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The geometry of sulphur-aromatic interactions in globular proteins has been analysed using crystallographic

data derived from 36 proteins, solved to resolutions of 2 A or better. About half of all sulphur atoms from

cyst(e)ine and methionine residues are in contact (<6 A from ring centroid) with an aromatic ring (phenylal-

anine, tyrosine or tryptophan). Compared to carbon and nitrogen atoms the interacting sulphur atoms ex-

press an affinity towards the edge of the aromatic rings, and avoid the region above the ring in the vicinity

of the n-electrons. This preference is similar to that previously found for oxygen atoms around phenylala-
nine rings, and may be electrostatic in origin.

Sulfur-aromatic interaction Protein

1. INTRODUCTION

It has been suggested that a sulphur atom can in-
teract favourably with an aromatic ring, via an S-r
interaction [1,2]. Sulphur-aromatic interactions
are commonly observed in the hydrophobic core of
proteins and may contribute to protein stability.
They are particularly common in the eye lens pro-
tein y-crystallin [3] where they may help to protect
the protein against radiation damage [4]. In this
paper we investigate the frequency and geometry
of such interactions by analysis of coordinate data
of high resolution protein structures. Interactions
between the sulphur atoms of cysteine and methio-
nine and the aromatic rings of phenylalanine,
tyrosine and tryptophan are considered.

2. METHODS

The analysis of sulphur-aromatic (herein after S-
aromatic) interactions involved searching through
available structural data for sulphur atoms in the
contact vicinity of aromatic rings.
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Side-chain contact

Cyst(e)ine Methionine Packing

2.1. Co-ordinate data

These were obtained from the Cambridge Pro-
tein Data Bank [5]. Only non—homologousastruc-
tures obtained to nominal resolution < 2.5 A were
included. The 36 proteins with their data bank
filenames are given: avian pancreatic polypeptide,
1PPP; L-arabinose-binding protein, 1ABP; ac-
tinidin, 2ACT; liver alcohol dehydrogenase,
4ADH; phospholipase A;, 1BP2; cytochrome bs,
2B5C; carbonic anhydrase C, 1CAC; concavalin
A, 2CNA; carboxypeptidase A, 1CPA; parval-
bumin, 3CPV; crambin, 1CRN; cytochrome ¢,
4CYT; cytochrome C551, 251C; erythrocruorin,
1ECD; human immunoglobulin FABL fragment,
2FAB; ferredoxin, 1FDX; ferredoxin, IFDI;
flavodoxin, 4FXN; high potential iron protein,
1HIP; lactate dehydrogenase, 4LDH; leg haemo-
globin, 1HML,; lysozyme (hen egg-white), 2LYZ;
lysozyme (phage Ta4), 1LZM; neurotoxin, 1NXB;
prealbumin, 2PAB; plastocyanin, 1PCY; pan-
creatic trypsin inhibitor, 3PTI; trypsin, 1PTN;
Bence-Jones REI protein, 1REI; Rhodanese,
1RHD; ribonuclease A, RNS; rubredoxin, 3RXN;
subtilisin, 1SBT; superoxide dismutase, 2SOD;
triose phosphate isomerase, 1TIM; thermolysin,
2TLN.
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Fig.1. Parameters used to define relative orientation.

| D |, distance between sulphur atom and ring centroid.

&1, angle of elevation between vector | D| and the ring

plane. ¢2, equatorial angle defined by the projection of

D into the ring plane and a vector through one of the

ring atoms; Cz for Phe and Tyr, Cz and NE; for the 6-
and 5-membered rings of Trp.

2.2. Definition of parameters describing relative
orientation

Three parameters, | D |, ¢; and ¢,, were used
to define the orientation of sulphur atoms relative
to aromatic rings (fig.1).

(| D|) The distance between the sulphur atom and
the centroid of the aromatic ring. The indole ring
of tryptophan is treated as two separate com-
ponents — a 6 and 5 membered ring.

