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ABSTRACT

The gene coding for the Sinl DNA-methyltransferase,
a modification enzyme able to recognize and methy-
late the internal cytosine of the GG*/tCC sequence,
was subjected to in vitro mutagenesis, DNA-shuffling
and a strong selection for relaxed GGNCC recognition
specificity. As aresult of this in vitro evolution experi-
ment, a mutant gene with the required phenotype was
selected. The mutant Sinl methyltransferase carried
five amino acid substitutions. None of these was
found in the ‘variable region’ that were thought to
be responsible for sequence specificity. Three were
located near the N-terminal end, preceding the first
conserved structural motif of the enzyme; two were
found between conserved motifs VI and VII. A clone
engineered to carry out only the latter two replace-
ments (L214S and Y229H) displays relaxed recogni-
tion specificity similar to that of the parental mutant,
whereas the clone carrying only the N-terminal
replacements showed a much weaker change in
recognition specificity. The enzyme with two internal
mutations was purified and characterized. Its catalytic
activity (kcai/Km) was ~5-fold lower towards GG*/rCC
and 20-fold higher towards GG®/cCC than that of the
wild-type enzyme.

INTRODUCTION

Type Il modification enzymes are ideally suited to studying the
molecular mechanisms of sequence-specific protein—-DNA
interactions as these enzymes are able to recognize, and act
upon, 2-8 bp long DNA sequence elements with an astonish-
ing degree of accuracy (1). One subgroup of these enzymes,
the cytosine-C5 methyltransferases (C5-MTases), displays a
basically similar architecture. Comparison of the amino acid
sequences of 13 such enzymes showed that they share 6
strongly conserved and 4 weakly conserved sequence motifs
arranged in every case in the same order [(2), Figure 1]. Motifs
VIII and IX are separated by a long variable stretch of amino
acids with little or no homology between different enzymes.
Nearly all C5-MTases sequenced later were also shown to
have the same structural organization (3). This structure sug-
gested the intuitively attractive assumption that the common

motifs might be responsible for the common enzymatic reac-
tion, i.e. the transfer of the methyl group from S-adenosyl-
L-methionine (AdoMet) to the ring C5 of the target cytosine,
whereas the variable region would determine the recognition
specificity that distinguishes these enzymes from each other.
This notion, supported by several lines of experimental evid-
ence, is now generally accepted in the literature.

A subgroup of C5-MTases, the bacteriophage-coded multi-
specific MTases are able to methylate several different DNA
sequences. These enzymes have unusually long variable
regions, and segments of these regions (target recognizing
domains) were shown to be responsible for the recognition
of each of these sequences, as recognition specificity proved to
be transferable with the transfer of target recognizing domains
to the variable region of another enzyme (4,5). Although chan-
ging sequence specificity by transferring only the variable
region has not been reported for any of the monospecific
C5-MTases, but in two cases chimeric C5-MTases could be
constructed whose methylation specificity strongly supported
the role of the variable region in the DNA substrate recog-
nition. Methylation specificity of M.Hhal-M.Hpall hybrids
corresponds to that partner which contributes the variable
region together with motif IX (6). In the second study, invol-
ving hybrids of M.Hpall and M.Mspl, it was shown that the
variable region also determined the target cytosine within the
recognition sequence containing two cytosines (7).

The three-dimensional structures of the specific enzyme—
DNA complexes of M.Hhal (8) and M.Haelll (9) also
confirmed the notion that the variable region determines spe-
cificity. The structures show that the enzymes consist of a
larger and a smaller domain forming a cleft where the substrate
DNA fits. In both X-ray models, the large domain containing
most of the conserved motifs that faces the minor groove of the
DNA, whereas the small domain contains the variable region
and motif IX that faces the major groove. Contacts mediating
sequence-specific DNA recognition were shown to occur
between the small domain of the MTase and the major groove
surface of the DNA (8,9).

