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Abstract

Protein-protein interactions are fundamental for the proper functioning of the cell. As a result,
protein interaction surfaces are subject to strong evolutionary constraints. Recent developments
have shown that residue co-evolution provides accurate predictions of heterodimeric protein
interfaces from sequence information. So far these approaches have been limited to the analysis
of families of prokaryotic complexes for which large multiple sequence alignments of
homologous sequences can be compiled. We explore the hypothesis that co-evolution points to
structurally conserved contacts at protein-protein interfaces, which can be reliably projected to
homologous complexes with distantly related sequences. We introduce a novel domain-centred
protocol to study the interplay between residue co-evolution and structural conservation of
protein-protein interfaces. We show that sequence-based co-evolutionary analysis
systematically identifies residue contacts at prokaryotic interfaces that are structurally
conserved at the interface of their eukaryotic counterparts. In turn, this allows the prediction of
conserved contacts at eukaryotic protein-protein interfaces with high confidence using solely
mutational patterns extracted from prokaryotic genomes. Even in the context of high
divergence in sequence (the twilight zone), where standard homology modelling of protein
complexes is unreliable, our approach provides sequence-based accurate information about
specific details of protein interactions at the residue level. Selected examples of the application
of prokaryotic co-evolutionary analysis to the prediction of eukaryotic interfaces further
illustrate the potential of this novel approach.
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Significance statement

Interacting proteins tend to co-evolve through interdependent changes at the interaction
interface. This phenomenon leads to patterns of coordinated mutations that can be exploited to
systematically predict contacts between interacting proteins in prokaryotes. We explore the
hypothesis that co-evolving contacts at protein interfaces are preferentially conserved through
long evolutionary periods. We demonstrate that co-evolving residues in prokaryotes identify
inter-protein contacts that are particularly well conserved in the corresponding structure of their
eukaryotic homologues. Therefore, these contacts have likely been important to maintain
protein-protein interactions during evolution. We show that this property can be used to reliably
predict interacting residues between eukaryotic proteins with homologues in prokaryotes even
if they are very distantly related in sequence.

Introduction

Cells function as a remarkably synchronized orchestra of finely tuned molecular interactions, and
establishing this molecular network has become a major goal of Molecular Biology. Important
methodological and technical advances have led to the identification of a large number of novel protein-
protein interactions and to major contributions to our understanding of cells and organisms functioning
(1-3). In contrast, and despite relevant advances in EM-microscopy (4-6) and crystallography (7, 8),
the molecular details of a large number of interactions remain unknown.

When experimental structural data are absent or incomplete, template-based homology modelling of
protein complexes represents the most reliable option (9, 10). Similarly to modelling of tertiary structure
for single-chain proteins, homology modelling of protein-protein interactions follows a conservation-
based approach, in which the quaternary structure of one or more experimentally solved complexes with
enough sequence similarity to a target complex (the templates) is projected onto the target. Template-
based techniques have provided models for a large number of protein complexes with structurally
solved homologous complexes (11-14). Unfortunately, proteins involved in homologous protein dimers
tend to systematically preserve their interaction mode only for sequence identities above 30-40% (15).
For larger divergences, defining the so-called twilight zone (15, 16), it is not possible to discriminate
between complexes having similar or different quaternary structures (15, 17, 18). As a consequence,
the quality of the final models strongly depends on the degree of sequence divergence between the
target and the available templates.


https://doi.org/10.1101/067587
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/067587; this version posted August 5, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

81 In contrast to more traditional approaches based on homology detection and sequence conservation,
82  contact prediction supported by residues co-evolution (19-30) makes use of sequence variability as an
83 alternative source of information (31). The analysis of residue co-evolution has been successfully
84  applied to contact prediction at the interface of protein dimers (32-39), eventually leading to de novo
85  prediction of protein complexes assisted by co-evolution (34, 35). In these methods, co-evolutionary
86  signals are statistically inferred from the mutational patterns in multiple sequence alignments of
87 interacting proteins. Co-evolution based methods have been shown to be highly reliable predictors of
88  physical contacts in heterodimers, when applied to large protein families with hundreds of non-
89  redundant pairs of interacting proteins (33-35, 40, 41). Unfortunately, these methods cannot be
90 straightforwardly applied to the analysis of eukaryotic complexes where paralogs are abundant, making
91 it very difficult to distinguish their interaction specificities. In consequence, many eukaryotic
92  complexes remain out of reach for both template-based homology modelling (18) and co-evolution
93  guided reconstruction. To address this eukaryotic “blind spot”, it is essential to identify biological
94  constraints that have been conserved along very divergent evolutionary distances, that could be used
95  for guiding the reliable projection of structural information from remote homologues.
96
97  We test the hypothesis that strong co-evolutionary signals identify highly conserved protein-protein
98 contacts, making them particularly adequate for homology-based projections. From a structural
99  modelling point of view, we test if and when co-evolution-based contact predictions can be projected

100  to homologous complexes. In particular, we focus on the paradigmatic problem of contact prediction in

101  eukaryotic complexes based on co-evolutionary signals detected in distant alignments of prokaryotic

102  sequences. To this aim, we develop a novel, domain-centred protocol to detect co-evolving residues in

103  multiple sequence alignments of prokaryotic complexes and evaluate their accuracy in predicting inter-

104  protein contacts in eukaryotes. Our results show that when the signal of co-evolution in prokaryotic

105 alignments is strong, conserved inter-protein contacts in eukaryotes can be reliably predicted

106  solely using prokaryotic sequence information. These results provide the basis for the application of

107  co-evolution to assist de novo structure prediction of eukaryotic complexes with homologues in

108  prokaryotes even when they are highly divergent in sequence, a scenario where standard template-based

109  homology modelling is unfeasible or unreliable.
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117

