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Thoughtsfor thefuture

M Check for updates

As Nature Chemical Biology approachesits third decade we asked a collection of chemical
biologists, “What do you think are the most exciting frontiers or the most needed developments
inyour main field of research?” — here is what they said.

tisimpossible to precisely predict which

new technologies willbe developedinthe

future, or exactly how they will be har-

nessed to generate new knowledge. There

is, however, some wisdomin crowds. With
thisin mind, Nature Chemical Biology reached
out to researchers working in research areas
that are representative of the work the jour-
nal covers. We asked them to contribute their
vision of what the most important frontiers
in chemical biology are, and what develop-
ments are needed to advance the field. Their
comments highlight some of the challenges
chemical biologists are addressing and we
look forward to seeing how the field responds
intheyearsahead.

LonaM. Alkhalaf:

The advent of low-cost
genome sequencing
has propelled the field
of natural product
biosynthesis forward
over the past 10 years,
allowing scientists to
identify and switch on
silent gene clusters,
detect novel biocata-
lysts, and elucidate the
detailed molecular mechanisms of complex
assemblylines. Currentfocusis on developing
amore detailed understanding of how differ-
ent parts of a biosynthetic pathway interface,
how chemical selectivity canbe rationally engi-
neered, and whether we can use big datasets to
learnanylessons fromevolution, with help from
machine learning technologies. The next excit-
ing frontier will then be utilizing what we have
learntto manipulate these biosynthetic systems
robustly, for the de novo synthesis of complex
chemicalscaffolds from simple building blocks.

Cheryl Arrowsmith:

Chemical probes are among the most useful
toolsto study the function of aspecific protein

and/or its potential as
a therapeutic target.
However, discovery
of potent, selective,
cell-active compounds
is currently time and
resourceintensive,and
often encumbered by
intellectual property
restrictions, limiting
their availability. To
address these limitations, we should take
inspiration fromtherecent success of 3D pro-
teinstructure-predictionalgorithms (such as
AlphaFold2), whichwere trained on the thou-
sands of experimental protein structures in
the well-curated Protein Data Bank. Genera-
tion of high-quality experimental protein-
small molecule interaction data at scale, and
their deposition in machine-readable data-
bases, coupled with benchmarking competi-
tions, will enable machine learning models to
predict drug-like moleculesthat canbindtoa
given protein. The goalwould be to transition
chemical probe discovery from an expensive,
slow experimental endeavor toalargely com-
putational exercise. Such an advance would
eventually enable the discovery of chemical
probes for most ligandable proteins, while
also vastly accelerating drug discovery and
our understanding of biological systems.

Emily P. Balskus:

Efforts to understand
the many biological
roles that complex
microbial communities
(microbiomes) have in
ecosystems, including
thehumanbody, largely
leverage descriptive,
DNAsequencing-based
approachesfocused on
identifying microor-
ganisms. To gain amechanistic understanding
of microorganisms and microbiomes, we need

better ways of characterizing and controlling
microbial functions. Thisincludes developing
geneticand chemical tools that canbe applied
directly in natural microbial ecosystems. We
also need better methods to infer biologi-
cal and biochemical functions directly from
microbialgenome and metagenome sequenc-
ing data. Thisisalarger challenge we facein the
genomic era of biology. Obtaining sequencing
datais no longer a bottleneck — interpreting
those data is now the major obstacle. With
our ability to think about protein function
atamolecular level and design molecules to
interface withbiological systems, I believe that
the chemical biology research community is
uniquely positioned to contribute solutions
to these problems.

Giovanna Bergamini:

New modalities such as antibody-drug con-
jugates, bispecific antibodies and thera-
peutic oligonucleotides are revolutionizing
drug discovery and development. They
offer unprecedented precision in targeting
diseases, enhancing efficacy and minimiz-
ing side effects, and innovations in chemical
biology are driving these advancements. For
antibody-drug conjugates, developments in
linker technologies and payload optimization
are crucial for targeted delivery and enhanced
specificity. Bispecific antibodies are advanc-
ingwithimproved designs that enhance bind-
ing affinities and reduce immunogenicity. In
therapeuticoligonucleotides, breakthroughs
in chemical modifications and delivery mecha-
nisms are key to overcoming stability and tar-
geting challenges. These innovations promise
more effective treatments and personalized
medicine, significantly improving patient
outcomes and expanding therapeutic pos-
sibilities.

RashnaBhandari:

Inositol, a six-carbon ring with a hydroxyl
on each carbon, provides a platform for
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 combinatorial substi-
d tution of phosphate
and diphosphate
groups, creating an
array of inositol phos-
phates (InsPs) and ino-
sitol pyrophosphates
(PP-InsPs) inall eukary-
oticorganisms. Each of
these metabolites can
impact multiple cellu-
lar and physiological processes, many of which
continue tobe uncovered. InsPs and PP-InsPs
regulate protein function via specific bind-
ing. Additionally, PP-InsPs can donate their
B-phosphate to pre-phosphorylated proteins
to generate pyrophosphoproteins, several
of which were identified in a recent mass
spectrometry-based detection of the human
pyrophosphoproteome. Other advancesin
analytical methods are uncovering previously
unidentified InsP and PP-InsP species — infor-
mation on their functional roles will probably
follow soon. Current tools for quantification
of InsPs rely on conventional biochemical
methods of extraction and isolation. Future
breakthroughsintheinsitu detection of InsPs
and PP-InsPs, and their movement between
subcellular compartments, will uncover new
cellular biochemical secrets.

