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becarried outinrobotically controlled batch
reactorsintegrated with liquid handlers, puri-
fication and analytical systems®. And arobotic
system that uses conventional laboratory
apparatus, such as round-bottomed flasks,
and which uses astandardized approach (the
‘chemputer’) to translate chemical-synthesis
methods into physical operations, was
reported last year’.

Such automated systems ensure repro-
ducibility, because a given instruction set for
asynthesis will be carried out in exactly the
same way on an identical system at another
location, assuming that the input materials
are of the same quality. Furthermore, these
systems make it feasible for potentially
dangerous compounds, such as potent
pharmaceuticals or radioactively labelled
compounds used for medical diagnostics, to
be made without exposure to humans. Auto-
mated systems could also be used to generate
reaction data — such as the reagents used,
yields and conditions — for machine learning
inorganic chemistry. However, this will require
further miniaturization of existing systems,
which are currently too large, and therefore
too slow to produce sufficient data (equiva-
lent to tens of thousands of experiments) ina
useful time frame (weeks) to enable machine
learning. Modules for analysing reactions will
alsoneedtobeincorporated into flow systems
to produce such data.

Chatterjee and co-workers’ radial synth-
esizer and other automated platforms go a
long way towards eliminating tedious manual
operations from chemical synthesis. Never-
theless, challenges remain, particularlyinthe
handling of solids — whether solid reagents
or solids formed during reactions. Solids can
be suspended in slurries by stirring reaction
vessels, but the transfer of slurries through
tubes (or even more problematically, through
valves) leads to clogging.

Another problem is how to seamlessly
integrate purification, isolation and analyt-
ical procedures. Robotic systems and the
radial synthesizer offer opportunities to
develop hybrid platforms that integrate the
best elements of flow and batch technolo-
gies with purification and analytical meth-
ods. This would enable automated synthesis
thatincorporates state-of-the-art reactions
and can produce more-complex molecular
structures than have been achieved so far.
As the hardware matures, the emphasis will
shift to developing the control and artifi-
cial-intelligence infrastructure necessary
to generate and implement chemical synth-
eses’ — freeing chemists from carrying out
routine procedures, so that they canfocus on
discovering new chemical reactions.
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Mitochondrial distress call
moves to the cytosol

Bradford P. Tremblay & Cole M. Haynes

Cellular stress canresult in dysfunction and disease, and
mechanisms exist to combat this. Previously unknown

steps have been uncovered in a pathway that signals when
mitochondrial organelles are dysfunctional. See p.427 & p.433

Organelles called mitochondria are responsi-
ble for storing energy derived from the food
that we eat, in the form of molecules called
ATP. Although a mitochondrion has its own
genome, 99% of this organelle’s proteins’
are encoded by nuclear genes and imported
from the cytosol (the liquid part of the cyto-
plasm) into the mitochondrion. To function
effectively, this process requires coordi-
nation and communication, and it must be
able to respond to any mitochondrial dys-
function that might occur. Environmental
toxins? and disease-causing agents?, as well
as diverse age-associated conditions, includ-
ing Alzheimer’s disease* and Parkinson’s dis-
ease’, are linked to mitochondrial dysfunction.

“The authorsidentified
metabolites that were
consistently released from
alldying cells.”

Now, Guo et al.® (page 427) and Fessler et al.”
(page 433) report a previously unknown
mechanism that is used by mitochondria to
send a signal of their dysfunction to the cyto-
sol and nucleus, enabling the cell to adapt to
mitochondrial stress.

Studies of the nematode worm Caeno-
rhabditis elegans indicate that coordination
between the nucleus and mitochondria dur-
ing stress is regulated by a combination of
remodelling of chromatin (the complex of
DNA and protein in the nucleus) and activity
ofatranscription-factor protein thatresponds
to mitochondrial dysfunction®’. Mammalian
studies paintadifferent picture and implicate
aprocesscalled theintegrated stress response
(ISR), which causes an overall reduction in
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protein production but an increase in the
production of several transcription factors.
The ISR is activated in response to diverse
cellular stresses, including those that don’t
involve mitochondria. In 2002, researchers
discovered™ that mitochondrial perturba-
tions drive the synthesis of acomponent of
the ISR — a transcription factor called CHOP
—and induce the expression of two types of
mitochondrial protein thataid the ISR. These
are chaperones, which aid protein folding, and
proteases, whichare enzymesthat cleave pro-
teins. One enduring mystery hasbeen whether
mitochondrial dysfunctionalso directly regu-
lates kinase enzymes in the cytosol that are
needed for the ISR, and that act by adding a
phosphate group to proteins.

The ISR is regulated by such phospho-
rylation of the protein elF2« (Fig. 1), which
is involved in initiating the translation of
messenger RNA during protein synthesis.
elF2a phosphorylation is mediated by four
kinases — GCN2, PERK, PKR and HRI — that
each phosphorylate elF2a in response to
different stressors. GCN2 is stimulated by
depletion of amino acids; PERK responds to
the presence of unfolded proteinsin an orga-
nelle called the endoplasmic reticulum; PKR
actswhendouble-stranded RNA accumulates
in the cytoplasm during viral infection; and
HRI is enlisted when the molecule haem is
depleted™2. The phosphorylation of elF2a
resultsinareductionoftotal protein synthesis,
but promotes production of the transcription
factors ATF4, ATF5and CHOP. These transcrip-
tion factors harbour regulatory elements in
their mRNA that facilitate translation when
elF2a is phosphorylated™".

