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Abstract: Residue types at the interface of protein–protein complexes (PPCs) are known to be reason-
ably well conserved. However, we show, using a dataset of known 3-D structures of homologous tran-

sient PPCs, that the 3-D location of interfacial residues and their interaction patterns are only

moderately and poorly conserved, respectively. Another surprising observation is that a residue at the
interface that is conserved is not necessarily in the interface in the homolog. Such differences in

homologous complexes are manifested by substitution of the residues that are spatially proximal to

the conserved residue and structural differences at the interfaces as well as differences in spatial ori-
entations of the interacting proteins. Conservation of interface location and the interaction pattern at

the core of the interfaces is higher than at the periphery of the interface patch. Extents of variability of

various structural features reported here for homologous transient PPCs are higher than the variation
in homologous permanent homomers. Our findings suggest that straightforward extrapolation of

interfacial nature and inter-residue interaction patterns from template to target could lead to serious

errors in the modeled complex structure. Understanding the evolution of interfaces provides insights
to improve comparative modeling of PPC structures.

Keywords: transient protein complexes; structure of protein complexes; interfaces of protein com-
plexes; evolution of protein complexes; protein–protein interactions

Introduction
Diverse biological processes are carried out by physi-

cal interactions between proteins to form functional

protein–protein complexes (PPCs).1,2 Functional

requirements can cause temporary association

between proteins to form transient complexes. Pro-

teins involved in the formation of such complexes

are also stable in their disassociated forms. How-

ever, interactions among protomers in oligomeric

proteins are often permanent because protomers of

such assemblies are often unstable as a monomer.3–7

Some of the structural features of the protein–pro-

tein interfaces in transient complexes studied exten-

sively are size, area, polarity, planarity, shape

complementarity, conformational changes upon bind-

ing, residue propensities, and residue contacts.3,8–12

It is known that the protein–protein interfacial

residues are conserved better than the residues at

the rest of the tertiary structural surface.13 Detailed

study showed that the interfacial residues in
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homologous transient PPCs are less well conserved

than those in permanent complexes.14 Interfaces in

transient PPCs are known to be characterized by

faster rate of evolution, thereby leaving weak sig-

nals of correlated mutations across the interfaces,

while interfaces in permanent complexes tend to co-

evolve.14 Nevertheless, high interaction specificity in

transient PPCs can be explained by complementar-

ity generally observed in protein surfaces, which is

preserved not only in a pair-wise manner but also

through clusters of interacting residues.15 de Vries

and Bonvin16 have shown improved interface predic-

tion accuracy if pairs of residues are considered as

opposed to considering single residues. These studies

emphasize the significance of residue–residue con-

tacts and interaction patterns in PPCs.

Two PPCs, say A:B and A0:B0, are said to be

homologous if A and A0 are homologous and B and

B0 are also homologous. It is generally well known

that spatial orientations of interacting proteins in

two closely related homologous PPCs are simi-

lar.17–19 However, there are also a few studies which

have indicated alternate binding modes in homolo-

gous PPCs.20–23 To get a broader perspective, we

have carried out a comprehensive study specifically

for homologous transient PPCs to find out how far

the locations of interface and residue–residue inter-

actions across the interacting interfaces are con-

served. Further, these structural constraints at the

protein interfaces of homologous transient PPCs

have been compared with those in homologous per-

manent homodimers.

Initially we hypothesized high conservation of

interface location as well as interaction pattern across

the interfaces in homologous transient PPCs. How-

ever, in this analysis, we note that this hypothesis is

not generally true, thus providing a new perspective

on interface evolution. Our observations strongly

implicate that during comparative modeling of a PPC,

straight forward extrapolation of interface residues

and interacting residue pairs from template PPC to

the target PPC can be fraught with major errors.

Results

Location of interfacial residues is only

moderately conserved in homologous transient

protein–protein complexes

Evolution of the interfaces have been studied using

a dataset of homologous pairs of transient PPCs of

known structures such as A:B complex and A0:B0

complex, where A is homologous to A0 and B is

homologous to B0 (refer Materials and Methods sec-

tion and Table I). Extent of conservation of interface

residue locations in homologous proteins has been

quantified. Two residues from the homologous pro-

teins are considered to have conserved interfacial

location if the residues in question are at the inter-

faces of the respective complexes and if they are also

topologically equivalent. A measure referred hence-

forth as Conservation of Interface Location (CIL)

score has been defined for a pair of homologous pro-

teins (for precise definition, refer Fig. 1 and Materi-

als and Methods section). Essentially, simultaneous

satisfaction of following two features adds favorably

to the residue location or CIL score:

1. A residue in protein A should be at the interface

of A:B complex

2. The residue in A0 that is topologically equivalent

to the residue of A mentioned above should be an

interfacial residue in A0:B0 complex

This measure does not consider the residue type

(i.e., 20 different types of amino acids). For example

unconserved residue type in the topologically equiva-

lent positions in the two homologs with both the res-

idues in the interface will contribute favorably to

the CIL score. Two conserved residues (same residue

type from among 20 standard types) from the two

homologs with the residue in one of the proteins

only in the interface while the conserved residue in

the other homolog not in the interface will not con-

tribute favorably to the CIL scores.

Two CIL scores are obtained for the two pairs of

the homologous subunits (AA0 and BB0) of the homol-

ogous transient PPCs. High and low CIL score

denotes similar and dissimilar location of interfacial

positions, respectively. CIL scores for the entries of

homologous pairs of transient PPCs are provided in

Tables I and II. CIL scores for the entries of homolo-

gous pairs of permanent homodimers are provided

in Supporting Information Table S1.

Given the previously established fact that inter-

facial residue types are reasonably well conserved,

we expected that homologous transient PPCs would

have high CIL, which implies similar interface loca-

tion. But surprisingly, high CIL scores (�70%) are

associated with only 45% of the dataset [Fig. 2(a)]

corresponding to only 34 homologous chains out of

76. It is intriguing to note that the location of the

interface residues in homologous transient PPCs is

only moderately conserved. For example, homolo-

gous pair of GTPase:GAP (GTPase accelerating pro-

teins)28,43 complex has moderate CIL scores of 67%

(for GTPases) and 64% (for GAPs) [Fig. 2(b)]. Inter-

estingly, the extent of CIL is well correlated

(r 5 0.80, P<0.0001) in the two pairs of homologous

subunits of transient PPCs (AA0 vs. BB0) [Supporting

Information Fig. S1(a)].