Christopher ). Chang:

Developing and
deploying new chemi-
cal methods for map-
ping metals across
varying biological-
length scales will help
us discover and deci-
pher the foundational
roles of these essential
nutrientsinhealth and
disease across all king-
doms of life. Diverse imaging modalities, along
with omics platforms spanning genomics,
proteomics and metabolomics, represent key
opportunities to advance our understanding
ofthe chemistry and biology of the elements.
These chemical approaches will inform new
metal-dependent physiology, particularly at
the interface between signaling and metabo-
lism, as well as new metal-dependent disease
vulnerabilities. In turn, this basic science
knowledge in the chemical biology of met-
als can be translated to address some of the
important societal issues facing our shared
world today, from aging and age-related dis-
eases such as Alzheimer’s disease, cancer and

metabolic disorders, to climate change and
sustainability in food, water and energy.

Peng Chen:

Precise and program-
mable ‘editing’ of the
proteome, such as
sequence-specific prot-
eolysisandsite-specific
post-translational modi-
fications (PTMs), may
offer an unprece-
dented capability for
probing and modulat-
ing protein functions,
localizations and interactions inside cells at
will. Similar to the sequence-specific gene
editing by using CRISPR systems, program-
mable proteases, PTM writers or PTM erasers
could enable the remodeling and fine-tuning
of protein functions withinits native proteome
context, which remains desirable yet challeng-
ing. In contrast to genetic alterations, the
protein-level modulations provide more tem-
poral and/or reversible control over protein
functions and cellular processes. Empowered
by the efficient protein evolution technology,
lenvision that reprogramming the specificity
of proteases and PTM writers and erasers may
ultimately revolutionize our ability to edit the
human proteome with high accuracy aswellas
spatial-temporal precision, which may lead
to an array of exciting applications in basic
sciences and therapeutic innovations.

Xing Chen:

Like nucleic acids and
proteins, glycans are a
major type of biomac-
romolecule of cells.
However, owingto the
structural complexity
and microheteroge-
neity, elucidation of
glycan functions has
longbeen challenging.
For the past decades,
chemical biology has provided powerful
tools such as bioorthogonal chemistry and
click chemistry for visualization and profil-
ing of glycans in living systems in ways not
possible before. Fromthe perspective of tech-
nology, glycan sequencing and editing both
at the single-cell and system levels remain
lagging behind gene sequencing and edit-
ing and proteomics. Developments of these
enabling tools will facilitate the answering

of fundamental questions such as how gly-
cansequenceis determined and what glycan
functions areimportant in pathophysiologi-
cal processes such as neurodegeneration
and cancer.

Alessio Ciulli:

The success of PROTACs and molecular glue
degraders, with >50 drugs in clinical trials
today, is fundamentally underpinned by
their remarkable ability to de novo induce
protein-proteininteractions or to strengthen
pre-existing ones. We have just scraped the
surface of what is possible with this new
dimension of molecular recognition. I am
excited about exploring the large space and
potential beneath the tip of the iceberg, to
pursue the true power of inducing molecu-
lar complexes as a strategy to probe biology
and re-wire it for innovative pharmacology.
Toward this long-term goal, I foresee that it
willbeimportant to develop new methodsin
integrative structural biology and biophys-
ics, with a focus on gaining deeper insights
into protein interactions and dynamics, and
making better predictions thereof, as well as
innovations in screening approaches for dis-
covery in chemistry and biology. Together,
these advances will combine to usheraclearer
path toward more rationally designing the
next generation of proximity-inducing small
molecules.

JuliaA. Cricco:

In recent years,
advances in technol-
ogy and experimental
strategies have sig-
nificantly expanded
our understanding of
metal ion trafficking
and storage in differ-
ent cells, tissues and
organisms. However,
the precise pathways of
metal ion scavenging in real time and space,
especially in pathogenic organisms, remain
unresolved. Although a variety of proteins,
chaperones and small ligands have been
identified in several organisms, there is still a
knowledge gap when it comes to pathogenic
parasites. These pathogens rely on metal ions
for their proliferation, while hosts regulate
the availability and toxicity of these ions to
combat infection. Unveiling the chemistry
and biology of metal ion scavenging and traf-
ficking in pathogenic parasites could lead to
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the discovery of new molecular targets, facili-
tating the development of novel therapeutic
agents — or repurposing existing ones — that
may serve as effective treatments against
neglected diseases.

Benjamin G. Davis:

Genetics is axiomati-
cally separated from
true function in biol-
ogy both in time and
inspace.Itistherefore
perhaps too blunt a
tool to rely on, even
with increasingly
‘expanded’ codes. The
industrialization of oli-
gonucleotide assembly
(genome factories) may allow eventual pro-
gress tomore precise control thanis currently
afforded by gene editing. However, none of
these methods can control biology in the right
place at the right time. One grand vision for
chemical biology, as advanced chemical phar-
macology, is the editing of lifeinits truly func-
tional, post-translational state through bond
forming and bond breaking directly inside
living systems. This will exploit all the tools
of chemistry, including catalysis and multiple
layers of hierarchical selectivity. There is no
reason that deficiencies caused by pathology,
which inevitably emerge from even the most
finely tuned genomes, cannotbe corrected in
this way. Crick warned against overreliance on
genesinhisinvocation of molecular biology as
dogma — chemistry now has the power, inthe
coming years, to step beyond this.

