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HemK, a universally conserved protein of unknown function, has
high amino acid similarity with DNA-(adenine-N6) methyl trans-
ferases (MTases). A certain mutation in hemK gene rescues the
photosensitive phenotype of a ferrochelatase-deficient (hemH)
mutant in Escherichia coli. A hemK knockout strain of E. coli not
only suffered severe growth defects, but also showed a global shift
in gene expression to anaerobic respiration, as determined by
microarray analysis, and this shift may lead to the abrogation of
photosensitivity by reducing the oxidative stress. Suppressor mu-
tations that abrogated the growth defects of the hemK knockout
strain were isolated and shown to be caused by a threonine to
alanine change at codon 246 of polypeptide chain release factor
(RF) 2, indicating that hemK plays a role in translational termina-
tion. Consistent with such a role, the hemK knockout strain showed
an enhanced rate of read-through of nonsense codons and induc-
tion of transfer-mRNA-mediated tagging of proteins within the
cell. By analysis of the methylation of RF1 and RF2 in vivo and in
vitro, we showed that HemK methylates RF1 and RF2 in vitro within
the tryptic fragment containing the conserved GGQ motif, and that
hemK is required for the methylation within the same fragment of,
at least, RF1 in vivo. This is an example of a protein MTase
containing the DNA MTase motif and also a protein-(glutamine-N5)
MTase.

H emK was first identified in Escherichia coli as a suppressor
of the light-sensitive phenotype of a protoporphyrin IX-
accumulating mutant (hemH) (1), and genes that code for highly
homologous proteins have been found not only in eubacteria but
also in eukaryotes, such as yeast (GenPept accession no.
AAA99648), Arabidopsis thaliana (GenPept accession no.
AAD26417), and humans (GenPept accession no. AAD26417).
Also, similar proteins but without the N’-terminal portion (a
region of about 50 aa in the bacterial homologs) are present in
both types of archaea, Euryarchaeota, such as Pyrococcus abyssi
(GenPept accession no. CAB49354), and Crenarchaeota, such as
Aeropyrum pernix (GenPept accession no. BAA79522).

In E. coli, hemK is a member of a multifunctional operon
consisting of at least hemA, the product of which catalyses the
conversion from glutamyl-tRNA to glutamate-1-semialdehyde
at the first step of porphyrin biosynthesis, prf4, encoding
polypeptide chain release factor (RF) 1, and hemK in that order.
Based on the phenotype of the initial mutant, we proposed the
hypothesis that HemK functions in some step of porphyrin
biosynthesis. However, no direct evidence for such activity has
been reported to date. In addition, whereas the tripartite operon
structure is conserved only among some members of the y
subclass of proteobacteria (2, 3), the link between the last two
genes, prfA and hemK, is more widely conserved in eubacteria (4,
5), implying a possible relationship of HemK to translation.

www.pnas.org/cgi/doi/10.1073/pnas.032488499

On the other hand, significant similarity is found between the
primary structure of HemK homologs and those of S-adenosyl-
L-methionine (SAM)-dependent methyl transferases (MTases).
Especially, the DNA-(adenine-N6) MTase family, which methy-
lates the exocyclic amino nitrogen attached to the C-6 position
of adenine, show the highest similarity with the “HemK family”
(6). Indeed all of the HemK homologs share a common signature
with the “N6 adenine-specific DNA methylases” ([LIVMAC]-
[LIVFYWA]-x-[DN]-P-P-[FYW], PROSITE accession no.
PS00092). However, no DNA MTase activity of the HemK
homologs has yet been reported.

In this study, we constructed a series of zemK knockouts of E.
coli K12, found that they grew very slowly under all of the
conditions examined, and used them to elucidate the cellular
function and activity of hemK. By examining the knockouts and
the suppressors that partially rescue their growth, we found that
HemK catalyses the methylation of RF1 and RF2, and that hemK
knockout causes defects in translational termination.

Materials and Methods

Bacterial Strains. All bacterial strains used are derivatives of E.
coli K-12 and are listed in Table 1.

