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Abstract

Most factors that regulate gene transcription in eukaryotic cells are multimeric, often large, protein com-
plexes. The understanding of the biogenesis pathways of such large and heterogeneous protein assem-
blies, as well as the dimerization partner choice among transcription factors, is crucial to interpret and
control gene expression programs and consequent cell fate decisions. Co-translational assembly (Co-
TA) is thought to play key roles in the biogenesis of protein complexes by directing complex formation dur-
ing protein synthesis. In this review we discuss the principles of Co-TA with a special focus for the assem-
bly of transcription regulatory complexes. We outline the expected molecular advantages of establishing
co-translational interactions, pointing at the available, or missing, evidence for each of them. We hypoth-
esize different molecular mechanisms based on Co-TA to explain the allocation “dilemma” of paralog pro-
teins and subunits shared by different transcription complexes. By taking as a paradigm the different
assembly pathways employed by three related transcription regulatory complexes (TFIID, SAGA and
ATAC), we discuss alternative Co-TA strategies for nuclear multiprotein complexes and the widespread –
yet specific – use of Co-TA for the formation of nuclear complexes involved in gene transcription. Ulti-
mately, we outlined a series of open questions which demand well-defined lines of research to investigate
the principles of gene regulation that rely on the coordinated assembly of protein complexes.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).
Most components of the transcription
machinery and co-factors are large
heteromeric protein complexes

During the study of gene transcription, it quickly
became evident that many components of the
system were objects made of a large number of
protein subunits, contributing to the inherent
complexity of transcriptional regulation in
eukaryotes. RNA polymerase II (Pol II)
transcription initiation and its regulation rely on the
r(s). Published by Elsevier Ltd.This is an open ac
activity of an extremely diversified set of proteins,
which can be classified in three broad functional
groups1: sequence-specific transcription factors
(TFs), the basal (or general) transcription factors
and transcription co-factors. Sequence specific
TFs recognize DNA/chromatin-embedded
sequence elements in regulatory regions at promot-
ers and enhancers, instructing the other two groups
of proteins on “where” and “when” to initiate tran-
scription. TFs are a very diverse group of special-
ized proteins which are usually classified based on
their DNA-binding domain (DBD). Importantly, most
cess article under theCCBY-NC-ND license (http://creativecommons.org/
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of the DBDs in TFs work by combining in multimeric
complexes, most often homo- or heterodimers.2

The basal transcription machinery includes Pol II
and a set of general transcription factors (GTFs)
responsible for recruiting, positioning and regulating
the activity of Pol II itself at the sites of transcription.
Of the canonical Pol II GTFs (TFIID, TFIIA, TFIIB,
TFIIF, TFIIE, TFIIH), all except TFIIB are hetero-
meric protein complexes, with TFIIH and TFIID con-
sisting of 10 and 14 different polypeptides,
respectively. Finally, transcription co-factors (co-
activators and co-repressors) comprise a very
heterogenous group of proteins and protein com-
plexes that transduce TFs signals to influence the
position and the activity of the basal transcription
machinery, without directly recognizing specific
DNA elements. Co-factors can work as chromatin
modifying enzymes, as nucleosome remodeling
factors or as dynamic molecular scaffolds that inte-
grate multiple local signaling inputs.3–6 As for GTFs,
most of the bona fide transcription co-factors are
large multiprotein complexes, often composed of
distinct structural lobes or functional modules.

The biogenesis pathway of
multiprotein transcription complexes
impacts on gene expression

Compared to the longstanding and crucial efforts
to investigate the role of multiprotein complexes in
gene transcription, the understanding of their
biogenesis has been understudied. Yet, the
assembly pathways of multiprotein transcription
complexes and their regulation are expected to
play a key role in shaping gene expression
programs and cell fate.
The subcellular location of complex formation

(i.e., where complex assembly starts and where it
comes to completion) has not only profound
effects on the activities of the holo-complexes
themselves, but also on their assembly
intermediates. In fact, partially assembled sub-
complexes or isolated complex submodules might
either carry out specialized functions in the cell
and/or have detrimental effects on gene
expression when misregulated. The order of
addition of subunits along the assembly pathway
has been shown to be under evolutionary
selection and to dictate the composition of
assembly intermediates.7 The subcellular compart-
ment of complex assembly defines the initial loca-
tion of such intermediates.
Given that a single complex often directly

regulates hundreds to thousands of genes,
misregulation or defects in its assembly pathway
can have broad and pleiotropic effects on gene
expression programs. Therefore, specific subunit
deletions, truncations, mutations, or
overexpression contribute to the outcome of
assembly defects. Importantly, the same principle
also applies to and is key in the interpretation of
2

experimental perturbations often employed by
researchers to assign molecular functions (gene
knockout, knockdown or overexpression).
Complex formation is a key regulatory step for

multimeric TFs, where the “choice” of the partner
may result into a different effector function or in a
change of the preferred DNA motif.2,8,9 Moreover,
the abundance and half-life of unpaired TF mole-
cules is under active control, as it affects the binding
equilibrium with the partners and, ultimately, gene
regulation.10 Since many of the transcription-
related complexes mediate aberrant gene expres-
sion in disease, including neurodevelopmental dis-
orders and cancer,11–15 understanding their
assembly steps will set a new playground to ulti-
mately rationalize the effects of current drug targets
and to develop new classes of molecules that inter-
fere with the assembly process itself, rather than
with the holo-complex activity.

Co-translational assembly couples
mRNA translation with complex
formation

A critical aspect of a multiprotein complex
formation is to effectively control the stability of
assembly intermediates starting by the
fundamental units of assembly: the single
subunits. In this regard, a major conceptual
bottleneck is the synthesis of subunits
characterized by very poor intrinsic solubility in
isolation. How do cells cope with the production of
poorly soluble and aggregation-prone subunits?
Despite the crucial role of molecular chaperones
in assisting – or even correcting – protein folding
and buffering protein solubility,16 they do not explain
the whole picture. Biochemists have plenty of
examples where the expression of single recombi-
nant proteins in heterologous systems results in
insoluble products. Yet, these proteins often
become soluble if co-expressed with their natural
partner subunit in the same system.17 This partner
“chaperoning” effect is evident also from docu-
mented cases where the depletion of a protein is
matched by the degradation or destabilization of
its natural partner subunit in the cell (see below).
In addition to molecular chaperones, that can

assist protein folding of the newly synthetized
polypeptide as it emerges from the ribosome
channel,16,18 individual subunits of multiprotein
complexes can engage with their nascent partner
protein during translation. The formation of stable
interactions among partner subunits during protein
synthesis is named co-translational assembly,
hereafter called Co-TA. Several reviews described
extensively the mechanism of Co-TA,19 its potential
advantages20–22 and drawbacks,23 as well as evolu-
tionary considerations.24 In the following sections
we will summarize the fundamental concepts of
Co-TA, describe different strategies used by cells
to assemble transcription-related complexes
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making use of Co-TA, and summarize the evidence
for its extensive use for the biogenesis of com-
plexes involved in gene regulation.
The alternative routes of co-
translational assembly

