
Monkeypox virus (MPXV) replicates in the host cell cytoplasm and must therefore encode its own
messenger RNA capping machinery, which makes the viral cap methyltransferases attractive antiviral
targets. Folic acid has recently been proposed as an inhibitor of these enzymes and, on that basis, as a
candidate treatment for MPXV. This narrative review examines that proposition and the level of evidence
supporting it. PubMed, Scopus, and Google Scholar were searched through May 2026; no original
experimental work was undertaken. The proposal rests almost entirely on a single virtual screening study
in which folic acid emerged as a high-scoring ligand in molecular docking and molecular dynamics
simulations, supported indirectly by reports that folates and folate antagonists modulate the replication of
unrelated viruses. No published study demonstrates concentration-dependent inhibition of a purified
orthopoxvirus methyltransferase by folic acid, and no kinetic parameters have been determined. Folate
biochemistry offers no straightforward mechanism because S-adenosylmethionine, rather than folate, is the
methyl donor for these enzymes and folate contributes only indirectly by supplying that pool. Furthermore,
reported antiviral activity at millimolar concentrations exceeds achievable plasma exposures by
approximately three orders of magnitude. By contrast, sinefungin-derived inhibitors of the MPXV 2′-O-
methyltransferase VP39 have been characterized structurally, inhibit the purified enzyme at submicromolar
concentrations, and suppress viral replication in cell culture, confirming that this machinery is druggable.
Folic acid is therefore best described as a computationally derived hypothesis requiring enzymatic
validation, rather than an established methyltransferase inhibitor or a therapy for MPXV.
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INTRODUCTION 

Monkeypox virus (MPXV) is a double-stranded DNA virus of
the genus Orthopoxvirus, family Poxviridae, alongside
variola, vaccinia, and cowpox viruses (1–3). Two clades are
recognized: clade I, comprising subclades Ia and Ib, and
clade II, comprising subclades IIa and IIb (4,5). These
correspond broadly to the historical Congo Basin (Central
African) and West African lineages (6). Clade I infection has
been associated with more severe disease and higher case
fatality than clade II, whereas the 2022 global outbreak was
driven predominantly by clade IIb (1,4).
Because orthopoxviruses replicate entirely in the cytoplasm,
they cannot use the host nuclear capping apparatus and
must encode a complete mRNA capping and cap-
methylation system of their own (7,8). The 5′ cap protects
viral transcripts from degradation, supports cap-dependent
translation, and, through 2’-O-methylation in particular,
allows viral mRNA to be read as self and so evade
cytoplasmic innate immune sensors (7,9). This dependence
makes the viral cap methyltransferases (MTases) an
attractive antiviral target, and inhibitors of the MPXV 2′-O-
MTase VP39 have already been shown to suppress viral
replication in cell culture, as presented in Figure 1 (9–11).
Against this background, a 2024 virtual screening study of
Middle Eastern plant-derived compounds reported that folic
acid occupied a favorable position within the active site of
an MPXV MTase model and achieved better docking and 

MM-GBSA scores than the pan-MTase reference inhibitor

sinefungin (12). That observation has since been reiterated

in the secondary literature, sometimes accompanied by

progressively stronger claims. The purpose of the present

review is therefore narrow and deliberate: to set out what is

and is not established about folates as orthopoxvirus MTase

ligands, to place that evidence in a defined hierarchy, and

to specify the experiments that would be needed before

folic acid could reasonably be described as an inhibitor, let

alone a treatment.

Epidemiological Context and Clinical Management

First identified in 1958 in captive monkeys in Copenhagen,

MPXV gave rise to the name monkeypox; the first human

case was recognized in the Democratic Republic of the

Congo in 1970 (6,13). For several decades, human infection

remained largely confined to forested regions of Central

and West Africa (14). In 2022, sustained human-to-human

transmission of clade IIb produced a multi-country outbreak

affecting more than 100 countries, which the World Health

Organization (WHO) designated a public health emergency

of international concern (PHEIC) in July 2022 (1,15).