(#1) Elevation angle. This is an index of co-
planarity between the sulphur atom and the ring
plane, and the values range from 0 (in-plane) to
90° (directly above, or perpendicular to, the ring
plane).

(¢2) Equatorial angle. This is the point on the com-
pass (described by the ring-plane) from which the
sulphur atom approaches relative to a meridian,
itself fixed by one of the ring atoms, and the values
range from 0 to 180° for Phe and Tyr and from 0
to 360° for Trp.

The ranges for ¢; and ¢z do not encompass all
space around the ring centroid, but are sufficient
to define a unique relative orientation of a neigh-
bour atom because of the mirror-symmetry in-
herent in aromatic side-chains.

2.3. Normalisation

The volumes defined by equiangular intervals
of ¢ are not uniform but are proportional to
sin (Y ~ &%), where the superscripts U and L refer
to the upper and the lower angular bounds of the
interval respectively. However aromatic ring
hydrogens occlude volume in the low ¢, region,
therefore the observed distribution of all atoms in
@1 space provides a control which bears closer
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Fig.2. Radial distribution plots for atoms about aromatic
rings (Phe, Tyr and Trp) taken from 36 proteins. (a)
Distribution of D values for all-sulphur (Cys and Met)
about all aromatic rings. (b) Distribution of D values for
all atoms (C,N,O and S) about all aromatic rings. {(c)
Normalised D distribution for all sulphur atoms, ex-
pressed as a percentage of ‘all-atom’ contacts.
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parity with the actual volume available. The
distribution frequencies are expressed as percen-
tages of the total number of atomic contacts.

3. RESULTS

3.1. Radial distance distribution

The parameter | D| was calculated for every
sulphur atom and every aromatic group in each
protein, for all of the 36 proteins. The radial
distribution plots of all-sulphur all-aromatic | D“|
values (fig.2a) rise to a sharp peak at | D | =5.3 A.
Comparison with the corresponding plots for the
‘all-atom’ radial distribution (fig.2b), which
demonstrate a much broader peak and do not fall
off as sharply, suggests that sulphur atoms prefer
to be in van der Waals’ contact with aromatic
rings. The distribution of sulphur atoms expressed
as a percentage of ‘all-atom’ contacts (fig.2c) em-
phasizes “this deviation from the norm, most
marked at |D| =5.3 A.

3.2. Frequency of sulphur-aromatic contacts
For the purpose of this paper an S-aromatic in-
teraction is operationally defined as

(ID| =6 A)

Table 1

Sulphur-aromatic interactions*

Phe Tyr Trp Cysteine Cystine Met

Total no. of 225 210 110 67 2x39 90
residues =78

Residues which 55 38 27 29 40 51
participate in
S-aromatic*

% of interacting 24 18 25 43 51 57
residues

No. of interac- 78 S50 37 40 56 86
tions provided
by residue
types

No. of interac- 1.4 1.3 14 1.4 1.4 1.7
tions per inter-
acting residue

*For interaction { | D| 6.0 A]
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This range will include all sulphur atoms in van der
Waals’ contact with an aromatic ring. In this way
185 S-aromatic interactions were found, analysis
of which is given in table 1. Almost half the
sulphydryl cysteine and more than half the cystine
and methionine sulphurs are within 6 A, or interact
with an aromatic ring (cf. only ¥5 of Arg-NH3 par-
ticipate in salt bridges [6]). In contrast not more
than Y4 of the aromatic groups are found to in-
teract with sulphur atoms, the proportion of in-
teracting vs non-interacting tyrosine being less
than that of phenylalanine and of tryptophan. Of
those interacting residues, many are found to be
associated with more than one partner: 51 methio-
nines provided 86 interactions, suggesting that
almost 70% of the interacting methionines have
two aromatic residues in contact. The results of
Warme and Morgan [7,8] also showed that sul-
phur-aromatic carbon contacts occur slightly more
frequently than expected.

