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ABSTRACT

In our previous study, we have shown that the microenvironments around conserved amino acids are also conserved in pro-
tein families (Bandyopadhyay and Mehler, Proteins 2008; 72:646-659). In this study, we have hypothesized that amino acids
perform similar functions when embedded in a certain type of protein microenvironment. We have tested this hypothesis
on the microenvironments around disulfide-bridged cysteines from high-resolution protein crystal structures. Although
such cystines mainly play structural role in proteins, in certain enzymes they participate in catalysis and redox reactions.
We have performed and report a functional annotation of enzymatically active cystines to their respective microenviron-
ments. Three protein microenvironment clusters were identified: (i) buried-hydrophobic, (ii) exposed-hydrophilic, and (iii)
buried-hydrophilic. The buried-hydrophobic cluster encompasses a small group of 22 redox-active cystines, mostly in alpha-
helical conformations in a —C-x-x-C- motif from the Oxido-reductase enzyme class. All these cystines have high strain ener-
gy and near identical microenvironments. Most of the active cystines in hydrolase enzyme class belong to buried hydrophilic
microenvironment cluster. In total there are 34 half-cystines detected in buried hydrophilic cluster from hydrolases, as a
part of enzyme active site. Even within the buried hydrophilic cluster, there is clear separation of active half-cystines
between surface exposed part of the protein and protein interior. Half-cystines toward the surface exposed region are higher
in number compared to those in protein interior. Apart from cystines at the active sites of the enzymes, many more half-
cystines were detected in buried hydrophilic cluster those are part of the microenvironment of enzyme active sites. However,
no active half-cystines were detected in extremely hydrophilic microenvironment cluster, that is, exposed hydrophilic cluster,
indicating that total exposure of cystine toward the solvent is not favored for enzymatic reactions. Although half-cystines in
exposed-hydrophilic clusters occasionally stabilize enzyme active sites, as a part of their microenvironments. Analysis per-
formed in this work revealed that cystines as a part of active sites in specific enzyme families or folds share very similar
protein microenvironment regions, despite of their dissimilarity in protein sequences and position specific sequence
conservations.
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INTRODUCTION

Additional Supporting Information may be found in the online version of this

Properties of amino acids are influenced by the sur-
rounding dielectric medium, like water/octanol,! protein
interior’~4 and membrane bilayers.>~8 The protein inte-
rior is highly heterogeneous in terms of its dielectric
medium; the environment created by the complex mosa-
ic of 20 different amino acids. This heterogeneous pro-
tein dielectric medium can be viewed as a collection of
smaller dielectric media, what we refer to here as the
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Cystine Function and Protein Microenvironment

local microenvironment. Microenvironment describes the
three dimensional arrangement of atoms around any giv-
en amino acid (or its functional group) within its first
contact shell.” It has been shown earlier that certain
properties of amino acids, for example pK, in titrable
amino acids, can be altered due to transition between
different microenvironments.# It has also been shown
that protein microenvironments are crucial in modulat-
ing the protonation states of titratable amino acids such
as arginine in voltage-gated ion channels, 10 aspartic acid
in photo cycle of bacteriorhodopsin,!! glutamic acid in
hen egg white lysozyme, and others in several acid-base
catalyzed hydrolysis reactions.!2 Despite of all these facts,
there is a gap in knowledge of how specifically microen-
vironment influences the particular role of an amino
acid in a protein structure. This is due to insufficient
biochemical (experimental) information on individual
amino acid microenvironment inside the protein. Micro-
environment measurement is experimentally limited only
to certain surface exposed amino acid residues which are
intrinsic fluorophores or those can be tagged with extrin-
sic ﬂuorophores.13 Recently we have generated a data-
base of microenvironments around all the amino acid
side chains in the context of high-resolution protein
crystal structures.? In that work, we have demonstrated
that each amino acid side-chain is embedded in a wide
range of protein microenvironment. The average hydro-
phobicity of the microenvironment is similar to that of
the embedded amino acid side chain. 20-30% of the
protein microenvironments significantly differ from that
of the corresponding amino acid, those termed as
“mismatched microenvironment.” It has also been shown
that amino acids in these mismatched microenviron-
ments were evolved to perform specific structure or
functional roles in the protein, Moreover that work has
also demonstrated that the microenvironments around
the conserved residues in respective protein family are
also conserved. These observations triggered the question
whether different sets of microenvironments are associat-
ed with different kinds of functions in an amino acid.
Hypothesis based on this question has been tested here
on disulfide-bridged cystine residues embedded in the
protein microenvironments obtained from an updated
microenvironment database. Cystine residues occur by
the oxidation of two cysteine amino acids covalently
linking them through a disulfide bond. This was chosen
as model system because this residue has a limited and
simple functional role in proteins, it either plays a struc-
tural role or in an enzymatic capacity participates in
redox reactions. Out of the six broad enzyme classes
(according to the nomenclature committee of Interna-
tional Union of Biochemistry and Molecular Biology,
IUBMB) !4 cystines are directly involved in catalytic and
redox reactions in the oxidoreductase (thioreductase
fold)1> and hydrolase families.10

Here, we analyze the previously unexplored cystine
functions (here functions imply presence of a cystine in
enzyme active site or within its microenvironment) in
various protein microenvironments. In this study, protein
microenvironments were clustered using hierarchical
clustering. Functions in entire microenvironment data-
base (mainly out of the enzymes) were curated from lit-
erature and different websites. Grouping of cystine
functions based on their microenvironment clusters are
discussed in the result section. The notable observation
from this study is that the cystines those are part of
active sites in specific enzyme classes share similar micro-
environments despite of their dissimilarity in overall pro-
tein sequences.

METHODOLOGY

Description of microenvironment dataset
around disulfide-bridged cystine residues

The current microenvironment dataset around
disulfide-bridged cystine residues contains total 5084 cys-
tines from 1303 high resolution protein crystal struc-
tures. Part of the dataset was obtained from our previous
work, containing 700 disulfide-bridged cystine residues
from 175 protein crystal structures.? Remaining 4384
cystines were curated from recent PDBL7 entries, from
January 2004 to April 2016. Protein crystal structures
with resolution better than 2 A and sequence similarity
<30% were selected. These proteins were not complexed
with nucleic acid molecules. Proteins containing modi-
fied residues were not included in the dataset. The cur-
rent selection resulted into 9090 protein structures. Out
of this current selection, only 1128 proteins were
detected with cystines from PDB header files using
SSBOND keyword (see Supporting Information for PDB
IDs, Table SI).

