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Two DNA methyltransferases, Dam and B-class cell cycle—
regulated DNA methyltransferase (CcrM), are key mediators of
bacterial epigenetics. CcrM from the bacterium Caulobacter
crescentus (CcrM C. crescentus, methylates adenine at 5'-
GANTC-3') displays 10°-107-fold sequence discrimination
against noncognate sequences. However, the underlying recog-
nition mechanism is unclear. Here, CcrM C. crescentus activity
was either improved or mildly attenuated with substrates having
one to three mismatched bp within or adjacent to the recogni-
tion site, but only if the strand undergoing methylation is
left unchanged. By comparison, single-mismatched substrates
resulted in up to 10°-fold losses of activity with o (Dam) and
v-class (M.Hhal) DNA methyltransferases. We found that CcrM
C. crescentus has a greatly expanded DNA-interaction surface,
covering six nucleotides on the 5’ side and eight nucleotides on
the 3’ side of its recognition site. Such a large interface may
contribute to the enzyme’s high sequence fidelity. CcrM C. cres-
centus displayed the same sequence discrimination with single-
stranded substrates, and a surprisingly large (>107-fold) dis-
crimination against ssSRNA was largely due to the presence of
two or more riboses within the cognate (DNA) site but not out-
side the site. Results from C-terminal truncations and point
mutants supported our hypothesis that the recently identified
C-terminal, 80-residue segment is essential for dsDNA recogni-
tion but is not required for single-stranded substrates. CcrM
orthologs from Agrobacterium tumefaciens and Brucella abor-
tus share some of these newly discovered features of the C. cres-
centus enzyme, suggesting that the recognition mechanism is
conserved. In summary, CcrM C. crescentus uses a previously
unknown DNA recognition mechanism.

A key driver of epigenetics in bacteria relies on two “orphan”
DNA methyltransferases, Dam («a-class DNA adenine methyl-
transferase, modifies 5'-GATC-3' sites) and CcrM (B-class cell
cycle regulated methyltransferase, modifies 5'-GANTC-3’
sites) (1). Although Dam is important for DNA replication, mis-
match repair, and gene regulation, CcrM? along with three
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other proteins (DnaA, GcrA, and CtrA) appears to be exclu-
sively involved in controlling the expression of at least 200
genes (2, 3). CcrM Caulobacter crescentus helps to orchestrate
the cell cycle—regulated asymmetric cell division in which a
single genome gives rise to two distinct and heritable cell types
(flagellated swarmer cell and a stalked cell). At the beginning of
the cell cycle in the Gram-negative, aquatic bacterium C. cres-
centus, the chromosome is fully methylated at CcrM sites. Fol-
lowing replication, the two replication forks proceed bidirec-
tionally, generating hemimethylated DNA. CcrM C. crescentus
is only expressed near the end of replication and is present for a
short 10 —20-min window. It is during this period that the 4,515
GANTC sites are rapidly remethylated (2—4).

Originally discovered in C. crescentus, CcrM orthologs are
widespread throughout the a-class of proteobacteria and are
important for several organisms, including the human patho-
gen Brucella abortus (5, 6). Based on the arrangement of
conserved motifs, CcrM C. crescentus is a [B-class adenine
N®-methyltransferase. CcrM C. crescentus (358 amino acids)
and some B-class adenine N®-methyltransferases that recog-
nize 5'-GANTC-3' sites have an unusual C-terminal 80-residue
extension of unknown function. We recently reported that
CcrM C. crescentus is a functional monomer, with K, PN (17
M), Koy (5.2 min™ 1), Kpethylation (0.6 —8.0 min ™' depending on
the flanking sequence), K,°™* (10-100 nm) values, and the
rate-limiting step is either methylation orastep preceding meth-
ylation (7). K,eehytation 18 particularly slow when compared with
other DNA adenine N°-methyltransferases such as EcoRI
(2,460 min~') and T4 Dam (36 min ') studied under similar
conditions of ionic strength, suggesting that CcrM C. crescen-
tus may have steps missing from the pathways of these other
enzymes or are simply slower in CcrM C. crescentus (7). The
enzyme shows a 10”-fold loss in specificity for an AATTC site
versus the cognate GACTC sequence in dsDNA, primarily
driven by changes in methylation. This is an unprecedented
level of discrimination based on a single-bp change for any
DNA methyltransferase by 3—4 orders of magnitude. This may
be particularly important for CcrM C. crescentus, because the
inappropriate methylation of genomic DNA sequences could
disrupt gene regulation (2—4). Our demonstration that CcrM

transferase; ssDNA, single-stranded DNA; M.Hhall, methyltransferase
from Haemophilus haemolyticus; EMSA, electrophoretic mobility shift
assay; nt, nucleotide(s); NEB, New England Biolabs; IDT, Integrated DNA
Technologies.
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Figure 1. Mismatched DNA impact on methylation kinetics of CcrM C. crescentus, M.Hhal, and Dam. The k,,cnyiation CONStants extracted from single-
turnover kinetics are reported above for three enzymes on both their cognate and noncognate mismatched substrates. The data in blue correspond to CcrM
C. crescentus kinetics, whereas the data in green correspond to Dam kinetics, and the data in red correspond to M.Hhal kinetics. Striped bars represent data
collected on a substrate containing a mismatched bp. Asterisks placed next to a strand of DNA indicate the methylated strand of the hemimethylated duplex,
and underlined bases indicate the methylated base. All reactions were conducted with 150 nm enzyme and 100 nm DNA, whereas the CcrM C. crescentus A-C
mismatched substrate and the M.Hhal C-G mismatched substrate were characterized at 1.5 um enzyme and 1 um DNA. All data were collected in triplicate, and

standard errors are shown.

