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We addressed the evolutionary trace of hetero-oligomer 
interfaces by comparing the structures of paralogous 
proteins; one of them is a monomer or homo-oligomer 
and the other is a hetero-oligomer. We found different 
trends in amino acid conservation pattern and hydro-
phobicity between homo-oligomer and hetero-oligomer. 
The degree of amino acid conservation in the interface of 
homo-oligomer has no obvious difference from that in 
the surface, whereas the degree of conservation is much 
higher in the interface of hetero-oligomer. The interface 
of homo-oligomer has a few very conserved residue posi-
tions, whereas the residue conservation in the interface 
of hetero-oligomer tends to be higher. In addition, the 
interface of hetero-oligomer has a tendency of being more 
hydrophobic compared with the one in homo-oligomer. 
We conjecture that these differences are related to the 
inherent symmetry in homo-oligomers that cannot exist 
in hetero-oligomers. Paucity of the structural data pre-
cludes statistical tests of these tendencies, yet the trend 
can be applied to the prediction of the interface of hetero-
oligomer. We obtained putative interfaces of the subunits 
in CPSF (cleavage and polyadenylation specificity fac-
tor), one of the human pre-mRNA 3’-processing com-
plexes. The locations of predicted interface residues were 
consistent with the known experimental data.
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The majority of the proteins in the cell form macromolec-
ular assemblies. About 80% of proteins in Escherichia coli 
are in the form more than dimer [1]. The situation is assumed 
to be more or less the same in eukaryotes, including humans. 
These macromolecular assemblies are known to be a central 
player in many cellular functions, and their structural analyses 
are the interest of structural biologists [2]. For the determi-
nation of the structure of macromolecular assembly, single-
particle cryo-electronmicroscopy (cryo-EM) is widely em-
ployed [3]. The technique has applied to the determination 
of the whole structures of ribosome [4] as well as spliceo-
some [5,6]. Structures obtained by cryo-EM are, however, in 
low resolution compared with those obtained by X-ray crys-
tallography. A widely accepted strategy for the improvement 
in the resolution of the structure is to build a hybrid struc-
tural data by combining the cryo-EM low-resolution data 
with atomic data of the subunit structures and interfaces [7]. 
A number of methods have been developed to fit the high-
resolution subunit structures into the contour of cryo-EM 
data [7]. This procedure cannot be completed only with struc-
tural data of the subunits and the macromolecular assembly, 
because there remain high degrees of freedom in positioning 
the subunit into the contour. Molecular dynamic simulation 
of the subunits, pre-docking calculation of two or more sub-
units, homology modelling and other data from small-angle 
X-ray scattering measurement and NMR for example are 
required for obtaining the structural data [8]. Hence for the 
hybrid method, data obtained by measuring or predicting the 
structures of the subunits and their interactions are valuable 
[9].

In the discipline of computational biology, interactions 
between proteins have been studied for a long time and the 
characteristics of the interface for the protein-protein 
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the same species as the one in PDB. Finally a potential 
homologous set with entries having different SUBUNIT 
record in UniProt was selected as a candidate set of paralo-
gous proteins with different oligomer state. The definition of 
paralogue here is not as strict as the one used in the study of 
molecular evolution. We used the term paralogue in such a 
case that two or more groups of proteins with different bio-
logical functions are apparently derived from a common 
ancestor.

The SUBUNIT record of UniProt in the entry did not 
always correspond to the oligomer state of the correspond-
ing entry in PDB. We checked all the possible oligomer state 
of each PDB entry in the candidates of paralogous proteins 
by scrutinizing the oligomer states of author definition, of 
the asymmetric unit and of the biological unit, and if none of 
the oligomer states in PDB met the description in SUBUNIT 
record of UniProt, then we discarded the candidate set. The 
description of oligomer state in UniProt was sometimes 
inconsistent in a way that evident orthologues were anno-
tated as being in different oligomer state. The contradiction 
may suggest that the protein should be actually in equilib-
rium of different subunit states or the subunit interactions 
should change in different conditions. In this case, we scru-

interactions have been compiled [10–12]. The characteris-
tics were found to be different between obligate (always 
oligomer) and non-obligate complexes in such a way that 
the interface is generally larger and more hydrophobic in the 
former. The large interface seems to undergo conformational 
change upon complex formation. Janin et al. [13] summa-
rized that the majority of the interface size was between 
1,200 and 2,000Å2, that the residues were hydrophobic and 
that the residue conservation was generally high. In addition, 
Hashimoto et al. [14] and Nishi et al. [15] reported that the 
residue insertion in the interface should have played an im-
portant role in oligomer formation. These characteristics can 
play important roles in predicting interfaces for protein-
protein interactions, and hence may help structure fitting in 
cryo-EM data.

Most of the macromolecular assemblies are homo-oligomers 
[1], and hence most of the computational studies have been 
performed on homo-oligomer structures. However, there are 
a non-negligible number of hetero-oligomers in macro
molecular assemblies and the knowledge of characteristics 
in the hetero-oligomer interfaces should also be required to 
grasp the whole picture of macromolecular assemblies. The 
paucity in the study of the interface of hetero-oligomers has 
been due to the fact that the number of hetero-oligomers 
with known three-dimensional structures was far smaller 
than that of homo-oligomers. However the increase in size 
of Protein Data Bank (PDB) [16] may allow us to study the 
interface of hetero-oligomers computationally.

