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Sulfur-containing functional groups of cystine (an SSC group) and methionine (a CSC group) are usually consid-
ered as hydrophobic moieties or weak hydrogen-bond acceptors in folded protein structures. However, database analysis
as well as theoretical calculations carried out in this study have provided strong evidence for the presence of specific non-
bonded interactions between the divalent sulfur atoms (S) and nearby polar non-hydrogen atoms (X). Close S+ X (X =
O, N, S, C, etc.) atomic contacts were statistically analyzed in 604 high-resolution heterogeneous X-ray structures select-
ed from a protein databank (PDB_SELECT). The S---O interactions found for both SSC and CSC groups showed a spe-
cific character as a M(C=0) — ¢™(S) orbital interaction based on the directional preferences. The interactions were most
frequently observed in o-helices. Ab initio calculations applying the second order Mgller—Plesset perturbation theory
(MP2) suggested the primary importance of electron correlations. The total stabilization energies were calculated to be
~3.2 and ~2.5 kcal/mol for SSC and CSC groups, respectively, including the contribution from a coexisting CH---O hy-
drogen bond. On the other hand, the S---N interactions observed for a CSC group exhibited structural characters as a
n(N) — o™*(S) orbital interaction and an NH---S hydrogen bond, and the S-S interactions for an SSC group showed a
structural character as an n(S) — ¢™(S) orbital interaction. The S--C(r) interactions should be rather weak and long-
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range.

Nonbonded atomic interactions play significant roles in de-
termining protein structures and their folding pathways. Con-
ventional hydrogen bonds (such as NH---O and OH--O), ionic
salt bridges, and van der Waals forces (both attractive and re-
pulsive) are usually counted as such weak interactions.'”
However, with the data of precise protein structures now avail-
able, some unusual or previously unexpected atomic interac-
tions, such as non-conventional CH---O hydrogen bonds,®?
cation--7 interactions,” ! and CH---T interactions,'> have been
characterized recently. In this paper, nonbonded S--X (X =
0, N, and S) interactions'>!* are suggested to be another mem-
ber of such non-classical interactions that weakly stabilize pro-
tein structures.

Sulfur-containing functional groups of cystine (an SSC
group) and methionine (a CSC group) are normally considered
as hydrophobic moieties or weak hydrogen-bond acceptors in
folded protein structures. However, specific attractive interac-
tions between a divalent sulfur atom (S) and nearby non-hy-
drogen atoms (X) have been well recognized in small organic
compounds. A conventional mechanism for formation of a
nonbonded S--X interaction is shown in Fig. 1."”> Rosenfield
et al.!® surveyed close S+ X contacts in the Cambridge crystal-
lographic database and found that the directional preferences
of X with respect to S can be explained by the presence of non-
bonded S---X interactions and XH---S hydrogen bonds. Later,
Row and Parthasarathy!” indicated that nonbonded S-S inter-
actions may be stabilized by the orbital interaction between the
lone pair of one sulfur atom [n(S)] and the anti-bonding orbital
of the other sulfur atom [6™(S)]. A similar donor-acceptor in-
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Fig. 1. A conventional mechanism for formation of non-
bonded S---X interaction.

teraction mechanism of S-S interactions was also reported.'®
On the other hand, Dahaoui et al.'® pointed out the importance
of a van der Waals force for the S-S interactions. The pres-
ence of S---C(m) interactions in organic crystals was also sug-
gested.?’

For some organic sulfur compounds, intramolecular non-
bonded S---O interactions have been extensively studied in re-
lation to the biological activities. For example, the intramolec-
ular 1,4-S---O interaction of thiazole nucleoside analogues was
found to be important for the antitumor activity.*! Similarly,
1,5-S::-O interactions were shown to play important roles in
the antagonism of (acylimino)thiadiazoline derivatives to an
angiotensin II receptor®® and in the antitumor activity of leina-
mycin.?® Analogous interactions between a divalent selenium
atom (Se) and X (i.e., Se---X interactions) have also been well
characterized in organic selenium compounds®*?® and have
been suggested to be relevant to the strong biological activity
of selenium.?*°

In protein structures, however, nonbonded S---X interactions
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have not been noticed until recently, except for S---C(m) inter-
actions and weak NH---S and OH--S hydrogen bonds. The
S---C(m) interactions in proteins were first pointed out by Mor-
gan and co-workers,*! who analyzed the close atomic contact
between S and a m-plane in eight protein structures and found
that the S atoms have a propensity to come over the m-plane.
On the other hand, Reid et al.*? suggested by using a larger set
of protein structures that the close S---C(1) contact in proteins
should not be explained by direct S---C(m) interactions but by
CH-S interactions because the S atoms access to the m-plane
from the side rather than the top. Although many experimental
and theoretical studies have been reported to date,>** the na-
ture of S--C(m) interactions is still controversial.?® As for
NH--S and OH"*-S hydrogen bonds in proteins, it was suggest-
ed that the S atoms of cystine and methionine have only a
weak character of a hydrogen-bond acceptor.®

For two particular proteins, the importance of an S---O inter-
action on the enzymatic functions has been pointed out very
recently. Taylor and Markham®® suggested that the electrostat-
ic S--O interaction between the S atom of a methionine sub-
strate and the carboxylate O atom of Asp118 plays a major role
in the enzymatic activity of S-adenosylmethionine synthetase.
Brandt et al.”’ reported that the cleavage of a disulfide bond in
the extracellular region of the G-protein receptors, which is an
important process for the receptor activation, is catalyzed by
the S---O interaction between Cys121 and the carboxylic group
of Asp288.

Stereochemistry of the close S---X contacts involving a me-
thionine sulfur atom (a CSC group) was statistically analyzed
in protein structures, but distinct directional preferences of the
contacts were not observed.® It was therefore suggested that
nonbonded S---X interactions in proteins are either very weak
or physicochemically different from those in small molecules.
However, using a larger set of protein structures
(PDB_SELECT),***® we have recently demonstrated that the
S---X contacts in proteins exhibit obvious directionality for
both SSC and CSC groups.” Similar directionality of the
S---O interactions involving a methionine S atom was reported
by Pal and Chakrabarti as well.'*

In this paper, we present details of our previous database
analysis of nonbonded S--X (X = O, N, and S) interactions."
In addition, we have carried out high-level quantum chemical
calculations to evaluate the strength of the S---O and S---N in-
teractions. The stabilization mechanism as well as the influ-
ence of coexisting hydrogen bonds are discussed based on the
results from statistical database analysis and theoretical calcu-
lations. The S---X interactions characterized here may play
roles in the functions, stability, and folding of proteins to some
extent. Design of specific substrates to cleave a protein disul-
fide bond may also be possible by applying the novel interac-
tions.

