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pathogens by interacting with receptor
kinases (8, 9). It was previously shown
that a mutation in the gene encoding
RALF4 leads to misshapen pollen tubes,
tube bursting, and cell wall composi-
tion changes (10). In addition, RALF4
forms a tetrameric complex with cell wall
LEUCINE-RICH REPEAT EXTENSIN 8
(LRX8), which exposes a positively charged
patch on RALF4 that is hypothesized to
interact with negatively charged pectin
(11). RALF4 also binds to members of the
Catharanthus roseus RLK1-like family of
receptor Kkinases and influences pollen
tube function (10, 12). On the basis of these
multiple activities, Moussu et al. hypoth-
esized that RALF4 triggered two parallel
signaling pathways in the pollen tube: one
inside the cell through receptor kinases
and one outside the cell through interac-
tion with leucine-rich extensins (11).

Using thermal shift assays, Moussu et al.
showed that two RALF4 peptides form a
complex with two LRX8 proteins and that
the complex binds two deesterified HG
molecules, one for each RALF4 subunit.
Immunolabeling and high-resolution mi-
croscopy revealed that LRX8 and RALF4
are present both in the pollen tube tip,
where they are exocytosed in vesicles into
the tip, and also in the pollen tube shank,
demonstrating that both are incorporated
into the shank wall. This was unexpected,
given that RALF4 is a signaling molecule.
Super-resolution microscopy identified the
heterotetrameric LRX8-RALF4 as punc-
tate domains in a reticulated network in
the wall. Deesterified pectin was present
in the pollen tube wall as interconnected
fibers (see the image) that colocalized with
RALF4 in the reticulate network, reminis-
cent of the latticed and ring structures pre-
viously identified in pollen tubes (3).

To determine whether the association
between LRX8-RALF4 and the pectin-
labeled fibers occurred on preexisting
fibers or as an active process in which
LRX8-RALF4 influenced pectin fiber archi-
tecture, Moussu et al. analyzed the inter-
action of the LRX8-RALF4 complex with
pectin. They showed that the ionic bind-
ing of RALF4 in the LRX8-RALF4 complex
with pectin condensed demethylesterified
pectin. Furthermore, compared with wild-
type pollen tubes, pollen tubes with RALF4
that were mutated to remove the positively
charged patch (to prevent the formation
of the LRX8-RALF4 complex) displayed a
relatively unstructured cell wall, grew at a
greater velocity, and had premature tube
bursting. This shows that the interaction
of the LRX8-RALF4 complex with deesteri-
fied pectin is necessary for pollen tube pat-
terning, growth, and integrity.
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The study by Moussu et al. provides evi-
dence that a protein-peptide-pectin inter-
action establishes and stabilizes a reticu-
late cell wall architecture in pollen tube
walls that strengthens the pollen tube dur-
ing growth. The results establish RALF4 as
a multifunctional peptide with both sig-
naling and structural roles in pollen tubes.
A critical question for the future is to de-
termine whether RALF4 or other RALF
peptides generate cell wall architecture
in non-tip growing cells, such as elongat-
ing epidermal or seedling stem hypocotyl
cells. It will also be important to establish
whether other RALF peptides have a dual
signaling and structural role.

Another outstanding question regards
the full polymeric structure of pectin in
the lattice. There is little evidence that HG
is an independent polysaccharide in plant
cell walls. Rather, HG is covalently con-
nected to the pectin rhamnogalacturonan
I (RG-I) or to a pectic arabinogalactan pro-
tein proteoglycan and/or contains regions
of the highly branched pectic RG-II (5, 13,
14). To understand how the LRX8-RALF4
stabilized lattice affects pollen tube shape,
strength, and elongation, the structure
of the pectic fibers in the lattice must be
determined. Moussu et al. have identified
RALF4 as a peptide that has a structural
role in the cell wall and a signaling role in
response to cell wall integrity fluctuations.
This establishes RALF4 as a sentinel for
rapid communication between the cell and
the cell wall when rapid changes in cell wall
architecture are required.
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Preparing
for the next
pandemic

New lead drugs to treat
COVID-19 are
beginning to emerge

By Brian K. Shoichet and Charles S. Craik

arly in the COVID-19 pandemic, it was

suggested that drugs to meaningfully

treat the disease would come from

either the current antiviral armamen-

tarium or from drug repurposing (7).

Genuinely new therapeutics, although
likely to be the most effective, would take too
long to develop. As it happened, drug repur-
posing paid few lasting dividends (2, 3), and
the effective drugs that did emerge, such as
remdesivir and nirmatrelvir [the active in-
gredient in Paxlovid that targets the main
protease (Mpro) of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)], were
drawn from preexisting antiviral pipelines.
On page 663 of this issue, Boby et al. (4) re-
port an open science effort to discover new
Mpro drugs to treat COVID-19. Such work
could help develop treatments for emerg-
ing drug-resistant variants of SARS-CoV-2
(5) and other coronaviruses that are likely to
emerge in the future.

The effort described by Boby et al. began
early in the pandemic and combined inno-
vations in the techniques and organization
of drug discovery. The scientific innovations
included high-throughput crystallographic
fragment screening: The structures of more
than 70 fragments—which are about a third
to a half of the size of a druglike inhibitor—
bound to the SARS-CoV-2 enzyme Mpro were
determined (6) as were the structures of
more than 500 more-advanced compounds.
A second area of innovation was computa-
tional free-energy calculations and machine
learning that helped guide medicinal chem-
istry; both techniques remain at the cutting
edge of drug development.