Plasmid and Phage Clones. The structure of the key constructs used
in this study and the original gene map around hemK are
illustrated in Fig. 1. pMW118 and pMW218 (Nippon Gene,
Tokyo) were used as low-copy-number vectors. To construct
pPMW-prfB or pMW-prfB(A737G), the 1.6-kb Pvull-EcoRI
fragment containing the prfB gene from LK783 or LLR201 was
inserted into the Hincll and EcoRI sites of pMW218. For the
controlled expression of genes, pAR3K vector (10), which
harbors an arabinose-inducible araB promoter, was used. To
construct pAR-hApAFL, a fragment from the initiation codon
of hemA to the stop codon of prf4 was amplified by PCR, and
the FLAG tag coding sequence (GACTACAAGGACGAT-
GACGATAAGTAA) was fused to its 3’ terminal. The resulting
fragment was inserted into the Ncol and Narl sites of pAR3K.
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Table 1. Characteristics of bacterial strains

Bacterial strain Relevant feature(s) Reference(s)*
LE392 SUpE44 supF58 hsdR514 galK2 7

galT22 metB1 trpR55 lacY1
LK783 LE392 AhemK::Cm
LLR201, HLR201 Faster growing suppressor strains

from LK783

CA293 HfrC lacZoces9 trpams relA1 spoT1 8and 9
CK783 CA293 AhemK::Cm
W3110 IN(rrnD-rrnE)1 rph-1 9
WK103 W3110 AhemK::Cm
CA274 HfrC lacZamse trpams relAl spoT1 9
€600 thr-1 leuB6 lacY1 supEA44 rfbD1 9

thi-1 mcrA1 fhuA21 cyn-1

*Unless otherwise noted, the source was this study.

pMW-hApAFL was constructed by recloning the 3’ half of the
hemA-prfAflag fragment from pAR-hApAFL into pMW118 in
the opposite direction to the lacZa gene, and then inserting a
308-bp Nhel-Sall fragment, harboring the hemA major promoter
and the 5’ portion of hemA, to recreate the original structure of
the hemA operon. To construct pAR3KH, the Ncol cloning site
(CCATGG) of pAR3K was altered to produce the coding
sequence of a 6XHis tag followed by an Af/II site (CCAT-
GAGAGGATCGCATCACCATCACCATCACATGT). pAR-
hemK and pARH-hemK were constructed by amplifying the
hemK coding sequence by PCR and inserting it into the Ncol or
AfIIII site of pAR3K or pAR3KH, respectively. The two proline
codons (CCG) at amino acid positions 184 and 185 of hemK in
pAR-hemK or pARH-hemK were changed to alanine codons
(GCG) to produce pAR-hemKm or pARH-hemKm, respec-
tively. pARH-prfB was constructed by amplifying the prfB
coding sequence of LLR201 and inserting it into the Af/III site
of pAR3KH. For the assay of translational read-through, deriv-
atives of promoter probe vector pKK232-Z (11) were con-
structed. pKK232-Z(GGA) was constructed by inserting the trpA
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Fig.1. (a) Structures of the key constructs used in this study. Name, schematic
structure of the construct, selection marker, and type of replicon (copy num-
ber per cell) is shown for each plasmid. Sequences derived from chromosomes
are shown by thick lines and those from vectors by dashed lines. (b) The gene
map around hemK in E. coli. The coding region of each gene (open boxes) and
the locations of promoters (ref. 36, bent arrows) are shown. All genes are
transcribed from left to right.
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terminator and the lac promoter without an operator (11) in the
Smal site of pKK232-Z. The seventh codon of the lacZ (GGA)
in pKK232-Z(GGA) was altered to each of the three nonsense
codons to make pKK232-Z(UAA, UAG, or UGA). The region
from the BamHI site following the lac promoter to the seventh
codon of the lacZ in pKK232-Z(GGA) was deleted to make
pKK232-Z(A). The accuracy of all of the constructions was
confirmed by DNA sequencing.