Method

Database Analysis. According to the PDB_SELECT da-
tabase (the structural homology less than 25%),%%* 1085 non-
redundant X-ray structures, which contained 604 high resolu-
tion (= 2.0 A) and 481 low resolution (> 2.0 A) structures,
were retrieved from a protein data bank (PDB).*! A computer
program was coded for extracting all non-hydrogen atoms (X)
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Fig. 2. Structural parameters of S---X contacts used for the
statistical analysis.

that have a close atomic contact to a divalent sulfur atom (S) of
cystine (an SSC group) or methionine (a CSC group). The
data of the S---X contacts obtained were sorted by the use of
structural parameters shown in Fig. 2. The S:-X contacts
within a single amino acid residue and the ones out of the rang-
es of 6, = 50° and 6, = 50° were omitted automatically.

In order to compare the degrees of various S---X atomic
contacts with each other, a relative nonbonded distance d [= r
— vdw(S) — vdw(X), where vdw(i) means the van der Waals
radius of atom i] was also defined. The values of van der
Waals radii reported by Bondi** were employed: 1.70 A for C,
1.55 A for N, 1.52 A for O, 1.80 A for S, etc. For Fe, the van
der Waals radius reported by Allinger et al.** was used after the
scaling [vdw(Fe) = 1.70 A]. For the case of S--C interactions,
the distance between the S atom and the centroid of the aro-
matic ring (r), the vertical and horizontal distances of the S
atom relative to the aromatic plane were also calculated. An-
gles 0, and 6, (or 6; and 6,) were utilized to indicate the spatial
location of X with respect to the SSC or CSC plane. We em-
ployed two different sets of angles in order to show direction-
ality of S---X interactions in proteins more clearly. On the oth-
er hand, angles 65 and 6 were utilized to indicate the spatial
location of S with respect to the X (O or N) atom.

Calculations. The Gaussian 98 program* was used for all
quantum chemical calculations carried out in this study. The
basis sets implemented in the program were employed without
modification. Electron correlation energies were calculated by
applying the second order Mgller-Plesset perturbation theory
(MP2).**%¢ Complexation energies were corrected for the ba-
sis set superposition error (BSSE) by using the counterpoise
method.*” Natural bond orbital analysis*® was performed by
the use of the NBO ver. 3.1 program linked to the Gaussian 98
program. The analysis, which has been widely used to study
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wave functions and electron densities obtained from ab initio
calculations, allows quantitative evaluation of the orbital inter-
action energies for any combinations between fully occupied
localized orbitals (core, lone pair, and bonding) and vacant or-
bitals (anti-bonding and Rydberg).

Stable structures of two model complexes, CH;SSCH; +
CH;CONHCH; and CH3SCH; + CH3;CONHCH;, were ex-
haustively sought by applying various initial values of access
angles 6;—6; at the HF/6-31G(d) level. Seven and six struc-
tures were located for the CH;SSCH; and CH3;SCH; complex-
es, respectively. They were subsequently allowed for geome-
try optimization at the higher calculation level [MP2/6-
31G(d)]. Some structures were further optimized at the MP2/
6-311G(d,p) level, but significant structural changes were not
observed. We therefore utilized the MP2/6-31G(d) level of
theory to obtain the stable structures of the complexes.

Potential surfaces of the complexes were obtained as fol-
lows. The structures of CH3;SSCH;, CH3;SCH;, and
CH;CONHCH; were optimized separately at the MP2/6-
31G(d) level. By using the resulting structures, various com-
plex structures, which have fixed values of d (—0.22, —0.02,
0.18,0.38, 0.58 A), 65 (0°, 30°, 60°, 90°, 120°, 150°, 180°), 6,
(90°, 120°, 150°, 180°, 210°, 240°, 270°), 65 (60°, 90°, 120°,
150°, 180°), and 6, (0°, 30°, 60°, 90°, 120°, 150°, 180°, 210°,
240°, 270°, 300°, 330°), were computationally generated. For

Bull. Chem. Soc. Jpn., 75, No. 7 (2002) 1613

each structure, the complexation energy was calculated at the
MP2/6-31G(d) level without optimization of the geometry. It
should be noted that the fully optimized structure of the com-
plex is different from the complex structure of the energy min-
imum on the potential surface. This caused a slight discrepan-
cy between the complexation energy for the fully optimized
structure (3.21 kcal/mol for Structure A) and that obtained
from the potential surfaces (~3 kcal/mol).

Results and Discussion

Effect of Resolution. In the process of determining pro-
tein structures from the X-ray diffraction data, some of the
structural parameters are usually restrained to the empirical
values:* the extent of the restraints depends on the resolution
of diffraction patterns. Therefore, unexpected interactions
could be more frequently observed in high-resolution protein
structures than in low-resolution ones. The statistical data list-
ed in Tables 1 and 2 show that the S---O interaction may be
such a case.

For the SSC group (Table 1), the ratio of the nonbonded
S---O contact to the total S---X (X = O, N, S, C, etc.) contacts
in the range of d = 0.0 A was 35.2% in the high-resolution (=
2.0 A) class, which was about 9% larger than that (26.1%) in
the low-resolution (< 2.0 A) class. For the CSC group (Table
2), the ratio of the short (d =< 0.0 A) S+-O contact in the high-

Table 1. Summary of S---X Contacts Observed for the SSC Group in Proteins

Class High resolution (= 2.0 A) Low resolution (> 2.0 A)
Number of cystine residues 790 448
Ranges of d¥ d=00A 00<d=05A d=00A 00<d=05A
Number of S--X contacts”
total 284 (100.0) 2569 (100.0) 326 (100.0) 1213 (100.0)
X=0 100 (35.2) 664 (25.8) 85 (26.1) 261 (21.5)
N 33 (11.6) 359 (14.0) 37 (11.3) 167 (13.8)
S 15 (5.3) 68 (2.6) 27  (8.3) 20 (1.7)
C 134 (47.2) 1478 (57.5) 177 (54.3) 765 (63.1)
others® 2 (0.7 0 (0.0 0 (0.0 0 (0.0

a) d [=r — vdw(S) — vdw(X)] represents a nonbonded S---X distance relative to the sum of

the van der Waals radii.

b) The values in parentheses mean the percentages to the total number of S---X contacts.

¢) Fe and K are involved.

