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Strong hydrophobic nature of cysteine residues in proteins
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Abstract The differences between disulfide-bonding cystine
(Cys_SS) and free cysteine (Cys_SH) residues were examined
by analyzing the statistical distribution of both types of residue in
proteins of known structure. Surprisingly, Cys_SH residues
display stronger hydrophobicity than Cys_SS residues. A
detailed survey of atoms which come into contact with the
sulfhydryl group (sulfur atom) of Cys_SH revealed those atoms
are essentially the same in number and variety as those of the
methyl group of isoleucine, but are quite different to those of the
hydroxyl group of serine. Moreover, the relationships among
amino acids were also determined using the 3D-profile table of
known protein structures. Cys_SH was located in the hydro-
phobic cluster, along with residues such as Met, Trp and Tyr, and
was clearly separated from Ser and Thr in the polar cluster.
These results imply that free cysteines behave as strongly
hydrophobic, and not hydrophilic, residues in proteins.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Rapid accumulation of protein 3D structural data provides
an opportunity to statistically analyze the behavior of amino
acid residues to higher accuracy. In particular it may be in-
teresting to focus on the types of amino acids that account for
a small fraction of the overall protein composition, for which
accurate analysis has only recently become feasible. The Cys
residue is one such amino acid. The fraction of Cys is small in
proteins, especially when the Cys composition is subdivided
into two subgroups: free cysteine (denoted here as Cys_SH),
and disulfide-bonding half-cystine (Cys_SS). Because these
two forms of Cys seem quite different in their physico-chem-
ical properties, statistical analysis should be conducted for
each type.

A disulfide bond (-SS-) is covalently formed between two
half-cystine residues by an oxidation reaction. However, as
the intracellular milieu is maintained in the reduced state,
disulfide bond formation is usually prohibited in intracellular
proteins [1], and disulfide bonds are almost exclusively found
in extracellular proteins [2,3]. In contrast to the inert nature of
disulfide bonds, the sulfhydryl groups (-SH) of free cysteine
residues are polarized and sometimes participate in metal
binding such as in iron-sulfur clusters. Because of the appar-
ent chemical resemblance of the sulthydryl (-SH) and hydrox-
yl (-OH) groups, it is commonly perceived that free cysteine
(Cys_SH) residues behave in a similar manner to Ser residues
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in globular proteins [4]. However, in this present study we
show that this is not the case and Cys_SH behaves much
like the hydrophobic residue Met, and the aromatic residues
Trp and Tyr.

2. Materials and methods

A data set of 378 non-redundant protein chains, having less than
30% sequence identity, was prepared from release 83 of the Brook-
haven Protein Data Bank (PDB) [5]. A total of 1471 Cys residues,
collected in this data set, were further divided into several forms
(Table 1). Disulfide-bonding residue pairs were identified according
to the DSSP algorithm [6] and these were divided into ‘intra-chain’
and ‘inter-chain’ disulfide bonds. Of these, only 610 ‘intra-chain’ di-
sulfide-bonding half-cystines (denoted here as Cys_SS) were used in
the following analysis. The remaining cysteines consisted of 742 free
cysteines (denoted here as Cys_SH) and 73 metal-binding cysteines,
which were thus classified if a metal atom was located within 3 A of
the sulfur atom of the cysteine residue. Metal binding cysteines were
excluded from further analysis.

The hydrophobicity of Cys_SH and Cys_SS, or their partitioning
nature in globular proteins, was expressed in terms of the number of
neighboring heavy (non-H) atoms within a sphere [7], and compared
with other types of amino acids. More precise distributions of heavy
atoms around the sulfur atom of Cys_SH were also analyzed and
compared with corresponding distributions found around the oxygen
atom of Ser side chains. Various physico-chemical indices, including
the properties of amino acids to form secondary structures, Py, Pg
and P, [8], and the accessible surface area defined by Rose et al. [9],
were estimated for all amino acid types including Cys_SH and
Cys_SS.

3. Results and discussion

3.1. Hydrophobicity of disulfide-bonding cystine and free
cysteine residues

There have been various types of amino acid indices derived
to date [10,11]. According to the original definition by Rose et
al. [9], we have re-estimated the hydrophobicity index in terms
of the solvent-accessible surface area for 20 amino acids. The
results shown in Table 2 are almost identical to those origi-
nally obtained by Rose et al., if two types of Cys residues
(Cys_SS and Cys_SH) are not distinguished. The mean sol-
vent-accessible surface area, denoted by (A4), was nearly the
same for both Cys_SS and Cys_SH, being 15 A2, When the
mean fractional area loss [9] was calculated, the definition of
which is given in Table 2, Cys_SH showed the largest index
(0.89) among all residues, even greater than the aliphatic res-
idues Ile (0.88) and Leu (0.87) (Table 2). The mean fractional
area loss for Cys_SS (0.83) is, on the other hand, similar to
that for Met (0.84) and the aromatic residues Tyr (0.81) and
Trp (0.85).