By the definition of Co-TA (see above), co-
translational interaction events can be classified in
distinct scenarios (Figure 1). Co-TA events can be
either sequential, when the co-translational
interaction is established between a mature
protein and the nascent polypeptide chain of its
partner (Figure 1A, B), or simultaneous, when
both engaging subunits are nascent chains
(Figure 1C, D).
Sequential Co-TA is also referred to as “Co-Post”

assembly, while simultaneous Co-TA as “Co-Co”
assembly.19 Sequential co-translational interactions
can be directional, where only one of the two pro-
teins is engaged co-translationally (Figure 1A), or
symmetrical, where the event occurs also in the
opposite direction (Figure 1B). On another note,
simultaneous Co-TA can occur in cis between nas-
cent chains emerging from adjacent ribosomes on
the same mRNA, leading to the formation of homo-
Figure 1. Co-translational assembly classification. Sc
translational assembly (Co-TA) binding events. The left and
translational assembly events, respectively. Ribosomes are
mRNA. In (B) and (D) the identity of two distinct mRNAs is
the protein partners undergoing co-translational assembly is
of the nascent polypeptide chains is indicated. Red das
synthetized protein with the partner’s nascent chain (seque

3

meric complexes (Figure 1C), or in trans, when the
two nascent chains belong to different polysomes
(Figure 1D). The latter case also imposes spatial
proximity of the two mRNAs (or more) involved in
simultaneous co-translational interactions. Impor-
tantly, cases for each of the above scenarios have
been described experimentally and will be com-
mented in the following sections.
The position of interaction domains
affects co-translational interactions

A key aspect of Co-TA is the importance of the
position of interaction domains along the protein.
For a co-translational engagement, the interaction
domain of the nascent protein must be exposed
out of the ribosome exit tunnel and it is, in
general, in the N-terminal half of the nascent
protein. On the contrary, an interaction domain
located at the very C-terminal end of a protein
would not be compatible as Co-TA “acceptor”.
However, the C-terminal interaction domain can
still undergo sequential Co-TA in the form of a
mature protein with the nascent chain of its
partner subunit. These principles have been
demonstrated for the TAF10/TAF8 pair, two
hematic representation of the possible scenarios of co-
right panels summarize sequential and simultaneous co-
depicted in black. 50 cap is depicted as a circle on the

indicated with different colors. The interaction domain of
represented by thicker folded cylinders. The N-terminal
hed arrows indicate the interactions between a fully
ntial Co-TA).
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histone-fold (HF) subunits in TFIID, where the same
interaction domain capable of sustainingCo-TA fails
to do so if placed at the very C-terminus of the
nascent polypeptide.25 Another consequence of
Co-TA is that the position of the interaction domain
along the protein is expected to influence the time it
becomes – and stays – available for a productive
co-translational binding event, with the most N-
terminal location having the longest dwell time. For
the same reason, longer coding sequences (CDS)
are expected to increase the dwell time of the corre-
sponding nascent polypeptide on the ribosome,
favoring co-translational interactions.
It is even conceivable that when ribosomes

synthetize a N-terminal interaction domain and it
becomes accessible and correctly folded by
coming out from the ribosome exit channel, the
ribosome would slow down considerably, waiting
for the interaction partner to bind to the exposed
interaction domain, similarly to what was proposed
for co-translational folding of protein domains.26

Once the interaction partners would have found
each other the ribosome could speed up again.
The process could be intrinsically mediated either
by arrest peptides in the nascent chain,27 or fea-
tures at the messenger level, like codon usage or
RNA secondary structures.28 Future genome-wide
ribosome footprinting experiments combined with
protein interaction domain mapping and/or with
sophisticated single molecule imaging experiments
may decide whether such mechanisms would oper-
ate in general and be important for co-translational
assembly.
The expected (and observed)
advantages of co-translational
assembly

As mentioned above, many of the Co-TA
advantages have been explored and summarized
in other reviews.20–22 Here we will highlight docu-
mented examples where the co-translational path-
way was causally linked to a specific outcome in
the assembly process. Conversely, we also discuss
cases where the association between Co-TA and
the outcome of the assembly is – by far – correlative
rather than strictly causal.
Partner protein “chaperoning” effect

As mentioned, the synthesis of poorly soluble
subunits can be overcome by Co-TA, where the
aggregation-prone subunits would engage their
partner protein co-translationally, before being
released from the ribosome. For example, TAF6
and TAF9, two partner subunits in TFIID that
undergo simultaneous Co-TA,25 are insoluble when
expressed separately, while they form a highly sol-
uble heterodimer if co-expressed.29 A related, fre-
quently observed, phenomenon is the so-called
4

“orphan” protein degradation, where the depletion
of a protein is paralleled by the destabilization and
degradation of its direct partner. This orphan quality
control is thought to bemediated by the exposure of
interfaces (often hydrophobic) or termini, usually
masked in the complex, that work as degrons by
being recognized by broadly active cytoplasmic
degradation cascades.30–32 As an example of tran-
scription complexes, knockout of TAF10 leads to
the depletion of TAF8, its co-translational partner
subunit in TFIID.25,33 The same behavior seems to
be widespread among TFIID subunits also in Dro-
sophila, as evidenced by the destabilization of sev-
eral TAFs upon knockdown of subunits belonging to
the same structural module.34 Analogous observa-
tions were made for other transcription complexes
as well, including the SAGA (Spt Ada Gcn5 acetyl-
transferase) and TREX-2 (transcription export com-
plex 2) co-activator complexes,35 the MLL lysine
methyltransferase36 and the SWI/SNF chromatin
remodeling complexes.37 Interestingly, the stability
of mammalian SWI/SNF complexes can be regu-
lated by the methylation-dependent proteolysis of
the central SMARCC1/SMARCC2 subunits, that if
degraded lead to the concurrent destabilization of
the rest of the complex.38 Moreover, recent evi-
dence for the mechanism of orphan protein quality
control has been gathered for several transcrip-
tional regulators,10 even suggesting a potential
application for therapy.39 This coherent trend was
also verified in a broader screening of multiple cyto-
plasmic complexes, where the subunits engaged in
Co-TA as nascent proteins tend to be more suscep-
tible to protein aggregation or degradation in
absence of their partners.40