The epidemiological situation has since changed in ways

directly relevant to therapeutic development. A novel clade

I lineage, designated clade Ib, was identified in eastern DRC

in 2023–2024 and spread to neighboring and then more

distant countries, prompting a second PHEIC declaration on 
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Figure 1. Monkeypox virus structure and the role of mRNA cap methylation. Methyltransferase-mediated modification of the 5′ cap
of viral mRNA supports transcript stability and cap-dependent translation. This modification allows viral mRNA to evade cytoplasmic
innate immune sensing, permitting productive replication. The responsible enzymes are identified in Table 1. Image created with
BioRender.com.
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14 August 2024 (5,16). That emergency was lifted on 5
September 2025 following sustained declines in case
numbers, although WHO advised that this did not signal the
end of the threat and extended its standing
recommendations for MPXV to 20 August 2026 (16). Clades
I and II and their subclades continue to co-circulate, and
Africa CDC has maintained its continental emergency
designation (16).
Two implications follow for the present review. First, any
candidate agent must eventually be evaluated against clade
Ia, Ib, and IIb isolates rather than a single laboratory strain.
Second, and reassuringly for a cap-MTase strategy, the
capping enzymes are among the most highly conserved
orthopoxvirus proteins, so target sequence variation
between clades is expected to be limited, although this
expectation has not been formally tested for any of the
folate-related work discussed below, and all published
VP39 inhibitor studies to date have used clade IIb isolates
(9,11). This is a substantive gap rather than a technicality.
Clinically, MPXV resembles a milder form of smallpox, with
lymphadenopathy as a distinguishing feature (1). The
incubation period is typically 7–14 days (range 5–21 days),
and illness begins with fever, headache, myalgia, backache,
lymphadenopathy, and fatigue (17). Rash follows within 1–3
days,progressing through macular, papular, vesicular,
pustular, and crusted stages (18). Complications include
secondary bacterial infection, keratitis and vision loss,
pneumonitis, and encephalitis (1). Disease is usually self-
limiting over 2–4 weeks, but severity depends on clade,
route of infection, age, and immune status, with people with
advanced HIV at particularly high risk (19). Transmission
occurs through direct contact with lesions, body fluids,
respiratory secretions, or contaminated materials, and, in
the 2022 and clade Ib outbreaks, substantially through
sexual networks (1,5).
Regarding the current clinical management of MPXV, WHO
issued updated guidance on the clinical management of
mpox and associated infection prevention and control in
2025 (20). The central message of that guidance is that
care is primarily supportive: management of pain, of skin
and mucosal lesions, of secondary bacterial infection, of
hydration and nutrition, and of underlying conditions,
particularly HIV.
Tecovirimat (ST-246, TPOXX), which inhibits the F13 (VP37)
envelope protein and thereby blocks extracellular virion
formation, was for several years the presumptive antiviral of
choice based on in vitro and animal data. That position is no
longer tenable. In the randomized, placebo-controlled
PALM007 trial of 597 children and adults with laboratory-

confirmed clade I MPXV in the DRC, tecovirimat did not

reduce time to lesion resolution (median 7 days versus 8

days); overall mortality was 1.6%, substantially lower than

typically reported in the region and attributed to

hospitalization with high-quality supportive care (21). The

STOMP trial in mild-to-moderate clade II MPXV likewise did

not demonstrate clinical benefit and was stopped early. The

European Medicines Agency initiated a review of

tecovirimat in July 2025 in light of these data. In the United

States, tecovirimat for MPXV remains investigational and is

accessible through an expanded-access protocol for

selected patients, rather than as an approved therapy.

Cidofovir and its lipid conjugate brincidofovir inhibit the viral

DNA polymerase and have activity in animal models, but no

controlled clinical efficacy data exist for MPXV; cidofovir

carries significant nephrotoxicity and brincidofovir hepatic

and gastrointestinal toxicity (22,23). Vaccinia immune

globulin has been used in severe disease without controlled

evidence. Vaccines, principally MVA-BN and LC16m8,

remain the mainstay of prevention.

