times. That this person was given a deliber-
ate burial in a cave when they died perhaps
confirms that the care provided in life by this
community continued after a person’s death.
Furthermore, there are signs of innovative
behaviourinsocietiesin this region of Borneo,
namely, the creation of rock art 40,000 years
ago®.

Onelimitationtothistype of researchis what
isdescribed asthe ‘osteological paradox’ —sur-
vivalfor asuitably long period after anillness
or its treatment is necessary before traces
(whether healed or not) can be identified in
ancientbones’. Ancientamputations are much
rarer than, forexample, signs of osteoarthritis.
However, areason why amputations are not
oftenidentified in skeletons might be that no
healing occurred (unlikein this case), perhaps
indicating that the person died as aresult of
the surgery. This discovery in Borneo is from
a prehistoric time period, so no complemen-
tary texts are available to tell us about what
careor treatment was available and practised
atthe time. Nevertheless, the evidence does
tell us that some level of care must have been
provided by this community.

Although the bones are in good condition,
theremainsare of aburied skeleton rather than
ofawhole preserved body. This makesit more
difficult tointerpret what care might have been
given. The discussion about what types of care
wouldhavebeenneededtokeepthischild alive
has to be based on assumptions, because we
cannever prove what happened. Nevertheless,
a‘bioarchaeology of care’ might be developed
in the future to address such issues for this
case in Borneo. This approach includes a set
of steps called the Index of Care® that can be
used to assess whether a person with a dis-
ease or injury evident on their skeleton or in
their soft tissues would need care to survive,
and what might have been provided. It willbe
instructive to apply theindex to this skeleton
to gain a nuanced view of the specifics of the
actual care that might have been necessaryin
this scenario.

What more could be studied? Taking a
cross-section of the bone at the site of ampu-
tation and looking at it under a microscope
would make it possible to identify diagnostic
signs related to the healing of the bone using
histological analysis®. Of course, healing can
take place at different rates depending on
aspects of a person’s lifestyle (for example,
malnourishment or infection might delay heal-
ing). This amputation is clearly well healed,
and further microscopy would probably con-
firm the findings reported by Maloney and
colleagues indicating that the amputation
site healed well into what is called a resting
state, and that the person survived for several
years. This is a unique and ancient skeleton,
and ethical considerations must apply to any
analysis that would destroy bone in the pro-
cess. Indeed, the information that might be

gained would not add much to the story.

Theauthorsalso observed amix of maleand
femalefeaturesinthe skulland pelvis,and were
therefore not able to estimate the sex of the
individual. The sex of the child might have
had implications for their treatment. Taking
abone sample to try to analyse ancient DNA
might provide some clues to genetic aspects
ofthe various factors that underlie biological
sex, but we do not know whether any DNA is
preserved, and it would againbe a destructive
analysis of arare find.

A lot of anatomical and physiological
knowledge is needed for surgery, and this
was often gained through the butchering and
dissection of animals in early societies where
the dissection of humanbodies might not have
been an option. However, for this personin
Borneo, we cannot know for certain whether
the surgeon had that type of knowledge, or
whether they had any insights into how to
preventblood loss orinfection. Nevertheless,
amputating partofthelimb, includingthe foot,
would have been nosmallundertaking, and it
raises the question of how bleeding was con-
trolled during and after the operation. Perhaps
plant material, such as sphagnum moss, was
used. We certainly have evidence of past and
present communities using the medicinal and
physical propertiesof naturalresourcestotreat
ailments, and it would have been essential for
healing that the wound was kept clean after
surgery to prevent infection.

There is no evidence of infection of the
remaining part of the leftleg. The amputation

Physical chemistry

iswell healed, suggesting thatif there had been
an associated post-operative infection it was
resolved. Of course, today asurgery-associated
infection might be treated with antibiotics, but
this treatment option would have been una-
vailable for the child ifthey needed treatment
for infection.

