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A method for de®ning and analysing a series of residue patches on the
surface of protein structures is used to predict the location of protein-pro-
tein interaction sites. Each residue patch is analysed for six parameters;
solvation potential, residue interface propensity, hydrophobicity, planar-
ity, protrusion and accessible surface area. The method involves the cal-
culation of a relative combined score that gives the probability of a
surface patch forming protein-protein interactions. Predictions are made
for the known structures of protomers from 28 homo-dimers, large proto-
mers from 11 hetero-complexes, small protomers from 14 hetero-com-
plexes, and antigens from six antibody-antigen complexes. The
predictions are successful for 66% (39/59) of the structures and the
remainder can usually be rationalized in terms of additional interaction
sites.
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Introduction

The reliable prediction of protein-protein inter-
action sites is an important goal in the ®eld of mol-
ecular recognition. It is of direct relevance to the
design of drugs for blocking or modifying protein-
protein interactions. Predictions can be divided
into two main areas. The ®rst is the docking of two
proteins of known structure; a problem which has
been addressed extensively using shape comple-
mentarity (e.g. Greer & Bush 1978; Wodak & Janin,
1978; Kuntz et al., 1982; Lee & Rose, 1985;
Connolly, 1986; Jaing & Kim, 1991; Helmer-
Citterich & Tramontano, 1994), chemical comple-
mentarity (e.g. Salemme, 1976; Warwicker 1989)
and combinations of the two (e.g. Walls &
Sternberg, 1992; Shoichet & Kuntz, 1993; Vakser &
A¯alo, 1994). The second area of prediction, and
the one addressed here, is the identi®cation of
putative interaction sites upon the surface of an
isolated protein, known to be involved in protein-
protein interactions, but where the structure of the
partner or complex is not known.

It has been observed that protein-protein inter-
action sites in proteins have speci®c characteristics
(e.g. Chothia & Janin, 1975; Argos, 1988; Janin et al.,
1988; Janin & Chothia, 1990; Jones & Thornton,
1995, 1996). In the accompanying paper (Jones &
Thornton, 1997) we addressed the problem of com-
paring the observed interface with other similar
sized patches on the protein surface using a series

of parameters. It was concluded that it was poss-
ible to differentiate, to some degree, a protein inter-
action site from other similar patches on the
surface of a protein. In the work presented here the
use of multiple parameters for interface differen-
tiation has been developed into a simple algorithm
for the prediction of putative recognition sites for
isolated proteins. Potentially this is a dif®cult pro-
blem, given that nothing is known about the part-
ner protein. Therefore in this ®rst attempt at
prediction a relatively simple approach has been
explored, to ascertain if prediction on this basis is
possible. In this approach residue patches are
de®ned on the surface of isolated proteins and
analysed for a series of six parameters (solvation
potential, residue interface propensity, hydropho-
bicity, planarity, protrusion and accessible surface
area), with the aim of identifying those patches
most likely to be involved in protein-protein inter-
actions.

Results

Prediction of interface sites in
homo-dimer proteins

The prediction algorithm, as described in
Methods, was used to identify putative interface
sites on the surface of isolated protomers from 28
non-homologous homo-dimers (see Table 1 in
accompanying paper, Jones & Thornton, 1997). The
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interfaces of the homo-dimers were predicted by
de®ning a combined score for each surface patch
based on six parameters. The combined score was
derived such that a surface patch that had a high
solvation potential, a high residue interface pro-
pensity and was the most hydrophobic, protrud-
ing, accessible and planar scored the highest (see
equation (3) in Methods).

As discussed in the accompanying paper the
de®nition of a surface patch is a crude one, and
with the use of an approximate relationship for the
selection of patch size (see Methods), and the selec-
tion of an approximately circular patch, it was un-
likely that one surface patch on a protomer would
exactly match the residues in the observed inter-
face. The use of the approximate relationship
between the size of the protomer and the size of
the interface resulted in patch sizes that ranged
from 47% smaller to 81% larger than the observed
interface size. The size of the patch used in the pre-
diction will obviously in¯uence how the observed
interface is sampled. A patch that is de®ned to be

signi®cantly larger than the observed interface will
be capable of sampling more of the observed inter-
face than a patch de®ned to be signi®cantly smal-
ler. This was taken into account when the overlap
between the predicted best patches and the
observed interface was evaluated.