The emerging picture is that the co-translational
engagement of a nascent chain by its direct
protein partner leads to a stabilization effect
similar to the well-known role of molecular
chaperones. Intriguingly, this co-translational
partner “chaperoning” phenomenon might even
substitute the function of classical chaperons for
certain protein pairs. It is conceivable that
chaperons might “accompany” a mature protein
on its journey until it assembles with the nascent
chain of its partner during translation. For
instance, the CCT chaperonin complex was found
associated with TAF5 (a core TFIID subunit) in the
cytoplasm, where it works as an assembly
checkpoint factor: CCT releases TAF5 only when
it interacts with its direct partner in the complex,
the TAF6/TAF9 heterodimer.41 We later found that
TAF5 undergoes sequential Co-TAwith the nascent
TAF6 polypeptide, providing evidence for the contri-
bution of molecular chaperons to certain Co-TA
events.42 Whether molecular chaperons generally
participate to direct Co-TA binding events has not
been investigated systematically.
Overall, we consider the current evidence of the

role of Co-TA in buffering protein solubility by
facilitating complex assembly during protein
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synthesis rather convincing. Still, we cannot
formally exclude the possibility that post-
translational assembly would also take place, and
that the rescue in solubility/stability would be
simply driven by the interaction between the two
mature protein partners. In other terms, is Co-TA
essential and/or is Co-TA an “obligate” pathway
for all proteins, for certain proteins only, or
eventually for none of them? Investigating these
questions is as important as it could be
challenging, since we currently lack the ability to
quantitatively and reliably measure and control the
occurrence of co-translational versus post-
translational binding events in the cell.
Overcoming the formation of intricate
protein–protein interfaces

Several protein partners are found intimately
associated through elaborate structural interfaces,
where the two polypeptide chains are deeply
intertwined rather than using classical binding
pockets, short linear motifs or extended flat
surfaces. It is hard to conceive how these
complex interfaces might form post-translationally,
once the two proteins have already acquired a
global fold. The emergence of a nascent
polypeptide chain from the ribosome is a gradual
phenomenon. As such, a co-translational
interaction with the partner protein would allow a
step-wise, rather than all-in-one, folding phase.
Since translation rate is generally slower than
protein folding, the occurrence of Co-TA would
effectively “set the pace” for co-folding with an
incoming protein partner.43 In addition, since protein
translation is directional, the co-folding order of the
different structural subdomains with the partner pro-
tein is influenced by their position along the primary
sequence. The combination of slower and sequen-
tial protein folding with the partner protein in Co-TA
might be the only path to build very intricate protein–
protein interfaces.
As an example, TAF1 and TAF7 are two direct

protein partners in TFIID that undergo Co-TA42

and their dimeric interface is characterized by an
interwoven triple b-barrel and contacts that extend
into the complex core.44 Accordingly, the TAF1
domain involved in the interaction was reported to
be insoluble if not co-expressed with TAF7.44 Simi-
larly, Co-TA was shown to allow the association of
protein partners through a specific site otherwise
sterically inaccessible in the mature protein form.45
Facilitation of homomeric assembly

Due to the close proximity forced by the co-
existence of multiple nascent chains on the same
polysome, simultaneous cis Co-TA is predicted to
favor the formation of homomeric assemblies.
Recently, the occurrence of co-translational
homomeric assembly was found to be widespread
in human cells,46 and it did not require specialized
5

eukaryotic factors. In a related report, the biochem-
ical benefits of Co-TA were studied for the homod-
imerization of lamin filaments,47 showing that their
co-translational interaction prevents misfolding of
the individual subunits and drives the nucleation
and growth of the native complex.
If cisCo-TA favors homomeric assembly, it would

in turn disfavor heteromerization with potential
proteins sharing compatible interaction domains,
thus constraining the specificity of the assembly
landscape. This principle has been proposed for
the partner “choice” of a series of transcriptional
regulators containing BTB dimerization domains,48

also found to assemble co-translationally.46 Yet,
precocious interaction between neighboring nas-
cent chains might also lead to misassembly when
the interaction domains need to fold before dimer-
ization. There is evidence that certain proteins
might have evolved C-terminally positioned dimer-
ization domains to prevent co-translational homod-
imerization.49 While the authors suggested that
this evolutionary constraint evolved to reduce
misassembly defects sparked by cisCo-TA, it might
well be an expedient to favor the formation of
heterodimers by post-translational means.

Mitigation of dominant negative genetic
disorders pathogenesis

In cis Co-TA, both assembling protein chains
are translated by the same mRNA molecule,
hence by the same allele. This simple fact has
consequences in the mechanism of action of
certain dominant negative genetic lesions, where
the protein copies translated by the mutant allele
impair their wild-type counterparts by assembling
together in a non-functional complex.50 It has been
suggested that Co-TA would mitigate the effects of
dominant negative mutations by promoting the
assembly between proteins expressed by the same
allele, while disfavoring the mixing of mutant copies
with the wild-type ones.23 An early example of co-
translational dimerization associated with dominant
negative effects in a TF has been reported for the
homotetrameric tumor suppressor p53.51 Authors
found evidence that p53 homodimerizes co-
translationally, while tetramer formation would
occur in solution (dimerization of dimers). Thus,
the co-translational dimerization step would miti-
gate the effects of the dominant negative mutations
of p53.51

Recently, a large survey of proteins undergoing
homomeric Co-TA was put in relationship with
known dominant or recessive disorders52: the
authors observed that subunits characterized by
dominant negative genetic disorders are signifi-
cantly less represented among proteins undergoing
homomeric Co-TA; while subunits known to be
involved in dominant negative effects tend to have
their interactions domains shifted toward the C-
terminus, thus disfavoring Co-TA. Although these
theoretical and statistical evidences support the role
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of Co-TA as an important tool to alleviate the burden
of dominant negative mutations, it remains chal-
lenging tomove from strong correlations to unequiv-
ocal causal effects. To this end, one would need to
decouple complex assembly from protein synthe-
sis, which remains a major experimental bottleneck
in this field.