The correct summary of the current position is therefore

that no antiviral agent has demonstrated clinical efficacy

against MPXV in a randomized controlled trial. This

strengthens rather than weakens the case for pursuing new

mechanistic targets, but it also raises the standard of

evidence that any new candidate must meet and makes

premature therapeutic claims correspondingly more

damaging.

Defining the Target: Orthopoxvirus mRNA Cap

Methyltransferases

A recurring weakness of the earlier literature in this field is

imprecision about which enzyme is being discussed.

Orthopoxvirus cap maturation involves two distinct

methylation reactions catalyzed by two distinct enzymes;

these reactions must not be conflated (Table 1).

Cap-0 formation. The heterodimeric vaccinia capping enzyme

comprises the large D1 subunit (D1R; MPXV homologue E1)

and the small D12 subunit (D12L; MPXV homologue E12). The

N-terminal region of D1 carries RNA 5′-triphosphatase and

guanylyltransferase activities, while the C-terminal domain

carries the cap (guanine-N7)-methyltransferase activity that

converts GpppN-RNA to m GpppN-RNA (7,24). D12 is itself

catalytically inactive – structurally, it appears to be a 2′-O-

MTase that has degenerated – but it binds D1 and stimulates

its N7-MTase activity approximately 40- to 50-fold (24). The

crystal structure of the MPXV E12 subunit has been solved

and used as a basis for inhibitor discovery (25).
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 Protein (VACV / 
 MPXV)

Enzymatic activity Reaction catalyzed Methyl donor Substrate
Evidence for
essentiality

Evidence of folate
interaction

 D1R / E1 
 (C-terminal  
 domain)

Cap (guanine-N7)-
methyltransferase; N-
terminal domain also

RTPase +
guanylyltransferase

GpppN-RNA →
m7GpppN-RNA (cap-0)

SAM
5′ end of nascent

viral mRNA

Essential; required
for viral gene

expression and
early transcription

termination

None reported; no
enzymatic assay

with folates
published

 D12L / E12

Catalytically inactive
stimulatory subunit

(degenerate 
2′-O-MTase fold)

None; allosterically
stimulates D1 N7-MTase

~40–50×
n/a Binds D1

Essential as D1
partner

None reported;
MPXV E12 structure

available for
docking

 J3R (VP39) / 
 VP39

Cap-specific 2′-O-
methyltransferase;

also, poly(A)
polymerase

processivity subunit

m7GpppN-RNA →
m7GpppNm-RNA (cap-

1)
SAM

Cap-0 RNA,
minimum

~m7GpppGpN

Required for
efficient innate

immune evasion;
validated inhibitor

target

None reported;
published inhibitors

are sinefungin
analogues, not

folates

 A27L / A29L

NOT a
methyltransferase —

envelope protein
mediating heparan
sulfate binding and
virion attachment

n/a n/a
Cell-surface

glycosaminoglyca
ns

Important for
entry; vaccine and
diagnostic antigen

Not applicable;
earlier attribution of

MTase activity to
A29L was erroneous

and has been
withdrawn

Table 1. Orthopoxvirus mRNA capping enzymes and cap methyltransferases relevant to antiviral targeting.

VACV, vaccinia virus; MPXV, monkeypox virus; SAM, S-adenosyl-L-methionine; RTPase, RNA 5′-triphosphatase. Sources: (7,9,10,24–27)