118 Results

119

120 Benchmark dataset to study the interplay between co-evolution and structural conservation at
121  protein interfaces

122 In order to investigate the relevance of co-evolution in the structural conservation at protein-protein
123  interfaces among highly divergent homologues, we created a dataset of prokaryotic and eukaryotic
124 domain-domain interfaces that integrates structural and co-evolutionary data at the residue level. We
125  started from the complete dataset of heterodimeric Pfam (42) domain-domain interactions with known
126 3D structure (43). Co-evolutionary analysis of a protein interface requires a large set of paired sequences
127  from the families of two interacting proteins in the complex (33-35). Distant evolutionary relationships
128  can be often unveiled only at the level of domains (44): therefore, we devised a novel domain-centred
129  protocol that enables the detection and the alignment of many conserved families of interacting domains
130  (Materials and Methods, Fig. S1A). We searched for homologous sequences of the interacting domains
131  in 15271 prokaryotic genomes and built a joint alignment by pairing domains in genomic proximity
132 (34, 35). We used proximity in the genome to identify the existence of a specific physical interaction
133 between two domains (45, 46). This protocol retrieved 559 cases of domain-domain pairs having 3D
134 structural evidence of interaction in at least one prokaryotic or eukaryotic species and containing more
135  than 500 sequences in the corresponding (non-redundant) joint alignment (Fig. 1B, Materials and
136  Methods). For every domain-domain pair in this set, we computed co-evolutionary z-scores for all the
137  inter-domain residue-residue pairs, that quantify the direct mutual influence between two residues (33)
138 in different domains. Finally, we obtained the set of co-evolving inter-domain pairs of residues by
139  retaining those pairs for which a strong co-evolutionary signal was detected (Materials and Methods).
140  We classified each domain-domain interface as intra- or inter-protein (Fig. 1A) if the majority of paired
141  sequences are codified within the same or different genes, respectively. 401 out of 559 domain pairs
142  were classified as intra-protein and 158 as inter-protein (Fig. 1B and S1B).

143

144 We first classified every 3D structure for each domain-domain interaction as prokaryotic or eukaryotic
145 (Sl Text). In order to deal with conformational variability in the available experimental structures, we
146  used two different definitions for the set of contacts forming each domain-domain interface (see
147  Materials and Methods): 1) we defined a comprehensive interface by merging all the inter-domain
148  contacts (defined as residues closer than 8 A, see Materials and Methods) extracted from all known
149  homologous structures. This definition incorporates information from different biological (e.g.
150 conformational changes) and methodological scenarios 2) we selected the complex that best aligns to
151 the Pfam profile and defined the corresponding contacts as the representative interface. A
152  comprehensive and a representative interface were computed separately for each domain-domain pair
153  and for both eukaryotic and prokaryotic structures. When not specified otherwise, we will refer to the
154  results obtained from the analysis of comprehensive interfaces; however, all the analyses were
155  performed in parallel for the representative complexes with similar results. All the collected data were
156 integrated in a dataset (Fig. 1) of 559 domain interactions with their inter-domain co-evolving residues
157  and their corresponding prokaryotic and/or eukaryotic structural interfaces.

158
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161  Our dataset includes 43 inter-protein and 152 intra-protein cases (Fig. 1B) with structure in both
162  prokaryotes and eukaryotes. For these cases, we quantified the structural interface conservation as the
163  proportion of prokaryotic contacts that are also in contact in their homologous sites in eukaryotes. In
164  this subset, 66% (129 out of 195) of the cases corresponds to sequence identities below 30%. Complexes
165  with sequence identities below 30-40% have highly variable values of interface conservation, and
166  conserved interfaces cannot be identified using sequence identity alone (Fig. 1C, Fig. S1C for
167  representative interfaces). This variability reflects the difficulties associated to accurate template-based
168  homology modelling in the twilight zone. In our dataset, a naive extrapolation of contacts from
169  prokaryotes to eukaryotes would result in highly unreliable predictions, due to the large divergences.
170  This set of homologous interfaces provides the basis for investigating the structural conservation of co-
171  evolving residues between prokaryotic and eukaryotic interfaces even at large sequence distances.

172

173  Co-evolving residues identify structurally conserved contacts at protein interfaces

174  We detected strong co-evolutionary signals in 20 out of 43 inter-protein cases (and in 121 out of 152
175 intra-protein cases). The proportion of cases with predictions (strong co-evolutionary signals) is higher
176  when the structural interface conservation is larger (Fig. 1C). This suggests that co-evolution is
177 indicative of a greater structural conservation. To gain further insight, we studied the relationship
178  between structural interface conservation and the degree of co-evolution detected in each case. To this
179  aim, we calculated a score, called interface coupling, by averaging the z-score of the five strongest inter-
180  domain co-evolving pairs (39). As shown in Fig. 2A, the level of interface coupling determines a lower
181  bound for interface conservation, i.e. the stronger the interface coupling, the higher the minimal
182  interface conservation observed in our dataset.

183

184 A comparison between homologous sites in eukaryotic and prokaryotic structures clearly reveals that
185  pairs of residues that are co-evolving and in contact in prokaryotes (inter-protein: 52 contacts out
186  of 56 co-evolving pairs; intra-protein: 1070 contacts out of 1107 co-evolving pairs) are systematically
187  found in contact in the 3D structures of the corresponding eukaryotic homologues (Fig. 2B). This
188  effect is highly significant when compared to the proportion of prokaryotic contacts shared with a
189  eukaryotic homologue expected by chance (p-value < 10%°, one-tailed Fisher exact test for both inter-
190 protein and intra-protein cases, Sl text) and it is robust to different definitions of co-evolution and
191  contacts (Fig. S2A and B). The analysis of representative interfaces leads to the same conclusion (Fig.
192  S2C and D). Remarkably, focusing on the difficult cases in the twilight zone (less than 30% sequence
193  identities, 29 inter-protein and 100 intra-protein) we also found a highly significant enrichment in
194  conserved co-evolving contacts (Fig. S3, p-value < 10 one-tailed Fisher exact test for both inter-protein
195  and intra-protein cases, S| Text).

