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Cysteine function governs its conservation and degeneration
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Stefano M. Marino and Vadim N. Gladyshev”
Division of Genetics, Department of Medicine, Brigham and Women's Hospital, Harvard Medical
School, Boston, Massachusetts, USA

Abstract

Cysteine (Cys) is an enigmatic amino acid residue. Although one of the least abundant, it often
occurs in functional sites of proteins. Whereas free Cys is a polar amino acid, Cys in proteins is
often buried and its classification on the hydrophobicity scale is ambiguous. We hypothesized that
deviation of Cys residues from the properties of a free amino acid is due to their reactivity and
addressed this possibility by examining Cys in large protein structure datasets. Compared to other
amino acids, Cys was characterized by the most extreme conservation pattern, with the majority of
Cys being either highly conserved or poorly conserved. In addition, clustering of Cys with another
Cys residue was associated with high conservation, whereas exposure of Cys on protein surface
with low conservation. Moreover, although clustered Cys behaved as polar residues, isolated Cys
was the most buried residue of all, in disagreement with known physico-chemical properties of
Cys. Thus, anomalous hydrophobic behavior and conservation pattern of Cys can be explained by
elimination, during evolution, of isolated Cys from protein surface and clustering of other Cys
residues. These findings indicate that Cys abundance is governed by Cys function in protein rather
than by the sheer chemical and physical properties of the free amino acid, and suggest that high
tendency of Cys to be functionally active can considerably limit its abundance on protein surface.
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Introduction

Among the 20 common amino acid in proteins, cysteine (Cys) is one of the least abundant,
but it is frequently observed in functionally important (catalytic, regulatory, cofactor
binding, etc.) sites of proteins. Cys is thought to be a later addition to the genetic code [1]
and to accumulate even in present day organisms [2]. Mutations involving Cys residues
result in genetic diseases more often than what would be expected on the basis of its
abundance [3]. Among unique properties of Cys are its ability (i) to react with another Cys
forming a disulfide bond, and (ii) to functionally interchange with another amino acid,
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Results

selenocysteine (Sec). Sec is the only natural amino acid thought to be located exclusively in
functional sites, and its function can be partially preserved when Cys replaces Sec. The
interplay between Cys and Sec is prominent enough that this feature is employed for
detection of redox-active catalytic Cys in proteins [4]. This situation is unique; for example,
the relationship between pyrrolysine (the 22" amino acid) and lysine is not due to their
functions [5].

Other observations also point to a peculiar behavior of Cys compared to other amino acid
residues. Its chemical-physical classification is controversial. For example, it is a matter of
debate whether it is a hydrophobic or a polar residue. Cys is treated as a highly hydrophobic
amino acid in many hydrophobicity scales [6-8]. These classifications are based on, even if
not always strictly limited to [8], the analysis of 3D structures of proteins and define the
hydrophobic character as the tendency for a residue to be found inside a protein. On the
other hand, numerous experiments conducted on free amino acids show that the Cys
properties are defined by its chemical structure. Independent of the solvent and method used,
Cys cannot be classified per se as either a highly hydrophobic or a highly hydrophilic
residue [9-12]. In routine protein engineering/mutation studies, Cys is preferentially mutated
to Ser or, alternatively, to Ala and these replacements are thought to be the most appropriate
to suppress the sulfur chemistry while not influencing protein structure.

There are also biological factors, such as differences in selective pressure and a complex
combination of biophysical, biochemical and physiological properties of amino acids. Those
amino acids, which are more often employed by the cell in functional sites of proteins, may
be subject to stronger selection. Similarities between Sec and Cys, high frequency of
functional Cys and other properties of this residue led us to a hypothesis that Cys function in
proteins contributes to its unusual behavior. If Cys is a sort of “milder” Sec, it could be
frequently functional, whenever the right conditions are present (e.g., if the residue is
exposed, interacts with its targets, or if local pH is altered due to microenvironment).
Accordingly, Cys may be conserved when its functionality is in demand or removed
whenever its functionality interferes with normal protein function or regulation.

By analyzing extensive sets of protein sequences and structures from the three domains of
life, we first compared chemical-physical properties of Cys and other residues to address the
issue of Cys polarity and exposure, and then extended these analyses to Cys conservation,
exposure and proximity to other residues. Our results suggest that Cys is the most heavily
selected standard amino acid and that exposed and isolated Cys is the least conserved amino
acid type. Altogether, our results argue that the low abundance of Cys residues on proteins
surfaces is not due to Cys hydrophobic nature, but because of selective removal of Cys as a
consequence of its high reactivity.

Analysis of amino acid exposure in protein structure classifies Cys as a highly
hydrophobic residue

We collected 15,000 random PDB structures with less than 70% sequence identity between
any two proteins and 6,500 non-redundant ModBase structures. These datasets were used to
quantify exposure for each of the 20 amino acids in proteins in various organisms. As shown
in Fig. 1A, in most cases Cys was found to be the least exposed residue, followed by lle, Val
and Ala. Moreover, experimental structures and homology models were consistent with each
other with regard to Cys burial index (yellow squares and circles in Fig. 1A) for organisms
in these datasets. It cannot be excluded that the presence of one or more exposed Cys may
make protein less amenable to experimental analyses, e.g., due to formation of
intermolecular bridges leading to precipitation. However, this feature should not particularly
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affect homology. Therefore, the consistency between theoretical and experimental structures
suggest that low abundance of Cys on protein surfaces is related to intrinsic properties of
this amino acid. We further compared Cys with Ser and Ala, the two amino acids most
closely related to Cys in structure. Cys was more buried than either Ala (in most cases) or
Ser (in all cases, Fig. S1A and S1B). Thus, using exposure as a measure of hydrophaobicity,
Cys would be classified as the most hydrophobic amino acid in proteins.