The microenvironment around each cystine was
described by the amino acid fragments within a given
radius, where the radius varies from one atom type to
the other [Fig. 1(a)]. The microenvironment space
around individual cystine was described using two
parameters, “buried fraction” (BF) and hydrophobicity/
hydrophilicity (ery).9 Buried fraction is the fraction of
the side-chain of an amino acid which is buried inside
the protein and not exposed to outside environment.
This parameter was computed using the program
GEPOL93 that computes the solvent-excluded surface by
filling the solvent-inaccessible spaces with a new set of
spheres.19 Three parameters were used in the computa-
tion, the number of triangles per sphere, maximum over-
lap among the new spheres and the size of the smallest
sphere. Default values for these parameters, 3, 0.8, and
0.5, were used. The amino acid side-chain which is
completely embedded inside a protein structure will have
buried fraction value equal to one and zero when
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Figure 1

(a) Schematic representation of microenvironment around disulfide-bridged cystine residue. The cystine is shown as tube representation. The
microenvironment around the cystine is shown in ball and stick representation. Oxygen atoms of water molecules are shown as isolated red balls.
The protein background is shown as surface representation. The schema is created using vMD.!8 (b) Schematic representation of different dihedral
angles observed in disulfide-bridged cystine structure. [Color figure can be viewed at wileyonlinelibrary.com]

completely exposed to the solvent. “rHpy” is a quantita-
tive property descriptor (QPD) of microenvironment
around a side-chain or fragment of an amino acid.” This
QPD estimates the relative hydrophobicity around the
amino acid fragment immersed in protein environment
with respect to the same in water environment, within a
given distance threshold, (that is the radius of the first
contact shell around the atom). For example, the micro-
environment radius described around a carbon atom is
4.475 A.l From the definition of rHpy, an amino acid
side-chain have maximum rHpy value of one when it is
completely exposed to water. By definition, there is no
absolute minimum rHpy value. Minimum rHpy value
varies among proteins and that is decided by the hydro-
phobicity of individual protein interior. The lowest rHpy
value observed in this microenvironment dataset is —0.4.

Curation of cystine functionalities in protein
structures from literature

Functions of 5084 disulfide-bridged cystines were
extracted from published literature, PDB header ﬁles,17
Catalytic Site Atlas (CSA)20 and PDBSUM38 database.
Each sulfur atom from a cystine is defined as a half-
cystine through-out this article. The half-cystines were
defined functional when those are marked as “catalytic
sites” or as “active site” in PDBSUM website.38 Catalytic
sites were defined by the Catalytic Site Atlas (CSA).20
Active sites were defined by PDBSUM38 from the SITE
records of the PDB header files.17 The analysis of func-
tional half-cystines has been performed over all the avail-
able enzyme classes in the current data set. A total of
617 enzymes containing cystines were analyzed (Support-
ing Information Table SII).
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Clustering of microenvironment space

Clustering methods are mainly of two types: partitioning
and hierarchical.2! In this study, agglomerative clustering, a
subclass of hierarchical clustering has been employed.22
Agglomerative clustering is a type of hierarchical clustering
where each observation is initially considered as a single clus-
ter; based on the distance proximity of the nearest cluster
centers, the smaller clusters combine to form large dissimilar
clusters. Initially, the microenvironment space was divided
into small bins with equal spacing [(BE, rHpy) = (0.1, 0.1)].
Agglomerative clustering method incorporates small micro-
environment bins into larger dissimilar clusters where the
Euclidean distance of each bin from cluster center is minimal
with respect to other cluster centers. Ward’s method?3 of
agglomerative clustering was employed.24

Identification of cystine residues in different
structural classification of protein (SCOP)
classes

Protein classes for all the 617 enzymes were attempted
to extract from Structural Classification of Proteins
(SCOP) database.2> As latest SCOP database entry dated
back to 2009 and our current selection dated, April 2016,
SCOP classification was not available from the same
database, for some PDB entries. In those cases, structural
classification was done based on PDBeFold.2® The sec-
ondary structures were calculated for individual proteins
using Kabsch and Sander algorithm2” in the Dictionary
of Protein Secondary Structure (DSSP) calculation.28

Analysis of cystine geometry in hydrophobic
and hydrophilic microenvironments

Disulfide-bridged cystine structures are governed by
their internal conformations, the five dihedral angles,


http://wileyonlinelibrary.com

Cystine Function and Protein Microenvironment

Table |

Description of Different Microenvironment Clusters Around Half-Cystines, (S-S);/,
-}

Cluster Center® D® (A) ve Cluster-size N¢
Buried hydrophobic 0.947, 0.164 0.212 0.063 8549 1071 (12.5)
Buried hydrophilic 0.770, 0.482 0.186 0.043 1465 960 (66)
Exposed hydrophilic 0.328, 0.720 0.145 0.031 154 142 (92)

Clusters are defined in terms of buried fraction and rHpy using agglomerative hierarchical clustering.21 Number of other half-cystine (partner in the disulfide) is also
reported along with the normalized values in parenthesis. Clusters are arranged, according to descending order of hydrophobicity, measured by cluster center values.

“Centroid values of buried fraction, rHpy.

bAverage distance to center.

“Within-class variance.

“No. of cystines present in different clusters (Normalized value in %).

namely chil, chi2, chi3, chil’ and chi2’ [Fig. 1(b)]. Based
on these dihedral angles, dihedral strain energies“” were
computed for all the 5084 cystines in the current dataset.
The program used to compute the disulfide dihedral
strain energy (DSE) and is publicly available as a server
(http://services.mbi.ucla.edu/disulfide/).

Sequence and structural alignment of
proteins in the dataset

Sequence and structural alignment were performed for
two enzyme classes; oxidoreductases and hydrolases. Global

sequence alignment was performed using T-COFFEE30 and
local alignment was performed using COBALT.3! The struc-
tural alignment was performed using SALIGN.32

RESULTS AND DISCUSSIONS

Validation of the updated microenvironment
dataset around disulphide DS group of
cystine

Microenvironment dataset around disulphide group of
cystine amino acid, generated based on the current PDB

Buried-hydrophobic J
Buried-hydrophilic “‘\_{
Exposed-hydrophilic| y

Figure 2

Distribution of different microenvironment clusters (obtained from hierarchical clustering) around all the half-cystines from 1478 different proteins
in our updated microenvironment dataset. Microenvironments are being clustered in the space of buried fraction and rHpy values. Frequencies in
each cluster are shown along z-axis. The plot was generated using Origin [Origin (OriginLab, Northampton, MA)]. Insets show ball and stick rep-
resentations of representative microenvironments around half-cystines from the 3 different clusters. Thicker sticks highlight bonds within the
microenvironment around the sulfur atoms and thin sticks represent the extended microenvironment around the cystine residue.
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Table II

Distribution of Secondary Structures in Different Microenvironment
Clusters, Results Obtained from DSSP Analysis

Buried Buried Exposed
hydrophobic  hydrophilic ~ hydrophilic ~ Total
Helix (G+H+1) 1976 (0.23) 322 (0.22) 33(0.21) 2331
Beta strand (B+E) 2968 (0.35) 268 (0.18) 32 (0.21) 3268
Turn (T) 630 (0.07) 183 (0.12) 18 (0.12) 831
Coil (C) 2251 (0.26) 536 (0.37) 58 (0.38) 2845
Bend (S) 724 (0.08) 156 (0.11) 13 (0.08) 893

The values given in parenthesis are normalized with respect to the total number
of (S-S)y/; in a particular cluster.

entries, was validated with respect to our previously
observed dataset.” Buried fraction and rHpy, the two
parameters used throughout this work to describe micro-
environment, were compared across the previous and the
current datasets. Mean and standard deviation values
(given within the parenthesis) for buried fraction and
rHpy, in the current dataset are 0.91 (0.13) and 0.22
(0.18), respectively. These are in close agreement to the
values from the previous dataset (0.92 (0.12) and 0.21
(0.16) respectively; Table III in reference 1 for TD
group). Agreement of the microenvironment descriptors
in current and previous datasets indicates that despite of
the dataset size, overall nature of the protein microenvir-
onments around cystines remain the same. In addition
to the mean values of these property descriptors, per-
centage of cystines microenvironment outliers, (outliers
are defined as those outside of one standard deviation
with respect to the mean value) are also compared across
previous and current datasets. Total number of outliers
in the current dataset is 906; 8.9% of the total dataset;
this value is fairly in agreement with that in the previous
dataset (9.3%; Table I in reference 1).