Finally, whether the child had the use of an
‘artificial limb’ or asupport (such asacrutch)
couldbe contemplated. This has been consid-
ered for a sixth-century Austrian male indi-
vidual who was excavated, although, in that
case, there was archaeological evidence of an
artificial foot preserved in the grave'°.
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Engineered molecules
solve fluorescenceissues

Juan-Carlos Sancho-Garcia

The process by which pixels fluoresce in electronic displays
uses energy highly inefficiently. The identification of
fluorescent molecules with an unusual order of excited states
opens up a fresh approach to tackling this issue. See p.502

AreyoureadingthisNews & Views articleona
mobile phone? Do you stream your favourite
series on a bright, flat-screen television, or
help yourkids do schoolwork ontheir tablets?
If so, then one day you might benefit from the
advance reported by Aizawa et al.' on page 502.
They describe abreakthrough that overcomes
long-standing constraints imposed by the
laws of quantum mechanics on the energy
efficiency of electronic displays, using a new
strategy for understanding and engineering
the interactions of light with matter.

© 2022 Springer Nature Limited. All rights reserved.

When you flip a coin, the statistical prob-
ability of achieving either heads or tails is
50% when averaged over many trials, but the
distribution of outcomes can vary for asmall
number of flips. Things are very differentin
the molecular world, because of the rules of
quantum mechanics. Consider the physical
process that produces fluorescence: anenergy
input putsamoleculeinto either a‘heads’ora
‘tails’ state (known as singlet and triplet states,
respectively), with each state corresponding
toadifferent energy of the molecule (Fig.1a).
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Figurel|Inverted excited states boost energy conversionin fluorescence. a, In conventional fluorescence,
an energy input (not shown) induces molecules to populate either asinglet or a triplet state. Singlets relax to
the ground state through fluorescence (emission of a photon), whereas triplets relax inanon-radiative manner
(no emission). Because triplets form 75% of the time, and singlets just 25% of the time, only 25% of the energy
inputis converted into fluorescence. b, In thermally activated delayed fluorescence, the energy difference
between the excited states is reduced to almost zero. Ambient thermal energy promotes the conversion of
triplets to singlets, and so more molecules populate the singlet state than in a, increasing the fluorescence.

¢, Aizawa et al.' report H-type delayed fluorescence. In this case, triplets are higher in energy than singlets, so
that there is no energy barrier to conversion. Theoretically, all of the molecules can fluoresce, regardless of
which excited state they initially enter, improving the energy efficiency to 100%.

In this case, the chances of getting tails are
much higher than the chances of getting heads
—the probabilities are 75% and 25%, respec-
tively — and the ratio of outcomes is always
the same, regardless of the number of trials.

Only the molecules in the heads state can
retain the energy and transform it into light,
which is emitted as fluorescence in the red-
to-blue region of the visible spectrum. By
contrast, the molecules in the tails state
immediately release the energy received to
the environment, without producing light. The
statistics of the “flipping’ process therefore
imply that energy will be lost 75% of the time
—or, to putit another way, the efficiency of
light production from this physical process
can never exceed an intrinsic limit of 25%.

What does this have to do with electronic
displays? When triggered by the injection of
charge from the battery, each of the pixels in
adisplay lights up with a specific colour that
originates fromthe physical process that pro-
duces fluorescence. The colour is a stream of
photons of a particular wavelength, and can
be emitted from only the 25% of the molecules
in the pixels that adopt the heads state after
chargeinjection.

Finding ways to improve the efficiency
of this emission process has been a subject
of research for the past few decades?>. Two
main strategies have been pursued. The
firstinvolves introducing heavy atoms into
molecules so that some molecules in the tails
state canalso emitlight. The second approach
aims to greatly reduce the energy difference
betweenthe heads state and the lower-energy
tailsstate (Fig.1b). Ambient thermal energy can
thenovercomethe energy barrier between the
two, thereby converting some of the tails to
light-emitting heads. An energy-absorbing
processsuch asthisis said to beendothermic.
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Aizawaetal. took adifferentapproach. They
aimed to find molecules for which the heads
state is lower in energy than the tails state,
rather than the other way around (Fig. 1c). In
this case, instead of the molecules in the tails
statejustlosing their energy, they can donate
it to the lower-energy molecules in the heads
state without needing to overcome any energy
barrier, thus allowing the heads molecules to
emit light. Theoretically, this could enable
fluorescence with 100% energy efficiency —
a goal that quantum mechanics suggests is
challenging to achieve*, and which has so far
been elusive in experiments.