Martina Delbianco:

The frontier in car-
bohydrate materials
lies in engineering
well-defined glycansto
harness their untapped
potential across
% numerous fields.
'* Interdisciplinary pro-
jects that integrate
computational mod-
eling, synthetic chem-
istry and advanced analytics are reshaping
our understanding of glycan structures
and their complex biological roles. Still,
the exploration of glycans has just begun
and tailor-made carbohydrates remain
underexplored in materials science, organic
chemistry and nanotechnology. A new era

merging computer science and glycobiology
is on the horizon, promising to accelerate
glycan discovery and characterization
even further. This process will unlock new
functions and applications, allowing us to
engineer carbohydrate-based systems that
can intelligently modulate biological pro-
cesses or function as programmable bioma-
terials. Drug delivery systems, catalysts for
organic transformations, food additives
and mimics of biological matrices are just
some foreseeable applications, but many
more opportunities may reveal themselves
as research in carbohydrate materials
progresses.

Natalia Dudareva:

Every day nearly one-
fifth of the carbon
dioxide fixed by plants
is released back into
the atmosphere in the
formofvolatile organic
compounds that play
key roles in plant-
plant communication
and interactions with
insects and microor-
ganisms. The next frontiers and challengesin
volatileresearch are to understand how plants
regulate the release of these compounds
and to decrypt the messages plants convey
through volatiles to other plants, insects and
microorganisms. Unraveling the mechanisms
behind this information exchange in the eco-
system will have a profound impact on sus-
tainable agriculture, pest management, plant
protection, biofuel production andimproving
crop nutritional value. This researchis becom-
ing increasingly crucial in the face of global
climate change, as plant-emitted volatiles
influence atmospheric chemistry and cli-
mate, while climate shifts substantially affect
their production, emission and ecological
functions.

Erin Dueber:

Advancements in pep-
tide diversity display
methodologies and
synthesis strategies
have expanded the
range of peptide-based
reagents, including
the incorporation of
an ever-growing list
of non-natural amino

acids and cyclization schemes that add
conformational complexity and/or rigidity.
These peptide reagents will be powerful
tools for exploring the molecular mechanisms
thatunderlie human biology and disease, and
they could potentially serve as a means of
therapeuticintervention for difficult-to-drug
targets.

Fleur Ferguson:

Induced proximity
modalities have raced
from academic labs to
the clinic, with numer-
ous molecules in clini-
cal trials. As the field
advances, rational
methodstoscreen for,
' validate and optimize
this new class of mol-
ecules are emerging.
Looking to the future, the next frontier is the
development of methods that expand our
ability to rationally discover molecular glues
that rewire cellular signals, in particular those
thatgo beyond ubiquitin. The field has rapidly
leveraged cutting-edge medicinal chemistry,
large-scale proteomics, protein complex mod-
eling and machine learning techniques, and
I am excited to see where these efforts lead
inthe next few years.

Priscila Oliveirade Giuseppe:

In lignin bioconver-
sion, I think that the
most exciting fron-
tiers are the impact
of lignin-derived
compounds on the
gut microbiota and
health of humans and
herbivores, and the
molecular mechanisms
used by gut microbial
communities to break down and metabolize
ligninunder anaerobic conditions. Regarding
the most needed developments, advancesin
mass spectrometry methods, combined with
computational chemistry and machinelearn-
ingfordatainterpretation, could enhance and
accelerate our understanding of lignin struc-
ture and its transformation during chemical
and biological breakdown processes. A dream
would be to have arobust and fast method to
sequence lignin macromolecules and oligo-
mers, similar to that which exists for DNA and
proteins.
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Itaru Hamachi:

Overthepast20years,a
variety of biomolecule-
labeling techniques in
living cells have been
established, contrib-
uting to both basic
biological researchand
drug discovery. Such
selective labeling strat-
egies with high chemi-
cal flexibility should
be expanded toward living animals (in vivo)
in the next decades. In particular, the brain
remains an unexplored intriguing system due
toits structural and functional complexity.
The development of innovative tools such as
optogenetics has unraveled the intricate neu-
ronal networks of the brain. The use of in vivo
covalent chemical tools may enable identifica-
tion of metabolites with high spatiotemporal
resolution to improve the resolution of the
brain map. The description of such amolecu-
lar brain map caninformthe creation of novel
therapeuticstotreat neuronal/brain diseases
and to predict their potential side effects.

Ming Chen Hammond:

Foundational studies
on ribosomal RNA-
antibiotic and ribos-
witch-metabolite inte-
ractions built our
understanding of
RNA-small molecule
interactions, which
now have enabled
the development of
structured RNAs and/
or small-molecule ligands for in vivo applica-
tions that require high specificity, including
fluorescent tags, biosensors, gene regulators
and targeted RNA degradation. However, an
outstanding challenge remains to design
bespoke RNA structures to bind any given
small-molecule target with sufficient affin-
ity and selectivity to be useful in the cellular
context; equally challenging is the related
problem of predicting the small-molecule
ligand that would bind agiven structured RNA.
Although there are experimental methods that
allow researchers to brute-force the solution
through selections or screening, advances
in RNA 3D structural prediction and design
would be hugely enabling to the field and help
accelerate the generation of RNA-small mol-
ecule interactions for truly novel functions.

StavroulaK.Hatzios:

Redox reactions gov-
ern essential pro-
cesses within cells,
from cellular respira-
tion to the formation
of post-translational
modifications that
modulate signal trans-
duction. It is becom-
ing increasingly clear
that these electronic
transactions can also mediate intercellular
communication between microbial and host
cells. Redox-active smallmolecules produced
by the host can tune bacterial signaling and
metabolism during infection, and vice versa.
However, such processes are difficult to
detect given therapid and spatially controlled
dynamics of redox reactions withinbiological
systems. Integrating reactivity-based omics
approaches with probes capable of capturing
these dynamic events in situ will help illumi-
nate this enigmatic facet of host-microorgan-
isminteraction and create new opportunities
to control redox homeostasis in human health
and disease.