Recently, however, experiments from this laboratory have
shown that at least in the case of two C5-MTases (M.Sinl
and M.EcoRII, recognition sequences are GG*/tCC and
CC*/1GG, respectively) the ability of the enzyme to distin-
guish between /1 and /¢ base pairs in the middle of the
recognition sequence depends on interaction with the minor
groove of the DNA (10). This observation suggested that, if
these enzymes have a similar three-dimensional structure to
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Figure 1. Schematic representation of conserved sequence motifs in the Sinl MTase. Position of an Xbal site in the M.Sinl gene and positions of amino acid
replacements described in this paper and in (10) (underlined) are indicated. V. R., variable region.

M.Hhal and M.Haelll, the determining elements must be in
the large domain, but not in the variable region. This model
was consistent with the results from random mutagenesis of a
large segment (including the variable region) of the M.Sinl
gene. Three mutants with relaxed specificity for the central
base pair of the recognition sequence were isolated. None
of these mutations was found in the variable region [(10),
Figure 1].

As in the previous study, only the C-terminal two-third of
the M.Sinl gene was mutagenized and the mutants had much
lower activity than the wild-type (WT) enzyme (10), we
decided to try a new approach to isolate relaxed specificity
mutants of M.Sinl. In this paper, we report experiments
attempted to convert the specificity of M.Sinl into GGNCC.
Our experimental strategy involved random mutagenesis of
the entire M.Sinl gene, then the application of ‘DNA-shuffling’
(in vitro random recombination), followed by a strong in vitro
selection for the required phenotype. The results reported here
demonstrate that this strategy allowed the isolation of an
M.Sinl mutant displaying relaxed recognition specificity,
and only a small decrease in overall catalytic acticity relative
to the WT enzyme. None of the five amino acid substitutions in
the mutant enzyme was located in the variable region.

METHODS
Strains, vectors and media

Plasmid pSin5 carries the M.Sinl gene (10). The pTZ57R/T
and pER23S(-ATG) vectors [Fermentas; (10,11)] were used
for cloning and expressing the mutant genes.

Escherichia coli XL1-Blue MRF Kan (Stratagene) served as
hostin mostexperiments. E.coli ER1398 hsdR2 mcrB1 was used
for overexpression using the vector pPER23S(-ATG). In experi-
ments using pPER23S(-ATG), the host cells also contained plas-
midpVH1 (12) torepress transcription (10). Cells were routinely
grown in LB medium at 37°C. Enzyme production was induced
at 30°C with 1 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) or with 0.2% lactose. Ampicillin and kanamycin were
used at 100 and 50 pg/ml, respectively.

Mutagenesis

Two different methods were employed to generate random
point mutations in the M.Sinl gene. In the ‘hypermutagenic

PCR’ technique (13), the misincorporation rate is increased by
the limiting concentration of one of the dNTPs (one in each of
the four different reaction mixtures) and the presence of Mn>*.
In the second method [ ‘error-prone PCR’, (14)], the misincor-
poration rate is increased by the presence of dITP. The PCR
mutagenesis reactions contained 10 ng of pSin5 DNA template
and two oligonucleotide primers (ACCGGATCCTTCAGTT-
TAGA and GCAGAATTCGCGACAATACG) corresponding
to the ends of the 1.7 kb insert of pSin5.

Plasmid pTZS, which carried the WT M.Sinl gene was
generated by PCR-amplification, under non-mutagenic condi-
tions, of the coding sequence using primers AK54 and AKS5S5
(see below), and cloning the PCR product in pTZ57R/T.

DNA-shuffling

Two different DNA-shuffling methods were used. The steps of
the method developed by Stemmer (15) are random, limited
DNasel digestion of the mutagenized PCR product to an
average fragment length of 10-200 bp, random PCR without
primers and final amplification by primed PCR. For this final
amplification step, the primers AK54 (CCGCTCGAGATGA-
TAATGAATGAATGACATCAATAC) and AKSS5 (CCG-
CTCGAGTTAGACCAACTCTCCAAA) were used. Both
primers contained Xhol recognition sites (underlined).
These primers correspond to the boundaries of the coding
sequence of the gene from the translation initiation to the
termination codon, thus the final PCR product was 1.4 kb,
smaller than the starting mutagenized fragment. The amplified
product was purified from gel, then inserted by */; cloning into
the vector pTZ57R/T and introduced by transformation into
XL1-Blue MRF Kan cells.