Localized complex assembly

The regulated intracellular trafficking of mRNAs
leads to localized translation, providing a
mechanism to control the spatiotemporal
expression of proteins.53 Precise subcellular mRNA
transport and localization is thought to be mainly
mediated by a diverse set of RNA-binding proteins.
Mechanisms that directly target nascent protein
chains have also been described, such as the
well-known signal recognition particle for endoplas-
mic reticulum targeting.54 Importantly, by anticipat-
ing complex assembly during protein synthesis,
localized Co-TA would ensure the allocation of pre-
assembled (sub)complexes directly at functional
sites. In turn, this would increase the local complex
concentration and it would reduce non-specific
interactions in other subcellular districts.
While plenty examples exist for localized mRNA

translation,55,56 the experimental evidence for local-
ized Co-TA in cells is currently rather scarce. A
remarkable example is the localized assembly of
the nuclear pore complex (NPC), which in yeast
employs extensive Co-TA among several of its sub-
units.57,58 Besides a wealth of binary co-
translational interactions in the cytoplasm, the
authors found that a fraction of mRNAs of two key
NPC subunits, NUP1 and NUP2, are physically
associated with the nuclear pores. Moreover, this
interaction was dependent on translation and on
the integrity of N-terminal domains recognized by
nuclear transport receptors (karyopherins), which
co-translationally target the nascent chain and the
corresponding mRNA to sites of NPC assembly.
The nascent chains of the same two proteins
(Nup1 and Nup2) were co-translationally associ-
ated with several other NPC subunits, suggesting
that, once targeted to the nuclear envelope, they
might deliver or interact with other components of
the pore for localized assembly. A key point in the
study was the experimental uncoupling of transla-
tion from assembly. The authors depleted the frac-
tion of NUP1 mRNA localized at NPCs by fusing it
with ASH1 mRNA 30 untranslated region (UTR),
which anchors the transcript to the bud tip of diving
cells. This led to the accumulation of Nup1 protein in
cytoplasmic foci, presumably in aggregated form.
To our knowledge, this is the only experimental
approach that managed to physically decouple
translation from complex assembly, taking advan-
tage of the localized nature of NPC assembly in
the cell.
Another form of localized Co-TA is related to the

discovery of cytoplasmic foci where mRNAs

6

encoding for different subunits of a complex
converge and exchange co-translational
interactions. Examples of this are the cytoplasmic
bodies where the proteasome subunits RPT1 and
RPT2 interact by undergoing simultaneous Co-TA
in trans.59 These foci, referred by the authors as
“assemblysomes”, also contain CNOT1 (Not1 in
yeast), the scaffold subunit of the Ccr4-Not mRNA
stability control complex. In yeast, the formation of
these subcellular particles depends on the nascent
protein chains harboring the respective interaction
domains. Interestingly, in human cells the co-
localization of RPT1 and RPT2 mRNAs was
induced by proteotoxic stress and it was dependent
on CNOT1. The same group previously reported a
similar role of the Ccr4-Not complex in driving the
Co-TA of specific subunits of the histone acetyl-
transferase (HAT) complex SAGA in yeast.60

Although the contribution of the nascent chains
and interaction domains remain to be assessed in
the human system, these data suggest that local-
ized Co-TA might depend on both intrinsic features
(nascent interaction domains) and extrinsic factors
(protein complexes controlling mRNA stability and
fate). Indeed, examples exist where co-localized
assemblies of functionally-related mRNA species
do not necessarily undergo Co-TA,61 in line with
the general concept of “RNA regulons”.62 Despite
the well-documented role of UTRs in driving mRNA
localization,53 there is also evidence that 5’ or 3’-
UTRs might not be necessary for localized simulta-
neous Co-TA, since the expression from vectors
devoid of native UTRs is sufficient to recapitulate
co-translational interactions.25 Clearly more efforts
are needed to establish the dependence of local-
ized Co-TA on intrinsic versus extrinsic cues.

Reduction of promiscuous interactions and
increased complex assembly efficiency

A major challenge for the assembly of a
multiprotein complex is the threat posed by non-
specific promiscuous interactions with the
innumerate components of the crowded cellular
environment. The chance of establishing
nonproductive interactions with off-target proteins
increases with the number of complex subunits
and with the number of potential spurious
interaction partners.63 In other terms, the number
of possible assembly “dead-ends”, due to irre-
versible non-specific interactions, is predicted to
severely impact large multiprotein complexes.
In this context, Co-TA is thought to play a role in

promoting complex assembly efficiency, which
can be interpreted as the probability of successful
holo-complex formation per assembly round. A
mathematical model set a theoretical framework
for complex assembly efficiency, and it also
predicts that Co-TA would support complex
formation by intercepting and stabilizing
aggregation-prone intermediates during their
translation.64 The reduction of exposed aggregation
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moieties by anticipating partner binding would effec-
tively reduce the loss of material from the assembly
flux. On the same note, Co-TA is predicted to
reduce the potential toxicity of free subunits, either
driven by self-aggregation or complexation with
other unwanted cellular components in off-
pathway interactions. This is in line with the
above-mentioned cytoplasmic Nup1 nucleoporin,
which aggregates when localized Co-TA is
impaired.57
The allocation dilemma of paralog and
moonlighting subunits

Proteins that are shared by multiple different
protein complexes are known as ‘moonlighting’
proteins.65 Conversely, protein paralogs (i.e. closely
related homologous proteins generated by gene
duplication) often participate in a mutually exclusive
way to the composition of the same complex, giving
rise to several different complex subtypes. This pro-
cess, also known as “paralog switching”, can have
profound effects in either providing robustness to
perturbations for essential protein complexes or
sub-specializing their functions.66 Alternatively, par-
alogs might have diverged to a point at which they
exert distinct functions.
All of the above mechanisms are extensively

found across protein complexes involved in
transcriptional regulation, including GTFs,
chromatin architectural components, histone
modifying and chromatin remodeling
complexes.67–74 For example, paralog switching
could create twelve (or more) different human
SAGA complexes.70 Yet, the “rules” that guide the
relative abundance of different complex subtypes,
or the allocation of a shared subunit between alter-
native complexes, are poorly understood. Many
questions concerning the allocation of moonlighting
and paralog proteins remain to be answered. For
instance, is Co-TA playing a role?
Co-translational interactions
differentiate assembly pathways

Studies on co-translationally assembled
complexes provided a curious set of observations
related to the allocation “dilemma”. A good
example is the case of human TAF10, which
heterodimerizes with TAF8 in the GTF TFIID, or
with SUPT7L in the co-activator SAGA.70 When
investigating the assembly of mammalian TFIID
and SAGA subunits we found that TAF10 under-
goes sequential Co-TA with the nascent TAF8 pro-
tein, but not with its alternative partner SUPT7L.25

Similar observations were made among paralogous
and moonlighting proteins in NPCs shared with
other unrelated complexes.64

The above and related evidences opened the
possibility that differential Co-TA might contribute
7

to determine the probability that a subunit ends up
in one of the alternative complexes (moonlighting),
or the probability that a subunit wins the
competition to assemble in a complex to the
detriment of its paralog (paralog switching). Note
that it cannot be excluded that, in certain cases,
differential Co-TA might result from binding events
occurring with only a minor frequency, or that
these binding events are poorly preserved by the
experimental conditions. Keeping this in mind,
here we suggest four molecular mechanisms that
might explain differential Co-TA among related
pairs of partner proteins. They would also
represent new avenues of research, since,
although plausible, they are still to be investigated
by experimental means. Note that in this context
we mainly discuss the mechanistic causes of this
question, namely the molecular events leading to
the phenomenon (“how?”), rather than its remote
causes, such as the evolutionary track that fixed
the phenomenon in the first place (“how did it
evolve?”).

