, when embedded
in pure aqueous solvent. There was no lower limit for rHpy value that
depended on the hydrophobicity of the protein interior. In our current
dataset, lower limit of rHpy for cysteine thiol group was —0.311. Bur-
ied fraction and rHpy together constituted protein microenvironment

space around cysteine thiol group.
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SCHEME 1 Various oxidized forms of cysteine thiol group (R-SH), as reported in the current dataset

2.2 | Clustering of protein microenvironment space
around cysteine thiol group

Protein microenvironment space around thiols was clustered using
agglomerative hierarchical clustering.?®  Ward's method®’ was
employed and XLSTAT software®® was used. The microenvironment
space was primarily divided into smaller bins of equal spacing [buried
fraction=0.1, rHpy=0.1]. Agglomerative hierarchical clustering
method joined smaller bins into single cluster, based on the distance
proximity of the bin to the nearest cluster center. Distinct clusters
were defined based on the closest proximity of a data point (buried

fraction, rHpy) to a cluster center. Total 3 clusters were identified.

2.3 | Computation of cysteine side-chain pKa

Computation of pKa for all the 1079 proteins, in the current dataset,
was performed using PROPKA 3.1 software.>! An in-house perl script
was used to extract the pKa values of cysteines only. PROPKA pre-
dicted the pKa values of ionizable groups in proteins and protein-ligand
complexes based on the 3-dimensional structure.®**? The default pH
value used in these calculations was 7.0. The default pKa value for cys-
teine side-chain was 9.0. Final pKa was calculated based on the sur-
rounding interactions with the cysteine side-chain.

As PROPKA is quick and fast method for pKa computation, we
have benchmarked our cysteine pKa values by comparing PROPKA
results with Molecular Dynamics based pKa method, Amber MD pKa

calculation. %34

pKa values for 10 cysteine thiol groups were compared
from 9 proteins using 2 different methods, PROPKA and AMBER MD
pKa calculation. Amber MD pKa results for these cysteines were
obtained from literature.3>3¢ The pKa values were fairly similar for
these cysteines, from 2 different methods (Table S2). The RMSD of

pKa values comparing these 2 methods was 1.33. This benchmarking

indicated that although PROPKA is quick and fast method, the pKa
results were comparable to more accurate method, hence, this method

was applied to all the 5647 cysteine residues.

2.4 | Computation of secondary structures for
cysteine residues

The secondary structures for all the 1079 proteins were calculated
using DSSP software®” based on Kabsch and Sander algorithm.®® For
each protein backbone, secondary structure information was obtained
from DSSP. Secondary structures per cysteine in protein were
extracted using perl script. The DSSP algorithm has calculated the sec-
ondary structure based on the 3-dimensional structure. The algorithm
discarded any hydrogen atom present in the input structure. New
hydrogen atoms were added to the backbone nitrogen atom (N-H dis-
tance 1.0 A) pointing opposite to the backbone C = O bond. The new
hydrogen positions were optimized. The secondary structure per resi-
due in protein was determined by the relative position of hydrogen
bonds, in the most stable conformation.®?

2.5 | Selection of enzyme classes

According to the International Union of Biochemistry and Molecular
Biology (IUBMB), 6 enzyme classes exist, namely, Oxidoreductases,
Transferases, Hydrolases, Lyases, Ligases and Isomerases.*® Names
of the enzyme classes corresponding to the 1079 enzymatic proteins,
in the current dataset, were extracted from respective PDB header

files.

2.6 | Definition of cysteine thiol functions

Cysteine thiol functions studied were—disulfide formation, thioether
formation, metal binding, acylation (acetylation, palmytoylation, and
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thioester formation), ribosylation, nitrosylation, alkylation, glutathiony-
lation, selanylation, and sulfenic acid formation (Scheme 1). These func-
tions were broadly classified into 2 groups, enzymatic and non-

enzymatic.

2.7 | Classification of cysteines into enzymatic and
non-enzymatic groups

2.7.1 | Enzymatic cysteines

According to Catalytic Site Atlas (CSA)** database, cysteines were
defined as catalytic those directly participate at the reaction catalytic
center of an enzyme. Catalytic cysteines were identified from CSA
dataset through perl script. Cysteines those did not participate in
enzyme catalysis, directly, but involved in stabilization of the catalytic
residues, were defined as active. Active cysteines were identified from
PdbSum*? database through perl script.

In this report, both catalytic and active cysteines together consti-

tute enzymatic cysteines.

2.7.2 | Non-enzymatic cysteines

In this report, non-enzymatic cysteines were defined as those cysteines
undergoing different chemical modifications (according to the current
PDB dataset or the corresponding research articles) but not reported
by PdbSum or CSA database.

2.8 | Identification of chemical modifications of
cysteines

Cysteine chemical modifications (Scheme 1) were mainly identified from
respective research articles. Corresponding to 1079 proteins reported in
the current PDB dataset, only 829 research articles were available. All
these 829 research articles were downloaded. Different chemical modifi-
cation names were used as “keywords” to search a particular chemical
modification in research articles (corresponding to PDB files). The cyste-
ine modifications extracted from research articles and reported by CSA
or PdbSum database were termed as enzymatic. Remaining other cyste-
ine modifications extracted from research articles but not reported by

the above databases were termed as non-enzymatic.

2.8.1 | Disulfide formation

Keyword search in respective research articles resulted in identification
of cysteine “X” forming disulfide bond with cysteine “Y.” For example,
disulfide bond formation was reported between Cys288 and Cys317 in
literature*® corresponding to PDB ID: 4JXE. However, in the PDB file
(4JXE) those 2 cysteines were reported in thiol form. This was because
this particular PDB contained only the reduced form of thiol and the
oxidized form was reported elsewhere (PDB ID: 4MS7).

2.8.2 | Thioether formation

Keyword search resulted in identification of ligands those were capable
to form thioether with Cysteine “X.” These results were cross checked
with the PDB header files. 32 cysteines were reported to form thio-
ether bond in different PDB header files.
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2.8.3 | Metal binding cysteines

This kind of cysteines was identified using distance cutoff from the
PDB coordinate file. A cysteine thiol group within 5 A distance of a
metal ion was considered as metal-binding. 5 A distance cutoff ensured
both (1) direct coordination of the thiol group to the metal ion and (2)
water mediated interaction of thiol group to the metal ion. Metal ions
analyzed in the current dataset are iron, copper, cobalt, mercury, zinc,
cadmium, and nickel.

Remaining cysteine modifications, namely acylation (includes acet-
ylation, thioester, and plamytoylation), nitrosylation, ribosylation, thio-
esterification, selenylation, and glutathionylation, were very few in
number and were extracted from literature. However, those cysteine
modifications were not always observed in respective PDB files. Most
likely this was because those PDB files contained only the free form of
thiol and cysteine modification was reported elsewhere. For example;
in PDB ID: 3A2Z a glutathione molecule was observed within 2.2 A of
the cysteine thiol group. However, no glutathionylation was directly
observed in that particular PDB file. Although, the corresponding
research article has reported this thiol as possible glutathionylation site.

Out of the 5647 cysteines, the functionalities were identified only
for 1085 cysteines from literature and databases. Total 589 enzymatic
cysteines and 496 non-enzymatic cysteines were reported in the cur-
rent dataset.