To understand how mitochondrial stress
triggers an ISR, Guo et al. and Fessler et al.
took similar experimental approaches using
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Figure 1| A mitochondrial signal triggers a response that combats stress. When organelles called
mitochondria become dysfunctional in mammalian cells, this can activate a pathway called the integrated
stress response (ISR). Guo et al.® and Fessler et al.” have identified some previously unknown steps in this
process. The authors report that mitochondrial dysfunction caused the protein OMAL, which s located on
the inner mitochondrial membrane, to cleave the protein DELE1, a fragment of which enters the cytosol
and binds to the enzyme HRI, activating it. HRI adds a phosphate group (P) to the protein elF2a, and this
phosphorylation slows the synthesis of most cellular proteins from messenger RNA (mRNA), mediated

by the ribosome complex. This decrease in protein synthesis is one hallmark of the ISR. However, the
production of the transcription factors ATF4, ATF5 and CHOP increases™" (Guo et al. and Fessler et al. did
not study ATF5). These transcription factors are required to initiate the ISR.

mammalian cells grown in vitro. Fessler and
colleagues studied cells engineered to express
afluorescent version of CHOP that could be
used to monitor the induction of an ISR. The
authors induced random mutations in cells,
and so identified genes that encode proteins
needed to trigger the ISR. Guo and co-workers
used cells engineered to express afluorescent
version of ATF4, and applied the gene-editing
tool CRISPR tointerfere with gene expression.
Bothteamsidentified genes that, wheninhib-
ited, altered the production of CHOP or ATF4
intheir respective systems. One gene that both
groups focused on encodes HRI. The authors
discovered that mitochondrial dysfunction
caused HRIto phosphorylate elF2a even when
haem was plentiful, which was surprising,
given that HRI activation had been thought
to depend on haem depletion™", The result
revealed a previously unsuspected form of
haem-independent regulation of HRI.

The two teams also identified another
gene implicated in triggering an ISR — one
that encodes the protease OMAL. OMA1 is
located on the inner of the two mitochon-
drialmembranes that surround the organelle,
and is activated by a change in the electrical
charge (depolarization) on the mitochondrial
membrane that occurs during dysfunction™.

The hunt was on to find a protein that is
cleaved by OMAL1 to activate HRI and the ISR.
Onegene ofinterestidentified by Guoetal.and
Fessler et al. encodes DELE], a little-studied
protein that resides in the space between the
two mitochondrial membranes and is asso-
ciated with the inner membrane. Inhibition
of DELEI1 prevented the phosphorylation of

elF2ain response to mitochondrial stress, as
didinhibition of OMAL. Theseresults are con-
sistent with amodelin which the two proteins
function upstream of HRI activation.

Both groups report that mitochondrial
dysfunction causes a fragment of DELE1
to accumulate in the cytosol through an
OMAI1-dependent process. The studies
reveal that the portion of cleaved DELE1 that
enters the cytosol binds to HRI and activates
it. Consistent with this model, both groups
demonstrate that expression of this cleaved
form of DELEL in the cytosol is enough to
stimulate HRI and increase CHOP and ATF4
expression in the absence of mitochondrial
dysfunction.

These studies clearly establish a previously
missing link between mitochondrial dysfunc-
tion and the ISR. However, the consequences
of ISRactivationinresponse to mitochondrial
dysfunction are still not fully understood.
Diverse forms of cellular stress activate an
ISR, raising the question of whether the ISR
is tailored downstream of elF2a phosphoryl-
ation to match the specific stress conditions.
And how the ISR protects the cell during
mitochondrial dysfunctionisn’t clear. Is the
reductioninoverall protein synthesis the main
protective function, or is protection mainly
mediated through the action of the transcrip-
tion factors associated with the ISR? It would
be interesting to learn whether ATF4, CHOP
or ATF5 are regulated by a post-translational
modification in response to mitochondrial
dysfunction, because this might offer a way
to tailor their action to the type of stress that
initiates the ISR. In these conditions, cells
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lacking components of ISR signalling fared
better than did cells that had such signalling
components.

Findings by Guo, Fessler and their respective
colleagues suggest that activation of the ISR
canbe protective or maladaptive, depending
on the mitochondrial perturbation involved.
Guoetal.reportthat DELE1and HRIpromote
the survival of cells in which the mitochondrial
protease LONP1, which degrades damaged
proteins in mitochondria, was impaired.
And some unknown aspect of the ISR can be
detrimental to cells. This was observed, for
example, when Guo et al. treated cells with
oligomycin, amolecule thatinhibits the mito-
chondrial enzyme ATP synthase (which helps
to make ATP), and when Fessler et al. treated
cells with carbonyl cyanide m-chlorophenyl
hydrazone (CCCP), which depolarizes the
inner mitochondrial membrane.

Both studies used cultured mammalian cells
that mainlyrely for their energy productionon
ametabolic pathway called glycolysis, which
occurs in the cytosol, rather than depending
on energy production from mitochondria. It
willtherefore be interesting to know whether
this newly discovered pathway acts in cer-
tain mammalian tissues, such as muscle and
nerves, that are particularly dependent on
energy produced from mitochondria rather
thanby glycolysis, and whether this pathway is
involvedinthe diverse diseases that canresult
frommitochondrial dysfunction. Suchinves-
tigations should further illuminate how cells
monitor and regulate mitochondria, and the
ways in which these systems might fail during
ageing and disease.
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