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Oligomeric proteins are central to cellular life and the
duplication and divergence of their genes is a key driver of
evolutionary innovations. The duplication of a gene coding for
an oligomeric protein has numerous possible outcomes, which
motivates questions on the relationship between structural and
functional divergence. How do protein oligomeric states
diversify after gene duplication? In the simple case of
duplication of a homo-oligomeric protein gene, what properties
can influence the fate of descendant paralogs toward forming
independent homomers or maintaining their interaction as a
complex? Furthermore, how are functional innovations
associated with the diversification of oligomeric states? Here,
we review recent literature and present specific examples in an
attempt to illustrate and answer these questions.
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Introduction

One of the earliest accounts of gene duplication ap-
peared in the 1930s, when doubling of a chromosomal
band in Drosophila melanogaster was associated with ex-
treme reduction in eye size [1]. Since then, this phe-
nomenon has been recognized as a ubiquitous source of
functional novelty across the Tree of Life [2—4]. Indeed,

duplicated genes (typically termed as paralogs [5]) in-
itially retain the overall sequence and structural features
of the ancestral single-copy gene, but over time, they
also diverge, either symmetrically [6] or asymmetrically
[7-9], that is, at similar or different rates, and can bring
about functional innovations.

Functional innovations are intimately associated with
changes in protein structure. In this context, it is im-
portant to consider the tertiary and quaternary structure
of paralogous proteins when examining the evolution of
their function. For example, after duplication, a protein
may acquire a novel targeting sequence and perform the
ancestral function in a new subcellular compartment
[10]. Alternatively, sequence changes in paralogs by
point-mutations or by insertion-deletions can lead to
functional innovations [11-21] such as subdivision of the
ancestral function among the duplicated copies [11], new
enzymatic activities [12,13], regulatory modes [12,14], or
interaction partners [15,16]. In this review, we survey
and classify how changes in quaternary structure relate
to the functional diversification of paralogous proteins.
First, we present how gene duplication can diversify
protein oligomeric states in the context of homomers.
Second, we examine molecular and regulatory changes
associated with such diversification. Finally, we illustrate
how functional innovations can be coupled to changes in
oligomeric state.

Gene duplication can drive the emergence of
new protein oligomeric states

The duplication of a gene opens numerous possible
routes of functional innovation. Once fixed, the func-
tional redundancy conferred by the two copies relaxes
the selection pressure on them, allowing the diversifi-
cation of their sequence, structure, oligomeric state, and
in turn, function. A homomeric protein is perhaps the
simplest model system to understand these events
(Figure 1a). In principle, right after duplication of a gene
encoding a homomeric protein, a statistical mixture of
homo- and heteromeric complexes would form (Mixed).
Upon further divergence, various scenarios may occur
[22-25]. The statistical mixture may continue to exist
[23,26]. Alternatively, the two copies might lose the ca-
pacity to cross-interact, resulting in two independent
homomers (Obligate homo); or, they might lose the capa-
city to self-interact, resulting in a single heteromeric
complex (Obligate hetero). The interaction pattern might
also diverge asymmetrically, in which one copy retains
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Figure 1
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Evolution of oligomeric state among homomeric proteins upon gene
duplication. (a) Duplication of a gene encoding a homomeric protein.
Before divergence, interfaces are compatible, so a mixture of homo- and
heteromeric complexes can coexist. As the two copies diverge, three
outcomes may follow: (i) each duplicate self-interacts, which we refer to
as “Obligate homomers”. (ii) Both duplicates can interact to form a
heteromeric complex that we refer to as “Obligate heteromer”. (i) The
duplicates follow different paths, with, for example, one copy remaining
a homomer, while the other gains a new interaction. (b) The relative
frequency of the four different outcomes as observed in an analysis of E.
coli and S. cerevisiae’s interaction networks [22]. Homomeric
interactions are dominant in E. coli, whereas cross-reacting paralogs are
dominant in S. cerevisiae. (c) After duplication of a gene coding for a
homomeric protein, the two paralogs can fix as an Obligate heteromeric
complex. Following such an event, further duplications events may
expand the family. (d) Gene duplication of ring-like homomers often
involves the paralogous copies co-assembling into the same ring,
making the ring heteromeric.

the ancestral homomeric state, whereas the other evolves
heteromeric interactions with new partners (Hezero
others). The relative frequency of these four fates varies,
depending on the organism and the symmetry of the
homomer [22].