To evaluate the effectiveness of the combined
scoring system using all six parameters two
measures were calculated for each of the three
patches with the highest combined scores in each
protomer (Table 1). Firstly a percentage overlap
value (P1) was calculated as de®ned in equation
(1) in the accompanying paper (Jones & Thornton,
1997).

Then a relative overlap (P2) value was calculated
as:

relative overlap �P2� � P1

maximum P1
�1�

where P1 is de®ned in equation (1) in the accompa-
nying paper and maximum P1 is patch with high-
est percentage overlap with observed interface.

Table 1. Results of the prediction algorithm for protomers from 28 homo-dimers

% Overlap P1 Max Relative % overlap % No. diff Rank
PDB No. Patch of top three patchesc P1d of top three patchese Random patchesg order
code patchesa sizeb 1st 2nd 3rd (%) 1st 2nd 3rd scoref in top three max P1h

1msb 88 28 100 84 74 100 100 84 74 13.6 1 1
1sdh 121 32 74 26 70 74 100 35 94 11.6 2 1
1ypi 174 43 85 52 48 85 100 62 56 10.3 1 1
2cts 304 59 47 46 46 47 100 98 96 22.4 1 1
2ts1 234 46 93 90 55 92 100 97 60 4.7 1 1
3grs 356 63 57 58 48 58 98 100 82 5.9 1 2
5adh 257 54 61 78 61 78 78 100 78 7.8 1 2
1pyp 219 47 46 46 85 85 55 81 100 6.8 2 3
1utg 67 21 41 38 44 44 94 88 100 45.5 1 3
2wrp 100 27 41 37 47 47 88 79 100 43.0 1 3
1cdt 57 19 60 60 67 93 64 64 71 17.5 2 5
4mdh 235 51 59 51 51 62 96 83 83 10.5 1 5
5hvp 81 25 54 54 54 56 96 96 96 28.4 1 5
2rve 177 43 70 68 70 87 81 77 80 9.6 1 7
1phh 276 56 35 35 59 79 44 44 75 6.2 1 8
2gn5 78 24 62 71 58 83 75 85 70 19.2 2 9
1pp2i 105 29 32 27 16 60 56 45 27 13.3 2 11
2sod 110 32 60 50 20 85 70 59 24 19.1 2 13
3gapi 178 39 13 13 10 58 23 23 18 11.2 1 19
2ssii 93 27 19 15 4 73 26 21 5 15.1 1 45
2tsci 193 58 0 4 0 58 0 6 0 15.0 1 28
2ccyi 109 29 50 40 30 90 56 44 33 7.3 1 34
3icd 298 58 56 47 52 59 95 80 89 18.8 1 36
1il8i 65 21 13 9 39 61 21 7 64 36.9 2 47
3sdp 151 36 18 40 74 81 22 49 91 10.6 2 70
2rusi 306 63 17 34 13 58 29 60 23 10.5 2 124
3enli 273 59 0 0 16 82 0 0 19 5.5 1 144
3aati 286 56 8 8 7 45 18 18 16 20.3 1 245

a Total number of patches on the surface of each protomer.
b The number of residues in a patch.
c Overlap value P1 for each of the three patches with the highest combined score.
d Overlap value P1 for the patch with the maximum overlap value with the observed interface.
e Relative overlap value for each of the three patches with the highest combined score.
f Random score which gave (as a percentage) the number of patches which had �70% overlap with the known interface.
g Number of different patches that the top three patches represent (patches were de®ned as different if they had an overlap of

<50%).
h Rank order of the correct patch, i.e. that which overlaps most with the observed interface. A rank order of 1 denotes that the

patch with the maximum overlap with the observed interface had the highest combined score of all surface patches. The homo-
dimers are listed in increasing order of this ranking.

i Those protomers that were not predicted correctly, based on a relative percentage overlap cut-off of 70%.
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By de®nition the surface patches are overlap-
ping. To evaluate if the three patches with the
highest combined scores overlapped, an overlap
value between each pair of the top three patches in
each protomer was calculated. If the overlap
between any two patches in the set of three was
550% then the two patches were counted as one
patch (Table 1). In addition the rank order of the
patch with the maximum overlap with the ob-
served interface (Maximum P1), was calculated
relative to the total number of patches on the sur-
face of each protomer (Table 1). A rank order of
1 denoted that the patch with the maximum over-
lap with the observed interface had the highest
combined score of all surface patches, i.e. the best
possible prediction.