WonDo Heo:

The most exciting
frontier in the field of
optogeneticsismolecu-
lar optogenetics, which
allows precise control
over diverse cellular
molecules using light-
responsive proteins.
Recent advances
include the manipula-
tion of receptor tyros-
ine kinases, intracellular proteins, second
messengers such as calcium and phospho-
inositides, mRNA, and intrabodies such as
nanobodies and single-chain variable frag-
ments. These tools enable the real-time study
of cellular signaling pathways in cell biology
and neuroscience fields, in which light can
modulate cellular functions, animal behavior
and memory. The capacity to regulate multiple
molecular targets simultaneously opens new
avenues for therapeutic applications, includ-
ing treatments for neurodegenerative diseases
and advancementsin regenerative medicine.
By controlling cellular processes with high pre-
cision, molecular optogenetics caninfluence
neuronal activity and behavior in animal mod-
els, offering promising therapeutic potential

for human applications. This expanding
toolkit transforms our understanding of cel-
lular function and drives innovative therapeu-
tic strategies.

JonPaul Janet:

Generative models for
drug discovery need
dynamics. The impact
of generative models
on life sciences has
beendramatic, greatly
increasing access to
high-quality protein
structures and widely
recognized as a break-
through (including the
2024 Nobel Prize). However, capitalizing on
this information for drug discovery requires
a connection to chemistry, identifying bind-
ingsitesand accurately generating or finding
chemotypes that can drug them. Progress
has been made on this front, with a plethora
of pocket-conditional generative models
available, trained on static crystal structures
and generally treating the receptor as rigid.
However, proteins are both dynamic, in that
they sample an ensemble of configurations,
and flexible — this ensemble can be biased by
the presence of aligand. Incorporating these
dynamic effectsis akey outstanding challenge
and exciting frontier for generative modeling
to be able to account for entropic effects in
binding, find cryptic pockets, and target
‘undruggable’ space.

Siddhesh S. Kamat:

Asignificant portion of
proteins remain func-
tionally unannotated.
Of note, several incur-
able human diseases
are associated with
mutations and/or dys-
regulation of proteins
(especially enzymes)
whose physiological
functions are hitherto
unknown. Therefore, mechanistically delin-
eating the biochemical and cellular functions
of such disease-associated uncharacterized
proteins remains an exciting challenge in the
field of chemical biology. The past decade has
seen an exponential increase in the develop-
ment of new chemical tools, which, coupled
with various omics techniques and defined
genetic analysis, has substantially increased
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the throughput in assigning biological func-
tionstosuchuncharacterized human proteins.
Moving forward, continued efforts on this
front willnot only expand our understanding
of context-dependent protein functions, but
will most certainly lead to the development
of newer and better therapeutic paradigms
for currently untreatable human disorders.

Stefan Knapp:

The past decade has
seen the emergence of
exciting new targeting
opportunities, includ-
ing selective protein
degraders and other
bifunctional molecules
that have immensely
expanded our ability
to interfere with cel-
lular processes and
developing new strategies for the discovery
of new medicines. However, the vast majority
ofthe human proteome remains unexplored.
We now need toimplement new technologies,
especially machine learning and artificial intel-
ligence, to accelerate the process of develop-
ing selective small-molecule modulators for
the ever-expanding druggable proteome to
take full advantage of these new discoveries.

YamunaKrishnan:

We are only scratching
the surface of biology.
Nucleic acids can be
molded into high-
precision nanoscale
architectures, and we
can exquisitely control
howtheyinteract with,
probe and program liv-
ing systems. However,
it remains unclear
how nucleic acids translocate from organelle
lumensinto the cytosol and successfully trav-
erse the blood-brain barrier. Given the suc-
cessinmediating precise, cell-specific delivery
of nucleic acid assemblies in macrophages,
an outstanding challenge is how to re-route
nucleic acids to other cell types. Another
challenge is to target nucleic acids with sub-
cellular precision, either to organelles on the
secretory pathway or to specific cytosolic
locations such as membrane-less organelles.
These long-standing challenges remain to be
addressed for nucleic acid nanotechnologies
to achieve their full potential.

KathrinLang:

Within the past 20
. years, the site-specific
incorporation of non-
canonical amino acids
intoproteinsviagenetic
code expansion has
become a widely used
technology for deco-
rating proteins with
various functionalities.
Thisexpandedalphabet
includes building blocks bearing bioorthog-
onal handles, crosslinker moieties and spec-
troscopic probes, as well as post-translational
modifications (PTMs). Although genetic code
expansion technologies have started to have
impact on various fields, several challenges
remain.lamespecially excited to see howinno-
vations in creative chemical probe design as
well as advancements in protein and cellular
engineering will enable efficient and multi-
plexedincorporation of diverse non-canonical
amino acids mimicking PTMs in living cells.
Smart combination of such technologies with
advances in proteomic methods may allow
system-wide interrogation of site-specific
PTMs and high-resolution studies and con-
trol of signaling pathways. Our field’s inter-
disciplinary culture, promoting collaboration
between tool developers and users, will help
overcome current challenges, deepen bio-
logical insights, and drive discovery beyond
proof-of-concept studies.