Location of the interfaces is highly conserved

when same protein is bound to two different homolo-

gous interacting partners. that is, in the two com-

plexes A:B and A:B0 protein A is common in the two

complexes, whereas B is homologous to B0 [Support-

ing Information Fig. S1(b,c), Table II, and Materials
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and Methods section]. In such pairs, �70% CIL score

is represented by 83% of the dataset, which corre-

sponds to 91 chains out of 110.

Comparison of extent of CIL in transient PPCs

and permanent homodimeric complexes shows that

CIL scores are significantly higher for permanent

dimers than transient PPCs (median: transient PPC,

64%; permanent dimers, 73%; medians are signifi-

cantly different; P<0.0001) (refer Supporting Infor-

mation Table S1 and Materials and Methods

section). High scores (�70%) are represented by 63%

of the dataset (525 chains out of 834) of homologous

permanent homodimers [Fig. 2(c)] and only 45% (34

homologous chains out of 76) of homologous tran-

sient PPCs [Fig. 2(a)].

However, one needs to keep in mind that the CIL

scores can fluctuate even among identical pairs of

transient PPCs (refer Materials and methods section)

available in the form of different crystal struc-

tures.105,106 (median: transient PPC, 89%; permanent

dimers, 92%; medians are significantly different;

P< 0.0001) [Supporting Information Fig. S1(d)].

Relationship between the extent of CIL with the

overall sequence identity between homologous tran-

sient protein subunits was explored. Surprisingly,

results show poor correlation between CIL and

sequence identity (r 5 0.27, P<0.0001) [Supporting

Information Fig. S1(e)]. As the sequence identity

increases, the CIL scores are generally high for only

permanent homodimers, which is consistent with a

Table I. Homologous Pairs of Transient Protein–Protein Complexes (PPCs) (PDB Code and the Chain Information
Are Provided)

Homologous
protein–protein
complex (AB and A0B0)

Seqid
AA0

Seqid
BB0 CIL1 CIL2 CIP

Binding
affinity 1 (M)

Binding
affinity 2 (M) References

1a4y_DE_1dfj_IE 77 34 42.86 68.18 36.7 1.00E-15 5.90E-14 24a,25a,b

1agr_DH_1fqj_DE 78 37 76.19 64.00 66.7 6.70E-08 26a,27b

1agr_DH_3c7k_AB 73 53 60.87 60.87 48.5 26a,28
1bxi_AB_1mz8_CD 58 69 64.29 52.17 33.3 –,29
1bxi_AB_7cei_AB 58 68 64.29 50.00 27.9 –,30a,b

1cse_EI_2sni_EI 70 35 64.00 76.92 64.5 2.00E-12 31a,32b

1d5m_AC_1hxy_BD 34 34 0.00 0.00 0 5.00E-10 33a,34
1doa_AB_1ds6_AB 70 72 87.50 81.63 84.5 35,36a

1euv_AB_1tgz_AB 33 53 64.86 64.52 43.6 37a,38
1euv_AB_2iyd_AB 32 47 68.29 87.50 39.3 37a,–
1evt_BD_1nun_AB 33 73 61.54 57.89 35.1 39,40
1ewy_AC_1gaq_AB 52 68 37.04 43.48 5.9 3.60E-06 41b,42
1fqj_DE_2gtp_BC 78 42 76.19 54.55 53.3 6.70E-08 27b,43
1fqj_DE_2ihb_AB 75 43 72.73 75.00 72.7 6.70E-08 27b,43
1fqj_DE_2ik8_CD 79 38 63.64 58.33 54.5 6.70E-08 27b,43
1fqj_DE_2ode_AB 75 39 90.91 66.67 73.3 6.70E-08 27b,43
1fqj_DE_3c7k_AB 67 38 83.33 84.62 70.6 6.70E-08 27b,28
1hxy_BD_1jwm_AD 33 30 0.00 0.00 0 5.00E-10 34,44
1jiw_PI_1smp_AI 57 37 81.25 66.67 66.7 4.00E-12 45a,b,46
1kgy_CG_3czu_AB 49 30 71.11 68.42 38.2 2.50E-08 47,48
1kgy_CG_3hei_OP 49 30 72.73 70.27 36.9 2.50E-08 47,49
1mda_BM_3c75_BM 56 79 50.00 30.77 31.6 50,51
1nb3_BJ_1stf_EI 41 53 58.33 70.00 52.9 52,53a

1nun_AB_1ry7_AB 33 71 52.17 52.38 23.9 2.30E-07 40,54
1shw_BA_2hle_AB 45 32 45.16 48.00 25.5 4.00E-08 55,56b

1shw_BA_2wo2_AB 59 31 55.17 43.48 35.9 1.08E-05 55,57
1shw_BA_3czu_AB 49 53 48.48 44.44 40.8 48,55
1shw_BA_3hei_OP 50 53 50.00 46.15 43.5 49,55
1tec_EI_2sni_EI 43 35 69.23 71.43 64.5 2.00E-12 32,58b

1tgz_AB_2iyd_AB 60 53 75.00 68.97 52.2 38,–
1uea_AB_2e2d_AC 62 42 58.54 68.57 33.3 59,60
2e2d_AC_2j0t_BE 58 46 60.61 46.67 29.2 4.00E-10 60,61b

2gtp_BC_3c7k_AB 73 52 69.57 60.00 53.3 28,43
2hle_AB_3czu_AB 40 32 61.90 72.22 24.2 4.00E-08 56b,48
2hle_AB_3hei_OP 39 31 58.54 74.29 25.4 4.00E-08 56b,49
2ihb_AB_3c7k_AB 71 41 66.67 63.64 48.5 28,43
2ode_AB_3c7k_AB 71 66 66.67 81.82 66.7 28,43
2wo2_AB_3czu_AB 55 30 70.00 70.59 44.8 1.08E-05 48,57

Details of sequence identities, CIL scores, conservation of interaction pattern (CIP) scores, binding affinity for AB and A0B0

complexes, wherever available, and references to show their transient nature are listed. The symbol (2) in References col-
umn indicates that there is no reference associated with PDB ID.
a Classified as transient according to atomic contact vector analysis62 in Ref. 13.
b Crystallized in bound and unbound form (according to Benchmark4 dataset).63
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previous work.107 But, it is surprising that in tran-

sient PPCs even at 100% sequence identity wide

range of CIL scores are observed.