We, therefore, computationally addressed the question on 
hetero-oligomer interfaces. Specifically we traced the pre-
sumptive evolutionary pathway from monomer to oligomer or 
small to big oligomers on both homo- and hetero-oligomers. 
This procedure can be carried out by identifying paralogous 
proteins in different oligomeric states in PDB. We then ex-
tracted information relatively unique to hetero-oligomer in-
terface formation. We further tried applying the obtained 
data to hetero-oligomer interface prediction. The result of 
the prediction may be verified in the independently on-going 
structure determination study.

Methods
Retrieving paralogous proteins with different subunit 
composition from PDB

The process to find paralogues with different oligomer 
states is summarized in Figure 1. Initially, we ran BLASTClust 
[17] against the whole amino acid sequences of proteins in 
PDB [16] with 25% identity threshold and 90% coverage 
cut-off, to identify potential homologous sets. Amino acid 
sequences in each set were then linked to an entry in UniProt 
[18] using DBREF record in PDB entry and its biological 
oligomer state was retrieved from SUBUNIT record. When 
DBREF record was missing in PDB, we ran BLAST [17] for 
searching uniprot_sprot.fasta for an entry of a high score 
(sequence identity >95% and coverage >95%) derived from 

Figure 1 Procedure for data selection from the Protein Data Bank. 
The detail is described in Methods section.
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hydropathy index of Kyte and Doolittle [25]. The index 
ranged between –4.5 and 4.5. We assigned a value –5.0 to a 
“gap residue.” A mean of the index was assigned to each site 
in the interface. We called the scale Hydropathy Index.

Results and Discussion
Potential paralogues with different subunit composition 
in PDB

We identified nine sets of entries (Table 1) following the 
procedures described in the methods section. The type of 
subunit changes can be classified based on the taxonomy 
depicted in Figure 2. Five out of nine sets were categorized 
to a transition from a monomer to multimer state. For the 
sake of clarity in the description, we will refer this type and 
other types using the term transition, but this does not indi-
cate that we found any evidence of the evolution from the 
monomer to the multimer state. These five members were 
further divided into homomer-invention (HoI) and heteromer-
invention (HeI) types. The remaining four cases were clas
sified to homomer-add-on (HoA) type, homomer-switch 
(HoS) type and heteromer-switch (HeS) type (Table 2).

The dataset in Table 1 is apparently small compared with 
the ones in the previous similar studies such as the dataset by 
Hashimoto and Panchenko [14] and the one by Nishi et al. 
[15]. The difference seemingly derived from the difference 
in the aim of the study. The dataset of Hashimoto and 
Panchenko [14] was concentrated on homodimers. Nishi et 
al. [15] aimed to study the interface of homo-oligomers and 
the dataset was focused on homo-oligomers. Our dataset was 
rather focused on homo-/hetero-oligomers with paralogues, 
namely proteins likely derived from a common ancestor with 
different biological functions. In addition to the conceptual 

tinized the literatures and tried to set a consensus of the 
oligomer state.

A phylogenetic tree of each candidate set was drawn by 
the neighbour-joining method [19], based on the multiple 
sequence alignment of homologous sequences retrieved from 
UniProt by BLAST with an E-value threshold of 10–4. The 
alignment was performed on ALAdeGAP [20]. If two or 
more distinct clusters were found in the tree with, at least, 
one sequence derived from PDB in each cluster, then the 
candidate set was selected as an analysis target.

Identification of subunit interface and surface residues
Residues at the subunit interface were detected by differ-

ences in accessible surface areas of the protein chain when 
the area was calculated in an oligomer state and a monomer 
state, as we previously employed in detecting protein-ligand 
interface [21]. We calculated the accessible surface area by 
the in-house program that is based on the method of Shrake 
and Rupley [22]. The accessibility of each residue was cal-
culated based on the method described by Go and Miyazawa 
[23]. If the difference between the accessibility of a residue 
calculated on an oligomer state and that on the monomer 
state is no less than 0.03 (the detection limit of the in-house 
program), then the residue was defined as the one in the inter-
face. If the difference is less than 0.03 and the accessibility 
on the oligomer state is more than 0.1, then the residue was 
defined as the one on the surface.

Assessing changes in the interface residues
Types of changes in the interfaces between the paralogues 

were classified as shown in Figure 2. In Figure 2, we assumed 
that one of the paralogues (paralogue B) is either homo- or 
hetero-dimer, hence this classification is not exhaustive, but 
in retrospect, the types shown in Figure 2 were sufficient for 
describing the data set we used in the present study.

Once the interface was identified, amino acid conserva-
tion on the interface could be measured. Conservation of 
amino acid residues at the interface was measured in two 
different scales. A first scale measured the variability of amino 
acid types amongst the orthologues and amongst paralogues 
by the following equation based on Shannon’s entropy [24];

–
21

Σ
n=1 p i

n × log2 p i
n – < –

21

Σ
n=1 p s

n × log2 p s
n >s ,

where pi was a frequency of certain amino acid type in the 
multiple sequence alignment at a specific site of the interface 
and ps was of the surface. The suffix n was defined from one 
to 21, because in this study, a gap was treated as the 21st 
amino acid type. The second term in the equation described 
the average evolutionary rate of the surface of the protein. 
The second term could level the measure amongst the pro-
teins with different evolutionary rate. We called the scale 
ΔConservation.