C. crescentus also modifies ssDNA with similar discrimination,
efficiency, and high processivity (7) provides an experimental
approach to investigate its DNA recognition mechanism. These
findings are poorly accommodated by current models for DNA
recognition and, in particular, other DNA methyltransferases
(8,9).

DNA recognition is now well-understood, based on many
protein—DNA structures (10). There are few examples of
protein—ssDNA complexes, particularly those involving high
levels of sequence-specific binding. By far the best understood
example of a protein that binds single-stranded and dsDNA
with some level of sequence discrimination is the Pur protein
family (DNA replication, transcription), which is conserved
from bacteria to humans (11-14). Pur « binds ssDNA and
ssRNA with poor, micromolar affinity. Interestingly, Pur «
binds dsDNA with similar affinity and has ATP-independent
dsDNA destabilizing activity. By binding the purine-rich strand
within promoters, it is proposed to create localized melting,
making the pyrimidine-rich strand available for binding by
other regulatory proteins, thereby acting as a transcriptional
activator. The cocrystal structures of Pur a complexed with
ssDNA (5'-GCGGCGG-3') provides the basis for the model
that the protein melts the dsDNA (13, 14). Although DNA
methyltransferases, some endonucleases, and repair enzymes
are well-known to cause a localized disruption of dsDNA by
virtue of “flipping” out the target base (8, 9), this is fundamen-
tally different from the model suggested for Pur «. Based on our
findings for CcrM C. crescentus and the recognition model pro-
posed for Pur «, we set out to investigate the underlying recog-
nition mechanism used by CcrM C. crescentus. Our results are
inconsistent with CcrM C. crescentus and related enzymes
working through the canonical DNA recognition model and
support the reliance on a new DNA recognition model.
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Results

Mismatched DNA enhances methylation by CcrM C. crescentus
and disrupts methylation by other enzymes

The more than 1,500 structures of protein—-DNA com-
plexes now deposited in the Protein Data Bank provide
a deep basis for understanding “base readout” and “shape
readout” mechanisms, involving diverse protein-DNA
interfaces (10). For the vast majority of these complexes, the
dsDNA remains largely intact. Interestingly, although DNA
methyltransferases rely on a canonical “base flipping” recog-
nition mechanism in which the target base is stabilized in an
extrahelical position, they also leave the DNA in its duplex
form (8, 9). Thus, placement of a mismatched bp into the
recognition site of a sequence specific DNA-binding protein
should disrupt stabilizing recognition interactions because
at least one base is “incorrect,” and the mismatch signifi-
cantly disrupts the sugar-phosphate positioning. In all cases
we used hemimethylated DNA to force one productive bind-
ing orientation; in the case of CcrM C. crescentus, the hemi-
methylated DNA is what the enzyme is normally presented
with within the cell. We tested this first with M.Hhal, a
structurally characterized DNA cytosine methyltransferase
(methylates the underlined cytosines in 5'-GCGC-3'/5'-
GCGC-3') (15). As is typical for protein—-DNA complexes,
the M.Hhal-DNA cocrystal structure shows extensive inter-
actions to bases within both strands, as well to the sugar-
phosphate backbone of both strands (16). Thus, as antici-
pated, the G:A mismatch results in at least a 10°-fold loss of
activity (bold, underlined is the mismatch, italicized cytosine
undergoes methylation, 5" GCGC 3'/5" GAGC 3’) (Fig. 1).
The same experiment with CcrM C. crescentus (Fig. 1, G:G
mismatch) results in enhanced activity (k, 2.05 *

methylation’
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Figure 2. CcrM C. crescentus has an unusually large DNA interface. A, a series of ssDNA substrates with equal numbers of nucleotides surrounding the
cognate 5'-GANTC-3’ shows that 7 nt on each side (19-nt substrate) are necessary for good activity. B, the asymmetric 19-nt substrate with 6 nt on the 5’ side
and 8 nton the 3’ side is more active than the original, symmetric 19-nt substrate (A). Removal of the 3’ C results in significant loss of activity. The alternative
asymmetric 19-nt substrate (8 nt 5’, 6 nt 3’) is nearly as active as the original asymmetric 19-nt substrate. Removal of a single nt from this asymmetric 19-nt
substrate results in less of a loss of activity than the original 18-nt substrate. C, a cytosine at the 3" end of 17-nt substrates (symmetric) shows significantly better
activity than the other three bases at this position. D, a cytosine at the 3" end of 18-nt substrates (asymmetric) shows significantly better activity than the other
three bases at this position. Saturating AdoMet (30 um), CcrM C. crescentus 1 um, DNA (5 um), time points at 5 and 10 min, reactions were conducted at room
temperature in triplicate, and all data were below 20% product conversion; standard errors are shown.

0.29 min™ ~* versus the control 1.28 * 0.14 min~ "), provid-
ing good evidence that CcrM C. crescentus does not interact
with its substrate like M.Hhal. The results for Dam (another
DNA adenine methyltransferase) also show a significant loss
of activity (Fig. 1). Placement of multiple mismatches within
and just outside of the GANTC recognition sequence has
only minor impact on k,, (0.79 * 0.13, 0.75 = 0.1, 0.92 =
0.14 min~" for substrates containing up to three mismatches
(M = mismatch, 5'-MGACTC-3', 5'-MGAMTC-3’, and
5'-MMGAMTC-3")).

