
the four canonical nucleotides have emerged 
to perform the replicating and catalytic pro-
cesses that RNA carries out in modern biology?

Taking inspiration from the involvement 
of non-canonical nucleotides in biological 
mRNA-encoded protein synthesis, Müller 
and co-workers now show that RNA molecules 
containing these nucleotides could have had a 
role in driving stepwise peptide synthesis on 
prebiotic Earth (Fig. 1b). The authors report 
a process in which an amino acid or a peptide 
is loaded onto the non-canonical base of the 
terminal nucleotide of an RNA molecule (the 
donor strand). The formation of a duplex 
between two such nucleotide-modified RNA 
molecules enables the amino acid or peptide 
to be transferred to a non-canonical base — 
or to a nascent peptide attached to that base 
— on the other RNA strand in the duplex (the 
acceptor strand). In other words, this transfer 
step either initiates peptide synthesis on the 
acceptor’s non-canonical base, or elongates a 
nascent peptide on that base. 

The conditions under which the reported 
reactions take place could plausibly have 
occurred on prebiotic Earth. The authors also 
observe that simultaneous binding of multiple 
donor RNAs to a single acceptor allows peptide 
synthesis to occur at multiple RNA positions.

The peptide-synthesis process involves the 
generation of a chimeric peptide–RNA inter-
mediate molecule in which the newly formed 
peptide bridges the donor and acceptor RNAs 
to form a hairpin-like structure, increasing 
the thermodynamic stability of the RNA 
duplex. The observation of these and other 
peptide–RNA chimaeras6 suggests ways in 
which duplex formation between short RNA 
sequences can be achieved — overcoming the 
problem that unassisted base pairing between 
short complementary RNA molecules does 
not provide a sufficiently stable interaction 
for efficient non-enzymatic RNA elongation. 
In addition, peptide–RNA chimaeras might 
have been a platform for the evolution of 
primitive systems in which peptides drive 
catalytic processes and RNA directs replica-
tion of nucleic acids.

Müller and colleagues demonstrate that 
their chemistry is robust by showing that it 
works efficiently (it generates products in rel-
atively high yields), with a range of coupling 
agents (needed to generate the peptide–RNA 
intermediate) and with a large library of amino 
acids. However, stepwise peptide elongation 
requires the donor RNAs to contain at least 
three nucleotides — which is an interesting par-
allel with the codon system used in modern 
translation. The degree of complementarity 
between the donor and acceptor RNAs gov-
erns how effectively peptide synthesis occurs 
in the presence of competing RNA molecules: 
amino acids loaded onto highly complemen-
tary RNA sequences are more efficiently trans-
ferred than are those on less-complementary 

competitor sequences, because they form 
more-stable donor–acceptor duplexes.

The author’s system lacks the ability to 
read genetic information encoded in RNA 
sequences and to translate them into specific 
peptides, as happens in modern translation. 
Nevertheless, it is attractive as a possible 
pre biotic system for modern peptide syn-
thesis, because it opens the way to molecu-
lar recognition being used in subsequently 
evolved systems to decode sequences in RNA 
acceptors and to specifically target them to 
complementary sequences in RNA donors.

Complex chemical mixtures composed of 
competing reactants would have most proba-
bly participated in the first stages of life’s emer-
gence on early Earth. In this milieu, modified 
nucleotides could have reduced the efficiency 
of key processes carried out by canonical nucle-
otides, or driven the synthesis of by-products 
that act as dead ends for those processes. 
The peptide synthesis proposed by Müller 
et al. offers an alternative function for RNA 
sequences containing non-canonical nucleo-
tides, and could have promoted the evolution-
ary selection of canonical RNA sequences for 
replicating and catalytic functions.