Microenvironment clusters around cystine
residues distributed in high-resolution
crystal structures with 25-30% sequence
similarity

Microenvironment clusters around half-cystines -(S-
S)i2-) were obtained using agglomerative clustering,
resulting into three categories (i) buried-hydrophobic,

(ii) buried-hydrophilic, and (iii) exposed-hydrophilic
(Table I). These microenvironment clusters gradually
progress from protein interior to surface (decrease in BF)
with increasing hydrophilic character (increase in rHpy)
(Fig. 2).

Cystine residues in buried-hydrophobic cluster are
observed inside the protein interior, (average buried frac-
tion, 0.95) (Supporting Information Fig. S1). The
buried-hydrophobic cluster mainly contains half-cystines
which are buried deep inside the protein core and
embedded in hydrophobic microenvironment (average
rHpy 0.16) (Fig. 2 and Supporting Information Fig. S1).
Conversely, half-cystines in the buried-hydrophilic cluster
are buried inside the protein (average buried fraction,
0.77) which constitutes relatively hydrophilic protein
microenvironment (average rHpy, 0.48). Half-cystines in
the exposed-hydrophilic cluster are observed on the outer
surface of proteins (average buried fraction of 0.33) and
have relatively high hydrophilic microenvironment (aver-
age rHpy 0.72). Interestingly, cluster sizes (number of
half-cystines in each cluster) gradually decreases with
hydrophilicity in the clusters (Table I), indicating that
cystine residues tend to be in buried hydrophobic
microenvironments.?

Both half-cystines derived from the same disulfide
bonded cystine not necessarily fall into the same micro-
environment cluster. The second sulfur atom from the
disulfide bond tend to stay in the same microenviron-
ment cluster, provided the later is hydrophobic (Table I).

Correlation between secondary,
super-secondary structures and
microenvironment clusters around
half-cystines

The correlation between secondary structures of half-
cystines and respective protein folds was known.33 Here
we aim to find out whether half-cystines with similar
secondary structures (e.g., alpha helix, beta sheet, or coil)
populate into similar microenvironment clusters. Micro-
environment can be viewed as the local tertiary structure
around a particular amino acid which might include dif-
ferent components of secondary structures. Therefore,
there is a possibility of underlying relationship between

Table Il

Description of Different Microenvironment Clusters Populated with -(S-S);/, - from Different Enzyme Classes

Cluster E Oxidoreductases? Hydrolase Lyase Transferase Isomerase
Buried hydrophobic 3571° 571 (0.16) 2471 (0.69) 97 (0.03) 355 (0.1) 59 (0.02)
Buried hydrophilic nie 104 (0.15) 520 (0.73) 29 (0.04) 54 (0.08) 4(0.01)

Exposed hydrophilic 31 0 (0.0) 28 (0.90) 0 (0.0) 2 (0.06) 1(0.03)

The total numbers of -(S-S);,, -, present in an enzyme class in each cluster (E), are reported. The number of -(S-S),/, - in individual enzyme classes are also reported,
along with their normalized values, given in parenthesis. The values are normalized with respect to the total number of half-cystines present in a particular microenvi-

ronment cluster as part of an enzymes class (E).
?And Electron transport proteins.

P18 cystines were observed as part of ligase.

6 cystines were observed as a part of ligase.
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Table IV
Number of -(S-S);/, - with Different Main Chain Conformations Pre-
sent in Enzyme Classes—Hydrolases, Oxidoreductases and Transferases

Total number  Alpha Beta
Enzyme class of cysteines helix sheet  Loop
Hydrolases 3019 656 869 1495
Oxidoreductases and675 209 91 375
Electron transport proteins
Transferases a1 77 124 210

super-secondary structures (protein classes) and amino
acid microenvironment, particularly, around disulphide-
bridged cystines which dictates protein scaffolds. It has
been shown earlier that similar disulphide bonding pat-
terns lead to similar fold, families and super-families of
proteins, despite of their low sequence identity.?’4 To
understand the main-chain conformations of half-
cystines in different microenvironments, DSSP secondary
structure analyses were performed on our protein data-
set. Preferences of different secondary structures around
half-cystines in three different microenvironment clusters
were observed and are described below (Table II).

The buried-hydrophobic cluster possesses higher per-
centage of beta secondary structures (and to lesser extent

Table V

alpha helical structures). The buried-hydrophilic cluster
predominates in coil conformations. The exposed-
hydrophilic cluster mainly possesses cystines in coil con-
formations. These results have suggested that the half-
cystines buried in hydrophobic microenvironment are
mainly comprised of alpha and beta secondary struc-
tures, whereas, partly exposed half-cystines embedded in
hydrophilic microenvironment, predominate in flexible
conformations, like coils. Here we have attempted to
identify microenvironment specific functions of cystines
observed with different secondary structures. As the
functions of cystines are mainly associated with enzymes,
in the following section we have analyzed cystine func-
tions for 617 enzymes from all the enzyme classes!4 pre-
sent in our current dataset.

Buried-hydrophobic microenvironment
cluster hosts half-cystines from redox-
active -C-x-x-C- motif

The half-cystines present in buried-hydrophobic
microenvironment cluster, mainly come from (i) oxido-
reductase and electron transport proteins, (ii) hydrolase,
(iii) lyase, (iv) transferase, and (v) isomerase enzyme
classes (Table III). Hydrolase is the most frequently

Buried Hydrophobic Microenvironment Cluster: Secondary Structures and Strain Energies of Redox-Active Cystines (Part of C-x-x-C motif), Pre-

sent in Different Oxidoreductases Enzymes and Electron Transport Proteins

Half-cystine Half-cystine in
Fold SCOP Cystine in helix (Chain) beta turn® (Chain) Strain Energy

PDB or PDBeFOLD? Numbers (Chain) [cluster no.] [cluster no.] (KJ/mol) BF rHpy
3ZIT Thioredoxin® 12 (A)—15(A) 15 (A) [2] 12 (A) [1] 1.4 0.732 0.375
3GWN a® 80(A)—83(A) 83 (A) [2] 80 (A) [2]¢ 19.5 0.751 0.275
3GWN a’ 80(B)—83(B) 83 (B) [2] 80 (B) [2]¢ 215 0.800 0.228
4HS1 Thioredoxin 11(A)—14(A) 14 (A) [2] 11 (A) [2] 13.0 0.804 0.194
3POK b® 155 (A)—158(A) 158 (A) [2] 155 (A) [2] 8.23 0.805 0.162
3ZIT Thioredoxin® 12 (B)—15(B) 15 (B) [2] 12 (B) [1] 11.6 0.871 0.33