To further probe the interactions between CcrM C. crescen-
tus and dsDNA, we inserted a A:C mismatch into the CcrM
C. crescentus recognition site, involving the guanosine immedi-
ately adjacent to the target adenine (5’ AACTC-3'/5'-GAGTC-
3’, A is already methylated, italicized A undergoes methylation,
bold and underlined are the mismatched bases), and compared
this to the mismatch at the same position, which retains the
cognate sequence in the strand that undergoes methylation
(involving a G:T mismatch) (Fig. 1). In this case the mismatch
derives from the complement (5'-GACTC-3'/5'-GAGTT-3").
Although both substrates contain a mismatch, only the former
carries a change in the strand positioned to be methylated. The
selective 10°-fold decrease observed when the mismatch occurs
on the strand undergoing methylation provides compelling evi-
dence not only that CcrM C. crescentus relies on a recognition
mechanism distinct from other DNA methyltransferases (8, 9)
but that this most likely involves a highly asymmetric reading of
the two strands.
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The CcrM C. crescentus DNA interface is unusually large as
determined by kinetic footprinting

The distinctive response to mismatched DNA shown with
CcrM C. crescentus (Fig. 1), compared with other classes of
DNA methyltransferases (Dam, M.Hhal), both of which are
structurally characterized, suggests a nonstandard protein—
DNA interface. We probed this further using a kinetic foot-
printing strategy with ssDNA, which measures k_,, at saturating
DNA concentrations; because k., is determined by K,,,e¢hytation
or a prior step for CcrM C. crescentus (7), it is the appropriate
kinetic constant to compare substrates. Based on known
protein—DNA structures and particularly those involving DNA
methyltransferases (8—10, 16), we anticipated showing the
importance of interactions on either side of the recognition
GANTC sequence, out to two or perhaps three nucleotides. We
systematically changed the overall length from 11 to 21 nucle-
otides (nt), by keeping the number of 5’ and 3’ nt the same (Fig.
2A). The dramatic drop from 19 to 17 nt was probed further in
Fig. 2B, showing that even the removal of a single nt from the
19-nt substrate results in a large decrease in k_,,. The blue
sequences in Fig. 2B show that it is not simply the length that is
important, because the asymmetric 19-nt sequence (addition of
nton the 5’ side at the expense of the 3" side) shows alossin k.

To determine whether the identity of the 3’ nt contributed to
k..o we replaced this in symmetric 17-nt substrates (Fig. 2C).
Surprisingly, the ssDNA with a 3’ cytidine shows 3-5-fold
higher k_,, values than the guanosine, thymidine, or adenosine.

cat
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Figure 3. The basis of RNA discrimination by CcrM C. crescentus. Single-turnover experiments with CcrM C. crescentus and selectively modified single-
stranded 30-nucleotide substrates were performed. A, oligonucleotide made up exclusively of deoxyriboses displayed with red circles. The blue squares
represent the reactivity of the substrate with three-flanking sugars on either side of the GANTC being ribose (5'-rArGrGGACTCrGrCrC-3’). The black triangles
have riboses at all five internal positions (5'-AGGrGrArCrTrCGCC-3'). B, the DNA control is given for perspective as a dotted gray line (5'-AGGGACTCGCC-3’),
and the all internal ribose is given as a dotted light blue line (5'-AGGrGrArCrTrCGCC-3’). The open upside-down triangles represent a single ribose substitution
at the adenine (5'-AGGGrACTCGCC-3’), the right-side-up filled triangles represent a single ribose at the cytosine (5'-AGGGArCTCGCC-3’), and the black
diamonds are both positions with aribose (5'-AGGGrArCTCGCC-3'). Single-turnover assays were conducted in triplicate at room temperature with 1.5 um CcrM
C. crescentus, 1 um substrate and saturating cofactor AdoMet 15 um; standard errors are shown.

This effect is even more dramatic with the corresponding 18-nt
substrates (Fig. 2D), which shows that the cytidine at the 3" end
causes k_,, to be 4.5-10-fold larger than with adenosine, thymi-
dine, or guanosine. The identity of the 3’ base is so important
that the activity with a 17-nt substrate can be as good as with a
19-nt substrate if the former has an asymmetric positioning of
the 3’ cytosine 8 nt from the recognition GANTC site (Fig.
S1A). Intriguingly, this effect of a 3’ cytosine is observed at
lengths from 11 to 19 nt, although the effect is most dramatic at
the 18- and 17-nt lengths (Fig. S1B).

The kinetic footprinting approach used here hides the
impact of changes in binding, yet it does reveal functionally
important interactions. What remains unclear is how interac-
tions so far removed from the consensus recognition sequence
impact methylation. Nevertheless, functionally important
interactions covering six nucleotides on the 5’ side and eight
nucleotides on the 3’ side of the consensus GANTC sequence is
highly unusual. We suggest that this large interface may be an
important element of the DNA recognition mechanism used by
CcrM C. crescentus.