Media and Growth Conditions. Bacteria were grown with constant
aeration in LB medium (7) or on LB agar plates at 37°C unless
otherwise indicated. Casamino acid broth (12), consisting of 5 g
of vitamin assay casamino acid (Difco) and 5 g of NaCl per liter
of water, supplemented with vitamin B1 (25 mg/liter) and
tryptophan (40 mg/liter), was used for determining cell growth.
Antibiotics and other compounds were supplemented at the
following concentrations when needed: ampicillin, 50 pg/ml;
chloramphenicol, 20 pg/ml; kanamycin, 25 pg/ml; and hemin
(Sigma), 20 pg/ml.

Construction of AhemK Strains. The SaclI-Kpnl fragment within
the hemK coding region (codons 20-120) was replaced by the
chloramphenicol resistance (Cm") gene [1.1-kb AccIl fragment
from pHSG399 (Takara Shuzo, Kyoto)], retaining the internal
promoter for downstream genes (see Fig. 1b), and the inter-
rupted gene (AhemK::Cm") was introduced into JC7623 (recBC
sbcB) by electroporation to disrupt the chromosomal hemK. The
AhemK::Cm" allele was introduced into other strains by P1-
phage-mediated trunsduction (13), and PCR was performed to
confirm the transduction.

Isolation of Suppressor Mutants from AhemK. L K783 cells were
mutagenized with 100 pg/ml N-methyl-N'-nitro-N-nitrosogua-
nidine as described (13) and plated onto LB agar plates. Colonies
that grew at a faster rate were selected and purified.

Immunoblotting. Proteins were separated by SDS/PAGE, blotted
onto Hybond-ECL membranes (Amersham Pharmacia), and
detected with mAbs against FLAG peptide (Anti-FLAG M2,
Sigma-Aldrich) by using chemiluminescence techniques.

Isolation of 6xHis- or FLAG-Tagged Proteins. Unless otherwise
noted, RF1-FLAG or 6XHis-RF2 was purified from CK783
transformed with pAR-hApAFL or pARH-pr{B, respectively.
6XHis-HemK and its mutant were purified from JM109 trans-
formed with pARH-hemK or pARH-hemKm, respectively. Cells
were grown in 50 ml of LB broth at 37°C to about 0.6 ODgg units
and induced by supplementation with 1 mM L-arabinose for 4 h.
After the cells were harvested, 6 XHis- or FLAG-tagged protein
was purified by using Ni-NTA agarose (Qiagen, Chatsworth,
CA) or anti-FLAG M2 affinity gel (Sigma-Aldrich) according to
the manufacturer’s instructions, concentrated by using a Micro-
con YM-10 centrifugal filter (Millipore) and dissolved in 50 mM
TrissHCl (pH 8), 100 mM NaCl, 10 mM EDTA, and 50%
glycerol.

Methylation Assay. Methylation assays were performed by mea-
suring the transfer of radioactivity from methyl->H-labeled SAM
(PH]SAM) into trichloroacetic acid (TCA)-insoluble material.
Substrate, purified HemK (or other protein) and 1 uCi of
[*HJSAM (15 Ci/mmol; TRK236, Amersham Pharmacia) were
mixed in 10 ul of reaction buffer (20 mM Tris-acetate/10 mM
magnesium acetate/50 mM potassium acetate/1 mM DTT, pH
7.9) and incubated for 1 h at 37°C. The reaction product was
washed by two cycles of TCA precipitation and rinsed with
acetone. Finally, the radioactivity of the TCA-insoluble fraction
was determined by liquid scintillation counter.
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Fig. 2. Effect of hemK knockout and its suppressor mutation on bacterial
growth. A fresh overnight culture of each strain was diluted to about 10 klett
units (with filter no. 66) in 5 ml of medium and shaken at 37°C. The cell density
was determined atintervals, and representative results of the experiments are
shown. (a) The growth defect of the hemK knockout strain and complemen-
tation by hemK in an expression plasmid. CA293 (hemK™) and CK783 (AhemK)
were transformed with pAR-hemK or its vector control, pAR3K. The growth of
each transformant was examined in casamino acid broth. Essentially the same
results were obtained in LB broth. Strains: m, CA293 pAR3K; [J, CK783 pAR3K;
O, CK783 pAR-hemK; x, CK783 pAR-hemK (for x, hemK was induced by adding
50 mg/liter arabinose to the medium at time 0). (b) The growth of the
suppressor mutant was compared with that of the hemK* and AhemK strains
in LB broth. Strains: m, LE392 (hemK™); (J, LK783 (AhemK); O, LLR201 (one of
the suppressor mutants of AhemK). (c) The growth of AhemK strain trans-
formed with wild-type or mutant prfBin a plasmid was compared with that of
the hemK™ or AhemK strain in LB broth. Strains: m, CA293 pMW218 (vector
control); 0O, CK783 pMW218; A, CK783 pMW-prfB; ¢, CK783 pMW-
prfB(A737G).