A second scale measured the average chemical type of the 
residues amongst the orthologues and paralogues using the 

Figure 2 Classification of the differences in interface between par-
alogues. Number in parentheses is the count in Table 1. Each type is 
named based on its oligomer state and the putative evolutionary path-
way of acquiring the interface. For example HoI stands for “homomer” 
and “Invention.”
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of deoxyribonucleoside kinase (dNK) and deoxycytidine 
kinase (dCK), and a pair of pitrilysin and insulin-degrading 
enzyme (Table 1).

dNK and dCK. dNK phosphorylates a variety of deoxy
ribonucleosides and demonstrates its activity in monomer 
state [26]. On the other hand, dCK is a deoxycytidine spe-
cific kinase and function in homodimer [27]. In PDB, the 
asymmetirc unit of dNK contains four subunits [28], but 
based on the experimental results, we singled out the longest 
chain (chain B) as a representative structure. The structure of 
dCK was determined in homodimer [29]. The superposition 
of the two structures depicted a facet of interface which con-
tains 35 amino acid residues (Fig. 3A). The changes in prop-
erties of these residues were shown in Figure 3B. Most of 
the dots are distributed around 0.0 of ΔConservation, indi-
cating that the degree of conservation of the residues in the 
interface of homodimer dCK is similar to the ones in the 

reasons, we also encountered difficulty in making clear deci-
sion in the phylogeny step in Figure 1. Many phylogenetic 
trees have turned out hard to decipher and we inevitably dis-
carded those data. The inclusion of those data will be our 
future work. Another note should be made on conforma-
tional difference between the protein in a monomer state and 
in an oligomer state. Conformation change in a protomer is 
expected when the structures of proteins in a monomer and 
an oligomer states are compared. In the current study, we 
checked the conformational change one by one and did not 
performed systematic study on it. The conformational change 
did not affect the size of the database in a retrospect. The 
systematic study will be our future work, too.

Detail of the interface patterns in each type
Homomer-invention (HoI) type

Two sets of enzymes are included in this category; a pair 

Table 1 Paralogous proteins with different subunit composition

set

Paralogue A Paralogue B

Description* identity 
(%)** multimer UniProtID PDB chain Description* identity 

(%)** multimer UniProtID PDB chain

1 deoxyribonucleoside kinase 
(5) 51±24 monomer DNK_DROME 2JJ8 B deoxycytidine kinase (8) 56±25 homodimer DCK_HUMAN 2NO0 A

2 pitrilysin (11) 43±36 monomer PTRA_ECOLI 1Q2L A insulin-degrading enzyme 
(15) 40±23 homodimer IDE_HUMAN 2G47 A

3 HisA (535) 40±10 monomer HIS4_THEMA 1QO2 A HisF (529) 50±11 heterodimer HIS6_THEMA 1GPW A

4 L-aspartate oxidase (37) 36±12 monomer NADB_ECOLI 1KNP A succinate dehydrogenase 
SdhA (30) 66±13 heterotetramer SDHA_PIG 3AE9 A

5 myoglobin (104) 69±20 monomer MYG_HUMAN 3RGK A hemoglobin beta chain (289) 62±16 heterotetramer HBB_HUMAN 4HHB B

6 threonine synthase  
(20) 36±13 homodimer THRC_MYCTU 2D1F A cystathionine beta-synthase 

(33) 36±13 homotetramer CBS_HUMAN 1M54 A

7 D-cysteine desulfhydrase  
(72) 56±23 homodimer DCYD_SALTY 4D9F D tryptophan synthase beta 

chain (364) 52±15 heterotetramer TRPB_SALTY 1K7F B

8 MoeA (30) 28±18 homodimer MOEA_ECOLI 2NQK A gephyrin (5) 57±36 homotrimer GEPH_HUMAN 1JLJ A

9 GatD (34) 47±12 heterodimer GATD_METTH 2D6F A L-asparaginase I (25) 34±15 homotetramer ASPG1_ECOLI 2HIM A

** The number in the parentheses is the number of homologous amino acid sequences retrieved from Uniprot.
** A mean sequence identity with a standard deviation in each category.

Table 2 Comparison between the paralogues

set
Comparison Separation Probability****

identity (%)** Calpha RMSD Interface*** ΔConservation Hydropathy

1 32±4 1.63 Å (143 aa) HoI 0.10 0.38
2 19±5 2.05 Å (428 aa) HoI 0.20 0.06
3 24±3 2.22 Å (226 aa) HeI 0.02 0.05
4 28±3 1.90 Å (499 aa) HeI 0.22 0.01
5 25±3 1.47 Å (145 aa) HeI 0.08 0.04
6 11±2 2.69 Å (290 aa) HoA 0.06 0.20
7 14±2 2.73 Å (197 aa) HoA 0.03 0.49
8 24±8 2.87 Å (135 aa) HoS 0.11 0.40
9 24±3 1.96 Å (307 aa) HeS 0.01 0.30