Cap-1 formation. VP39 (vaccinia J3R; MPXV VP39) is a
separate, monomeric, cap-specific 2′-O-methyltransferase
that methylates the ribose 2′-O position of the first
transcribed nucleotide, converting cap-0 to cap-1 (26). VP39
is bifunctional and serves as the processivity subunit of the
viral poly(A) polymerase. Crystal structures of MPXV VP39 in
complex with sinefungin and with a series of sinefungin-
derived inhibitors have been reported, and several of these
compounds inhibit MPXV replication in cell culture (9–11).
Both reactions use S-adenosyl-L-methionine (SAM) as the
methyl donor and release S-adenosyl-L-homocysteine
(SAH). Neither uses folate. The distinction between N7-
guanine methylation and 2′-O-ribose methylation is not a
matter of terminology: the two reactions are catalyzed by
different proteins with different folds, different substrate
requirements, and different consequences for innate
immune evasion, and a compound active against one has
no presumptive activity against the other. 
At least two distinct cap-modifying methyltransferase
activities are encoded in the D1/E1 C-terminal domain and in
VP39. A29L is the MPXV homologue of vaccinia A27L, an
envelope protein that mediates attachment to cell-surface
heparan sulfate and is a well-characterized diagnostic and
vaccine antigen (27); it has no described methyltransferase
activity. 
When evaluating the chemical role of folates within this
system, precision about chemical identity is essential here,
because the entities discussed in this literature differ subs-

tantially in structure, cellular handling, and pharmacology:
Folic acid (pteroylmonoglutamic acid) — the fully
oxidized synthetic form used in supplements and food
fortification (Figure 2). It does not occur in appreciable
quantities in unfortified foods.
Reduced folates — dihydrofolate (DHF) and
tetrahydrofolate (THF), generated from folic acid by
dihydrofolate reductase; these are the metabolically
active scaffolds.
5-methyltetrahydrofolate (5-methyl-THF) — the
principal circulating and transport form of folate in
human plasma.
Folate polyglutamates — intracellular forms bearing a
γ-linked polyglutamate tail, which promotes cellular
retention and alters enzyme affinity; approximately
95% of intracellular folate is polyglutamated.
Antifolates — structural analogues that inhibit folate-
dependent enzymes, such as methotrexate and
pemetrexed (dihydrofolate reductase, thymidylate
synthase) and trimethoprim and pyrimethamine
(microbial DHFR) (28).

These are not interchangeable. A compound that is added
to a culture medium as folic acid is rapidly reduced and
polyglutamated on entering the cell, so the species present
at any intracellular target is not the species that was added.
Equally, a finding that a synthetic folate analogue inhibits an
enzyme is not evidence of what the vitamin does. 
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Figure 2. Chemical structure and physiological state of folic
acid (N-pteroyl-L-glutamic acid). It comprises a pteridine ring
linked to p-aminobenzoic acid, which is bound via an amide
bond to L-glutamic acid. At physiological pH, both glutamate
carboxyl groups are ionized, resulting in a dianionic molecule
with a high topological polar surface area. Image created with
BioRender.com.

SAM is the methyl donor for essentially all cellular and viral
SAM-dependent methyltransferases, including every
orthopoxvirus cap MTase as previously described. Folate
participates in one-carbon metabolism: 5-methyl-THF
donates a methyl group to homocysteine in the methionine
synthase reaction (vitamin B-dependent), regenerating
methionine, which methionine adenosyltransferase
converts to SAM (29,30). Folate therefore contributes to 

methylation reactions upstream and indirectly, by supplying
the SAM pool, and never by transferring a methyl group to a
methyltransferase substrate directly.
If folate acted on viral cap methylation through its vitamin
function, folate repletion would be expected to increase
SAM availability and thereby, if anything, facilitate rather
than inhibit viral cap methylation. An inhibitory effect would
therefore have to arise from a mechanistically separate
property, direct occupancy of the SAM-binding pocket or of
the cap-RNA binding site by the intact folic acid molecule,
acting as a competitive ligand rather than as a vitamin. It is
precisely this second, distinct hypothesis that the docking
literature addresses, and stating it explicitly clarifies what an
experiment would need to demonstrate (Figure 3).
It should also be noted that folate metabolism intersects
with antiviral innate immunity in ways that are neither
simple nor uniformly favorable. Folate-dependent one-
carbon metabolism supports nucleotide biosynthesis, on
which viral genome replication depends, and folate status
has been reported to modulate interferon-stimulated
antiviral pathways. Antifolates such as methotrexate reduce
SARS-CoV-2 replication in cell culture (31), which is the
opposite polarity of intervention to folate supplementation.
The direction of any net effect on an orthopoxvirus is
therefore not predictable a priori.
Looking closely at the computational evidence gathered so 