3FZ4 Thioredoxin® 10 (A)—13(A) 13(A) [2] 10 (A) [2] 10.5 0.926 0.095
1THX Thioredoxin 32(A)—35(A) 35(A) [2] 32 (A) [1] 15.4 0.953 0.106
1JR8 at 54(A)—57(A) 57 (A) [1] 54 (A) [2]¢ 19.1 0.960 0.045
1H75 Thioredoxin 11(A)—14(A) 14 (A) [2] 11 (A) [2] 13.5 0.967 0.192
214A Thioredoxin® 32(A)—35(A) 35 (A) [2] 32 (A) [2] 1.4 0.978 0.029
2B1L Thioredoxin 80(B)—83(B) 83 (B) [2] 80 (B) [1] 25.8 0.984 0.149
2B1L Thioredoxin 80(A)—83(A) 83 (A) [2] 80 (A) [1] 25.0 0.986 0.142
1FVK Thioredoxin 30(B)—33(B), 33(B) [2] 30 (A) [1] 14.3 0.988 0.065
1FVK Thioredoxin 30(A)—33(A), 33(A) [2] 30 (A) [1] 19.2 0.993 —0.021
1KNG Thioredoxin 92(A)—95(A) 95 (A) [2] 92 (A) [2] 19.3 0.996 —0.017
1ABA Thioredoxin 14(A)—17(A) 17 (A) [2] 14 (A) [1] 124 0.997 0.130
2HLS Thioredoxin® 150(B)—153(B) 153 (B) [2] 150 (B) [1] 10.3 0.998 0.078
1ST9 Thioredoxin 73(A)—76(A) 76 (A) [2] 73 (A) [2] 14.8 0.999 0.077
1ST9 Thioredoxin 73(B)—76(B) 76 (B) [2] 73 (A) [2] 13.0 0.999 0.119
2HLS Thioredoxin® 150(A)—153(A) 153 (A) [2] 150 (A) [1] 12.2 1.000 0.117
310S Thioredoxin® 81 (A)—84(A) 84 (A) [2] 81 (A) [2] f 1,.000 0.015

Residue numbers of half-cystines corresponding to each cystine are shown (column 3). Respective cluster numbers are given in parenthesis. Buried hydroghobic cluster
is referred to as 2 and buried hydrophilic cluster is referred to as 1 here. Folds of individual residues are mentioned either from SCOP% and PDBeFOLD.20

*Obtained from PDBeFold. 2

Unless otherwise mentioned; according to DSSP program.
“Represents Four-bundle-up-and-down bundle fold.
9Half-cystine present in Gamma turn instead of beta turn.
““Represents spectrin repeat like fold.

27,28

fStrain energy cannot be calculated by the “Disulfide Bond Dihedral Angle Energy Server.”

35
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Half-Cystines (First Out of the Pair of Half-cystines from a Disulphide Shown in the Table) Present in Different Enzyme Active Site or its Embed-
ded Microenvironment, Reported from Buried-Hydrophilic Cluster Protruding Toward Protein Surface (Buried-Fraction < 0.78 and rHpy > 0.40)

Strain Active residues
Sequence energy in 45 A region
PDB ID cystine (chain) 2° structures conservations® (KJ/mol) in half-cystine BF rHpy
Cystines in active site in hydrolases
3EDH 65(A)—64(A) Coil-bend High-high 13 C64 0.438 0.602
1K7C 232(A)—214(A) COIL-helix? Low-high 6.3 C232 0.47 0.575
2FHF 643(A)—644(A) bend-bend High-medium 9.8 C643,T642,H607 0.512 0.547
3B8Z 376(A)—371(A) Turn-beta® Medium-low 13.4 C376,L370 0.528 0.567
4X0J 124(A)—225(A) Coil-helix Medium-medium 10.9 C124,A125 0.531 0.538
1QNR 284(A)—334(A) Helix-helix Medium-low 5.5 C284 0.534 0.512
3B8z 376(B)—371(B) Turn-beta Medium-low 13.2 C376,L370 0.545 0.553
3EQA 473(A)—246(A) Coil-helix High-low 15.4 C473 0.572 0.534
3HHI 215(B)—154(B) Coil-helix High-high 6.3 C154 0.586 0.521
3KUV 73(A)—73(B) Beta-beta Low-low 14.5 C73,v74 0.596 0.547
3EDH 64(A)—65(A) Bend-coil High-high 13 C64 0.598 0.415
3TBJ 45(A)—28(A) Turn-coil High-high 8.9 C45 0.602 0.546
4HWX 31(A)—46(A) Beta-helix High-high 16 C31,A32 0.605 0.474
1LNI 96(B)—7(B) Coil-beta High-low 10.7 C96 0.622 0.505
2WBF 636(X)—593(X) Turn-helix High-high 53 C636,R635 0.638 0.477
1LNI 7(A)—96(A) Beta-coil Low-high 12 C7 0.639 0.515
3ARX 121(A)—116(A) Beta-coil High-high 15.5 C121 0.645 0.424
1G6X 14(A)—38(A) Coil-bend High-high 12.7 C14 0.649 0.42
3waB 301(A)—326(A) Turn-coil High-high 8.7 C326 0.678 0.526
3TBJ 44(A)—149(A) Turn-helix High-high 4 C45 0.71 0.44
4D04 127(B)—158(B) Turn-turn High-high 14.8 C127,D80 0.718 0.476
ACPY 336(B)—317(B) Turn-coil High-high 12.3 C336 0.721 0.406
4D04 127(A)—158(A) Turn-turn High-high 14.5 C127,079 0.724 0.47
3A21 604(B)—585(B) Coil-beta Medium-low 14.7 C604,E577 0.74 0.468
3ZFP 69(A)—168(A) Turn-coil High-high 15.1 C69 0.74 0.509
3A21 604(A)—585(A) Coil-beta Medium-low 14.9 C604,E577 0.749 0.46
4Y5L 255(A)—290(A) Turn-beta High-high 14 C255 0.759 0.406
Cystines in the active site of Oxidoreductases
1ZK7 465(A)—464(A) Bend-bend Medium-medium 23.4 C465,A466,C464 0.484 0.534
1ZK7 464(A)—465(A) Turn-coil Medium-medium 234 C464, 0.503 0.566
4077 4(B)—10(B) Coil-coil NA%-NA? 16.4 C4,C10,85 0.528 0.568
4027 10(B)—4(B) Coil-coil NAY-NAd 16.4 C10,C4,S5,P8 0.583 0.543
5DQy 62(A)—69(A) Bend-coil NA?-NA¢ 9.3 C62,063,567 0.586 0.49
4027 10(A)—4(A) Coil-coil NA-NA® 173 C10 0.595 0.534
4077 4(A)—10(A) Coil-coil NA®-NA? 173 C4 0.597 0.476
4NTC 148(A) —145(A) Turn-coil NA-NA? 14.8 C148,H144 0.643 0.435
2Q0L 136(A)—133(A) Helix-coil High-medium -© C136,0289 0.649 0.51
2Q0L 133(A)—136(A) Coil-helix Medium-high -€ C133,T132,C136, 0.658 0.537
K288,0289
Cystines in the active site of transferases
AWMA 385(A)—356(A) Turn-coil NA?-NA¢ 204 C385,W358 0.587 0.473
2APC 115(A)—145(A) Bend-turn Medium-medium 8.6 C115,A114 0.622 0.419
Cystines in the microenvironment of active site residues of hydrolases
2VB1 6(A)—127(A) Helix-turn High-high 5.1 E7,1124 0.367 0.719
3RLG 53(A)—201(A) Turn-turn High-high 14.4 N200 0.447 0.652
3LUM 269(C)—297(C) Coil-helix High-high 14.1 P249 0.557 0.476
3KUvV 73(B)—73(A) Beta-beta Low-low 14.5 C73V74 0.567 0.539
3C1U 96(A)—88(A) Beta-helix Medium-high 9.8 Y97 0.588 0.444
3NKQ 801(A)—413(A) Turn-bend High-high 36 S800 0.617 0.462
1KNM 119(A)—100(A) COIL-Beta High-high 13.2 Y117 0.62 0.489
1EB6 117(A)—177(A) Turn-Coil Medium-high 30 H118 0.624 0.409
1G66 2(A)—79(A) Coil-Bend High-high 6 S1,574 0.631 0.554
2NLR 69(A)—64(A) Beta- Beta Medium-medium 19.8 H69 0.635 0.467
2D1Z 425(A)—406(A) Coil-beta Medium-medium 13.2 Y423 0.645 0.437
3TRS 101(D)—-18(D) Coil-bend High-high 139 G15 0.646 0.458
2WJ9 13(B)—125(A) Bend-coil Low-medium 7.3 C129 0.647 0.524
3EQN 77(A)—73(A) Coil-bend Medium-high 13.4 D78 0.65 0.491
2XXL 197(A)—188(A) Beta-beta High-low 18.2 D187 0.671 0.476
3LUM 250(A)—277(A) Turn-turn High-high 29 P249 0.673 0.439
3LUM 250(C)—277(C) Turn-turn High-high 3 P249 0.675 0.437
3LUM 250(B)—277(B) Turn-turn High-high 32 P249 0.676 0.437