The retention of homomeric interactions is the domi-
nant fate in bacteria, where Obligate homomers account for
more than half of the examined cases (Figure 1b). In this
scenario, paralogous copies tend to be substantially dif-
ferent in both sequence and primary functions [27].
Though the underlying principles await discovery, given
that in bacteria horizontal gene transfers are more than
~50 times more frequent than gene duplications [28],
many of these Obligate homomers may not be bona fide
paralogs. Instead, they might include a horizontally ac-
quired gene of the same family. In this case, the
homologous proteins may significantly differ in se-
quence and would not cross-interact [29]. In contrast,
horizontal transfers are rare in eukaryotes and nearly

two-thirds of their homomeric gene duplications yield
cross-interacting paralogs (Obligate hetero+Mixed dom-
inate, Figure 1b). When an ancestral homomer becomes
an Obligate heteromer, the primary function before and
after the duplication tends not to change. Phospho-
fructokinase (PFK, E.C. 2.7.1.11) [30] forms a homo-
octamer in fission yeast. In the lineage of baker’s yeast, it
underwent a gene duplication event resulting in a
hetero-octameric PFK1/2 complex that retained the an-
cestral enzymatic activity (E.C. 2.7.1.11) [31]. Though
the primary function is conserved, the sequence and
structure of each copy can evolve toward the emergence
or fine-tuning of secondary function(s) [3,32], or asym-
metric binding of partners [23]. This route underlies the
emergence of regulatory modes in many eukaryotic en-
zymes typically absent among their prokaryote ortho-
logs [3].

We saw how gene duplication can yield an Obligate het-
eromer. Interestingly, once two paralogs are fixed as a
heteromeric complex, their further duplications might
generate an array of heteromeric complexes (Figure 1c).
This phenomenon underlies the expansion of many
generalist enzyme families (those that work on a broad
range of substrates), including transporters, chaperones,
or endonucleases. Perhaps, the most intriguing example
is the HSP70 chaperone family. A gene duplication in
the HSP70 family during the emergence of eukaryotes
diverged into the HSP110 cochaperone that lost the ca-
nonical chaperone activity, but specialized to become an
A'TP-exchange factor for HSP70 [33]. This functional
collaboration between HSP70 and HSP110 has been
retained in their successive duplications, and with the
ever-increasing demand for chaperones in eukaryotes,
has rendered an array of HSP70-HSP110 pairs that work
in different conditions, subcellular compartments, tis-
sues, and also on different types of substrates [33,34].

For ring-like homomers, paralogous copies typically, but
not always, sequester in the same ring, thus making the
ring heteromeric (Obligate hetero is the dominant fate,
Figure 1d). Examples include A'TPase rings [35,36], the
chaperonin TCP complex [37], the RNA exosome PH
ring [38], Lsm/Sm homomers [39], and the V, ring of V-
ATPase proton pump [40] that have become hetero-
meric in eukaryotes following one or several rounds of
gene duplication. It is interesting to note that for nu-
merous complexes with ring-like (cyclic) symmetry, the
patterns of gene duplications appear to be discrete. For
example, the proteasome alpha ring (C7 symmetry) is
formed by one protein in archaea and seven paralogous
proteins in eukaryotes, but intermediate numbers (e.g.,
2, 3,4, 5, or 6 paralogous proteins) have not been ob-
served, presumably due to symmetry constraints [23,41].
Interestingly, after the proteasomal alpha and beta rings
were fully heteromeric, whole-genome duplication(s) at
the root of jawed vertebrates gave birth to the
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Figure 2
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Origins of interaction divergence between paralogs. (a) Incompatibility may emerge from different subcellular localization of the paralogous copies,
such as the case of yeast Obligate homomers TRR1 (PDB code 3DX8) and TRR2 (UniProt code P38816). (b) Insertions and deletions at the interface
can drive incompatibility, as in the case of yeast MAS1/2 heterodimer where an insertion (lle42-Thr45) in MAS1 appears to block its self-interaction. In
another example, two insertions, GIn211-Asp231 and Asp299-Thr365, appear to hinder filament formation of ARP4, which instead heteromerizes with
its paralog ACT1. Here, the structure depicts an ACT1 filament (white, PDB code 6BNO) onto which ARP4 (purple, PDB code 5NBM) was superposed.
(c) The gain/loss of the domain mediating the ancestral homomeric interaction is another mechanism for incompatibility. Such a scenario is seen in
Obligate homomers GAL10 (PDB code 1Z45) and YNR0O71C (PDB code 1YGA). (d) Accumulation of amino acid substitutions can alter the interface
specificity and bring about incompatibility. This scenario occurs in the yeast heteromer IDH1/2 (PDB code 3BLV). We note that the IDH complex shows