Matrix-Assisted Laser Desorption lonization-Time of Flight (MALDI-
TOF) MS Analysis. A sample containing 10-50 ug of one of the RFs
was resolved by SDS/PAGE (8% acrylamide) and stained by
Coomassie brilliant blue, and the band for RF was isolated. Each
protein sample within the gel slice was digested by using endo-
proteinase Lys-C and trypsin, extracted from the gel,
and subjected to MALDI-TOF MS analysis with a Voyager
DE-PRO (Perkin-Elmer Applied Biosystems) essentially as de-
scribed (14).

Results

Characterization of the hemK Knockout Strains. To elucidate the
activity and cellular function of hemK, we constructed hemK
knockout (AhemK) strains on several backgrounds. All of the
strains showed a reduced growth rate, with a doubling time of
2-2.5 h at 37°C in LB broth, about four times longer than that
of the respective parental strains. Because this deletion might
directly affect the expression of upstream genes, hemA and prfA,
in the same operon, or genes located downstream, b1213, ychA,
and kdsA (see Fig. 1b), complementation by hemK was examined
by introducing a plasmid, pAR-hemK, which express hemK
under an inducible arabinose promoter. Growth of the trans-
formant was restored thereby to the wild-type level, showing that
the growth defect was caused by the loss of HemK (Fig. 2a). The
level of HemK attained without inducer was sufficient for the
complementation, and addition of excess arabinose (50 mg/liter)
caused a negative effect on the growth rate. If hemK encodes an
enzyme that acts in the porphyrin biosynthetic pathway, as
proposed previously (1), supplying porphyrin in the medium
should restore the growth defect. To test this, we introduced
AhemK into a hemin-permeable background (15). Addition of
hemin to the medium did not affect the growth of the resulting
AhemK hemin-permeable strain (not shown), suggesting that the
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growth defect of AhemK is not primarily caused by a shortage of
porphyrin. Next, we examined whether the DNA-(adenine-N6)
MTase signature of HemK is related to the growth defect. Two
proline codons of hemK, at codons 184 and 185 within the
signature, were mutated to alanine codons in pAR-hemK, and
the resulting plasmid, pAR-hemKm, was introduced into the
AhemK strain. The mutated plasmid failed to complement the
growth of the AhemK strain (data not shown), indicating a
possible relationship between the growth defect in the hemK
knockout cells and the putative MTase activity of HemK.

Isolation and Characterization of Suppressor Mutants. Two suppres-
sor mutant strains, LLR201 and HLR201, in which the growth
defect was partially overcome, were obtained independently
from the AhemK strain, LK783 (Fig. 2b). Plasmid libraries in
pUC118 were constructed from EcoR1I digests of the genomic
DNA of each mutant and screened for clones that could rescue
the growth deficiency. Three clones were isolated from each
library and shown, by partial sequencing, to all contain an
insert of about 3.2 kb from the same portion of the E. coli
chromosome, at about 65.4 min. Subsequent subcloning re-
vealed that a 1.6-kb Pvull-EcoRI fragment, including the 3’
half of rec/, the entire prfB, and the 5’ half of lysS, possessed
the suppressor activity of each of these clones. The same 1.6-kb
Pvull-EcoRI fragment was cloned from the parental strain
(LK783), and the complete sequence of the fragment was
compared with that of the mutant clones. A single mutation,
adenine to guanine at position 737 of the prfB gene, resulting
in substitution of threonine 246 of RF2 by alanine, was found
in clones of both mutants and confirmed by direct nucleo-
tide sequencing of PCR-amplified fragments from the chro-
mosomal DNA. The sequence of the parental strain was no
different from that of reference strain MG1655 in the database
(16). Comparing the suppressor activity of the mutant gene on
a low-copy-number plasmid with that of the wild-type gene
showed that the T246A mutant exerted the suppressor effect,
whereas the wild-type gene did not (Fig. 2¢).