Table 2. Summary of S---X Contacts Observed for the CSC Group in Proteins

Class High resolution (= 2.0 A) Low resolution (> 2.0 A)
Number of methionine residues 2124 2222
Ranges of d¥ d=00A 00<d=05A d=00A 00<d=05A
Number of S--X contacts”

total 457 (100.0) 5049 (100.0) 606 (100.0) 3988 (100.0)
X=0 153 (33.5) 692 (13.7) 123 (20.3) 507 (12.7)
N 68 (14.9) 474  (9.4) 90 (14.9) 419 (10.5)
S 9 (2.0 66 (1.3) 14 (2.3) 72 (1.8)
C 209 (45.7) 3815 (75.6) 372 (61.4) 2990 (75.0)
others® 18 (3.9 2 (0.0 7 (1.2) 0 (0.0

a) d [=r — vdw(S) — vdw(X)] represents a nonbonded S---X distance relative to the sum of

the van der Waals radii.

b) The values in parentheses mean the percentages to the total number of S---X contacts.

c) Fe, Cu, Zn, Hg, Pt, and Cl are involved.
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resolution class (33.5%) was about 13% larger than that in the
low-resolution class (20.3%). These distinct trends strongly
suggested the presence of specific nonbonded interactions be-
tween S and O atoms. Similar trends were observed for the
long (0.0 <d =05 A) S---O contacts for the SSC and CSC
groups.

In contrast, the ratio of the S---C contact in the high-resolu-
tion class was significantly lower than that in the low-resolu-
tion class for both SSC and CSC groups. The observation sug-
gested that S--C(r) interactions in proteins®'*> may be weaker
than S---O interactions. On the other hand, the ratios of S---N
and S-S contacts were not affected by the resolution class.
Since the frequencies of these contacts in protein structures
were less than those of S---O and S-:-C contacts, the presence
of the S--*N and S-S interactions could not be assessed based
only on the small resolution effects observed.

Effect of a Relative S---X Distance (d). A nonbonded
S---X distance relative to the sum of the van der Waals radii (d)
can be a convenient measure of the strength of the S---X con-
tact. When a particular S--X interaction is attractive and
short-range, the ratio of the corresponding S---X contact would
increase in the short contact range. Table 1 shows that, in the
high-resolution class, the ratios of S---O (35.2%) and S---S
(5.3%) contacts for an SSC group in the short (d = 0.0 A) con-
tact range are significantly larger than those in the long (0.0 <
d = 0.5 A) contact range (25.8% and 2.6%, respectively).
Similar trends were observed for the data of the low-resolution
class. The observations suggested the presence of S:--O and
S-:-S interactions for an SSC group in proteins. For a CSC
group (Table 2), a significant increase of the ratios of S---O and
S-*N contacts was observed in both high-resolution and low-
resolution classes when the contacts were short-range. It was,
therefore, suggested that the S:-+O and S---N interactions for a
CSC group may exist in proteins. These interactions are ana-
lyzed in detail in the following subsections.

As for the S---C contacts, the ratios to the total S---X con-
tacts in the short contact range (d = 0.0 A) were smaller than
those in the long contact range (0.0 < d = 0.5 A) for both SSC
and CSC groups. The trend suggested that S---C(m) interac-
tions in proteins®’*? may be much weaker than S--O, S-N,
and S---S interactions or may work only at long-range. The de-
tails of the observed S---C contacts are also discussed later.

Since the atomic positions of high-resolution protein struc-
tures are more reliable than those of low-resolution ones, only
the data in the high-resolution class were used for the follow-
ing statistical analyses. We have also carried out the same
analyses using the low-resolution data. However, the results
were not largely different from those described below although
the directional preferences of the interactions were slightly
weaker.

S---O Interaction for an SSC Group. A nonbonded in-
teraction between a cystine sulfur atom (an SSC group) and an
oxygen atom is most important among the S---X interactions
observed in proteins, not only because the ratio of the S---O
contact for an SSC group to the total S---X contacts distinctly
increases in the short contact range (Table 1) but also because
the frequency of the S---O contact with respect to the number
of cystine residues is significant (100/790 in the range of d =
0.0 A and 764/790 in the range of d < 0.5 A in the high-reso-
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lution class). The number of the S---O contacts observed in
604 high-resolution protein structures is graphically shown in
Fig. 3a as a function of the relative nonbonded distance (d).
When the number was corrected by a factor of 1/> (which
means the normalization by the probable spherical area having
a radius of ), a broad peak appeared at around d = 0.5 A (Fig.
3b). This clearly supports the presence of S---O interactions
for an SSC group in proteins.

The observed S--O interactions may operate in a wide
range of distance according to Fig. 3b: the range may cover at
least —0.5 A = d = 0.5 A. This is one of the unique features
of S---O interactions. Another feature is the types of the O at-
oms involved in the S---O interactions. Figure 3a shows that
main-chain carbonyl O atoms occupied more than half of the
cases and also that the ratio is even larger in the short contact
range (d = 0.0 A). Thus, the S---O interactions for an SSC
group contain mostly S---O=C interactions. This type of S---O
interactions is analyzed more precisely below. On the other
hand, the S---O(water) interactions seem to be rather long-
range and may possibly involve direct S---O interactions and
OH--S hydrogen bonds. Since the positions and orientations
of water molecules are ambiguous in protein structures, no fur-
ther analysis was performed.

Directional preferences of the observed S---O=C interac-
tions were analyzed by using angles 0,—8,. Figure 4a shows
the spatial distribution of the main-chain O atoms relative to
the SSC S atom by using access angles 6; and 6,. The scatter-
gram clusters in two areas when the relative nonbonded S---O
distance (d) is less than 0.2 A; one is the area of 65° < 6, =
95° and 150° = 6, = 180°, corresponding to the orientation of
the backside of the disulfide bond [the direction of antibonding
orbital 6*(SS)], and the other is the area of 145° < 9, < 175°
and 75° = 6, = 105°, corresponding to the orientation of the
backside of the S—C bond [the direction of antibonding orbital
o*(SC)]. The observed directionality is consistent with the
rule for the S---X interactions in small molecules that a nucleo-
phile tends to approach S along the direction of the S-S or S-C
bond (Fig. 1). It should be noted that the former cluster is
more dense than the latter one. This suggests that linear S—
S---O interactions are stronger than linear C-S---O interac-
tions; this tendency is consistent with the normal observation
that the S—S bond is weaker and hence more reactive than the
S—C bond.

The directionality with respect to the S atom was further an-
alyzed by using 6; and 6, (Fig. 5a). Two clusters, correspond-
ing to linear S—S---O interactions (60° = 6; = 120° and 220°
= 0, = 250°) and C-S---O interactions (60° = 0; = 120° and
120° = 6, = 150°), appeared in the scattergram (d < 0.2 A).
The areas of the clusters indicated that the spatial distribution
of the O atoms largely extends from the SSC plane. In addi-
tion, the scattergram showed that the appearance of the clusters
is not strongly affected by the distance between the amino acid
residues along the sequence [A(O,S)], suggesting that the lin-
earity of the S---O interactions may be intrinsic in nature.