2.9 | Identification of PFAM families for all the
proteins in the current dataset

Proteins belonging to the same PFAM family have similar functional
domains.**** Information of PFAM family corresponding to each PDB
file was available in UNIPROT database.***” An in-house perl script
was used to extract PFAM family information from UNIPROT and
reported for all 1079 proteins in the current dataset (Table S3).

3 | RESULTS AND DISCUSSION

3.1 | Protein microenvironment space around cysteine
thiol group clustered into 3 different categories

Microenvironment space around cysteine thiol group was widely dis-
tributed across various proteins, in the current dataset. The entire pro-
tein microenvironment space around cysteine thiol group was
clustered into 3 categories according to hierarchical clustering, namely,
buried-hydrophobic, intermediate and exposed-hydrophilic (Figure 1).
Each cluster was named according to their average buried fraction and
rHpy values (Table 1). Population of cysteine thiol group gradually
decreased from buried-hydrophobic microenvironment cluster to
exposed-hydrophilic micro-environment cluster. Cystine disulfide, the
oxidized form of thiol, was also distributed in 3 different microenviron-
ment clusters.?®> However, the frequencies of populations differ among
these 2 redox forms. Frequency of population was defined here as
number of cysteines (or cystines) in respective cluster divided by total
number of cysteines (or cystines). According to the protein structure

based hydrophobicity scale developed earlier, disulfide containing
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Buried-hydrophobic
Intermediate
Exposed-Hydrophilic

FIGURE 1 Distribution of all enzymatic cystines into 3
microenvironment clusters. x axis represents buried fraction and y
axis represents rHpy. Z-axis shows the population of cysteine.
Different colors represent 3 different microenvironment clusters;
buried-hydrophobic (red), intermediate (blue), and exposed-
hydrophilic (green) [Color figure can be viewed at wileyonlineli-
brary.com]

cystine exhibited maximum hydrophobicity,?? hence minimum fre-
quency of population was observed in exposed hydrophilic cluster
(0.015) [based on the data from table 1 of reference®?]. On the other
hand, the frequency of population for cysteine thiol group in exposed
hydrophilic cluster was 0.03, twice compared to the value in disulfide

group. This comparison indicated that 2 redox forms of cysteines were

TABLE 1 Statistics of cysteine microenvironment clusters®

Average
Cluster type Buried fraction AveragerHpy
Buried-hydrophobic 0.975 0.081
Intermediate 0.773 0.401
Exposed-hydrophilic 0.320 0.729

not equally populated in exposed hydrophilic  protein

microenvironments.

3.2 | Chemical modifications in enzymatic cysteines

According to the current dataset, 9 chemical modifications were identi-
fied in enzymatic cysteine group (Table 2). Out of those 9 types, 4
were more abundant and remaining others were fewer in number. To
note, cysteine sulfenylation was selected using different criteria (see
method section). Relative abundance of enzymatic cysteine chemical
modifications was shown for different protein microenvironment clus-

ters (Figure 2).

3.3 | Disulfide modification in enzymatic cysteines

Disulfide formation was one of the most abundant chemical modifica-
tion in the current dataset. Thiol/disulfide-exchange reactions were
nucleophilic substitutions of a thiol or thiolate nucleophile (RSH or RS")
on a disulfide bond (RS-SR), which leads to oxidation of the nucleophile
and reduction of the “exchanged” leaving group.®

Enzymatic cysteines capable of disulfide formation were mostly
observed in intermediate and exposed hydrophilic microenvironment
clusters (Table 2).

In intermediate microenvironment cluster, all the 38 cysteines
belonged to cytochrome C (electron transport) protein family. All these
38 cysteines have either helix or turn secondary structures (Table S4).

Majority of those cysteines (26 out of 38) were part of CxxC motifs

Average dista.)nce Within class No. of cysteines
to centroid (A) variance in each cluster
0.119 0.019 4062

0.150 0.028 1375

0.145 0.042 210

*Total 5647 cysteines were present in the dataset from 1079 proteins. Relative hydrophobic contribution of protein (weighted by buried fraction) and
solvent (weighted by [1-buried fraction]) toward the microenvironment of individual cysteine was described by the parameter rHpy. Average rHpy value
for each cluster was reported in third column. Distance between -SH group of individual cysteine and the centroid of each cluster was averaged and

reported in fourth column.

TABLE 2 Enzymatic cysteines harboring different chemical modifications

Cysteine modifications (198) Buried hydrophobic (89)

Disulfide (54) 3
Thio-ether (51) 18
Metal-bound (87) 66
Acylation (1) 0
Acetylation (2) 0
Alkylation (1) 0
Selenylation (1) 1
Ribosylation (1) 1

Sulfenylation (306) 63

Intermediate (84) Exposed-hydrophilic (25)
38 13
21 12

21

230 13
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FIGURE 2 Frequencies of enzymatic cysteine side-chain modifications in different protein microenvironment clusters [Color figure can be

viewed at wileyonlinelibrary.com]

from multiple chains of cytochrome C proteins (except 2CZS). Struc-
tural alignment of the CxxC motif of 26 cysteines resulted into Ca
RMSD value of 0.88 A. Low RMSD value indicated strict conservation
of the motif. Both the cysteines from CxxC motif have exhibited helical
secondary structure (Figure 3A). This observation was in contrast to
the half-cystines in CxxC motifs of disulfides, where 1 cysteine
belonged to helix and the other 1 belongs to turn.2® Total 30 out of 38
cysteines in intermediate cluster belongs to helical conformation (Fig-
ure 3B). These 30 cysteines with helical conformation were packed
within a smaller microenvironment space, (standard deviation of rHpy
values is 0.09 compared 0.1 for the intermediate cluster). The com-
puted pKa values for above-mentioned 30 cysteines (9.94 + 1.29) were
close to the default pKa value of cysteine side-chain (9.0).

In exposed-hydrophilic microenvironment cluster, all the 12 cys-
teines belonged to cytochrome C (Electron Transport) protein family
(PDB ID: 1OFW; 2CZS), similar to intermediate microenvironment clus-
ter. Microenvironments of these 12 cysteines were compact (in terms
of low standard deviation value of rHpy, 0.07) compared to the overall
spread of exposed hydrophilic cluster (standard deviation value of rHpy
is 0.1). Those cysteines mainly adopt helical secondary structure (Figure
3B). Cysteines with helical conformation have lower pKa (10.76 = 0.89)
than those present in coil/bend/turn conformations (14.06 = 1.75).
Higher pKa values of cysteines, in coil/bend/turn conformations, can
be presumably attributed to slight increase in hydrophobicity of the
embedded microenvironments (average rHpy value for cysteines in

turn confirmation is 0.613, slightly lower than the average rHpy value

1C52

10KS

10FW-(C47-C50)
10FW-(C59-C62)
10FW-(C97-C100)
10FW-(C111-C114)
10FW-(C127-C130)
10FW-(C225-C228)
10FW-(C241-C244)
10FW-(C267-C270)
10FW-(C284-C287)

of potential disulfide forming cysteines in exposed-hydrophilic cluster,
0.67).