If the relative overlap P2 (equation (1)) was
570% for any of the top three patches of a proto-
mer the prediction was de®ned as correct. On this
criterion 68% (19/28) of the homo-dimer interfaces
were predicted correctly. Of these 19 correctly pre-
dicted interfaces, 16 had P1 values (the absolute
overlap between predicted patches and the known
interface) of 550% in at least one of the three top
scoring patches. Hence although the de®nition of a
correct prediction is based on the relative overlap
(P2), the absolute overlap (P1) in the correctly pre-
dicted cases is also high.

A random prediction score was also calculated
(Table 1), which gave (as a percentage) the number
of patches that had 570% overlap with the known
interface. This gave a value that could be used to
evaluate the signi®cance of the prediction. For
example, a random prediction score of 80% would
indicate that it would be possible to select a patch
which overlapped the known interface (by 570%)
80% of the time just by chance. On average 15% of
patches overlapped the known interface by 570%,
but the random scores ranged from 4.7% to 45.5%
for different proteins. The random prediction rate
was not correlated to the rank order of the predic-
tions: for example in 2tsl the random score was
4.7%, and the known interface is correctly pre-
dicted, but in 1il8, the random score was 36.9%,
and yet the interface was not correctly predicted.
Not surprisingly, the two structures (1utg and
2wrp) that had the largest random scores (45.5%
and 43.0%, respectively) were predicted correctly.
These very high random scores were caused by the
patch size being 40 to 45% larger than the known
interface.

The evaluation of the overlapping nature of the
top three patches, with the highest combined score,
revealed that in 19 of the 28 protomers the top
three patches overlapped by 550% and rep-
resented only a single discrete patch. Hence, in the
majority of cases, the top 3 patches relate to the
same area on the surface of the protein; and they
do not represent alternative putative interface sites.

In any predictive algorithm of this nature the
selection of criteria for the de®nition of correct and
incorrect predictions is somewhat arbitrary. How-
ever with this method a correlation between the P1

overlap and the combined score was observed in
the protomers with correctly predicted interfaces
(e.g. Figure 1), indicating that the combined score
does carry useful information for the selection of
putative interface sites.

Of the 28 protomers, there are nine structures
(marked with i in Table 1) with interfaces that
were never predicted (i.e. the relative overlaps for
the top three patches for each protomer were
570%). The size of the patches used in each case
could have been a signi®cant factor in the failure
of the prediction, hence the predictions were
repeated using the size of the observed interface as
the patch size. This resulted in the interfaces of
four structures (1il8, 1pp2, 2ccy and 2rus) being
correctly predicted. In the original predictions
(when patch size was estimated using an approxi-
mate realtionship with the size of the protomer)
patches for all four structrures were under-esti-
mated. For example the estimated patch size for
1pp2 was 29 residues but the known interface con-
tained 37 residues, similarly, the estimated patch of
2ccy was 20 residues but the known interface con-
tained 29 residues. However patch size did not
account for the failure of predictions for ®ve other
structures (2ssi, 2tsc, 3aat, 3enl, 3gap), as the pre-
dictions for these structures were still unsuccessful
even when the size of the known interface was
used as the size of the patch.

To understand why predictions for these struc-
tures failed, the surface patch predicted with the
highest combined score was analysed, and its
location compared with the observed interface
patch and other known interaction sites on the sur-
face. In the case of 2ssi (subtilisin inhibitor; Mitsui
et al , 1979) the patch predicted as an interface site
maps very closely to the interaction site observed
between this structure and the enzyme subtilisin.
Hence in this example the enzyme-inhibitor inter-
face has been recognised in preference to the dimer

Figure 1. The relationships between the percentage over-
lap with the observed interface (P1) and the combined
score for protomers from two homo-dimers with inter-
faces that were correctly predicted. (a) Tyrosyl-transfer/
RNA synthetase (2ts1) (b) inorganic pyrophosphatase
(1pyp). In each graph the black dots represent the calcu-
lated patches, and the open triangle the patch with the
maximum P1 value (i.e. that which overlaps most with
the observed interface).
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interface. The highest scoring patch in 2tsc (thymi-
dylate synthase) did not include any residues from
the observed dimer interface but mapped to a
different location which approximately correlates
with the site at which the enzyme binds a substrate
and a co-factor analogue (Montfort et al. 1990). The
patch predicted as the dimer interface in 3gap
(gene activator protein) maps to a very small part
of the dimer interface and to part of the location
where the structure binds to DNA (Weber & Steitz,
1987). Some of the residues predicted as part of the
dimer interface actually occur in the DNA recog-
nition helix. Thus of ®ve incorrect predictions,
three could be rationalised, and revealed interest-
ing interaction information.