Physico-chemical properties of Cys are those of a polar residue

The extreme hydrophabicity of Cys on the exposure scale did not agree with other known
properties of this amino acid. Cys has a short side chain and contains a polarizable group. Its
only difference with Ser, a polar residue, is the presence of a sulfur atom in place of an
oxygen atom. Cys, like Ser, is capable of hydrogen bonding and favorable interactions with
the solvent. Ser and Cys are considered to be mostly protonated at physiological pH, but
they carry a terminal dipole with a pronounced partial negative charge on sulfur or oxygen
atoms. Partial amino acid charge distributions were evaluated, based on a quantum
mechanics (QM)-based approach (see Methods section and Fig. 1D legend), focusing on
free amino acids that are close to Cys in structure (Fig. 1C). In these calculations, per atom
partial charge distributions for Ser and Cys were well comparable (point per point
distributions in Fig. 1D are very similar). To be noted, the QM-based approach employed
provides advantages over more simple standard empirical molecular mechanics (MM)
approaches [13]. In particular, at a cost of much higher computational demand, it allows for
the evaluation of partial charges under different structural circumstances (i.e., standard MM
methods employ pre-calculated charge schemes, irrespective of the actual structural context
of a peptide under investigation). For details about the method, we refer to the previously
published work of Dr. Thomas and colleagues [13].

When the contribution of secondary structure was taken into account (with the QM
approach), the Cys dipole increased considerably, revealing that Cys is a highly polarizable
residue. Under these circumstances, the partial charge relocation on its functional group (-
SH) clearly exceeded that of the -OH group of Ser (Fig. 1E). Moreover, Cys thiol
polarizability by a-helical structure was the highest among non-charged titratable residues
analyzed (Ser, Thr, Tyr, Cys, His; Fig. S1D and E). The strong influence of helix on Cys
activation has previously been investigated for CxxC motifs in thioredoxin-fold proteins
[14]. The attacking Cys (usually at the N-terminus of a helix) is heavily polarized by the
helix dipole, thereby promoting Cys thiol nucleophilicity. Therefore, in the right structural
context, the thiol group of Cys can experience a significant increase in the dipole effect and
polarity. In addition to structural effects, proximity to other titratable residues (e.g., Thr)
may affect Cys polarization and pKa [15,16]. Thus, the functional group of Cys residues
may be easily perturbable by electrostatic interactions arising from secondary structure (e.g.,
helix dipole) or proximity to charged or titratable residues (e.g., H-bond).

We further analyzed a set of 100 randomly chosen proteins from our PDB database for the
effects of electrostatic interactions on titration properties of each perturable residue. For
each residue, theoretical titration curves were calculated and compared with the
corresponding Henderson—Hasselbalch (HH) titration curves (Fig. 2A). The integrated
difference between the two curves (u in Fig. 2) can be simply read as the degree of
perturbation of a titratable residue induced by protein body, relative to the ideal behavior of
the corresponding isolated amino acid. Cys was, on average, the most perturbable residue,
significantly differing from other titratable residues (Fig. 2B,C). As an additional control,
we calculated deviation for each titratable residue (X) present in small peptides of a general
formula Ala-Ala-X-Ala-Ala. Here, the theoretical titration curves of all titratable residues
followed the expected HH behavior for monoprotic species (i.e., pu values were always lower
than 0.1).
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Thus, proteinaceous Cys was the most perturbable residue, a conclusion reflected by both
higher n (Fig. 2B) and higher variability (Fig. 2C and D). This behavior was due to a much
greater percentage of Cys residues characterized by higher deviation (e.g., p > 1). In
particular, ~ 22% of Cys residues had a strong perturbation of their titration spectra (u >
2.5), an outstanding proportion compared to other titratable residues (Fig. 2C). Deviation
from the HH behavior can be seen as a tendency to be a functional group in protein. Indeed,
clustering of deviating residues has been shown to describe protein functional sites, in
particular active sites, which are characterized by the strongest clustering of such deviating
residues [17]. Taken together, the data presented so far indicate that Cys in proteins should
be viewed more as a polar rather than a hydrophobic residue, whereas its polarity index may
vary considerably, modulated by environment, in which Cys occurs. In adequate conditions,
Cys thiol may easily turn into a very reactive (i.e., easy to polarize, to perturb and activate)
functional group. We further analyze the effect of proximity with titratable residues (and H-
bond donors) on Cys reactivity later in the text.

From a different perspective, disposition of various atoms found on the molecular surface
should also provide useful information about amino acid polarity. For Ser and other polar
amino acids, the distal portion of side chains is more hydrophilic than the region closer to
the backbone. Indeed, calculations performed on PDB structures revealed an increase in Cys
exposure from the backbone to the more distal atoms (Fig. 1B). Once again, the shapes of
the curves were very similar for Ser and Cys: while Cys was, as previously discussed, less
exposed, the atom per atom increase in exposure from the backbone to the functional group
paralleled that of Ser. The same results were obtained when E. coli, H. sapiens and S.
cerevisiae protein structures were analyzed separately. The curves in Fig. 1B could be read
as the tendency of each atom in an amino acid to interact with the solvent: when two
residues with similar side chains show similar shapes, their atoms should have similar
affinity for the solvent. Thus, Cys, in spite of having low occurrence on protein surfaces
(Fig. 1A), showed a behavior similar to that of small and polar residues (like Ser) with
regard to disposition of its atoms (Fig. 1B).