**** The classification of the interface is depicted in Figure 2.
**** Separation probability is calculated from the values of student-t along the X and Y axes in 

Figures 3 to 9.
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this case study, the corresponding residues in dNK and in 
dCK are conserved in a similar manner and the distribution 
of dots in Figure 3B overlaps. We found three residues that 
improved ΔConservation by oligomerisation. These may be 
the ones called “hot spot,” residues important for the stabil-
ity of oligomer. Janin et al. [13] also summarized the hydro-
phobic tendency of the interface residues. If this is the case, 
then red dots tend to appear in the top of the graph and blue 
dots tend to appear on the bottom. But both red and blue dots 
are scattered along the vertical axis in Figure 3B. The impor-
tance of insertion residues in oligomerisation was pointed 
out by Hashimoto and Panchenko [14] and Nishi et al. [15]. 
In our case study on dNK/dCK, the insertion evidently 
played important role in interface invention, but the residues 
in the insertion are relatively less conserved.

Pitrilysin and insulin-degrading enzyme. Pitrilysin is a 
zinc metalloendopeptidase specific to a small peptide and 
active as a monomer, while a mammalian homologue, insulin-
degrading enzyme, is a homodimer [32]. The structures of 
these enzymes are formed by two domains, namely N- 
terminal and C-terminal domains, and the structure of pitri-
lysin was determined in a relatively open conformation 
compared to the one of insulin-degrading enzyme. The dimer 
interface of insulin-degrading enzyme was found in the C- 
terminal domain, hence the structures were superimposed 
using C-terminal domain (Fig. 4A). Note that the ΔConser-
vation-Hydropathy Index plot in Figure 4B shows four clear 
characteristics in interface. A first point is that there exist 
two putative “hot spot” residues protruding to the left in the 
graph. This characteristic is the same as the previous pairs 
up above. A second intriguing point is that many of the inter-
face residues in insulin-degrading enzyme are insertion resi-
dues against pitrilysin. This is depicted by the localization of 
blue dots on the horizontal axis in Figure 4B. The character-
istics suggested by Hashimoto et al. [14] and Nishi et al. 
[15] was well observed in this enzyme pair, too. A third point 
is that the interface residues had no clear tendency of change 
to hydrophobic amino acids. If it were, then the edge should 
have a tendency to go up in the plot with a blue dot on the 
bottom and a red dot on the top. On the contrary, the ten-
dency shown in Figure 4B is the opposite; that is the edges 
tend to go down with blue dots on the top and red dots on the 
bottom, except the dots involving gaps in the alignment. And 
a fourth point is that many red dots are found on the right 
side (positive side) of the graph, indicating that the conser-
vation is low compared with the residues on the surface.

Heteromer-invention (HeI) type
Three sets of proteins are classified in this category; a pair 

of HisA and HisF, a pair of L-aspartate oxidase and succinate 
dehydrogenase, and a pair of myoglobin and hemoglobin 
beta (Table 1).

HisA and HisF. HisA is phosphoribosyl isomerase A and 
located in the fourth step of histidine biosynthesis path-
way. HisA was shown to have (βα)8-barrel fold [34] and to 

surface and the ones in the monomer dNK. However, there 
are ten exceptions that protrude in the left side of the graph. 
Of the ten, three red dots are connected to the blue dots in 
the right side, indicating that the residues are uniquely con-
served in dimer interface of dCK. Out of the remaining 
seven blue dots, five dots are “gap residues” and the dCK has 
insertion residues against dNK. The remaining two dots are 
connected to the red dots in the right side.

The conservation of interface residues has been pointed 
out by many studies and reviewed by Janin et al. [13]. But in 

Figure 3 HoI (Homoer-Invention) type transition from dNK to 
dCK. A. Superimposition of the three-dimensional structures of dNK 
[28] and dCK [29]. dNK is a monomer enzyme and shown by a ribbon 
model in rainbow colour. dCK is a dimer and shown by a ribbon model, 
one subunit in grey and the other subunit in white. The subunit in grey 
was superimposed with dNK. The subunit interface residues corre-
sponding in dNK were shown in dot surface and stick models. The 
superimposition calculation was performed with CE [30] and the result 
was visualized by PyMOL [31]. B. ΔConservation-Hydropathy Index 
plot of dNK and dCK. The horizontal axis is the value of ΔConserva-
tion. Zero means no difference between the surface and the interface, 
plus means that the residue in the interface is less conserved than the 
surface, and minus means that the residue in the interface is more con-
served that the surface. The vertical axis is Hydropathy Index. Each dot 
represents an amino acid position in the interface of dCK. A dot in blue 
derives from dNK (paralogue A in Table 1) and a dot in red from dCK 
(paralogue B in Table 1). The Corresponding residues from both 
enzymes in the multiple sequence alignment are connected by an edge.



108 Biophysics and Physicobiology Vol. 12

served against the corresponding non-interface residues. The 
interface characteristics are different from the ones of homo-
oligomer.