A4B4 stoichiometry and only half of the complex (A2B2) is shown here for simplicity. The physiological relevance of the quaternary structures
highlighted in this figure was inferred based on annotations from the QSBIO.org database [83].

immunoproteasome — differing from the more common
“constitutive proteasome” by a few paralogous subunits
and specialized to operate during oxidative stress [42].

Molecular and regulatory changes associated
with interaction divergence

Immediately after a duplication event, the interfaces of
both duplicates are identical and therefore compatible
with preduplication interaction modes. As the duplicates
diverge, at least four distinct mechanisms can drive in-
teraction divergence between the paralogous copies.
First, divergence can emerge from different subcellular
localizations and/or different modes of expression [43] of
the two paralogs (e.g., at different stages of the cell cycle
or in different tissues, Figure 2a). Until their interfaces
diverge by random genetic drift, such recently dupli-
cated Obligate homomers can still cross-interact even
though they may not encounter each other iz vivo. Ex-
amples include cytoplasmic and mitochondrial homo-
meric thioredoxin reductases in yeast (7RR7 and TRR?2)
that emerged during the yeast whole-genome duplica-
tion [44]. These two paralogs are 85% identical in se-
quence and were observed to cross-interact i vitro [45].

Second, insertions/deletions (InDels) at the interface can
introduce steric hindrance and create interface in-
compatibility (Figure 2b) [46,47]. For example, MAS1
and MASZ2 assemble into the Obligate heterocomplex yeast
mitochondrial peptidase. The two genes encoding these
proteins share a common bacterial ancestor, which forms
a homodimer (M16 family peptidase) [22]. The hetero-
meric interface of the MAS1/2 complex shares a similar
structure to that of the bacterial M16 peptidases and an
insertion in MASI (Ile42-Thr45) would hinder its
homodimerization. In another example, yeast actin
(ACTI) forms a homomeric filament [48]. Its paralog,
actin-related protein 4 (ARP4), does not form homomeric
filaments and instead heterodimerizes with ACT1. The
ARP4-ACTI heteromer is a component of chromatin
remodeling complexes [49]. As depicted in Figure Zb,
two insertions, GIn211-Asp231 and Asp299-Thr365 ap-
pear incompatible with self-interaction interfaces found
in actin filaments.

Third, divergence can originate in the gain or loss of a
domain mediating or preventing an interaction (Figure
2¢). An interesting case is that of yeast paralogs GALI0
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Figure 3
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Evolution of the oligomeric state in connection to functional innovations after gene duplication. (a) The duplication of a homomer yields two
independent Obligate homomers sharing the same primary function but different localizations: yeast ALT71 (mitochondrial) and ALT2 (cytosolic). (b) The
duplication of a homomer yields two independent Obligate homomers exhibiting different primary functions: E. coli LACA and MAA. The former is
specific for acetylation of galactosyl units [60], while the latter catalyzes acetylation of glucosyl units [61]. (c) Obligate heteromers with independent
active sites can retain the ancestral function (white star), or maintain the function through additional subunits. In the case of yeast IDH1/2 heteromer,
IDH1 has lost its catalytic activity and became a regulatory subunit [65]. In the case of the exosome, all paralogs forming the PH ring lost the RNAse
activity and a new subunit assumed that function. (d) Among Obligate heteromers where the active site is contributed by both subunits, both subunits
are expected to maintain their function. In this case, regulatory activities may emerge in a separate domain, as in the case of yeast PFK1/2 heteromer
[66]. In a different scenario, an Obligate heteromer such as the yeast SPOTS complex recruits new regulatory subunits.

and YNRO71C. As annotated in Pfam [50], GAL/0 com-
prises an N-terminal GDP-mannose-4,6-dehydratase
domain. This domain mediates the homomeric interac-
tion and also contacts the C-terminal Aldose-1-epi-
merase domain [51]. In contrast, YNR071C has lost the
N-terminal domain according to Pfam annotations, and
comprises only an Aldose-1-epimerase domain, which
mediates the homomeric interaction seen in the crystal
structure [51]. The cross-interaction between the two
paralogs via the Aldose-1-epimerase domain is hindered
by the GDP-mannose-4,6-dehydratase domain in
GALI0.