196

197  In details, the proportion of inter-protein contacts conserved in prokaryotic and eukaryotic interfaces
198  (34%) increases up to 92% (48 conserved contacts out of 52 co-evolving contacts) for pairs of co-
199  evolving residues (Fig. 2B). Interestingly, 3 out of the 4 co-evolving pairs that apparently are not
200  conserved correspond to residue pairs that are spatially close in the eukaryotic structure (less than 10
201  A). For the cases in the twilight zone, 23 out of 24 co-evolving contacts are conserved in eukaryotes
202  and the remaining pair is at 8.1 A in eukaryotes. Intra-protein interfaces follow the same trend: the
203  proportion of conserved contacts goes from 50% to 94% for co-evolving pairs (Fig. 2B; 1039 conserved
204  contacts out of 1070 co-evolving contacts). Again, we found that co-evolving contacts are highly
205  conserved even for interfaces in the twilight zone (583 conserved out of 607). These results clearly
206  prove that co-evolving contacts have been preferentially conserved during the course of
207  evolution, validating our hypothesis that co-evolution identifies structurally conserved
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208  contacts. Moreover, when applied to co-evolving pairs of residues at prokaryotic interfaces, this
209  property should allow to predict interface contacts in eukaryotic proteins, in a wide range of
210  evolutionary distances, including the twilight zone.

211

212  Contact prediction at eukaryotic protein interfaces

213  We assessed the precision of prokaryotic co-evolving pairs in predicting contacts in prokaryotic and
214  eukaryotic structures for cases with predictions in structurally solved regions, both in prokaryotic and
215  eukaryotic interfaces (19 inter-protein, 120 intra-protein). The vast majority of these cases have a high
216  precision in the two superkingdoms (Fig. S4). Only 1 out of 19 inter-protein cases in prokaryotes (6 out
217  of 120 in intra-protein) was predicted with a precision lower than 0.6 (Fig. S4). For eukaryotes, these
218  numbers are only slightly higher with 2 out of 19 inter-protein (11 out of 120 in intra-protein; Fig. S4).
219  The few additional cases with low precision found for representative interfaces are evenly distributed
220  in prokaryotes and eukaryotes suggesting that they are not related with the projection procedure (Fig.
221  S4). Most false positives occur in cases within the twilight zone with low structural interface
222  conservation (Fig. S5). This low structural conservation could result in poorly aligned eukaryotic
223  sequences. We evaluated the impact of alignment quality on the projection of contact predictions from
224  prokaryotes to eukaryotes, by computing the averaged expected alignment accuracy for residues at the
225  eukaryotic homologous sites of the prokaryotic interface (SI Text). Indeed, most of the cases with low
226  quality predictions in eukaryotes but not in prokaryotes correspond to low quality sequence alignments,
227  both for comprehensive (Fig. S6A and B) and representative interfaces (Fig. S6C and D).

228

229  As discussed above, the high reliability of co-evolution as a predictor of contacts in prokaryotes, and
230 the preferential conservation of co-evolving contacts allows to predict contacts in eukaryotes without
231  any prior structural information. In order to further assess this point, we quantified the quality of
232  eukaryotic contact prediction for all cases in which a eukaryotic structure was available to check the
233  resulting predictions (51 inter-protein and 162 intra-protein; Fig 1B). We detected 62 co-evolving pairs
234  in 22 inter-protein cases (~ 3 predictions per case) and 1140 pairs in 124 intra-protein cases (~ 9 per
235 case). We found that the precision in eukaryotes is very high both in inter-protein (precision =
236  0.81, Fig. 3A) and in intra-protein cases (precision = 0.95, Fig. 3B) and it is only slightly lower than
237  the precision obtained in prokaryotes (Fig. 3C and D; precision inter-protein = 0.86; precision intra-
238  protein = 0.95). We repeated the analysis after removing cases with low alignment quality, using a
239  filter based on the pairs of co-evolving residues (SI Text). In line with the discussion in the previous
240  paragraph, the results suggest that an a priori filter can detect cases in which projected predictions have
241  alower precision (Fig. S6E and F, Table S1).

242

243  Application to mammalian complexes

244 The pyruvate dehydrogenase complex, responsible of the catalysis of pyruvate to acetyl-CoA and CO-,
245 s the complex in our dataset with the highest interface coupling in eukaryotes. Its E1 component forms
246  a homo-dimer of hetero-dimers of its o and B subunits (47). The co-evolving contacts detected by our
247  protocol are distributed over the interface between the two subunits and are well conserved in the
248  eukaryotic interface. Among the 13 co-evolving pairs, 10 are in contact at the subunits interface of the
249  branched-chain 2-oxo acid dehydrogenase remote homologue in the Thermus thermophilus structure
250  (Fig. 4A) and are conserved in the human pyruvate dehydrogenase complex (Fig. 4B). Two out of three
251  apparent false positives do actually correspond to contacts at the homo-dimer interface. These results
252  show that co-evolution has been key in the conservation of quaternary structure in the pyruvate
253  dehydrogenase E1 component.

254
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255  The translocon complex, one of the main mechanisms of transporting proteins across the membrane, is
256  agood example of a conserved mode of interaction with very low sequence conservation. This family
257  of complexes translocates proteins across the cytoplasmic membrane in bacteria (SecYEG complex)
258  and across the endoplasmic reticulum in eukaryotes (Sec61 complex). The o and y subunits of the
259  mammalian Sec61 are homologous to the bacterial proteins SecY and SecE, respectively. Despite the
260  low sequence identity between these proteins in Thermus thermophilus and Canis lupus (18.8%
261  SecY/Sec6la and 10.5% SecE/Sec6ly), and a strong structural divergence of the domains, two out of
262  three co-evolving contacts (Fig. 4C) have been conserved (Fig. 4D). In fact, seven out the nine residue
263  pairs in the crystal structure for Thermus thermophilus with the highest co-evolutionary z-scores are in
264  contact and six of them are structurally conserved in Canis lupus. The lower resolution (6.8 A) of the
265 available electron microscopy in Canis lupus introduces some uncertainty on the definition of the
266  interface. Still, our predictions support the overall arrangement of the interaction given in this
267  experimental structure and highlights the potential use of our approach to refine atomic details of cryo-
268  EM experiments.

