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Putting a finger on histidine methylation
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Specialized enzymes add methyl groups to the nitrogens
of the amino acid histidine, altering the chemical proper-
ties of its imidazole ring and, in turn, the function of the
modified (poly)peptide. In this issue of Genes & Develop-
ment, Shimazu and colleagues (pp. 724–742) make the
remarkable discovery that CARNMT1 acts as a dual-
specificity histidine methyltransferase, modifying both
the small-molecule dipeptide carnosine and a set of pro-
teins, predominantly within RNA-binding C3H zinc fin-
ger (C3H ZF) motifs. As a result, CARNMT1 modulates
the activity of its protein targets to affect RNA processing
and metabolism, ultimately contributing an essential
function during mammalian development.

Histidine methylation was discovered in 1967, but in
comparison with other post-translational modifications
such as arginine methylation, its biological functions
have remained obscure until very recently. The two nitro-
gens in the imidazole ring of histidine (N1 and N3) are in-
volved in hydrophobic interactions, confer affinity for
divalent metal ions including zinc, and can switch from
neutral to positively charged depending on their proton-
ation state. Both can undergo methylation, which affects
their biochemical properties (for review, see Jakobsson
2021).
The histidine methyltransferase enzymes in mammals

have only recently been discovered. METTL9 methylates
the N1 position of the HxH motif in the mammalian
proteome (Davydova et al. 2021). Carnosine N-methyl-
transferase 1 (CARNMT1) methylates the dipeptide car-
nosine (Ala-His) also at the N1 position to produce
anserine (Drozak et al. 2015). As its name would suggest,
carnosine and its derivatives are highly abundant in skel-
etal muscle, where they function to maintain homeosta-
sis by buffering pH, chelating metal ions, and acting as
antioxidants (for review, see Boldyrev et al. 2013). In addi-
tion to carnosine, CARNMT1 can methylate multiple
dipeptide and tripeptide sequences, suggesting that it

may possess a broader target specificity (Drozak et al.
2015). In this issue of Genes & Development, Shimazu
et al. (2023) beganwith a simple question:What other pep-
tides does CARNMT1 methylate?
Testing the activity of recombinant CARNMT1 and

METTL9 on short peptides corresponding to known N1
methylation sites within proteins, they found several his-
tidines with up to 95% modification by CARNMT1.
CARNMT1 and METTL9 were knocked out either in-
dividually or in combination. Each individual knockout
(KO) reduced cellular N1-methylated histidine amounts
by ∼50%, while the double knockout resulted in unde-
tectable amounts of the modification, indicating that
CARNMT1 and METTL9 likely share between them
most of the histidine N1-methyltransferase activity in
the cells tested.
In order to identify the protein substrates of

CARNMT1, CARNMT1 knockout cells were incubated
with or without recombinant CARNMT1 protein, and
modified proteins were enriched and subjected to mass
spectrometry. Using this methodology, 22 proteins were
identified as CARNMT1 targets and several contained
C3H zinc finger (C3H ZF) motifs, a type of RNA-binding
domain that is found on many proteins involved in RNA
metabolism and regulation (for review, see Hall 2005).
About half of the identified methylation sites were locat-
ed within C3H ZFs. These included the splicing factor
U2AF1, which exhibited >99% methylation at H37 in
the first of two C3H ZFs.
To gain insight into the physiological functions of C3H

ZF methylation, Shimazu et al. (2023) turned to a well-
characterized model of post-transcriptional regulation:
TNF-αmRNA stability. In the 3′ UTR ofmRNA encoding
the proinflammatory TNF-α protein, binding of the C3H
ZF proteins tristetraprolin (TTP) and Roquin promotes
mRNA degradation (Carballo et al. 1998; Leppek et al.
2013). Methylation of both proteins in their C3H ZFs by
CARNMT1 led to decreased coimmunoprecipitation of
TNF-α mRNA. The half-life of TNF-α mRNAwas almost
doubled in the presence of CARNMT1. Further extending
this observation, in a CARNMT1 KO macrophage cell
line stimulated with lipopolysaccharide (LPS), TNF-α
mRNA and protein levels were reduced in comparison
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with cells expressing CARNMT1. Together, the data sug-
gest that CARNMT1 methylation of TTP and Roquin re-
duces the affinity of their C3H ZF domains for TNF-α
mRNA, thereby stabilizing it and enhancing TNF-α pro-
tein expression during an inflammatory response.