L-aspartate oxidase and succinate dehydrogenase. L- 
aspartate oxidase is a flavoprotein involved in cofactor bio-
synthesis pathway and its activity was shown to perform in a 
monomer state in E. coli [38] and the three-dimensional 
structure was also determined as a monomer [39]. Succinate 
dehydrogenase is a huge enzyme complex involved in Krebs 
cycle. The protomer consists of four subunits, namely succi-
nate dehydrogenase flavoprotein subunit (SdhA), succinate 
dehydrogenase iron-sulfur subunit (SdhB), and cytochrome 
b560 (SdhC, SdhD) in a cell [40]. The protomer further forms 
a trimer and the entire structure was already determined 
[41]. SdhA and L-aspartate oxidase are homologous and the 
three-dimensional structures are similar (Fig. 6A). SdhA 
forms a direct interaction with SdhB, hence the analyses 
here was performed over the heterodimer of SdhA and SdhB. 
On the ΔConservation-Hydropathy Index plot in Figure 6B, 
there are 78 residue positions and most of the blue dots 
derived from the residues of L-aspartate oxidase are located 

function as a monomer in Escherichia coli and Thermotoga 
maritima [35]. HisF is located in the fifth step of histidine 
biosynthesis pathway and catalyzes the reaction of an imid-
azole glycerol phosphate synthesis. The enzyme was shown 
to form a heterodimer with HisH, another subunit for the 
reaction catalysis [36] and the three-dimensional structure was 
determined in the complex [37]. The overall three dimen-
sional structure of HisA and HisF was superimposed and 
HisH was found on the top of the barrel structure without 
any overlap with HisA (Fig. 5A). ΔConservation-Hydropathy 
Index plot (Fig. 5B) showed some peculiar differences from 
the ones in HoI types. There were 36 residue positions in-
volved in the subunit interface and most of them (red dots) 
tend to locate in the upper area of the plot compared with 
the corresponding residues in HisA (blue dots) connected 
by edges. The separation in the distribution of the blue and 
red dots along the vertical axis is statistically significant 
(Wilcoxon test, p<10–3) (Table 2). Another tendency in the 
plot is that there are a number of red dots in the lower left 
side. The number of the red dots protruding to the left is 
apparently greater than the ones in HoI. These results demon-
strate that interface residues tend to be hydrophobic and con-

Figure 5 HeI (heteromer-invention) type transition from HisA to 
HisF. A. Superimposition of the three-dimensional structures of HisA 
[34] and HisF [37]. See the caption of Figure 3A for the colour. B. 
ΔConservation-Hydropathy Index plot of HisA and HisF.

Figure 4 HoI (Homoer-Invention) type transition from pitrylysin 
and insulin-degrading enzyme. A. Superimposition of the three-
dimensional structures of pitrylysin and insulin-degrading enzyme 
[33]. See the caption of Figure 3A for the colour. B. ΔConservation-
Hydropathy Index plot of pitrylysin and insulin-degrading enzyme.



Aoto and Yura: Evolution of hetero-oligomer interface in paralogues 109

in HoI type. The general difference in types of amino acid 
found in the interface has been reported a number of times 
[13] and interfaces of homodimers was reported to be less 
hydrophobic than the ones in heterodimer [45]. In this case 
study, by comparing the result of HoI and HeI, we suggest 
that the changes in amino acid types of interface for homomer 
should be within the range of the counterpart in the mono-
mer state except for a few “hot spot” residues and that the 
changes for heteromer should be drastic especially in its 
hydrophobicity. The statistical significance of the differ-
ences was not clear, but the trends can be clearly found by 
calculating the separation probability of the dot distribution 
on the ΔConservation-Hydropathy Index plot along the 
ΔConservation axis and along the Hydropathy axis (Table 
2). The probabilities of the separation in ΔConservation of 
HoI are generally higher than those of HeI, and the probabil-
ities of the separation in Hydropathy Index are less than 5% 
in HeI. The difference can also be found in the role of inser-
tion in the interfaces. In the homomer, insertions seemed to 
play important roles, but in heteromer, the contribution of 
insertion was less apparent.

in the centre area surrounded by red dots. Especially in the 
upper area of the graph, the red dots are evident compared 
with the blue dots, indicating that the interface residues are 
hydrophobic.

Myoglobin and hemoglobin beta. Subunit interface of 
globin proteins has been studied extensively. Shionyu et al. 
extensively analyzed the interface of different globin pro-
teins and found that a subtle difference of amino acid resi-
dues should have brought a drastic change in oligomer state 
in globin family [42]. We analysed here the interface differ-
ence between myoglobin, the monomer globin protein and 
the hemoglobin beta subunit, the closest homologue to 
myoglobin (Fig. 7). There are 22 residues in the interface of 
beta subunit to the other subunits and they also showed ten-
dency similar as the other ones, namely increase in hydro-
phobicity, but the tendency was not statistically supported 
(Table 2).

Comparison between HoI and HeI.
The trends found in HeI type were different from the ones 

Figure 6 HeI (heteromer-invention) type transition from L- 
aspartate oxidase to SdhA. A. Superimposition of the three-dimensional 
structures of L-aspartate oxidase [39] and SdhA [41]. See the caption of 
Figure 3A for the colour. The green translucent cover indicates a cell 
membrane. B. ΔConservation-Hydropathy Index plot of L-aspartate 
oxidase and SdhA.

