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protein aggregates if proteins are subject to
ROS-mediated damage. Defective mitochon-
dria might also release components that are
not normally present in the cytoplasm, such
as mitochondrial DNA. Indeed, the intrusion
of mitochondrial DNA into the cytoplasm
can trigger inflammation®’ mediated by the
protein STING. This raises the question of
whether protection from inflammation, rather
than from oxidative damage, might be the key
role of mitophagy in the context of Parkinson’s
disease.

Sliter et al. investigated the consequences of
PINK1 or parkin loss in mice that were sub-
jected to a high level of mitochondrial stress.
This stress was produced either by subjecting
animals to an intensive, exhausting exercise
regime or by exploiting a genetic alteration
found in animals termed mutator mice — in
which a defective polymerase enzyme causes
ahigh level of mitochondrial-DNA mutations.
It was previously reported'® that old mutator
mice that lack parkin have fewer dopamine-
secreting neurons than normal, and that these
mice develop movement abnormalities that are
reminiscent of those observed in people who
have Parkinson’s disease. When the authors
imposed mitochondrial stress on animals
lacking PINK1 or parkin, they found that the
bloodstream level of inflammation-driving
molecules called cytokines was much higher
than it was in mice that were not subjected to
this mitochondrial stress.

However, the authors found that if mice
lacked STING, as well as PINK1 or parkin,
the expression of inflammatory cytokines
did not increase as a result of mitochondrial
stress. This indicated that STING is required
to drive the inflammation mediated by this
type of stress (Fig. 1). Moreover, an absence
of STING prevented the movement defects
and neuronal losses that usually occur in old
mutator mice that lack parkin. The authors
found that the bloodstream levels of the
inflammatory cytokines IL-6, IL-1f3 and
CCL2, which are elevated above normal in
old mutator mice that lack parkin, are also
higher than normal in people with Parkin-
son’s disease who have mutations in both cop-
ies of the parkin gene. However, the authors
observed that these cytokines were also
elevated in disease-free relatives of people
who have Parkinson’s disease. Sliter and col-
leagues’ study of these relatives, who have a
mutation in only one of their two copies of
the parkin gene, suggests that these particular
cytokine alterations are not sufficient to cause
the disease. Interestingly, people who receive
long-term treatment with non-steroidal anti-
inflammatory drugs have a lower than aver-
age risk of developing Parkinson’s disease'".
This observation is consistent with a model
in which low levels of inflammation might
protect against neurodegeneration.

The exciting results reported by Sliter and
colleagues raise many important questions.
How does STING-mediated inflammation

cause neuronal death? Why are dopamine-
secreting neuronal cells specifically affected?
Is STING-dependent inflammation linked to
other abnormalities associated with neuro-
degeneration, such as the formation of protein
aggregates?

However, before these questions can be
answered in the context of human disease,
a crucial consideration is how well these
mice provide a model of human Parkinson’s
disease. Further insights might come from
using other systems, such as rats or fruit flies
(Drosophila), which better mimic the types
of change that occur in human Parkinson’s
disease. Finally, given that impaired mitoph-
agy and inflammation are common features
of several neurodegenerative disorders, it is
tempting to speculate that STING-dependent
inflammation might contribute in a similar
way to other neurodegenerative conditions,
such as Alzheimer’s disease. It would be inter-
esting to test this idea in experiments.

Sliter and colleagues’ work might lead to
studies in human cells that provide fresh
insights into treating Parkinson’s disease.
Perhaps drugs that selectively inhibit STING-
dependent inflammation will one day be used
to treat or prevent disease — if it’s possible to
control any detrimental side effects on the
immune system that might arise from target-
ing inflammation in this way. Will techniques
such as monitoring the level of mitochondrial
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DNA in the bloodstream to detect abnormal
mitophagy, or tracking the expression of
STING-dependent cytokines, enable early
diagnoses or make it possible to assess a
personss risk of developing Parkinson’s disease
before symptoms appear? Sliter and colleagues’
work points to new avenues of investigation in
the efforts to improve the treatment options for
Parkinson’s disease. m
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Proteins assemble as
they are being made

An investigation finds that most protein complexes in yeast cells assemble before
the subunits have fully formed. This mechanism might prevent the formation of
toxic protein aggregates. SEE LETTER P.268

CHRISTINE MAYR

ost cellular processes are carried
Mout by proteins, which generally

assemble into heteromeric com-
plexes — those composed of two or more
distinct subunits. Although it was thought
for many years that protein subunits diffuse
freely in the cell and form complexes through
random collisions, this seems unlikely, given
that the cellular environment is extremely
crowded. On page 268, Shiber et al.' provide
in vivo evidence that, in eukaryotic organisms
(which include animals, plants and fungi),
most protein complexes in the cytoplasm are
assembled co-translationally — that is, assem-
bly occurs while at least one of the subunits is
still being synthesized by the cell’s ribosome
machinery.

186 | NATURE | VOL 561 | 13 SEPTEMBER 2018

© 2018 Springer Nature Limited. All rights reserved.