Conservation of the type of an interfacial

residue in a protein does not imply that the

conserved residue in the homolog lie at the

interface
It is well known that the residue types (20 amino

acids) in the interface of a PPC are generally con-

served better than the residue types in the rest of the

protein surface.13 This generates an expectation that

the residue types conserved in topologically equivalent

positions in the homologs are also likely to be in the

interface. Based on this expectation, residue type con-

servation remains as one of the important criteria to

predict interface residues in a homolog and model the

3-D structure of the complex. Even though the loca-

tion of interfaces is only moderately conserved in tran-

sient PPCs, we initially believed that the direct

extrapolation of conserved residue types to conserved

interface location would be valid.

Frequencies of structurally equivalent and con-

served residue types that lie at the interfaces in

homologous complexes were calculated for all the 20

residue types (refer Materials and Methods section).

Interestingly, the distribution of topologically equiva-

lent conserved residue types to be present at the

interface is only 54% 6 19% (mean 6 SD) and less

than 60% for residue types A, C, D, E, G, I, M, R, S,

V, and W [Fig. 3(a,b)]. However, this frequency is

higher for homologous permanent homodimers than

transient PPC [Fig. 3(a)]. Interfaces in homologous

pairs of PPCs show moderate CIL with residue types

that are only moderately conserved (r 5 0.7,

P< 0.0001 for transient PPC) [Supporting Informa-

tion Fig. S2 and Fig. 3(b)]. For example, homologous

pairs of GTPase-GAP complex show moderate con-

served interface location (CIL 5 61%, 61%) and mod-

erate level of conserved residue types with conserved

interface location (RC – CIL 5 58%, 50%) [Fig. 3(b)].

Therefore, conserved residues in two homologs

with the residue in one of the homologs at the pro-

tein–protein interface need not imply that the con-

served residue in the other homolog is also at the

interface. This observation seemed counter intuitive

to us at the first glance; nevertheless, it is a very

important learning from this study.

Figure 1. Extent of conservation of interaction interfaces in homologous transient protein–protein complexes. Homologous

pairs of transient protein–protein complexes (PPCs) (A:B and A0:B0) are shown, where A is homologous to A0 and B is homolo-

gous to B0. Interface residues in AA0 that are structurally equivalent are circled. Structurally aligned interface residues are said

to have conserved interface location (CIL), whereas structurally aligned interactions are said to have conserved interaction pat-

tern (CIP). The interfacial features do not consider the residue type or the nature of interactions.

Sudha et al. PROTEIN SCIENCE VOL 24:1856—1873 1859



Table II. List of Entries Corresponding to Same Protein Bound to Two Different Homologous Interacting Partners
(PDB Code and the Chain Information Are Provided)

Homologous
protein–protein
complex (AB and A0B0)

Seqid
AA0

Seqid
BB0 CIL 1 CIL 2 CIP

Binding
affinity
1 (M)

Binding
affinity
2 (M) References

1agr_DH_2gtp_BC 100 55 90.00 63.16 62.1 26a,43
1agr_DH_2ihb_AB 94 47 66.67 76.19 56.3 26a,43
1agr_DH_2ik8_CD 100 55 85.71 57.14 62.5 26a,43
1agr_DH_2ode_AB 94 57 76.19 66.67 62.1 26a,43
1b6c_CD_3h9r_BA 100 69 82.76 64.00 63.4 2.80E-07 64a,b,65
1b8m_AB_1bnd_AB 99 58 84.44 93.33 78.3 66a,67
1bi8_CD_1g3n_AB 98 47 86.67 81.08 62.7 68,69
1cmx_AB_1xd3_AB 33 100 83.72 82.76 71.2 1.70E-06 3.00E-07 70,71a

1cse_EI_1mee_AI 70 100 66.67 66.67 64.7 31a,72
1cse_EI_1tec_EI 47 98 88.89 93.33 87.5 31a,58
1d5m_AC_1jwm_AD 100 69 83.33 76.92 78.3 33a,44
1dhk_AB_1viw_AB 54 100 85.11 72.73 71.6 3.50E-11 73a,74
1eui_AC_1udi_EI 47 100 84.62 90.00 78.3 75,76b

1eui_AC_2j8x_CD 48 100 66.67 85.00 75 8.00E-09 75,77
1evt_BD_1ry7_AB 100 74 64.86 75.00 67.7 2.30E-07 39,54
1f8u_AB_1fss_AB 59 100 73.33 87.50 69 78,79
1grn_BA_1ow3_AB 100 54 90.00 84.85 86.2 2.40E-07 80a,b,81
1h1v_AG_3ffk_BA 100 32 48.98 41.67 40.5 2.50E-08 82b,83
1hxy_BD_2g9h_BD 100 33 76.92 70.59 42.1 5.00E-10 1.00E-07 34,84
1ibr_CD_2bku_AB 99 41 58.18 48.48 33.7 1.00E-09 85a,b,86
1kac_AB_2j12_AB 41 99 64.00 68.97 55.8 4.00E-10 6.90E-11 87b,88
1kgy_CG_1shw_BA 98 32 52.94 44.44 28.6 1.50E-08 2.00E-08 47,55
1kgy_CG_2hle_AB 47 99 69.77 94.44 51.5 2.50E-08 47,56b

1kgy_CG_2wo2_AB 59 98 82.93 88.24 69 2.50E-08 4.00E-08 47,57
1lqg_BD_1udi_EI 47 100 81.48 87.18 73.9 2.50E-08 1.08E-05 76,89b

1lqg_BD_2j8x_CD 47 100 64.29 82.05 70.8 77,89
1mda_BM_2gc4_KJ 90 78 60.00 33.33 37.5 8.00E-09 50,–
1mee_AI_1tec_EI 44 98 71.43 62.50 64.7 58,72
1qty_RU_1rv6_WX 53 100 88.89 84.62 74.3 90,91b

1t6g_CA_2b42_BA 45 99 73.91 66.67 60 1.00E-11 1.70E-10 92,93b

1taw_AB_1tpa_EI 100 46 81.82 94.12 64.5 1.10E-09 94,–
1taw_AB_1zr0_CD 100 46 90.00 94.12 82.8 2.00E-11 94,95
1taw_AB_2tgp_ZI 100 46 86.96 94.12 77.4 2.00E-11 1.30E-08 94,–
1taw_AB_3d65_EI 100 46 85.71 100.00 71.4 2.00E-11 2.40E-06 94,–
1tpa_EI_1zr0_CD 100 38 70.00 88.89 53.3 2.00E-11 –,95
1tpa_EI_3d65_EI 100 46 66.67 94.12 62.1 1.30E-08 –,–
1udi_EI_2j8x_CD 41 100 68.97 80.95 65.4 76,77
1uea_AB_2j0t_BE 60 95 52.94 68.97 36 8.00E-09 59,61b