Table 2 shows another hydrophobic scale defined in terms
of the number of surrounding heavy atoms within a sphere
(see Section 2). In the original definition of Ota and Nishika-
wa [7], the number of surrounding atoms (Sn) is sub-divided
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Table 1

Subdivision of Cys in the data set

Cys type Number of residues Composition (%) among all residues®

All cysteine 1471 1.44

Non-disulfide-bonding cysteine 847 0.83
Free cysteine (Cys_SH) 742 0.73
Metal-binding cysteine 73 0.07
No side chain information 32 -

Disulfide-bonding cystine 624 0.61
Intra-chain disulfide-bonding cystine (Cys_SS) 610 0.60
Inter-chain disulfide-bonding cystine 14 -

2The total number of residues of all proteins in the data set is 101 905.

into nine classes, and the more residues of a particular amino
acid type that are buried within a protein molecule, the larger
their Sn value. We therefore expect smaller values for hydro-
philic residues and larger values for hydrophobic residues.
The relative order of amino acid hydrophobicities seems
very similar between the two scales. In particular, the Sn value
of Cys_SH (6.82) is again larger than that of Cys_SS (6.12),
and is comparable with those of Ile (7.03), Leu (6.91) and Phe
(6.79). The correlation coefficient between these two scales is
as high as 0.983.

The two kinds of hydrophobicity indices suggest that
Cys_SH behaves as a strongly hydrophobic residue in a glob-
ular protein, even stronger than Cys_SS. It should also be
noted that the hydrophobicity indices of Cys_SH never resem-
ble Ser or Thr and that Cys_SH also does not share the
propensity of Ser and Thr to form o-helices (see Table 2).
The helical propensity of Cys_SH (1.05) is similar to that of
Ile (1.05), Trp (1.01) and Phe (0.99). On the other hand,
Cys_SS has a small helical propensity value (0.49) comparable
to that of the helix breaker Gly (0.46). The reason for this

Table 2
Amino acid indices re-estimated from a data set of 378 non-redun-
dant proteins

Hydrophobicity by Secondary structure
propensity by

Chou-Fasman
Ota-Nishikawa P Py P.

Rose et al. @

Cys_SS 0.83 6.12 049 133 1.19
Cys_SH 0.89 6.82 1.05 124 0.86
Ala 0.78 5.62 147 0.75 0.80
Arg 0.66 4.71 122 093 0.88
Asn 0.63 4.22 072 0.62 135
Asp 0.58 3.89 085 0.52 130
Gln 0.61 4.34 1.31  0.74 0091
Glu 0.55 3.80 1.39 0.74 0.86
Gly 0.71 4.61 046 0.65 1.51
His 0.73 5.45 0.87 1.03 1.07
Ile 0.88 7.03 1.05 1.82 0.61
Leu 0.87 6.91 133 1.17  0.71
Lys 0.56 3.71 1.14  0.80 1.00
Met 0.84 6.60 132099 0.79
Phe 0.87 6.79 099 142 0382
Pro 0.66 4.42 045 042 1.6l
Ser 0.68 4.50 078 0.82 1.22
Thr 0.71 4.81 0.77 119 1.07
Trp 0.85 6.47 1.01 124 0.89
Tyr 0.81 6.34 095 143 0.85
Val 0.87 6.66 094 193 0.63

2(4°—(A4))/A°, the mean fractional area loss defined by Rose et al.
[9], where (4) is the mean solvent accessible surface and A° is the
stochastic standard state accessibility. Values of 4° for Cys_SS and
Cys_SH were obtained from Thornton [2], while the remaining val-
ues are those of Rose et al. [9].

may be that the rigidity of a-helices prevents the formation of
disulfide bonds.

3.2. Detailed distribution analysis

To focus on this matter more precisely, we have analyzed in
detail the distributions of heavy atoms around a given central
atom, such as the sulfur atom of Cys_SH. In this analysis,
heavy atoms were distinguished as carbon, oxygen, nitrogen
and sulfur, and the number of each type of atom was counted
within a sphere of radius 6 A of the central atom. We have
selected three atoms as central atoms, oxygen (Oy) of Ser,
carbon (C8) of Ile, sulfur (Sy) of Cys_SH, and the average
number of surrounding heavy atoms for each of these central
atoms is shown in Fig. 1. Although no large differences are
seen in the number of surrounding O, N and S atoms for each
of the central atoms, a clear difference is observed in the
number of surrounding carbons. The sulfur atom of Cys_SH
has almost the same distribution of surrounding carbons as
does the Cd atom of Ile, but the Oy of Ser has a lesser number
of carbons. Moreover, the similarities in number of surround-
ing atoms between Cys_SH and Ile did not change even when
the surrounding carbons were subdivided into aliphatic, aro-
matic and carbonyl carbons (data not shown). These results,
consistent with the previous data in Table 2, demonstrate that