The second shuffling protocol was described by Zhao and
Arnold (16) with the modification that we employed only Tag
polymerase instead of Tag/Pfu mixture.

Selection

Transformant colonies obtained after mutagenesis and
shuffling were pooled and used to inoculate a liquid culture.
At mid-log phase, 1 mM IPTG was added and shaking at 30°C
was continued for 4 h. Induction of MTase production by IPTG
was thought to be necessary because the M.Sinl gene cloned
in pTZ57R lacked its own promoter. A sample (500 ng) of the
plasmid DNA isolated from the culture was digested with 15 U
of Cfr13I. Cfr13I does not cut GGNCC sites C5-methylated at
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the internal cytosine (17). Progress of the digestion was fol-
lowed by determining the number of transformants obtained
from aliquots taken at intervals from the digestion mixture.
Plasmid pTZS containing the non-mutagenized M.Sinl gene
was used as a control.

Protein purification

The mutant MTases enzyme was purified using a modified
version of the method described for the WT M.Sinl (10).
Briefly, after induction for 4 h at 30°C cells were harvested,
resuspended and disrupted by sonication. Crude extracts were
centrifuged and the supernatant was loaded onto a phospho-
cellulose column equilibrated with PC buffer (20 mM
K-phosphate, pH 7.5, 10 mM 2-mercaptoethanol, | mM EDTA
and 5% glycerol). Proteins were eluted by a salt gradient (0.2—
1 M NaCl in PC buffer). Active fractions (eluted between 0.46
and 0.5 M) were dialyzed against PC buffer containing 0.2 M
NaCl and loaded onto a heparin—agarose column. Elution con-
ditions were the same as in the previous step and active frac-
tions were recovered between 0.5 and 0.57 M NaCl. These
fractions were concentrated by dialysis against a storage solu-
tion (0.1 M Tris—HCI, pH 7.5, 50 mM KCl, 0.1 mM EDTA,
1 mM DTT and 50% glycerol) and stored at —20°C.

MTase assay

MTase activity measurements using [methyl->’H]AdoMet and
19 bp double-stranded oligonucleotide substrates containing
GG*/1CC or GG/CC sites (*/1 and /¢ oligo, respectively),
and the calculation of steady-state kinetic parameters were
carried out as described previously (10).

For a qualitative check for the presence of MTase activity
during the purification procedure, a non-radioactive ‘protection’
assay was used. Samples of the fractions were incubated with
500 ng plasmid DNA substrate, 2.5 uM AdoMet, 50 mM Tris—
HCI, pH 8, 50 mM NaCl, 10 mM EDTA and 1 mM DTT in 25 ul
volume for 20 min at 37°C. After the MTase reaction, 4 ul of
100 mM MgCl, and 1 U of Cfr13I was added, the sample was
further incubated for 30 min at 37°C, and subsequently elec-
trophoresed in a 1% agarose gel.

Methylation of GGA/TCC sites in plasmid DNA prepara-
tions was tested by digestion with Eco471 and methylation of
GGG/CQC sites was tested by digestion with Cfr13L.

Other methods

Cloning, transformation, plasmid isolation, agarose electro-
phoresis and PAGE, and fragment isolation were done by stan-
dard methods as described previously (18). For cloning PCR
products, the InsT/Aclone cloning kit of Fermentas was used.

Enzymes were purchased from Fermentas or New England
Biolabs. [methyl->*H]AdoMet was from New England Nuclear.