Last, the accumulation of amino acid substitutions at the
interface can also bring about incompatibility and di-
vergence (Iigure 2d). Indeed, a few mutations can
create or abolish interaction interfaces [52-54]. The
mitochondrial ~ NAD-dependent  isocitrate  dehy-
drogenase complex in yeast represents such an example.
It is an Obligate heteromer of IDH1 and IDH?Z2 that are 42%

identical in sequence but comprise no domain gain, loss,
or InDels at the interface. IDHI and IDHZ do not ex-
hibit homomeric interactions 7z vitro [22], so this in-
compatibility appears to stem from the accumulation of
amino acid substitutions at their interface.

Functional innovations are coupled with the
diversification of oligomeric states

Functional innovations after gene duplication can be
coupled with the divergence of the oligomeric state. For
example, Obligate homomers, at least in principle, evolve
independently without the constraints of paralog inter-
ference and can therefore diverge in function more than
heteromers of paralogs [55,56]. Functional divergence of
Obligate homomers can be classified into two categories. In
the first category, the primary functions of the dupli-
cated copies do not change but one or both become
specialized to operate in different conditions (i.e., sub-
functionalization, Figure 3a). For example, the dupli-
cated copy might diverge and perform the same function

Current Opinion in Genetics & Development 76 (2022) 101966
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in a different subcellular compartment. Yeast AL7T7 and
ALT? represent such an example: both synthesize pyr-
uvate from L-alanine, but the former localizes in mi-
tochondria and the latter in the cytoplasm [57,58].
Subfunctionalization can also be associated with dif-
ferent expression profiles, as in the case of Escherichia coli
LYSS and LYSU. Both catalyze lysine—tRNA loading,
but the former is constitutively expressed, whereas the
latter is heat-induced [59]. In the second category, the
primary function itself can diverge (neofunctionalization,
Figure 3b). For enzymes, the divergence of primary
function could mean changes in substrate specificity,
whereby both paralogs perform the same chemistry on
different substrates [21]. Examples include E. co/i LACA,
which catalyzes the acetylation of galactosyl units [60];
its paralog, MAA, catalyzes the acetylation of glucosyl
units [61]. In other cases, one copy may lose the enzyme
activity altogether. Examples include vyeast Obligate
homomers LPDI and [RCI5 (duplicated during the
whole-genome duplication [62]). The former is a lipoa-
mide dehydrogenase enzyme [63], while the latter has
lost its enzymatic activity and regulates microtubule
dynamics [64].

For Obligate heteromers, there is little scope for the diver-
gence of the primary function because before and after
the duplication there is only one complex carrying out the
ancestral function. However, since two proteins are now
mediating the primary function, selection pressure may
relax and allow the emergence of secondary functions
such as allosteric regulation [3]. Such allosteric regulation
can emerge in different ways, depending on the catalytic
(in)dependence of the individual subunits.

A homomeric enzyme can exhibit structurally in-
dependent catalytic sites in each subunit, or catalytic
sites may be shared across multiple subunits. In the
former case, once there is an Obligate heteromeric complex
after gene duplication, regulatory activities can emerge
in the following ways. First, one paralog might lose the
catalytic activity and instead become a regulatory sub-
unit of the other (Figure 3c), as previously discussed
with the HSP70-HSP110 pair. Another example is the
yeast mitochondrial NAD-dependent IDH/2 complex
(duplicated and diverged from a bacterial homomeric
IDH complex [22]), in which IDH]T lost the catalytic ac-
tivity and became a regulatory subunit of /DHZ2 [65]. In a
more extreme case, all paralogous subunits may lose the
catalytic activity and an external subunit may be re-
cruited for catalysis (Figure 3c). Such a scenario occured
with the bacterial homomeric RNase PH ring. After
several rounds of gene duplications, it became hetero-
meric in eukaryotes (RNA exosome) and in that process
all paralogous copies lost their catalytic activities. The
exonuclease function in contemporary eukaryotic RNA
exosome is mediated by a newly recruited, eukaryote-
specific Rrp44 subunit [38].