Affinity and concentration: as simple as that

The first potential mechanism to explain the
observed differential Co-TA simply relies on two
factors: affinities and concentrations. Consider a
moonlighting protein that can dimerize with two
alternative subunits with different affinities. This
affinity difference and the concentrations of the
three components in the system will be major
determinants of subunit distribution at steady state.
While this simple principle is valid for all

biomolecular interactions, we suggest that it may
play a prominent role in determining Co-TA, due
to the intrinsic properties of co-translational
interactions. In Co-TA one of the two partners is a
nascent polypeptide emerging from a mRNA
being translated. For a given protein, the number
of nascent chains in a cell is far lower than the
number of fully synthetized molecules, even by
taking into account a handful of nascent chains
per mRNA molecule (in an actively translated
polysome). On average, the number of protein
molecules in a cell is three orders of magnitude
higher than the number of mRNA molecules.75,76

The consequence of the relative scarcity of nascent
chains in the cell is that co-translational interactions
with the low-affinity partner might result in a negligi-
ble pool of binding events, hard to detect and quan-
tify. This can lead to the observed establishment of
Co-TA with the first – high affinity – protein partner
but not with the second one. It is also conceivable
that the affinity of a moonlighting subunit for its
two partners differ for the full-length proteins and
their nascent counterparts. This would lead to Co-
TA with the partner endowed with higher affinity in
its nascent chain state. Assessing the relevance
of this idea would demand the careful measurement
of the binding affinities across protein partners and
the relationship with their Co-TA behavior in cells.
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Steric clashes and folding intermediate
constraints

A second reason why the same protein manifests
differential Co-TA with alternative partners can
depend on differences in their folding behavior on
the ribosome with respect to their free form.
During translation, a nascent chain experiences a
very different local environment given by the
surrounding ribosome surface, its local charge and
ribosome-associated factors,43 which could either
favor or impair Co-TA with a particular protein part-
ner. For example, the study of the co-translational
binding between domains of two human transcrip-
tional co-factors, CBP (CEBP binding protein) and
p160 (NCOA3, nuclear receptor coactivator 3),
using an in vitro translation system,77 showed that
CBP can assemble co-translationally with the nas-
cent polypeptide of p160, but not vice versa. This
asymmetric Co-TA behavior was explained by the
differential interactions between the nascent chains
and the negatively charged ribosomal surface.
On the same line, steric clashes of certain

interaction domains with the ribosome surface
might explain differential Co-TA. Moreover, the
intimate association with the ribosome imposes a
constraint on the degrees of freedom for the
nascent protein (and its interacting partner) in
moving across conformational space. If on one
side this constraint might funnel the correct
sequential (co)folding path for certain protein
pairs, it may as well impair it in other cases. For
example, if certain assembly intermediates require
large conformational changes that would be
limited by tethering with the ribosome surface, Co-
TA would be discouraged in favor of post-
translational assembly.
Features affecting translation kinetics

Based on the in-depth analyses of translation
kinetics,26–28,78,79 we emphasize that translation
does not proceed at constant rate, and the modula-
tion of translation speed affects the folding kinetics
of the nascent protein and the dwell-time of interac-
tion domains exposed outside of the ribosome exit
tunnel. As a consequence, translation kinetics is
predicted to affect co-translational binding events.
Apart from external cues, several features that

modulate the speed at which an mRNA is
translated are “encoded” in the transcript itself.
These include intrinsic properties of certain
aminoacidic sequences, some known as arrest
peptides, which can drastically slow down or even
temporarily stall translation by interacting with the
ribosome exit tunnel and distorting the reactive
center during elongation.80 Although specific exam-
ples of these sequences with defined functions
have been reported also in eukaryotic cells,81 we
still lack a comprehensive understanding of the
common properties of such peptides. Besides the
effects mediated by the nascent polypeptide, the
8

codon usage of the mRNA itself, in relation with
the abundance of isoacceptor tRNAs in the cell,
affects elongation dynamics along the
transcript.78,79

These intrinsic properties of the transcripts
leading to reversible pausing and translation slow-
down at “strategic” positions, such as between
protein domains or right after an interaction
domain, would greatly favor co-translational
binding events.82,83 For example, the above-
mentioned co-translationally-assembled protea-
some subunits Rpt1 and Rpt2 show a marked ribo-
some pause site downstream of the coiled coil
domain that mediates their interaction.59 An analo-
gous example is the nucleoporin Nup1, which con-
tains a ribosome pause site thought to buy time
for its co-translational targeting to the nuclear envel-
ope and local Co-TA with several other
nucleoporins.57
Localized assembly, mRNA proximity,
translation factories

The processes of mRNA transport and localized
translation might explain a subset of the
differential Co-TA occurrence among paralogous
proteins. Namely, the same protein might
specifically undergo localized translation only with
certain partners, thus promoting Co-TA with them.
This does not exclusively rely on the physical
connection of the corresponding mRNAs through
the respective nascent chains (i.e., simultaneous
Co-TA). Indeed, as long as the two mRNAs are
localized in physical proximity, active translation
could produce a localized hotspot of protein
concentration, which would favor bimolecular
interactions, including sequential Co-TA (in either
directional or symmetric fashion). Moreover, in
case of foci of multiple co-localized mRNAs (often
called “assemblysomes”, “microtranslatomes”,
“translation factories” and others),56,59,61 also the
local concentration of nascent chains would consid-
erably increase, again favoring Co-TA. In the future
it would need to be assessed whether the existence
of translation foci between certain mRNA partners
would favor Co-TA.
It is important to highlight that the molecular

causes of differential Co-TA proposed above
could also explain why certain proteins undergo
Co-TA while others do not, regardless of whether
they are paralogs or moonlighting proteins.
The use of co-translational assembly
in the construction of transcription
regulatory complexes

Despite their nuclear functions, complexes
involved in the regulation of gene transcription can
assemble in the cytoplasm, including RNA
polymerase II itself.84,85 Early reports regarding
the occurrence of Co-TA for nuclear proteins
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described the homomeric dimerization of
sequence-specific TFs, namely p53 and NF-
jB1.51,86