In buried-hydrophobic cluster, only 3 cysteines capable of disulfide
formation were identified. Two of these cysteines, Cys288 (pKa, 8.49)
and Cys317 (pKa, not computed by PROPKA), form disulfide bond
among themselves in AMSH like protease (PDB ID: 4JXE). This protein
(PDB ID: 4JXE) controls the destruction of cell-surface receptors on
endosomal sorting complexes.*® The sulfur-sulfur distance between
these 2 cysteines was 4.4 A in this crystal structure. Although this dis-
tance was too large to form disulfide bond, rotameric change in
Cys288 side-chain enabled 2 cysteine thiols to come close and oxidize
into disulfide (PDB ID: 4MS7).43 Cys288, although deeply buried within
the protein core (buried fraction value of 0.90), has moderate hydro-
philic micro-environment (rHpy, 0.23). Upon oxidation, there was slight
decrease in hydrophobicity (and subsequent increase in hydrophilicity,
as indicated by higher rHpy value) of the protein micro-environment
around Cys 288 and slight increase in hydrophobicity value around
Cys317 (Table 3). Changes in protein micro-environment around
Cys288 was evident from the superimposed structures of oxidized and
reduced forms of the protein (Figure 4A).

Third example was Cys13 from protein methionine sulfoxide reduc-
tase A (MsrA) of Mycobacterium tuberculosis (PDB ID: 1NWA). This
Cys13 residue was capable to form disulfide bond with Cys154 present
in exposed-hydrophilic micro-environment cluster. Sulfur atoms from
these 2 cysteines were 6.8 A apart in this crystal structure. However,

rotameric change of Cys13 side-chain allowed 2 thiol groups to oxidize

(B) mHelix = Beta-Sheet mTums = Coils = Bend

Normalized Frqueney
e e s
= @ =
s 8 8

o
2
1=

e
=
=1

Buried-hydrophobic Intermediate Exposed-hydrophilic

FIGURE 3 Disulfide modification in enzymatic cysteines: A, Helical structure of CxxC motifs, superimposed from 11 chains in 3 proteins (1
chain of PDB ID: 1C52, 9 of 10FW, and 1 chains of 1QKS). Different chains are depicted by different colors. Helical structure of the motif
is shown by cartoon representations. Cysteine sulfur atoms of the CxxC motif are depicted by ball representation. B, Normalized
frequencies of disulfide forming cysteines in different microenvironment clusters and their related secondary structures. Normalization is
done with the total number of enzymatic cysteines undergoing disulfide formation [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 Changes in protein micro-environments around disulfide forming enzymatic cysteines before and after oxidation®

Residue No. PDB ID; reduced form BF rHpy MENYV cluster

PDB ID; oxidized form BF rHpy MENV cluster

288 4JXE 094 023 Buried-hydrophobic 4MS7 0.90 0.30 Buried-hydrophobic
317 4JXE 0.95 0.33 Buried-hydrophobic 4MS7 0.99 0.24 Buried-hydrophobic
13 INWA 0.89 0.16 Buried-hydrophobic 2IEM 0.97 0.33 Buried-hydrophobic
154 1INWA 0.39 0.67 Exposed-hydrophilic 2|EM 0.79 0.25 Buried-hydrophobic

“Different properties, Buried fractions (BF), rHpy, and micro-environment cluster names, are shown for both reduced and oxidized forms.

into disulfide (PDB ID: 2IEM). Oxidation of these 2 thiols induced sig-
nificant changes in the protein micro-environments of both of the cys-
teines (Table 3). Changes in the protein micro-environment, upon
oxidation, around Cys 154 were more drastic as compared to Cys13
(Figure 4B). Oxidized form of Cys 154 was embedded in buried-
hydrophobic protein micro-environment in contrast to the reduced
form, embedded in exposed-hydrophilic micro-environment. The redox
reaction involving Cys13 and Cys 154 in Mycobacterium tuberculosis
was prerequisite for catalytic activity of MsrA protein.*®

Above 3 examples suggested that potential disulfide forming cys-
teines were crucial for reductase and protease activities when embed-
ded in buried-hydrophobic microenvironment cluster. Subsequent
oxidation of these cysteines induced considerable amount of changes
in respect protein microenvironments. Protein micro-environments
around these 3 cysteines, in reduced form, were very similar to each
other (standard deviation in rHpy value for these 3 was 0.08, in con-
trast to 0.13, the standard deviation of rHpy value in buried hydropho-
bic cluster).

Average pKa values for cysteines, present in buried-hydrophobic
and intermediate clusters were lower compared to those present in
exposed-hydrophilic cluster (Table 4A). According to Henderson-
Hasselbalch equation, lower pKa values have indicated higher ratio of
thiolate to thiol concentration. In this case, the thiolate concentration

of cysteines present in buried-hydrophobic and intermediate clusters

4JXE
4MS7

were 10-fold (pKa difference >1.0) higher than those present in
exposed-hydrophilic cluster. Oxidation of thiolate to disulfide is easier
compared to oxidation of thiol to disulfide.** Hence potential disulfide
forming enzymatic cysteines were more easily oxidized in buried
(hydrophobic or intermediate) protein microenvironments, compared to
exposed-hydrophilic protein microenvironments.

Above results have explored the oxidation process of cysteine thiol
to cystine disulfide (at enzyme reaction centers) in the light of protein

microenvironments.

3.4 | Thio-ether modification in enzymatic cysteines

Thioether modification on proteins, also known as lanthionine, were
formed by the elimination of 1 sulfur atom from disulfide bond (-C-
S-S-C-) and produced carbon-sulfur-carbon (-C-S-C-) Iinkage.50 Base-
catalyzed thioether formation was observed in protein structures.
Many of these thio-ether forming cysteines were part of CxxC
motifs, as found in the current dataset—(1) CygxxCy; of PDB:
1IW2L; (2) C45xxCyg of PDB: 3CP5; (3) Cs4xxCs; of PDB: 3M97;
(4 Cz7xxCyo of PDB: 1E29; (5) CszsxxCzg of PDB: 1M1Q; (6)
C15xxCqg of PDB: 1M1Q, and (7) Cy50xxCqs55 of PDB: 3A9F. In all
the above proteins, CxxC motifs were strictly conserved (Caa RMSD
0.34), despite of their overall low sequence similarity (26.7; multiple

sequence alignment by Kalign 2.0°Y). Cysteines present at similar

INWA
2IEM

FIGURE 4 Changes in enzymatic cysteine microenvironment from thiol (reduced form) to disulfide (oxidized form) in A sst2 catalytic
domain of AMSH-like protease; Cys288 and Cys317 residues in reduced (-SH) form (PDB ID: 4JXE) and oxidized (-S-S-) form (PDB ID:
4MS7) are shown B in protein methionine sulfoxide reductase A; Cys13 and Cys154 residues shown in reduced (-SH) form (PDB ID:
INWA) and in oxidized (-S-S-) form (PDB ID: 2IEM) are shown. In figures, A and B, reduced protein is shown in red and oxidized protein in
blue. Sulfur atoms are shown in yellow; reduced thiol form of sulfur is represented by a free yellow ball and oxidized disulfide form is repre-

sented by 2 yellow balls connected by a yellow stick
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TABLE 4 Average (1) and standard deviation values (o) (shown in parenthesis) of protein microenvironment (rHpy) and pKa for enzymatic
cysteines, embedded in different micro-environment clusters for following chemical modifications - a) disulphide formation, b) thio-ether for-
mation c) metal-binding and d) S-Sulfenylation. Numbers of cysteines present in different micro-environment clusters are shown beside the

cluster names

(A)

rHpy (u,0)
pKa (u,0)
(B)

rHpy (u,0)
pKa (p,0)
(@)

rHpy (u,0)
pKa (p,0)
(D)

rHpy (u,0)

pKa (u,0)