On the other hand, directional preferences of S---O=C inter-
actions (d = 0.2 A) with respect to the O atom were analyzed
by using 65 and 6, (Fig. 6a). The scattergram shows two clus-
ters. One is the area around 6; = 90° and 6 = 0° (or 360°),
and the other is the area around 65 = 90° and 6, = 180°, corre-
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Fig. 3. Histograms of the S---O contacts observed in 604 high-resolution protein structures as a function of relative nonbonded dis-
tance d [=r — vdw(S) — vdw(0O)]. (a) The number of S---O contacts observed for an SSC group. (b) The number of S---O con-
tacts for an SSC group normalized by a factor of 1/r2. (c) The number of S-+-O contacts observed for a CSC group. (d) The num-
ber of S++O contacts for a CSC group normalized by a factor of 1/72.
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Fig. 4. Spatial distribution of the O atoms relative to the S atom for the S+--O=C interactions (d = 0.5 A) observed in 604 high-res-
olution protein structures by using access angles 6; and 6. The short-range (d = 0.0 A), medium-range (0.0 A < d =< 0.2 or 0.3
A), and long-range (0.2 or 0.3 A < d = 0.5 A) interactions are distinguished by symbols M, +, and O, respectively. (a) S—
S--+O=C interactions for an SSC group. (b) C-S---O=C interactions for a CSC group.
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Fig. 5. Directional preferences of S--O=C interactions. (a) Spatial distribution of the O atoms relative to the S atom for the S—
S+-O=C interactions (d = 0.2 A) observed in 604 high-resolution protein structures by using access angles 6; and 6,. A(O,S)
means the difference of an amino acid residue number between the donating O atom and the accepting S atom. (b) A 6;—6, poten-
tial surface calculated for the CH;SSCH; + CH;CONHCH; complex at the MP2/6-31G(d) level under the conditions of d = 0.18
A, 65 =90°, and 6, = 0°. The complexation energy is shown in kcal/mol. Symbol x (at 65 = 90°, 6, = 240°) means the energy
minimum. (c) Spatial distribution of the O atoms relative to the S atom for the C-S---O=C interactions (d = 0.3 A) observed in
604 high-resolution protein structures by using access angles 6; and 6;. (d) A 6:—0, potential surface calculated for the CH;SCH;
+ CH3;CONHCH; complex at the MP2/6-31G(d) level under the conditions of d = 0.18 A, 6s = 90°, and 65 = 0°. The complex-
ation energy is shown in kcal/mol. Symbol x (at 6; = 90°, 6, = 240°) means the energy minimum.

sponding to the orientations just above and below the carbonyl
O atom, respectively [the directions of the mw(C=0) orbital].
The observed directional preferences were a little surprising
because S---O=C interactions in small organic compounds are
usually formed in the directions of the lone pairs of the carbon-
yl O atom,”'"? i.e., the directions on the carbonyl plane (6 ~
90° or 270°).

There are some possible reasons for the observed discrepan-
cy in the directional preferences between the S---O interactions
in proteins and those in small molecules. One is the conforma-
tional restrictions of protein structures. However, this is not
plausible because the clusters are more concentrated in the di-
rections of the m(C=0) orbital when the amino acid residues

that form the S---O interaction are separated by more than ten
residues along the sequence [|A(O,S)| = 10] (Fig. 6a). One
other possible reason is the existence of NH---O=C hydrogen
bonds that might disturb the formation of the S---O interaction
in the directions of the lone pairs of the O atom. We chose the
S---O interactions, in which the O atom does not have an
NH---O hydrogen bond, and investigated the directionality.
The result did not show any significant difference from the
scattergram shown in Fig. 6a. Hence, the directional prefer-
ences of the S---O interactions observed in proteins should not
be affected by the existence of NH---O=C hydrogen bonds.
One plausible reason for the discrepancy is that the S---O inter-
actions in proteins usually involve an amide O atom, while
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Fig. 6. Directional preferences of S---O=C interactions. (a) Spatial distribution of the S atoms relative to the O atom for the S—
S++-O=C interactions (d = 0.2 A) observed in 604 high-resolution protein structures by using access angles 65 and 65. A(O,S)
means the difference of an amino acid residue number between the donating O atom and the accepting S atom. (b) A 65—6 poten-
tial surface calculated for the CH;SSCH; + CH;CONHCHj; complex at the MP2/6-31G(d) level under the conditions of d = 0.18
A, 6, = 90°, and 6, = 240°. The complexation energy is shown in kcal/mol. Symbol x (at 65 = 90°, 5 = 0°) means the energy
minimum. (c) Spatial distribution of the S atoms relative to the O atom for the C—S---O=C interactions (d = 0.3 A) observed in
604 high-resolution protein structures by using access angles 05 and 6. (d) A 0—6; potential surface calculated for the CH;SCH;
+ CH3CONHCH; complex at the MP2/6-31G(d) level under the conditions of d = 0.18 A, 6, = 90°, and 6, = 240°. The com-
plexation energy is shown in kcal/mol. Symbol x (at 65 = 90°, 65 = 0°) means the energy minimum.
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Fig. 7. Histograms of the S---O=C interactions as a function of the difference of an amino acid residue number between the donating
O atom and the accepting S atom [A(O,S)]. Only the data in the range of |A(O,S)| < 10 are shown. (a) SO interactions for an

SSC group. (b) S:--O interactions for a CSC group.

those in small molecules involve various types of carbonyl O
atoms. Details of the analysis on the observed discrepancy
will be disclosed in due course.

Figure 7a shows how the S---O interactions are located
along the amino acid sequence in the range of |A(O,S)| < 10.
When the S+ O interaction is short (d = 0.0 A), the amino acid

residues are mostly separated by four or three residues [A(O,S)
= —4 or —3]. These interactions reside in o~ and 3y-helices,
respectively, indicating that the S---O interaction stabilizes the
secondary structures to some extent. When the S---O interac-
tion is long (0.2 < d < 0.5 A), the number of the S--O interac-
tions with A(O,S) = —1, which correspond to 1,6-S--O inter-
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(a) S=S:.-O=C Interaction

Fig. 8. Typical examples of S---O=C interactions found in
protein structures. The figures are generated using
MOLSCRIPT.” Coexisting NH---O and CH:--O hydrogen
bonds are also shown with thin broken lines. (a) An S—
S-+-O=C interaction in scorpion protein toxin (1 aho). (b)
A C-S--O=C interaction in cryptophyte phycoerythin
(1 qgw).** See the text for details of the structural parame-
ters.

actions separated by five covalent bonds, is significantly en-
hanced. The 1,6-S---O interactions have structural characters
as distorted S—S---O=C interactions due to the conformational
restraint: i.e., 8; ~ 80°, 8, = 70° ~ 180°, 65 ~ 80°, and 65 ~
140°.