Ribose replacement within the cognate site is the basis for
10°-fold discrimination against RNA

The ability of CcrM C. crescentus to efficiently and sequence-
specifically modify ssDNA presents a potential problem
because of the high intracellular levels of single-stranded RNA.
Our prior demonstration that CcrM C. crescentus is able to dis-
criminate against single-stranded RNA by over a million-fold
helps explain this, and we sought to isolate the features of the
RNA that contribute to this discrimination. The ability of pro-
teins to discriminate between ssDNA and single-stranded RNA
binding has certainly been reported but remains poorly under-
stood (17, 18). The dramatic discrimination displayed by CcrM
C. crescentus (7) provides an opportunity to investigate this in
some detail. Replacing the five deoxyriboses with riboses within
the recognition site (GANTC) dramatically lowers the methyl-
ation kinetics (Fig. 3A4), whereas similar substitutions to three
sugars on either side of the recognition site have minimal

SASBMB

impact. These are saturating conditions that remove concerns
that the CcrM C. crescentus may not be able to bind some of the
substrates (increasing the protein concentration does not
change the kinetics). Introduction of riboses at each of the two
positions within the site (Fig. 3B, GACTC) results in a 6-41-
fold loss of activity, and the doubly substituted sequence is dra-
matically less active (100-fold decrease). These results suggest
that the interactions between CcrM C. crescentus and the sug-
ars at these internal positions within the sequence involving the
2'-OH groups contribute to these dramatic decreases in kinet-
ics rather than any large-scale conformation differences
between single-stranded RNA and DNA (Fig. 34).

The conserved C-terminal segment found in CcrM
C. crescentus is important for DNA recognition and sequence
discrimination

The poorly characterized -class DNA methyltransferases,
which include CerM C. crescentus and its orthologs, have a dis-
tinctive organization of conserved motifs (Fig. 4) in relation
to the target recognition domain. We analyzed the protein
sequences of functionally characterized B-class enzymes that
recognize GANTC sequences. We identified a new motif,
located in the C terminus with 13 highly conserved residues; the
B-class enzymes are broadly observed throughout proteobacte-
ria. M.Hinfl, an archetype B-class methyltransferase, is part of a
type II restriction/modification system that was previously
shown to have activity with both single- and double-stranded
dsDNA (19), although lacking the dramatic sequence discrim-
ination displayed by CcrM. We obtained similar results show-
ing that the activity with dsDNA is 21-fold better than with
ssDNA (Table 1). Intriguingly, removal of the C-terminal 97
residues results in a 7-fold enhancement of ssDNA activity,
whereas the activity with dsDNA is completely lost. These
results strongly implicate this C-terminal region in dsDNA rec-
ognition, whereas its contribution toward ssDNA recognition
is minimal.

To investigate the importance of the C-terminal region in
CerM  C. crescentus, we studied the comparable deletion,

J. Biol. Chem. (2018) 293(49) 19038-19046 19041
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Figure 4. Sequence alignment of 3-Class DNA methyltransferases that recognize GANTC. The motifs of B-class methyltransferases are displayed for the
CcrM C. crescentus sequence above the alignment. The C-terminal 80 amino acids (indicated with dashed blue box) contain a newly described motif with a
proposed role in dsDNA recognition. The target recognition domain (TRD) corresponds to the target recognition domain. The alignment of sequences was
constructed in ESPRIPT 3.0. Organism sequences were collected through a NCBI BlastP search against the CcrM C. crescentus sequence belonging to C. cres-
centus with an expected value of 10 for a window of 500 sequences. Notable species in relation to pathology or mechanistic insight of methylation that are
included are: C. crescentus, A. tumefaciens, B. abortus, and Sinorhizobium meliloti from a-proteobacteria. The remaining organisms belong to a-proteobacteria
and contain a putative CcrM as defined by the restrictions on the Blast algorithm. Residues highlighted in red are strictly conserved among every species,
whereas residues in yellow signify a column containing residues that are similar or a column with a frequently appearing residue that is not strictly conserved.

DG, GSIH, and CNGWT-(F/Y)-W are highly conserved.

Table 1

Summary of kinetic data and substrate specificity constants, single-turnover assays, and thermodynamic constants from EMSAs

Activity assays included 150 nm enzyme, 100 nM DNA, and 15 um AdoMet. Reactions were conducted in triplicate and reached completion in 20 min at room temperature.
Binding studies included 5 nm DNA and 60 uMm sinefungin. Binding experiments were performed at 4 °C for 30 min in methylation reaction buffer. Bold type indicates a lack

of the C-terminal segment.

Double-stranded DNA

Single-stranded DNA

Enzyme k methylation K, k methylation/ K, kmethylation K, k methylation/ K,
min”! nm nu min~? min” ! nm nu min~?

CerM (C. crescentus) 2.61 = 0.21 70.8 = 7.2 0.037 = 0.005 3.33 £0.30 39.2 +45 0.085 = 0.012
CcrM C. crescentus truncation No activity No activity No activity No activity No activity No activity
CcerM C. crescentus W332A No activity No activity No activity No activity No activity No activity
CerM A. tumefaciens 0.50 = 0.05 89.0 £ 3.1 0.006 = 0.001 0.73 = 0.07 34.2 £5.0 0.021 = 0.004
CcrM B. abortus 0.42 = 0.03 415*+74 0.010 = 0.002 0.46 = 0.06 77.1 = 14.6 0.006 = 0.001
M.Hinfl 1.27 = 0.10 0.060 * 0.003
M.HinfI truncation No activity >1 uM No activity 0.39 = 0.03
M.Hhall 2.30 = 0.21 31.5£3.0 0.073 = 0.010 >300 times slower
DpnA 0.020 * 0.001 0.051 = 0.004

removing 80 residues from the C terminus (Fig. 4). This CcrM
C. crescentus truncation showed no activity with either single-
stranded or dsDNA (Fig. 5) and shows no ability to bind DNA
(Fig. S5). Based on our limits of detection, we estimate that the
activity of the truncated form is at least 10”-fold less than the
WT CcrM C. crescentus. The CD spectrum of the truncation is
nearly identical to the full-length CcrM C. crescentus, suggest-
ing that little or no overall conformational changes are involved
(Fig. S6). Tryptophan 332 is one of the highly conserved resi-
dues in this region, and mutation to an alanine results in the
same functional consequences as the C-terminal truncation
(Table 1). Again, the corresponding CD spectra (Fig. S6)
strongly suggests the lack of any large-scale conformational
changes resulting from this substitution. These data indicate
that the C-terminal segment and its highly conserved residues
are likely important contributors both to DNA recognition and
to the discrimination of single-stranded and dsDNA. A final