Effect of hemK Knockout on Translational Termination. Because
mutation T246A is known to enhance the efficiency of polypep-
tide chain termination by RF2 (17, 18), the phenotype of the
suppressor mutant might reflect the defect of termination in
AhemK cells. To test this, we measured the rate of read-through
of nonsense codons at a given position in lacZ. A set of plasmids
carrying lacZ with one of the three nonsense codons or an
alanine codon (as a reference) at the seventh codon was
introduced into hemK* or AhemK cells, and the activity of
B-galactosidase in each transformant was determined (Table 2).
The rate of read-through, expressed as a percentage of the
activity of the reference plasmid, at the UAG or UGA codon was
enhanced in AhemK, showing that the function of RF1 or RF2,
respectively, was affected. The rate of read-through at the UAA
codon was not affected significantly, nor was the background
rate (the rate of read-through of the A construct).

Next, we examined the induction of transfer-mRNA
(tmRNA)-mediated tagging of proteins in the cell, which is
triggered by the stalling or slowing down of the ribosome on
mRNA (19-21). To detect endogeneous proteins tagged by
tmRNA, a modified ssr4 gene, which adds the FLAG peptide
instead of the normal tmRNA tag peptide (unpublished data),
was introduced to AssrA strains of various backgrounds, and
the total cell extracts of the resulting strains were analyzed by
immunoblotting (Fig. 3). Compared with the prototype strain,
W3110 (Fig. 3, lane 2), prominent induction of several bands
and a general increase in the level of tagged proteins were
observed in the AhemK strain (Fig. 3, lane 1). No such marked
alteration was observed in the other strains (Fig. 3, lanes 3-5).
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Table 2. Rate of read-through at nonsense mutations in lacZ

Relative B-galactosidase activity*

Strain/lacz GGA UAG UAA UGA A
hemK+ 100 = 3.7 0.35 = 0.087 0.59 = 0.10 0.65 = 0.048 0.25 + 0.091
AhemK 100 = 1.5 1.5+ 0.24 0.33 = 0.0065 1.5+ 0.10 0.12 £ 0.015

CA293 (hemK™) or CK783 (AhemK) was transformed with a set of pKK232-Z derivatives, in which GGA, UAG,
UAA, or UGA was the seventh /acZ codon (shown in the lacZ row) or in which the segment from the 5’
nontranslated region to the seventh codon of /lacZ was deleted (A, shown in the lacZ row), and grown on LB broth
to 0.6-0.7 ODggo. The B-galactosidase activity of the cells was assayed as described (13).

*The average * SD (of three experiments) B-galactosidase activity (Miller units) of each /acZ derivative is shown
as the percentage of that of the reference gene (GGA) in the same strain.

Effect of hemK Knockout on the Expression and Modification of RF1.
One of the possible mechanisms by which this defect might affect
translational termination in AhemK is an effect of HemK on the
expression or activity of prfA/RF1, which is located next to
hemK. We performed several experiments to test this hypothesis,
but the results showed that the hemK knockout has little effect
on the expression or cellular level of RF1, and the effect, if any,
does not seem to account for the defect in AhemK (not shown).