1582 rProOTEINS



Cystine Function and Protein Microenvironment

Table VI
(Continued)
Strain Active residues

Sequence energy in 45 A region
PDB ID cystine (chain) 2° structures conservations® (KJ/mol) in half-cystine BF rHpy
2WJ9 13(A)—125(B) Coil-coil Low-medium 14 C129 0.677 0.456
3LUM 250(D)—277(D) Turn-turn High-high 37 P249 0.679 0.434
3LZT 6(A)—127(A) Helix- coil High-high 5.78 R128 0.68 0.441
4AM1U 56(F)—3(F) Coil-beta Medium-medium 76 Sh4 0.68 0.526
2XXL 197(B)—188(B) Beta-bend High-low 18.2 D187 0.69 0.499
1LBU 81(A)—3(A) Bend-bend Medium-medium 1.1 D80 0.691 0.43
3A21 647(B)—628(B) Coil-beta Low-medium 171 (626,645 0.693 0.432
4HYQ 53(A)—28(A) Coil-helix High-high 10.8 S54 0.693 0.467
1171 1(A)—78(A) Beta-Coil High-high 15 P79 0.699 0.44
4H04 589(B)—564(B) Coil-beta High-high 1.4 N588 0.703 0.557
4H04 589(A)—564(A) Coil-beta High-high 11.5 N588 0.705 0.489
3TRS 101(B)—18(B) Coil-cail High-high 15.6 G15 0.71 0.455
4EMN 291(C)—355(C) Helix-helix High-high 8.1 E292,C355 071 0.41
2IFR 148(A)—141(A) Beta-beta Low-medium 13.9 E139 0.72 0.402
1Y43 101(B)—18(B) Coil-coll High-high 1.8 E19 0.735 0.436
2D1Z 842(B)—823(B) Coil-beta High-High 12.3 H843,Y840 0.737 0.436
2FHF 644(A)—643(A) Bend-beta Medium-high 9.8 T642,H607 0.74 0.401
3B8Z 371(B)—376(B) Beta-beta Low-medium 13.2 L370,C376 0.749 0.487
3A21 562(A)—543(A) Coil-beta Medium-low 13.3 N563,W560 0.752 0.464
219A 50(D)—131(D) Bend-bend High-high 8.1 H129 0.753 0.436
2XU3 65(A)—22(A) Turn-helix High-high 17 G23 0.757 0.403
4HYQ 28(A)—53(A) Helix-coil High-high 10.8 S54 0.766 0.421
3B8Z 371(A)—376(A) Beta-turn Low-medium 134 L370,C376 0.785 0.4
Cystine in microenvironment of active site residues in Transferases
AWTP 264(A)—218(A) Coil-helix Medium-high 12.7 K221,A262 0.642 0.402
4EBY 93(A)—25(A) Beta-coil High-high 8.3 FI8 0.64 0.461
Cystine in microenvironment of active site residues in Lyases
408K 365(A)—377(A) Coil-helix High-high 9.1 K364 0.636 0.47
3KBR 131(A)—210(A) Helix-beta High-medium 17 H213,P214,N215 0.642 0.542
Cystine in microenvironment of active site residues in Electron transport proteins
2780 48(A)—21(A) Helix-high Low-caoil 1.3 L20 0.601 0.543
Cystine in microenvironment of active site residues in Isomerases
3022 89(A)—186(A) Beta-bend High-high 6.1 F83 0.257 0.75

Secondary structures and sequence conservation of each half-cystines were reported along with the strain energy of the cystine disulphide bonds. PDB IDs are arranged
according to the increasing values of buried fraction (second last column). Amino acids and their positions involved in enzyme active sites are mentioned in third last

column.

“Sequence conservation obtained from PdbSum.>8

“Includes 3(10)-helix, alpha-helix and n-helix secondary structures calculated by DSS
“Includes beta sheet, beta bridge and beta strand secondary structures calculated by DSSP program.

dSequence conservation was not reported by “The ConSurf Server.”

“Strain energy cannot be calculated by the “Disulfide Bond Dihedral Angle Energy Server.”

observed enzyme class in this cluster, as this enzyme class
constitutes the maximum population size. Conversely,
oxidoreductase and electron transport proteins were
exclusively present in buried clusters, either hydrophobic
or hydrophilic (0 half-cystines were observed in exposed-
hydrophilic cluster from oxidoreductase and electron-
transport proteins). In the following part of this section,
we have attempted to answer the question why oxidore-
ductase and electron transport proteins are selective
toward buried clusters only. Out of the 675 half-cystines
in oxidoreductase and electron-transport proteins, 209
belong to alpha helical secondary structure (Table IV).
Twenty two cystines in alpha helical conformations were
part of redox-active C-x-x-C- motif (Table V). 18 out of
22 cystines, belongs to thioredoxin fold. All these 22 cys-
tines have higher strain energies compared to remaining

p27:28

27,28

35

disulphides in buried-hydrophobic cluster (average value
of strain energy in buried-hydrophobic cluster is 11.13
KJ/mol). The above redox active half-cystines with alpha
helical conformations in thioredoxin fold span a small
region within buried-hydrophobic cluster, with few
exceptions (Table VI). One prominent exception is,
Cysl5 (chain A) of a thioredoxin like mutant protein
(PDB ID:3ZIT) that significantly differ from other thio-
redoxin proteins due to the presence of a Thr53 residue
(not conserved) within the microenvironment of -C-x-x-C-
motif.37 The second Cys from —C-x-x-C- motif belongs
to beta turn secondary structure for all the above thiore-
doxin folds (as obtained from PDBSUM38) (Table V).
The active half-cystines, part of four-helical bundle folds,
possess the second Cys in gamma turn secondary struc-
ture. It has been proposed earlier that redox active
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Figure 3