Cys is one of the most conserved residues in proteins

Why Cys is, with its chemical-physical properties similar to small and polar amino acids, so
different from them when it comes to location in proteins? Previous reports found that Cys,
but not other amino acids, cluster in proteins in organisms living in harsh environments [18].
However, in all these cases the increased clustering did not lead to an increase in the total
number of Cys [18]. We suggest that this could instead be due to a decrease in free-standing
Cys, perhaps due to differential selection of these residues (e.g., clustered Cys are more
conserved than isolated Cys). Clustered Cys could accumulate while isolated Cys could
show a decreased abundance. In addition to clustering, could exposure influence Cys
conservation, ultimately contributing to shaping Cys occurrence on molecular surfaces?

To examine the association between Cys conservation, clustering and exposure, we
developed a strategy to evaluate, in comparison with other amino acids, (i) how Cys
conservation is distributed in proteins (Scheme S1); and (ii) the effect of functionally
relevant structural determinants (e.g., clustering with other Cys, exposure) on Cys
functionalities (Scheme S2). To define clustering, we applied spatial criteria wherein two
Cys having a carbon o to carbon a distance lower than 8 A were considered clustered,
according to previous studies [18,19]. This definition includes both disulfide bonded Cys (as
defined by a sulfur to sulfur distance < 2.5 A) and the majority of metal-binding Cys (if
more than one Cys is involved in metal binding), as discussed in more detail later in the text.

In the following paragraphs we first focus on the general distribution of Cys conservation in
proteins, as compared to other amino acids. We calculated conservation of all residues in all
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protein sequences in our datasets and plotted frequency of conservation for each of the 20
standard amino acids at each percentage point (Scheme S1). Analysis of these conservation
plots revealed that, in general, amino acids were more often degenerated (i.e., here and
hereafter, characterized by a high percentage of residues with very low conservation, e.g.,
conservation lower than 10%), with a significant proportion of intermediate values (Fig. 3
and Fig. S2). However, four amino acids: Cys, Gly, Pro and Trp, showed a preponderance of
conserved residues (Fig. 3). In our analysis, these were the most conserved amino acids in
proteins.

Cys residues are either poorly conserved or highly conserved

Cys and Trp showed a particularly low population of intermediate values: these two amino
acids were characterized by extreme distributions, being preferentially either highly
conserved or highly degenerated (very poorly conserved). However, compared to Trp, Cys
had a higher proportion of degenerated residues, i.e., Cys conservation plot (Fig. 3A) was
more populated than the Trp plot (Fig. 3B) at lower (0-10%) conservation values. Cys and
Trp may be viewed as the most selected amino acids, being preferentially either completely
degenerated or completely conserved, with scarce occurrence in partially conserved
positions. The most logical interpretation is that the distribution of conservation values is
shaped by selective pressure acting to preserve Cys and Trp in functionally relevant
positions and remove them from other positions. Similarly, phylogenetic studies often infer
that functional residues are more conserved than an average residue in protein, and that
amino acids, which are detrimental in certain positions, are highly degenerated or even
absent [20,21].

The distribution of Cys conservation (Fig. 3A) resembles a U-like shape: like a letter U, it
has pronounced extremes for X values close to 0 and 100, with low population in between.
To quantify and compare the distribution of amino acid conservation, we calculated the
proportion of degenerated (conservation < 5%) and highly conserved (conservation > 95%)
residues relative to intermediate values, employing the following formula:

al 100 .
2f@+3 f(a)
U= 0 a2

a2—1
&7 (1

where for each amino acid, f(a) is the calculated relative frequency of the residue (Y-axis in
Fig. 3), a; is equal to 5 (X-axis value in Fig. 3) and a, is 95 (100 — a;, X-axis value in Fig.
3). For each amino acid, the numerator is the sum of frequencies of residues conserved
equally or more than 95%, plus the sum of frequencies of residues conserved equally or less
than 5%. The denominator is the sum of frequencies of all intermediately conserved
residues. We used the formula as a simple and quick indicator, further designated as U.
When applied to our PDB dataset, Cys scored higher than any other amino acid (Fig. 3E),
followed by Trp and His. Our algorithm used standard Blosum62 matrices, which give
different weights to Trp (weight for identity 11), Cys (weight = 9) and His (weight = 8) and
other amino acids. Therefore, as an additional test, we sampled a variety of matrices and
carried out calculations with BLASTP; neither the matrices nor the BLAST methods
affected the overall results of our analysis (Fig. S3 and S4).

As a separate test, we analyzed an independent set of proteins, the ModBase dataset
consisting of 500 homology models from each of the 13 organisms analyzed. For each
organism, we applied our algorithm and calculated U-values. The tendency of Cys to be
extremely conserved or non-conserved was evident and it was significantly higher than for
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any other amino acid (Fig. 3F and Table 1). Finally, as an ultimate control to test whether
using sequences extracted from structural databases could in some way affect the results of
our analysis, we performed the same analysis with a set of 5,000 sequences randomly
chosen from the NCBI non-redundant protein database. This analysis confirmed the
distribution of U-values shown in Fig. 3E and F (Fig. S5). Taken together, our calculations
support the idea that Cys, significantly more often than other residues, serves as either a
functional residue (which would be preserved) or detrimental residue (which would be
removed), with few Cys residues in between.