A typical example of S—S---O=C interactions in o-helices
[A(O,S) = —4] is shown in Fig. 8a. The protein is scorpion
protein toxin (1aho).® A short-range S---O interaction (d =
—0.23 A) is formed between the S atom of Cys26 and the O
atom of Cys22. The values of 6,—6; are 81°, 150°, 60°, 228,
134°, and 186°, respectively, indicating linearity of the S—
S--O alignment and perpendicularity of the access of the S
atom toward the C=O0 plane. There are two additional interac-
tions around the O atom of Cys22: the NH---O hydrogen bond
of the orhelix (H--O = 1.96 A, ZN-H--O = 161°) and the
weak CH:-O hydrogen bond with the H(f) atom of Cys26
(H--O = 2.78 A, ZC-H-0 = 114°). These interactions

Nonbonded S-+-X Interactions in Proteins

(a) Structure A

(b) Structure B

(d) Structure D

Fig. 9. Optimized structures obtained for model complexes
by ab initio calculations at the MP2/6-31G(d) level. Coex-
isting CH---O hydrogen bonds are also shown with broken
lines. (a) A global energy minimum structure for the
CH;3SSCH; + CH3CONHCH; complex. (b) The most sta-
ble structure having a coplanar S---O interaction to the car-
bonyl plane for the CH;SSCH; + CH;CONHCH; com-
plex. (c) A global energy minimum structure for the
CH;SCH; + CH3;CONHCH; complex. (d) The most stable
structure having an NH---S hydrogen bond for the
CH;SCH; + CH;CONHCH; complex.

would cooperatively stabilize the local protein structure with
the S---O interaction. A number of similar coordination struc-
tures around the O atom were found in various proteins, not
only for the S---O interactions with A(O,S) = —4.

In order to elucidate the intrinsic structural preferences as
well as the strength of S---O interactions, we performed quan-
tum chemical calculations on the model complex, CH;SSCHj;
+ CH3;CONHCH3;, at the MP2/6-31G(d) level of theory. Two
stable structures were located (Figs. 9a,b). Structure A is the
global energy minimum having a vertical S---O interaction to
the amide plane (d = 0.02 A, 6, =713° 6, = 169.7°, 6; =
98.3°, 6, = 237.5°, 65 = 81.5°, and 65 = 2.3°). The structural
features are in good agreement with those observed in proteins.
The total stabilization energy due to the complexation with the
correction for BSSE* was 3.21 kcal/mol including the contri-
bution from a coexisting CH---O hydrogen bond. We have pre-
viously reported that the additional coordination of a water
molecule to the carbonyl O atom slightly shortens the S---O
contact (d = —0.02 A)."> Thus, the importance of a coexisting
NH:--O (or OH---O) hydrogen bond for the S---O interaction
(Fig. 8a) was supported theoretically.

On the other hand, Structure B, which has a horizontal S---O
interaction to the amide plane (d = 0.06 A, 6, = 68.6° 6, =
170.4°, 6; = 91.6°, 6, = 240.4°, 65 = 160.7°, and 6; = 66.6°),
was 1.69 kcal/mol less stable than Structure A. The complex-
ation energy with the correction for BSSE was 2.18 kcal/mol,
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which is about 1 kcal/mol smaller than that of Structure A. It
is important to note that Structure B would be more preferred
by the CH--O hydrogen bond.® Therefore, the S:+-O interac-
tion should be stronger than the CH---O hydrogen bond be-
cause the globally stable structure of the complex (Structure
A) was not determined by the directional preference of the
CH--O hydrogen bond but by that of the S---O interaction.

Within the framework of the present MP2 theory, the differ-
ence between MP2 and HF calculation results is assigned to
the effects of high-order electrostatic interactions such as a dis-
persion force.’ Since the S---O atomic distance became larger
for the structure optimized at the HF/6-31G(d) level (d = 0.37
A) and the stabilization energy reduced to 2.18 kcal/mol, the
main stabilization element of the S---O interaction may arise
from electron correlations. However, the directional prefer-
ences of the S---O interaction observed in proteins as well as in
Structure A suggested the significant contribution from the
charge-transfer interaction between the m(C=0) and ¢™(SS)
orbitals. Natural bond orbital analysis*® suggested that the
n—o™ orbital interaction energy is 0.64 kcal/mol, which corre-
sponds to about 20% of the total S---O interaction energy (3.21
kcal/mol). Other types of intermolecular orbital interactions
were found to be negligible except for those due to the coexist-
ing CH---O hydrogen bond. We suggest at present that the
S---O interactions in proteins may be primarily stabilized by
the dispersion and/or long-range electrostatic forces but that
the observed directional propensity is controlled by the
HOMO-LUMO-type orbital interaction.

The potential surfaces of the S---O interaction were also cal-
culated. The results are given in Figs. Sb and 6b. It is clearly
seen that the distribution patterns of the S--O interactions in
proteins almost perfectly follow the potential surfaces of the
S---O interaction calculated for the isolated model complex
even though the surfaces are rather flat. Thus, it is likely that
the S---O interaction is one of the important forces that deter-
mine protein structures.

Dependence of the potential surfaces on the relative S---O
distance (d) was also analyzed by changing the value of d from
—0.22 A to +0.58 A with an interval of 0.2 A. The obtained
potential surfaces (not shown) revealed that the profiles are
only slightly affected by the value of d. The energies of the po-
tential minima on the 6; versus 6, planes (at 6; = 90° and 6, =
240°, see Fig. 5b) were —0.88, —2.34, —2.90, —2.97, and
—2.80 keal/mol at d = —0.22, —0.02, 0.18, 0.38, and 0.58 A,
respectively. Similarly, the energies of the potential minima on
the 05 versus 6 planes (at 5 = 90° and 6; = 0°, see Fig. 6b)
were —2.06, —2.82, —2.97, —2.88, and —2.62 kcal/mol at the
corresponding distance. The observations suggested that the
S---O interaction functions over a wide range of distance, be-
ing consistent with the data shown in Fig. 3b.

S---O Interaction for a CSC Group. Directional prefer-
ences of S---O interactions for a CSC group are basically simi-
lar to those observed for an SSC group, although the S---O in-
teractions for a CSC group exhibit weaker propensities. This
is reasonable in light of the larger bond energy of the S-C
bond than that of the S-S bond, as discussed earlier.