Given the almost complete methylation of the first
C3H ZF of the core splicing factor U2AF1 in the presence
of CARNMT1, it is reasonable to assume that mRNA
splicing patternsmight be affected byU2AF1methylation
status. Indeed, almost 300 alternative splicing differences
were detected by RNA-seq in CARNMT1KO versus wild-
type cells. Many of the affected events were cassette
exons possessing weak 3′ splice sites with a preference
for U versusC at the−3 position, reminiscent of exons dif-
ferentially affected by U2AF1 S34F/Y mutations found in
numerous cancers (Przychodzen et al. 2013; Ilagan et al.
2015). With additional experimental evidence, Shimazu
et al. (2023) concluded thatmethylation of H37 in the first
U2AF1 ZF byCARNMT1 enhances its affinity for weak 3′

splice sites. Thus, U2AF1 in the CARNMT1 KO cells be-
haves similarly to the U2AF1 S34F/Y mutants, raising a
fascinating question: Do these cancer-associated muta-
tions mimic a cell state in which CARNMT1 activity is
physiologically down-regulated to execute a specific splic-
ing program? It will be valuable to assess the methylation
status of S34F/Ymutant U2AF1, as thesemutations occur
only three amino acids upstream of the methylated histi-
dine. Is it possible that themutations exert their effects by
eliminating the substrate specificity for CARNMT1, or do
they alter the conformation of the ZF to resemble the
unmethylated motif? These questions will guide critical
future experiments.

In contrast to METTL9, whose N1 methylation of its
HxH consensus site alters the affinity for metal ions
(Davydova et al. 2021), synthetic peptides representing a
C3H ZF targeted by CARNMT1 showed no methyla-
tion-dependent difference in zinc ion affinity. However,
therewas evidence of a change in protein conformation af-
fecting the binding mode. An outstanding question that
will likely require structure-based approaches to address
is how the methyl group alters the properties of C3H
ZFs with regard to RNA binding at the molecular level.
Are all C3H ZF methylation events functionally equiva-
lent, or does the effect depend on other factors, such as
motif context or the RNA substrate? The differences ob-
served by Shimazu et al. (2023)—whose results indicate
that TTP and Roquin binding to 3′ UTR sequences was di-
minished by CARNMT1methylation, while methylation
increased binding to weak 3′ splice sites by U2AF1—sug-
gest the latter.

Intriguingly, carnosine but not anserine inhibited
CARNMT1-dependent protein methylation, suggesting
competition between substrates for limitingmethyltrans-
ferase activity. Carnosine and anserine have been pro-
posed to have exocrine functions when released from
muscle during exercise (Boldyrev et al. 2013). CARNMT1
is the first known methyltransferase with dual substrate
specificity, modifying both a small-molecule dipeptide
and protein targets. This raises the intriguing possibility
that a feedback loop linking exocrine activity of the dipep-

tide substrate, in competition with protein targets modu-
lating extensive gene expression programs, centers on
limiting CARNMT1 enzymatic activity. This opens a
broad area for further research.

Finally, Shimazu et al. (2023) found that genetic abla-
tion of CARNMT1 is embryonically lethal in mice. This
was true also of homozygous catalytically dead mutant
animals, definitively demonstrating a requirement for
CARNMT1 methyltransferase activity for proper devel-
opment. It was previously shown that synthesis of carno-
sine is dispensable for embryogenesis, indicating that it is
the protein methylation targets that are essential (Wang-
Eckhardt et al. 2020). In knockout embryos, alternative
splicing changes similar to those seen in the knockout
cell lines were observed. Although U2AF1 KO is also
known to be embryonic-lethal, further analyses will be re-
quired to determine which pathways altered by lack of
CARNMT1 activity are essential for development.
Regardless of how its modifications are read out in the de-
veloping organism, the essentiality of CARNMT1 under-
scores the importance and scale of this novel area of
biology that Shimazu et al. (2023) have uncovered.
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