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In the preproteomic age, one of the best
approaches for deciphering the physio-

logical role of an unknown gene product
was to examine the phenotype of mutant
strains and take educated guesses for its
function that would guide biochemical ex-
perimentation. Such a process could take
months to years to accomplish. In the
proteomic age, the best initial approach is
to use a computer to compare the deduced
amino acid sequence of the gene product
with those of proteins of known function,
and with luck, one might get to the same
place in seconds to minutes! But what
happens when the results of these two
approaches don’t appear to make any
sense with each other?

This issue of PNAS presents an article
by Nakahigashi et al. (1) that shows how a
gene product originally identified by its
mutant phenotype as an enzyme of heme
biosynthesis and then by sequence simi-
larity as a possible DNA adenine-N-6-
methyltransferase actually functions as a
protein glutamine methyltransferase mod-
ulating the termination activity of release
factors (RFs) in ribosomal protein synthe-
sis! It provides a nice case study for
why one can’t rest until the biochemistry
is done.

The hemK gene of Escherichia coli orig-
inally was described in 1995 from a genetic
screen designed to reveal new types of
heme synthesis mutants (2). Here, one
mutation in a light-resistant revertant of a
light-sensitive hemH� porphyrin-deficient
strain was mapped to a locus in an operon
consisting of the hemA gene encoding
glutamyl-tRNA reductase, catalyzing the
first committed step of the heme synthesis
pathway, and the apparently unrelated
prfA gene encoding peptidyl RF1, with a
transcriptional order of hemA-prfA-hemK
(2, 3). HemK mutant cells were found to be
unable to make heme from 5-aminolevu-
linate (2). The presence of 5-aminolevu-
linate dehydratase and porphobilinogen
deaminase activities in the mutant, as well
as the accumulation of porphyrin inter-
mediates in the mutants, led to the sug-
gestion that the hemK product might be a
subunit of protoporphyrinogen oxidase,
the enzyme catalyzing the final formation
of protoporphyrin IX in the heme biosyn-
thetic pathway (2). The authors made it
clear, however, that such an assignment

was tentative and that other roles were
possible (2). Despite this caution, many
database entries for the hemK product
from E. coli and for the homologous pro-
tein in related organisms have been ap-
parently upgraded ‘‘in silico’’ and are now
designated as protoporphyrinogen oxi-
dase (see below). At the time of the initial
analysis, no clear homologous species
were found in the databases, although the
correct sequence was known only for the
N-terminal 203 residues of a total of 277
residues (2).

By 1999, biochemical and genetic stud-
ies revealed that the hemK product ap-
peared to have no protoporphyrinogen
activity at all (4). So what is the protein
doing? With the correct full-length amino
acid sequence of HemK, and with the
tremendous growth of protein sequence
databases, two things were made clear.
First, HemK homologs are present in a
wide variety of species from Gram-
negative and Gram-positive eubacteria to
mice and humans.
Second, the HemK
sequence is in fact re-
lated to a large family
of S-adenosylmethi-
onine-dependent
methyltransferases
(4). Particularly in-
triguing was the pres-
ence in HemK of an
NPPY sequence, up to then largely re-
stricted to members of a subfamily of
DNA methyltransferases that modify the
6-amino group of adenine bases, generally
in bacterial modification methyltrans-
ferases (5). This result suggested that
HemK may be a novel type of DNA
adenine methyltransferase (5). However,
considerable similarity (29% identity over
204 residues, including the NPPY motif)
also was noted with an unrelated 4-amino-
phenylalanine methyltransferase from a
Streptomyces species involved in the bio-
synthesis of the antibiotic pristinamycin
(6). At this point, it seemed that one
needed to go back to square one to see
exactly what function HemK actually plays
in cell physiology. The state of confusion
in the field at this point is amply reflected
in the variety of designations of hemK
homologs that come up in a BLAST search
of the E. coli gene product. For species

that have at least 23% identity over the
entire sequence and are possible or-
thologs, 16 are designated protoporphyrin
oxidases, seven are probable protoporphy-
rin oxidases, 16 are putative (or possible)
protoporphyrin oxidases, four are ade-
nine-specific methyltransferases, and four
are putative adenine-specific methyl-
transferases. It turns out that all 47 of
these designations are most likely to be
incorrect!