Figure 3c shows the number of the S---O contacts observed
in 604 high-resolution protein structures as a function of d.
When the number was corrected by a factor of 1/r%, a weak and
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broad peak appeared at around d = 0.9 A (Fig. 3d), suggesting
that the S---O interactions for a CSC group must be weaker and
more long-range than the S---O interactions for an SSC group.
As seen for an SSC group, most S---O interactions for a CSC
group contained S---O=C interactions, although the ratio of
S---O(water) interactions was large in the short contact range
(d=0.0A).

Directional preferences of the observed S---O=C interac-
tions were analyzed extensively by using angles 0,—6,. Figure
4b shows spatial distribution of the main-chain O atoms rela-
tive to the CSC S atom by using access angles ) and 8,. The
scattergram clusters in two areas when the value of d is less
than 0.3 A; one is the area of 65° < 6, =95°and 150° = 6, =
180°, and the other is the area of 150° = 6, = 180° and 65° =
6, = 95°, corresponding to the orientations of the backside of
the S—C bonds [the directions of antibonding orbital c*(SO)].
Figure 5c also shows directionality of the S---+O=C interactions
by using 65 and 6, in the range of d =< 0.3 A. One cluster cor-
responding to linear C(9)-S---O interactions (60° = 6; = 120°
and 110° = 6, = 140°) appeared clearly, whereas the other
cluster corresponding to linear C(€)-S---O interactions (60° =
6; = 120° and 220° = 6, = 250°) appeared widely spread. It
is obvious that the linearity of the S---O interactions for a CSC
group is weaker than that for an SSC group. It is also notable
that the appearance of the clusters is not strongly affected by
the distance between the amino acid residues, forming the
S---O interactions, along the sequence [A(O,S)].

The observed directional preferences of the S---O=C inter-
actions for a CSC group were in good agreement with the sta-
tistical results reported by Pal and Chakrabarti'* but were quite
different from the results reported by Carugo.® He analyzed
directional preferences of the atomic contacts around the S at-
oms of methionine residues in proteins and found the slight
tendency that the carbonyl O atoms approach the S atom in the
direction from 8; = 25-30° (the directions of the lone pairs of
the S atom). The discrepancy may arise from the smaller num-
ber of protein structures employed for the database analysis.

On the other hand, Fig. 6¢ shows the directional preference
of S$+-O=C interactions (d = 0.3 A) with respect to the O atom
by using 65 and 6. The scattergram clusters in two areas, cor-
responding to the orientations just above (65 ~ 90° and 6 ~
0°) and below (65 ~ 90° and 65 ~ 180°) the carbonyl O atom
[the directions of the t(C=0) orbital]. The propensity is simi-
lar to the case of the S---O interactions for an SSC group (Fig.
6a). However, their appearance did not depend on the value of
A(O,S) so clearly as that observed for an SSC group.

Figure 7b shows how the S--O interactions are located
along the amino acid sequence in the range of |A(O,S)| < 10.
When the S---O interaction is short-range (d = 0.0 A), the
number of the S---O contacts does not show any dependence
on the value of A(O,S). However, when the interaction is long-
range (0.3 < d = 0.5 A), the numbers of S---O interactions
with A(O,S) = —4 and —1 significantly increase. These S---O
interactions correspond to those in a-helices and 1,7-S---O in-
teractions (separated by six covalent bonds), respectively.

A typical example of C-S:-+O=C interactions is shown in
Fig. 8b. The protein is cryptophyte phycoerythrin (1qgw).’>
An SO interaction (d = —0.00 A) is formed between the S
atom of Met59 and the O atom of Ser126 [A(O,S) = 67]. The
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Fig. 10. Histograms of the S--*N contacts observed for a CSC group in 604 high-resolution protein structures as a function of rela-
tive nonbonded distance d [= r — vdw(S) — vdw(N)]. (a) The number of S--*N contacts. (b) The number of S---N contacts nor-

malized by a factor of 1/%.

values of 6,—6, are 78°, 178°, 88°, 231°, 103°, and 188°, re-
spectively, indicating a linear C—S---O alignment and a vertical
access of the S atom toward the C=O plane. There is an a-he-
lical NH---O hydrogen bond between the O atom of Ser126
and the N atom of Alal30 (N--O = 3.00 A). In addition, a
weak CH--O hydrogen bond may exist between the O atom of
Ser126 and the H(p) atom of Met59 since the C(y) atom is
present close to the O atom [+(C---O) = 3.45 Al. These inter-
actions would cooperatively stabilize the local protein struc-
ture with the S---O interaction, as in the case of the S-S---O=C
interaction shown in Fig. 8a.

Ab initio calculations were carried out on the model com-
plex, CH;SCH; + CH3;CONHCHs, at the MP2/6-31G(d) level
of theory. We found that the potential surfaces are extremely
flat relative to the S---O distance (r) and also that the global en-
ergy minimum is the structure with a close SN contact
(Structure C in Fig. 9¢), not the one with a close S---O contact.
However, the optimized structure with a fixed close S---O dis-
tance (r = 3.30 A, i.e., d = —0.02 A), which is not a local en-
ergy minimum structure, was only 0.32 kcal/mol less stable
than the global minimum structure (Structure C). The com-
plexation energy (2.47 kcal/mol) was still large. Therefore, the
C-S---O=C interaction in proteins may be attractive.

Potential surfaces calculated for the CH3SCH; +
CH;CONHCHj; complex are shown in Figs. 5d and 6d. Since
we applied the same orientation for CH3;SCH; as that of
CH;SSCHj; in Structure A (Fig. 9a), only one stable area could
be located on the 6; versus 0, plane (Fig. 5d). This is because
the fixed 05 and 6 angles during the calculations of the poten-
tial surfaces caused unavoidable steric repulsion when the val-
ue of 6, was small. The potential surfaces should be intrinsi-
cally symmetric with respect to the axes of 83 = 90° and 6, =
180° if 85 and 6 were flexible. Therefore, the obtained poten-
tial surfaces (Figs. 5d and 6d) are consonant with the direction-
al preferences of the C—S---O=C interactions observed in pro-
teins. The S---O interaction for a CSC group would also be an
important factor for determining protein structures.

The mechanism of the S---O interaction for a CSC group
would be similar to that for an SSC group. Dispersion and/or
long-range electrostatic forces should be the main stabilization

elements, but the contribution from the m(C=0)—c™*(SC) or-
bital interaction would also be involved according to the ob-
served directional preferences. The S---O interaction may op-
erate in a wide range of distance since the potential surfaces do
not change significantly independent of the relative S---O dis-
tance (d): The energies of the potential minima on the 6; ver-
sus 6, planes (at 8; = 90° and 6, = 240°, see Fig. 5d) were
—0.36, —1.75, —2.30, —2.40, and —2.28 kcal/mol at d =
—0.22, —0.02, 0.18, 0.38, and 0.58 A, respectively. Similarly,
the energies of the potential minima on the 65 versus 6 planes
(at 65 = 90° and 65 = 0°, see Fig. 6d) were —1.20, —2.10,
—2.37, —2.33, and —2.15 kcal/mol at the corresponding dis-
tance of d.