If an energy-releasing (exothermic) process
such as this could replace the current endo-
thermic ones, it would not only enable the
development of brighter screens, among other

“Theresults suggest that
the prospects for practical
applications — possibly
evenintheimmediate
future — are excellent.”

technological applications, but also reduce
the energy consumption of such electronic
devices. This, in turn, would decrease global
energy demands and the associated carbon
emissions — and could therefore be an asset
in helping the world to meet the United
Nations Sustainable Development Goals
(https://sdgs.un.org/goals).

Previous calculations®® have predicted
that an endo- to exothermic transformation
is possible, notably for a family of triangular
molecules called heptazines, and for struc-
turally related molecules. Some experimental

© 2022 Springer Nature Limited. All rights reserved.

evidence for this has also been reported®™°.
Aizawa et al. now present experimental evi-
dence of heptazine molecules that can trans-
formmost of theinjected energy into emitted
lightbecause the heads stateislowerinenergy
than the tails state (that is, because the order
of energies has been reversed).

Theauthorsbegan their study by computa-
tionally screening a pool of 34,596 molecules
to identify candidates that have a profile of
excited states that would enable the desired
exothermic fluorescence mechanism. They
narrowed down the set of candidates to about
3% of the original number by focusing on those
thatwould emitbluelight (the most challeng-
ing colour to obtain by emission from organic
molecules). They thenselected two molecules
that could be synthesized inthe laboratory for
experimental analysis.

It has always been difficult to determine
whether fluorescence is produced only from
molecules that are excited directly into the
heads state, or whether it is also produced
from molecules that are indirectly excited to
the heads state through the tails state. Aizawa
and colleagues used a variety of techniques
in numerous experiments to assess this for
their two molecules. They show convincingly
that the order of energies for these states is
indeed reversed for one of these molecules,
and for some closely related ones. The authors
name this mechanism of light emission
heptazine-type (H-type) delayed fluorescence,
to distinguish it from previously reported
mechanisms.

Moreover, the authors show that the energy
efficiency and colour quality of these emitters
can be attained not only in small-scale labo-
ratory experiments, but also at larger scales
incommonly used electronic devices such as
organic light-emitting diodes. This suggests
that the prospects for practical applications
—possibly evenintheimmediate future —are
excellent. Overall, the authors’ findings intro-
duce a new concept in light-matter experi-
ments: the use of molecular engineering to
overcome limitations previously thought to
apply to all visible-light emitters.

The findings raise several questions. How
many other molecules behave like those dis-
covered by Aizawaet al., challenging the rules
of quantum mechanics? Why do only some
molecules do this, and what is the physi-
cal basis for such behaviour? And will it be
possible to find molecules that emit the other
primary colours (red and green) needed for
pixelsin displays?

With respect to the development of emit-
ters for practical applications, the next step
will be to identify the molecular features that
underlie this behaviour", so that libraries of
compounds can be designed starting from
computational screening. It willthen be inter-
esting to see how many of those molecules can
be synthesized with high yield and purity, and



what the stability and lifetimes of the resulting
electronic devices will be. The answers to these
questions will determine whether, and how
quickly, the technology can be adopted for
use in everyday electronic devices.
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Anauxin-binding protein
resurfaces after deep dive

Angus S. Murphy & Wendy A. Peer

The hormone auxin regulates plant growth through

nuclear co-receptors. Arapid response also occurs at the

cell surface after auxin is perceived by the receptor TMK1
and a co-receptor protein. Is ABP1 this co-receptor? See p.575

The plant hormone auxin exists in different
forms, of which the most common is indole-
3-acetic acid (IAA). Auxin regulates a range
of crucial plant processes, including embryo
development, organ formation, the branch-
ing of side shoots from the main stem, and
directed (tropic) growth in response to stim-
uli such as light or gravity. Friml et al.! offer
fresh insights on page 575 into how auxin is
perceived at the cell surface. This process
involves a receptor that mediates a signal-
ling response, and a co-receptor protein that
binds to auxin and also to the signal-mediating
receptor.