Figure 3. Proposed mechanism of folic acid interference with orthopoxvirus mRNA cap methylation. (A) A SAM-dependent cap
methyltransferase methylates the 5′ cap of viral mRNA. (B) Hypothesized mechanism in which folic acid occupies the enzyme active
site, preventing methyl transfer and leaving viral transcripts susceptible to detection by cytoplasmic innate immune sensors. This
figure depicts a hypothesis derived solely from molecular docking (12); it does not represent a demonstrated enzymatic result, and
no biochemical assay has yet verified this mechanism. Image created with BioRender.com.
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far, the principal source for the folic acid hypothesis is the
virtual screening study of Hashim and colleagues (12). In
that work, 12,971 compounds from 200 Middle Eastern
medicinal plants were reduced to 5,749 unique ligand
conformers and screened against an MPXV
methyltransferase using high-throughput virtual screening,
followed by extra-precision (XP) docking and Prime MM-
GBSA rescoring. Folic acid and 1,2,4,6-tetragalloylglucose
emerged as the highest-scoring compounds, with MM-GBSA
values of −51.87 and −60.61 kcal/mol, respectively,
exceeding those of the reference compounds TO1119
(−35.71 kcal/mol) and the pan-MTase inhibitor sinefungin
(−31.51 kcal/mol). In molecular dynamics simulations, folic
acid was reported to be more stable in the binding site than
sinefungin, and to occupy a position that would reduce
enzyme interaction with the mRNA substrate.
Two points must be stated plainly. First, these are the
results of that study, not of the present authors. Second, the
authors of that study themselves concluded that wet-
laboratory validation is necessary before any therapeutic
inference can be drawn (12). The present review endorses
that conclusion.
In contrast to these computational models, the biochemical
and cell-based evidence reveals a stark gap: no published
study reports concentration-dependent inhibition of a
purified orthopoxvirus methyltransferase by folic acid, folate
polyglutamates, or reduced folates. No IC , K or equivalent
kinetic parameter has been determined for any folate
against D1/E1, D12/E12, or VP39. No study demonstrates
intracellular target engagement of a viral MTase by folate in
infected cells. This absence is the central finding of the
present review and is stated here without qualification.
What can legitimately be said is more limited. Folic acid has
been reported to bind the SARS-CoV-2 nucleocapsid
protein in a combined computational and biochemical study
(32), and folate supplementation has been proposed to
restrict SARS-CoV-2 entry through effects on ACE2 (33).
These are observations about a different virus and different
targets; they establish that folates can act as protein
ligands, which is not in dispute, but they carry no weight
regarding orthopoxvirus cap methylation. Conversely, the
antifolate methotrexate reduces coronavirus replication in
cell culture (31), illustrating that folate-pathway modulation
in either direction can affect viral replication for reasons
unrelated to viral methyltransferase inhibition.

50 i 

This lack of empirical proof contrasts sharply with validated
inhibitors of the same target class, which provide a concrete
template for what adequate evidence looks like. Silhan and
colleagues determined crystal structures of MPXV VP39 in 

complex with sinefungin and with a series of derived

inhibitors, several of which inhibit the purified enzyme at

sub-micromolar concentrations, and showed that the

sinefungin binding mode is conserved across unrelated viral

2′-O-MTases, including SARS-CoV-2 nsp14 (9). Skvara and

colleagues defined the structural basis for RNA-cap

recognition and methylation by VP39 (10). Zgarbová and

colleagues then demonstrated that these VP39 inhibitors

suppress MPXV replication in cell culture (11). In parallel, the

MPXV E12 crystal structure has enabled inhibitor discovery

against the N7-MTase heterodimer (25). This body of work

establishes the orthopoxvirus cap methylation machinery as

a genuinely druggable target and, importantly, sets the

evidentiary standard against which folate-related claims

should be judged: a defined enzyme, a purified protein

preparation, a defined substrate and methyl donor,

concentration–response data, structural confirmation of the

binding mode, and antiviral activity in infected cells.