For homomeric enzymes with catalytic sites contributed
by multiple subunits, the scope of evolving allosteric
regulation is more limited because each subunit is con-
strained to retain the primary function [85]. In these cases,
regulatory activities can emerge within each subunit
(Figure 3d). A curious example is yeast ATP-dependent 6-
phosphofructokinase, an Obligate heterocomplex of PFFK1 and
PFK2. In this complex, the interacting N-terminal do-
mains of the two subunits share the catalytic sites, whereas
the C-terminal domains have evolved allosteric regulation
[66]. Alternatively, the newly emerged heteromeric en-
zyme can act as a catalytic scaffold that recruits additional
regulatory subunits (Figure 3d). Examples include the
SPOTS complex in yeast, composed of catalytic subunits
LCB1 and LCBZ (that share the serine palmitoyltransferase
catalytic sites) and regulatory subunits ORMI, ORM?2,
SCAI, and TSC3 [67,68].

Conclusion

The transition of protein oligomeric states upon gene
duplication, once only studied and appreciated for a few
prokaryotic homomeric ring-like complexes [35-39], can
now be examined as a genome-scale phenomenon. A re-
markable trend of this process is that it has transformed
homomer-dominant prokaryotic protecomes into het-
eromer-dominant eukaryotic proteomes [22,69,70]. The
spectrum of protein oligomeric-state diversification is
wide, and each mode of diversification — combined with
the symmetry of the oligomeric state and the catalytic
independence of the subunits — constraints functional
diversification differently. Conspicuous functional in-
novations, such as loss of enzyme activity or alteration of
substrate specificity, are typically observed when the
paralogous pairs form independent complexes and do not
cross-react. Comparatively more subtle functional in-
novations, such as the emergence of allosteric regulation,
are typically observed when the paralogous pairs co-as-
semble into the same complex. Whether or not, two
paralogs, descendants of an ancestral homomer, would
form a heteromeric complex, depends on post-duplication
changes at the interface. These molecular changes in
paralogous enzymes have likely played an important role
in the emergence of eukaryotic cells with their many
subcellular compartments.

Future directions

We saw that specific evolutionary processes govern the
interactions and functional divergence of gene duplicates.
While this review focuses on specific examples, we still
lack a systematic genome-scale understanding of these
processes within and between species. In particular, we
highlight below four questions. Addressing these will be
important to gain fundamental knowledge, but also for
understanding the association between gene duplication
and various complex diseases [71-73], including Down
syndrome [74], Alagille syndrome [75], and cancer [73].
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First, on what timescales do evolutionary events accu-
mulate to drive structural and functional divergence?
Timescales can vary broadly in different cases, and work
will be needed to identify determinants associated with
different rates. This point is also tied to a second
question: to what extent is divergence driven by adap-
tive versus neutral processes [76-78]? In the former case,
we can anticipate signatures of positive selection and a
faster sequence divergence than in the latter. Interest-
ingly, neutral drift is not necessarily expected to disrupt
homomeric interactions [79]. In contrast, it can disrupt
interactions between paralogs more frequently by al-
tering co-expression and co-localization tendencies.
Therefore, we expect that the retention of interactions
between paralogs will more often be adaptive than the
retention of homomeric interactions [22].

The expected balance of adaptive versus neutral evo-
lution is itself tied to a third question: do functional
innovations tend to exist pre duplication, or occur post
duplication? Promiscuous activities can emerge in en-
zymes by neutral drift [76,77] and come to evolve in-
dependently in a duplicate. In this context, the new
function may predate the gene duplication. Alter-
natively, the new function could evolve in the newly
formed complex post duplication.

Finally, which of the two fates, Obligate homo or Obligate
hetero emerges more frequently and why? Obligate homo-
meric pairs dominate bacterial proteomes, whereas
Obligate heteromers dominate in eukaryotes [22]. Since a
few mutations [52-54,84] or a single insertion—deletion
[47,80] can alter the interaction specificity of protein
interfaces, the sole effect of mutations on structure is
unlikely to explain this dichotomy. Therefore, other
factors will need to be investigated.

More generally, addressing questions will require com-
prehensive information on protein structure and as-
sembly. In that respect, recent structure and interaction
modeling methods based on deep learning [81,82] will
be instrumental to perform such analyses on a phylo-
genetic scale.
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