LucalLaraia:

Significant advances
in our understanding
of how cells maintain
lipid homeostasis have
been made in the past
decades. However,
our ability to manipu-
. latelocal lipid pools in
specific cellular com-
partments remains
challenging. Address-
ing this will require advances in chemical and
genetictools toinhibit, or more demandingly
promote, the biosynthesis and trafficking of a
givenlipid, inasite-specific way. This willalso
have to be coupled with advances in track-
ing the fate of cellular lipids and exploring
their interactome, in which improved imag-
ing and analytical chemistry approaches are
continuously being developed. Together,
these tools will help us address diseases that

have misregulation of lipid homeostasis
at their core.

Reuben B. Leveson-Gower:

More classes of enzy-
matic transformations
{ are possible than ever
beforeand applications
of enzymesinindustry
~ are increasingly pro-
+ viding economic and
environmental value.
Now we are evenseeing
examples of designed
reaction pathways that
are only accessible via an enzyme. Neverthe-
less, many gaps still exist in the biocatalytic
repertoire. These missing puzzle pieces will
only be found through effective coopera-
tion between academia and industry to pro-
vide equal parts of daring and pragmatism.
Protein structure prediction has already
become a routine part of enzyme discovery
and analysis workflows, and protein design
canhelpimprove poorly performing enzymes.
Extensive and expensive directed evolution
campaigns remain a hurdle for the widespread
application of biocatalysis, but here machine
learning is already making contributions.
Enzymologists are probably not worried that
machinelearning will replace them, but major
breakthroughs willlikely result fromasynergy
between artificial intelligence and experts.

Xiang David Li:

My research focuses on developing chemical
tools and approaches to address key ques-
tions in epigenetics. Epigenetic research is
acomplex and intricate field that primarily
focuses on understanding how chromatin
modifications such as DNA methylation and
various histone modifications are established,
maintained and modified in response to envi-
ronmental cues, and how these modifications
control gene expression and contribute to
normal development, disease and aging.
Although we have made substantial progress
in understanding individual modifications,
the interactions and crosstalk among vari-
ous modifications are not fully understood.
Even a comprehensive ‘high-resolution map’
illustrating the distribution of diverse epige-
netic modifications throughout chromatin
is still lacking. Therefore, novel techniques
are required to profile chromatin modifi-
cations and their corresponding binding
proteins in the native chromatin context at
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single-nucleosome resolution. Suchinforma-
tion will pave the way for further elucidation of
complex mechanisms of epigenetic regulation
involving interplays between multiple layers
of chromatin modifications.

DavidR. Liu:

There are more excit-
ing opportunities
for chemical biology
than ever before, but
a molecular problem
of particular interest
is the development
of methods to deliver
the many promising
classes of protein,
RNA and DNA thera-
peutics into any cell or tissue type of inter-
est — potently, selectively and safely. Robust
solutions may arise from co-opting natural
cell entry mechanisms, from molecular engi-
neering or evolution, and from the use of
increasingly capable machine learning mod-
els. Breakthroughs toward solving this grand
challenge would advance basic science and
molecular medicine for the foreseeable future.

Mo-Fang Liu:

" The Nobel Prize has
| twice acknowledged
| the discovery of small
non-coding RNAs
(sncRNAs), with micro-
RNAs awarded in 2024
and small interfer-
) ing RNAs (siRNAs) in
2006, underscoring
their crucial roles in
living systems. We now
know that the small RNA world is vast, also
including PIWI-interacting RNAs in animals,
phased siRNAs in plants and various others.
A key frontier in sncRNA researchiis its clini-
calapplication.In2018, the US Food and Drug
Administration (FDA) approved patisiran
(Onpattro), the first siRNA drug for hereditary
transthyretin-mediated amyloidosis with poly-
neuropathy, marking the transition of sncRNA
research fromtheory to therapeutic practice,
fostering the development of RNA-based treat-
ments for diverse disorders. However, many
challenges remain in transforming natural
sncRNAs into effective and safe therapeutics.
In particular, chemical modifications to sta-
bilize sncRNAs or allow targeted delivery, as
well as approaches toidentify novel targets of

sncRNAs, are expected to expedite the devel-
opmentof smallRNA drugsinthe near future.

NirLondon:

Covalent binders offer
the potential to target
traditionally ‘undrug-
gable’ proteins, such
as those with shallow
pockets or disordered

regions. ‘Electrophile-
| first’ approaches for
their discovery, includ-
ing chemoproteomics
anddirectelectrophile
library screening, are at the forefront of
covalent chemical biology. Two key areas
could advance the field further. First, com-
putational modeling of covalent binders
needs to improve. Current methods for vir-
tual screening are limited, focusing on static
proteinstructures, whereas covalentbinders
oftenreveal cryptic, flexible pockets. Artificial
intelligence-based structure prediction may
help incorporate flexibility into binder mod-
eling, uncovering new target opportunities.
Second, expanding the range of electrophiles
beyond cysteineis crucial. Although cysteine
targeting remains dominant, discovering
novel electrophiles for other amino acids, in
asuitable reactivity range, will broaden the
target scope and enable new applications in
chemical biology and translational research.

Nilkamal Mahanta:

The advent of the
genomic revolution
and advances in com-
putational tools to pre-
dict proteinstructures
' and functions have
revitalized research
onnatural productbio-
synthesis. The investi-
gation of biosynthetic
pathways and engi-
neering of enzymatic machinery for com-
binatorial biosynthesis, chemo-enzymatic
synthesis and synthetic biology offers an
attractive opportunity to harness the full
potential of bioactive natural products.
New natural products are being reported
from underexplored domains of life such as
complex marine environments, mysterious
microbial kingdoms and extremophiles, which
may lead to the discovery of novel biological
activities and potentially new drugs. The

modern genomic, bioinformatic and experi-
mental skill sets have now enabled researchers
to decode orphan enzymes, unravel hidden
genomicspaces, and activate crypticor silent
biosynthetic gene clusters, which may pos-
sibly generate new therapeutic compounds.
Itisindeed exciting to witness total in vitro
biosynthesis complementing the challeng-
ing chemical synthesis efforts in recreating
nature’s miracle molecules in the laboratory
for pharmaceutical, agricultural or biotech-
nological applications.