1ukv_GY_3cph_GA 100 52 66.67 68.57 63.3 4.00E-10 96,97b

1zlh_AB_1zli_AB 47 100 78.95 80.00 75.5 3.30E-07 98b

1zlh_AB_3d4u_AB 47 100 85.00 84.62 80.7 1.30E-09 98,99
1zr0_CD_2tgp_ZI 100 38 76.19 88.89 66.7 95,–
1zr0_CD_3d65_EI 100 48 94.74 94.12 74.1 1.30E-08 2.40E-06 95,–
2g81_EI_2iln_BI 100 72 72.00 0.00 0 1.30E-08 100,101
2gc4_KJ_3c75_BM 63 98 87.50 85.71 75.9 1.36E-08 –,51
2gtp_BC_2ihb_AB 94 48 66.67 66.67 55.2 43, 43
2gtp_BC_2ik8_CD 100 49 85.71 77.78 69 43, 43
2gtp_BC_2ode_AB 94 52 76.19 77.78 61.5 43, 43
2hle_AB_2wo2_AB 46 98 63.16 93.75 53.6 56b,57
2ihb_AB_2ik8_CD 94 41 63.64 50.00 50 4.00E-08 1.08E-05 43, 43
2ihb_AB_2ode_AB 100 42 72.73 60.00 62.1 43, 43
2ik8_CD_2ode_AB 94 68 72.73 80.00 69 43, 43
2ik8_CD_3c7k_AB 74 91 66.67 72.73 72.7 28,43
2tgp_ZI_3d65_EI 100 46 72.73 94.12 75.9 –,–
1jtg_AB_3e2l_AC 40 100 84.44 71.79 59.5 2.40E-06 102a,b,103

Details of sequence identities, CIL scores, conservation of interaction pattern (CIP) scores, binding affinity for AB and A0B0

complexes, wherever available, and references to show their transient nature are listed. The symbol (2) in References col-
umn indicates that there is no reference associated with PDB ID.
a Classified as transient according to atomic contact vector analysis62 in Ref. 13.
b Crystallized in bound and unbound form (according to Benchmark4 dataset).63
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Circumstances in which conserved residue type

may not conserve interfacial feature was explored

using the PPC dataset. We made an analysis of

homologous PPCs in which an interfacial residue

type in a protein is conserved in a homolog, but this

residue is not in the interface of the homolog. We

note that interfacial location of a conserved residue

type is not conserved in a homolog often due to the

difference in the nature of residue type, in the inter-

acting proteins, that are proximal to the conserved

residue. Residue from the interacting protein can be

non-compatible for interaction with the conserved

residue types (L-Y and L,K) [Fig. 3(c)], Replacement

of longer to smaller residue in the homologous inter-

actor protein can result in loss of interaction with

conserved residue type (R-E and R,D) [Fig. 3(c)], or

structural differences at the interface of the homolo-

gous chains can result in loss of interaction by

increased distance with the conserved residue type

(D-R and D,K) [Fig. 3(c)].

Therefore, in many pairs of homologous com-

plexes, no residue from the interacting protein inter-

acts with the conserved residue type, which is,

therefore, not considered to be in the interface [Fig.

3(c)].

Spatial orientation and structural differences

at the interface contribute to interface plasticity

in homologous transient protein–protein

complexes

It is intriguing to observe only moderate CIL in

homologous PPCs, in spite of sharing good sequence

similarity between homologs (>30%). The reasons

contributing to moderate CIL in homologous pro-

teins could also be due to differences in spatial ori-

entation of interfacial regions (DISO) and/or

structural differences at the interface (SDI). DISO

describes the differences in the spatial orientation of

the homologous subunits with respect to the struc-

turally aligned interactor proteins [Fig. 4(a)]. SDI

describes the structural differences between the

“equivalent interfaces” in the homologous subunits

[Fig. 4(a)]. Analysis shows that when both the

homologous subunits of PPCs have low conservation

of interfacial location (CIL) (30%–60%), a pro-

nounced difference in DISO and SDI score is

observed (median: DISO: 1.5 Å; SDI: 1.7 Å; medians

are significantly different between CIL low pair and

CIL high pair; P< 0.05) [Fig. 4(b,c)].

Homologous pair of ferredoxin (Fd) and

ferredoxin-NADP1 (FNR) reductase from cyanobacte-

ria and maize41,42 shows major DISO (21.0 Å, 14.5 Å)

resulting in low CIL, (37%, 43%) in spite of sharing

good sequence identity of 52% and 68% [Fig. 4(d)]. The

difference in spatial orientation did not change the

distance of the prosthetic groups between Fd and FNR

for the electron transfer to occur. Homologous pair of

Ephrin A5-Ephrin receptor B2 and Ephrin B2-Ephrin

receptor B455,56 shows high DISO (4.5 Å) between the

ephrin receptors and high SDI (4.1 Å) between the

ephrin molecules. This additive effect could lead to

low CIL (45.2%, 48%) [Fig. 4(e)].

Interaction patterns are poorly conserved in

homologous transient protein–protein

complexes

Having understood that the location of interfaces is

only moderately conserved in homologous proteins

Figure 2. Extent of conservation of interface location (CIL) in homologous transient PPCs. (a) Histogram shows distribution of CIL

scores for homologous pairs of transient PPCs. (b) Homologous pair of guanine nucleotide-binding protein G (o) subunit alpha (regu-

lator of G-protein signaling 16) and guanine nucleotide-binding protein G (k) subunit alpha (regulator of G-protein signaling 10) (2ihb,