The first example of Co-TA for a large nuclear
multiprotein complex was reported by the Dichtl
group, where the authors found that several
subunits of the yeast COMPASS histone
methyltransferase complex were associated with
the SET1 mRNA, which encodes the catalytic
subunit of the complex.87 They demonstrated that
the SET1 mRNA-associated subunits assembled
co-translationally with the nascent Set1 polypeptide
in the cytoplasm, effectively forming an assembly
intermediate in the complex biogenesis during
translation. Fueled by these and other observations
of cytoskeletal proteins assembling co-
translationally, Duncan andMata performed a wider
screening in fission yeast, by detecting mRNAs
associated with 31 different proteins using RNA
immunoprecipitation coupled to DNA microarrays
(RIP-chip).88 They found a widespread use of Co-
TA across the sampled proteins, with almost 40%
of the tested baits associated with mRNAs encod-
ing partner proteins. Interestingly, among the tested
proteins, several of them are subunits of well-known
nuclear transcription regulatory complexes. Specif-
ically, this approach revealed Co-TA occurrence for
subunits of yeast TFs (Atf1/Pcr1), chromatin
remodeling complexes (SWI/SNF, RSC, SWR1
and INO80), and the splicing-related exon junction
complex (Mnh1, Mni1). This study suggested a
widespread occurrence of Co-TA across diverse
classes of yeast complexes and revealed an exqui-
site specificity of the partners interacting co-
translationally.
More recently, our group investigated the

occurrence of Co-TA in the construction of large
multiprotein complexes involved in the regulation
of Pol II transcription in mammalian cells.25,42,89

We focused on TFIID (14 subunits) and two histone
acetyltransferase (HAT) complexes: SAGA (20
subunits) and ATAC (Ada two A containing; 10 sub-
units). As a common trait, Co-TA kickstarts the cyto-
plasmic formation of all three of these complexes,
confirming its widespread use in the assembly of
nuclear regulatory factors also in mammalian cells
(Figure 2). Nonetheless, the three complexes show
remarkable differences in other aspects of their bio-
genesis that we will overview in the following
section.
Different assembly routes to a
common destination: The nucleus

As a common ground of all co-translational
interactions, the two interacting species are
located – at least transiently – in the cytoplasm.
Apart from this obligate property, the subsequent
steps that define the assembly pathways of
multiprotein complexes can differ remarkably,
even for functionally related complexes. As a
9

paradigm for this concept, here we consider the
assembly logics of three different nuclear protein
complexes that sustain Pol II transcription: TFIID,
SAGA and ATAC. We summarize the findings on
their assembly pathways and highlight remaining
gaps in our understanding of their biogenesis. We
argue that the described blueprints for complex
formation could apply to the biogenesis of many
other large nuclear multiprotein complexes.

TFIID: cytoplasmic building blocks converge
on a ‘driver’ subunit

Where and how the TFIID complex assembles
was a longstanding question. Originally, the
isolation of the holo-complex from nuclear extracts
hinted that it formed in the nucleus starting from
subunits or subcomplexes individually imported
from the cytoplasm. It later became evident that
the cytoplasm contained several defined TFIID
subassemblies, such as TAF2/TAF8/TAF10,90

TAF11/TAF1391 and TAF5/TAF6/TAF9.41 Our
group first demonstrated the occurrence of Co-TA
for specific pairs of TFIID subunits (TAF1/TBP,
TAF8/TAF10, TAF6/TAF9) in mammalian cells,
defining also the structural domains mediating the
co-translational interactions.25

Recently, we systematically probed the entire co-
translational network within TFIID.42 We found an
extensive use of Co-TA across the entire spectrum
of TFIID subunits, including a surprising concentra-
tion of co-translational interactions on nascent
TAF1 polypeptide. We summarize our findings on
the assembly of TFIID in the following hierarchical
co-translational assembly model (Figure 2B): first,
all subunits participate to co-translational interac-
tions with well-characterized direct partners in the
complex, either by sequential or symmetrical Co-
TA. This widespread use of Co-TA seeds the
assembly pathway by providing preassembled sim-
ple components which efficiently combine post-
translationally to form defined higher-order sub-
modules that can be readily isolated from the cyto-
plasm at steady state. At this stage, the pathway
converges in a higher order co-translational assem-
bly phase: the different cytoplasmic building blocks
combine on nascent TAF1 – the largest subunit of
the complex – establishing a well-defined set of
co-translational interactions with distinct anchor
points along the nascent TAF1 polypeptide (Fig-
ure 2B). TAF1 is a modular protein that works as
a flexible scaffold connecting the different structural
lobes of TFIID, as evidenced by biochemical and
structural observations.42,92–96 The TAF1-
mediated co-translational recruitment of the pre-
assembled building blocks leads to the release of
a fully assembled complex, which is efficiently shut-
tled to the nucleus.
The nucleation of the late steps of TFIID

assembly on nascent TAF1 protein, and the fact
that it represents the main rate-limiting factor
along the assembly line, define TAF1 as a ‘driver’



Figure 2. Distinct co-translational assembly strategies among transcription complexes. Schematic repre-
sentation of alternative co-translational assembly pathways for distinct transcription-related regulatory protein
complexes. (A) Early interactions between specific subunits are established co-translationally, giving rise to pre-
assembled heterodimeric assemblies in the cytoplasm. The subsequent steps are exemplified by the distinct
assembly strategies employed by three large multiprotein complexes involved in Pol II transcription: TFIID (B), SAGA
(C) and ATAC (D). Note that the ATAC holo-complex formation might occur in the nucleus.
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subunit that regulates the abundance of the holo-
complex. On the same line, TAF1 depletion with
siRNAs lead to the accumulation of TFIID building
blocks in the cytoplasm.42 In this view, the
10
concerted Co-TA on the nascent driver subunit
might represent a quality checkpoint for complex
integrity that regulates nuclear import. Interestingly,
in yeast, TAF1 mRNA was found physically
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associated with the nuclear pore complex, opening
the possibility of localized complex assembly fol-
lowed by direct nuclear translocation.57 Moreover,
a systematic mapping of the interactome of human
nuclear transport receptors by BioID suggested that
all TFIID subunits share the same nuclear import
systems, which is consistent with the translocation
of a pre-assembled unit.97

The strategy adopted for the assembly of TFIID
shows several similarities with the co-translational
complex formation of COMPASS in yeast.87

Transcription-related complexes constructed
around a scaffold subunit, like TFIID or COMPASS,
are far from rare. Examples of subunits with a scaf-
folding function are Eaf1 in NuA4 complex,98 Sin3 in
SIN3-HDAC complex,99 SUZ12 in PRC2 com-
plex100 or CNOT1 in CCR4-NOT complex.101 Fur-
ther dedicated studies are needed to address the
generality of the Co-TA strategy centered around
a central hub, such as TAF1 or Set1.