Recently, Dincbas-Renqyvist et al. (18) reported the posttrans-
lational modification (methylation) of RF2 at glutamine 252
within the highly conserved GGQ motif and suggested that the
same modification occurs in RF1. To test this modification in the
AhemK cells, FLAG-tagged RF1 was isolated from large-scale
cultures transformed with a low-copy-number plasmid harboring
the hemA-prfAflag operon (pMW-hApAFL, see Fig. 1) and
analyzed by matrix-assisted laser desorption ionization MS after
trypsin digestion. A fragment with m/z value 1657.9, which
precisely matches the predicted mass of the 229-245 peptide
(1657.8), was detected in the tryptic digest of RF1 from AhemK
cells. Whereas the fragment was not detected in the sample from
hemK™ cells, a new fragment with m/z value 1671.9 appeared
(Fig. 4a), implying a single methylation of one of the residues
(most probably glutamine 235 within the GGQ motif) in this
fragment in the hemK™* cells.

HemK Methylates RF1 and RF2 in Vitro. The above finding may imply
that HemK protein, although possessing a DNA MTase signa-
ture, directly methylates RF1 (and RF2). To test this, 6XHis-
tagged HemK was purified from an overproducing strain, and its
methyl-transferase activity to RF1 or RF2 was examined in vitro.
When RF1-FLAG or 6 XHis-RF2 fusion proteins, produced in
AhemK cells, were incubated with 6 XHis-HemK in the presence

hemk
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Fig. 3. tmRNA-tagged proteins in AhemK and other cells were detected by
immunoblot analysis. Chromosomal ssrA in each strain (lane 1, WK103; lane 2,
W3110; lane 3, CA274; lane 4, LE392; lane 5, C600) was inactivated by trans-
ducing AssrA::Km, and a plasmid encoding the FLAG-tagging ssrA variant was
introduced. Then, cells grown in LB broth were harvested at ODgoo of about
0.7, suspended in SDS sample buffer (200 ul/ODggo-unit, and boiled for 5 min,
and 10 ul of each cell extract was then analyzed by SDS/PAGE (12% acryl-
amide) and immunoblotting with anti-FLAG antibody.
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of [*H]SAM, radioactivity was incorporated into the TCA-
insoluble fraction (Table 3). On the other hand, the incorpora-
tion was not detected when a mutant HemK in which the prolines
in the DNA-(adenine-N6) MTase signature were altered to
alanines (see above) was used instead of the wild-type HemK. To
identify the molecule in which H was incorporated, the radio-
labeled samples were separated by SDS/PAGE and subjected to
autoradiography. The radioactive bands migrated at the same
positions as the RF1-FLAG or 6 XHis-RF2 protein, respectively
(Fig. 4 b and ¢). To confirm that the in vitro methylation also
occurred in the GGQ motif, the methylation reaction was
performed with unlabeled SAM and the samples were subjected
to mass analysis. Whereas a fragment with m/z value 1658.0 or
1053.8, which corresponds with the unmethylated 229-245 frag-
ment of RF1 or 246-256 fragment of RF2 (containing the GGQ
motif) was detected in the samples not incubated with HemK, a
fragment with about 14 points higher m /z value (1671.9 or 1067.7
m/z) was detected only in the sample that had been incubated
with HemK (data not shown). These results clearly show that
HemK directly methylates RF1 and RF2 proteins within the
fragment containing the GGQ motif.

Global Effect of hemK Knockout on the Gene Expression. Finally, we
performed DNA chip experiments (see additional Methods,
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Fig. 4. Methylation of RFs by HemK. (a) Matrix-assisted laser desorption