3c7k) is colored in dark and light blue. Both the homologous subunits show moderate CIL score. Residues with CIL are shown as

pink sticks. All the protein structure figures in this work are generated using PyMOL.104 (c) Box plot distribution for CIL in homolo-

gous permanent dimers and transient PPC. The lines from bottom specify the minimum, 25th percentile, median, 75th percentile,

and maximum for all the box plots in this work. The outliers of the distribution are represented as dots.
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in transient PPCs, we wanted to find out how far

the pattern of residue–residue interactions across

the interfaces is conserved. This pattern is charac-

terized by all pair-wise residue–residue interactions

across the interfaces in a PPC. One can compare

such a pattern between two homologous PPCs. A

residue–residue interaction across the two interact-

ing proteins is considered to be conserved in a

homologous complex, if the two residues in the

homologous complex that are topologically equiva-

lent to the two interacting residues in the first com-

plex are also interacting across interface. Even if the

nature of an interaction is not same (e.g., salt-bridge

in a complex and aromatic–aromatic interaction in

the homologous complex), the interaction pattern is

considered as conserved if the interacting residues

are topologically equivalent when 3-D structures of

homologous proteins in the two complexes are

aligned. “Conservation of Interaction Pattern” (CIP)

score has been devised to quantify the extent of resi-

due–residue interactions that are structurally

aligned (Fig. 1) (refer Materials and Methods sec-

tion). High and low CIP scores denote similar and

dissimilar location of interactions for a homologous

pair of transient PPC. Single CIP score is obtained

for a pair of homologous transient PPCs. CIP scores

for the entries of homologous pairs of transient

PPCs are provided in Tables I and II. CIP scores for

the entries of homologous pairs of permanent homo-

dimers are provided in Supporting Information

Table S1.

High conservation of interaction pattern scores

(�70%) are represented by only 18% (seven homolo-

gous PPC pairs out of 38) of the dataset [Fig. 5(a)],

which is much lower than the distribution of CIL

[Fig. 2(a)]. Homologous pair of GTPase-GAPs shows

a moderate CIP score of 49%28,43 [Fig. 5(b)]. Overall,

conservation of interaction pattern is poor in homol-

ogous PPCs. In other words, homologous complexes

are stabilized largely by different patterns of inter-

Figure 3. Extent of conserved residue types in homologous subunits of protein complexes with conserved interface location.

(a) Extent of structurally equivalent conserved residue type to be at interface (residue conservation-conservation of interface

location, RC-CIL) for each of the 20 residue types for homologous transient PPC and permanent homodimers are shown. (b)

Conserved residue type in a multiple sequence alignment of homologs need not imply that all the conserved residues should lie

at the interface. An example of structurally equivalent arginine residues from homologous subunits shows one arginine at the

interface (pink) and the other arginine not in the interface (magenta). The extent of structurally equivalent, conserved residue

types to be at the interface (RC-CIL 5 58.35%, 50%) and conservation of interface location (CIL 5 61%, 61%) have been calcu-

lated for the homologous subunits of GTPase-GAP complex. (c) In spite of residue types being conserved, interface location is

lost in homologous protein complex (dark and light blue) by different ways.
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residue interaction network across the interfaces.

Non-conservation of an inter-residue interaction

results due to the nature of residue type substitution

in the interactor protein or structural differences at

the interface, as discussed in the previous section

[Fig. 3(c)]. Extent of conservation of interfacial loca-

tion and interaction pattern are well correlated with

each other (transient PPC: r 5 0.8, P<0.0001) [Sup-

porting Information Fig. S3(c)]. Nevertheless, inter-

face location seems to be a better conserved

structural feature than interaction pattern across

the interfaces.

However, high CIP scores are observed in com-

plexes when the same protein is bound to two differ-

ent, but homologous, proteins (�70% CIP score are

represented by 54% of dataset, which corresponds to

30 homologous PPC pairs out of 55) [Supporting

Information Fig. S3(a,b)]. Also, homologous perma-

nent dimers show a higher distribution of CIP scores

than transient PPCs [Fig. 5(c)] (transient PPC, 42%;

permanent dimmers, 55%; medians are significantly

different; P< 0.05).

We observed that if the residue–residue interac-

tions in a particular transient PPC have their

Figure 4. Reasons for non-conservation of interface location in homologous transient PPC. (a) Differences in spatial orientation

of the interfacial region (DISO) is calculated by subtracting the RMSD of the interfacial region of homologous subunits (red and

orange subunits) in their interfacial region with respect to the structurally aligned proteins (dark and light blue subunits) with

RMSD for the interfacial region for the isolated homologous subunits. Structural differences at the interface (SDI) are calculated

by calculating the RMSD for the interfacial region in isolated homologous subunits. Distance between the structurally equivalent

interface residues are shown as green lines. (b) Box plot distribution for DISO scores for CIL low pair (both the homologous

subunits of protein complex have low CIL score (30%–60%)), CIL low–CIL high pair (one homologous subunit has a low CIL

score, whereas the other homologous subunit has high CIL score (>60%)), and CIL high pair (both the homologous subunits of

protein complex have high CIL score). (c) Box plot distribution for SDI scores for homologous subunits of transient PPC is

shown. (d) Homologous pair of ferredoxin: ferredoxin-NADP1 reductase (PDB id: 1ewy, 1gaq) shows drastic DISO. Changes in

the spatial orientation are shown by homologous subunits, which are represented as surface. High DISO scores and low CIL

scores for both the homologous subunits of the protein complex are observed. (e) Homologous pair of Ephrin-Ephrin receptor

complex showing high DISO score for the ephrin receptors and high SDI for the ephrin molecules results in low CIL score

(45%, 48%). Changes in the spatial orientation in homologous ephrin receptors are represented as surface. Structure deviation

at the interface in the homologous ephrin molecules are highlighted in the circled region.
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residue type conserved in a homologous PPC, then

the interaction pattern is most often maintained in

the homolog [Fig. 5(d); Table III]. On the other hand,

75% (196 of 260) of residues with conserved interac-

tion pattern show conserved or conservatively substi-

tuted residue types, 22% (58 of 260) of residues with

conserved interaction pattern show conserved/conser-

vatively substituted and drastic substitutions, and

2.3% (six of 260) of residues with conserved interac-

tion pattern show residue types with drastic substitu-

tions in the homologous subunits.

Following the assessment of CIL and interaction

pattern (CIP) in homologous transient PPCs, we

investigated the relationship, if any, between the

interfacial features and the affinity of interaction.

Even though the transient complexes dissociate and

associate to carry out biological function, their bind-

ing affinities are variable—they can be strong tran-

sient interactions or weak transient interactions.

The stronger interactions typically require a trigger

for association/dissociation, whereas the weaker

interactions show a fast bound–unbound equilib-

rium. The evidence for transient nature and the

binding affinity values for transient PPCs used in

this study are provided in Tables I and II.

We found no distinct trend for CIL and CIP

scores in strong transient binders versus weak tran-

sient binders (for details refer Supporting Informa-

tion text and Supporting Information Fig. S4).