Buried-hydrophobic (3)
0.24 (0.08)
10.14 (1.7)

Buried-hydrophobic (18)
0.12 (0.09)
10.73 (1.63)

Buried-hydrophobic (66)
0.11 (0.11)
8.1 (2.20)

Buried-hydrophobic (63)
0.14 (0.08)
11.4 (1.45)

Intermediate (38)
0.44 (0.10)
10.04 (1.2)

Intermediate (21)
0.41 (0.09)
10.63 (1.71)

Intermediate (21)
0.37 (0.09)
9.10 (3.0)

Intermediate (230)
0.38 (0.11)

10.6 (1.48)

Exposed-hydrophilic (24)
0.67 (0.07)
11.69 (1.8)

Exposed-hydrophilic (12)
0.72 (0.1)
10.41(0.68)

Exposed-hydrophilic (0)
0
0

Exposed-hydrophilic (13)
0.71 (0.10)
9.37 (0.46)

Eon
3030
-
Zo020
0.10
0.00

wHelix ®Beta-Sheet @ Tums wCoils @wBend

Buried-hydrophobic Intermediate Exposed-hydrophilic

FIGURE 5 Thioether modification in enzymatic cysteines: A, helix turn conformation of CxxC motifs, superimposed from 7 proteins, B,
protein conformational changes due to thiol to thio-ether (C-S-C) oxidation in pyruvate decarboxylase of Cys221. The protein in oxidized
form (-C221-S-C-) is ligated to 2-hydroxy propionic acid (PDB ID: 2VK8); Oxidized form represented by blue cartoon representation and
reduced form (PDB ID: 1PVD) by red cartoon. The sulfur atoms of Cys221, both in reduced and oxidized forms, are represented by yellow
balls and remaining part of the cysteine in ball and stick representation. The 4.5 A region around cysteine is highlighted. The Ca RMSD of
the 2 proteins is 0.26 A, C, Normalized frequencies of thioether forming cysteines in different microenvironment clusters and their related
secondary structures, D, cysteine microenvironments around Cys 37 and Cys 40 (both part of CxxC motif) forming 2 separate thioether
bonds with heme group in cytochrome protein (PDB ID:1E29). Cys 37 in helix conformation and Cys 40 in turn conformation [Color figure
can be viewed at wileyonlinelibrary.com]
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functional domains belong to same PFAM family, for example,
cysteines from cytochrome C oxidase (PDB ID: 1W2L), cytochrome
C-552 (PDB 1D:3M97), cytochrome C (PDB ID:3CP5), all belong to
PFAM family, PFO0034 (Table S5). Cysteines in those motifs either
belonged to helix or turn conformations (Figure 5A). According to
the crystallographic data, 32 cysteines in the current dataset were
part of thio-ether (-C-S-C-) linkage and 19 cysteines were capable
to form thio-ether (according to literature) (Table Sé). Two ligands
were reported, in the current dataset, to form thio-ether with cys-
teines, (1) 2-hydroxy propionic acid and (2) heme group.

Functions of few thio-ether (-C-S-C-) linkages were illustrated
below. Example 1: enzymatic Cys221 formed covalent bond (bond
length of 1.82 A) with 2-hydroxy propionic acid and contributed to
(non-oxidative) decarboxylation of pyruvate, as a part of the regulatory
Site of Yeast Pyruvate Decarboxylases (PDB ID: 2VK8).°? Superimposi-
tion of oxidized (-C-S-C- in PDB ID: 2VK8) and reduced (-SH) (PDB ID:
1PVD) forms of Cys221 in pyruvate decarboxylase protein, indicated
that the oxidized form was buried in slightly more hydrophobic micro-
environment (rHpy, 0.16) compared to that of reduced form (rHpy,
0.227) (Figure 5B). Example 2: Cys18 forms a thio-ether bond with
heme group in oxidized structure of tetraheme Cytochrome C protein
(PDB ID: 1M1Q).>® Example 3: Cys 45 and 48 form thio-ether bond
with heme group in cytochrome C of Rhodothermus marinus (PDB ID:
3CP5)>*

All the above 51 cysteines were more or less equally distributed
through different protein micro-environment clusters (relatively less in
exposed-hydrophilic microenvironment) (Table 2). Cysteines were more
tightly packed within buried-hydrophobic cluster (standard deviation of
rHpy values for 18 such cysteines was, 0.06), followed by those in
intermediate cluster (standard deviation of rHpy for 20 such cysteines
is 0.08). Compactness of thio-ether forming cysteine micro-
environments was least in exposed-hydrophilic cluster (standard devia-
tion of rHpy value for 12 such cysteine is 0.15, higher than that of
exposed-hydrophilic cluster). Variation in secondary structures was
fairly uniform across the microenvironment clusters (Figure 5C).

Overall pKa values for thio-ether forming cysteine side chains in
different protein microenvironment clusters were more or less the
same (Table 4B). pKa values for these 51 cysteines were computed by
PROPKA.2* PROPKA has a special provision to compute pKa for cys-
teines, part of CxxC motifs in thioredoxin family, even if those were in
oxidized forms.

Although the overall pKa values were more or less the same, varia-
tions were observed when secondary structures of cysteines were
taken in conjugation with different protein microenvironments (Table
S6). Example 1: cysteines in turn conformations conjugated with
buried-hydrophobic protein microenvironments have lower pKa values
(9.2 +0.2) except 1 (Cys37 of PDB 1E29; pKa value 14.8). This Cys37
was partly buried (buried fraction 0.845) and moderately hydrophobic
(rHpy 0.172), embedded within the heme group (Figure 5D). Example
2: Cysteines in intermediate cluster conjugated with bend conforma-
tion exhibit lower pKa (9.4 + 0.3) value compared to the average pKa
of the cluster (10.6 = 1.7). Example 3: cysteines in buried hydrophobic
cluster conjugated with turn conformation have higher pKa values

(11.1 = 1.6) compared to the average pKa value of the cluster (9.2 +
0.2). Above 3 examples indicate that specific combinations of protein
microenvironments and secondary structures influence the pKa value

of the cysteines those form thio-ether within in protein structures.

3.5 | Metal binding modification in enzymatic
cysteines

Total 87 cysteines were identified in the current dataset (Table 2) those
coordinate to different metal ions either via direct coordination or via
water mediated interactions and participate in catalytic reactions. Both
of these metal binding modes were biologically important, as demon-
strated for nucleic acid-Magnesium interactions.>>>¢ Cysteines present
at similar functional domains belong to same PFAM family, for example
(1), cysteines from Ferridoxin (PDB ID: 1KRH) and carbon monoxide
deaminase (PDB ID:1N62) belong to PFAM family PFO0111; example
(2), cysteines from cytosine deaminase (PDB ID: 1P60), cytidine deami-
nase (PDB ID: 2FR5), and blastidine deaminase (PDB 1D:2Z3H), all
belong to PFAM family, PFO383 (Table S5).