SAGA: co-translational heterodimerization
events, fully assembled cytoplasmic
holo-complex and cytoplasmic activity

A second, distinct strategy for complex assembly
is exemplified by the biogenesis of the
multifunctional SAGA co-activator complex. The
first suggestion for Co-TA in SAGA came from
yeast proteins, where Sus1 (the homolog of
human ENY2) efficiently solubilized Sgf11 (the
human homolog of ATXN7L3) when co-expressed
in bacteria, suggesting a partner chaperoning
effect mediated by Co-TA.17 Similarly, knockdown
of human ENY2, a subunit of the SAGA deubiquity-
lation (DUB) module, also decreased the expres-
sion of its interaction partner, ATXN7L3, in human
cells.35 More direct evidence for co-translational
interactions in SAGA came from experiments in
yeast, where the HATmodule subunit Ada2 (human
TADA2B) was found to interact with nascent Spt20
polypeptide (human SUPT20H).60 Later we con-
firmed the direct Co-TA between human ENY2
and nascent ATXN7L3.25

We recently expanded SAGA co-translational
interaction network to its core structural module.89

As for TFIID, the tested subunits established speci-
fic co-translational binding events with their most
direct partners in the complex (i.e., TAF9/TAF6L,
TAF12/TADA1, TAF5L/SUPT20H). Note however
that we did not (yet) identify any higher-order Co-
TA on a single nascent scaffold subunit in human
SAGA. Yet, based on the cryo-EM structure of
SAGA, SUPT20H or ATXN7 could be candidates
that may fulfil such a role.102 Nevertheless, it is also
possible that different higher order assembly logic
operates in SAGA assembly.
A striking observation was that the entire SAGA

complex, equipped with all of its functional
modules, can be isolated from cytoplasmic
extracts of different cell lines, regardless of the
protein used as bait in the immunoprecipitation
11
(Figure 2C).89 The relative subunit stoichiometries
estimated for the cytoplasmic complex were analo-
gous to those found for the nuclear complex. The
detection of fully assembled SAGA in the cytoplasm
suggests that the co-translational heterodimeriza-
tion steps detected for specific subunits are fol-
lowed by an efficient post-translational assembly
phase, resulting in the formation of the holo-
complex. In this regard, experiments in yeast evi-
denced an ordered assembly pathway among
SAGA functional modules, where the incorporation
of the large subunit Tra1 (human TRRAP) promotes
the association of the DUB module with SAGA.103

The same study also highlighted the role of molec-
ular chaperones in the assembly process, but sug-
gested that Tra1 does not use Co-TA to
incorporate in SAGA.
The presence of a pool of SAGA complexes in the

cytoplasm raised the question on a potential
function of SAGA in this cellular compartment.
Indeed, knockdown of SAGA HAT module specific
subunits resulted in a substantial decrease in
acetylated peptides in the cytoplasmic fraction.89

Thus, cytoplasmic SAGA maintains its acetyltrans-
ferase activity and targets dozens of cytoplasmic
proteins (Figure 2C). Whether well-defined cellular
functions depend on this cytoplasmic SAGA popu-
lation remains currently unknown. But what would
cause the accumulation of active SAGA in the cyto-
plasm? Apart from hypothesizing suboptimal
nuclear import rates, it is also conceivable that the
pool of holo-SAGAmight be imported to the nucleus
upon (stress) stimuli or actively exported from the
nucleus back into the cytoplasm thanks to – yet
uncharacterized – nuclear export signals among
its subunits. Still, we lack a precise understanding
of the molecular features that determine the distri-
bution of macromolecular complexes in the subcel-
lular environments.

ATAC: co-translational assembly network and
nucleus-restricted activity

In the above-mentioned study on SAGA
assembly, we also investigated the biogenesis of
the related ATAC complex, which shares with
SAGA a similar HAT module, differing only by one
subunit.104,105 The shared subunits are limited to
the HAT module, while the structural core modules
of the two complexes differ.
Similarly to TFIID, all subunits of ATAC core

participate in co-translational interactions, either
through the sequential or simultaneous pathways.
The ATAC Co-TA network looks rather intricate,
with specific nascent chains engaged co-
translationally by multiple partners, and subunits
reciprocally associated with partners’ mRNAs,
hinting at simultaneous Co-TA.89 For one such a
pair, YEATS2 and ZZZ3, we found that a fraction
of the respective mRNAs reciprocally co-localize
in the cytoplasm of HeLa cells. Nevertheless, the
current lack of an experimental structure for the



A. Bernardini and László Tora Journal of Molecular Biology 436 (2024) 168382
ATAC complex limits the rationalization of its Co-TA
network. The fact that, when available, the high-
resolution structural observations in multiprotein
complexes perfectly agree with the Co-TA data
argues that new pair-wise interactions revealed by
studying Co-TA represent a valuable source of
information to set the basis for mapping interaction
domains and guiding the structural analyses.
ATAC biogenesis strikingly differs from those

described for TFIID or SAGA in that neither ATAC
free subunits nor building blocks could be
detected in the cytoplasm (Figure 2D). Despite the
robust detection of co-translational interactions
among ATAC subunits in this compartment, the
fully synthetized components and the holo-
complex were exclusively found in the nuclear
fraction.89 The cause for ATAC extreme tropism
for the nuclear environment is currently unknown.
Fast nuclear import kinetics coupled with the
absence of nuclear export signals would result in
a unidirectional flux of ATAC complex towards the
nucleus. Otherwise, targeted degradation mecha-
nisms could act in the cytoplasm to wipe out
unassembled subunits or even the entire complex
(Figure 2D). A third hypothesis would be that ATAC
subunits are translated and assembled co-
translationally in proximity to the nuclear pore com-
plexes and directly delivered to the nucleus. Never-
theless, it is likely that multiple mechanisms
contribute to the nuclear-restricted localization of
ATAC. This is in striking opposition to the related
SAGA complex, which lingers in the cytoplasm
where it acetylates several non-histone proteins
(Figure 2C). Thus, the determinants for the different
subcellular distribution of the two complexes must
not reside in the shared HAT module. While the
early assembly steps for ATAC happen in the cyto-
plasm through Co-TA, the question on where the
holo-complex is finally formed remains open.

Transcriptome-wide evidence for
Co-TA in the assembly of other
transcription complexes

Recently, a high-throughput method named
Disome Selective Profiling (DiSP) opened the
possibility to detect certain co-translational
interactions transcriptome-wide.46 The method is a
variant of ribosome profiling, where the disome
(pairs of ribosomes) fraction is isolated and the cor-
responding mRNA fragments protected from
RNase digestion are sequenced (Figure 3A). The
ribosome footprints derived from the disome frac-
tion thus identify transcripts connected to a second
ribosome through the respective nascent chains
that undergo simultaneous Co-TA (Co-Co assem-
bly), either in cis or in trans (Figure 3A, see also Fig-
ure 1C, D). Note that this approach cannot detect
sequential assembly, where distinct ribosomes are
not connected by the nascent chains. Moreover,
DiSP is agnostic on the identity of the pairing
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between partners undergoing Co-Co assembly,
since it simply detects transcripts enriched in the
disome fraction. Thus, we know that a certain pro-
tein undergoes Co-Co assembly, but we ignore
the identity of the partner.
By applying a stringent set of criteria, the authors