Figure 5. Extent of conservation of interaction pattern in homologous transient PPC. (a) Histogram of conservation of interac-

tion pattern (CIP) scores for homologous pairs of transient PPC is colored in blue. (b) Homologous pair of guanine nucleotide-

binding protein G (o) subunit alpha (regulator of G-protein signaling 16) and guanine nucleotide-binding protein G (k) subunit

alpha (regulator of G-protein signaling 10) (2ihb, 3c7k) is colored in dark and light blue. Residues with CIP are shown as pink

sticks, and common interactions are shown as dotted lines. (c) Box plot distribution for CIP in homologous permanent dimers

and transient PPC. (d) Residue–residue interaction in a particular transient PPC (K-E) has their residue type conserved in the

other homolog. This mostly results in residue–residue interactions being maintained in the other homolog.

Table III. Extent of Conserved Residue Types That
Shows Conserved Interaction Pattern

Conserved residue types that
show conserved interaction pattern Percentage

D-T 100
K-E 93.1
N-E, N-K, N-Q, N-T 100, 100, 100, 100
R-D, R-E 90, 81
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Interaction type is poorly conserved in residues

with conserved interaction pattern

Even though the conservation of inter-residue inter-

action pattern is generally poor in homologous tran-

sient PPCs, we wanted to analyze the nature of

interaction type where the interaction patterns are

conserved. Non-conservation of interaction type is

quite common [Fig. 6(a)]. Only 53% (370 of 698) of

the residues with conserved interaction pattern

showed conserved interaction type. If the interacting

residues are hydrophobic in nature, then such

hydrophobic interactions are conserved better (111 of

147, 76%). This shows the crucial role of hydrophobic

residues in the core of the interface.108 Ionic interac-

tion is more often substituted by side chain–side chain

hydrogen bond interaction than being conserved as

shown in Figure 6(a). These findings are consistent

with a previous study on good conservation of

non-polar interface contacts and poor conservation of

polar contacts in homologous protein complexes.20 An

interesting feature is the substitution of cation–pi

interaction to hydrophobic interaction (four of 14,

14.8%) next to the conservation of cation–pi interac-

tion (five of 14, 18.5%). This could account for the

drastic substitution of R$L [Fig. 6(b)].

Core interface residues show higher CIL and

interaction pattern than rim interface residues

Interface residues can be subdivided into core and

rim depending on whether the residues occur in the

middle or the periphery of the interaction interface

patch. It has been shown in previous studies that

the residue type at the core of the interface is con-

served better than at rim of the interface.3,109 We

have extended this idea by investigating the extent

of CIL and CIP for core and rim interface residues

Figure 6. Interaction type substitutions for residues with conserved interaction pattern in homologous transient protein–protein

complexes. (a) Interaction type substitution for residues with CIP in homologous pairs of transient PPC is shown. Various inter-

action types include hydrophobic (hybd), disulfide (Ds), side chain–side chain hydrogen bonding (SS-hyd), main chain–side

chain hydrogen bonding (MS-hyd), ionic (In), aromatic–aromatic (Ar-Ar), aromatic–sulfur (Ar-sul), and cation–pi (Cat-pi). Gap

denotes non-conservation of interaction pattern. (b) Cation–pi (Phe-Arg) interaction is getting substituted to hydrophobic inter-

action (Phe-Leu) in residues with CIP in homologous pairs of transient PPC. Residues with CIP are shown as sticks, and the

common interactions are shown as dotted lines.

Figure 7. Extent of conservation of interface location and interaction pattern in core and rim interface residues. (a) Extent of

core and rim interface residues to show conserved interface location. (b) Extent of core and rim residues that have conserved

residue type and conserved interface location have been shown for all the 20 residue types. (c) Extent of core–core, core–rim,

and rim–rim interactions to show conserved interaction pattern.
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in the dataset. Results showed that the core inter-

face residues have their interface location better

conserved than rim interface residues [Fig. 7(a)]

(medians are significantly different; P< 0.0001). The

frequency of residues with conserved residue type

and interface location are higher for core interface

residues 64% 6 21% (mean 6 SD) than rim interface

residues 42% 6 13% for different residue types [Fig.

7(b)]. Similarly, interaction pairs involving only core

interface residues (C-C: core–core) have their inter-

action patterns conserved better than those involv-

ing only rim interface residues or core–rim residues

(R-R: rim–rim, C-R: core–rim) [Fig. 7(c)] (medians

are significantly different; P<0.05). Therefore, the

interface and interactions involving core residues

are evolutionarily more constrained, making their

predictions more reliable than the interface residues

in the rim. Similar analysis carried out on same pro-

tein bound to homologous proteins showed higher

CIL and CIP for core interface residues than homol-

ogous transient PPCs (Supporting Information Fig.

S5).

Discussion

We have carried out a comprehensive analysis that

focuses on the evolution of interfaces for a dataset of

transient homologous PPCs of known 3-D structures.

It is well known that generally structures of homolo-

gous PPCs are similar.18,19,110 Therefore, one might

expect that the interface location and the interaction

pattern would be highly conserved in homologous

transient PPCs. The knowledge gained from learn-

ing these structural features could aid in improving

the comparative modeling of PPCs.

The foremost finding of this study, which has

been shown for the first time, is the observation that

conservation of an interface residue type12 among

homologous members need not always guarantee

that all the conserved residues in a family would lie

at the interface. Therefore, the popular approach of

directly extrapolating conserved residues as inter-

face residues during interface residue prediction and

comparative modeling of PPC111 is not always valid.

Ability of a potentially interacting residue to inter-

act seems to depends on the residue type in the

interacting partner (longer to smaller residue substi-

tution, non-compatible interaction) or structural dif-

ferences at the interfaces resulting in absence of

interaction(s).

This study has provided a new perspective on

interface evolution in transient PPCs. We observed

only modest CIL scores (Fig. 1) between homologous

pairs of PPCs. Low CIL is possible in hub proteins,

which are capable of transiently binding to many

interacting partners by alternate binding modes.23

Ephrin-ephrin receptor shows that ephrin receptor

B2 recognizes ephrin molecule B2 and A5 by differ-

ent interfaces exhibiting interaction promiscuity and

low CIL (53%, 44%) from the dataset.47,55 An excep-

tional case of CIL being zero between HLA class II

histocompatibility antigen–staphylococcal entero-

toxin H and HLA class II histocompatibility–staphy-

lococcal enterotoxin B from the dataset shows

completely different binding modes.33,34

In fact, interface location differs even between

two crystal structures corresponding to the identical

PPCs [Supporting Information Fig. S1(d)]. Pro-

nounced interface plasticity in the homologous

chains of homologous transient PPC is due to subtle

DISO and structure deviation at the interface. The

extent of conservation of interfacial location is not

correlated well with the sequence identity between

the homologous proteins. Even though sequence

identity between the homologous pair is an impor-

tant indicator, using sequence identity as the only

descriptor to model protein interactions might not be

reliable.