The study of co-translational protein-
complex formation in vivo was challenging
until a technique known as ribosome profiling
was developed® in 2009. This technique allows
the positions of ribosomes on messenger
RNAs to be determined by sequencing RNA
fragments, and is usually used to monitor
translation — the process in which the ribo-
some decodes mRNA and uses it as a tem-
plate for protein synthesis. Shiber et al. used
amodified protocol called selective ribosome
profiling®, which isolates ribosomes that are
synthesizing nascent protein chains already
interacting with another protein. Subsequent
sequencing of the corresponding RNA frag-
ments reveals the mRNAs that encode the
interacting nascent chains. The sequencing
also identifies the protein domains involved in
the interaction, because only ribosomes bound
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Figure 1 | Possible ways in which protein subunits are brought together for
co-translational assembly. The cell’s ribosome apparatus uses the sequences
of messenger RNAs as templates for protein synthesis. Shiber et al.' report that
the subunits of most cytoplasmic protein complexes in the yeast Saccharomyces
cerevisiae are assembled co-translationally (that is, while at least one of the
subunits is still being synthesized). But how are the different protein subunits
brought together for assembly into complexes? a, One possibility is that an
RNA-binding protein bridges two mRNAs, either directly (not shown) or
indirectly (shown) through another protein. Here, a recently fully folded

to nascent chains that contain fully exposed
interaction domains will be isolated by selec-
tive ribosome profiling.

The authors investigated the prevalence of
co-translational protein-complex assembly for
12 stable, well-characterized heteromeric com-
plexes in the yeast Saccharomyces cerevisiae.
They found that 9 of the 12 complexes assem-
bled in a co-translational manner. Although
it had been suspected that some protein com-
plexes are assembled co-translationally*?, the
finding that this process is widespread is sur-
prising. Notably, the three protein complexes
that did not seem to do this use dedicated
chaperone proteins to assist in assembly.
Given that the major function of chaperones
is to prevent misfolding and random aggrega-
tion of proteins during protein folding®, the
researchers hypothesized that co-translational
protein-complex assembly might serve a
similar purpose.

Shiber et al. went on to find that six of the
nine complexes that assemble co-translation-
ally have a directional assembly mode: one
of the subunits must be fully folded before it
engages the nascent chain of a second subunit,
but the fully folded second subunit cannot
engage the nascent chain of the first subunit.
This means that the second subunit must
always participate in co-translational assem-
bly as a nascent chain. Intriguingly, when the
authors studied yeast strains that had been
engineered not to produce the fully folded
subunit, they observed that the nascent chain
of the second subunit forms aggregates. This
indicates that co-translational assembly does
indeed prevent the formation of potentially
toxic protein aggregates.

Although the authors convincingly show
that co-translational protein-complex
assembly is widespread, it is unclear how the
subunits are brought into proximity to enable
complex formation. There are two plausi-
ble, broad models, which are not mutually
exclusive.
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In the first model, the two mRNAs that
encode the subunits are translated near to
each other. This proximity could be achieved
by an RNA-binding protein that bridges the
mRNAs (Fig. 1a). Such a scenario has been
suggested for the assembly of heteromeric ion
channels’. However, a genome-wide analysis
of human RNA-protein interactions® found
that it is rare for two different mRNAs to be
bridged by an RNA-binding protein. But a
physical linkage is not necessarily needed to
bring two mRNAs close together: mRNAs that
share certain sequence motifs could co-localize
in RNA bodies known as granules (Fig. 1b),
thereby allowing them to be translated at
defined subcellular locations’.

In the second model, the two mRNAs are
not close to each other. Instead, an RNA-
binding protein recruits a fully folded pro-
tein subunit to an untranslated region (the
3’ UTR) of an mRNA that encodes the second
subunit, thus allowing the folded subunit to
interact with the second subunit as the latter is
synthesized. In mammalian cells, 3’ UTRs of
mRNAs have been shown to recruit proteins
that then interact with the mRNAs’ nascent
or newly made proteins'® (Fig. 1c). And in
budding yeast, proteins recruited to mRNAs
undergoing translation have been observed
to be temporarily deposited on the ribosome
before being transferred to the nascent protein
chains (Fig. 1d)".

Recruitment of interacting proteins by
3’ UTRs is reminiscent of co-translational pro-
tein-complex formation in bacteria, in which
protein subunits are often encoded by a clus-
ter of neighbouring genes (an operon) that are
expressed as a group' ", However, in bacteria,
the only fully folded protein that can interact
with nascent proteins is one of the encoded
subunits, whereas the use of the 3’ UTR in
eukaryotes might allow several different inter-
actors to be recruited to nascent proteins —
thus enabling a variety of protein complexes
to be assembled co-translationally™.
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subunit formed on one mRNA has detached from its ribosome (which has
disassembled; not shown), and interacts with a nascent protein on another
mRNA. Thick regions of mRNAs represent translated regions; thin regions are
not translated. b, The mRNAs could also come into close proximity in bodies
known as RNA granules. ¢, An untranslated region of mRNAs known as the

3’ untranslated region (3' UTR) might also recruit a fully folded subunit using
an RNA-binding protein, bringing the subunit close to the mRNAS nascent
protein. d, In a variant of ¢, the recruited subunit is temporarily deposited on
the ribosome before being transferred to the nascent protein.

More experiments are needed to work out
how interacting protein subunits are brought
together and how mis-assembly of complexes
is prevented. Nevertheless, Shiber et al. have
demonstrated that protein-complex formation
often relies on recruitment mechanisms, rather
than diffusion, to achieve specific protein
interactions. Their findings add to an increas-
ing number of in vivo observations suggesting
that most cellular processes are interconnected:
mRNAs not only encode proteins, but also
increase the specificity of protein-complex for-
mation by assisting the compartmentalization
of proteins in the cytoplasm, and by regulat-
inglocalized translation. Finally, it remains to
be seen whether the majority of stable protein
complexes in mammalian cells are also assem-
bled co-translationally — but it seems likely
that they are.m
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