The reason for the highest scoring patches in the
remaining two structures is less clear. In 3aat
(aspartate aminotransferase) the known interface is
located on the large domain of this two-domain
protein (Smith et al. 1989). The patch selected with
the highest combined score mainly occupies a site
on the small domain, at the junction of the large
and small domain. The small number of residues
which do overlap with the observed interface are
those forming the enzyme's active site. Enolase
(3enl) is a two domain structure with the C-term-
inal domain forming an ab-barrel and the N-term-
inal domain a three-stranded meander (Stec &
Lebioda, 1990). The observed interface involves
both domains. The surface patch with the highest
combined score was located only on the C-terminal
domain, including two helices and connecting
strands in the ab-barrel which overlapped with
neither the observed interface nor the active site.

Prediction of interface sites in hetero-
complexes

The predictive algorithm was used to predict the
interaction sites on the large protomer of 11 hetero-
complexes and the small protomer from 14 hetero-
complexes (see Table 1 in accompanying paper).
Each data set contained a non-homologous set of

proteins. The fact that these complexes represent
the interaction between a large and a small com-
ponent, meant that no valid relationship between
the number of residues in a protomer and the
number of residues in an interface could be made.
Hence for the prediction the patch size was set to
26 residues for each large protomer and 16 for
each small protomer. This was the mean number
of residues involved in the observed interfaces in
each data set. The results of the predictions for the
11 large protomers and the 14 small protomers are
shown in Tables 2 and 3 respectively.

Prediction of large protomers

The interfaces of the large protomers were pre-
dicted by de®ning a combined score based on four
parameters, where a surface patch that had high
residue interface propensity and was non-protrud-
ing, accessible and planar, scored the highest (see
equation (4) in Methods). The same criterion for a
correct prediction was used for the large protomers
as for the homo-dimers (if the relative overlap was
570% for any of the top three patches of an
enzyme, the prediction was de®ned as correct). On
this criterion seven of the 11 (68%) protomer inter-
faces were predicted correctly. Of these seven corr-
rectly predicted interfaces four had P1 values of
550% in at least one of the three top scoring
patches. The rankings of the patch with the largest
overlap with the observed interface, i.e. the ``cor-
rect'' patch, revealed that four protomers had the
correct patch ranked in the top ten surface patches.

For all but one protomer the top three scoring
patches relate to more than one site on the surface
of each protein. For some of these examples the
alternative sites can be explained by the presence
of more than one interaction site on the surface of
the protein. As mentioned in the accompanying
paper both glycerol kinase and actin exist as oligo-
mers and hence have more than one interaction
site on the surface of the protomer. It is interesting
that some of the predicted patches correlate with

Table 2. Results of the prediction algorithm for large protomers from 11 hetero-complexes.

No

% Overlap P1 Max. Relative % overlap of % Different Rank
PDB No. of top three patches P1 top three patches Random patches order
code patches 1st 2nd 3rd % 1st 2nd 3rd score in top three max P1

1cse E 172 0 0 52 67 0 0 78 4.7 2 4
1acb E 169 44 67 0 70 63 95 0 6.5 2 5
2pcb A 219 62 38 31 85 73 45 36 7.3 2 5
4cpa Ea 204 44 0 48 73 59 0 65 6.4 2 9
2btf A 270 46 45 0 57 81 81 0 5.2 2 32
1fss A 334 39 10 26 55 71 18 47 4.5 2 34
1stf E 148 53 0 31 62 85 0 50 8.8 2 44
1smp E 322 41 42 42 58 71 71 71 6.2 1 57
1gla Ga 311 12 0 0 94 13 0 0 4.5 2 63
1bgs Aa 89 9 17 9 78 11 22 11 15.0 3 80
1udi Ea 162 0 3 38 66 0 5 58 7.4 3 92

For a description of each column see footnotes caption to Table 1. The protomers are listed in order of the ranking in the right-hand
column.

a See footnote i to Table 1.
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contact sites between symmetry related molecules
in the crystal. For example the a-chymotrypsin
structure (1acb, chain E) has two alternative
patches identi®ed in the top three, one overlaps
with the interface with eglin c and the other
includes a loop (residues 122 to 125) which is
involved in contacts with symmetry related mol-
ecules (Frigerio et al., 1992). The presence of crystal
contacts in barnase could also in¯uence the relative
scoring of the known interface patch, which was
not predicted correctly.