269

270  Among the 20 cases of inter-protein interfaces with structural information in both eukaryotes and
271  prokaryotes and with strong co-evolutionary signals, we only detected one case where a strong co-
272  evolutionary signal does not go together with a, at least partially, conserved interface: the interaction
273  between the o and B subunits of the phenylalanyl tRNA synthetase (PheRS). PheRS catalyses the
274  attachment of a phenylalanine amino acid to its cognate transfer RNA molecule. Despite important
275  differences between the prokaryotic and the eukaryotic PheRS complexes (48), several homologous
276  domains can be found in both the o subunit (core catalytic domain) and B subunit (B5 and B3/4 domains)
277  between prokaryotes and eukaryotes (Fig. S7A and B). The co-evolutionary analysis of the interaction
278  between the core catalytic domain and the B3/4 domain detects two co-evolving pairs located at the
279  Thermus thermophilus interface (Fig. S7C). These pairs are no longer aligned in the human B3/4 domain
280  due to an insertion in the Thermus thermophilus PheRS compared to the human cytosolic complex as
281  proved from a structural alignment (Fig. S7D), and therefore cannot be projected to the corresponding
282 interface. Notably, this interacting region in Thermus thermophilus is inserted just at one of the two
283  turns where the human interaction takes place (Fig. S7D). Moreover, the o subunit also interacts with
284  the B5 domain of the B subunit and the three co-evolving contacts at the prokaryotic interface are
285  completely preserved in the human PheRS (Fig. S7G and H). This example illustrates that even after a
286  drastic event, such as removal of a region at the interface in one of the interacting proteins, the remaining
287  co-evolving residues can keep pointing to the real interfaces.

288
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291
292

203 Discussion

294

295 In this work we introduce and validate an important property of co-evolving contacts at protein
296 interfaces: their propensity to be preferentially conserved at large evolutionary distances. This
297  behaviour is confirmed by the analysis of co-evolving residues between domains in 15271 prokaryotic
298  genomes and their homologous sites in 3D structures of eukaryotic complexes. This previously
299  unrecognized aspect of the evolution of protein interfaces highlights the important role of co-evolving
300 residues in maintaining quaternary structure and protein-protein interactions. As a first and important
301  consequence of this property, we show that contacts at eukaryotic interfaces can be predicted with
302  high accuracy using solely prokaryotic sequence data, both for protein-protein and for domain-
303  domain interfaces. We tested these conclusions by analysing a large dataset of prokaryotic/eukaryotic
304  interfaces with a novel, domain-centred protocol. We were able to predict contacts in inter-protein
305  eukaryotic complexes with a mean precision > 0.8 (Fig 4, Table S1). This result is particularly relevant
306 taking into account that this level of accuracy was attained for predictions of contacts in highly divergent
307  complexes (sequence identities lower than 30%), where standard homology modelling is hardly useful.
308 We have also shown that the few errors in these prokaryote-eukaryote projections are generally
309  associated to cases with low structural conservation, that can be detected a priori by checking the
310 alignment quality. Moreover, we extended this analysis to domain-domain contact predictions, showing
311 that intra-protein interfaces exhibit even stronger co-evolutionary signals leading to an increased
312  precision in contact prediction. The analysis protocol we propose relies on sequence data only. As a
313  consequence, our strategy can provide useful information on a protein interface both in remote
314  homology-based complex reconstruction and when no structural template is available, and it is
315  inherently complementary to current methods based on the analysis of structural similarity (49, 50) or
316  sequence similarity (10, 11, 14, 51) to a set of available templates.

317

318  The main obstacle to structural modelling of eukaryotic protein complexes by means of co-evolution
319  based approaches is the need of a large number of homologous interactions to permit statistical analysis.
320  Eukaryotic complexes present a paradoxical scenario: large families of eukaryotic proteins are the result
321  of duplication-based expansions, but these duplications make uncertain which paralogues of one family
322  interact with which ones of the other. In the future, improvements aimed to disentangle the network of
323  paralogous interactions will be fundamental to deal with eukaryotic interactions (52-56). Our approach,
324  based on preferential conservation, tackles this problem for proteins with prokaryotic homologues, by
325  looking at very divergent, well populated and easy to couple pairs of interacting prokaryotic proteins.
326  The resulting projected contact predictions represent a novel source of structural information that can
327  be easily incorporated in integrative structural computational methods (57-61) or used to improve the
328  scope of the successful methods that already incorporate co-evolutionary information from closer
329  homologues (28, 34, 35, 62-64). At a more general level, these results indicate that co-evolving contacts
330  have played a fundamental role in the evolution of interacting surfaces as structurally conserved anchor
331  points.

332
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334 Materials and Methods

335

336  Dataset and joint alignments

337  We extracted a list of 4556 hetero-dimeric pairs of interacting Pfam domains with solved 3D structures
338  (3did database (43)). For each pair of Pfam domains, our protocol searched for proteins containing
339  members of at least one of these two Pfam domain families in 15271 prokaryotic genomes using
340 HMMER software(version 3.0) (65, 66). Two domains were paired if they were in the same protein,
341  adjacent proteins or when both had no other paralogous in the corresponding genome. From this set of
342  pairs, a joint alignment was built by aligning each domain to its corresponding Pfam profile. We next
343  applied a stringent set of quality controls (SI Text) including alignment coverage (> 80%) and
344  redundancy (< 80%). Insertions were removed by considering only residues that were assigned to match
345  states of the HMM model. We retained 559 domain-domain interactions with a large number of non-
346  redundant sequences (> 500) for further analyses. Each pair of Pfam domains was classified as intra- or
347  inter-protein if the majority of paired sequences are codified within the same or different genes,
348  respectively (Fig. S1).