S---N Interaction for a CSC Group. The number of the
S--N contacts for a CSC group is shown in Fig. 10a as a func-
tion of the relative nonbonded distance (d). When the number
was corrected by a factor of 1/r%, a weak and broad peak ap-
peared at around d = 0.5 ~ 0.7 A (Fig. 10b), suggesting the
existence of the long-range S--N interactions in proteins.
Since more than a half of the S-N interactions were
S--N(main chain) interactions, structural features of these in-
teractions (d = 0.5 A) were analyzed by using 6, 6,, 65, and
6s. The results are shown in Fig. 11.

Figure 11a shows spatial distribution of the main-chain N
atoms with respect to the CSC S atom by using access angles
6, and 6,. Figure 11b displays directional preferences of the
S---N(main chain) interactions with respect to the N atom by
using angles 65 and 6;. The scattergrams indicate that the
S--N interactions involve two types of interactions; one is the
linear C-S---N interaction perpendicular to the amide plane,
corresponding to the clusters around 6,/6, ~ 90°, 6,/6, ~
150°, 6s ~ 75°, and 65 ~ 0° or 180° (shown as open circles),
and the other is the linear N-H---S hydrogen bond, correspond-
ing to the clusters around 6, ~ 100°, 6, ~ 100°, 65 ~ 180°
(shown as filled squares).

The former S---N interaction shows weak linearity of the C—
S--N atomic alignment and perpendicularity to the amide
plane. The observed directional preferences were similar to
those of the linear C-S---O interaction, suggesting a contribu-
tion from the (N)—c™*(SC) orbital interaction to the stability.
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Fig. 11. Directional preferences of S---N(main chain) interactions for a CSC group. Symbols O, +, and B are utilized for the S---N
interactions in the ranges of 65 = 120°, 120° < 65 = 150°, and 150° < 65 = 180°, respectively (a) Spatial distribution of the N at-
oms relative to the S atom (d = 0.3 A) observed in 604 high-resolution protein structures by using access angles 6, and 6.
(b) Spatial distribution of the S atoms relative to the N atom by using access angles 65 and 6.

The propensities are consistent with the S---N interactions
characterized in small molecules.™® Our statistical data indi-
cate that a similar S---N interaction may also exist in protein
structures. Similar directional preferences were previously re-
ported for the specific interaction between an SH group and a
main-chain or side-chain amide group.** The S(H)--N interac-
tions may involve direct S---N interactions as well.

On the other hand, the structural preferences of the latter in-
teraction (an NH---S hydrogen bond) suggested a contribution
from the n(S)—c™*(NH) orbital interaction to the stability be-
cause the N atom tends to approach the S atom in the direc-
tions of the lone pairs. The directional preferences are consis-
tent with those found in the previous statistical analysis of hy-
drogen bond stereochemistry in protein structures.*

A typical example of the C-S---N(main chain) interactions
is shown in Fig. 12a. The protein is Escherichia coli glyox-
alase I (192). An S-N interaction (d = —0.20 A) is formed
between the S atom of Met7A and the N atom of Leu8A
[AN,S) = 1]. The values of 6,—6, are 80°, 160°, 71°, 228°,
90°, and 193°, respectively, indicating the linear C-S--N
alignment and the vertical access of the S atom toward the
amide plane. Similar 1,6-S---N interactions [A(N,S) = 1] were
most frequently observed in protein structures: the number of
observations was 66 in the range of d = 0.5 A for 2124 me-
thionine residues.

Figure 12b shows an example of the NH:--S hydrogen bond.
The protein is type IIl antifreeze protein (Imsi).*® An almost
linear NH---S hydrogen bond is formed between the S atom of
Met59 and the main chain NH group of Met56 [A(N,S) = —3].

The values of d and 6,—65 are 0.15 A, 96°, 105°, 17°, 200°,
172°, and 354°, respectively, indicating that the hydrogen bond
is formed in the direction of the n(S) and ¢*(NH) orbitals.

Ab initio calculations reasonably reproduced the observed
structural features of the S---N interactions as shown in Figs.
9c,d. Structure C is the global energy minimum having a verti-
cal S--N interaction to the amide plane (d = 0.22 A, 0 =
166.8°, 8, = 93.1°, 6; = 95.7°, 6, = 142.5°, 65 = 79.2°, and
6s = 186.1°). It should be noted that 6 is slightly sharper than
the right angle because the S atom comes over the amide N-C
bond. This is consistent with the appearance of the corre-
sponding clusters in Fig. 11b: the centers of clusters are locat-
ed at 65 ~ 75° and 65 ~ 0° and 180°. The total stabilization
energy due to the complexation with the correction for BSSE
was 2.88 kcal/mol, including the contribution from a coexist-
ing weak CH--O hydrogen bond. On the other hand, Structure
D, which has a linear NH---S hydrogen bond on the amide
plane (d = 0.24 A, 6, = 110.9°, 6, = 111.0°, 6; = 146.6°, 6,
= 180.1°, 65 = 179.0°, and 65 = 85.6°), was 0.78 kcal/mol
less stable than Structure C. It is important to note that the
structural features of both Structures C and D are consonant
with those observed in protein structures, suggesting that the
directionality of the S---N interactions is due to the intrinsic
nature.

S---S Interaction for an SSC Group.  Although only a
small number of S-S contacts were observed for an SSC
group, the S---S contacts showed a unique character as an
n(S)—c™(S) orbital interaction. Having analyzed the ob-
served 83 S---S contacts in the range of d = 0.5 A (Table 1),
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(a) C-S---N Interaction

Fig. 12. Typical examples of S--*N(main chain) interactions
found in protein structures. The figures are generated us-
ing MOLSCRIPT.*" (a) A C-S-N interaction in Escheri-
chia coli glyoxalase 1 (1 f9z). (b) An N-H---S hydrogen
bond in type IIl antifreeze protein (1 msi).”® See the text
for details of the structural parameters.

we found that most of the contacts (72 out of 83) are formed
between the S atoms pertaining to an SSC group.