Limitations, Gaps, and Future Research Directions

These dynamics highlight several profound limitations of the

current evidence base (Table 2). First, docking generates

hypotheses about binding poses but does not establish

binding affinity, enzymatic inhibition, selectivity, or cellular

target engagement. Docking scores correlate only weakly

with measured affinities, and end-point free energy

methods such as MM-GBSA are known to be sensitive to

force field, solvation model, protonation state assignment,

and simulation protocol, with reported errors that frequently

exceed the differences used to rank compounds (34). Highly

charged ligands are handled particularly poorly, because

desolvation penalties are systematically underestimated.

Folic acid, bearing two ionized carboxylates at physiological

pH, is precisely the class of ligand for which such scores

should be treated with caution, and polar, multiply charged

molecules are recognized as recurrent artefactual hits in

virtual screens against SAM-binding pockets, which readily

accommodate polar heterocyclic scaffolds. Two further

limitations apply specifically to the study underpinning the

folic acid hypothesis. Selectivity was not addressed: the

human cap methyltransferase RNMT and the 2′-O-MTase

CMTR1 perform analogous reactions with conserved SAM-

binding architecture, and no counter-screen against them

was reported. Furthermore, the identity of the target

structure is not stated with sufficient precision to determine

whether the N7-MTase or VP39 was modelled. This point

must be resolved before the result can be interpreted at all.
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Furthermore, the pharmacological plausibility of these
models is highly questionable. The concentrations at which
antiviral effects have been attributed to folic acid cannot be
reconciled with achievable human exposures, and this
deserves emphasis rather than a footnote. Physiological
plasma folate concentrations lie in the range of
approximately10–45 nmol/L; supplementation at 400
µg/day raises this modestly, and even therapeutic dosing at
5 mg/day yields total plasma folate in the high nanomolar to
low micromolar range, constrained by saturable intestinal
absorption and renal handling. Activity reported at
millimolar concentrations is therefore roughly three orders
of magnitude above anything attainable systemically. A
compound requiring millimolar concentrations for an effect
in vitro is not a viable systemic antiviral, irrespective of how
favorable its safety and cost profile may appear at
nutritional doses. A selectivity index of approximately 10, as
reported in some of the material previously cited, sits at the
absolute minimum threshold conventionally regarded to 

indicate a genuine antiviral effect rather than generalized
cytostatic or cytotoxic activity. Typically, values of at least
10 and preferably above 100 are usually expected before a
hit compound is advanced. Finally, the assumption that folic
acid is intrinsically safe at any dose does not survive
scrutiny. High-dose parenteral folic acid is an established
and widely used method of inducing acute kidney injury
and renal fibrosis in rodents (35). Folic acid also interacts
with anticonvulsant therapy and with methotrexate
regimens, and elevated unmetabolized folic acid at high
intakes remains an area of ongoing investigation. The
implication that pharmacological antiviral dosing would be
free of risk was not supportable and has been removed.
Even if folic acid inhibited a viral MTase in a purified
system, delivering it to the cytoplasmic viral factory would
be non-trivial. Folates enter cells via the reduced folate
carrier, proton-coupled folate transporter, and folate
receptors, all of which are saturable and subject to
competition from physiological folates. Once internalized, 
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 Candidate Proposed target Highest level of evidence Experimental system Key limitation

 Folic acid
MPXV mRNA cap MTase
(enzyme not specified in

source)
In silico only

Glide XP docking, Prime
MM-GBSA, MD simulation

(2)