ionization-time of flight MS analysis of a tryptic digest of RF1 from
CA293(hemK™) or CK783(AhemK). A section of the MS spectrum of the tryptic
digest of RF1-FLAG is shown. The predicted m/z value for each fragment after
correction for the isotopes is indicated. A peak matching the predicted mass
of the 229-245 peptide (1657.8 m/z) was present in the sample from AhemK
cells, but this peak was apparently shifted by 14 points (to 1671.9 m/z) in the
sample from hemK™* cells. (b) SDS/PAGE analysis of in vitro-methylated RFs.
The methylation reaction was performed on a 10-fold larger scale than
described in Table 3 and the samples were subjected to SDS/PAGE (12%
polyacrylamide). 3H-labeled protein was then visualized by autoradiography.
In each reaction, 1 ug of 6XHis-HemK was used as enzyme, and the substrate
was: lane 1, 5 ug of BSA; lane 2, 10 ug of BSA; lane 3, 5 ug of RF1-FLAG; lane
4,10 png of RF1-FLAG; lane 5, 5 ng of 6 X His-RF2; and lane 6, 10 ug of 6 X His-RF2.
The positions of the size markers are shown on the left. (c) One microgram of
RF1-FLAG (lane 1) or 6 XHis-RF2 (lane 2) was analyzed by SDS/PAGE with the
same size markers as in b and stained by using Coomassie brilliant blue.
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Table 3. In vitro methylation of RF1 and RF2 by purified HemK
or HemKp1gaa p1ssa

3H incorporation (cpm)*

HemK (0.1 ng)/substrate (1 ug) RF1-FLAG 6xHis-RF2
BSAT 61 = 20 45 + 9
HemK (wild type) 1,701 += 255 1,246 + 89
Hepr184A,p185A 79 + 22 47 + 6

*Incorporation of 3H into TCA-insoluble material was assayed as described in
Materials and Methods. The average = standard error from at least three
experiments is shown.

TBSA was used instead of HemK.

which are published as supporting information on the PNAS
web site, www.pnas.org), expecting to detect alterations of
gene expression caused by the loss of methylation of the RFs
and yet-unidentified HemK target(s). Total RNA was isolated
from exponentially growing cultures of two AhemK strains
from different backgrounds (CK783 or WK103), and the
amount of RNA for every gene was compared with that from
the respective parental strains. The data can be seen in Table
4, which is published as supporting information on the PNAS
web site) In fact, the expression of numerous genes was
affected: of 3,275 genes for which reliable data were obtained,
116 genes were repressed by less than a half and 144 genes were
induced more than 2-fold in both AhemK strains. As expected,
genes related to translation, such as ribosomal proteins, were
generally repressed, but this may have been caused by the
growth rate control (22). Regarding other genes, the expres-
sion of genes for energy metabolism was particularly interest-
ing. In the hemK knockout cells, genes for aerobic respiration,
such as those for cytochrome bo3 oxidase (cyoA-E), and
NADH and succinate dehydrogenases (nuoA-N and sdhA-D)
were consistently repressed (by about 1/3 on average) whereas
genes for anaerobic respiration, such as nitrate reductases and
DMSO reductase (narK-I1, narU-V, and dmsA-C) were induced
(about 4-, 2-, and 2-fold, respectively) as if the cells had been
grown in an anaerobic environment. Because other slow-
growing strains did not show a similar pattern of gene expres-
sion (see Discussion), this shift to anaerobiosis seems to be a
unique feature of AhemK cells.