Sixty-six metal-binding cysteines were embedded in buried-
hydrophobic cluster. According to the sulfur-metal distances (2.29 +
0.3), cysteines embedded in buried-hydrophobic microenvironment
directly coordinate to the metal ions (Table S7). pKa values for these
cysteines were computed using PROPKA. pKa of 30 such cysteines
were not reported (NA in Table S7) by PROPKA. According to the for-
mulation, PROPKA ignored pKa computations for amino acids those
were bound to ligands or ions and reported odd pKa value (99.99) for
disulfide links.2* Overall computed pKa values for enzymatic metal-
binding cysteines (excluding above-mentioned 30 cysteines) were
lower (8.4 + 2.9) than the cysteines involved in other chemical modifi-
cations (Table 4C). Metal coordinated cysteines were predominant in
thiolate form, as evident from their sulfur-metal distances and low or
anomalous pKa values (reported as NA in Table S7). Lowering of cyste-
ine side-chain pKa values in presence of positively charged Lysine and
Arginine side chains were also reported earlier.”” In our current dataset,
metal-ligated cysteines were also located within the vicinity of posi-
tively (albeit pH<7) charged residue, like Histidine (Figure 6A-C).
Majority of these metal-binding cysteines adopted coil conformations
(Figure 6D). Metal binding enzymatic cysteines present in oxidoreduc-
tase enzyme class, in general, exhibited lower range of pKa values
(8.1 = 2.2). In buried hydrophobic cluster, lowest pKa value for cysteine
side-chain was exhibited for Cys214 of PDB: 1MXR (Table S7). Excep-
tions were also observed—cysteines from oxidoreductase family
embedded in very hydrophobic (rHpy values negative) microenviron-
ments exhibit higher pKa values; for example, Cys45 of PDB: 1I0R,
Cys291 of PDB ID:3V4K, Cys68 of PDB ID:2W3Q (Table S7).

Twenty-one metal-binding cysteines embedded in intermediate
micro-environment cluster, have overall larger pKa values (9.1 + 3.0)
compared to the average pKa value in buried-hydrophobic cluster.
Some of these cysteine side chains exhibited pKa values as low as 4.89
in Cys288 of PDB: 3V4K (Table S7). These cysteines mostly belong to
hydrolase enzyme class (10 out of 21) in contrast to buried hydropho-

bic cluster (those mainly belong to oxidoreductase enzyme class).
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FIGURE 6 Cysteines with low pKa values having thiol group coordinated to metal ions and surrounded by Histidine residues. Cysteines
are represented by yellow ball and metal ion by grey ball. Histidines are represented as ball and stick. Remaining part of the protein
microenvironment around the cysteine thiol is depicted by cartoon representation for PDB ID: A 4HL2, B 1P60, C 2Z3H, and D, normalized
frequencies for metal binding cysteines in different protein microenvironments and their related secondary structures. (As exposed-
hydrophilic cluster has zero population, it is excluded from the figure) [Color figure can be viewed at wileyonlinelibrary.com]

3.6 | S-sulfenylation modification in enzymatic
cysteines

Sulfenylation of cysteine is a post-translational modification mainly
triggered via reactive oxygen species (ROS), like, hydrogen peroxide
(H,0,) or reactive nitrogen species (RNS), like, peroxynitrite
(ONOQ"). Total 306 enzymatic cysteines with S-Sulfenylation were
identified in the current dataset. Out of these 306 sulfenylated cys-
teines, 63 were present in buried hydrophobic microenvironment
cluster, 230 in intermediate cluster and 13 in exposed hydrophilic
cluster (Table 2). The predominant secondary structures of S-
Sulfenylated cysteines in intermediate microenvironment cluster
were helix or coil (Figure 7A). However, the enzymatic sulfenylated
cysteines were mostly part of beta-coil-helix motif (Figure 7B). Ear-
lier report has also indicated the presence of S-sulfenylated

(A)

0.30 sHelix wBetasheet mTums mCoils mBend

020

0.10

Normalized frequency

0.00

Buried-liydrophobic Intermediate

Exposed-hydrophilic

cysteines in beta-coil-helix motif.3¢ Helix or coil conformations were
presumed to be energetically more susceptible toward reaction in
comparison to beta conformation.’®°° Hence, sulfenylated cys-
teines, in helix or coil conformation, were supposed to be more reac-
tive. The reactive sulfenylated cysteines undergo further chemical
modifications, namely, sulfinic acid formation, acetylation, disulfide
bridge formation, and glutathionylation. Due to high reactivity, cys-
teine sulfenylation has direct or indirect implication in many redox-
mediated biological pathways, like oxidative stress, regulatory effect
on cardiovascular diseases,®® acetylation in Krebs cycle,! S-
glutathionylation in HMP shunt pathway.®? One example has been
cited from the current dataset, reactive S-sulfenylated-Cys438 in
malate synthase A (PDB ID: 3CV2), facilitates binding acetyl group
to the enzyme pocket.®® This Cys438 was embedded in intermediate
protein microenvironment (rHpy value of 0.69).

(B)

1EQ2
1GSN
109Q
3A8G
3IG5

4GE7

FIGURE 7 Protein microenvironment around cysteine sulfenylation for A, normalized frequencies of cysteines in different
microenvironment clusters and their related secondary structures and B, beta-turn-helix motif (cartoon representation) containing
S-Sulfenylated cysteines (yellow ball) [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 5 Non-enzymatic cysteines harboring different chemical modifications

Cysteine modifications (501) Buried hydrophobic (344)

Disulfide (17) 12
Thio-ether (16) 5
Metal-binding (367) 289
Nitrosylation (2) 2
Acetylation (4) 2
Palmitoylation (1) 0
Alkylation (2) 0
Glutathionylation (4) 3
Thioester (3) 1
Sulfenylation (85) 30

Cysteines present at similar functional domains belong to same
PFAM family. S-Sulfenylated cysteines belong to many PFAM family,
mainly, PFO069, PF01625, PF01965, and PFO0578 (Table S5). Most of
the S-Sulfenylated cysteines, in this dataset, belong to PFAM domain
PF01965, that correspond to DJ-1/PfPI family. This family includes the
protease Pfpl and the corresponding domain belongs to transcriptional
regulators. Earlier report has also shown S-sulfenylated cysteines
belonging to PFAM family PF01965.3¢

3.7 | Acetylation modification in enzymatic cysteines

In the current dataset, 2 enzymatic cysteines were reported to undergo
acetylation (PDB IDs: 4L8A, 5HWO). Both of the cysteines, capable to
undergo acetylation, were embedded in intermediate micro-
environment cluster (Table S8). These cysteines mainly belonged to
transferase enzyme family combined with helical secondary structure

(Figure 2).