The new findings intriguingly highlight the 
possible existence of a ‘peptide–RNA world’ 
on early Earth: canonical and non-canonical 
nucleo tides might have had orthogonal 

chemical roles in driving life’s emergence, 
being key to nucleic-acid replication and 
peptide synthesis, respectively. At a higher 
level of biochemical complexity, RNA might 
have acted as templates for peptide synthe-
sis, whereas peptide bridges might have been 
used to stabilize short RNA duplexes. Whether a 
chemical ancestor of today’s peptide-synthesis 
machinery involved modified nucleotides or 
not, the investigation of possible synergies 
between life’s building blocks — the peptides 
and nucleic acids — will be crucial to advancing 
our understanding of the trajectory that con-
nected prebiotic chemistry to modern biology.
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Starting a sprint at the right moment is 
crucial for winning a 100-metre race. A slow 
start will cost you valuable time, but a prema-
ture movement might disqualify you. How 
does the brain mediate the rapid and precise 
transition between planning and movement 
that is required for this type of goal-directed 
behaviour? Writing in Cell, Inagaki et al.1 reveal 
a multi-regional neural circuit that triggers a 
transformation in the neuronal dynamics of the 
brain’s motor cortex, enabling a switch from 
motor planning to movement.

Neural mechanisms for motor planning 
and execution are typically studied using the 
delayed-response task2,3, in which a future 
action is planned on the basis of transiently 

presented sensory information (such as a 
visual signal on a screen), but can be executed 
only after an explicit ‘go’ cue. During the delay 
between receiving the information and the ‘go’ 
cue, the activity of neurons in the motor cortex 
increases. This activity encodes the upcoming 
action, and has been interpreted as a neural 
signature for planning4. These preparatory 
activity patterns are qualitatively similar to 
the signals that later trigger actions. But this 
begs the question: how can preparation occur 
without causing movement? 

One theory posits that, even when individ-
ual neurons are active during both planning 
and execution, there could be differences in 
the pattern of activity at the population level 
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Flipping a switch 
for movement
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Experiments on the mouse brain reveal that neuronal signals 
from the midbrain to the cortex act as a switch that transforms 
the dynamics of cortical neuronal activity and, in turn, initiates 
movement.
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(referred to as activity modes). This would 
allow downstream neurons to read out distinct 
commands when movement is withheld or 
initiated5.

In the past decade, the circuits that 
control various activity modes have begun 
to be revealed in mice performing a delayed 
directional licking task. In this task, the 
animals are instructed to lick either to their 
left or right for a water reward — but only after 
they have heard a tone that acts as the ‘go’ cue 
(Fig. 1a).   These investigations have focused 
on the anterior lateral motor cortex (ALM)6. 
The planning mode is maintained by recurrent 
excitation between the ALM and a brain region 
called the thalamus7. By contrast, the motor 
command mode involves mainly neurons from 
the ALM that project to the brainstem8–10. But 
what triggers the transformation from one 
activity mode to another at the right time and 
in the right context? Given the distributed 
and interconnected nature of the planning 
network4, addressing this question requires a 
multi-regional and pathway-specific approach.

Enter Inagaki and colleagues. The authors 
took advantage of state-of-the-art tools 
available in mice to investigate the neural mech-
anisms underlying the switch from planning to 
action. They recorded the activity of more than 
5,000 neurons in the ALM as mice performed 
the delayed directional licking task (Fig. 1a). 
Analysing the dynamics of the neuronal popula-
tion revealed three task-related activity modes. 
A planning mode that the authors dubbed delay 
coding direction (CDdelay) occurred during the 
delay period and coded the direction in which 
licking would occur. A non-selective mode 
called Dgo signalled the occurrence of the ‘go’ 
cue. Finally, a motor-response mode dubbed 
CDresponse occurred immediately after the ‘go’ 
cue — this again encoded licking direction.

To understand how CDdelay is transformed 
into CDresponse, the researchers aimed to iden-
tify the source of Dgo in the brain. Perturbing 
ALM neurons that are required for the motor 
command8–10 did not affect Dgo, suggesting that 
information regarding the ‘go’ cue originates 
outside the ALM. One candidate for relaying 
this signal to the ALM is the thalamus. But 
where is the signal in the thalamus coming 
from? Inagaki et al. conducted a series of trac-
ing and recording experiments, and found 
that a region of the midbrain consisting of 
pedunculopontine and midbrain reticular 
nuclei (PPN–MRN) is one of the first places 
in which Dgo emerges. Dense neuronal pro-
jections from the PPN–MRN to the thalamus 
form a putative pathway to transmit the ‘go’ 
cue back to the ALM (Fig. 1b).

