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regions of the molecular surface that are
involved in ligand recognition’. It is energeti-
cally favourable for hydrophobic amino-acid
side chains in globular proteins to associate
to form a hydrophobic core, a process called
hydrophobic collapse. Charged amino-acid
side chains are excluded from the hydropho-
bic core and become exposed to solvent at
the surface. For disordered proteins such as
Pro-Ta and H1, however, the high percent-
age of charged amino-acid residues precludes
hydrophobic collapse, and the distribution of
charges skews the conformational ensemble to
amore expanded state than would be observed
if the proteins were stably folded®, leaving the
charged side chains fully exposed to the solvent.

Pro-Ta and H1 become more compact when
they bind to each other, probably because
charge complementarity in disordered pro-
teins can mediate the compaction of protein
chains through electrostatic attractive forces,
in addition to driving intermolecular inter-
actions”. The authors find that the high degree
of charge complementarity between Pro-Ta
and H1 also provides a substantial electrostatic
contribution to the binding energy of the sys-
tem, making complex formation extremely
favourable — as reflected by the high binding
affinity of Pro-Ta for H1. The distribution of
charges throughout the amino-acid sequences
of both Pro-Ta and H1 allows the formation
of a wide range of stable complexes that lack
defined binding sites.

Many disordered proteins form ‘fuzzy’
complexes®, which have a high degree of
structural heterogeneity. Pro-Ta and H1 form
an archetypal fuzzy complex that involves
a large ensemble of possible bound protein
conformations, many of which are adopted
by only a small number of individual com-
plexes and occur with approximately equal
probability. The rate of association of Pro-Ta
and H1 is limited by the diffusion of the mol-
ecules, a hallmark of electrostatic attraction’.
The rapid association, slow dissociation and
broad distribution of charge throughout the
Pro-Ta and H1 sequences are responsible for
the formation of the heterogeneous ensemble
of complexes, in which the proteins entwine
in many different configurations (Fig. 1).

The interaction mechanism of Pro-Ta and
H1 probably aids their biological function.
Pro-Ta assists with the assembly and disas-
sembly of chromatin, the material in which
DNA is packaged with histone proteins (such
as H1) in cells®. To perform its function,
Pro-Ta must recognize its histone substrates
rapidly and with sufficient affinity to compete
with the high affinity of histone-DNA inter-
actions. The high binding affinity of Pro-Ta
for H1 and the association rate of the two pro-
teins imply that the dissociation of Pro-Ta-H1
complexes is slow enough to allow functional
outcomes, but fast enough not to slow down
biological turnover.

Many mechanistic questions remain. Can
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Pro-Ta form complexes with chromatin-bound
HI, to promote the dissociation of H1 from
DNA and to usher it to a new binding site, with-
out having to wait for spontaneous dissociation?
Similarly, can Pro-Ta remain bound to H1 once
it has been deposited at a new DNA site? The
flexibility in the Pro-Ta-H1 complexes would
facilitate such processes: the positively charged
regions of H1 would be exposed even when in
complex with Pro-Ta, and thus be available for
simultaneous binding to chromatin.

It is evident that the amino-acid sequences
of Pro-Ta and H1 have a crucial role in
dictating the proteins’ molecular function. The
amino-acid sequences of disordered regions in
proteins evolve rapidly, yet recent studies have
shown that the net charge is conserved despite
a high degree of sequence diversity (see ref. 9,
for example). Highly charged proteins such
as Pro-Ta and H1 might therefore be more
tolerant to mutation than their less-charged
counterparts. As noted by Borgia and col-
leagues, many disordered proteins have levels
of net charge similar to those of Pro-Ta and
H1, suggesting that the formation of dynamic
complexes between disordered proteins of
opposite charge might be common.

Charge complementarity between
disordered proteins and their molecular
partners is of great importance to signal-
ling pathways that rely on post-translational
modifications (protein modifications that
occur after protein biosynthesis), and to
phase-separation processes that result in the
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formation of concentrated droplets of proteins
and nucleic acids". Although it has long been
evident that electrostatic interactions have
a central role in the formation of biological
complexes, Borgia and colleagues’ work high-
lights how crucial these attractive forces can
be for the assembly of very strong, yet highly
dynamic, molecular complexes in the cell. m
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A surprising chill before
the cosmic dawn

An experiment to estimate when stars began to form in the Universe suggests that
gas temperatures just before stars appeared had fallen well below predicted limits,
and that dark matter is not as shadowy as was thought. SEE LETTER P.67

LINCOLN GREENHILL

r I Yhe first stars to form generated
copious fluxes of ultraviolet radiation
that suffused the early Universe — a
phenomenon referred to as the cosmic dawn.
Many calculations have been performed to
estimate when this occurred’, but no data-
driven constraints on the timing have been
available. On page 67, Bowman et al.” report
what might be the first detection of the thermal
footprints of these stars, tracking back to
180 million years after the Big Bang.
Less than one million years after the Big
Bang, the Universe consisted of atomic gas
(chiefly hydrogen) and a form of matter that
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outweighs regular matter by more than five
times® but has yet to be seen directly. Meas-
urements over decades have indicated that,
oddly enough, this ‘dark’ matter interacts with
itself and with regular matter only through
the action of gravity. It was mainly the gravity
of dark matter that amplified small, localized
density perturbations in the Universe shortly
after the Big Bang to generate the first large-
scale structures. But it was the hydrogen within
these perturbations that collapsed piecemeal to
form stars, bringing about the cosmic dawn.
The observable thermal footprints of early
stars derive from small variations in the
ratio of the number of interstellar hydrogen
atoms found in two particular energy states;
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a transition between these states
causes a photon to be emitted or
absorbed at a characteristic radio
frequency. The ratio reflects the
degree of excitation of the hydro-
gen, and can be expressed as a tem-
perature, known as the atomic spin
temperature (7).