No enzymatic assay; no
IC50/Ki; docking score is

not inhibition; dianionic at
physiological pH with poor

expected passive
permeability; target

enzyme not unambiguously
specified

 1,2,4,6-tetragalloylglucose MPXV mRNA cap MTase In silico only Same screening study (12)

As above; polyphenolic
galloyl esters are

recognized frequent hitters
in screening assays

 Sinefungin
Pan-MTase, SAM-

competitive
Biochemical + structural +

cell culture

Purified MPXV VP39;
crystallography; MPXV-

infected cells (9–11)

Poor selectivity across host
and viral MTases; historical
toxicity limits therapeutic

use

 Sinefungin analogues (e.g. 
 TO507)

MPXV VP39 (2′-O-MTase)
Biochemical + structural +

cell culture

Purified VP39; crystal
structures; MPXV

replication assays (9,11)

No published in vivo
efficacy or

pharmacokinetic data;
tested against clade IIb

only

 E12-directed compounds
MPXV E12 / N7-MTase

heterodimer
Structural + biochemical

Crystal structure of MPXV
E12; inhibitor screening (25)

Early stage; antiviral
activity in infected cells not

established

 Tecovirimat
F13 (VP37) envelope

protein
Randomized controlled

trials
PALM007 (clade I, n = 597);

STOMP (clade II) (21)

No reduction in time to
lesion resolution in either

trial; efficacy not
demonstrated

 Cidofovir / brincidofovir Viral DNA polymerase (E9)
Animal models;

observational case series

Nonclinical models;
uncontrolled clinical use

(22,23)

No randomized efficacy
data in mpox;

nephrotoxicity (cidofovir);
hepatic and GI toxicity

(brincidofovir)

Table 2. Evidence level for compounds proposed to act on orthopoxvirus methyltransferases and for currently used mpox therapeutics. 

MTase, methyltransferase; MD, molecular dynamics; MM-GBSA, molecular mechanics generalized Born surface area; SAM, S-adenosyl-
L-methionine.
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folic acid is reduced and polyglutamated, so the free
monoglutamate species modelled in docking studies would
be a minor and transient intracellular component. The
relationship between an extracellular concentration and the
concentration of the docked species at the target is
therefore neither linear nor well characterized.
To systematically resolve these evidence gaps, several
clear research directions are required. The literature
reviewed above leaves the central claim untested rather
than refuted, and the gaps are specific. First, no purified
orthopoxvirus cap methyltransferase has been exposed to
folic acid in a defined enzymatic assay, so no IC  or K  has
been reported and the mode of inhibition relative to S-
adenosylmethionine (SAM) and to the RNA substrate is
unknown. Second, direct binding has not been
demonstrated by any biophysical method independent of
docking, and no experimental structure supports the
predicted binding pose. Third, selectivity is entirely
uncharacterized: the human cap methyltransferases RNMT
and CMTR1 use the same methyl donor and a related fold,
yet no comparative data exist. Fourth, where antiviral
effects have been attributed to folates in cell culture, target
engagement has been inferred from replication readouts
rather than measured, and cap-0 and cap-1 species on viral
mRNA have not been quantified. Fifth, the clade
dependence of any such effect is unknown, and no in vivo
data exist. Finally, the single computational study
underpinning the hypothesis has not been reproduced by
an independent group using different scoring functions and
force fields, a step that end-point free energy methods such
as MM/GBSA particularly require given their documented
variability across systems (34).