Discussion

Our in vitro and in vivo findings revealed that HemK methy-
lates both of the class 1 release factors (RF1 and RF2) within
the tryptic fragment that contains the GGQ motif. Because the
glutamine residue (Q252 in the GGQ motif) of RF2 is
methylated at the N5 position (18), HemK should be respon-
sible for this modification. The GGQ motif is not only con-
served among all class 1 RFs found in eubacteria, eukaryotes,
and archaea (23), but is also known to be important for the
hydrolysis of peptidyl-tRNA at the termination of translation
(24, 25), and in vitro studies have shown that loss of the
methylation of Q252 decreases the activity of RF2 of E. coli
(18). Accordingly, global deficiency of translation termination
is expected in hemK knockout cells, in which neither RF1 nor
RF2 is methylated. Several lines of evidence support this
prediction. First, the growth of AhemK cells is impaired, at
least partially, by the defect in translation termination. This
conclusion is based on the fact that the T246A mutation in RF2
partially rescues the growth defect of AhemK strains. Because
this mutation is known to increase the activity of RF2 (17, 26)
and because the effect of the T246A mutation is independent
of that of Q252 methylation (18), the suppression by the T246A
mutation is considered to be a result of partial restoration of
REF?2 activity that have been low because of the lack of HemK.
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This defect in cell growth was observed under all of the
conditions and backgrounds examined, and thus is more
serious than that caused by the lack of RF3, which also causes
a universal translational defect, but causes a growth defect only
under certain circumstances (27). Second, translational read-
through at the UAG and UGA codons, which are recognized
by RF1 and RF2, respectively, is increased in the absence of
HemK. This induction is likely to be caused by prolonged
pausing of ribosomes at these stop codons and indicates that
the activity of both RF1 and RF2 is affected by the absence of
the methylation. We do not yet know why the rate of read-
through at UAA was not altered significantly. Because the
methylation of RF2 affects the activity of RF2 at UAA stop
codons in vitro (18), this result may reflect the UA A-specific
redundancy of RFs (both RF1 and RF2 recognize UAA) in
vivo. Alternatively, it may not be general to all UAA codons,
but may rather be specific to the context, because variability in
the rate of read-through has been seen previously for different
stop codons (28). Third, tmRNA-mediated tagging of cellular
proteins is substantially induced. In particular, the amount of
several tagged protein species, which were also tagged in the
hemK™" strains, is markedly increased. Because some of the
major endogenous targets of tmRNA were tagged at their
natural stop codons (21), this result may indicate that tagging
at these sites is enhanced by a termination deficiency.

The function of HemK identified here raises the question of
how it leads to the suppression of the light sensitivity of a
protoporphyrin IX-accumulating mutant (hemH) (1). The
result of our microarray analysis might give a hint regarding the
answer to this question. In AkhemK, many genes related to
aerobic respiration were repressed, whereas those for anaer-
obic respiration were simultaneously induced, indicating the
dependence of these cells on anaerobic respiration while
growing under aerobic conditions. Although we do not know
whether the shift to anaerobic respiration was a result of the
translational defect or the demethylation of another uniden-
tified HemK substrate(s), it was not caused solely by the slow
growth rate, because a shift to anaerobic respiration is not a
common feature of slow-growing mutants (T.O., unpublished
results). For example, both aerobic and anaerobic respiration
are repressed in hupA~ hupB~ cells, which lack histone-like
protein HU and have a doubling time of about 3 h. In that case,
the cells may keep using oxygen as a electron acceptor without
inducing an alternative pathway, unlike in the case of AhemK.
Because the production of an intolerable amount of active
oxygen in the cell is the cause of the light sensitivity of the
hemH mutant, and because growth under conditions of an-
aerobic respiration rescues the light sensitivity (29), a shift to
anaerobic respiration by the hemK mutation may lead to a
similar phenotype.

SAM-dependent MTases are a large family of proteins,
which accept a wide variety of substrates, such as nucleic acids,
proteins, and many small molecules, and transfer the methyl
group from SAM to nitrogen, oxygen, or carbon atoms.
Although analyses of crystal structures have revealed a com-
mon folding pattern of MTases that accept different types of
substrates (30, 31), the conservation of the primary sequences
among them is usually low. Therefore, our finding that HemK,
which shows high similarity to the <y subclass of DNA-
(adenine-N6) MTases throughout the primary sequence of the
catalytic domain (6), exhibits protein MTase activity was
surprising. The group of DNA-(adenine-N6) MTase is a fairly
large family and includes a few DNA-(cytosine-N4) and RNA-
(guanine-N2) MTases (32, 33), but no member of the family
has been reported to methylate proteins. Considering the
structural characteristics of the class 1 RFs, i.e., molecular
mimicry of tRNA (34), the substrate recognition and catalytic
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mechanism of the HemK are very interesting from a molecular
evolutionary standpoint.

Because the class 1 RFs are essential and their structure is
highly conserved in all eubacteria and genome-containing
organelles (23, 35), it is likely that conserved HemK homologs
play the same role as in E. coli. Consistent with this idea, at
least one HemK homolog is encoded in all of the eubacterial
and eukaryotic genomes that have been completely sequenced.
By examining the substrates and structures of HemK homologs
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