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Abstract

The 5mC DNA methyltransferase M.HhaI can be split into two individually inactive N- and C-terminal fragments that together
can form an active enzyme in vivo capable of efficiently methylating DNA. This active fragment pair was identified by creating
libraries of M.HhaI gene fragment pairs and then selecting for the pairs that code for an active 5mC methyltransferase. The site
of bisection for successful protein fragment complementation in M.HhaI was in the variable region near the target recognition
domain between motif VIII and TRD. This same region is the location of bifurcation in the naturally split 5mC methyltransferase
M.AquI, the location for circular permutation in M.BssHII, and the location for previously engineered split versions of M.BspRI.
� 2005 Elsevier Inc. All rights reserved.
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DNA methyltransferases (MTases) are DNA modify-
ing enzymes that catalyze the transfer of a methyl group
from S-adenosylmethionine to an adenine or cytosine
base within a specific DNA sequence. DNA MTases are
divided into three main groups based on the site of meth-
ylation. MTases that methylate the 5 position of cytosine
are referred to as 5mC MTases. The modified base 5-
methylcytosine is the onlymethylated base found in verte-
brate and plant DNA. DNA methylation, especially in
eukaryotes, has a profound effect on gene regulation. Epi-
genetic gene silencing by methylation is achieved by a
non-mutational gene inactivation that occurs by the
transfer of methyl groups to the cytosine residues of pro-
moter sequences. Thismodification is faithfully propagat-
ed from mother to daughter cells. Because aberrations in

cytosine-5-methylation are involved in many human
genetic diseases, 5mC MTases are important targets for
drug development to treat these diseases.

The crystal structure of HhaI cytosine-5-methyltrans-
ferase (M.HhaI: 5 0GCGC3 0) from Haemophilus haemo-
lyticus was the first to be solved [1]. The structure of
M.HhaI with its cognate sequence DNA showed that
the enzyme flips the target cytosine residue that is to
be methylated out of the DNA helix without any major
distortion to the DNA [2]. M.HhaI has a large N-termi-
nal domain and a smaller C-terminal domain connected
by a �long linker� region (approximately residues 175–
191). The large domain is discontinuous, as the C-termi-
nal end of the protein is a a-helix that is inserted into the
large domain. Sequence comparison of 5mC MTases re-
vealed 10 highly conserved protein motifs [3]. Motif I,
also known as the FXGXG motif, is found in all
SAM-dependent MTases and it appears to be involved
in SAM binding; motif IV also known as the PC motif,
which has a conserved cysteine residue, has been shown
to be involved in enzyme catalysis; motifs II–V are
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likely responsible for the key interactions between the
co-factor and the protein that are mediated through a
set of hydrophobic amino acids [4,5]. The variable re-
gion between motifs VIII and IX (amino acids 171–
271 in M.HhaI), which include a small sub region called
the target recognition domain (TRD), shows the great-
est heterogeneity in size and sequence among all 5mC
MTases. Interestingly, 5mC MTases can have different
assemblies of these motifs (Figs. 1 and 2).

Relative to most 5mC MTases, including M.HhaI,
M.BssHII is circularly permuted within the variable re-
gion and the TRD, IX, and X motifs precedes motifs I–
VIII [6]. The evolutionary origin of this circular permu-
tation of motifs I–X within the 5mC methyltransferase
family is not clear [10]. One possibility is that evolution
could have proceeded by gene duplication, modifica-
tions of this gene pair (e.g., introduction of new stop
and start codons) to create interacting fragment pairs,
and finally fusion of these gene fragments in a new or-
der. Such a mechanism is supported by the existence
of a fragmented 5mC methyltransferase, M.AquI.
M.AquI is comprised of two polypeptide chains coded
for by partially overlapping reading-frames but is struc-
turally organized quite similarly to other 5mC meth-
yltransferases [7,11]. The 10 highly conserved motifs
are present in the correct order on two distinct polypep-
tides: the a-polypeptide contains motifs I–VIII, and the
b-subunit contains the TRD together with motifs IX
and X. It has been shown that M.BspRI can be func-
tionally bifurcated at several locations including within
the variable region [9] (Fig. 2). The plasticity of the var-
iable region to modifications is also evident in multi-spe-
cific mC5 MTases (those which methylate more than
one specific DNA target) that have been shown to be
tolerant to deletions, rearrangements and exchanges be-
tween different enzymes within this region [12]. In addi-
tion, some hybrids between M. HpaII and M.MspI in
which the fusion was at the beginning or end of the var-
iable region showed partial methylation activity [13].