W Cys_SH

No. of atoms

Sulfer

Carbon Oxygen Nitrogen

Type of atoms

Fig. 1. The number of atoms observed in the vicinity of the side
chain of either free cysteine (Cys_SH), Ser, or Ile residues. The
average number of surrounding C, O, N and S atoms located within
a distance of 6 A from the Sy atom of Cys_SH (black bar), the Oy
atom of Ser (white bar) and the C§ atom of Ile (gray bar) are indi-
cated, respectively. Those atoms belonging to the same central resi-
due or its nearest neighbors were excluded from the counting.
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Fig. 2. Dendrogram showing the amino acid relationships. This den-
drogram was computed for all proteins in the data set using 3D
profiles [7] as follows. First, substitution scores S(x, y) were calcu-
lated from the 3D profile table, p(i, x), as defined for amino acid
type x at residue site i. Supposing x is the amino acid type of the
native sequence at position i, substitution of x by y at position 7 is
expressed as p(i,y)—p(i,x). Subsequently, substitution scores, inde-
pendent of site, were calculated by S(x, y)=(p(i,y)—p(i,x)), where ( )
implies that the average is taken over all sites in which the native
amino acid type is x. Considering the 21 native amino acid types
(i.e. distinguishing Cys_SS from Cys_SH), the form of S(x, y) be-
comes 21 X20 matrix. Next, the correlation coefficient between any
two amino acids, x and z, was to be calculated using cor-
[x, z]=cor(S(x, y), S(z, y)), where y varies among the 20 types of
amino acid. However, considering S(x, x)=S(z, z) =0, the sum was
taken for 19 pairs, i.e. 18 normal pairs having common y plus an
additional pair of S(x, z) and S(z, x). The correlation coefficient so
obtained was converted to a measure of distance between two ami-
no acids (x and z) using dist[x, z] = arccos[cor[x, z]]. These distances
were used to construct a dendrogram using the neighbor joining
method [13].

the environment of the sulfhydryl group of Cys_SH is as
hydrophobic as that of a methyl group of Ile.

3.3. Overall properties of amino acids empirically deduced from
structural data

The present analyses have hitherto been conducted with a
focus on the hydrophobicity of amino acids. This raises the
question of whether free cysteine (Cys_SH) is more like ali-
phatic/aromatic amino acids, and less like serine (Ser), in a
more general sense. To investigate this matter, we have em-
ployed an analysis similar to that of Taylor [4], where rela-
tionships (similarity and dissimilarity) among the amino acids,
deduced from the Dayhoff mutation matrix [12], are presented
as a Venn diagram. As the Dayhoff mutation matrix reflects
various physico-chemical aspects of amino acids, the empirical
relationship deduced from it must be more generally descrip-
tive of the nature of the particular amino acids than just a
hydrophobicity index. The Venn diagram obtained in the
study by Taylor showed the relationship among 21 amino
acid types, distinguishing Cys residues as being either Cys_SS
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or Cys_SH. Disulfide-bonding Cys_SS was categorized as (hy-
drophobic, small), while Cys_SH was categorized as (polar,
hydrophobic, tiny). The relative position of Cys_SH was
found to be close to that of Ser and Thr, leading to the tradi-
tional view that “the reduced form (Cys_SH) has similar
properties to serine, while the oxidized form (Cys_SS) may
be more equivalent to Val” [4].

It would be interesting to know if the same kind of amino
acid relationship is still observed from the large amount of
structural data now available. We have repeated the study of
Taylor, just replacing the Dayhoff mutation matrix with the
corresponding matrix obtained from the 3D profile table for
proteins of known structure (see the legend of Fig. 2). The
relationships among the amino acids obtained thus are repre-
sented as a dendrogram in Fig. 2. It is noted that the amino
acids have clustered into two groups of polar and hydropho-
bic nature, corresponding respectively to the upper and lower
halves of Fig. 2. Most importantly, Cys_SH is located in the
hydrophobic cluster, amongst Met, Trp and Tyr, and is
clearly separated from Ser and Thr which are in the polar
cluster. Except for the location of Cys_SH, the overall rela-
tionships of amino acids in Fig. 2 seem consistent with those
of Taylor’s Venn diagram.

In conclusion, the present study has shown that free cys-
teine (Cys_SH) residues, as well as disulfide-bonding cystines
(Cys_SS), behave like strongly hydrophobic residues in pro-
teins. This apparent hydrophobic nature of Cys_SH seems to
conflict with the polarized nature of the sulfhydryl group.
However, we need to consider the fact that the sulfhydryl
group is inactive toward water molecules. More specifically,
unlike the hydroxyl group (-OH), the sulfthydryl group (-SH)
has essentially no ability to form a hydrogen bond with water
[4]. This may explain why the -SH group is both active in
metal binding and disulfide bond formation, and is hydro-
phobic in water.
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