19042 J Biol. Chem. (2018) 293(49) 19038-19046

challenge of this concept is our demonstration that M.Hhall, a
B-class enzyme that lacks the C-terminal region but also
methylates GANTC sites, shows 300-fold less activity with
ssDNA than dsDNA (Fig. 5).

CcrM orthologs from Agrobacterium tumefaciens and
B. abortus and other 3-class DNA methyltransferases (Table 1)

The two orthologs of CcrM C. crescentus, CcrM A. tumefa-
ciens and CcrM B. abortus, have 65% sequence identity with the
CcrM C. crescentus. Although they do not display the extreme
substrate discrimination observed with CcrM C. crescentus
(Table 1), this is largely manifested through catalysis, not sub-
strate binding, as is the case for CcrM C. crescentus. Like CcrM
C. crescentus, both orthologs have similar single-turnover
kinetics on ssDNA substrates when compared with the kinetics
they display on dsDNA substrates (Table 1). Furthermore, all
three enzymes display slightly faster kinetics on ssDNA than
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Figure 5. The C-terminal domain is important for CcrM C. crescentus function. Single-turnover experiments were performed. Full-length M.Hinfl has a
preference for hemimethylated 60-bp substrate (red circles) over the single-stranded substrate (60 nt, blue squares). The M.Hinfl 97 amino acid C-terminal
truncation (Hinfl T) loses all dsDNA activity (red circles) while maintaining single-stranded activity (blue squares). A comparison of full-length M.Hinfl to the
truncated on ssDNA reveals a dramatic enhancement in activity for the truncated M.Hinfl (black squares). The CcrM C. crescentus 80-amino acid C-terminal
truncation loses all activity on both hemimethylated DNA (60 bp, black triangles) and ssDNA (60 nt, purple circles). A single point mutation in the CcrM
C. crescentus C-terminal tail W332A produced an inactive mutant, and the dsDNA time points were offset from the ssDNA to prevent overlap. M.Hhall revealed
robust activity on dsDNA hemimethylated DNA (60 bp, red circles) but equally surprisingly no activity on ssDNA (60 nt, blue squares). For the truncated CcrM
C. crescentus and mutant a CcrM C. crescentus WT control is given on the same 60-bp hemimethylated dsDNA. The single-turnover assays for M.Hinfl and
M.Hhall were conducted in triplicate at room temperature with 150 nm enzyme to 100 nm substrate and saturating cofactor AdoMet 15 um, the CcrM
C. crescentus single-turnover conditions used 1.5 um enzyme to 1 um substrate. Single-turnover reactions were fits to a one-phase decay. Standard errors are

shown.

they do on dsDNA (Table 1). In contrast, both M.Hinfl and
M.Hhall display significantly slower kinetics on ssDNA when
compared with dsDNA (Table 1). Thus, the efficient dual activ-
ities with single-stranded and dsDNA are not limited to CcrM
C. crescentus, suggesting that the underlying recognition mech-
anism utilized by CcrM B. abortus and CcrM A. tumefaciens is
likely to be similar.

Upon comparing the steady-state kinetics of CcrM C. cres-
centus and its two orthologs, we see that CcrM A. tumefaciens
maintains similar kinetic behavior to CcrM C. crescentus,
whereas CcrM B. abortus diverges. Both CcrM C. crescentus
and CcrM A. tumefaciens lack burst kinetics on both single-
stranded and dsDNA substrates, suggesting that the rate-limit-
ing step for both enzymes on either substrate occurs prior to
methylation (Fig. S4D). Although CcrM B. abortus also exhibits
a lack of burst kinetics on ssDNA substrates, its kinetic profile
diverges from that of CcrM C. crescentus and CcrM A. tumefa-
ciens because of the strong substrate inhibition it displays with
dsDNA substrates (Fig. S4D). An inhibition assay revealed that
CcrM B. abortus displayed ~50% inhibition at 5:1 substrate to
enzyme concentrations and nearly complete inhibition at
steady-state conditions (Fig. S4D). Steady-state analysis with
dsDNA reveals that M.Hhall displays burst kinetics and that
the rate-limiting step is methylation. This further distinguishes
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M.Hhall mechanistically from CcrM C. crescentus and its
orthologs.