Figure 7 HeI (heteromer-invention) type transition from myoglo-
bin to hemoglobin beta. A. Superimposition of the three-dimensional 
structures of human myoglobin [43] and human hemoglobin beta sub-
unit [44]. See the caption of Figure 3A for the colour. B. ΔConservation-
Hydropathy Index plot of myoglobin and hemoglobin beta subunit.
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Homomer add-on (HoA) type
Two sets of proteins are classified in this category; a pair 

of threonine synthase and cystathionine beta-synthase, and a 
pair of D-cysteine desulfhydrase and tryptophan synthase 
beta (Table 1). These four enzymes belong to the same super-
family, the family of PLP-dependent enzyme. We decom-
posed the family into two groups based on the similarity of 
the amino acid sequences.

Threonine synthase and cystathionine beta-synthase. Thre-
onine synthase derived from a bacterium Corynebacterium 
glutamicum was characterized as a monomer enzyme [46], but 
the one from another bacterium Mycobacterium tuberculosis 
as a dimer [47], and the one from Arabidopsis thaliana as a 
dimer [48]. This discrepancy in the oligomer state may be 
authentic, because the oligomer state could be found different 
in the orthologous proteins [13]. Cystathionine beta-synthase 
was characterized as tetramer [49]. Hence with this set of 
proteins, we can at least analyse the transition from homo
dimer to homotetramer (Table 1). When one subunit of the 
dimer of threonine synthase was superimposed to one sub-
unit of the tetramer of cystathionine beta-synthase, the other 
subunit in the dimer of threonine synthase was automati-
cally superimposed to another subunit of cystathionine beta-
synthase, indicating that the tetramer interactions include the 
dimer interface (Fig. 8A). From the perspective of threonine 
synthase, cystathionine beta-synthase gained a new interface 
from the surface of threonine synthase to transform to tet
ramer. The changes in amino acid residues are shown in 
ΔConservation-Hydropathy Index plot in Figure 8B. A pair 
of two dots connected by an edge corresponds to a homolo-
gous pair of residue sites in the multiple sequence alignment 
of both enzymes, and the residue is on the surface of thre-
onine synthase (blue dot) and in the interface of cystathi-
onine beta-synthase (red dot). To consider a change specific 
for this transition, trends in interface can be a reference in 
the same proteins and shown in Figure 8C. In this figure, 
trends in threonine synthase subunit interface, which is also 
a subunit interface in cystathionine beta-synthase are shown. 
As expected from the trends in HoI, there are no clear ten-
dencies in the direction of the edge and the location of dots 
except for a few red dots protruding to the left of the graph.

D-cysteine desulfhydrase and tryptophan synthase beta. 
Contrary to the result of the pair of threonine synthase and 
cystathionine beta-synthase, a pair of D-cysteine desulfhy-
drase and tryptophan synthase beta had much clearer ten-
dency in the interface. D-cysteine desulfhydrase catalyses a 
degradation reaction of D-cysteine with PLP in some specific 
bacteria [51], and considered to be a defence mechanism 
against D-cysteine. The enzyme appears to form a homo
dimer [51]. Crystal structure of the enzyme also forms a 
homodimer [52]. Tryptophan synthase beta subunit, together 
with an alpha subunit, is located at the terminal of trypto-
phan biosynthesis pathway and catalyses the last reaction 
in the pathway, that is the synthesis of L-tryptophan from 
indole and L-serine. Alpha and beta subunit forms a hetero

Figure 8 HoA (homomer-add-on) type transition from threonine 
synthase to cystathionine beta-synthase. A. Superimposition of the three-
dimensional structures of threonine synthase homodimer [47] and cys-
tathionine beta-synthase homotetramer [50]. All the subunits are shown 
by ribbon model. One subunit of threonine synthase is coloured in rain-
bow, and the other subunit in deep cyan. The subunit of cystathionine 
beta-synthase superimposed to the subunit of threonine synthase is 
coloured in grey and all other subunits of the tetramer were coloured in 
white. B. ΔConservation-Hydropathy Index plot of threonine synthase 
and cystathionine beta-synthase. C. ΔConservation-Hydropathy Index 
plot for an amino acid residue site at all the interface in cystathionine 
beta-synthase. This is considered to be background behaviour of amino 
acid residue site to evaluate the behaviour of dots in B.
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Homomer switch(HoS) type
MoeA and gephyrin. In a pair of MoeA and gephyrin, we 

found a complete switch of subunit interface (Fig. 10A). 
MoeA (rainbow and deep cyan in Figure 10A) catalyses the 
insertion of molybdate into molybdopterin and function as 
a homodimer [55]. Gephyrin is a multifunction protein ini-
tially considered to associate with a function of cytoskeleton, 

dimer and can complete the reaction, but alpha-beta-beta-
alpha tetramer increases the reaction rates by one to two 
orders of magnitude and this tetramer is considered as a bio-
logical unit [53]. When the structures of both enzymes were 
compared, the dimer form of D-cysteine desulfhydrase is 
almost identical to the beta dimer in tryptophan synthase 
tetramer (Fig. 9A). Therefore, the configuration of trypto-
phan synthase beta subunit dimer is effectively the same as 
the one of D-cysteine desulfhydrase and tryptophan synthase 
beta subunit seems to acquire a new interface for alpha sub-
unit at the time of evolving tryptophan biosynthesis path-
way (Fig. 9A). Hence the interface is a heteromer interface 
and is expected to share trends found in HeI. As expected, 
hydrophobicity is in the tendency of increase and there are 
quite a number of red dots on the left side of the graph. The 
role of insertion residues is noticeable in this case, which was 
rather peculiar in HoI than HeI in the observation above.