349

350  Calculation of co-evolutionary z-scores

351  We retrieved the co-evolutionary z-scores by performing a (multinomial) logistic regression of each
352  position in the joint alignment on the remaining positions, a standard network inference strategy (67)
353 that has already been adopted for the analysis of monomeric protein sequences (27) in combination with
354 I, regularization. For each residue-residue pair we computed the Corrected Frobenius Norm score (27,
355  68), a measure of statistical coupling between residues, from the (symmetrized) estimates of the
356  coupling parameters. Finally, these values were standardized to reduce heterogeneity between cases and
357  used as co-evolutionary z-scores. An inter-domain pair of residues were considered as co-evolving
358  when their co-evolutionary z-score was higher than a threshold value of 8 (SI Text for details).

359

360 Interface definition and contact prediction evaluation

361  For agiven pair of Pfam families, we retrieved, from the Protein Data Bank (PDB) (69), the biological
362 unit for all the structures of complexes in which two members of the families are in physical contact.
363  The PDB identifiers were retrieved from the 3did annotations. For structures with multiple biological
364 units, we selected the one labelled as first. We extracted the PDB sequences and aligned them to their
365  corresponding Pfam domains. We classified each PDB structure as eukaryotic or prokaryotic (SI Text).
366  We defined a comprehensive and a representative interface in one or both superkingdom depending on
367  the availability of at least one 3D structure in prokaryotes and/or eukaryotes. To that aim, for each pair
368  of Pfam domains: 1) we recovered the inter-domain contacts in all PDB containing those Pfam domains.
369  We used adistance of 8 A between any heavy atom as the distance threshold for contacts (34, 35). Other
370  contact definitions were used and are shown when appropriate 2) we mapped all PDB positions to their
371  corresponding positions in the Pfam HMM profiles 3) we selected the most reliably aligned PDB
372 (according to the alignment bitscores, see SI Text) as the representative complex in prokaryotes and
373  eukaryotes 4) using the alignments of PDB sequences against both Pfam domains, we retrieved the set
374  of PDBs with a 98% or higher percentage of sequence identity with respect to the representative
375  complex. The representative interface is composed by the collection of contacts of the PDBs in this
376 latter set, while the comprehensive interface is composed by all the contacts found in the PDBs
377  containing the Pfam domains. Both interfaces were separately computed for eukaryotes and
378  prokaryotes. Only pairs of inter-domain residues that were both aligned and having geometric
379  coordinates in at least one PDB file were used to compute the precision of contact predictions. The
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precision of contact prediction was calculated as: Prec = TP/(TP+FP) considering co-evolving pairs of
residues (z-score > 8) as positives.
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Fig. 1. Summary of the co-evolutionary/structural dataset generated by our protocol. (A) Two kinds of domain-
domain interactions discussed in the text: in intra-protein cases the two domains are codified within the same
gene; in inter-protein cases they are found in different genes. (B) Dataset composition according to inter- or
intra-protein classification and the availability of 3D structure in prokaryotes and eukaryotes. (C) Percentages
of interface conservation and sequence identities for 152 intra-protein cases and 43 inter-protein cases. Interface
conservation was calculated as the proportion of contacts in prokaryotic interfaces that are also in contact in
eukaryotes. Sequence identities were calculated as the proportion of identical amino acids between the best
aligned prokaryotic PDB sequence and the best aligned eukaryotic PDB sequence (SI Text). A domain-domain
interaction was labelled as predicted when at least an inter-domain pair of residues was classified as co-evolving
(Materials and Methods). Marginal histograms computed on the whole set of cases are in light brown; marginal
histograms for predicted cases are in dark brown.
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434 Fig. 2. (A) Relation between interface structural conservation (defined as in Fig 1B) and interface coupling (the
435  average z-score of the five strongest inter-domain co-evolving pairs) for 20 inter-protein and 121 intra-protein
436 domain-domain interactions with contact predictions (i.e. strong co-evolutionary signals) and structurally solved
437 prokaryotic and eukaryotic homologous complexes. (B) Proportion of conserved contacts at the homologous sites
438 of prokaryotic/eukaryotic complexes, computed from the total set of contacts and the subset of co-evolving
439 contacts, and for inter- and intra-protein cases. Blue: contacts found in a prokaryotic complex and not in the
440 homologous eukaryotic complex. Red: contacts found in a eukaryotic complex and not present in the homologous
441 prokaryotic complex. Yellow: contacts shared by prokaryotic and eukaryotic complexes. 48 out of 52 co-evolving
442 contacts in inter-protein complexes and 1039 out of 1070 co-evolving contacts in intra-protein complexes are
443  shared by prokaryotes and eukaryotes.
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447
448 Fig. 3. Precision and number of prediction for each of the 22 inter-protein (A) and 124 intra-protein (B) domain-
449 domain interfaces in eukaryotes with at least one detected co-evolving pairs. Co-evolutionary z-scores were
450  computed for all residue pairs for each domain-domain interface, and those pairs having a z-score larger than 8
451  were classified as co-evolving (Materials and Methods). Insets: the fraction of co-evolving pairs closer than 8 A
452  (dark blue line) and 5 A (light blue line) as a function of the threshold for the z-score. The dashed grey lines
453 highlight the reference z-score threshold (z-score = 8) for detection of co-evolution. We detected 62 co-evolving
454 pairs for inter-protein interfaces (~ 3 prediction per case on average) with an average precision of 0.81 for a
455 contact distance of 8 A (and 0.6 at 5 4), and 1140 pairs in the intra-protein case (~ 9 per case, on average) with
456 a precision of 0.95 at 8 4 (and 0.83 at 5 4). Precision and number of predictions for each of the 53 inter-protein
457 (C) and 245 intra-protein (D) domain-domain interfaces in prokaryotes with at least one detected co-evolving
458 pair. We obtained a precision of 0.86 at 8 A and 0.74 at 5 A for inter-protein domain-domain interfaces
459 (respectively 0.95 and 0.87 in the case of intra-protein interfaces).
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Fig. 4. (A and B) E1 component of the branched-chain 2-oxo acid dehydrogenase in Thermus thermophilus (panel
A, PDB code: 1UMB (70)) and the human mitochondrial pyruvate dehydrogenase E1 component of the pyruvate
dehydrogenase complex (panel B, PDB code: 3EXI (47)). Zoomed inset: co-evolving pairs of residues are shown
as sticks and connected by dashed lines (yellow if they are in contact, magenta otherwise). 10 contacts out of 13
co-evolving pairs are detected at the Thermus thermophilus interface (panel A). 11 out of these 13 pairs can be
mapped to the human complex where they are all in contact (panel B). (C and D) Protein transportation channels
across bacterial plasma membrane SecYE in Thermus thermophilus X-ray structure of SecY (in dark red) in
complex with SecE (in dark blue) (panel C, PDB code: 22JS (71)). Eukaryotic endoplasmic reticulum Sec61 in
Canis lupus electron microscopy structure of Sec61 complex with its o subunit in dark red, y subunit in dark blue
(panel D, PDB code: 4CG7 (72)). The three co-evolving pairs (drawn as sticks) are in contact in Thermus
thermophilus and two of them are conserved in the Canis lupus structure.
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649