Most aspects of auxin signalling involve
a well-characterized mechanism in the cell
nucleus. In the resting state in the absence of
auxin, AUX/IAA proteins (which can function
asauxin co-receptors) bind to proteins called
ARFstorepresstranscription of aset of genes.
Auxin synthesized in the cell or transported
from elsewhere promotes the association of
AUX/IAA proteins with a receptor protein of
the TIR/AFB family (TIR1, AFB1, AFB2, AFB3
or AFB4) to initiate a process leading to deg-
radation of the AUX/IAA proteins. The result
is derepression of ARF-dependent gene
transcription to activate auxin-dependent
gene expression.

However, some auxin responses, most
notably those that rapidly activate cell
expansion and auxin movement by activat-
ing proton pumps called H*-ATPases in the
cellmembrane, seem to be at least partially

independent of this systeminvolving nuclear
co-receptors. A decrease in electrical poten-
tials at the cell membrane and an influx of
calciumions occur within seconds of IAA appli-
cation. These processes depend both on the
protein AUX1, whichenables auxinimport, and
onintracellular TIRI/AFB receptors® Auxin
inhibition of root growthinresponse to gravity

a
Cell
membrane  Calcium
AUX1 AHA ‘ channel
IAA© i’y Ca**
TIR1/AFB

occurs by amechanism? that is independent
of the mechanism that Friml et al. propose.
Other phenomena, such as auxin-dependent
regeneration of the fluid-conducting vascular
tissue after wounding, are residually present
in mutants of the plant Arabidopsis thaliana
thatlack components of the TIR1/AFB system.

For50years, the main candidate co-receptor
for auxin on the surface of cells has been
auxin-binding protein 1 (ABP1), which was
discovered in maize (corn) and subsequently
identified in many other plant species. How-
ever, inconsistencies in the evidence relating
to its co-receptor status have generated
scepticism about its role in relation to auxin.
(Seeref. 4 for an in-depth discussion of ABP1
function. Written by a researcher who has
spent much of the past 35 years studying
the structure and function of ABP1, it offers
an excellent summary of the settled and
unsettling history of ABP1research.)

Itis generally accepted that ABP1 contains
an amino-acid sequence that targets it for
residency in the endoplasmic reticulum, an
organelleinwhichIAA, versions of IAA called
IAA-amido conjugates and ABP1 are abun-
dant®. ABP1 can bind strongly to an artificial,
membrane-permeable auxin called NAA and
to a ‘minor’ natural auxin, phenylacetic acid,
under acidic conditions, comparable to those
that exist in extracellular regions (the cell
wall and the cell surface). However,despite
being almost exclusively localized to the
endoplasmic reticulum, ABP1 does not bind
strongly to these molecules at the neutral
pH characteristic of that organelle®. Another
reason for ABP1notbeing considered an auxin
co-receptoristhata‘loss of function’mutation
of the gene encoding ABP1 is not associated
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Figure1|Arole for ABP1in an auxin-mediated pathway. a, Auxin (IAA) enters cells through the protein
AUX1 and binds to a protein of the TIR1/AFB family. This leads to rapid ion flow (within seconds) through the
protein AHA and a calcium channel. b, Auxin is also perceived at the cell membrane by the receptor protein
TMKI1. Some aspects of this system were known, but whether the protein ABP1 or proteins of the ABP1-like
(ABL) family act as a co-receptor that binds to TMK1 and auxin was unknown. TMK1 has a kinase domain that
enables it to add phosphate groups (P) to target proteins' such as TAA1 or AHA. When cleaved from TMKI,
the kinase domain moves to the nucleus and stabilizes two proteins that repress transcription (not shown).
Friml et al.' report that ABP1is a co-receptor for TMKI. ABL proteins might have arole, too. The authors
report alarge number of sites that are phosphorylated when TMK1 and ABP1interact.
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