3.8 | Selenylation modification in enzymatic cysteines

Selenylation of cysteines were triggered by selenites (Seog') present in
trace amount, mainly in bacteria®* and plants.®> Selenites were often
involved in formation of reactive oxygen species (ROS) and subsequent
cell damage. Cysteine selenylation provides a mechanism to remove
selenite induced oxidative stress in cell. In the current dataset, only 1
selenylation is reported, Cys388 from a dehydrogenase protein present
in eubacterium, oligotropha carboxidovorans. Both selenylated (PDB ID:
1N62) and free thiol (PDB ID: 1QJ2) form of the protein were identi-
fied. Changes in the protein microenvironment upon selenylation was
moderate, rHpy of oxidized form was 0.305 and that of reduced form
was 0.204.

3.9 | Ribosylation modification in enzymatic cysteines

Mono-ADP ribosylation was a protein modification that occurred at a
number of amino acids, including cysteine.® Cysteine was the ADP-
ribose acceptor cite of pertussis toxin-catalyzed ADP-ribosylation.®” In

the current dataset only 1 protein was identified with potential

Intermediate (122) Exposed-hydrophilic (35)

2 3
8 3
64 14
0 0
1 1
1 0
2 0
1 0
2 0
41 14

ribosylation site on cysteine (PDB ID: 1TKE, Cys182). This cysteine
was located in buried hydrophobic microenvironment (buried fraction
0.86 and rHpy 0.14).

3.10 | Glutathionylation modification in enzymatic
cysteines

Post-translational S-glutathionylation occurred through the reversible
addition of a proximal donor of glutathione to thiolate anions of cys-
teines in target proteins. Glutathionylation altered the molecular mass,
charge, and structure-function of sulfhydryl groups thus prevented it
from over oxidation or proteolysis. Both the forward and the reverse
reactions, catalyzed by glutathione S-transferase P and glutaredoxin,
respectively, have created a functional cycle that could regulate certain
protein functional clusters, including those involved in redox-
dependent cell signaling.X” In the current dataset, only 1 cysteine (PDB
ID: 3RHB, Cys 29) was identified, that is deeply buried (buried fraction
1.0) in buried hydrophobic (rHpy 0.083) microenvironment.

3.11 | Chemical modification with non-enzymatic
cysteines in current dataset

Apart from enzymatic reactions, cysteines have undergone similar
chemical modifications during non-enzymatic processes. Nine chemical
modifications were observed in the current dataset (Table 5). Maximum
number of non-enzymatic cysteines were observed in buried hydro-
phobic microenvironment (Figure 8). Here we have compared the
major (in terms of the numbers in the current dataset) non-enzymatic
cysteine modifications (disulfide formation, thioether formation, metal
binding, and S-Sulfenylation) with similar cysteine modifications in

enzymatic reactions.

3.12 | Disulfide modification in non-enzymatic
cysteines

Disulfide forming non-enzymatic cysteine population was maximum in
buried hydrophobic microenvironment cluster (12 out of 17; Table 5).
In case of disulfide forming enzymatic cysteines, maximum cysteine
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FIGURE 8 Frequencies of non-enzymatic cysteine side-chain modifications in different protein microenvironment clusters [Color figure can

be viewed at wileyonlinelibrary.com]

population was observed in intermediate cluster, (38 out of 54; Table
3). Those 12 non-enzymatic cysteines (from buried hydrophobic clus-
ter) belonged to diverse proteins, amidase, thioredoxin, ATP synthase,
ferrodoxin, and so forth. In contrast, most of the disulfide forming
enzymatic cysteines were part of CxxC motif from cytochrome C pro-
teins (Figure 4A). Majority of these non-enzymatic cysteines adopted
coil or turn conformation (Table S9). However, cysteines, in coil confor-
mations, exhibited large standard deviation in rHpy values (0.115). pKa
values (10.43 = 3.52) for these cysteines, in coil conformations, exhib-
ited larger fluctuations compared to those of disulfide forming enzy-
matic cysteines. This comparative analysis of disulfide forming
enzymatic and non-enzymatic cysteines showed that the non-
enzymatic disulfides have less conserved microenvironments and pKa
values, presumably, owing to their diversity in protein functions.

Average pKa value for disulfide forming non-enzymatic cysteines,
embedded in exposed-hydrophilic micro-environment cluster, was
(9.72 = 1.46). The average pKa value in buried-hydrophobic microen-
vironment was (11.60 + 2.34). According to Henderson-Hasselbalch
equation, at a given pH, concentration of base (thiolate) to acid (thiol)
ratio increased with decrease in pKa. Hence, above observation sug-
gested approximately 100 times increase in thiolate to thiol concen-
tration when cysteine was embedded in exposed-hydrophilic protein
microenvironments compared to buried-hydrophobic microenviron-
ments. Oxidation of thiolate to disulfide was easier compared to oxi-
dation of protonated thiol to disulfide.*” Hence, cysteines embedded
in exposed-hydrophilic microenvironment were more susceptible
toward oxidation, in non-enzymatic processes. In literature, it was
proposed that cysteine residues exposed on protein surfaces were
mainly intra-mitochondrial thiol, involved in protection against oxida-
tive damage.®

However, disulfide forming enzymatic cysteines embedded in

exposed-hydrophilic micro-environment cluster have higher pKa values

(11.69 = 1.8) compared to those in intermediate micro-environment
cluster (10.04 + 1.2), suggesting 45 times increase in thiolate to thiol
concentration of enzymatic cysteine when embedded in intermediate
protein microenvironment. Thus, enzymatic disulfide forming cysteines
are less susceptible toward oxidation when embedded in exposed-
hydrophilic micro-environments.

From these above observations (based on pKa values) it can be
inferred that exposed-hydrophilic protein microenvironment cluster
facilitated easier oxidation to non-enzymatic cysteines. Whereas, the
same exposed-hydrophilic cluster disfavored easy oxidation (because
of high pKa values) of enzymatic cysteines (to form disulfide). More-
over, enzymatic cysteines were more easily converted to disulfide
(inferred based on low pKa values) at enzyme active sites when embed-

ded within intermediate microenvironment clusters.

3.13 | Thioether modification in non-enzymatic
cysteines

Thioether forming non-enzymatic cysteine population was maximum in
intermediate cluster (8 out of 16), similar to those of thioether forming
enzymatic cysteines. These 8 cysteines mainly have beta sheet confor-
mation (Table $S10) and were present in variety of proteins, namely, oxi-
dase, ribokinase, membrane proteins, histone lysine demethylase, and
so forth. These cysteines were widely distributed throughout the
microenvironment space, indicating less conservation of the microen-
vironments. Secondary structures of thioether forming non-enzymatic
cysteines were different from those participated in enzymatic reac-
tions. In contrast, thioether forming enzymatic cysteines, either have
helix or turn secondary structure, mostly ligated to heme as a part of
CxxC motif in cytochrome C proteins (Figure 5C). As non-enzymatic
cysteines were not ligated to heme through CxxC motif, structural con-

straints of turn and helix were absent.
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FIGURE 9 Schematic of different metal binding cysteine motifs [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 6 Different metal binding cystiene motifs