Figure 13 shows the scattergram of the S(SSC)---S(SSC)
contacts observed in protein structures by using access angles
6; and 6,. The definitions of the angles are the same as the
ones previously utilized to analyze the directionality of S---S
contacts in organic crystals.”” According to the literature
method, the S atoms were categorized to two classes: type I is
the S atom having a value of 6; closer to 0° or 180° (shown as
open circles) and type II is the S atom having a value of 6;
closer to 90° (shown as filled squares) in each pair of the S---S
contact. It is seen that the S atoms of type I are mostly present
in the regions with 6; < 60° and 6; > 120° while the S atoms
of type II make clusters at 8; ~ 90° and 6, ~ 135° or 225°.
Thus, the type I S atom would donate the lone pair (n) to the
type II S atom, which would accept the electrons in the anti-
bonding orbital of the S-S or S—C bond [¢*(S)]. The direc-
tionality is the same as that observed in organic crystals,!” sug-
gesting the presence of S---S interactions for an SSC group in
protein structures. Although the structural features of the S---S
interactions are in accord with stereochemical preferences of
the n(S)—oc™(S) orbital interaction, it should be stated that the
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Fig. 13. A scattergram of the S(SSC)---S(SSC) contacts (d =
0.5 A) observed in 604 high-resolution protein structures
by using access angles 6; and 6,. The S atoms are catego-
rized to two classes according to the literature method:!’
Type 1 is the S atom having a value of 65 closer to 0° or
180° (shown as open circles) and type Il is the S atom hav-
ing a value of 6; closer to 90° (shown as filled squares) in
each pair of the S-S contact.

stabilization mechanism of the S---S interactions may also in-
clude other factors, such as a van der Waals force, as suggested
by Dahaoui et al."

S---C(m) Interaction for SSC and CSC Groups.  Tables
1 and 2 suggested that the S---C interactions are weaker or
more long-range than other S---X (X = O, N, and S) interac-
tions. However, the number of S---C contacts was largest.
This is not only because the C atoms are most abundant in pro-
teins but also because the specific interaction would exist be-
tween the S atom and the 7 systems. The S---C(m) interactions
in proteins have been frequently discussed in the literature, as
mentioned in the introductory remarks. Therefore, we ana-
lyzed the observed S---C contacts in view of the S---C(r) inter-
action.

Figure 14 shows the number of the S atoms that are present
near the phenylalanine (Phe) and tyrosine (Tyr) residues in
protein structures as a function of the distant (r) between the S
atom and the centroid of the aromatic ring. When the number
was corrected by a factor of 1/r2, sharp peaks appeared at r ~
4.5 A for an SSC group (Fig. 14b) and at r ~ 5.5 A for a CSC
group (Fig. 14d). The results are consistent with the previous
studies,’'*? supporting the presence of specific S---C(r) inter-
actions. The results also indicate that the S---C(r) interactions
for an SSC group are more short-range than those for a CSC
group.

Figure 15 shows spatial distribution of the S atoms relative
to the aromatic plane as a side view. The origin is set to the
centroid of the aromatic ring. The standard positions and van
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Fig. 15. Spatial distribution of the S atoms relative to the aromatic plane (Phe or Tyr) as a side view. The origin is set to the centroid
of the aromatic ring. The standard positions and van der Waals surfaces of the aromatic C and H atoms are depicted for conve-

nience.

der Waals surfaces of the aromatic C and H atoms are depicted
for convenience. It is seen that the S atoms tend to approach
the aromatic ring not from the top but from the edge. Reid et

al.3?

previously pointed out this feature of the S---C(m) interac-
tions using 36 non-redundant protein structures.

Figure 15

supports their consideration that most of S---C(r) contacts in
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protein structures can be explained by the CH--S interac-
tions. It should be noted, however, that there are still a number
of S:--C(m) contacts in the range of the horizontal distance =
3.0 A, which might be explained by the direct nonbonded
S---C(m) interactions.

Conclusion

Close S-*X (X = O, N, S, C, etc.) atomic contacts were
thoroughly surveyed in 604 high-resolution (=< 2.0 A) hetero-
geneous X-ray structures selected from a protein databank
(PDB_SELECT) and were statistically analyzed in terms of
the nonbonded S---X distance, the directionality relative to the
S and X atoms, and the location along the amino acid se-
quence. Ab initio calculations were also carried out on the
model complexes (CH3;SSCH; + CH3;CONHCH; and
CH;SCH; + CH;CONHCH;) to investigate the nature of the
observed S---X interactions. Several types of nonbonded inter-
actions in proteins have been characterized.

(1) S-S---O=C interactions: A majority of close S--*O con-
tacts for an SSC group in proteins can be assigned to this type
of interaction, which is characterized by the linear S-S---O
atomic alignment and the vertical access of the S atom to the
carbonyl plane. The S---O interactions would be as strong as
3.2 kcal/mol, based on the ab initio calculations, and should be
predominantly stabilized by dispersion and/or long-range elec-
trostatic forces with a significant contribution from a
1(C=0)—c*(S) orbital interaction. The interactions most fre-
quently reside in helices, suggesting that they support the sta-
bility of the secondary structures. The presence of a CH:--O
hydrogen bond as well as that of a conventional hydrogen bond
(such as NH:*O or OH:--O) at the main-chain carbonyl O
atom would cooperatively stabilize the protein structures with
the S---O interaction.

(2) C-S---O=C interactions: Such interactions have similar
characters to the S—S---O=C interactions, although the interac-
tion energy is smaller than that of the S—S---O=C interactions.
The C-S---O=C interactions would be as strong as 2.5 kcal/
mol.

(3) C-S---N interactions: Most close S--N contacts for a
CSC group in proteins can be assigned to the C-S---N(main-
chain) interactions or C-S--H-N(main-chain) hydrogen
bonds. The C-S--N interactions are characterized by the lin-
ear C-S---N atomic alignment and the vertical access of the S
atom to the amide plane, suggesting a contribution from a
n(N)—G™(S) orbital interaction. The interactions would be as
strong as 2.9 kcal/mol based on the calculations.

(4) S—S---S-S interactions: A majority of close S--*S con-
tacts in proteins can be assigned to this type of interaction. Di-
rectional preferences of the interactions suggested a contribu-
tion from an n(S)—o™(S) orbital interaction to the stability.

Structural features of known C-S---H-N hydrogen bonds
and S---C(m) interactions have also been characterized. Ac-
cording to these observations, it can be concluded that sulfur-
containing functional groups of cystine (an SSC group) and
methionine (a CSC group) are not just hydrophobic moieties
but are able to form specific nonbonded interactions with near-
by polar non-hydrogen atoms (X) in folded protein structures.
Remarkable agreement between the directional preferences of
the S---O interactions observed in protein structures and the

Nonbonded S-+-X Interactions in Proteins

profiles of the potential surfaces calculated for the isolated
model complexes strongly suggested that these nonbonded in-
teractions are important for determining protein structures.
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