Cys conservation pattern is explained by exposure and proximity to another Cys

What could be the determinants for this unique pattern of Cys conservation? We examined
the influence of (i) Cys location on the protein surface, (ii) proximity with another Cys; and
(iii) different combinations of exposure and clustering. Thus, we divided Cys residues into
four categories: (i) exposed and isolated, (ii) buried and isolated, (iii) exposed and clustered,
and (iv) buried and clustered, and defined residues as clustered if they had Ca atoms within
8 A of each other [18,19]. Calculations were then done for all amino acids (Scheme S2).
Once again, Cys showed a unique behavior: while both exposure and proximity to another
Cys affected the distribution, the latter was the main feature responsible for high Cys
conservation. This can be seen as a higher degree of coupling between the distributions of
clustered residues, either exposed or isolated (Fig. 4A, red points cluster with violet points).
Clustered Cys showed a higher degree of conservation, with the majority being fully
conserved.

In clear contrast, the majority of isolated Cys were found as degenerated, with exposed and
isolated Cys being by far the least conserved type of Cys (Fig. 4B, compare yellow shaded
marks). Moreover, not only isolated and exposed Cys proved to be the least conserved Cys
type, but they were also the least conserved of all isolated and exposed amino acids (Fig.
4B).

Other residues did not show such clustering effect on the conservation plots (Fig. S6); for
them the following features were observed: (i) insignificant role of exposure and clustering
on conservation (e.g., for Trp). The conservation values for the four subtypes of residue
plots were almost identical; (ii) different influence of each parameter on the distribution,
thus showing no clustering at all (e.g., Ala). The four plots were different and independent
from each other; (iii) clustering with exposure (e.g., for Asp). The four plots were clustered
two by two, based on their exposure state. However, once again, the only true outlier was
Cys (the Grubb test, Z score 3.54, Table 2).

To estimate the statistical significance of our observations, we analyzed the ModBase
dataset previously described for the U-value statistical analysis. The distribution of
conservation values was determined for each organism and for each amino acid, each
subdivided into four subgroups (i.e., exposed and clustered, exposed and isolated, buried and
clustered and buried and isolated). We then calculated the tendency to cluster (C) as a
function of the average distance between plots of clustered residues (e.g., average point per
point distance, between red and violet distributions in Fig. 4A normalized to the sum of the
average point per point distances between all other distributions in the plot).

With the increase in clustering, the C value decreased. Amino acid-specific C values derived
for each organism were then directly compared: the average value obtained was plotted for
different residue types, with the calculated standard error reported in Fig. 4C. The results
clearly show that the tendency of Cys to cluster is significantly more pronounced than in the
case of other amino acids (the closest amino acid was Gly; the difference with all other
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amino acids was characterized by p-values lower than 0.0001, with Gly, p-value was 0.0095,
Table 2).

Cys clusters include disulfide-bonded Cys, which have been previously reported to be more
conserved than isolated Cys [22]. However, if, in our calculations, the population of
disulfide-bonded Cys residues is excluded (sulfur to sulfur distance equal or lower than 2.5
A) [22], the effect of clustering on conservation is only partially reduced (Fig. S7).
Therefore, the trend discussed cannot be ascribable only to structural disulfides.
Additionally, we tested the effect of metal binding on Cys conservation profiles, by
employing profile patterns for detecting metal-bound Cys residues. In this case also, if
metal-binding Cys were filtered out, the effect of clustering on conservation was only
partially reduced (Fig. S7). However, if both the population of metal-binding [18] and
disulfide-bonded [22] Cys were excluded from the population of clustered Cys [18,19], the
effect of clustering on conservation was significantly reduced, yet still was present (Fig. S7).
Thus, additional contributions besides disulfide formation and metal binding are necessary
in order to fully explain the pattern shown in Fig. 4C. For instance, some clustered but not
disulfide-bonded Cys would require suitable environmental conditions for the interaction to
occur (e.g., a pair of reduced Cys can form a disulfide only after oxidation); or resolving and
catalytic Cys in thiol oxidoreductases in their reduced state can be quite distant from each
other, yet they may interact forming a disulfide during the enzymatic reaction. These Cys to
Cys interactions are functionally relevant, and their evolution is expected to be tightly linked
(they will contribute to the pattern shown in Fig. 4C). A complete and rigorous classification
of all contributions to the effect of clustering on Cys conservation could be a particularly
challenging task, beyond the scope of this work. What is important is to note that Cys
clustering seem to be heavily favored during evolution (due to various functions of Cys
clusters, as previously discussed), while Cys isolation and exposure showed an opposite
behavior. In this regard, a major unsolved question would not be why clustered Cys are
favored, but why isolated and exposed Cys are so disadvantageous.

Cys isolation on molecular surfaces is associated with lower exposure, but also with
increased reactivity

We analyzed Cys exposure in proteins from our structural databases, separating isolated
from clustered residues. Isolated Cys were considerably more buried (Fig. 5A, blue crosses)
than all other isolated amino acids. In turn, if only clustered residues were considered, Cys
was no longer the least exposed residue (Fig. 5A, red circles). This observation appeared in
contrast to what would be expected for clusters of hydrophobic residues (i.e., clustering of
hydrophobic residues normally increases their burial index). All hydrophobic residues
showed a markedly opposite tendency: clustering with another hydrophobic residue
increased their burial index. Clustering of hydrophobic residues in the protein core is
significant enough that theoretical models (e.g., fuzzy oil drop model) based on this property
could be applied for prediction of protein active sites as the sites in which amino acids
deviate from the hydrophobic model [23]. In other words, these methods assume that high
hydrophobicity of protein cores is a general feature of all proteins. In this scenario, all
hydrophobic residues should present a consistent increase in exposure when not clustered, a
feature confirmed by our analysis (Fig. 5A). However, in our calculations, this was not the
case for Cys.