provided a list of high- and lower-confidence
candidate proteins undergoing simultaneous Co-
TA in human cells. The high-confidence list was
depleted of monomeric proteins, while highly
enriched with proteins annotated to form
homodimers, pointing at Co-Co assembly in cis.
Yet, the dataset was also enriched with proteins
part of heteromeric assemblies.46 Thus, this tech-
nique allowed to detect also co-translational hetero-
meric interactions established in trans, between
nascent chains encoded by different transcripts.
Interestingly, Co-Co assembly candidates

annotated as nuclear proteins (�34%) are slightly,
but significantly enriched in the DiSP dataset
(Figure 3B). Among them, the number of Co-Co
candidates annotated as TFs is lower than what it
would be expected by chance, suggesting that
simultaneous Co-TA is not prevalent among TFs
(Figure 3B). Yet, the dataset contains 231
proteins annotated as TFs in The Human
Transcription Factors database,106 suggesting that
�14% of human TFs homo- or heterodimerize in
the cytoplasm using simultaneous Co-TA (Fig-
ure 3C). Nuclear proteins without TFs (non-TF
nuclear proteins) are found robustly enriched in
the Co-Co assembly candidate list (Figure 3B).
Indeed, the dataset is rich in subunits belonging to
large nuclear multiprotein complexes. Figure 3D
shows a non-comprehensive overview of the com-
plexes involved in transcriptional regulation with
subunits found to undergo simultaneous Co-TA by
DiSP.46 The dataset includes subunits from several
functionally-distinct complexes, such as the Media-
tor complex, histone acetyltransferase (HAT) com-
plexes (SAGA, ATAC, NuA4, MORF, MOZ,
HBO1, MSL, NSL), histone methyltransferase
(HMT) complexes (SET1/MLL, PRC2), histone
deacetylase (HDAC) complexes (SIN3A, MIDAC,
NuRD), nucleosome remodeling complexes (SWI/
SNF, NuA4, NoRC, NuRD), GTFs (TFIID, TFIIF,
TFIIH), promoter pausing factors (Integrator,
NELF), the TREXmRNA export complex, the cohe-
sin complex, the spliceosome and Pol II itself (Fig-
ure 3D). This transcriptome-wide analysis
provides strong evidence for the widespread use
of simultaneous Co-TA as a basis for the assembly
of a plethora of nuclear multisubunit protein com-
plexes in human cells.
Perspectives

This review summarizes the current
understanding of co-translational interactions, with
a special focus on the assembly of complexes that
regulate gene transcription. We outlined the



Figure 3. Transcriptome-wide evidence for Co-TA in the assembly of other transcription complexes. (A)
Schematic outline of the DiSP method to detect transcriptome-wide simultaneous Co-TA events (Co-Co) by
sequencing ribosome-protected mRNA fragments in the disome fraction. (B) The enrichment of nuclear proteins, TFs
and TF-excluded nuclear proteins (non-TF nuclear proteins) in the Co-Co candidate list was evaluated by performing
Fisher’s exact test on the DiSP dataset.46 The plot shows the resulting odds ratios and P-values for each category
against the reference set. The reference set was built by the total number of expressed genes retrieved from the
processed datasets in HEK293-T and U2OS cells (GEO ID: GSE151959). Nuclear protein annotation was retrieved
from UniProt and TFs annotation was based on The Human Transcription Factor database.106 (C) Venn diagram
showing the fraction of DiSP hits annotated as TFs. (D) Non-comprehensive overview of the DiSP hits which are part
of characterized multiprotein complexes involved in Pol II transcriptional regulation. All the depicted subunits are
found either as high- (dark yellow) or lower-confidence (light yellow) hits in the published DiSP dataset.46 The
depicted identified subunits are represented in the corresponding protein complex box. Subunits shared with multiple
complexes are shown with a dotted line and are positioned between the alternative complexes. The assignment of
each protein to the corresponding human complex is based on the Complex Portal database.107
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expected advantages – and evidences – of Co-TA
in guiding complex formation (1), we proposed a
series of explanations for the allocation “dilemma”
13
of paralog and moonlighting subunits in the light of
co-translational interactions (2), we described as a
paradigm the distinct strategies employed for the
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Co-TA of three key transcription regulatory
complexes (TFIID, SAGA and ATAC) (3) and we
summarized the current evidence for the
widespread use of Co-TA for the assembly of
nuclear regulatory complexes (4).
The many open questions disseminated

throughout the manuscript make each of the
above points also an important avenue for future
research. Regarding point (1), a key bottleneck to
experimentally investigate the predicted
advantages of Co-TA is the lack of a way to
control the occurrence of co-translational versus
post-translational assembly events in the cell,
since both rely on protein synthesis. The use of
pure in vitro translation systems coupled with
purified recombinant protein interaction assays or
dedicated single molecule analyses might provide
an expedient to compare complex assembly with
or without concurrent protein synthesis. Yet, the
overarching goal remains to generate a system to
specifically inhibit or promote co-translational
interactions in cells and test the predicted fitness
advantages of Co-TA.
For the subunit allocation “dilemma” in point (2),

we propose that the combination of interaction
domain position, affinity of the bimolecular
interaction, constraints in the conformational
folding pathway on the ribosome, the transcript-
specific translation kinetics, and the local
concentration of the components in the cell could
ultimately determine whether a protein engages in
Co-TA. While additional mechanisms can be
foreseen, our intent is to provide a series of
relevant variables to be challenged by
experimental means.
The assembly strategy of large multiprotein

complexes involved in transcriptional regulation
(point 3) has been largely overlooked. The
strategies that we described for TFIID, SAGA and
ATAC open new questions on the nuclear
import/export pathways employed by the different
complexes, and degradation sensitivity of the
different subunits or submodules in the nuclear
versus cytoplasmic environments. Ultimately,
dedicated studies on the biogenesis of other
nuclear multiprotein complexes will assess the
generality of the assembly strategies described
above (Figure 2) and will shed light on the
underlying regulatory mechanisms.
Last, the handful of in-depth mechanistic studies

describing the Co-TA of specific nuclear
complexes involved in gene regulation have
recently been flanked by a transcriptome-wide
approach (DiSP) that provided a large-scale
overview on the diffusion of Co-TA in the
proteome (point 4). Since DiSP is limited to the
detection of simultaneous Co-TA events only, and
it has currently been performed on two cell lines,
the resulting picture represents an
underestimation of all assembly events that occur
co-translationally. In the future, the development
14
of new methods that combine transcriptomics with
proteomics might provide an overview of all co-
translational interactions, including sequential Co-
TA events. Ultimately, the knowledge obtained by
pursuing these research avenues might provide
novel opportunities to better understand and
intervene on the expression of genes.
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Z., Horáčková, A., Melicher, F., Perfetto, L., Pokorný, D.,
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