Figure 9 HoA (homomer-add-on) type transition from D-cysteine 
desulfhydrase to tryptophoan synthase beta. A. Superimposition of the 
three-dimensional structures of D-cysteine desulfhydrase homodimer 
[52] and tryptophan synthase alpha and beta heterotetramer [54]. For 
clarity, one of the alpha subunits of tryptophan synthase is deleted from 
the figure. When the beta subunit in grey is superimposed to one of the 
subunits in D-cysteine desulfhydrase, the other beta subunit in trypto-
phan synthase locates on the other subunit of desulfhydrase (deep 
cyan). See the caption of Figure 8A for the colour. B. ΔConservation-
Hydropathy Index plot of D-cysteine desulfhydrase and tryptophan 
synthase beta subunit.

Figure 10 HoS (homomer-switch) and HeS (Heteromer-switch) 
types transition. A. Superimposition of the three-dimensional structures 
of MoeA [55] in rainbow colour and deep cyan, and gephyrin [56] in 
grey and white. B. Superimposition of the three-dimensional structures 
of GatD heterodimer [60] in rainbow colour and deep cyan, and L- 
asparaginase I [61] in grey and in white. C. Superimposition of the 
three-dimensional structures of GatD heterotetramer [60] in rainbow 
colour and deep cyan, and L-asparaginase I [61] in grey and white. 
Note that one of the subunits of GatD in deep cyan is in complete fit to 
a subunit of L-asparaginase I in white.
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acteristics between the homomer and the heteromer stems 
from the existence of symmetry in homomer and non-
existence of the one in heteromer. Homomer inevitably has 
symmetric axes in its oligomer structure and changes in a 
single amino acid residue have twice as much effect as the 
one in heteromer. The effect of a small number of changes in 
amino acid residues in homomer could add up to the effect 
equivalent to a large number of changes in heteromer. This 
conjecture may tell that the stability of homomers can be 
achieved by conservation of a very few hot spot residues, 
and hence the conservation in the interface of homomer is 
lower than that of heteromer.

Due to the difficulty of selecting hetero-oligomer inter-
faces and to the paucity in data of hetero-oligomers, this 
report turned out to be case studies for a couple of structures 
and should be improved with further study, yet this study 
evidently found different trends in heteromer interface com-
pared with homomer interface.

Preliminary application of the trends to the prediction 
of heteromer interfaces - case study in cleavage and 
polyadenylation specificity factor, CPSF

The mechanisms of mRNA processing in eukaryotic cell 
is one of the central interests in molecular biology because 
of its importance in deciphering the information in genome 
sequence and of its time and space complexity [62]. The 
three-dimensional structures of the macromolecular assem-
blies involved in mRNA processing are being measured by 
many research groups to elucidate the mechanisms of tran-
scription in eukaryotic cells. Cleavage and polyadenylation 
specificity factor (CPSF), one of the macromolecular assem-
blies for mRNA processing, involved in the initiation of 
polyadenylation step as its name suggested, has long been a 
target for the study and its structure is being analysed [63]. 
However, the complexity of the molecules still precludes the 
visualization of the assembly, hence the assembly can be a 
good target for computational prediction.

The subunit composition of CPSF has been studied and 
CPSF is found to be an assembly of at least five subunits in 
humans, namely CPSF160, CPSF100, CPSF73, CPSF30 and 
FIP1L1 [64]. FIP1L1 is rather specific to humans and spe-
cies close to human. CPSF30 is a small protein compared 
with other three subunits. Hence the main architecture of 
CPSF is likely formed by CPSF160, CPSF100 and CPSF73. 
The active site for the cleavage of mRNA resides in CPSF73 
and a part of its three-dimensional structure was already 
solved by X-ray crystallography [65]. The three dimensional 
structures of CPSF160 and CPSF100 have not been solved. 
The subunits of CPSF have paralogues in completely differ-
ent macromolecular assemblies (Fig. 11) and the three-
dimensional structures of the homologs of CPSF160 and 
CPSF100 were already registered in PDB. In fact CPSF100 
and CPSF73 are homologous with each other. Based on these 
data, we approached the elucidation of heteromeric CPSF 
structure using the empirical rules we obtained in this study.

but later found to have inhibitory function for glycine recep-
tors [57]. The structure was solved both in its whole sequence 
(homodimer) [58] and in the C-terminal domain named G 
domain (homotrimer) only [56], and both forms seem to 
have biological implication. The posture of the homodimer 
is the same as the one of MoeA, but those of homotrimer is 
completely different (Fig. 10A). G domain of gephyrin is 
involved in both dimer interaction and trimer interaction, but 
the interface is completely different.