50 i

Addressing these deficiencies calls for a specific sequence
of experimental validations. Enzymatic characterization is
the necessary first step: the recombinant MPXV E1 C-
terminal domain in complex with E12, and separately
purified VP39, assayed against a defined capped RNA
substrate with radiolabeled or non-radiometric detection of
methyl transfer, would establish whether folic acid inhibits
at all. Folic acid, 5-methyl-THF, THF, representative folate
polyglutamates and relevant antifolates should be tested
individually across a concentration range, with sinefungin as
a positive control and an inactive structural analogue as a
negative control, since the folate species modelled in silico
is not the species that predominates intracellularly. Parallel
assays against RNMT and CMTR1 would define the
selectivity window, which matters because inhibition of host
cap methylation would be expected to be poorly tolerated.
Direct binding would then require independent confirmation 

by isothermal titration calorimetry, surface plasmon
resonance, or thermal shift analysis, ideally supported by a
co-crystal or cryo-electron microscopy structure of the kind
already obtained for sinefungin-derived VP39 inhibitors and
for the E12 subunit (9,11,25). Only once inhibition and
binding are established do cell-based experiments become
interpretable: MPXV replication assays with paired
cytotoxicity determination, EC , CC  and a selectivity
index, time-of-addition studies, and direct measurement of
target engagement by cellular thermal shift assay or by
mass-spectrometric quantification of cap-0 and cap-1 on
viral transcripts. Testing across clade Ia, Ib and IIb isolates,
with sequence comparison of the target enzymes, would
establish generality, and established animal models of
orthopoxvirus infection with accompanying pharmacokinetic
data would be required before any therapeutic claim could
be entertained (36,37).

50 50

Two priorities follow from this analysis. The first is that the
burden of proof sits at the enzymatic level: a single well-
controlled assay on a purified enzyme would either bring
the hypothesis into the experimental domain or close it, and
such an experiment is inexpensive relative to the attention
the claim has already attracted. The second is that the
folate question is best pursued within a broader program
rather than in isolation. The wider and more productive
direction is the systematic exploration of orthopoxvirus cap
methylation as a drug target, where validated chemical
matter already exists, structures are available for both the
N7 and the 2′-O-methyltransferases, and the principal
unmet needs are selectivity over the host enzymes, oral
bioavailability, and activity across clades. Should folic acid
or a reduced folate prove to inhibit these enzymes, the
more informative follow-up question would concern the
folate-dependent supply of SAM and whether modulating
that pool alters viral cap methylation, since such a
mechanism is consistent with folate biochemistry in a way
that direct competitive inhibition is not. Until at least the
enzymatic step has been completed, the accurate
description of folic acid remains a computationally
generated hypothesis, and reviews, commentaries, and
public communication should characterize it as such.
Taken together, this review demonstrates that
orthopoxvirus mRNA cap methyltransferases are legitimate
and well-validated antiviral targets, and the case for
pursuing them has strengthened now that tecovirimat has
failed to demonstrate clinical efficacy in randomized trials
against both clade I and clade II MPXV. Inhibitors of the
MPXV 2′-O-methyltransferase VP39 have been
characterized structurally, shown to inhibit the purified 
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enzyme, and shown to suppress viral replication in cell
culture, providing proof of principle for the target class.
The status of folic acid within this landscape is much more
limited. It has been identified as a high-scoring ligand in a
single computational screen against an MPXV
methyltransferase model, and that observation is worth
following up. It has not been shown to inhibit any purified
orthopoxvirus methyltransferase; no kinetic parameters
have been reported; no target engagement has been
demonstrated in infected cells; and the concentrations at
which antiviral effects have been attributed to it exceed
achievable human plasma exposures by approximately
three orders of magnitude. Folate biochemistry offers no
straightforward mechanistic support, since SAM rather than
folate is the methyl donor for these enzymes and folate
repletion would if anything be expected to increase SAM
availability.
Folic acid should therefore be described as a
computationally derived candidate warranting enzymatic
evaluation, no more and no less. Describing it as the first
small-molecule inhibitor of MPXV, or as a promising
treatment for MPXV, is not supported by the available
evidence. Beyond the requirements of scientific accuracy,
such claims carry a practical risk: MPXV outbreaks
disproportionately affect settings where an inexpensive,
widely available vitamin marketed as an antiviral could
readily displace supportive care and vaccination, which are
the interventions currently known to help.
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