We also observed that the conservation of inter-

action pattern (Fig. 1) in homologous transient PPCs

is poor. This means that there are different ways to

stabilize homologous PPCs. Residues with conserved

interaction pattern mostly have their residue types

conserved and also the vice versa is true. It is very

interesting to note that in spite of interaction pat-

terns being conserved, the interaction type is usu-

ally different. For example, substitution of ionic

interaction to side chain mediated hydrogen bonds is

observed more often than conservation of ionic inter-

action [Fig. 6(a)]. This study highlights the inherent

interface and interaction plasticity observed in tran-

sient PPCs.

We noticed that the interfacial location and

interaction pattern are conserved better in perma-

nent homodimers than transient heteromeric PPCs.

Therefore, there is less selection pressure on protein

interfaces in transient PPC than permanent proteins

at both sequence14 and structural level. This is con-

sistent with the recent finding of heteromeric pro-

tein complexes being more flexible than the

homomeric proteins.112 The general notion of homol-

ogous protein complexes binding in similar way

holds true mainly for permanent protein complex

which had been shown in previous analysis.107 Even

though homologous transient PPCs might bind

grossly in a similar way,18,19,110 detailed analysis in

this work reveals interface and interaction plasticity.

Encouragingly, we noticed that the core inter-

face residues and interactions involving them show

higher conservation of interfacial location and inter-

action pattern than interface residues in the rim.

This makes the predictions of core interface residues

more reliable than rim interface residues. Unlike a

dataset of homologous pairs of transient PPCs, a

dataset of same protein bound to homologous pro-

teins shows a high CIL and CIP. Therefore, predic-

tion of interface residues and interactions using
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comparative modeling of these complexes becomes

straightforward.

Results from this work clearly shows that thor-

ough investigations of conservation of structural fea-

tures at the interfaces is a necessary input in

building models of PPCs of improved accuracies.

Even though, this analysis shows that direct extrap-

olation of interface residues and interactions may

not provide accurate PPC models, we propose that

residues with conserved interaction pattern that

show high residue type conservation/conservative

substitution could serve as anchor to guide protein–

protein docking.

In a previous work prediction of protein inter-

face residues has been carried out using sequence

comparison methods.113 In this work, we have

shown that, even though the extent of conservation

of interaction pattern is generally low, a strategic

way to increase the number of residues with con-

served interaction pattern would be to get informa-

tion from multiple homologous PPC templates.

Moreover, core-core interactions in the homologous

pairs of protein complexes would more likely show

conservation of interaction pattern. These pointers

could help improved knowledge guided protein–pro-

tein docking.

In fact we found that information about residues

with conserved interaction pattern from multiple

homologous templates of GTPase-GAP complexes

served as anchor residues to dock PPC with

improved accuracy. This method could predict higher

number of interface and interacting residues in the

PPC correctly than the traditional protein–protein

docking where the interface residues in the PPCs

are blindly extrapolated to predict that the equiva-

lent residues in the homolog are in the interface (for

details refer Supporting Information text and Sup-

porting Information Fig. S6). Even though the mod-

eling of transient PPCs could be challenging, this

study provides important leads to improve the accu-

racy of homology models of PPCs.

Materials and Methods

Datasets of homologous pairs of transient

protein–protein complexes and homologous

pairs of permanent homodimers

The primary dataset comprises of 3-D structures of

homologous pairs of transient PPCs A:B and A0:B0,

where A is homologous to A0 and B is homologous to B0

(Fig. 1; Table I). We had set-up a high-quality dataset,

which satisfies following important conditions:

1. Dataset must be made of entries with each entry

corresponding to two homologous PPCs. The two

pairs of homologous proteins should preferably

have a sequence identity greater than 30%.

2. However, we did not want to use a PPC structure

in more than one entry (i.e., every complex struc-

ture has been used in only one pairwise compari-

son). This condition has been imposed to avoid

the use of homologous complexes between entries,

which will cause bias in the dataset. Imposition of

this condition resulted in elimination of large

number of complex structures, such as those cor-

responding to proteinase-inhibitor complexes.

3. All the complex structures in the dataset should

have a clear prior evidence for their transient

nature of association.

4. We did not want to use crystal structures of com-

plexes with missing electron densities

5. We did not want to use complex structures involv-

ing mutant protein(s).

6. Chain lengths of the interacting partners should

be greater than 50 residues.

7. Antigen–antibody complexes were not considered

due to permanent interaction upon binding.

8. Interacting partners involving only a single inter-

face patch have been included in the data set.

Although subjecting several conditions would

compromise on the size of the dataset, the quality of

the dataset is quite high.

Transient nature of PPCs was inferred from var-

ious studies, including information from literature,

SWISSPROT, and availability of 3-D structures in

both complexed and uncomplexed forms.8,13,63 This

dataset has been further filtered so that mutant

entries are avoided and protein complex structures

with a crystallographic resolution better than 3 Å

are only considered but after ensuring that electron

density is not missing in any of the structures. Bias

in the dataset was avoided by using the family infor-

mation available in the SCOP114 (Structure Classifi-

cation of Proteins) code, resulting in a pairs of

homologous complex structures with no complex

used in more than one pairwise comparison. Homo-

logs of both the interacting proteins of the non-

redundant transient PPCs were identified by

searching the PDB115 using BLAST116 (length cover-

age�70%, sequence identity�30%, and E-value cut-

off: 1024)

We have considered only close homologs (�30%

sequence identity) because it is observed that distant

homologs tend to have non-equivalent interfaces in

their tertiary structures and different interacting

partners.117 The dataset of homologous transient

PPC were clustered at 80% sequence identity using

BLASTCLUST116 to ensure that identical protein

complexes or protein complexes with point muta-

tions were excluded from the analysis. Further, iden-

tical protein bound to two different homologous

proteins was considered as a separate dataset for

analysis (refer Supporting Information Table S1).
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Another dataset of homologous pairs of perma-

nent homodimer AA and A0A0 (where A and A0 are

homologous) were generated (Supporting Informa-

tion Table S1). List of permanent homodimers were

derived from previous studies, which comprised of

manually curated dataset of dimers in solution.118

Homologs for permanent homodimers were

picked as discussed previously. The dataset were

made by clustering them at 25% sequence identity

using BLASTCLUST. All the homomers correspond

to the biological assembly unit, which are biologi-

cally functional in their dimeric form. This informa-

tion is obtained from PDB.119

The entries in the dataset generated were

searched in PDB using BLAST for identical transient

protein complexes and permanent protein complexes

solved in different crystalline conditions. Different

crystalline conditions refer to different space groups

in which protein structures have been solved.