Heteromer switch(HeS) type
Archaeal glutamyl-tRNA amidotransferase D chain (GatD) 

that catalyses a conversion reaction from Glu to Gln on 
tRNA(Gln), is homologous to L-asparaginase I/II that cata
lyses a conversion reaction of Asp to Asn. GatD forms a 
heterodimer with GatE [59] and forms a complex with 
tRNA(Gln) [60]. On the other hand, L-asparaginase I forms 
a homotetramer, a dimer of dimers [61]. When the two struc-
tures were superimposed, a slight overlap between GatE and 
another subunit of L-asparaginase I was observed (Fig. 10B), 
but the interfaces are mostly on a different area, hence a dif-
ferent protomer interacts with different posture. An intri
guing finding in this combination was that in the crystal, 
GatDE formed a dimer of dimers and the dimer interface of 
GatD is quite similar to the ones for L-asparaginase I (Fig. 
10C). When a protomer of GatD and L-asparaginase I was 
superimposed, then the other GatD in the crystal and another 
L-asparaginase I subunit automatically superimposed them-
selves.

General trends in hetero oligomer interface
Some of the characteristics in oligomer interface as a 

whole were analyzed by Janin et al. [13]. The characteristics 
specific for homo-oligomers have also been noted in the pre-
vious studies by Hashimoto et al. [14] and Nishi et al. [15]. 
Briefly, the characteristics are higher conservation of amino 
acid residues, higher hydrophobicity and a significant role of 
insertion. In the present study, we extended the study of the 
characteristics to hetero-oligomer and elucidated the applica-
bility of those trends to the heteromer interfaces. We applied 
the ΔConservation-Hydropathy Index plot to the study of 
interface and found that heteromer interface (HeI) should be 
peculiar in its hydrophobicity and higher conservation. The 
interface of homomer (HoI) has somewhat similar tendency 
in hydrophobicity to the one on the surface, but should be 
peculiar in the existence of a few “hot spot” residues. The 
significance of insertion residues in the interface seems dif-
ferent in homomer and heteromer, too. In the homomer, 
insertions seem to play important roles [14,15], but in het-
eromer, the contribution of insertion is less apparent. These 
results further suggests that, for instance, the strategy of 
interface prediction for homo-oligomer and hetero-oligomer 
should be different and that stress should be put to the differ-
ent tendency.

We conjecture that the differences in the interface char



Aoto and Yura: Evolution of hetero-oligomer interface in paralogues 113

Figure 12 shows the three-dimensional structure of 
CPSF160, CPSF100 and CPSF73 of humans. The structures 
of CPSF160 and CPSF100 were obtained by homology 
modelling. For CPSF160, the structure of HSDDB1 (PDB 
ID: 3ei1(A)) [66] was used as a template and alignment was 
performed by ALAdeGAP[20]. For CPSF100, the structure 
of CPSF73 (PDB ID: 2i7v(A)) [65] was used. The model 
structures were built by MODELLER [67] and the structure 
with the best DOPE energy was selected. For the prediction 

Figure 11 Subunit composition of cleavage and plyadenylation 
specificity factor (CPSF), DDB1-DDB2-CUL4-RBX1 complex, Splic-
ing factor 3B (SF3B), Integrator Complex (Inr) and a putative archaeal 
CPSF (aCPSF). Many subunits are shared amongst the complexes. Sub-
units in the same colour share high sequence identity and quite likely to 
be derived from a common ancestor. CPSF73 and CPSF100 are homo-
logue with each other and their homologues exist as a monomer in bac-
terium (PAB1868) and homodimer in archea (MTH1203). Homologue 
of CPSF160 exists in splicing factor 3B as SAP130 and DNA repair 
complex as DDB1. The three-dimensional structure of DDB1 has been 
solved [66].

Figure 12 Structures of each subunit of human CPSF and their 
predicted interface residues for assembly. The structure of CPSF73 was 
already determined by X-ray crystallography and those of CPSF100 
and CPSF160 were the prediction by homology modelling. The active 
sites on CPSF73 are shown in white stick model. The predicted inter-
face residues are shown in white space-filling model. The interface res-
idues were narrowed down to these residues based on the tendency of 
hetero-oligomer interfaces found in this study.
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of interface residues, we aligned the paralogues of each 
CPSF subunit, identified the ΔConservation and Hydropathy 
Index of the surface residues in their monomer states and 
selected residue positions that met the trends we found 
above, namely high hydrophobicity and conservation change. 
The method in detail will be explained elsewhere. The pre-
dicted interface residues are shown in space-filling model. 
As described above, CPSF100 and CPSF73 are homologous, 
but only CPSF73 functions as an mRNA 3’-processing 
endonuclease [68] and CPSF100 does not. We presume that 
CPSF100 lost the endonuclease activity and started playing 
a role of scaffold in CPSF complex. The locations of pre-
dicted interface residues are consistent with this conjecture. 
The putative active site of CPSF73 is located on the C- 
terminal end of the β-sheet of the upper domain in Figure 12, 
where no predicted interface residue exists and the puta-
tive active site is accessible. The corresponding region in 
CPSF100 has predicted interface residues and should be 
used as an interface to CPSF160. The other cluster of pre-
dicted interface residues on CPSF100 (in the lower domain 
in Figure 12) may function as an interface to CPSF73, 
because the same surface is used for the subunit interface in 
the product of Mm0695 gene from Methanosarcina mazei, 
the putative archaeal homolog of CPSF [69]. The informa-
tion obtained here will help build the structure of the whole 
CPSF and will be verified by cryo-EM analysis, which is on 
the way [63].
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