Prediction of small protomers

The interfaces of the small protomers were pre-
dicted by de®ning a combined score based on six
parameters, where a surface patch that had a high
solvation potential and residue interface propen-
sity, and that was hydrophobic, protruding, acces-
sible and planar, scored the highest (see equation
(3) in Methods). Again the same criterion for a cor-
rect prediction was used for the small protomers as
for the homo-dimers and on this basis nine of the
14 (64%) small protomer interfaces were predicted
correctly. Of these nine corrrectly predicted inter-
faces eight had P1 values of 550% in at least one
of the three top scoring patches. The rankings of
the patch with the largest overlap with the ob-
served interface; i.e. the correct patch, revealed that
in nine small protomers this patch ranked in the
top ten surface patches.

As for the large protomers, the failure of some
predictions and the presence of alternative sites in
the top three scoring patches can be explained in
some cases by the presence of alternative inter-
action sites. As previously described (see accompa-
nying paper) pro®lin (2btf P) has two highly
conserved hydrophobic patches on its surface that
are not involved in the interaction with actin but
are thought to have a regulatory role (Schutt et al.,
1993). The presence of these patches must in¯uence
the relative scoring of the known interface patch,

the position of which was not predicted. For
another protein (ovomucoid third domain inhibitor
(1cho, I)) the presence of domain interfaces must
in¯uence the relative scoring of the interface patch
involved in the interaction with a-chymotrypisin.
In the Streptomyces subtilisin inhibitor, the known
interface with subtilisin BPN is predicted correctly
but an alternative patch is also identi®ed. The
Streptomyces subtilisin inhibitor is a dimer
(Takeuchi et al., 1991) and the alternative patch
which is selected as one of the top scoring patches
actually forms part of the dimer interface. For glu-
cose speci®c factor III (1glaF) the interface patch
involved in the interaction with glycerol kinase is
identi®ed, but an alternative patch is also selected
as one of the top three scoring patches. This
alternative site is comprised of two overlapping
patches centred on residues 1 and 9. It is known
that glucose speci®c factor III forms contacts with
two different glycerol kinase tetramers in the crys-
tal and the residues involved in these additional
contacts have been identi®ed (Hurley et al., 1993).
It was very interesting to ®nd that residues con-
tained within the alternative site (identi®ed in the
patch prediction), overlapped by 80% those resi-
dues involved in the crystal contacts.

Prediction of interface sites in antigens

The predictive algorithm was used to predict the
interaction sites on antigens involved in six anti-
body-antigen complexes (see Table 1 in accompa-
nying paper) and the results are shown in Table 4.
For the prediction the patch size was set to 20, the
mean number of residues involved in the observed
interfaces in the data set. The combined score was
based on ®ve parameters, where a surface patch
that had a low solvation potential and was hydro-
philic, protruding, accessible and planar scored the
highest (see equation (5) in Methods). The same
criterion for a correct prediction was used for the
antigens as for the homo-dimers and on this basis

Table 3. Results of the prediction algorithm for small protomers from 14 hetero-complexes

N0

% Overlap P1 Max. Relative % overlap % Different Rank
PDB No. of top three patches P1 of top three patches Random patches order
code patches 1st 2nd 3rd (%) 1st 2nd 3rd score in top three max P1

1udi I 70 13 50 50 50 27 100 100 18.0 2 2
2ptc I 51 69 15 85 85 82 18 100 27.0 1 3
1mct I 22 86 86 100 100 86 86 100 50.0 1 3
1bgs E 69 53 58 84 84 62 69 100 7.2 1 3
2sic I 91 0 0 64 93 0 0 70 9.9 2 4
1fss Ba 55 10 5 10 85 12 6 12 14.0 1 5
1acb I 55 65 71 71 82 79 86 86 21.0 1 6
1tab I 30 7 57 71 92 8 62 77 30.0 2 8
1gla F 119 0 0 61 72 0 0 85 6.7 3 10
1stf I 77 60 70 65 75 80 93 87 20.0 1 12
2pcb Ba 93 20 33 40 73 27 46 54 8.6 2 14
1cho I a 47 0 0 7 93 0 0 8 21.3 2 20
1smp Ia 81 20 10 20 70 29 14 29 17.0 3 36
2btf Pa 106 0 0 0 54 0 0 0 12.0 1 67

For a description of each column see footnotes to Table 1. The protomers are listed in order of the ranking in the right-hand column.
a See footnote i to Table 1.
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four of the six antigen interface sites were pre-
dicted, and the correct patch ranked in the top ten
surface patches for three antigens. Of the four corr-
rectly predicted interfaces all had P1 values of
550% in at least one of the three top scoring
patches.