650 Sl Text

651

652  Dataset. 3did (version 06_2014 (43)) contains 8651 pairs of Pfam domains with solved 3D structures,
653 4556 of which are heterodimers. We run our protocol for these 4556 heterodimers Pfam pairs. For 559
654  pairs of Pfam domains, our protocol produced joint alignments with more than 500 paired domain
655  sequences (see Domain-domain pairing protocol section). We classified each domain-domain interface
656  as intra- or inter-protein if the majority of paired sequences are codified within the same or different
657  genes, respectively. 401 out of 559 domain pairs were classified as intra-protein and 158 as inter-protein
658 (Fig. 1B and S1). Using the corresponding PDB sequence we classified each structure as eukaryotic or
659  prokaryotic (as explained in the next paragraph).

660

661  Prokaryotic/eukaryotic structure classification. Using annotations from 3did, we retrieved the PDB
662 identifiers, chains and ranges of 37126 domain-domain interfaces with known structure in PDB. Using
663 its taxonomy identifier (extracted from SIFTS (73) annotations), we classified each PDB chain as
664  prokaryotic or eukaryotic by traversing up the NCBI taxonomy (74) tree, all the way up to the level of
665  “Eukaryotes” or “Bacteria” or “Archaea”. Interfaces for which both interacting regions belong to the
666  same chain (and are annotated in SIFTS) were classified correspondingly. Interfaces for which the two
667 interacting regions belong to different PDB chains were classified when both chains were annotated in
668  SIFTS in the same superkingdom (prokaryotes or eukaryotes, viruses are removed). Finally, we
669  extracted their PDB sequences for the remaining unclassified structural interfaces and we searched them
670 locally against a TrEMBL sequence database (75) using the blastp algorithm (version 2.2.18 (76)).
671  Sequences having a similar sequence in the TrEMBL sequence database (percentage of sequence
672  identity > 80%) were annotated following the TrEMBL phylogeny annotations, and the interface was
673 classified when the two interacting regions were annotated and belonged to the same superkingdom
674  (prokaryotes or eukaryotes, not viruses). The remaining 387 unclassified pairs were discarded.

675

676  Domain-domain pairing protocol. Given a pair of Pfam domains (version 27.0), for each domain in
677  the pair, our protocol searched for proteins containing a member of the corresponding Pfam family
678  through hmmsearch (HMMER 3.0 package, (hmmsearch --noali --domtblout --cut_ga) across all the
679  coding regions of the 15271 prokaryotic genomes (ensembl bacteria release 23). Our protocol
680  implements two strategies to find interacting domains. The first strategy is by gene fusion and gene
681  neighbouring. The protocol checks whether 1) (gene fusion) each hit found for the first domain has a
682  hit of the second domain in the same protein. Overlapping sequences are paired when the overlap is less
683  than 10% of the smaller domain, up to a maximum of 20 residues, the overlapping residues are removed
684  in one of the two domains) 2) (gene neighbouring) each hit found for the first domain has a hit of the
685  second domain in another protein in the same contig but closer than 300 base pairs of nucleotides (using
686  the annotation provided by ensembl bacteria). If the same Pfam domain appears more than once in a
687  protein, these hits are discarded to avoid noise as it is not possible to ensure that all of them interact
688  with its partner Pfam domain. The second strategy is by uniqueness across the genomes: the protocol
689  checks if both Pfam domains appear just once in a genome. Once the pairs are made, the sequences of
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690  each Pfam domain from each Pfam domain are separately aligned against the corresponding HMM
691  Pfam profiles using the hmmalign command from HMMER (hmmalign options --trim --allcol). The
692  two output alignments are merged considering only matches states to the HMM profile. Several quality
693  controls and filters are applied: 1) if the same sequence has more than one pairing, all the pairs involving
694  the sequence are removed to avoid any ambiguity 2) any pair where one of the two sequences have
695  more than 20% of gaps are discarded 3) redundant paired sequences with greater than 80% sequence
696 identity (considering both sequences as a whole) are filtered out using the cd-hit program (version 2
697  (77)) in order to reduce the phylogenetic bias.