The clue that led to the discovery of the
real function of HemK came from inde-
pendent work in an entirely new arena
—the termination process of ribosomal
protein synthesis and the structure and
function of protein RFs that are required
for the process. In E. coli, there are two
RFs whose structures mimic tRNAs as
they recognize the UGA, UAA, and UAG
terminator codons in the A site of the
ribosome and allow the hydrolysis of the
nascent peptide chain from the last tRNA
at the peptidyl transferase center (7). The

most highly con-
served feature of
RFs from eukary-
otic and prokary-
otic organisms is a
GGQ sequence,
located near the
site of the pepti-
dyl-tRNA ester
bond that is

cleaved in the termination reaction (7, 8).
In 2000, Dincbas-Renqvist et al. (9) did a
careful chemical, chromatographic, and
mass spectral analysis of RF2 from E. coli
and provided evidence that the conserved
glutamine residue at position 252 in this
sequence is posttranslationally modified
by a methylation reaction to give the N-5-
methylglutamine derivative (Fig. 1; Table
1). The presence of the methyl group on
the glutamine residue is correlated with a
large increase in the efficiency of the
termination reaction (9).

With these results, Nakahigashi et al. (1)
then realized that the presence of the
hemA gene in the operon with hemK might
have been a red herring in determining its
function and they turned their attention to
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the presence of what was originally
thought to be the unrelated prfA gene that
encodes RF1 in the hemA-prfA-hemK
operon. RF1 is a close homolog of RF2
and the sequence around the conserved
glutamine residue is almost identical in
both proteins (Table 1). With this connec-
tion to translational RFs, the knowledge
of the methylation modification of these
factors, and sequence similarities of
HemK with methyltransferases, they were
able to put all of the pieces together. In
their article, they clearly show that mu-
tants in hemK lack the modification of the
glutamine residue in both RF1 and RF2
and that the HemK protein is sufficient to
catalyze the methylation reaction in vitro
(1). So, how can one now rationalize the
original heme-defective phenotype seen?
From microarray analysis, Nakahigashi et
al. (1) point out that the lack of HemK
methylation has global effects on the ex-
pression of genes involved in aerobic and
anaerobic metabolism that may explain
the light sensitivity of the mutant, but it is
still unclear exactly what caused the de-
fects in heme metabolism observed, in-
cluding the apparent lack of heme synthe-
sis and the accumulation of intermediates
in its biosynthetic pathway (2).

Does the methylation of the side chain
of glutamine residues occur in proteins
other than the translational RFs? In fact,

the presence of N-5-methylglutamine de-
rivatives in proteins was first reported by
Lhoest and Colson in 1977 (10). Here, it
was found that the E. coli ribosomal pro-
tein L3 contains a modification that gives
methylamine upon acid hydrolysis and a
product comigrating with free N-5-
methylglutamine after extensive proteol-
ysis (10). The site of methylation was
found to be glutamine-152 of the E. coli
large ribosomal subunit protein L3 (11)
(Table 1). The gene encoding the meth-
yltransferase was designated prmB and
mapped to a position between aroC at
52.67 min and purF at 52.29 min (12).
Mutants in the prmB gene displayed a
cold-sensitive phenotype and accumu-
lated unstable and abnormal ribosomal
particles (11). From these results, it is
clear that the HemK methyltransferase
(whose gene maps at 27.7 min) is a distinct
enzyme from the PrmB methyltrans-
ferase. Additionally, there appears to be
no sequence similarity in the methyl-
accepting site of L3 and the RFs (Table 1).
Nevertheless, a HemK homolog, desig-
nated YfcB, is present at 52.70 min on the
E. coli chromosome very close to the
reported position of the prmB gene. The
YfcB protein, labeled a hypothetical ade-
nine-specific methylase in GenBank, is
32% identical to E. coli HemK over 194
residues and would appear to be an excel-
lent candidate for the PrmB L3 ribosomal
protein glutamine methyltransferase (Ta-
ble 1). It will now be of considerable
interest to ask whether additional proteins
containing methylated glutamine residues
are present in cells.

What about the possibilities for methy-
lating the side chain of asparagine resi-
dues, having one less methylene group in
the side chain than glutamine residues?
Reactions resulting from the modification
of asparagine residues leading to N-4-
methylasparagine (or �-N-methylasparag-
ine) are well known in the light-gathering
phycobilisome proteins of the photosyn-

thetic apparatus of cyanobacteria and red
algae (13, 14) (Fig. 1). Asparagine resi-
dues at position 72 in the �-chain of many
C- and R-phycocyanins, allophycocyanin,
and B-, C-, and R-phycoerythrins are
methylated on the side-chain amide nitro-
gen (13, 14). This modification appears to
fine-tune the interaction of the protein
with the chromatophore to minimize en-
ergy losses as these proteins gather light
for the photosynthetic apparatus of these
cells. Mutant cells containing unmethyl-
ated phycobilisomes demonstrate lower
efficiencies of energy transfer than their
methylated counterparts (15, 16). Inter-
estingly, when the asparagine residue was
replaced with a glutamine residue in these
proteins, significant amounts of methyl-
ation were still detected, suggesting the
methyltransferase might recognize either
an asparagine or glutamine after the two
glycine residues or that a second enzyme
activity is present (17). Of considerable
interest is the fact that the asparagine
residue methylated in phycobiliproteins is
located in a similar sequence context to
that of the glutamine residues in the RFs
methylated by the HemK methyltrans-
ferase, where the amide residue in both
cases is preceded by a pair of glycine
residues (Table 1).