Four of the antigens (1jhl, 1fdl, 2h¯, and 3hfm)
are lysozymes, which have pairwise sequence iden-
tities between 92% and 100%. The antibody bind-
ing site is different for each antigen, but for three
of the antigens (1jhl, 1fdl and 3hfm), some regions
of the binding sites overlap (Figure 2). In Figure 2
it can be clearly seen that for each of the antigenic
lysozymes the predicted interface patch is essen-
tially the same in each case (the top scoring patch
is one centred on glycine 22 for 1fdl, 1jhl and 3hfm
and one centred on tyrosine 20 for 2h¯). This pre-
dicted patch contains many of the residues that are
common to two or more antibody binding sites on
the antigenic lysozymes. Hence the predictions
were correct for three of the four antigens, those
with antibody binding sites which overlapped
(1fdl, 3hfm, 1jhl; Table 4). The fourth lysozyme
structure, 2h¯, has an antibody binding site that
does not share residues with the other three

antibody binding sites. The top patch selected in
the prediction was essentially the same as for the
other three lysozyme structures, and thus did not
overlap with the known antibody binding site on
the 2h¯ lysozyme structure. For this structure the
alternative antibody binding site has been selected
on the surface of lysozyme, in preference to the site
speci®c to the HYHEL-5 Fab.

For the in¯uenza virus neuraminidase antigen
the prediction was unsuccessful, with two alterna-
tive patches identi®ed, neither of which over-
lapped signi®cantly with the known antibody
binding site (Table 4). It is known that neuramini-
dase is a tetramer (Tulip et al., 1992) and it was
thought possible that the presence of interface sites
involved in interactions with subunits within the
tetrameric structure could in¯uence the relative
scoring of the patch which constituted the antibody
binding site. To ®nd if this was the case, the pre-
diction was repeated on the tetrameric structure of
the in¯uenza virus neuraminidase antigen. How-
ever, although the top scoring patch was different
to that when the predictions were conducted on
the isolated protomer, it was still not the correct
one. In fact the best patch (the patch with the

Table 4. Results of the prediction algorithm for antigens from 6 antibody-antigen complexes

No

PDB % Overlap P1 Max. Relative % overlap % Different Rank
code and No. of top three patches P1 of top three patches Random patches order

chain patches 1st 2nd 3rd (%) 1st 2nd 3rd score in top three max P1

1jhl Y 96 59 76 29 76 78 100 38 13.1 1 2
1fdl Y 99 59 41 41 82 72 50 50 10.1 1 8
2hfl Ya 97 0 0 0 71 0 0 0 11.2 1 8
1jel Y 68 31 75 12 88 35 85 14 11.4 3 12
3hfmY 96 50 64 4 73 69 88 6 8.3 2 16
1nca Ya 240 10 17 3 59 17 29 5 5.4 2 94

For a description of each column see footnotes to Table 1. The protomers are listed in order of the ranking in the right-hand column.
a See footnote i to Table 1.

Figure 2. The location of residues in predicted and known interfaces on lysozyme from four antibody-antigen
complexes. Each marker on the graph indicates the location of a residue, where the residue number is shown on the
x-axis.
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largest overlap with the known interface site)
dropped from ranking at 94th place to 95th place.
Hence although the presence of alternative inter-
action sites on the protomer did change the relative
scoring of the surface patches, it did not account
for the failure to predict the antibody binding site.

In the two examples described above, where the
predictions failed, the de®nition of approximately
circular surface patches resulted in poor sampling
of the known interface. The surface patches with
maximum overlap with the known interface con-
tained only 75% of the known interface residues.
This clearly indicates the crude nature of the sur-
face patch de®nition, and the poor sampling of the
known interface could explain the failure of the
predictions. In addition the antigen binding sites
were predicted using only ®ve parameters (see
equation (5) in Methods). The interface residue
propensities were not used as this parameter was
not found to contribute discriminating information
for the antigen data set (see Jones & Thornton,
1997). This gives an indication that the antigen
binding sites are different from those observed in
homo-dimers and other hetero-complexes, and that
more information on these interfaces is required
before they can be predicted successfully.