698

699  Calculation of co-evolutionary z-scores. Let A be a discrete random variable representing the amino
700  acids at position i in a joint alignment, and taking values from an alphabet of 21 letters corresponding
701  to the 20 natural amino acids plus the gap state. We performed multiclass logistic regression of each
702  position Ai on the remaining positions Ay (67), using a pairwise model of interaction between amino
703  acids. In this model, the conditional probability of observing an amino acid a; at position i given all the
704 others in a sequence a is given by: P(Ai = ai | Ai = ai) « exp [hi(ai) + ZJij(ai, a;)], where aj and a; are the
705  amino acids at positions i and j, respectively. The coupling parameters J, that regulate the interactions
706  between amino acids at different positions in the alignment, were inferred by maximization of a I»-
707  regularized version of the (log) conditional likelihood LL(h,J): h*,J* = argmaxn [ LL(h,J) - AX;hi(a)?
708 - AZjandii(a,b)?] , where LL(h,J) = M1Zslog[P(Ai = as% | Ay = a%)], a° is the s-th sequence in the joint
709  alignment, M is the total number of sequences and A =0.01 (68). The optimization was performed using
710  an in-house Fortran code calling the MINPACK-2 (78) dvmlm routine, which implements a limited
711  memory variable metric minimizer. The resulting coupling values were symmetrized and a score was
712  computed for each pair of residues following a protocol proposed by Ekeberg et al. (68) (Corrected
713  Frobenius Norm score). To reduce heterogeneity between cases, these values were standardized and
714  used as co-evolutionary z-scores: z-score(i,j) = (score(i,j) - median) / (1.4826 MAD), where median and
715  MAD are the median and the mean absolute deviation of the scores of all the pairs. An inter-domain
716  pair of residues were considered as co-evolving when the corresponding co-evolutionary z-score was
717  higher than a threshold value of 8, that resulted in a good trade-off between number and precision of
718  predictions.

719

720  Interface definition. For a given pair of Pfam families, we retrieved the biological unit for all the
721  structures of complexes in which two members of the families are in physical contact from the PDB.
722  The PDB identifiers were retrieved from the 3did annotations. For structures with multiple biological
723 units, the first one was selected. When a biological unit was not available, we analyzed the asymmetric
724 unit. For NMR structures only the first model was considered. We extracted the PDB sequences and
725  aligned them to their corresponding Pfam domains. We included in the analysis domain-domain
726  interactions from the 3did annotations only when both domains are in the biological unit. When the
727  biological unit contains more than one domain from the interacting Pfam families, we retrieved the
728  shortest distance between all the possible domain-domain combinations for each pair of residues.
729  Disordered and unaligned residues were not included in the analysis.

730

731  Calculation of eukaryote-prokaryote sequence identities and structural conservations. We
732  classified each PDB structure as a eukaryotic or a prokaryotic structure. We defined one representative
733  interface for these superkingdoms when at least one 3D structure is available (see Materials and
734  Methods). For those pairs of Pfams domains with structure in both prokaryotes and eukaryotes, we
735 calculate the percentages of sequence identity between the eukaryotic and the prokaryotic representative
736  complex. We calculated the sequence identities for the two Pfam domains using the alignments of the
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737  PDB sequences against the Pfam profiles obtained with hmmalign. Following (15), we select the
738  minimum of these two percentages of sequence identity as reference. The rationale behind is that the
739  domains with the lower sequence identity would tend to be a better estimator of the divergence in the
740  interaction (15). For every pair of interacting Pfams with at least one eukaryotic and one prokaryotic
741  structure, we defined its structural conservation as the percentage of contacts at the (comprehensive or
742  representative) prokaryotic interface whose homologous positions are also in contact in the
743  corresponding eukaryotic interface.

744

745  Alignment quality measurement. In order to estimate how the alignment quality was affecting to our
746  inter-domain couplings at the interface, we calculated the average minimum expected alignment quality
747  of the eukaryotic sequences. We used the PDB sequences of the eukaryotic representative complexes
748  (Material and methods) and considered the homologous sites at eukaryotic sequence of the residues at
749  the prokaryotic comprehensive interface. We recovered the expected alignment quality per residue
750  obtained by HMMER and considered gaps as positions with 0 expected quality. We averaged the
751  expected alignment quality per residue for each one of the two domains, and select the minimum of
752  these two averages. In order to avoid the requirement of a structurally solved interface at prokaryotes,
753  we calculated an equivalent score based on the co-evolving residues. In this case, we are targeting cases
754  where a low quality alignment is associated to those residues detected as interdependent.

755

756  Statistical analysis of preferential structural conservation of co-evolving contacts. The preferential
757  structural conservation of co-evolving contacts was evaluated by applying Fisher’s exact test. The
758  contingency table is based on two conditions: structurally conserved contact/non-conserved contact, co-
759  evolving contact/non-co-evolving contact. We compared the proportion of expected conserved contacts
760  with the proportion of conserved contacts in the presence of strong co-evolutionary signals. Given a
761  contact threshold, a contact in the prokaryotic structure comprehensive (or representative) interfaces is
762  structurally conserved if the corresponding homologous sites are also in contact in the eukaryotic
763  comprehensive (or representative) interface, otherwise they are considered not conserved. Co-evolving
764  pairs of residues are defined as those with a co-evolutionary signal above a given co-evolutionary
765  threshold, otherwise, they are considered as non-co-evolving. The results of the test were: p-value ~ 10°
766 2 for inter-protein cases (48 conserved contacts out 52); p-value ~ 1028 for intra-protein cases (1039
767  outof 1070). A similar conservation is observed when the ten first predictions (with annotated distances
768 in both prokaryotes and eukaryotes) for each case were considered (inter-protein: 118 out of 135, p-
769  value ~ 104 intra-protein: 989 out of 984, p-value ~ 10*%). When considering only cases with lower
770  than 30% sequence identity: inter-protein p-value ~ 107 (23 out of 24); intra-protein p-value ~ 10-1%/(583
771  outof 607).