RESULTS
Selection of the mutant Sinl MTase

The gene encoding M.Sinl was mutagenized using two differ-
ent methods. The PCR-products obtained in the two reactions
were pooled, then split in two portions and subjected to
two different shuffling procedures as described in Methods.
Approximately 7000 Amp® clones were obtained. Plasmid

DNA isolated from the culture was digested with an excess
of Cfr13I and the digested DNA was used to transform E.coli.
Plasmid pTZ57R, the vector used in this experiment has
2 GG*/+CC and 6 GG/CC sites. Selection for the mutant
MTase with the required relaxed recognition specificity was
based on the assumption that expression of such a mutant
MTase would render the plasmid encoding it resistant to diges-
tion with the Cfrl3I restriction endonuclease (recognition
specificity GGNCC), while expression of the WT M.Sinl
enzyme would leave the GG®/CC sites on the plasmid sen-
sitive to digestion. A single transformant was obtained.

Characterization of the mutant gene

The plasmid (named pTZSmut) isolated from an IPTG-
induced culture of the single transformant clone was comple-
tely resistant to Eco471 and highly resistant to Cfr131I (Figure 2)
indicating that the MTase encoded by pTZSmut, in addition to
the WT target site GG*/+CC also methylates GG®/-CC sites.
As expected, orientation of the MTase gene corresponds to
that of the transcription starting from the /ac promoter on
pTZ57R. To check the specificity for methylation, the
pTZSmut plasmid was digested with a few other restriction
endonucleases (Mspl, Hhal, Sau3AI and BspRI) known to
be sensitive to C5-methylation. All these digestions generated
patterns identical to that of the WT plasmid, except in the case
of the BspRI-digestion (data not shown). This was to be
expected, because methylation of the GG®/-CC sites would
render overlapping BspRI sites (GGCC) resistant against
BspRI digestion.

MTase activity measurements with crude extract of the
mutant clone and synthetic oligonucleotides (*/7-oligo and
G/C-oligo) also indicated methylation of GGE/CC sites.

DNA sequencing revealed that the mutant gene contained
nine point mutations, seven transitions and two transversions.
Four of these (nucleotide positions T96C, C169T, C242T and
G618C) were ‘silent’ [numbering refers to the sequence in (19)
starting with the A of the translation-initiation codon]. Five
mutations (C101T, A130C, T197C, T641C and T685C)
resulted in amino acid replacements (A34V, K44Q, M66T,
L214S and Y229H). Three of these replacements were located
in the N-terminal part, preceding the first conserved structural
motif; two replacements in the middle of the molecule between
conserved blocks VI and VII (Figure 1). No substitution was
found in the variable region (between blocks VIII and IX). One
of the ‘silent’ mutations (the G—C transversion at nucleotide
position 618) created a new GG®/-CC site in the gene.

Separation of the internal and the N-terminal
mutations

The fact that three out of five amino acid substitutions in the
mutant gene resided in the region coding for the N-terminal
end of the protein seemed to be somewhat surprising, because
this region is missing from most C5-MTases. To study their
contribution to the altered phenotype, the two groups of muta-
tions were separated. An Xbal site located between the gene
segments coding for motifs IV and V (Figure 1) allowed the
exchange of a 898 bp long Xbal fragment between the pTZS
and pTZSmut to yield pTZSmut123 (A34V + K44Q + M66T)
and pTZSmut45 (L214S + Y229H). As shown in Figure 2,
methylation status of pTZSmut and pTZSmut45, as revealed
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Figure 2. Modification in vivo of plasmid GG*/rCC and GG/-CC sites by the WT and mutant Sinl MTase. Methylation status of the plasmids was tested by
digestion with Eco471 (specificity GGA/TCC) or Cfr13I (GGNCC). Lane 1, pTZS (undigested); lane 2, pTZS—Eco47I; lane 3, pTZS—Cfr13I; lane 4, pTZSmut—
Eco471; lane 5, pTZSmut—Cfr13[; lane 6, pTZSmut45-Eco471; lane 7, pTZSmut45-Cfr131; lane 8, pTZSmut123-Eco0471; lane 9, pTZSmut123-Cfr13I; and lane 10,
DNA size marker. All plasmids tested have two GG*/7CC sites. The 222 bp fragment generated by digestion at the GG*/1CC sites is indicated by asterisk. pTZS and
pTZSmut123 carry nine GG/CC sites (six in the vector, three in the M.SinI gene), whereas pTZSmut and pTZSmut45 have an additional GG®/<CC site created by

the mutagenesis process. Electrophoresis carried out in a 1.5% agarose gel.