Cristina Mayor-Ruiz:

Compound-induced

protein proximity is
an exciting and rap-
idly evolving arena
in chemical biology.
While prompting deg-
radation by recruiting
\. proteins to ubiqui-
tin ligases has been a
major focus, additional
outcomes are being
actively explored.lam excited about the pros-
pectof novel proximity-inducing pharmacol-
ogy able to orchestrate increasingly complex
cellular rewiring with unique precision. Can
we generate new synthetic cellular pathways
with drugs that temporarily induce non-native
protein complexes? A critical frontier lies in
identifying and exploiting weak protein-pro-
tein interactions, with applications limited
only by our imagination. By means of shape
complementarity, these transient (often over-
looked) interactions could be key toaccelerate
the development of chemical inducers of prox-
imity. Integrating advanced computational
methods with more sophisticated cellular
screenings will be crucial to establishiterative
discovery pipelines and deepen our under-
standing of induced proximity therapeutics.

Tom Muir:

Recent decades have witnessed remarkable
progressinour ability to detect protein post-
translational modifications (PTMs). Through
advances in proteomics, we can now appre-
ciate the staggering number of proteoforms
created by PTMs. Although discovering novel
PTMsis still an active area, we have reached a
point where the next challenge is loominginto
view, namely what are all these modifications
doing? Approaching this questionisincredibly
daunting, itisasif we have slogged up amoun-
tain only to find that it was merely a foothill

nature chemicalbiology

Volume 21| January 2025 | 6-15 |11

CREDITS: BROAD INSTITUTE; SHANGHAI INSTITUTE OF BIOCHEMISTRY AND CELL BIOLOGY; WEIZMANN INSTITUTE OF SCIENCE; MR. DEEPAK P.P., DEPARTMENT OF CHEMISTRY, IIT DHARWAD, INDIA; IRB BARCELONA


http://www.nature.com/naturechemicalbiology

Feature

ofthe Himalayas. Com-
parative proteomics
and emerging machine
learning methods will
have a role in prior-
itizing which PTMs to
focus on in a specific
context, for example
a disease state. How-
ever, it will still be
necessary to experi-
mentally assign function to these PTMs,
something that remains a difficult, bespoke
undertaking. Developing methods thataccel-
erate this work represents one of the great
opportunities for the field inthe coming dec-
ade. Although this will test the creativity of
chemical biologists and our ability to work
productively with investigators from diverse
fields, the payoffs will be immense.

Mario Tyago Murakami:

The vast majority of
microbial life remains
anunchartedterritory,
with their genomes
encoding numerous
proteins of unknown
function, a realm often
referred toas ‘microbial
‘ ; dark matter’. Theinabil-
Il — g Il ity to culture most of
these microorganisms
using traditional laboratory methods pre-
sents a significant challenge to microbiology.
Understanding their metabolic capabilities is
essential for advancing knowledge in microbial
ecology, evolution and Earth’s biogeochemi-
cal cycles. Deciphering the functions of these
unknown proteins from uncultured microor-
ganisms holdsimmense potential for biotech-
nology, with the possibility of revolutionizing
sectorssuchasagriculture, healthcare, energy
and biomanufacturing. By using advanced
high-throughput sequencing techniques to
recover high-quality genomes directly from
environmental samples, alongside integrative
chemical biology approaches, we can tap into
this unseen microbial world. This endeavor
couldaccelerate the bioeconomy, driveinnova-
tionacross multipleindustries, and contribute
toaddressing global challenges such as climate
change and environmental sustainability.

Hyun-Woo Rhee:

In the past decade, proximity labeling
techniques have shown great potential for

uncovering the spatial
architectures of living
organisms, ranging
from atomic to inter-
cellular interactions.
In the future, l expect
new proximity labe-
ling tools to emerge,
significantly enhanc-
ingour understanding
of spatial biology in
various organisms. These tools could also pro-
vide uswithagood framework to understand
spray-type modification eventsin our bodies.
Ibelieve that these potential new insights and
spatialinformation will driveimprovementsin
proximity-based therapies such as PROTACs or
chimeric antigen receptor (CAR) T cells.

Matt Robers:

As the mode of
action for new drug
modalities becomes
increasingly nuanced,
sophisticated bio-
physical technologies
arerequired to charac-
terize drug pharmacol-
ogyincellsandtissues.
Traditional drug dis-
covery focuses on iso-
lated proteins, relying on binary drug-target
interactions to guide medicinal chemistry.
Although this strategy has been productive,
it does not fully address the complexity of
biomolecular assemblies that govern cellular
physiology. Emerging drug modalities, such
as protein-proteininteraction stabilizers and
molecular glues, exploit these higher-order
assemblies and survey broader druggable
space. In these cases, affinity for monomeric
proteins may be modest, with high-affinity
states only emerging within ternary or more
complex assemblies. To fully realize the ther-
apeutic potential of these interactions, new
technologies are required toselectively inter-
rogate biomolecular complexesintheir native
cellular context. Ifimplemented in pathophys-
iological settings, these approaches could
significantly accelerate the development of
next-generation therapeutics.