We analyzed the correlation between (i) exposed and isolated; and (ii) exposed and clustered
residues for all hydrophobic amino acids and Cys, and separately, for all polar residues and
Cys. The data showed that Cys better correlated (R2=0.949) with polar residues (Fig. 5C)
than with hydrophobic residues (R2=0.527, Fig. 5B). If Cys was excluded, the correlation
between hydrophobic residues (R2=0.916) was considerably improved, and became much
closer to the correlation between polar residues in the absence of Cys (R?=0.966). As
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additional controls, we performed the same analysis with our reference set of ModBase
models, separated by organism. Also in this case, Cys clustered significantly better with
polar than with hydrophobic residues (Fig. 5D). These observations indicated that data from
theoretical and experimental structures are consistent with each other and suggest that, in
contrast to hydrophobic residues, Cys clustering did not increase Cys hydrophobicity. These
findings, together with those shown in Fig. 1 and Fig. 2, support the conclusion that not only
chemical-physical features of Cys, but also its distribution on protein surfaces with regard to
clustering do not support its classification as a hydrophobic residue.

An alternative explanation to hydrophobicity could be that exposure of isolated Cys is
associated with a considerable increase in its reactivity. To assess whether exposure could
play a significant role in Cys activation, we calculated the pKa for all titratable residues in a
set of 1,000 randomly chosen proteins from our structural databases (500 from ModBase,
500 from PDB). Prior to this analysis, we filtered out Cys involved in disulfides and in metal
binding. Cys showed a clear decrease in the average pKa, when exposed and buried residues
were compared (Table 3). While buried Cys had an average pKa (~ 9.5), which is close to
that of free and unperturbed Cys (pKa = 9), exposed Cys showed a lower pKa (~7.5), which
is close to a physiological pH. This may be very important as even marginal increases in pH
could affect Cys protonation state, leading to large increases in the population of exposed
thiolates. Besides being more reactive (e.g., higher nucleophilicity), thiolates carry a net
negative charge, and thus the switch in Cys protonation state, which may occur at a pH close
to physiological values, may entail important chemical and biological implications.

The exposure-related pKa decrease (ApKa) was significantly more pronounced for Cys than
for any other titratable residue (Table 3). Analyzing in detail the output of these calculations,
the main contribution to the lowered pKa in Cys residue exposed to the solvent was an
increase in the number of hydrogen bonds (with solvation effects and electrostatics playing a
relatively marginal role). Consistent with the natural increase in polar and H-bonding
residues occurring on surfaces, Cys pKa decreased with exposure. Therefore, the estimated
effect of exposure could significantly increase Cys reactivity as well as its polarity.
Nevertheless, its high potential in terms of reactivity at physiological pH could limit its
abundance on protein surfaces: if not advantageous to protein, exposed Cys are likely to
represent a potential threat because of the presence of a reactive, solvent-accessible group.
These findings would better (compared to hydrophobic character) explain low exposure of
Cys on molecular surfaces.

Discussion

We showed that Cys is unique in its tendency to be both highly conserved and poorly
conserved (degenerated) residue. Our analysis of the distribution of amino acid conservation
in modern organisms revealed that Cys was characterized by the most extreme pattern of
conservation (many Cys residues were more than 90% conserved) and degeneration (many
Cys residues were less than 10% conserved). This behavior appears to reflect a higher
(compared to other standard amino acids) tendency to be functionally active, wherein Cys
usage is limited in random positions (high degeneration of Cys), while it may be preserved
in functional positions (high conservation of Cys). In addition, Cys showed features peculiar
to reactive and functional residues: Cys was characterized by the highest tendency towards
chemical activation (its thiol was easily tunable into a highly reactive functional group) and
was represented by the highest proportion of residues with deviating titration behavior.
Based on well-accepted theoretical models [17], this finding implied that Cys has the highest
tendency to be found in crucially important regions of proteins, i.e., functional sites.
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The high proportion of functionally important residues relative to the occurrence of an
amino acid is brought to an extreme in the case of Sec, which may be viewed as a
“supercysteine”, and, to date, is the only known natural amino acid thought to be always
functional. As a sort of milder case of Sec, Cys abundance in proteins also appears to be
under a strict control due to counter-selection of newly evolved Cys. Our results support the
conclusion that Cys is the most heavily selected amino acid among the 20 standard amino
acids.

We related the extreme pattern of conservation of Cys to various structure-based features
relevant to its reactivity. Clustering with other Cys residues was associated with very high
conservation, while for the remaining Cys, exposure was associated with low conservation.
We showed that the effect of clustering on conservation was not limited to disulfide
bonding, which would be the most obvious functional reading of this behavior [22]. Indeed,
we demonstrated that Cys clusters serve additional functional roles (e.g., prominently metal
binding), which significantly contribute to the strong coupling between clustering and
conservation.

However, while establishing that different functional activities of clustered Cys can explain
the relation between Cys clustering and high conservation, it would not explain why isolated
Cys are (i) the most poorly conserved, and (ii) the least exposed of all sampled amino acid

types.

The fact that isolated Cys (which accounts for 55-60% of all Cys in our analysis, depending
on organism) is the least exposed amino acid type, could have two explanations: (i) isolated
Cys is the most hydrophobic residue; and (ii) the evolution of new Cys on protein surfaces is
often disadvantageous. In this work, we provided several lines of evidence that the former
possibility should be rejected, on the basis of (i) chemical-physical properties of free Cys
and Cys residues; (ii) disposition of Cys atoms on protein surfaces, (iii) effect of clustering
on Cys exposure, which was opposite to what would be expected of hydrophobic residues,
and (iv) reactivity and polarity of isolated thiols, which increase with exposure.