Microenvironments of half-cystines depicted in buried fraction and rHpy space—(a) (red diamond) as a part of -C-x-x-C- motif in thioredoxin fold
with alpha helical geometry (values given in Table V); (b) (green cross) as a part of the active sites in hydrolase enzyme class present in buried
hydrophilic cluster protruding toward protein surface (values given in Table VI); (c) (blue star) as a part of the active sites in oxidoreductase
enzyme class present in buried hydrophilic cluster protruding toward protein surface (values given in Table VI); (d) (magenta square) as a part of
the microenvironment around the active sites in hydrolase enzyme class present in buried hydrophilic cluster protruding toward protein surface
(values given in Table VI); (e) (cyan filled square) as a part of the active sites in hydrolase enzyme class present in buried hydrophilic cluster pro-
truding toward protein interior (values given in Table VII); (f) (green circle) as a part of microenvironment surrounding the active sites in hydro-
lase enzyme class present in buried hydrophilic cluster protruding toward protein interior (values given in Table VII); (g) (black filled circle) as a
part of the active sites in hydrolase enzyme class present in exposed hydrophilic cluster (values given in Table VIII). Mean values of buried fraction
and rHpy are shown by black lines. One standard deviation values with respect to buried faction and rHpy are shown in orange. [Color figure can
be viewed at wileyonlinelibrary.com]

cystines in oxidoreductases prefer alpha helical confor-
mation due to their easy cleavage.3 To analyze the resi-
dues involved in -C-x-x-C- motif of thioredoxin fold,
sequence and structural alignment of these proteins
(listed in Table V) were performed. Global sequence
alignment (using T-COFFEE30) revealed 37% of seq-
uence identity among all these 13 sequences. The local
sequence alignment shows the conservation of -C-x-x-C
motif in all these proteins, with an exception of one pro-
tein, PDB ID: 1FVK (Supporting Information Fig. S2).
However, structural alignment of the above full proteins
resulted into C-alpha RMSD value of 4.4 A in the struc-
turally aligned regions (as obtained from SALIGN32) It
was reported earlier that the redox active cystines, part
of -C-x-x-C- motif in thioredoxin folds, were mainly
observed in beta-alpha-beta fold region.15 Superimposi-
tion of beta-alpha-beta regions from above 13 proteins
shows Ca RMSD of 1.99 A (Fig. 3). The Ca RMSD of
the superimposed cystine residues in those proteins is
1.4 A. The Ca RMSD of the microenvironment around
the cystines in -C-x-x-C- motif of thioredoxin fold is 1.7
A. The novel finding in this work is that these half-
cystines at the active site share near-identical microenvi-

Figure 4

Superimposed beta-alpha-beta region from 13 proteins with thioredoxin
fold. Half-cystine from different proteins in this aligned regions are
depicted by different colors. Disulphide bridges are shown by spheres
connected by sticks. Beta-alpha-beta regions are represented through

ronment as a consequence of having a common fold
(Fig. 4).

cartoons. [Color figure can be viewed at wileyonlinelibrary.
com]|
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Figure 5

Conservation of microenvironment around disulphide bridge (-S-S-) in
-C-x-x-C- motif from 13 proteins in alpha-helical conformations of thi-
oredoxin folds. Microenvironment in each case have alpha-helical con-
formation on one side and beta turn on the other side. -C-x-x-C motif
in all these proteins are encompassed within the cleft created by alpha
helix and beta turn region. Disulphide bond is represented as spheres
connected by sticks. The cartoon diagram represents alpha helix and
beta turn. [Color figure can be viewed at wileyonlinelibrary.com]

Buried-hydrophilic cluster hosts half-
cystines from enzyme active sites or from
surrounding microenvironments of the
catalytic (or active) sites

Buried-hydrophilic microenvironment cluster contra-
dicts with the intrinsic hydrophobic character of
disulphide-bridged cystine residues. The average buried
fraction and rHpy values of cystines in the total dataset
(total 10,168 half-cystines) are 0.91 and 0.22 respectively.
Respective one standard deviation values for buried frac-
tion and rHpy are 0.13 and 0.18 (Fig. 5). Cystines out-
side one standard deviation values of buried fraction and
rHpy were defined to have mismatched microenviron-
ment.? Cystines from buried hydrophilic cluster, encoun-
tering mismatched microenvironment (total 963 half-
cystines), are mostly exposed toward the surface of the
protein (buried fraction <0.78 and rHpy >0.40). Out of
these, 445 belongs to enzymes; mostly from hydrolase
enzyme class (332 half-cystines, constituting 74% of the
enzyme class in buried hydrophilic cluster). Total 39
half-cystines were detected as part of the enzyme active
sites and 47 in the microenvironments around enzyme
active sites (Table VI). Two-third of the active half-
cystines in hydrolases have high sequence conservation
according to ConSurf Server.40 There were only three
active half-cystines in hydrolases with low sequence con-
servation. No active half-cystines in oxidoreductases

exhibited low sequence conservation (Table VI). In terms
of the secondary structures of active half-cystines, those
from oxidoreductases mainly adopted coil or turn con-
formations and exposed toward the protein surface (Fig.
5). Hydrolases, being the largest class of enzyme in
buried-hydrophilic cluster, secondary structures of half-
cystine pairs (from a disulphide) have wider variations in
comparison to those in oxidoreductases. However, active
half-cystines from hydrolases cluster together into smaller
sub-groups (Fig. 5). The one toward the protein interior
is more densely packed. All the half-cystines from this
sub-group share similar secondary structure with their
counter-parts in the disulphide (Table VI). Remaining
half-cystines from hydrolases are more scattered (toward
exposed region) in buried-fraction—rHpy space (Fig. 5),
that can presumably be attributed to two different
secondary structures of half-cystines in a disulphide
(Table VI).

Apart from the half-cystines protruding toward protein
surface (BF <0.78 and rHpy >0.4) in buried hydrophilic
cluster, we have also explored the functionalities of half-
cystines embedded in hydrophilic microenvironment
protruding toward protein interior (buried fraction
>0.78 and rHpy >0.40). These cystines also exhibited
catalytic activities but to lesser extent compared to the
cystines those discussed in the above paragraph. Total
652 such half-cystines were obtained. Out these 337
belong to enzyme classes. Only seven half-cystine were
part of active site and 63 were reported as part of the
microenvironment around the active sites (Table VII).
One compact sub-group of half-cystines from microenvi-
ronment of the active site was observed (buried fraction
~1) (Fig. 5). Within this sub-group, almost all the half-
cystines share the same secondary structures with its
counterpart in the disulphide (Table VII). This observa-
tion is similar to our observation in the previous para-
graph for densely packed sub-group (Table VI and Fig.
5). This analysis has shown that the cystines in the
microenvironment of catalytic residues, on average, have
high strain energies compared to the average strain ener-
gy in this microenvironment cluster (11.0 KJ/mol).
Despite of low or medium sequence conservation in
some of the half-cystines, all these half-cystines share
very similar microenvironment (Fig. 5). One of the rea-
sons for low sequence identity of these cystine residues is
their occurrences in irregular secondary structures (coil,
turn etc.) in contrast to cystines in -C-x-x-C- motif of
thioredoxin fold (fully conserved). It has been shown in
Table V that the cystines in -C-x-x-C- motifs from oxi-
doreductase or electron transport proteins mainly occupy
alpha-helical structure to facilitate easy cleavage of the
disulfide bond, with high strain energy values. These
observations together suggest that cystines within the
microenvironment of catalytic residues of hydrolase
enzyme do not require easy cleavage of the disulfide
bond as in thioredoxin folds.
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Table VII
Half-Cystines (First Out of the Pair of Half-Cystines From a Disulphide Shown in the Table) Present in Different Enzyme Active Site or its Embed-
ded Microenvironment, Reported from Buried-Hydrophilic Cluster Protruding Toward Protein Interior (Buried-Fraction > 0.78 and rHpy > 0.40)