Alex Satz:

The pharmaceuticalindustry strives to tackle
undruggable intracellular targets and has
thus taken to new modalities including oli-
gonucleotides, bifunctional degraders and

macrocyclic peptides.
Unfortunately, these
molecules are prob-
lematicwithregardsto
their optimization, as
few guidelines exist for
improving the cellular
uptake of molecules
thatresidein chemical
space beyond the rule
of five. The obvious
solution is to synthesize thousands or even
millions of analogs, and test everything in a
high-throughputcellular assay. But the cost to
synthesize such libraries by traditional meth-
ods is prohibitively expensive. Alternatively,
suchlibraries can be produced by combinato-
rial one-bead-one-compound DNA-encoded
chemicallibrary synthesis, in which the poten-
tial drug molecule can be released from the
bead, and its activity in a cellular functional
assay monitored. Such libraries have already
been produced and successfully screened in
biochemical assays. The next step however,
robust screens in cellular functional assays,
remains to be accomplished.

Brenda A. Schulman:

An exciting frontier
in chemical biology
is the development
of ‘degrader’ mol-
ecules that harness
the ubiquitin-pro-
teasome system to
elicit proteolysis of
disease-causing pro-
teins. Several recent
breakthroughs have
expanded the breadth of degrader mecha-
nisms and their physiological utility. Exam-
plesinclude allosterically modulating protein
structures to expose degrons, prodrugs
enabling accessing E3 ligases not tradition-
ally used for targeted protein degradation,
and development of molecules crossing the
blood-brain barrier. As more sophisticated
chemical probes and small molecules are
developed, we can gain deeper insights into
these systems functioning in real time. How-
ever, chemically inducing proximity between
previously undruggable targets and optimal
E3ligasesremainsachallenge. Theintegration
of artificial intelligence with chemical design,
structural biology, cell biology, sophisticated
mass spectrometry and imaging will be crucial
for deciphering the intricate mechanismsin
physiologically relevant settings, to guide new
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treatments for diseases such as cancer and
neurodegenerative disorders.

Ben Shen:

| Natural products con-
tinue to inspire chem-
istry, biology and
medicine. Progress in
DNA sequencing and
; microbial genomics
b has fundamentally
\ transformed the cur-
y ; rent paradigm of their
pl /- discovery, revealing
the vast diversity of
biosynthetic gene clusters that far exceed
the number of natural products known to
date. We are truly on the brink of transform-
ing natural product discovery from the
time-honored art of grind-and-find approach
to hypothesis-driven science in which the
structural complexity and rich functionali-
ties of natural products could be rationally
targeted and exploited. To realize this poten-
tial, predictive strategies made possible by ‘big
data’science would be transformative. Artifi-
cial intelligence and machine learning-based
tools to map the global natural product land-
scape, predict their structure and function,
and unlock theintricacy of biosynthetic gene
cluster regulation and expression would set
forth a new age of targeted natural product
discovery, whereby natural products can be
isolated at scale and speed and, most impor-
tantly, translated into clinic drugs to impact
society.

increase the biologicalimpact of new ligands.
Theapplication of generative methodsinarti-
ficial intelligence may make de novo ligand
design pragmatic, if challenges in affinity pre-
dictionand synthesizability can be overcome.
The integration of structure-based methods
with some of the most exciting frontiers in
chemical biology, including protein recruit-
ers, glues and macrocycles, will expand its
domain of use.

Erick Strauss:

Antimicrobial resist-
' anceis a pressing and
| growing health threat.
Therecentapplication
of targeted protein
~ degradation (TPD)

| as a new strategy for
| antimicrobial drug
discovery is a very
exciting development
that could spur much
needed innovationin the field. As TPD makes
use of ligands that interact with a protein of
interest (POI) in any manner, and does not
require the ligand to show aspecificinhibition
profile for the POI, the scope for finding poten-
tially useful POIl-engaging ligands is greatly
increased. However, advancing thismethodol-
ogy to general implementation will require a
much better understanding of bacterial pro-
teindegradation pathways — specifically how
they are regulated and the best strategies by
which these regulation mechanisms can be
hijacked for TPD.

Brian Shoichet:

Structure-based ligand
discovery has matured
from a conceit of
molecular biophysics
toaneveryday practice.
The advent of make-
on-demand libraries
has expanded the mol-
ecules available to vir-
tual screening by 10°,
intothe tens of billions,
improving hit rates and affinities. A challenge
will be expanding theselibraries by further log
orders, into the many trillions. Reliable pre-
diction of ligand binding free energies, long a
focus, willimprove exploitation of these vast
new spaces. Integration of structure-based dis-
covery with pharmacokinetics, including per-
meability, metabolism and free fraction, will

Tsutomu Suzuki:

One of the most
exciting challenges
in my field is the dis-
covery of novel RNA
modifications from
various sources and
mapping them using
epitranscriptome

sequencing. To date,
approximately 150
types of RNA modifica-
tion have been identified across all domains
of life, and it is expected that the chemical
diversity of RNA modifications will continue
to expand in the future. Sequencing RNA
modifications has been a significant chal-
lenge in our field. The National Academies
of Sciences, Engineering, and Medicine
(NASEM) recently published acomprehensive

study report highlighting the global need for
epitranscriptome sequencing. This initia-
tive aims to generate a research movement
comparable to the Human Genome Project
by involving national projects, industries,
the third sector and international collabo-
rations. If RNA modifications can be effi-
ciently explored transcriptome-wide, it is
expected that this will significantly advance
research into RNA modopathies, human dis-
eases caused by aberrant RNA modifications.
Among the various methods developedsofar,
nanopore-based epitranscriptome sequenc-
ing has been progressing rapidly. In the near
future, even complex tRNA modifications,
which have been particularly challenging
to sequence, would be profiled in clinical
specimens.