Number of permanent protein complexes solved

has surpassed the number of transient PPC struc-

tures. In this analysis, even though the dataset size

is modest in transient PPC as compared with perma-

nent dimers, experimental information of the tran-

sient nature is available for all the entries of the

dataset, making it robust and reliable. Moreover, it

was made sure that the transient PPC dataset is not

biased by multiple entries of complex structures of

same kind but includes different enzyme-inhibitors,

hormone-receptors, signaling proteins, immune pro-

teins, and so forth. Owing to the differences in the

dataset size of homologous permanent and transient

PPCs, we had to use appropriate cut offs for dataset

preparation of homologous pairs of PPCs.

Identification of interface residues in

protein–protein complex structures

Protein Interaction Calculator (PIC) program120 was

used to identify the interface residues and types

of interactions between interfacial residues

(hydrophobic, disulfide, hydrogen bonding, ionic,

aromatic–aromatic, aromatic–sulfur, and cation–pi)

using 3D structure of protein complex as an input.

Interface residues are identified based on standard

distance criteria that were published previously.120

Only side chain mediated interactions were

considered.

CIL score
The extent of CIL in homologous subunits is calcu-

lated using CIL score. CIL score quantifies the

extent of interfacial residues that are structurally

equivalent in homologous pairs of proteins of

PPC (Fig. 1). Structural equivalence of a residue

pair is identified by using the structure-based

alignment program DALI.121 Two CIL scores

(between A and A0 and between B and B0) are com-

puted for the two homologous subunits independ-

ently. It must be noted that CIL score is a structural

feature of the interface, which does not consider the

residue type.

CIL score ð%Þ 5
2 3 Number of interfacial residues that are structurally equivalent

Total number of interfacial residues in both the homologous subunits ðAA0 and BB0Þ
3100

A relaxed structural equivalence criteria has been

considered to identify topologically equivalent Ca

atoms (<3 Å). Only structure alignments with low

root mean square deviation (RMSD) and high Z-score

were chosen for the analysis (Supporting Information

Table S2). Z-score provides the measure of quality of

structure alignment. It was made sure that there are

no missing residues at the interaction interfaces in

the 3-D structures used for the analysis.

Extent of conservation of residue type and

interface location in homologous protein–

protein complexes
The extent of conservation of residue types and

interface location (AA0 and BB0) were calculated for

each of the 20 residue types for the dataset of

homologous pairs of protein complexes

Number of identical structurally equivalent interface residues

Number of identical structurally equivalent interface residues

1 Identical structurally equivalent residues; where only one residue is at the interface

3100

DISO score

DISO quantifies the differences in the spatial orien-

tation of the homologous proteins in their interfacial

region with respect to the structurally aligned inter-

actor proteins [Fig. 4(a)]. Two DISO scores were cal-

culated for the homologous subunits (AA0 and BB0)
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of transient PPC. Local RMSDs between the interfa-

cial regions of the homologous subunits are based on

the structurally aligned residues.121

DISO ðÅÞ 5 RMSD for interfacial region

In PPC formð Þ2 Isolated homologous subunitsð Þ

SDI score

SDI quantifies the structural differences between the

“equivalent” interfaces [Fig. 4(a)]. Two SDI scores are

obtained for both the homologous subunits (AA0 and

BB0) of the protein complex.

SDI ðÅÞ 5 Local RMSD for the interfacial region

in isolated homologous subunits

CIP score
If P:Q and P0:Q0 are interacting residues in a pair of

homologous transient PPC where P and P0, Q and Q0

are structurally equivalent, they are said to have a

conserved interaction pattern. The nature of interac-

tion type or the residue type involved in the interac-

tion of the homologous PPC is not considered. A

single CIP score is obtained for a homologous pair of

protein complexes.

CIP score %ð Þ

5
2 3 Number of interactions in the homologous protein complexes that are structurally equivalent

Total number of interactions in both the protein complexes AB and A0B0
3100

Interaction type substitution matrix
Interaction types such as hydrophobic, disulfide,

hydrogen bonding, ionic, aromatic–aromatic, aro-

matic–sulfur, and cation–pi are considered. Percent-

age of occurrence of conserved and non-conserved

interaction type but with conserved interaction pat-

tern is used for generation of the matrix (Fig. 6).

Non-conservation of interaction pattern is labeled as

gap in the matrix.

Extent of conservation of residue type and
interaction pattern in homologous transient

protein–protein complexes

This measure is defined by,

Number of conserved residue type pairs with conserved interaction pattern

Number of conserved residue type pairs with conserved interaction pattern

1 Number of conserved residue type pairs without conserved interaction pattern

3100

1. This value is calculated for all possible residue

type pairs (20 3 20). Only residue type pairs

interacting pairs with more than 10 interactions

are shown in Table III.

2. Residues with conserved interaction pattern in

which the homologous subunits (AA0 and BB0) are

conserved/conservatively substituted/drastically

substituted were counted. This value is normal-

ized with the total number of residues with con-

served interaction pattern.

Analysis of core/rim interface residues with

conserved interface location and interaction
pattern

Core interface residues are defined by the relative sol-

vent accessibility �7% in complexed form and �10%

in unbound form.122–124 The remaining interface resi-

dues are termed as rim interface residues.

1.
Total number of core=rim residues with conserved interface location

Total number of core=rim interface residues in the homologous subunit
3100

2.
Total number of core-core C-Cð Þ= core-rim C-Rð Þ= rim-rim R-Rð Þ interactions with conserved interaction pattern

Total number of core-core= core-rim= rim-rim interactions
3100

3. Extent of conserved residue types in homologous

subunits (AA0 and BB0) with CIL was calculated

for each of the 20 residue type for core and rim

interface residues for the dataset.
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Statistical analysis

Wilcoxon’s matched pairs is a non-parametric test to

compare two paired groups. It identifies whether the

populations have different medians. Spearmen’s

rank correlation, a non-parametric measure of sta-

tistical dependence between two values was used to

calculate correlation. Statistical analyses were car-

ried out using Graphpad prism.125
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