No. of No. of Functions of the proteins Avg. Buried Avg. rHpy
Metal Motif protein cysteines involved fraction (Std. dev) (Std. dev)
Fe cC 2 8 (6)# Electron transport in respiration and 0.86 (0.13) 0.18 (0.14)
removes superoxide anion
(reduces stress)
Fe C-x-C 5 22 (22)# Electron transport in photosynthesis 0.95 (0.03) 0.11 (0.12)
Fe C-xx-C 34 114 (112)# Electron transport chain in photo- 0.86 (0.12) 0.19 (0.14)
synthesis and respiration, 2 Dehy-
drogenase, DNA glycosylase,
oxygenase, isoprenoid and pyrimi-
dine synthesis, formylation of
glycine (posttranslational)
Fe C-xxx-C 4 22 (22)# iron-sulfur proteins involved in elec- 0.85 (0.20) 0.26 (0.19)
tron transfer in photosynthesis
Fe C-xx-C-xx-C 5 30 (24)# iron-sulfur proteins involved in 0.85 (0.09) 0.14 (0.13)
photosynthesis and dehalogenases
in respiration
Zn CcC 12 42 Anti-apoptotic, nucleotide and small 0.86 (0.17) 0.21 (0.19)
molecule synthesis, DNA binding,
regulation of cell cycle
Zn C-x-C 19 60 Small molecule synthesis and degra- 0.86 (0.17) 0.21 (0.17)
dation, nucleic acid binding
Zn C-xx-C 110 628 Synthesis and degradation of 0.89 (0.18) 0.18 (0.18)
nucleotides, amino acids and t-
RNA
Zn C-xxx-C 5 14 Transcription and cross bridging of 0.88 (0.23) 0.21 (0.23)
myosin protein
Zn C-xx-C-xx-C 3 18 Glucose oxidation and cell differen- 0.92 (0.19) 0.15 (0.17)
tiation
Mn CcC 1 2 Pyrenoid biosynthesis 0.86 (0.19) 0.27 (0.27)
Cu C-x-C 1 4 Chaperone 1.00 (0.00) 0.15 (0.17)
Cu C-xx-C 1 4 Chaperone 0.60 (0.47) 0.44 (0.44)
Cu C-xxx-C 1 2 Cytochrome oxidase 1.00 (0.00) 0.22 (0.12)
Hg C-xx-C 1 2 Chaperone 0.63 (0.37) 0.51 (0.26)
Hg C-xxx-C 1 4 Ribonucleotide reductase 0.95 (0.05) 0.07 (0.13)

# number of cysteines involved in electron transfer are given in parenthesis.

3.14 | Metal binding modification in non-enzymatic
cysteines

Maximum number of non-enzymatic cysteines were part of metal coor-
dination (Table 5). Most of these cysteines (289) belong to buried-
hydrophobic microenvironment cluster (Table S11), similar to those of
metal-binding enzymatic cysteines. These cysteines embedded in
buried-hydrophobic cluster mostly belong to hydrolase enzyme family.
Most of these metal binding non-enzymatic cysteines (199 out of 367)
have adopted coil or turn conformations, similar to those of metal bind-
ing enzymatic cysteines (Table S11). Overall pKa values (9.32 = 2.96)
for 367 non-enzymatic cysteines were comparable to the default thiol
pKa value (9.0). Relative comparison of metal binding cysteines in enzy-
matic and non-enzymatic groups revealed their similar microenviron-

ments, secondary structures and pKa values. Above observation

indicated no difference in metal coordination during enzymatic or non-
enzymatic reactions.

Although no differences were observed between protein microen-
vironments of metal binding enzymatic and non-enzymatic cysteines,
characteristic features were observed for specific metal binding motifs.
To increase the significance of statistical analysis, size of the dataset
was increased by incorporating crystal structures with resolutions bet-
ter than 2.0 A (in contrast to existing dataset with resolution cutoff 1.5
A). In the enlarged dataset, total 976 cysteines were identified as metal
binding, extracted from 205 proteins. There were 5 different metal
binding cysteine motifs, CC, CxC, CxxC, CxxCxxC, and CxxxC (Figure
9), associated with 7 different metal ion. Different metal-binding cyste-
ine motifs, variations in their embedded protein microenvironments,
individual cysteine functions and related protein functions were
reported (Table 6). Microenvironments around iron binding and zinc
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FIGURE 10 Normalized frequencies of cysteine thiol pKa values present in different protein microenvironment clusters—(1) buried
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binding motifs were discussed below due to their abundance in the
current dataset.

Iron binding cysteine motifs have similar functions, mostly evolved
to transport electrons in cellular respiration and photosynthesis (Table
6). Standard deviation of rHpy values for all iron binding cysteines was
0.14. Majority of the iron binding cysteines adopted coil or turn sec-
ondary structures. In contrast zinc binding cysteine motifs were
involved in variety of functions (Table 6; Table S12). Cysteines involved
in zinc binding motifs were more scattered throughout the protein
microenvironment space, compared to iron binding cysteine motifs.
Standard deviation of rHpy values for zinc binding cysteine motifs was
0.19, less compact than that of iron binding cysteine motifs.

Above observations suggested that protein micro-environments
were conserved around iron-binding cysteines those participated in
similar biological function, namely, electron transport. Evolution of simi-
lar amino acid functions in near identical protein microenvironments

presumably facilitate different proteins to perform same function.

3.15 | S-sulfenylation modification in non-enzymatic
cysteines

There were 85 non-enzymatic sulfenylated cysteines. 30 cysteines
were in buried-hydrophobic, 40 in intermediate cluster and 15 in
exposed-hydrophilic cluster. Slight increase in proportion of non-
enzymatic sulfenylated cysteines (30/85=0.35) was observed in
buried-hydrophobic cluster compared to enzymatic sulfenylated cys-
teines (63/306 = 0.21) in the same cluster. This indicated that non-
enzymatic sulfenylated cysteines were more often present in buried
protein microenvironment compared to enzymatic cysteines. For exam-
ple; S-sulfenylation was reported for Cys322 in SusD protein of human
gut microbiota (PDB ID: 3CKC), however, no enzymatic function was
known. This Cys322 was embedded in hydrophobic microenvironment

created by 3 Trp residues, W96, W98, and W320 (rHpy, 0.06). This
hydrophobic cleft facilitates starch binding and activate the protein
function.®® Literature report has indicated that non-enzymatic sulfeny-
lated cystines were mostly involved in oxidation to form stable disulfide
bond via formation of thiolate intermediate.®’ Non-enzymatic S-Sulfe-
nylated cysteines mainly adopt coil or turn conformation in buried
hydrophobic protein microenvironment; and helix conformation in
intermediate and exposed hydrophilic microenvironment (Table S13).
In contrast, S-Sulfenylated enzymatic cysteines preferred helical con-
formation in buried-hydrophobic protein microenvironment as well
(Figure 7A).