Discussion

Investigations of the mechanisms whereby proteins recog-
nize nucleic acids continue to provide surprises. The discovery
over 20 years ago that DNA methyltransferases stabilize their
target bases in an extrahelical position was unprecedented (20),
but this stabilization has since been revealed to occur with
many DNA methyltransferases, as well as other classes of
enzymes (21). Large numbers of protein—nucleic acid struc-
tures provide high resolution insights into the underlying rec-
ognition mechanisms (10), whereas dynamic studies have
described the contributions of conformational changes in this
recognition (22, 23). Proteins that recognize both single- and
double-stranded nucleic acids, and particularly those display-
ing high levels of sequence discrimination, remain a relatively
poorly understood subclass (10, 17, 18). Our prior work pro-
vided evidence that CcrM C. crescentus is capable of extreme
sequence discrimination in both single-stranded and dsDNA,
as well as between ssDNA and RNA (7). Here we provide addi-
tional support for this interesting combination of activities and
suggest that this is not well-accommodated by our current
models of nucleic acid recognition.
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The canonical recognition mechanism for DNA methyl-
transferases relies on an extensive molecular interface between
the enzyme and major groove moieties with dsDNA (8, 9, 20,
21), as anticipated years ago and confirmed in numerous
cocrystal structures for a large variety of DNA-binding proteins
(10). Further, this initial recognition complex precedes an
extensive rearrangement of the protein and stabilization of the
target base (either cytosine or adenine) into an extrahelical
position (base flipping) (8, 9, 20, 21). Methyl transfer from the
cofactor AdoMet to the target base is followed by repositioning
of the methylated base within the duplex DNA, which through-
out this process, is left largely unperturbed. Given our prior
demonstration that CcrM C. crescentus shows unprecedented
discrimination of single-bp substitutions within its recognition
site (5'-GANTC-3’) (7), we anticipated that mismatches within
this site would result in similar and large losses of activity. This
prediction was confirmed with two other DNA methyltrans-
ferases (Fig. 1). In contrast, a single-bp mismatch within the
CcrM C. crescentus site results in an increase in methylation
kinetics, whereas a similar change outside the site results in a
minor decrease. Further, substrates with double mismatches,
outside and within the recognition site, again have minor con-
sequences on methylation activity. These results, when taken in
the context of the predicted and verified dramatic decreases for
two other methyltransferases, provide strong support for the
hypothesis that CcrM C. crescentus may rely on a novel recog-
nition mechanism.

One model for a protein to recognize double and ssDNA, like
CcrM C. crescentus, is based on the Pur « protein; a cocrystal
structure of Pur o bound to ssDNA forms the basis of a mech-
anism in which the protein induces ATP-independent strand
separation of duplex DNA, to recognize the single-stranded
nucleic acid (11-14). Such a mechanism could rely on the pro-
tein “reading” only one of the two strands. We tested this with
hemimethylated DNA in which the strand containing the
methylated adenine has a single base that is substituted (Fig. 1,
M, N6—methyladenine; T, source of mismatch, 5'-GACTC-3'/
5'-GMGTT-3") and compared this with hemimethylated DNA
in which the strand that will undergo methylation is substituted
at the same position (Fig. 1, M, N®-methyladenine; A, source of
mismatch, 5'-AACTC-3'/5'-GMGTC-3'). As predicted,
replacing the base on the targeted strand causes a dramatic
~10°-fold loss of activity, whereas replacement of its bp partner
results in a minor (less than 3-fold) loss. Thus, not only does
CerM C. crescentus respond to mismatched DNA in a fashion
distinct from other DNA tested methyltransferases, the mil-
lion-fold differential response to which strand has the modified
base strongly suggests that the underlying mechanism involves
selective strand-specific interrogation.

The level of sequence discrimination shown by CcrM C. cres-
centus for both single-stranded and dsDNA is unprecedented
for a DNA methyltransferase. We suspect that this may stem
from its role in controlling the expression of numerous and
important C. crescentus genes. Unlike methyltransferases that
form part of restriction-modification systems, for which off-
target methylation may not be as problematic, the inappropri-
ate methylation of regulatory regions by CcrM C. crescentus
may have unacceptable consequences (1-6). Interestingly, the
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other bacterial orphan DNA adenine methyltransferase, Dam,
unlike CcrM C. crescentus, is involved in multiple roles (e.g.
mismatch repair, replication, gene regulation) (1) and is at least
1,000-fold less discriminating. Because the discrimination by
CcerM C. crescentus occurs with ssDNA, we carried out a func-
tional mapping of the CcrM C. crescentus—ssDNA interface, on
the premise that the enhanced discrimination may derive from
an unusually large interface (Fig. 2 and Fig. S1). This functional
mapping relies on single-turnover measurements under satu-
rating conditions and shows a sharp drop in activity when a
sequence with seven nucleotides on either side of the recogni-
tion site is shortened to six on either side (Fig. 2A4). This initial
and somewhat surprising result suggests that CcrM C. crescen-
tus makes contacts over a span of 17-19 nucleotides; although
not unprecedented, this is unusual for a relatively small, mono-
meric enzyme.

Further investigation with this approach revealed that the
interface is asymmetric, because changes on the 3’ side of the
site extended further (7 nucleotides) than on the 5’ side (5 or 6
nucleotides). Furthermore, the methylation efficiency is quite
dependent on the nature of the nucleotide at the 3" end (Fig. 2,
C and D, and Fig. S1). The combined results suggest that not
only is the CcrM C. crescentus—DNA interface unusually large
for a methyltransferase (8, 9, 20, 21) but that these interactions
are important for the correct assembly of the active site.
Because CcrM C. crescentus shows the uncharacteristic behav-
ior (for a DNA methyltransferase) that methylation or a prior
step defines k_,,, the observed changes in methylation most
likely do not result from alterations in substrate binding or
product release. It is intriguing that genomic methylation anal-
ysis shows little evidence for CcrM C. crescentus specificity
beyond the recognition hexanucleotide (2, 3). Thus, we suggest
that the CcrM C. crescentus—DNA interface provides some
other function than in determining specificity. Certainly, a
plausible function would be some feature of the recognition
mechanism, such as inducing strand separation, as suggested
for Pur « (11-14).