Exposed and isolated Cys may be directly targeted by a wide range of oxidants,
electrophiles, alcohols, and sulfur-containing compounds. The susceptibility of Cys to these
modifications increases with an increase in reactivity of a specific thiol. In our calculations,
exposed and isolated Cys were considerably more reactive than buried and isolated Cys
(pKa ~ 7.5 for exposed Cys, pKa ~ 9.5 buried Cys). Thus, at physiological pH, many
exposed thiols would be very close to their titration pH range (i.e., a small increase in
environmental pH would result in a large increase in the total population of exposed
thiolates). The majority of isolated and exposed Cys could be regarded as polar residues, and
they would also be most susceptible to unwanted reactions. This would imply that (i) newly
evolved Cys, whenever exposed and not involved in functional interaction with other Cys
(e.g., clustered Cys that are involved in disulfides or in metal-binding), are least likely to be
neutral; and (ii) they may be subject to negative selection, in order to avoid unwanted
reactions due to reactivity of Cys thiol. Of course, some of new Cys could be advantageous
and be fixed during evolution. In this scenario, however, the overall trend would be that the
majority of newly evolved exposed and isolated Cys are quickly removed, as we indeed
found in our analysis (Fig. 4).

In turn, the anomalous hydrophobic-like behavior of Cys residues could be explained by
elimination of isolated and exposed Cys rather than enrichment of buried Cys residues.
Given the low abundance of Cys on protein surfaces, when a new Cys evolves in a solvent
accessible area of a protein, it will be more likely to be isolated than be in proximity to
another Cys. As a result, it will have a greater chance to be removed during evolution.
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Methods

Databases

Iteration of this process on a larger time-scale would explain why Cys is so infrequently
found on protein surfaces. This behavior is also expected to decrease Cys abundance in
proteins. Indeed, Cys (along with Trp) is the least abundant amino acid, even though it is
specified by two codons (UGU and UGC) in the genetic code.

Our findings also imply that the use of information from structural databases to derive
hydrophobicity scales may lead to anomalous results. At least in the case of Cys, this
methods should be either modified (e.g. by opportune weighting of differential selective
pressure associated with the level of exposure, for each amino acid), or the scales should be
used with care. From our results, Cys average hydrophobicity is considerably overestimated
by hydrophobicity scales that are based on the statistical analysis of amino acid exposure in
structure databases.

To summarize, the high reactivity of Cys seems to shape its distribution and extreme (if
compared to any of other standard amino acids) conservation in proteins and its topology in
protein structures. A major evolutionary outcome is that Cys usage on protein surfaces is
limited, and the overall trend is that Cys is avoided in exposed regions of proteins unless it
acquires function (e.g. exposed Cys clusters involved in metal binding sites). Overall, our
results support the conclusion that reactivity and evolutionary pressure appear to be
responsible for shaping Cys abundance and distribution in proteins, rather than sheer
chemical-physical properties of this amino acid.

We employed two protein sequence/structure sources: PDB (http://www.rcsb.org/) and the
ModBase repository (http://modbase.compbio.ucsf.edu/); the use of these two large datasets
allowed access to both sequence and structural information. We analyzed approximately
15,000 non-redundant (70% sequence identity was used as a cut-off; more similar proteins
were filtered out) proteins from PDB and 6,500 non-redundant (in case of alternative models
for the same protein, a single, best scoring model was used) proteins form the ModBase
dataset. These two datasets were examined in various ways: altogether (all PDB models),
and separately for each organism (ModBase). We performed both general calculations for all
models combined to detect the overall trend, and separate organism-specific computations to
evaluate significance of our results.

As the ModBase dataset is purposely not phylogenetically balanced (i.e., archaea and
parasites are overrepresented, no plants, etc.), we aimed to build a dataset representative of
all three domains of life (i.e., compatible with the available choice of organisms in the
ModBase repository) by selecting the most diverse possible (to the best of authors
knowledge) set of organisms from the ModBase database. We examined the models for the
following organisms: Pyrobaculum aerophilum (Pa), Methanococcus jannaschii (Mj),
Archaeoglobus fulgidus (Af), Escherichia coli (Ec), Bacillus subtilis (Bs), Clostridium tetani
(Ct), Saccharomyces cerevisiae (Sc), Plasmodium falciparum (Pfa), Caenorhabditis elegans
(Ce), Drosophila melanogaster (Dm), Xenopus sp.(Xs), Mus musculus(Mm), and Homo
sapiens (Hs). For each organism, 500 non-redundant structures were analyzed.

Charge distribution and titration curves analysis

Charge distributions for amino acids in different topologies of protein structures (i.e.,
different secondary structure content) were provided by Dr. Annick Thomas; using a semi-
empirical quantum mechanical procedure (FCPAC), and according to the previously
published procedure [13], a dataset of 494 non-homologous structures was analyzed. All
details about methods, parameters and assumptions were as in [13].
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Additional calculations were performed with the program Vega ZZ 2.3.0, analyzing 20
heptapeptides of formula Ala-Ala-Ala-X-Ala-Ala-Ala, where X is one of 20 amino acids.
These peptides were constructed with VegaZZ built-in utilities: each peptide was minimized
with SP4 force-field and charge calculated with AMMP-MoM method implemented in Vega
ZZ. Theoretical titration curves were calculated with H++ (http://biophysics.cs.vt.edu/H++),
numerically solving the Poisson-Boltzmann and by choosing the following parameters: the
interior dielectric constant (protein €) was set to 20 and the solution dielectric constant to 75.
Salinity (sodium chloride) of the medium was set to 150 mM. Of the H++ server output
files, we considered the *.pkaout files, which contained the list of all titratable residues with
two-dimensional coordinates of theoretical titration curves for each of them. Parsing the H+
+ output file with in house Python tool, the values for each residue were extracted:
numerical evaluation of the differences between the theoretical titration curve and the
corresponding HH curve was conducted following a previously published procedure [16].