772

773  Data availability. All the data discussed in this work is available at the website:
774  cointerfaces.bioinfo.cnio.es
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Fig. S1. (A) Scheme of the co-evolutionary protocol developed. (B) Histogram of the ratio of inter-
protein versus intra-protein pairs (0 means that all belong to the same proteins; 1 means that all domain
pairs belong to different proteins) in the joint alignments. Cases of ambiguous classifications are rare:
in 493 out of 559 cases, the paired sequences are predominantly (covering more than 90% of the pairs)
found either in the same gene or in different genes. We classified a case as intra- or inter-protein when
the ratio was lower or higher than 0.5, respectively. (C) Percentages of interface conservation and
sequence identities for the 152 intra-protein and 43 inter-protein cases using representative interfaces.
Interface conservation and sequence similarity were defined as described in Fig 1. Marginal histograms
computed on the whole set of cases are in light brown; marginal histograms for predicted cases are in
dark brown.
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Fig. S2. (A and B) One-tailed Fisher test p-value (SI Text) as a function of the z-score threshold (all
co-evolving pairs with a z-score greater than the z-score threshold are considered) using comprehensive
interfaces, for inter-protein (A) and intra-protein (B) cases. (C and D) One-tailed Fisher test p-value
(SI Text) as a function of the z-score threshold using representative interfaces, for inter-protein (A) and
intra-protein (B) cases. Note: P-values with log(p-value) < ~ -300 are beyond the floating point
precision achievable using default R settings.
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Fig. S5. Each point represents a domain-domain interaction (inter-protein in squares, intra-protein in
circles) with structure in both prokaryotes and eukaryotes, coloured by its contact prediction precision
(white when there are not predictions). Percentages of sequence identity between the prokaryotic and
eukaryotic representative complexes and interface conservation (see Sl Text) are also shown. (A)
Precision by case in eukaryotes as a function of the percentage of sequence identity and interface
conservation using contacts from the comprehensive interfaces. (B) Precision by case in eukaryotes as
a function the percentage of sequence identity and interface conservation using contacts from

representative interfaces.
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Fig. S6. Quality alignment influence on the transference from prokaryotes to eukaryotes. Each point
represents a domain-domain interaction (inter-protein in squares, intra-protein in circles) with structure
in both prokaryotes and eukaryotes, coloured by its contact prediction precision (white when there are
not predictions). Percentage of sequence identity between the prokaryotic and eukaryotic representative
complexes and expected alignment accuracy (see Sl Text, Alignment quality measurement section) are
also shown. (A-D) The alignment quality has been computed considering the homologous sites in the
eukaryotic sequences of the comprehensive prokaryotic interface, for comprehensive (A-B) and
representative (C-D) interfaces. (E-H) The alignment quality has been computed considering only co-
evolving residues (see SI Text, Alignment quality measurement section), for comprehensive (E-F) and
representative interfaces (G-H).
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Fig. S7. (A and B) Pfam domains found in Thermus thermophilus (A) and human cytosolic (B)
phenylalanine tRNA synthetase are shown as rectangles. Pfam domains found in both eukaryotes and
prokaryotes are drawn in darker colours, core catalytic domain (Pfam: tRNA-synt_2d) in a subunit in
dark red, B5 and B3/4 (Pfam: B3_4) domains in (3 subunit in purple and dark blue respectively). (C)
Superimposition of Thermus thermophilus (in light colors) PheRS structure and human PheRS (in dark
colors) structure where the core catalytic domain (in reds) of both complexes have been structurally
aligned. The B3/4 domains are shown in blues. Detected co-evolving pairs are shown as cyan spheres
in the B3/4 domains and yellow in core catalytic domain. (D) Structural alignment of the Thermus
thermophilus (in light blue) and human (in dark blue) B3/4 domain. The insertion in the Thermus
thermophilus B3/4 domain is drawn in magenta. Zoom: The inserted region in detail. (E) Left: Thermus
thermophilus core catalytic domain with interface residues in yellow and co-evolving residues in yellow
spheres. Right: Human core catalytic domain with interface residues in yellow and projected co-
evolving residues in yellow spheres. Despite the changes at the interface of the B3/4 domain, projected
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co-evolving residues at the human core catalytic domain are found at its interface. (F) Left: Thermus
thermophilus B3/4 domain with interface residues in cyan and co-evolving residues in cyan spheres.
Right: Human core catalytic domain with interface residues in cyan. (G and H) The three co-evolving
pairs at the interface between the core catalytic domain and the B5 domain mapped to Thermus
thermophilus (G) and human (H) structures are shown as sticks and connected by green dash lines
together with the distance between the closest atoms in A .
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Comprehensive Representative

Before filter After filter  Before filter After filter

inter 081+005 091+0.04 0.74+0.06 0.83+0.05

intra  095+0.01 0.96+0.01 090+001 0.91+0.01

Comprehensive Representative
Before filter  After filter  Before filter After filter

inter 0.77+0.08 0.88+0.06 0.69+0.09 0.78+0.08

intra 090+0.02 0.93+0.02 0.87+0.02 0.89+0.02

Table S1. Precision for contact predictions at eukaryotic interfaces. (A) Contact precision for inter- and
intra-protein predictions and for both comprehensive and representative interfaces. For each dataset, the
precision has been computed using the formula YN TP, /¥N(TP; + FP;),where TP; and FP; are
respectively the number of true positive and false positives in the predicted contacts for the i-th
interface. (B) Interface-averaged contact precision, computed as the average precision over the set of
interfaces in each dataset: N=* YN TP;/(TP; + FP;). Standard errors were obtained by bootstrap
resampling (10000 iterations with replacement).
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