Previous combinatorial searches for split fragments
of Escherichia coli glycinamide ribonucleotide phospho-
transferase [14] and aminoglycoside phosphotransferase
(3 0)-IIa [15] resulted in the identification of complement-
ing fragments that were split both between and within
sub-domains and at unexpected locations such as within
secondary structural elements and within the active site.
We were interested whether a combinatorial search for
complementing protein fragments of M.HhaI would
also result in fragment pairs split at similar locations
to those naturally found in M.AquI and the engineered
M.BspRI fragment pairs, or whether new bisection loca-
tions would be found. Furthermore, we also have a fu-
ture interest in conferring additional properties to
M.HhaI without affecting it primary function of site-
specific methylation of DNA. Identification of bisection
sites of complementing fragment partners is a first step
towards this goal. Here, we report the identification of
a bisection site within the M.HhaI molecule where new
functionalities could potentially be introduced in the fu-
ture without affecting its enzymatic activity.

Materials and methods

Bacterial strains and media. Escherichia coli K-12 strains ER1727
[F 0 proA + B + lacIq D(lacZ)M15/t-31 his-1 rpsL104 (StrR) D(lacZ)r1
glnV44 xyl-7 mtl-2 D(mcrBC-hsdRMS-mrr)2::Tn10mcrA1272::Tn10(-
TetR) metB1 fhuA2] and ER2267 [F 0 proA + B + lacIq D(lacZ)M15

zzf::mini-Tn10 (KanR)/D(argF-lacZ)U169 glnV44 e14-(McrA-) rfbD1?

recA1 relA1? endA1 spoT1? thi-1 D(mcrC-mrr)114::IS10] were used as
hosts in DNA subcloning experiments and library construction and
were obtained from New England Biolabs (Beverly, MA). Library
selection was carried using the E. coli strain GeneHogs [F� mcrA

D(mrr-hsdRMS-mrcBC) f80lacZDM15 DlacX74 deoR recA1 endA1

araD139 D(ara-leu)7697 galU galK rpsL(StrR) nupG] which was ob-
tained from Invitrogen (Carlsbad, CA). Cells were grown in LB
medium (1% w/v tryptone, 1% w/v NaCl, and 0.5% w/v yeast extract)
at 37 �C. Chloramphenicol (75 lg/ml) and/or ampicillin (100 lg/ml)
were added to media to maintain the plasmids, as needed.

Plasmids. Restriction enzyme digestions and ligations were per-
formed as recommended by the manufacturer (New England Biolabs,
Beverly, MA). DNA manipulations including subcloning and agarose
gel electrophoresis were performed essentially as described
elsewhere [16]. Plasmid DNA was purified by Qiagen plasmid midi
prep kit. The following double-stranded oligonucleotide was digested
with KpnI and DraIII (sites underlined) and inserted into KpnI/DraIII
digested pDIM-N2 [17]: 5 0-GCCAGCGGTACCACCGATCCCGGG
AAGCTTGGGGCGGAACAACTGAGGCGCGCCGCTTGGGGA
AGAAACGAATTCATGATAACTAGTCACTACGTGGGAC-30. This
DNA sequence contains EcoRI and SpeI sites (bold) to allow for
cloning of fragments from pDIM-C8. It also contains a SmaI site (bold
and italics). The TetR operon was amplified from pACYC184 and
inserted between the KpnI and SmaI sites to create plasmid pDIM-N7.
The gene encoding M.HhaI (Genbank Accession No. J02677, bases
437–1420) was amplified by PCR using chromosomal DNA purified
from Haemophilus heamolyticus bacteria as template and primers
complementary to the 5 0 end (5 0-GCGGGCCCATATGATTGAAAT
AAAAGATAAACAG-30) and 3 0end (5 0-GCGGGCCTCTAGATTA
ATATGGTTTGAAATTTAATGA-3 0) of the M.HhaI gene. The
M.HhaI PCR product was digested with NdeI and XbaI and ligated
into these same sites in pDIM-N7 under the control of lac promoter to

Fig. 1. Sequence comparison of M.HhaI with M.BssHII and M.AquI.
The order of conserved motifs is circularly permuted in M.BssHII [6]
and is split between two peptides in M.AquI [7].
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