Discussion

Patch predictions were made for 59 complexes
and 66% of the predictions were de®ned as correct.
It was found that in some cases the predictions
were unsuccessful because the size of patch used
was either too large or too small. In addition some
unsuccessful predictions could be attributed to the
presence of alternative interaction sites on the sur-
face of the proteins. This also explained why, in
some cases where the known interface was pre-
dicted, alternative patches were also identi®ed as
potential interaction sites. Some of these alternative
sites could be attributed to interactions with sub-
units in oligomeric structures (in the case of the
hetero-complexes), interactions with other mol-
ecules such as protein inhibitors or DNA (in the
case of the homo-dimers) or to contacts between
different molecules in a crystal. Hence some, but
not all, unsuccessful predictions and alternative
interface patches could be rationalised.

The predictive algorithm is based on the de®-
nition and comparison of surface patches at the Ca

atom level. The nature of this de®nition has advan-
tages and disadvantages. Like all docking and pre-
diction algorithms there is a balance to be reached
between the accuracy of the method and the time
taken. The algorithm described is simplistic and
was only intended as a ®rst attempt to explore the
chances of success in this complex problem. The
de®nition of the surface patches at the Ca atom
level meant a patch was never de®ned that con-
tained all the observed interface atoms and no
others. To achieve this the patches would need to
be de®ned at the atom level and the de®nition

allow for discontinuous patches (i.e. allowing for
gaps and irregularly shaped patches). However
this would result in a combinatorial explosion,
with thousands of patches being de®ned. Restrict-
ing the patch de®nition to contiguous surface
patches de®ned at the residue level, reduces the
combinatorial problem, but at the expense of the
accuracy of the predictions. However, the predic-
tion algorithm is relatively fast; the prediction of
the interaction site on HIV protease (PDB code
5hvp) takes 36 seconds on an SGI-Challenge with
R4400 CPU running at 150 MHz.

By de®nition the surface patches were overlap-
ping and this caused problems in the evaluation of
the predictions. In many homo-dimer structures
the three patches with the highest combined score
overlapped each other by 550%, and represented
a single region on the surface of each protomer.
One method of overcoming the problem of over-
lapping patches, would be to assign the combined
score for a patch centred on a single residue to that
central residue. Hence each residue would be
assigned a combined score that describes its local
environment upon the surface of the protomer.
Putative interface sites could then be selected to
comprise those residues with the highest combined
scores. In the current method the six parameters
are weighted equally and are relative rather than
absolute. It is likely that the predictions could be
improved if the parameters were weighted accord-
ing to their relative importance in the interactions.
Future work will involve the calculation of the
optimum weights for the parameters using neural
networks. A further re®nement to the method
would be to include additional physical and
chemical parameters for interface prediction. The
recent work of Lichtarge et al. (1996) on the anal-
ysis of multiple sequences provides additional
important information that could be used to
improve the patch analysis predictions.

The method described here is similar to that
used by Young et al. (1994) in their analysis of the
hydrophobicity of surface residue clusters in pro-
teins. However, whilst the surface patches
described here are more simple that those calcu-
lated by Young et al. (1994), the current method
moves a stage further by analysing surface patches
for multiple parameters. The approach described
here is useful for identifying candidate interface re-
sidues, which can be mutated experimentally, and
tested for their effect on complex formation. As
was observed, the nature of the interface can vary
and a ``perfect'' prediction would be an unrealistic
expectation, unless the structure of the partner is
known and full docking can be pursued. The meth-
od described provides a rapid means to identify
possible interaction sites as a guide to future exper-
iments. For example comparative patch analysis
between non-homologous proteins could provide
information useful for designing species speci®c
antibodies against proteins. Further re®nements to
extend the ``patch analysis'' to ligands other than
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proteins (e.g. nucleic acids and carbohydrates) are
in progress.

Methods

Definition of a surface patch

A patch was de®ned as described in the accom-
panying paper, with a central surface accessible
residue and n nearest neighbours, where n was de-
®ned as a variable. The choice of the size of the
patch (n) was crucial to the prediction. It has been
observed that the size of an interface region is
approximately correlated to the size of the proto-
mer (Jones & Thornton, 1995). For the homo-dimer
predictions, this correlation was calculated in
terms of the number of residues in the protomer
(NRp) and the number of residues in the observed
interface region (Nri; Figure 3). A regression line,
of the form y � axb, ®tted to the data of 28 proto-
mers gave the equation:

NRi � 1:9NR0:6
p �2�

with a correlation coef®cient (r) of 0.7.