3.16 | Other chemical modifications of non-enzymatic
cysteines

Non-enzymatic cysteines have more variety of chemical modifications
compared to enzymatic cysteines, namely, nitrosylation, palmytoylation,
glutathionylation, and thioesterification (Tables 2 and 5). However, the
number of modifications in the current dataset were too less to draw
any statistical inference. These chemical modifications on cysteines
were more non-specific compared to those in enzymatic reactions, still
has important consequences in the biochemical pathways. Example 1,
Cys83 in Dimethylarginine dimethylaminohydrolase protein (PDB ID:
2C6Z) has undergone trans-nitrosylation reaction by S-nitroso-L-
homocysteine inhibitor under crystallization conditions.”® S-ntiroso-L-
homocysteine inhibitor formed a covalent thiosulphoximide bond with
cysteine273 in the same protein. Example 2, Cysteine87 of Glutathior-
edoxin (PDB ID: 3RHB) was one of the site for glutathionylation out-
side the active site of the enzyme and involved in reduction of
glutathionylated protein.”* Details of the microenvrionments around
non-enzymatic cysteine modifications (other than disulfide, thioether,
metal-binding, and S-Sulfenylation) were reported in Table S14.
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3.17 | Effects of embedded protein
microenvironments and other factors (thiol
modifications and so forth) on cysteine thiol pKa

In order to understand the effects of protein microenvironment on cys-
teine side-chain pKa values, we have studied the distribution of cysteine
pKa values (computed by PROPKA) in 3 different microenvironment
clusters (Figure 10). The observations were counter-intuitive. The intu-
ition was, the cysteine pKa value (negative logarithm of proton dissocia-
tion constant of the cysteine -SH group) should reduce in presence of
higher dielectric medium (qualitatively comparable to high rHpy value),
according to Coloumb's law. However, buried hydrophobic cluster has
maximum number of cysteines with low pKa values (Figure 10A) and
exposed hydrophilic cluster has zero number of cysteines with low pKa
values (pKa ranging from 1 to 4) (Figure 10B). This observation indicated
that cysteine pKa values do not decrease proportionally with the hydro-
philicity of the embedded protein microenvironment. Rather, cysteine
pKa values were more related to its respective functions. For example,
metal binding cysteines were reported with low pKa values (Figure 10D)
and most of the metal binding cysteines (75% of the metal binding cys-
teines) were located in buried hydrophobic microenvironment cluster
(Table S11). Second example was about enzymatic cysteine thiols under-
going disulfide formation. Enzymatic cysteine thiols exhibited lower pKa
when susceptible toward oxidation to form disulfide and present in
buried-hydrophobic or intermediate microenvironments (compared to
exposed-hydrophilic region) (Table 4A). Above 2 examples explained
why buried hydrophobic cluster was populated with significant number
of cysteines with low pKa values.

Presumably, lowering of cysteine thiol pKa inside proteins was
result of competitive interactions between strong force (e.g., formation
of coordinate bonds between thiolate and metal ions) versus weak
force (non-covalent electrostatic interaction, like, effect of protein
dielectric medium or protein microenvironment). Strong forces predom-
inate over the weak force and exhibit changes in thiol pKa (with
respect to the default pKa value).

Thus, cysteine thiol pKa values inside proteins are governed by
multiple factors, chemical modifications, secondary structures (dis-
cussed above), and protein microenvironments. Details study of pKa
modulation for titrable amino acid side-chain by protein structures will

be reported elsewhere.

4 | CONCLUSIONS

Protein microenvironment played a crucial role in modulating the struc-
ture and catalytic activity of disulfide-bridged cysteine.???® In this
work, we have demonstrated the functions (chemical modifications) of
cysteine thiol (reduced form of disulfide-bridged cystine) side chains
embedded in different protein microenvironments and secondary
structures. Biological functions of cysteine analyzed in the current data-
set were disulfide formation, thio-ether formation, metal-binding, nitro-
sylation, acylation, selenylation, glutathionylation, sulfenylation, and
ribosylation. Based on hierarchical clustering, 3 microenvironment clus-

ters were identified, buried-hydrophobic, intermediate, and exposed-

hydrophilic. Comparison of same cysteine modifications across enzy-
matic and non-enzymatic groups (enzymatic and non-enzymatic groups
were defined in the method section) indicated clear difference in their
embedded protein microenvironments and secondary structures. Enzy-
matic cysteines analyzed in the current dataset, those have undergone
a particular chemical modification (disulfide or thioether formation),
mostly belonged to similar structural motifs from same enzyme class
and embedded in similar microenvironments and secondary structures.
For example, disulfide forming enzymatic cysteines mostly belonged to
CxxC motif of electron transport family. Those cysteines preferred heli-
cal conformation and mostly confined in intermediate cluster. How-
ever, disulfide forming non-enzymatic cysteines did not belong to
any specific structural motifs and distributed over various protein
types. Similar observations were also made for enzymatic and non-
enzymatic thioether forming cysteines. Based on the pKa calcula-
tions it was observed that enzymatic cysteine thiols were more sus-
ceptible to oxidation (to disulfide) when embedded in buried-
hydrophobic or intermediate microenvironments. In contrast, the
non-enzymatic cysteine thiols were more susceptible to oxidation (to
disulfide) when embedded in exposed-hydrophilic microenviron-
ments. Cysteine modifications, like, glutathionylation, ribosylation,
nitrosylation and selenylation and so forth were extremely important
in redox balance, cellular signaling, heavy-metal scavenging and so
forth. However, due to limited data in our current dataset, no spe-
cific conclusions can be made for those modifications. Details for
those modifications will be reported elsewhere. Protein microenvir-
onments around iron-binding cysteine motifs were relatively more
conserved than zinc binding cysteine motifs. Above observations
suggested that iron binding cysteines contribute to same function
(electron transport) in different proteins.

Initial hypothesis of this work was—individual cysteine functions
preferred specific protein microenvironment, secondary structure and
biological function. This hypothesis was proved for enzymatic cysteine
functions only. The key finding was—enzymatic cysteine functions (and
their related pKa values) from different proteins strongly preferred spe-
cific combination of protein microenvironments, secondary structures
and biological functions. The key finding can be used to manipulate
biological and pharmacological reactions involving thiol containing com-

pounds (like, glutathione and thioredoxin)”2

or to design pharmacologi-
cally important exogenous anti-oxidant molecules.”® Earlier report has
suggested (post-translational) modifications (sulfenylation, glutathiony-
lation, and so forth) of cysteine residue (Cys797 residue of EGFR pro-
tein) affect drug pharmacology (drugs involved—Dacomitinib, Afatinib,
Gefitinib, Erlotinib, Cetuximab, Lapatinib, Panitumumab, Vandetanib,
and so forth).”* Another report has shown that cysteine rich engi-
neered proteins can regulate hypoxic condition within the cell.2”®
Cysteine-based drug and metal chelator, meso-2,3-dimercaptosuccinic
acid (DMSA), was clinically approved to reduce lead levels in blood
stream.”® Conversion of cysteine to Cys-sulfenic acid by cysteine
dioxygenase reduced the levels of cysteine in the cellular environ-
ment.”” Here, we suggest that drug candidatures against NADPH oxi-
dase (NOX) protein family can be improved by chemically modifying

the cysteine residues involved. The existing drugs against NOX family,
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those have undergone clinical trials, were GKT136901, GKT137831,78
and VAS3947.7° Further possibilities, modification of protein microen-
vironments around critical thiols involved in mitochondrial ROS genera-
tion might help to design effective drugs against mitochondrial

disorders.
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