Pratyush Tiwary:

"W The celebrated pro-
gress of artificial intel-
ligence in structural
biology has largely
beenlimitedto predict-
ing static structures at
room temperature,
rather than gener-
ating the full range
of ensembles under
varying physiological
conditions crucial for both biomedical and
basic science. This is where integration with
molecular dynamics could help — enabling
more accurate sampling of proteins, nucleic
acids and other biomolecular systems. How-
ever,many systems, especially nucleicacidsand
disordered systems, suffer from limited train-
ing data, meaning that artificial intelligence
alone cannot yet fully capture their complex
energy landscapes. Here, traditional molecu-
lar dynamics and theoretical statistical physics
approaches will remain crucial for filling gaps
indata and providing actionable insights. The
excitement liesinthe future: asinterdisciplinary
efforts in both training and research continue
to unite expertise in statistical physics, chemi-
cal biology and artificial intelligence, we can
anticipate breakthroughsin predicting dynamic
conformationallandscapes, transforming our
understanding of proteins, nucleic acids and
other challenging biomolecules.

Herbert Waldmann:

Chemical biology research willbecome more
complicated because biology isbecoming more
complicated. In order to meet this challenge,
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chemical biology will
have to go beyond
the established one
protein-one reagent
or one tool approach
and extend to the use
of chemical methods
for the investigation
of entire cell states.
This evolution will be
empowered by multiple
large-scale analysis methods, including novel
mass spectrometric techniques onaproteomic
scaleand multiparametricimaging techniques.
Asinotherareasof science, suchdevelopment
of the field will require ever more powerful
computational methods. Inaddition, a current
limitation of chemical biology researchis that
its chemical basis often is rooted in and relies
onchemistry and compound collections devel-
oped decades ago. A new phase of applying the
currentorganic synthesis methodstoimprove
compound collections for both chemicalbiol-
ogy and medicinal chemistry research will be
rewarding and create novel opportunities.

|

Thomas R. Ward:

Artificial or repur-
posed enzymes
(ArtRepZymes) have
attracted increasing
attention in the past
20 years to comple-
@ ment the somewhat

| limited reaction rep-
ertoire of natural
enzymes. Although
directed evolution
has been widely applied to improve the per-
formance of ArtRepZymes, their prowess
often remains well below that of natural
enzymes that emerged from prolonged evo-
lutionary processes. To overcome this limita-
tion, we predict that de novo enzyme design,
combined with in vivo continuous evolution
at high mutation rates, may produce ArtRep-
Zymes with unrivaled catalytic performance
and broad substrate scope. The perspective
ofendowing any catalytic transformation with
an evolvable genetic memory would allow
for vastly broadening the synthetic biology
portfolio toward producing high added value
chemicals.

Amy Weeks:

The ability of proteins to undergo dynamic
spatial reorganization is an essential feature

of eukaryotic cell
signaling that often
goes awry in human
disease. To probe
this process, chemi-
cal biologists have
established robust
systems to exert spa-
tiotemporal control
over protein function
using triggers such as
exogenous smallmolecules and light. Exciting
recent developments can program protein
localization based on endogenous cues that
lead to the installation of post-translational
modifications on specific proteins. To push
this exciting frontier, we need to develop
new chemical biology tools to dissect how
post-translational modifications impact
protein localization in response to biologi-
cal signals on aproteome scale, an effort that
will require innovation in mass spectrom-
etry and chemoproteomic approaches.
Deciphering this code will enable the design
of synthetic biology and synthetic chem-
istry approaches for precision control of
protein function that will advance biological
discovery and open new avenues for drug
discovery.

Eranthie Weerapana:

The functions of cel-
lular proteins are
intricately regulated
by post-translational
modifications, protein-
protein interactions
and endogenous
inhibitors. These
mechanisms are vital
for maintaining cel-
lular homeostasis,
and disrupted protein regulation is often
a defining feature of many pathologies.
Adetailedmechanisticunderstanding ofthese
regulatory pathways can help to identify
protein targets and ligandable sites for thera-
peutic development. Recent advances in
chemical probes and chemoproteomic pipe-
lines have significantly enhanced our abil-
ity to map key functional sites on proteins.
Continued innovation in technologies that
enrich and precisely identify protein regions
involved in post-translational regulation,
allosteric modulation and protein interac-
tion interfaces will open new avenues for
targeting dysregulated cellular processes
in disease.

Georg Winter:

Inthe field of targeted
protein degradation,
it is fascinating to wit-
ness the breadth of
mechanisms of how
molecularglue degrad-
ers can co-opt proteo-
lytic circuits. I expect
that deep mutational
scanning will increas-
ingly be leveraged to
systematically probe the topology of target
proteins and E3 ligases to identify ‘glueable’
hotspots. Sparked by these mechanistic
insights and further empowered by protein
interface predictions, I envision that gen-
erative artificial intelligence approaches will
increasingly be leveraged forrational degrader
design. Moreover, l anticipate these insights
and experimental strategies to cross-fertilize
other modalities that rely on proximity induc-
tion, including approaches dependent on
steric disruption, targeted (de-)phospho-
rylation or drug-induced changes in protein
localization. Finally,  anticipate that direct
chemical rewiring of transcription regulation
will have the biggest therapeuticimpact from
the variety of emerging proximity inducing
modalities.
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