Exposure calculations

Exposure calculations were performed with the standalone program Surface 4.0. The chosen
cut-off values were 10 A2 for whole residue exposures, and 0.1 A2 for atomic exposures.
These cut-off values were used uniformly for all residues. Different cut-off values ranging
from 0.1 to 50 A2 (for whole residues) and from 0.1 to 10 A2 (for atomic exposure) were
sampled, prior to choosing the values of 10 and 0.1 A2, respectively. These calculations
were performed separately for (i) all 15,000 PDB structures; (ii) PDB structures separated
by organism; (iii) all 6,500 ModBase models; and (iv) ModBase structures separated by
organism. It has to be noted that in our calculations we removed all ligands (i.e., metals were
also removed from binding sites) prior to calculating exposure. This was done in order to
compare PDBs with homology models (ModBase), which usually do not report ligands in
their structural files. As a consequence, exposure of all residues which are bound to ligands
(inhibitors, cofactors, etc.) may be slightly over-estimated. However, considering the
permissive cut-offs employed for the definition of exposed residues (10 A2), the effect of the
over-estimation did not affect significantly the results: in most cases, exposed metal-binding
residues satisfied the low cut-off even when the metal was considered in the calculations.

Conservation distribution calculations

Conservation was calculated using BLAST, and its results parsed with in-house python
script. The structure of the algorithm is as follows: (i) each protein was analyzed separately;
(ii) for each protein, PSI-BLAST was run against the NCBI non-redundant dataset; (iii) for
each protein, up to 2,000 alignments were considered to evaluate conservation: for each
position the occurrence of the query residue for that position was calculated. We applied
filters to alignment identity scores to reduce the noise from redundancy and incorrect
alignments: only alignment with identity higher than 20% and lower than 90% were
considered; (iv) occurrence found for all protein positions was stored while the next protein
was analyzed. In the end, for all proteins, a list of all positions and their relative
conservation values were analyzed; (v) for each amino acid, conservation parameters were
calculated (e.g., the number of times an amino acid X was found to be 100% conserved,
99% conserved, etc.; (vi) The distribution was then normalized, for each amino acid
separately, to the highest count value. Additional details are given in Scheme S1 (the
structure of the algorithm), Fig. S3 and S4 (setting up appropriate parameters for the
algorithm).

Conservation in function and exposure and proximity with other amino acids

The procedure was similar to that described above, except that, for each protein, all of its
residues were filed based on (i) their nature (e.g., Ala, Cys, etc); (ii) exposure (e.g., whole
residue exposure higher than 10 A2); (iii) proximity to another residue (i.e., clustering) of
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the same nature (e.g., Ala with Ala, Cys with Cys, etc.). Proximity was defined according to
previous studies [18,19]). For each residue, the position of carbon a in the tertiary structure
was retrieved, a sphere of 8 A radius centered on this atom was then projected and all
carbons o of other residues within the range 10 A, 8 A] were analyzed. Finally, four subtypes
of residues for each amino acid type (AAi) were derived (e.g., overall 80 amino acid types):
AAi exposed and isolated, AAi exposed and clustered, AAi buried and isolated, AAi buried
and clustered. For each subtype, a specific plot of conservation value occurrence was
calculated with the same approach described above. Additional details on the structure of
this method are given in Scheme S2.

Statistical analysis

Proteins from 13 organisms from the ModBase dataset were separately analyzed. For the U
value (Eq.1) calculation, values were normalized to the lowest scoring amino acid (i.e., for
Ala and Val) (Fig. 3E and 3F); the average, standard deviation (SD), standard error of mean
(SEM) for the 13 organism dataset was calculated and plotted (Fig. 3F), and the p-values
derived by pairwise comparison with Cys (with n=13, Table 1). For the latter analysis, the
program Graphpad (http://www.graphpad.com) was used. Grubb's test for outliers was
calculated applying the following formula:

| Xm — Xi|
SD

Zg=

Where X, is the average value of all 20 amino acids, and X; is the value for an amino acid
to be tested. A critical Zg value for the analysis (n=20) is 2.71. When Zg > Xc, the amino
acid is considered to be an outlier, with statistical significance (p-value < 0.05). Correlation
analysis (Fig. 5) was done with Excel 2007 utilities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cys is the least exposed residue in proteins, yet its chemical-physical properties are of a
polar residue