3.3. @; distribution

The ¢, distribution for all S-aromatic interac-
tions is shown in fig.3a. For comparison the
distribution of sulphur, carbon, oxygen and
nitrogen atoms about phenylalanine rings is shown
in fig.3b. As expected from volume considerations
(dashed curve, fig.3a) the frequencies approx-
imately fall off with increasing ¢;. There are very
few interactions where the sulphur approaches the
ring face. However there are distinct differences
for the different atom types. The nitrogen and car-
bon atom plots peak at the 20-30° and 40-50° in-
tervals, respectively, whilst oxygen and sulphur
atoms, which show very similar distributions,
achieve their maximum value in the 0-10° interval.
Thomas et al. [9] have shown that oxygen preferen-
tially approaches aromatic rings in-plane, and nor-
malised plot of the S-phenylalanine ¢, distribution
(fig.3c) shows a similar linear relationship to the
one they obtained for oxygen-phenylalanine. This
suggests that interacting sulphur expresses an af-

" finity towards the edge of the aromatic rings and,

compared to carbon and nitrogen atoms, avoids
the region above the ring in the vicinity of the #-
electrons.

3.4. &, distribution

The distribution of ¢, values for sulphur atoms
(not shown) is comparable with that obtained for
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other atom types, showing a broad distribution
over all angles, excepting the 180° region, which is
forbidden by the CB atom. In addition for tyrosine
the low ¢, values are underpopulated due to exclu-
sion by the -OH group.

4. DISCUSSION

The aromatic and sulphur-containing amino

212

FEBS LETTERS

October 1985

20

FREQUENCY x 10°

o] 10

Fig.3. ¢, distribution for atoms at distances <6 A from
ring centroids. (a) ¢, distribution of all sulphur atoms
about all aromatic rings. The dashed line shows the ‘ran-
dom’ distribution derived from volume considerations.
Plots were also made for the different ‘types’ of sulphur
atoms (ie. methionine, cysteine and cystine). All the
plots were broadly similar, although the number of
observations is low. (b) ¢, distribution for C,N,O and S
atoms about phenylalanine rings. For each atom type,
the percentage of atoms of that type in the specified
angular range is plotted. (c) Normalised ¢, S-phenyl-
alanine distribution expressed as a proportion of total
contacts. The straight line is the least-squares fit, sug-
gesting that an edge-on interaction (0°) is approx.
4-times as ‘favourable’ as the ring face interaction. The
S-tyrosine distribution (not shown) is similar.

acids are non-polar and, as a consequence, occur
most frequently in the interior of proteins. This ac-
counts for the observed frequency of interaction
being larger than might be expected for random
association {7,8]. However from the geometry of
such interactions it appears that sulphur atoms,
unlike carbon and nitrogen, predominantly ap-
proach the edge of aromatic rings rather than in-
teract in a planar stacking fashion. The use of the
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term S-7 interaction in this context is therefore
misleading [1,2].

A similar mode of interaction is demonstrated
by oxygen-phenylalanine systems and the quantum
mechanical calculations of Thomas et al. [9] sug-
gest that the origins of this effect are electrostatic.
The negatively charged oxygen is attracted by the
positively charged aromatic ring hydrogens, and
repelled by the electron-rich =-cloud. It is reason-
able to propose a similar rationale for the results
involving sulphur atoms since sulphur is electro-
negative. However, the work of Momany et al.
[10] ascribes positive partial charges of 0.015,
0.010, and 0.035 to cysteine, cystine and methio-
nine sulphur, respectively. The linear distribution
shown in fig.3c reflects not only the sulphur distri-
bution, but also the distributions for all the other
atoms, which may themselves exhibit energy-
defined preferences. A complete quantum mechani-
cal calculation is needed to understand the origins
of the observed distribution. However, the results
of this paper demonstrate that even in the protein
core, where the conformation is constrained to
fulfil the requirements of close packing and hydro-
gen bonding, there are distinct differences between
the spatial distributions about aromatic rings for
the different atom types.
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