Strain Active residues
Sequence energy in 4.5 A region
PDB ID Cystine (chain) 2° structures conservations® (KJ/mol) in half-cystine BF rHpy
Active cystines in hydrolases
4ZA3 206(A)—189(A) Coil-beta® High-high 8.4 C206 0.882 0.559
2QTW 358(B)—323(B) Turn-helix® High-high 1.4 C358 0.883 0.439
2JJB 539(C)—533(C) coil-bend Low-medium 19.4 C539, P534, A544, C541 0.894 0.465
1G66 52(A)—46(A) Helix-coil Low-medium 17.1 T13, G47, Q49, S50, Q91 0.949 0.43
1G66 179(A)—147 Bend-coil Low-low 13.6 D175, T146, D172, A173, 0.985 0.427
1G66 46(A)—52(A) Coil-Helix Medium-low 17.1 T13, G47, Q49, 1 0.464
S50, Q91, S174, Y177
1GPI 225(A)—245(A) Beta-Beta High-high 16.3 G207 0.994 0.472
Cystines in microenvironment of active site residues in Hydrolases
2D1Z 342(A)—323(A) Coil-beta Medium-low 1.4 Y340, H343 0.783 0.445
4YEO 127(A)—6(A) Coil-helix High-high 38 R125 0.812 0.514
3WMT 297(B)—308(B) Coil-coil High-high 8.9 L296 0.82 0.408
3E2V 303(B)—331(B) Helix-coil High-high 13 E332 0.821 0.447
3E2V 303(A)—331(A) Helix-coil High-high 12 E332 0.827 0.518
1XKG 183(A)—145(A) Coil-helix High-high 8.5 R184 0.833 0.536
3WMT 297(A)—308(A) Coil-bend High-high 8.2 296 0.835 0.432
2X5X 36(A)—85(A) Bend-turn Medium-medium 12 S35 0.84 0.419
300D 43(A)—47(A) Coil-helix High-high 16.8 N42 0.851 0.421
2QTW 323(B)—358(B) Helix-turn High-high 1.4 C358 0.853 0.489
2XXL 349(B)—314(A) Turn-helix High-high 14.7 T348 0.862 0.517
5AR6 64(A)—71(A) Coil-beta High-high 17 N70 0.879 0.451
3VPL 159(A)—189(A) Turn-helix High-medium 15.7 Y158 0.891 0.409
2JJB 539(B)—539(B) Coil-coil Medium-low 24.6 P534, A544, C540 0.904 0.681
1ROR 16(1)—35(1) Helix-helix High-high 117 F37 0.934 0.498
3WMT 308(A)—297(A) Bend-coil High-high 8.2 L296 0.944 0.526
3WMT 308(B)—297(B) Coil-coil High-high 8.9 296 0.946 0.494
3WMT 308(B)—297(B) Coil-coll High-high 8.9 L296 0.946 0.494
1KNM 76(A)—59(A) Coil-Beta High-high 14.9 W77 0.948 0.527
3B7E 318(B)—336(B) Coil-bend High-high 234 D387 0.949 0.519
3B7E 318(A)—336(A) Coil-bend High-high 22.3 D387 0.95 0.538
2XXL 314(B)—349(A) Helix-turn High-high 14.7 T348, V347 0.951 0.505
3vwa 197(A)—204(A) Coil-beta NAY-NA® 14.8 D253 0.954 0.439
3TRS 18(B)—101(B) Coil-coil High-high 15.6 G15 0.954 0.408
2X5X 85(A)—36(A) Turn-bend Medium-medium 12 D84 0.958 0.434
3LUM 2717(D)-250(A) Turn-turn High-high 29 0262, A263 0.965 0.419
2UWA 218(B)—226(B) Beta-coil High-low 9.8 T219 0.976 0.524
D12 382(A)—365(A) Coil-beta Medium-medium 14.1 E357, R359 0.977 0.548
1LLF 60(A)—97(A) Coil-coil High-high 45 R361 0.977 0.423
3NKQ 73(A)—86(A) Coil-coll High-medium 73 N53 0.978 0.487
3NKQ 73(A)—86(A) Coil-coil High-medium 13 N53 0.978 0.487
1KLI 91(L)—102(L) Turn-beta High-high 16.7 E94, S89 0.979 0.481
2UWA 218(C)—226(C) Beta-coll High-low 7.2 T219 0.979 0.526
2UWA 218(A)—226(A) Beta-coil High-low 8.0 T219 0.982 0.539
2JJB 533(A)—539(A) Bend-coil Medium-low 21.6 P534, A544, C539 0.983 0.54
2JJB 533(D)—539(D) Bend-coil Medium-low 23.6 P534, A544, C541 0.983 0.54
3B8z 342(A)—394(A) Helix-beta High-high 23.3 C394 0.983 0.413
20DP 655(A)—685(A) Coil-turn High-high 15 R694 0.984 0.407
4D04 49(A)—42(A) Bend-turn High-high 10.6 C42, 140 0.986 0.553
3PMS 231(A)—252(A) Helix-coil High-high 6.4 P246 0.986 0.447
4036 65(B)—72(B) Coil-beta High-high 14.6 Q69, N71, C72 0.986 0.432
4D04 49(B)—42(B) Bend-turn High-high 1.4 C42, 140 0.99 0.544
3PMS 208(A)—204(A) Bend-beta High-high 15 Y161 0.997 0.452
2GMN 181(B)—201(B) Coil-coil High-high 29.7 H101, H177 0.998 0.489
2GMN 181(A)—201(A) Coil-coil High-high 29.8 H101, H177 0.999 0.493
3WWC 111(A)—99(A) Turn-helix High-high 14.2 S66 1 0.498
4uz1 413(A)—432(A) Helix-beta High-high 16.1 R409, H412 1 0.503
3EQN 698(A)—692(A) Bend-helix High-high 15 F684 1 0.414
3EQN 692(B)—692(B) Helix-helix High-high 79 F684 1 0.414
4BDX 33(A)—5(A) Beta-beta NA?-NA? 6.2 L4 1 0.476
3LZT 127(A)—6(A) Coil-helix high-High 5.8 R128 1 0.402

Cystine in the microenvironment of Ligase
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Table VII