Cys exposure was calculated for proteins with known and modeled structures separated for
each organism in the ModBase dataset, and for E. coli, S. cerevisiae and H. sapiens (the
most represented organisms) in the PDB repository. Additionally, all non-redundant
Viridiplantae PDBs, all PDB structures (“all PDB” column in panel A) and all ModBase
models (all_MOD” column in panel A) were analyzed. Squared points highlight PDB
structures, and circles ModBase structures. For each set of proteins, the proportion of
completely buried (exposure for the whole residue <10 A2) normalized to the occurrence of
this residue in the set was determined. To plot data for different organisms, we normalized
percentage of buried Cys to the percentage of the most buried non-Cys residue within the
same set (red rhombi refers to the most buried non-Cys residue, labeled in red in one letter
code). This value is plotted in the Y-axis (labeled “Cys Burial Index™) in panel A. A value
>1 (i.e., yellow circles, or yellow squares, higher than red rhombi) indicates that Cys is the
most buried residue in the set. In the X-axis, abbreviations for organisms are reported, as
defined in Methods. (B) Percentage of burial is shown for each composing atom of Cys, and
for comparison, for each atom in Ser, Ala, Thr and Met, as calculated by the analysis of the
PDB dataset. Above each point, the positions along the sidechain are reported (i.e., C-a, C-
B, v, 8, €). To be noted, Thr is C-B branched (i.e., has two y atoms and no & atom): in the
figure, for the sake of discussion (i.e., to visually compare it with Ser and Cys), only Oy of
Thr is aligned with y atoms, while Cy of Thr is aligned with Met & atom. (C) Calculations
with a QM approach are plotted as a function of atoms composing an amino acid residue.
For comparison, we show residues with charge distribution similar to that of Cys (data
provided by Dr. Annick Thomas and Dr. Robert Brasseur). (D) The same type of
calculations for Cys and Ser residues outside defined secondary structures (i.e., not in the
helix or strand), or belonging to a-helix (E) are shown. In panels D and E, to highlight
differences between Ser and Cys in terms of the dipole on the functional group, hydrogen
atoms are shown.
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Figure 2. Theoretical titration spectra for Cys and other titratable residues

(A) Calculated theoretical titration curves (blue line) were compared with the corresponding
Henderson-Hasselbach (HH) curves (red line) for all titratable residues in a set of 100
randomly selected structures from PDB. The overall deviation (u) is the sum of the deviation
to the left of the pKa value (pH where half of the population is protonated), pq, and the
deviation to the right of the pKa (u). (B) For each titratable amino acid, p (y-axis) is shown
with the standard error of mean (SEM). Ser and Thr were not considered as titratable
residues in the analyzed pH range, according to the H++ method
(http://biophysics.cs.vt.edu/H++/). (C) Detailed values of the analysis of variation of p per
each amino acid. “Avrg” column refers to the average value of y, “n” shows the number of
different residues analyzed (e.g., 1170 Lys, 622 Arg, etc.), and the “Grubb test” column
includes the values for the Grubb's test for outliers (Zg score for o = 0.05 is 2.04). Besides
being the only significant outlier, the average p value for Cys is significantly higher than
those for all other titratable residues (p-value <0.0001 in any pairwise comparisons with
Cys). In the % reactive column, the percentage of residues found to deviate appreciably (i.e.,
u > 2.5) from HH behavior, for each type of amino acid considered is reported. (D)
Distribution of p values for different titratable residues: in the Y-axis the occurrences (i.e.,
number of times each event in the X-axis, y, is counted) normalized for the highest (i.e., for
the occurrence of the most commonly found p value, e.g., u < 0.5 in the figure) for different
amount of deviations (u values, in the X-axis) are reported. To be noted, u values are
rounded to the first decimal position; u < 0.5 are considered together (i.e., the lowest X-
value is 0.5, representing all Cys with a p equal or lower than 0.5), as they represent non
significant deviation from HH; similarly u > 2.5 are considered together (highest X-value is
2.5, representing all Cys with p equal or higher than 2.5).
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Figure 3. Cys has the highest proportion of most and least conserved residues

The distribution of conservation values (from 0 to 100%) for the four most conserved amino
acids is shown for non-redundant PDB dataset (~15,000 proteins). Conservation values were
rounded to integers wherein the graphs show a distribution of discrete points. (A) Cys
distribution is shown with yellow circles. (B) Trp distribution. (C) Gly distribution. (D) Pro
distribution. (E) Application of Eq.1 (with a;=5 and a,=95) to the PDB dataset. The ratio
between highly degenerated (conservation <5%) plus highly conserved (conservation
>95%) versus intermediate values of the distributions are shown (U-value in the Y-axis). (F)
U-values for 13 organisms from the ModBase dataset were calculated and normalized for
the lowest for comparison (UN). The average values are plotted for each amino acid, as well
as the corresponding SEM. Additional details (e.g., for different a; and a, values) are in
Table 1.
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Figure 4. Analysis of four subgroups of Cys residues and Cys tendency to cluster

(A) Distribution of conservation values obtained for all PDB structures is shown. All Cys
are classified as buried and isolated (orange triangles), buried and clustered (red circles),
exposed and isolated (green triangles) and exposed and clustered (violet triangles). (B)
Percentage of degenerated (conservation <10%) residues when only exposed and isolated
subgroups are considered (circles in the graphs). Exposed and isolated Cys (green circles,
labeled as El) are the most degenerated residue subgroup. For comparison purposes, the
levels of degeneration for the other three subgroups of Cys (buried and isolated, Bl; exposed
and clustered, EC; buried and clustered, BC) are shown as yellow triangles. (C) The
tendency to cluster with amino acids of the same type (e.g., Cys with Cys, Gly with Gly, Ala
with Ala, etc.) was evaluated for proteins in the ModBase dataset, separated by organism.
The average value was found and the standard error calculated. More details are in Table 2.
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Figure 5. Cys topological preferences for clustering resemble those of polar residues

(A) Percentage of isolated (blue crosses) and clustered (red circles) amino acids which are

found to be buried. By plotting the percentage of isolated and buried Cys against the
percentage of clustered and buried Cys, and performing correlation analysis with the

corresponding values for hydrophobic residues (B) and polar residues (C), we found better

correlation with polar residues. Performing the same analysis with the reference set of

ModBase models divided by organism (red-bordered columns), and with PDB reference set
divided per organism (black-bordered columns), the same relationship was observed (panel

D, error bars indicate standard deviations).
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