Accordingly, the authors showed that 
activating the neural pathway from the PPN–
MRN to the thalamus at the end of the delay 
period triggered licking responses in the 
absence of a ‘go’ cue. These ‘phantom’ licks 
occurred in the correct choice direction, 

irrespective of which brain hemisphere was 
stimulated, suggesting that activating the 
PPN–MRN did not cause random actions, 
but rather released planned movements. 
Importantly, these stimulation-triggered 
licks were accompanied by a reorganization 
of ALM dynamics from a preparatory mode 
to an execution mode, similar to events that 
occurred during ‘normal’ licking responses. 
Conversely, inhibiting the activity of PPN–MRN 
projections to the thalamus abolished ‘go’ cue 
signals in the ALM, prevented the transfor-
mation of activity modes and blocked licking 
responses, as if the mice had failed to perceive 
the ‘go’ cue. Together, these pathway-specific 
perturbations and recordings reveal that the 
midbrain–thalamus–ALM circuit is responsible 
for implementing cue-triggered switches in 
cortical activity modes and behavioural states.

A closer examination revealed that 
PPN–MRN activation is probably not the 
whole story. When Inagaki et al. inactivated 
PPN–MRN neurons using a technique called 
optogenetic silencing, some neurons were 
activated owing to unintentional excitation of 
projections called axons. As a result, a Dgo-like 
activity pattern emerged in the ALM, but at the 
wrong time. This ‘ill-timed’ Dgo activity did not 
trigger any licking responses, indicating that a 
combination of expectation and ‘go’ cue might 
be required to trigger the appropriate action. 

One subcortical area that might provide 
such ‘expectation’ signals is the deep cerebellar 
nuclei (DCN). Like the PPN–MRN, the DCN 
send neuronal projections to the ALM via the 
thalamus, and provide a crucial drive for pre-
paratory activity in the ALM11. Future studies 
that allow dissociation of expectation-based 
and cue-triggered responses are needed to 
dissect the roles of the DCN, PPN–MRN and 
other motor-control systems (such as the basal 

ganglia) in movement initiation.
Inagaki and colleagues’ work might help to 

refine the treatment of movement disorders 
such as Parkinson’s disease. Electrical stimu-
lation of the PPN has already been used to help 
people with Parkinson’s disease who have diffi-
culty initiating movements12. The current study 
suggests that selective activation of PPN–thal-
amus projections during such deep-brain stim-
ulation might improve the treatment’s efficacy 
and prevent potential side effects caused by 
exciting PPN projections to the brainstem. 
Inagaki and co-workers’ results also show that 
only a switch that induces reorganization of 
activity modes can trigger planned move-
ments. If neurons from the motor cortex can 
be recorded in patients during deep brain stim-
ulation, it might be possible to use read-outs 
of neuronal-population activity to fine-tune 
the stimulation protocols for individuals for 
whom standard treatment fails.
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Figure 1 | From planning to moving. a, Inagaki et al.1 trained mice to perform a delayed directional licking 
task, in which the animals receive a stimulus (a touch to the whiskers) that instructs them to lick left or 
right for a water reward, and then must wait for a short delay period to hear a ‘go’ cue before they respond. 
b, Distinct patterns of activity of neuronal populations (activity modes) in the brain’s anterior lateral motor 
cortex (ALM) govern planning and execution of the movement. Inagaki and colleagues investigated how the 
‘go’ cue triggers a switch between the two. c, The planning mode involves a loop of activity between the ALM 
and the thalamus7. The authors show that the ‘go’ cue activates a neural pathway from the pedunculopontine 
and midbrain reticular nuclei (PPN–MRN) to the ALM via the thalamus. This produces a reorganization of 
dynamics in the ALM neurons, triggering a switch to the execution mode. The execution mode mainly involves 
ALM neurons that project to the brainstem8–10.
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