Organizationally, the study of Boby et al.
resulted from the integration of the expertise
of 212 scientists in 47 organizations across
15 countries, mostly in academia but also
including researchers from pharmaceuti-
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cal companies. All donated their time in an
open access model, capturing some of the
strengths of a vertically integrated pharma-
ceutical company in a collaborative academic
environment. They report several lead com-
pounds with cellular antiviral potencies that
are comparable to those of nirmatrelvir with
in vivo pharmacokinetics that may support
advancement toward clinical trials.

By focusing on Mpro, the authors drew on
a legacy of successful drug discovery against
viral proteases. Beginning in the 1980s and
1990s, investigators began to move away from

sent new departures for Mpro inhibitors, and
the methodology used to find them, not to
mention the organization of the project, will
inspire others. More broadly, the COVID-19
pandemic led to the investigation of several
other SARS-CoV-2 enzymes that, like HIV
PR in the mid-1980s, have few precedents as
antiviral targets but are known to drug dis-
covery more broadly. These enzymes, includ-
ing those that combat the cellular innate im-
mune system, fool the cell into treating viral
RNA as human RNA, and unwind viral RNA
to support replication, are crucial for the life

cycle of SARS-CoV-2 and are likely good tar-
gets for many other viruses as well. Against
each of these classes of enzymes, new inhibi-
tors have been discovered that show promise
as drug leads (8-11).

The new classes of antiviral drug leads,
of which those reported by Boby et al. are
among the most advanced, are being devel-
oped in both pharmaceutical companies and
in universities, including in nine antiviral
centers supported by the US government.
These efforts seek to restock the antiviral ar-
mamentarium for the next pandemic. Such

the nucleoside analogs that, until then,
had dominated antiviral chemotherapy
and toward viral protease inhibitors.
This approach promised to disrupt a
key step in the viral life cycle—the cleav-
age of the viral polypeptide chain to
produce multiple functional proteins—
with potentially less toxicity than con-
ferred by the nucleoside antivirals that
inhibit viral genomic replication. Since
the introduction of the first HIV prote-
ase inhibitors in the early 1990s, prote-
ases have been well-accepted targets for
antivirals, and HIV protease inhibitors
continue to be part of anti-AIDS cock-
tails to this day.

The success of the HIV protease in-
hibitors inspired the targeting of pro-
teases in hepatitis C virus (HCV), the
dengue protease, and the SARS-CoV-2
Mpro and papain-like protease (Plpro).
Each has its own story; for example, the
intensive combined efforts of academic
and industrial scientists to identify a
treatment for AIDS targeted HIV prote-
ase (PR) by using its three-dimensional
structure to computationally screen
chemical compounds to rapidly iden-
tify an inhibitor (7). This is one of the
earliest examples of this technique
that is now widespread in drug discov-
ery. Notably, and as with Paxlovid, the
initial protease inhibitors for HIV PR
capitalized on the ~20 years of previous
research on renin inhibitors, a human
homolog of the viral aspartyl protease.
There are now nine US Food and Drug
Administration (FDA)-approved drugs
against HIV PR. One of them, ritonavir,
is used to boost the pharmacokinetic
properties of the others, as it does for
nirmatrelvir in Paxlovid—another ex-
ample of borrowing from the past.

The lead therapeutics described by
Boby et al. may not be ready in time to
affect the current pandemic, consider-
ing the timelines and challenges of drug
approval. Nevertheless, the compounds,
and the techniques used to identify
them, may well affect human health in
the future. The leads themselves repre-
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Pandemics from 500 BCE to the present
Pandemics have affected human lives throughout history. Up
t0 100,000 lives were claimed by the Plague of Athens (13)
followed by 5 million deaths in the Antonine Plague and ~20

to 50 million deaths in the Plague of Justinian (14). The Black
Death (14) and smallpox (15) caused considerable death tolls,
and the cholera crisis took 1 million lives (14). The advent of the
smallpox vaccine in 1796 and the first antibiotic, Salvarsan, in
1910 mark the transition into the modern era of therapeutics
against infectious diseases. Vaccines and antibiotics supported
the resistance to the Great Influenza Epidemic (14), the
HIV/AIDS pandemic (14), and most recently, COVID-19 (I6).

Number of deaths in millions (M)
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waves of infectious disease have swept
through the human population not only
in the past century (i.e., influenza, po-
lio, AIDS, and COVID-19) but regularly
throughout recorded history. From the
plague of Athens (430 BCE), to that of
the Antoinines (160 to 189 CE), to that
of Justinian (beginning in 541 CE), to
the Black Death (14th through 16th cen-
turies), to the smallpox and cholera epi-
demics of the 17th through the 19th cen-
turies, viral and bacterial plagues have
devastated human populations (see the
figure). There is every reason to expect
these plague cycles to continue (12).
Until the 1930s, there were no effec-
tive drugs to treat microbial pandem-
ics, and, even in recent years, previously
discovered drugs were initially relied
on to target new threats. The drugs in
which investments are made today will
pay dividends in the inevitable pan-
demics of the future.
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