by Eco47l and Cfr13I digestion, was similar, whereas in
pTZSmut123 the GGY/-CC sites were onk/ very partially
modified and methylation of even the GG"/tCC sites was
not complete. This observation indicates that altered sequence
specificity of the mutant enzyme is mainly caused by one or
both of the two replacements between motifs VI and VII,
and contribution to the phenotype of the three N-terminal
mutations was minimal.

Purification and characterization of the Leu214Ser,
Tyr229His double mutant enzyme

As the MTase level in the cell extracts of clones carrying the
pTZ57R/T-based plasmids was low, all three mutant genes
were transferred (by using Xhol digestion) to the Sall site
of the expression vector plasmid pER23S(-ATG). In the
case of the mutants carrying the three N-terminal mutations
alone, or all five mutations, this transfer did not help, because
majority of the mutant enzymes was found in insoluble inclu-
sion bodies after induction and the enzymes could not be
purified. However, the enzyme carrying only the two internal
mutations was proved to be soluble and could be purified to
near homogeneity (Figure 3).

Steady-state kinetic parameters of the double-mutant
Sinl MTase were determined (Figure 4 and Table 1).
M.SinI(LL214S + Y229H) has a 4.5-fold lower k., /K, value
for the canonical substrate GG*/7CC than the WT enzyme.
This change is mainly due to the decrease in k., The mutant
has 2-fold higher K., than the WT enzyme for the GG®/-CC
substrate, however, this loss is more than compensated by the
large (40-fold) increase in k.. As a consequence, ~150-fold
preference of the WT enzyme for GGA/TCC sitesover GGG/CCC
sites has changed to 1.7-fold preference in the mutant.
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— 45
- 35
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Figure 3. SDS-PAGE of the purified mutant enzyme coded by pERSmut45.
Lane 1, crude extract; lane 2, after phosphocellulose chromatography; lane 3,
after heparin—agarose chromatography; lane 4, purified WT M.Sinl enzyme;
and lane 5, protein size markers.

DISCUSSION

This work was started with two aims. First, we wanted to test
the hypothesis put forward in a previous paper (10) that the
discrimination by M.SinI between GG*/7CC and GG°/-CC
sites is mediated by the large domain of the enzymes. Second,
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Figure 4. Steady-state kinetic analysis of DNA methylation by the

M.SinI(L214S + Y229H) mutant MTase. Triangles, GG*/tCC and open
squares, GGG/CCC.

Table 1. Steady-state kinetic parameters of the WT M.Sinl and the L214S +
Y229H double-mutant enzyme

DNA substrate M.Sinl (WT) M.Sinl (L214S + Y229H)
GG*CC GGY%/.CC GG /rCC GGY/.CcC
K. (nM) 17 116 20.7 +0.34 255+ 15
Keae (min~") 0.3 0.014 0.08 £ 0.0048  0.56 £ 0.06
kead Kin 2.94 0.02 0.65 0.37
10°M's™h

we wanted to test whether in vitro evolution techniques can
be applied to alter the recognition specificity of C5-MTases,
which have been proved to be resistant to more conventional
approaches.