The ability to efficiently methylate ssDNA with high fidelity
presents an intriguing biological challenge for CcrM C. crescen-
tus, because the predominant cellular single-stranded nucleic
acid is RNA. Our previous demonstration that CcrM C. cres-
centus displays an incredible discrimination against single-
stranded RNA provides a plausible solution to this situation (7).
However, the basis for protein discrimination of ssDNA over
RNA (or its reverse) remains largely obscure (17, 18). By replac-
ing deoxyribose sugars with ribose sugars at various positions,
both within and outside the recognition site (Fig. 3), we showed
that a small number of riboses within the recognition site make
a significant contribution to this discrimination, which derives
largely from changes in k,cmylations DOt binding (Fig. 3 and
Table S1). The overall picture that emerges from these DNA
and RNA discrimination studies, as well as the sequence dis-
crimination data (Fig. 1 and Table 1), (7) is that discrimination
is extreme and overwhelmingly determined at the level of
catalysis.

The features of CcrM C. crescentus responsible for high fidel-
ity recognition of single-stranded and dsDNA remain uncer-
tain. The sequence analysis of B-class DNA methyltransferases
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that recognize GANTC sites, which include CcrM C. crescentus
and its orthologs, led to the identification of a highly conserved
set of residues in the C terminus (Fig. 4). That this region is
involved in recognition was suggested by a truncation study of
M.Hinfl, a B-class DNA methyltransferase that forms part of a
bacterial type II R/M system (19), showing that its dsSDNA but
not its ssDNA activity is lost when this region is removed. Our
results with the WT M.Hinfl showed a 21-fold preference for
dsDNA, and we obtained similar results with the truncation
(Fig. 5) as the prior report. Interestingly, a similar C-terminal
truncation, and a single substitution of a conserved tryptophan
(Fig. 5 and Fig. S5) with CcrM C. crescentus resulted in com-
plete loss of DNA binding and enzyme activity, despite the
retention of the protein’s overall conformation, as determined
by CD (Fig. S6). Clearly these highly conserved residues and the
entire C-terminal segment are critical to CcrM C. crescentus
function. M.Hhall, a B-class enzyme that lacks the C-terminal
region but also methylates GANTC sites, shows minimal (300-
fold lower) activity with ssDNA than dsDNA (Fig. 5), further
suggesting the importance of this C-terminal domain in DNA
recognition by CcrM C. crescentus.

To determine whether the functional characteristics we
report here for CcrM C. crescentus are more broadly observed,
we studied two orthologs from A. tumefaciens and B. abortus
(Fig. S4) (5, 6). The substrate discrimination for each of these,
like the C. crescentus enzyme, is largely manifested at the level
of Kpethylation @lthough the discrimination is less extreme
(Table 1). Further, both orthologs are fully able to methylate
single-stranded and dsDNA. An interesting divergence occurs
in that only the CcrM B. abortus shows strong substrate inhibi-
tion with dsDNA substrates (Fig. S4D), suggesting that this
enzyme may be capable of binding two dsDNA molecules.