What new chemistry might be affected
by the methylation of amides of aspara-
gine and glutamine residues? The meth-
ylation reaction certainly adds bulk to the
side-chain amide group and also removes
the possible participation of one of the two
amide hydrogen atoms in hydrogen bond-
ing schemes (Fig. 1). Studies on synthetic
peptides have suggested that methylation
can slow the spontaneous deamidation of
the side chain of asparagine residues by
45-fold (18).

This work now extends our knowledge
of the extensive posttranslational modifi-
cation of proteins. Many of these modifi-
cations represent permanent changes that
serve to expand the chemical diversity of

Table 1. Known sites of glutamine�asparagine side-chain methylation in proteins (see
text for references)

Protein Source
Sequence

(modified site with *) Methyltransferase gene

RF1 E. coli
*

SSGAGGQHVNTTD

235

hemK

RF2 E. coli
*

TSGAGGQHVNRTE

252

hemK

Allophycocyanin,
beta chain

Anabaena
variabilis

*

ITRPGGNMYTTRR

72

?

Ribosomal protein L3 E. coli
*

GSIGQNQTPGKVF

150

prmB (yfcB?)

Fig. 1. Methyltransferase reactions that result in
the formation of N-methylated amides in protein-
bound glutamine and asparagine residues. The N-5
and N-4 designations refer to the number of the
carboxyl carbon atom that the methyl amine is
attached to; heavy lines show the polypeptide
backbone. AdoMet, S-adenosyl-L-methionine;
AdoHcy, S-adenosyl-L-homocysteine. HemK cata-
lyzes the methylation of RFs; PrmB catalyzes the
methylation of the L3 ribosomal protein. See text
for references.
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amino acid side chains beyond that of-
fered by the 20 amino acids used in ribo-
somal synthesis. In addition to the modi-
fications described here, methylation
reactions are known to create new amino
acids by modifying the �-amino group at
the N terminus, as well as the side-chain
residues of histidine, lysine, and arginine
residues (19). Some modifications are re-
versible and represent possible modes of
regulation. For methylation reactions,
these include the formation of hydrolys-
able methyl esters on the side-chain car-
boxyl groups of glutamate residues as well
as the C-terminal carboxyl groups of iso-
prenylcysteine residues, leucine residues,
and lysine residues (20). It is unclear
whether the formation of the methylated
amides in glutamine and asparagine resi-
dues is reversible in the cell; it would be
interesting to ask whether enzymatic ac-
tivities exist that can catalyze the regen-
eration of the original residues or the
formation of the corresponding acid.

Finally, this article raises issues of just
how well protein functions can be assigned
by sequence comparison. S-adenosylme-
thionine (AdoMet)-dependent methyl-

transferases would appear to be an ideal
place to use sequence comparisons. These
enzymes have the very simple function of
transferring a methyl group from the sul-
fonium atom of AdoMet to a variety of
nucleophiles, including oxygen, sulfur, ni-
trogen, and carbon atoms on proteins,
nucleic acids, carbohydrates, lipids, and
small molecules in all organisms. Evolu-
tion has been kind to the workers in this
field because most of these enzymes have
retained four ‘‘signature motifs,’’ short
stretches of sequence that have been ap-
parently conserved over billions of years
of evolution and that can allow the iden-
tification of candidate methyltransferases
with some success (21, 22). It was origi-
nally hoped that examination of sequence
similarity outside of the signature motifs
would allow one to start characterizing
families of methyltransferases specific
for N-DNA, C-DNA, protein carboxyl,
protein amino, protein guanidino, etc.,
methyl-accepting substrates. For methyl-
transferase families that have been highly
conserved, this approach does appear to
work. For instance, it has been possible to
predict new members of the protein meth-

yltransferase family that catalyze the for-
mation of symmetric and asymmetric di-
methylarginine derivatives (23). But for
many methyltransferases (including the
HemK methyltransferase seen here), it
doesn’t seem to be so simple. For example,
sequence analysis of the 13 best methyl-
transferase candidates in yeast led to prob-
ably incorrect identifications of 12 of these
gene products and only one useful ‘‘hit,’’
where a novel protein arginine methyl-
transferase was matched with a guanidi-
noacetate methyltransferase of higher
cells (22).

It is clear that much caution is needed in
interpreting the results of sequence
searches from databases that are contam-
inated with entries where putative or pos-
sible functions somehow become func-
tions. It is also clear that a mechanism
needs to be put in place to correct anno-
tations of the databases once the biochem-
istry is experimentally established. Lastly,
what should be done when gene designa-
tions such as hemK are themselves mis-
leading—should history prevail (as in
dnaK) or should an effort be made to
provide a name more directly associated
with the function?
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