(Continued)
]

Strain Active residues

Sequence energy in 45 A region
PDB ID Cystine (chain) 2° structures conservations® (KJ/mol) in half-cystine BF rHpy
2PHN 248(B)—244(B) Helix-helix High-medium 12.8 C244 0.889 0.501
2PHN 248(A)—244(B) Helix-helix High-medium 12.8 C244 0.895 0.474
Cystine in the microenvironment of Llyases
1Y7W 221(A)—31(A) Coil-helix High-high 1.1 L216 1 0.566
1Y7W 221(B)—-31(B) Coil-helix High-high 1.4 L216 1 0.596
Cystine in the microenvironment of Transferases
5AJ0 473(A)—456(A) Coil-beta NA“-NA? 124 Q451 0.804 0.43
4WMA 356(A)—385(A) Coil-turn NA9-NA? 203 N384 0.955 0.444
5FOE 414(A)—-407(A) Coil-coil High-high 9.7 T1045, 11022 0.996 0.525
Cystine in microenvironment of Oxidoreductases
3NT1 36(B)—47(B) Turn-beta Low-medium 10.9 Y55 0.828 0.418

Secondary structures and sequence conservation of each half-cystines were reported along with the strain energy of the cystine disulphide bonds. PDB IDs are arranged
according to the increasing values of buried fraction (second last column). Amino acids and their positions involved in enzyme active sites are mentioned in third last

column.

“Sequence conservation obtained from PdbSum.>8

“Includes beta sheet, beta bridge and beta strand secondary structures calculated by DSSP program.

27,28

“Includes 3(10)-helix, alpha-helix and 7-helix secondary structures calculated by DSSP program.”’>

dSequence conservation is not available by ConSurf server.

Exposed-hydrophilic microenvironment
cluster hosts half-cystines as a part of
enzyme active sites or catalytic sites

Physico-chemical properties (in terms of buried frac-
tion and rHpy values) of this microenvironment cluster
are most dissimilar with respect to the embedded cystine
residue. Average buried fraction and rHpy values for this
cluster are 0.328 and 0.720 respectively (Table I), in con-
trast to 0.91 and 0.22 for current cystine microenviron-
ment dataset. As this microenvironment cluster is
extremely mismatched to the overall hydrophobicity of
cystine, very less data points were recorded in this clus-
ter, compared to other two clusters (Table I). There were
only 31 half-cystines recorded as part of enzymes, 28 out
of those were hydrolases (Table III). Out of these 28,
only 5 half cystines were detected as a part of the micro-
environment of active site in hydrolases (Table VIII). No
half-cystines were reported as part of the active sites in

Table VIII

hydrolases, in contrary to those in buried hydrophilic
cluster. This presumably indicates that half-cystines occu-
pying the exposed surface of the protein rarely partici-
pate in direct enzymatic reactions, however, those are
engaged in protecting (via microenvironment) the
enzyme active sites. All these half-cystines are highly scat-
tered in the buried fraction, rHpy space (Fig. 5 and Table
VIII).

CONCLUSION

It was already known that similar folds lead to similar
functions (enzyme activities) in proteins.41_43 In this
study we have shown that cystines from different
enzymes, evolved within similar microenvironments,
when present at the active site of same enzyme class.
Our underlying aim was to test the hypothesis that cys-
tines with similar functions (enzyme activities) from

Half-Cystines (First Out of the Pair of Half-Cystines from a Disulphide Shown in the Table) Present in Embedded Microenvironment of Active

Sites in Hydrolase Enzyme Class, Reported from Exposed-Hydrophilic Cluster
|

Strain Active residues

Sequence energy in 45 A region
PDB ID cystine (chain) 2° structures conservations® (KJ/mol) in half-cystine BF rHpy
12GX 96(B)—7(B) Coil-coil High-low 1.4 K94 0.206 0.821
2G58 96(A)—84(A) Helix"-helix High-high 10.8 K74 0.31 0.699
2VB1 6(A)—127(A) Helix-helix High-high 5.1 E7, N24 0.367 0.719
3EDH 65(A)—64(A) Coil-coil High-high 13 C64 0.438 0.602
3RLG 53(A)—201(A) Turn-turn High-high 14.4 N200 0.447 0.652

Secondary structures and sequence conservation of each half-cystines were reported along with the strain energy of the cystine disulphide bond. PDB IDs are arranged
according to the increasing values of buried fraction (second last column). Amino acids and their positions involved in enzyme active sites are mentioned in third last
column.

?Sequence conservation obtained from PdbSum.>
“Includes 3(10)-helix, alpha-helix and n-helix secondary structures calculated by DSSP program.

8
27,28

proTEINS 1587



A. Bhatnagar et al.

different proteins will belong to similar microenviron-
ment clusters. To this end, by using hierarchical cluster-
ing method, we have identified three different
microenvironment clusters: 1) buried-hydrophobic, ii)
buried-hydrophilic and exposed-hydrophilic, and corre-
lated these with their enzymatic functions. In our analy-
sis, special emphasis has been given to cystines from
enzyme classes. As demonstrated here, cystines from -C-
x-x-C- motifs in Oxidoreductase enzyme class all have
very similar microenvironment, that is, buried and
hydrophobic. The catalytic cystines from the hydrolase
enzyme class always prefer partly exposed hydrophilic
microenvironment (that is buried hydrophilic cluster).
Other cystines from hydrolase enzymes which participate
in stabilizing catalytic or active sites were detected in
both buried hydrophilic and exposed hydrophilic micro-
clusters. Despite of low to medium
sequence conservation in some of the cystines, active cys-
tines from hydrolase enzymes share similar microenvir-
onments. This report illustrates that cystine residues
share similar microenvironments at active sites of specific
enzyme classes despite of variation in their sequence sim-
ilarities and sequence position conservations, thus vali-
dating the working hypothesis. We believe this
conclusion should be further verified for other amino
acids, particularly, titratable amino acids, like Aspartic
acid, Glutamic acid, Arginine and so forth Titratable
amino acids are expected to be more sensitive toward
change in microenvironment due to alteration in their
protonation states. Hence, microenvironment modulated
switching of protonation states in titratable amino acids
would be of interest in major biochemical reactions, like
photosynthesis. For example, carbon dioxide fixing
enzyme, Ribulose-1,5-bisphosphate carboxylase oxygenase
(RuBisCo), involves seven charged residues in its active
site. It is known that switching some of these proton-
ation states could lower the transition state, thus assist to
prevent backward reaction and trap more carbon diox-
ide.44 This can be further verified by modifying the pro-
tein structures with altered protonation states of charged
residues and test the capacity of carbon dioxide fixation.

Amino acids in heterogeneous protein microenviron-
ments are analogous to amino acids in different solvents
with variable dielectric media. As solubility, bond disso-
ciation energy and spectral properties of cystine vary
from hydrophilic to hydrophobic solvents, the same is
also expected when cystine is transferred from hydrophil-
ic part of the protein microenvironment to its hydropho-
bic part. This could be exploited to guide
experimentation in to the local dielectric medium within
protein microenvironments. We have shown here that
disulfide-bridged cystine molecule is a good model sys-
tem to examine the effect of various dielectric medium
on S-S bond dissociation energy and can be extended for
experimental verifications.

environment
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