By a combination of in vitro mutagenesis, DNA shuffling
and strong selection for the required phenotype, we have iso-
lated a mutant Sinl MTase, which in addition to its canonical
substrate sequence GG”/tCC efficiently methylates also
GGS/cCC sites. Of the five mutations leading to amino
acid replacements, three were shown to have only minor
contribution to the altered phenotype. Future experiments
will determine whether both remaining mutations (L2145
and Y229H) are needed for the relaxed recognition specificity
phenotype. The replacements L214S and Y229H are between
motifs VI and VII. Two other mutations isolated previously,
and shown to lead to relaxed sequence specificity (N172S and
V173L) are located in the conserved motif V, and a third
mutation (R232G) characterized by a smaller change in phe-
notype is located between motifs VI and VII [(10), Figure 1].
Although in both studies [(10) and this work], the mutagenized
region includes the variable region; no relaxed specificity
mutant with a substitution in the variable region was obtained.
Thus, the location of all mutations so far isolated is consistent
with the hypothesis that the */1 base pair is recognized by the
large domain of M.Sinl. The common architecture suggests
that also other C5-MTases characterized by an “/; ambiguity
in the recognition sequence use large domain—minor groove
contacts to exclude sites containing “/c base pairs. Owing to
the lack of crystallographic data, it would obviously be
premature to draw any firm conclusion or generalization con-
cerning the structural determinants of specificity from these

results. For instance, positions 214 and 229 are in a region,
which is fairly long in M.Sinl (19,3), thus the functional
importance of this segment might be a unique feature of
this enzyme.

The M.Sinl mutant described here looked more interesting
from the beginning than the mutants isolated previously (10)
because the total MTase activity measured in crude extracts
with [methyl—3H]Ad0Met and both DNA substrates (A/T plus
S/coli go) was similar to that of the WT clone. Moreover, under
the high DNA concentrations used in the assay, the %/ oligo
seemed to be a much better substrate than the A/T oligo (data
not shown). We have, therefore, decided to purify the mutant
MTase and determine its basic catalytic constants. Steady-state
kinetic analysis revealed that for the mutant enzyme, GG®/-CC
sites are almost as good substrates as GG*/1CC sites (Table 1)
qualifying M.Sinl(L214S + Y229H) a bona fide GGNCC-spe-
cific MTase. Interestingly, this change was mainly caused by a
large increase in kgy.

Methylation status of the plasmids isolated from cells pro-
ducing M.Sinl(L214S + Y229H) is consistent with the cata-
Iytic constants. GG*/1CC sites were fully protected, whereas
protection of GG®/CC sites was not complete (Figure 2). This
difference can be explained by the larger number of GG°/-CC
sites in the E.coli genome (4218 sites versus 2874 GG*/:CC
sites; (20) and J.Pésfai, personal communication) and in the
plasmid pTZSmut (10 versus 2).

Changing recognition specificity of modification methy-
lases by various techniques of protein engineering has
long been a desirable goal of several groups working in this
field. In one successful attempt, rational protein design was
used to change the target base preference of M.EcoRV
from adenine to cytosine. However, this change in specificity
was accompanied by a large decrease in overall catalytic
activity (21).

While this work was in progress, other authors successfully
employed a directed in vitro evolution technique to achieve a
change in the specificity of the Haelll MTase. The catalytic
efficiency of the mutant enzyme was better than that of the WT
enzyme with the principal substrate (22).

To the best of our knowledge, our results represent the
second example of a change in recognition specificity without
significant impairment of activity. The success of achieving a
change in substrate specificity using in vitro evolution pro-
vides new ammunition for those arguing for the superiority of
random, over ‘designed’ approaches.

The strategy used previously (10) and in this work to select-
ing relaxed specificity mutants of an MTase is the extension
of a method developed for cloning MTase genes (23). This
method can, in principle, be applied to all cases where the aim
is selection of a mutant with lower specificity. A necessary
precondition of the method is the availability of a restriction
enzyme with the aimed specificity. The second precondition is
that the endonuclease should be sensitive to the type of mod-
ification produced by the MTase (position and type of the
methylated base). Potential applications include selection of
mutants, which have lost the capacity to distinguish between
certain base pairs [e.g. conversion of GTCGm6AC (Sall)
specificity into GTYRm6AC (Hincll) specificity], and the
selection of mutants that recognize a shorter sequence than
the parental enzyme [e.g. conversion of Sall specificity to
Taql (TCGm6A) specificity].
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