At early times, when the Universe
was relatively small and mean gas
density was high, collisions between
atoms were frequent. T was there-
fore the same as the kinetic temper-
ature of the gas (Tj), an indicator of
the energy available to excite atoms
through collisions. By the time
stars began to form, the Universe
had expanded. Both T; and mean
gas densities had fallen, and colli-
sions were infrequent, allowing T
to drift upward to the temperature
of the radiation (Ty) left over from
the Big Bang (Fig. 1). Ty also fell as
the Universe expanded, but not as
quickly as Tg.

Along-standing theory™’ that still
awaits testing predicts that absorp-
tion of UV radiation from early stars
by nearby clouds of hydrogen could
have driven T back down to Tg,
but not lower. In other words, the
cosmic dawn would make the gas
seem colder when observed at radio
frequencies. This would create an absorption
feature in the spectrum of the background
radiation left over from the Big Bang.

Bowman et al. now report the possible
detection of just such an absorption sig-
nal. The authors measured Ty, averaged
over much of the sky and over a contiguous
range of radio frequencies; each frequency
provides a window on a different time in the
Universe’s past. The measurement is very dif-
ficult because it must be performed using an
extremely well-calibrated VHF radio antenna
and receiver, to enable the weak cosmologi-
cal signal to be separated from much stronger
celestial signals and from those within the
electronics systems of the apparatus used.

The putative absorption signal extends over a
wide frequency range, one end of which looks as
far back as 180 million years after the Big Bang,
in good agreement with theoretical predictions®.
Remarkably, however, the peak amplitude of the
absorption is two to three times larger than pre-
dicted by the most optimistic models, and the
absorption profile is flat-bottomed, rather than
curvilinear and Gaussian-like, which is also at
odds with models.

So how can the differences from the models
be explained? On page 71, Barkana” argues that
models could achieve the reported signal ampli-
tude and profile if non-gravitational interactions
— like those that occur between charged parti-
cles — occur between dark matter and normal-
matter particles, and if the dark-matter particles
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systematic errors have escaped
detection by the tests that were run.
Two extensions to the reported tests
include using circuitry that more
precisely imitates the antenna than
Bowman and colleagues’ circuitry
when attached to the receiver dur-
ing performance evaluation and
calibration, and the cross-checking
of performance models for the
antenna (which are currently based
on computer simulations of antenna
electromagnetics) with field meas-
urements made when narrowband
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Figure 1 | Temperature changes during the evolution of the
Universe. The first two phases of the Universe were the ‘dark age, before
stars formed (grey), and the cosmic dawn (yellow), when clouds of
hydrogen in early structures collapsed to form stars. The temperature of
radiation (T7) left over from the Big Bang has declined slowly over time.
The spin temperature (T;) of hydrogen that has not formed stars reflects
the excitation state of the hydrogen atoms (solid blue line shows previous
estimates of T based on models). Bowman et al.* use observations to
estimate T, and find that it dropped to lower values (red solid line) than
predicted by models. Barkana’ proposes that this could be evidence

for a previously unrecognized, non-gravitational interaction between
normal and dark matter. Such interactions would mean that the ‘kinetic’
temperature of gas (T;) in the Universe also dropped to a lower minimum
(red dashed line) than is predicted by known physics (blue dashed line).
(Adapted from ref. 12.)

have relatively low masses and velocities that
are less than the speed of light. The effects of
variously hypothesized types of dark matter
have been calculated previously®, but only
those in which dark matter and normal matter
scatter each other increase the magnitude of the
absorption signature. The idea that a detectable
radio signal from the cosmic dawn can be con-
nected to the particle properties of dark matter
suggests a potentially revolutionary angle for
exploring fundamental physics.

Bowman and colleagues’ claim to have
detected the long-sought absorption signal is
bolstered by myriad tests in which the authors
altered their experimental hardware or data
analysis, in a concerted effort to identify sys-
tematic errors that might be responsible for the
measured signal. The tests included repeat-
ing the data acquisition and analysis using a
duplicate antenna at a second, nearby loca-
tion; orienting the antenna at different angles
with respect to the compass; and changing the
ways in which the antenna is isolated from the
ground. Other tests focused on switching vari-
ous facets of the data calibration on and off.

However, the most stringent test will be to
compare the current results with those to come
from independent experiments also aimed at
detecting the cosmic-dawn signal'*"". T hope
that the unexpected amplitude and line shape
of the reported absorption signal is indeed a
hard-won breakthrough that reveals evidence
of unexpected physics. But it is possible that

or sinusoidal signals are broadcast
near the antenna.

Bowman and co-workers’ report
will be recognized as a milestone
for this nascent experimental field:
the first reputable claim of a much-
anticipated detection. The follow-
up will not be limited to ever finer
interpretations of increasingly accu-
rate one-dimensional spectra. Stud-
ies of the cosmic-dawn signal using
interferometers (arrays of antennas)
could describe the 3D structure of
the Universe at that time and, by
extrapolation, during the primordial
‘dark age’ when large-scale structure
in the Universe first formed. One of
Barkana’s particularly notable pre-
dictions is that, if non-gravitational
interactions between normal and dark matter
do exist, then the absorption signal detectable
by interferometers could be stronger and more
distinctive than had been predicted. It would
encode the spatial fluctuations of matter density
that occurred during the dark age, rather than
just gas temperature, thus presenting new
opportunities for tests of fundamental physics. m
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