Materials and methods

The CcrM C. crescentus, CcrM A. tumefaciens, and CcrM
B. abortus genes (UniProt accession numbers B8GZ33,
F7U651, and Q2YMK?2, respectively) were obtained from Dr.
Lucy Shapiro at Stanford. The M.Hinfl and M.Hhall genes
(UniProt accession numbers P20590 and P00473, respectively)
were obtained from Geoff Wolf at New England Biolabs (NEB).
The DpnA gene (UniProt accession number P09358) was pur-
chased from Integrated DNA Technologies (IDT) gBLOCK.
Unless specifically stated, the following protocols for cloning,
protein expression, and purification were used for CcrM
C. crescentus, CcrM A. tumefaciens, CcrM B. abortus, M.Hinfl,
M.Hhall, and DpnA. Using PCR with 1X NEB Tagq reaction
buffer, 200 um dNTPs, 0.5 uMm forward primer, 0.5 uM reverse
primer, <1 ug of template DNA, and 1.25 units Tag polymer-
ase, the respective methyltransferase gene was amplified in
preparation for cloning (see Fig. S6 for primer sequences and
annealing temperatures). Separately, the pET28a expression
vector (purchased from IDT) and resulting amplicons were
digested using endonucleases Ndel and EcoRI (purchased from
NEB) with the following reaction: 1X NEB CutSmart buffer, 1
g of DNA, 10 units of restriction enzyme, 1 h of incubation at
37 °C followed by inactivation at 60 °C for 20 min. The digested
pET28a expression vectors were subsequently dephosphorylat-
ed using phosphatase rSAP (purchased from NEB) with the
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following reaction: 1 X NEB CutSmart buffer, 1 unit of rSAP, 1
pmol of DNA ends (=1 ug of 3-kb plasmid), with 30 min of
incubation at 37 °C followed by inactivation at 65 °C for 5 min.
Ligation of the digested amplicons into the processed pET28a
vectors was accomplished using T4 DNA ligase (purchased
from NEB) and the following reaction: 1 X NEB T4 DNA ligase
buffer, 1 um DNA 5’ termini, and 2,000 cohesive end units of T4
DNA ligase at 16 °C for 16 h. Ligation resulted in cloned expres-
sion vectors that encoded an N-terminally hexahistidine-
tagged methyltransferase. The cloned expression vector was
chemically transformed into NiCo21(DE3) Escherichia coli
cells (purchased from NEB) via a 20-min incubation with the
competent cell solution followed by heat shock at 42 °C for 30s.
Cell growths were carried out in 8 liters of LB medium contain-
ing 30 ug/ml kanamycin with vigorous shaking at 37 °C until
Agoo = 1.0 was achieved. Protein induction for CcrM C. cres-
centus, CcrM A. tumefaciens, and CcrM B. abortus was initi-
ated by addition of isopropyl B-p-1-thiogalactopyranoside to 1
mM with a subsequent 3 h of incubation at 23 °C with vigorous
shaking. Protein induction for M.Hinfl, M.Hhall, and DpnA
was initiated by the addition of isopropyl B-p-1-thiogalactopy-
ranoside to 1 mMm with a subsequent 3 h of incubation at 37 °C
with vigorous shaking. The cells were pelleted using a Beckman
centrifuge with a JA-10 rotor at 5,000 rpm for 25 min at 4 °C.
The resulting cell pellet was collected and resuspended in
buffer 1 (50 mm HEPES, 300 mm NaCl, 10% glycerol, and 70 mm
imidazole at pH 8.0) at 4 °C. Additionally, phenylmethanesul-
fonyl fluoride was immediately added to a concentration of 1
mM in the cell suspension. Although the cell suspension was
maintained at 4 °C using a water/ice bath, the cells were lysed
via sonification with a Branson digital sonifier horn at an ampli-
tude of 75%. The cell lysate was then clarified using a Beckman
centrifuge with a JA-20 rotor for 2.5 h at 11,000 rpm at 4 °C.
Using the following protocol, the desired methyltransferase
was purified from the clarified supernatant with an AKTA Start
FPLC and a 5-ml HisTrap HP nickel-affinity column (both pur-
chased from General Electric). The clarified supernatant was
loaded and subsequently washed with 9.5 CV of buffer 1 at a
flow rate of 5 ml/min. A 30-ml isocratic elution was then per-
formed with buffer 2 (50 mm HEPES, 300 mm NaCl, 160 mm
imidazole, 10% glycerol, pH 8.0) at a flow rate of 2 ml/min. The
eluted fractions were then concentrated using Amicon Ultra
0.5-ml centrifugal filters with a 10-kDa cutoff (purchased from
Millipore Sigma) followed by a buffer exchange into the storage
buffer (100 mm HEPES, 300 mm NaCl, 50% glycerol, pH 8.0);
enzyme aliquots were stored at —80 °C. Protein purity was
determined using a 12% acrylamide SDS-PAGE with BSA stan-
dards (purchased from Thermo Fisher Scientific) and analyzed
by densitometry via Image].

Radiochemical assays for single-turnover and kinetic
footprinting

Single-turnover, steady-state, and kinetic footprinting data
were collected using the Reaction Buffer (100 mm HEPES, 20
mM NaCl, 1 mm DTT, 1 mm EDTA, 2 mg/ml BSA, pH 8.0) and
saturating cofactor AdoMet (15 um), 1:10 (radiolabeled:unla-
beled) in triplicate at 23 °C. AdoMet stocks were made using 32
mum AdoMet supplied by NEB in 10 mm H,SO,, and (*H-CH,, —
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1 mCi [82.7 mCi/mmol]) AdoMet supplied by PerkinElmer
with a final concentration of 50 uM of 1:10. DNA substrates
with and without the N®-methyl adenosine, C*>-methyl cytosine
were purchased from the Keck Oligo facility at Yale. For single-
turnover assays, the reaction conditions were under saturating
enzyme (150 nMm) to substrate (100 nm). For steady-state assays,
the reaction conditions were under saturating substrate (3 um)
with enzyme (100 nMm). The reactions were initiated by the addi-
tion of substrate into a mix of reaction buffer and enzyme. The
reactions were quenched when blotted on to Amersham Bio-
sciences Hybond nucleic acid blotting paper from GE. The
papers were then immediately placed in 50 mm KH,PO, buffer.
After completion of all data points, the papers were washed in
three rounds of gentle shaking in 500 ml of 50 mm KH,PO,
buffer for 5 min followed by one round of gentle shaking in 500
ml of 80% ethanol solution for 5 min, and one round of gentle
shaking in 500 ml of 100% ethanol for 5 min. The papers were
then soaked in diethyl ether anhydrous for 5 min followed by 20
min of being air dried. The papers were placed in scintillation
vials and submerged in 3 ml of BioSafell scintillation fluid, and
a Beckman Coulter LS-6500 scintillation counter with units of
DPM was used to evaluate product formation. Background
readings were subtracted from all points, and the data were fit
using GraphPad Prism 5 using a one-phase decay for single-
turnover reactions. Reactions for collecting kinetic footprinting
were in an identical procedure to the single-turnover reactions
except with saturating substrate at 5 and 1 um of CcrM
C. crescentus.

EMSA

An EMSA was used to determine the dissociation constants
(K,) for substrates conducted in reaction buffer on ice with
FAM-tagged DNA (IDT) as previously described (7).

CD spectroscopy

CD spectroscopy was done on a JASCO J-1500 spectropho-
tometer using 5 uM protein in 1 mm HEPES, 3 mm NaCl, 1 mm
dithiothreitol, pH 8.0. All measurements were at 25 °C, and the
buffer contribution was subtracted from all spectra.

Author contributions—N. O. R. conceptualization; N. O. R. formal
analysis; N. O. R. funding acquisition; N. O. R. project administra-
tion; E. D, M. K,, S. P., and C. B. W. investigation.
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