The prediction algorithm

For each isolated protein all surface patches
were generated and the six parameters calculated
for each patch. The predictive procedure involved
three stages: scoring of patches for individual par-
ameters, calculation of a combined score from mul-
tiple parameters and the selection of best patches.

Individual parameter score

The de®nition of the six parameters (solvation
potential, interface residue propensity, hydropho-
bicity, planarity, protrusion and accessible surface
area) have been described in the accompanying
paper. For an individual parameter there was a
range of values over all surface patches, and hence

the patches could be scored by their relative rank-
ing to all other surface patches in a single proto-
mer. For each parameter the range was calculated
for a given protein, and then divided into 100 sep-
arate ranges. Thus each patch parameter value was
normalised and assigned a score of 1 to 100. The
lowest parameter value was assigned a score of 1,
and the highest parameter value a score of 100.
Thus each patch had six individual parameter
scores assigned; for example a patch could have a
score of 60 for solvation potential, 20 for residue
interface propensity, 80 for hydrophobicity, 1 for
planarity, 100 for protrusion and 90 for ASA. This
approach weights all six parameters equally, and is
relative, rather than absolute.

Combined parameter score

A combined score was calculated which incor-
porated the individual scores of a patch for all six
parameters. The combined score gave a probability
(on a scale of 1 to 100) of any one patch (Pj) form-
ing protein-protein interactions. The combined
score is on a scale of 1 to 100, where 1 denotes a
very low (poor) probability of forming a putative
interaction site, and 100 a very high (good) prob-
ability of forming a putative interaction site. As
previously discussed interfaces in different types of
protein-protein interactions have different proper-
ties, and this is re¯ected in the variable de®nitions
of the combined score. Three de®nitions are
derived here, one for each of the data sets;

(a) Homo-dimers and small protomers from
hetero-complexes:

combined score Pj � Ssp � Srp � Shy � Spi � Sasa � Spl

Npar

�3�
Thus we are searching for patches that have a high
solvation potential and residue interface propensity

Figure 3. The relationship between
the number of residues in the inter-
face and the number of residues in
the protomer for the data set of 28
homo-dimers. A regression line of
y � 1.92x0.56 has been ®tted.
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and that are hydrophobic, protruding, accessible
and planar.

(b) Large protomers from hetero-complexes:

combined score Pj � Srp � �100ÿ Spi� � Sasa � Spl

Npar

�4�
Thus we are searching for patches that have a high
residue interface propensity and that are non-pro-
truding, accessible and planar.

(c) Antigens:

combined score Pj �
�1ÿ Ssp� � �1ÿ Shy� � Spi � Sasa � Spl

Npar
�5�

Thus we are searching for patches that have a low
solvation potential and that are hydrophilic, pro-
truding, accessible and planar. Where, Ssp is score
of patch Pj in the solvation potential distribution;
Srp is score of patch Pj in the residue interface

Figure 4. Each of the parameters used for a prediction can be displayed as a pro®le, and the combined pro®les for
up to six parameters can be created. The patch pro®les of tryrosyl-transfer/RNA synthetase (2ts1) are shown for (a)
solvation potentials, (b) rms of the best ®t plane, (c) residue interface propensities, (d) hydrophobicity, (e) protrusion
index. (f) accessible surface area (ASA), (g) combined score from all six parameters (a to f). The frequency of occur-
rence of residues in the top scoring patches are indicated as a histogram in the ®nal pro®le (h). The * on the histo-
gram indicate those residues in the known interface. On each pro®le the residue numbers are indicated on the x-axis
and the value of the parameter on the y-axis. The dotted vertical lines on each pro®le indicate the residue number at
the centre of the top scoring patch for each parameter.
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propensity distribution; Shy is score of patch Pj in
the hydrophobicity distribution; Spi is score of
patch Pj in protrusion index distribution; Sasa is
score of the patch Pj in the accessible surface area
distribution; Spl is score of patch Pj in the planarity
distribution; Npar is number of parameters.

Best surface patches

The algorithm places each patch in descending
order of its combined score and the ®rst n number
of patches can be selected as best patches. In the
evaluation of all the interface predictions the three
patches with the highest combined scores were
selected as best patches. Each of the six parameters
can be used to create a pro®le and the residues
comprising the best patch indicated in a histogram
(e.g. Figure 4).

The ¯ow diagram shown in Figure 5 summarises
the main elements of the predictive algorithm.
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