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ABSTRACT: The DNA methyltransferase M.Hhal is an excellent model for understanding how recognition of a
nucleic acid substrate is translated into site-specific modification. In this study, we utilize direct, real-time
monitoring of the catalytic loop position via engineered tryptophan fluorescence reporters to dissect the
conformational transitions that occur in both enzyme and DNA substrate prior to methylation of the target
cytosine. Using nucleobase analogues in place of the target and orphan bases, the kinetics of the base flipping
and catalytic loop closure rates were determined, revealing that base flipping precedes loop closure as the rate-
determining step prior to methyl transfer. To determine the mechanism by which individual specific hydrogen
bond contacts at the enzyme—DNA interface mediate these conformational transitions, nucleobase ana-
logues lacking hydrogen bonding groups were incorporated into the recognition sequence to disrupt the major
groove recognition elements. The consequences of binding, loop closure, and catalysis were determined for
four contacts, revealing large differences in the contribution of individual hydrogen bonds to DNA rec-
ognition and conformational transitions on the path to catalysis. Our results describe how M.Hhal utilizes
direct readout contacts to accelerate extrication of the target base that offer new insights into the evolutionary
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history of this important class of enzymes.

The first structurally characterized DNA cytosine methyl-
transferase, M.Hhal,' has provided many relevant insights into
how DNA-modifying enzymes recognize and modify DNA
sequence-specifically (/—3). M.Hhal transfers a methyl group to
C° of the underlined cytosine in the GCGC sequence as part of
the restriction modification system in Haemophilus hemolyticus
using the cofactor S-adenosyl-L-methionine (AdoMet). In pro-
karyotes, DNA methylation is an epigenetic process involved in
gene regulation, replication timing, and host defense (4, 5). Cyto-
sine methylation in eukaryotes plays critical roles in develop-
mental regulation and tumorigenesis and is conducted by en-
zymes with a high degree of structural homology to M.Hhal (6—8).
A better mechanistic understanding of the substrate recognition
pathway of DNA cytosine methyltransferases is expected to form
the basis of improved therapeutics (9) and novel nucleic acid
manipulation techniques (10,11).

Despite numerous protein—DNA cocrystal structures for var-
ious sequence-specific DNA-modifying enzymes, our understand-
ing of how recognition is achieved and translated into catalysis re-
mains limited. Comparison of the ternary M.Hhal cognate DNA—
cofactor—methyltransferase and the binary methyltransferase—

"This research was partially supported by University of California
Systemwide Biotechnology Research and Education Program GREAT
Training Grant 2008-25 awarded to D.M.M. and N.O.R.

*To whom correspondence should be addressed: Department of
Chemistry and Biochemistry, University of California, Santa Barbara,
CA 93106-9510. E-mail: Reich@chem.ucsb.edu. Phone: (805) 893-8368.
Fax: (805) 893-4120.

Abbreviations: M.Hhal, DNA cytosine C> methyltransferase from
Haemophilus hemolyticus; AdoHcy, S-adenosylhomocysteine; AdoMet,
S-adenosylmethionine; FRET, Forster resonance energy transfer;
IPTG, isopropyl f-p-1-thiogalactopyranoside; EDTA, ethylenediaminete-
traacetic acid; PDB, Protein Data Bank; Z, aebularine; M, 5-methylcytosine;
X, abasic site.

©2011 American Chemical Society

cofactor structures in the presence of nonspecific DNA shows
both DNA and enzyme undergo large structural rearrangements
upon formation of the cognate complex (/2, /3). The ternary
structure shows the target cytosine flipped 180° from the native
helical position and stabilized in the active site (/). Residues
80—100 comprise a long flexible catalytic loop that exists in two
distinct states both in the crystal structures and, as confirmed by
NMR, in solution (2, /4). Upon binding the cognate sequence,
the tip of the loop, Ser87, travels 26 Ato occupy the space vacated
in the DNA helix following base flipping. Loop closure is critical
for tight binding of the enzyme to the cognate sequence as well as
for stabilizing the target cytosine in position for methyl addition
(Figure 1A) (15). Tryptophan residues engineered into the cata-
lytic loop have provided a basis for real-time tracking of this
induced-fit mechanism (13, 16), revealing that individual hydrogen
bond contacts between the enzyme and its substrate make dramat-
ically different contributions to loop repositioning. Our interests
lie in determining the basis for this induced-fit mechanism, one of
the largest conformational rearrangements observed for an enzyme.

Here we determined the individual contributions of four
previously unexamined hydrogen bond contacts to ternary com-
plex formation, catalytic loop positioning, and methyl transfer.
Similar to prior observations that describe the effects of removing
two hydrogen bond contacts (/3), the four recognition elements
examined in this work have dramatically different contributions
to binding, loop positioning, and stabilization of the catalytically
competent intermediate. Furthermore, we show that loop closure
is apparently limited by base flipping steps and reveal the kinetics
of each step, providing insights into how DNA recognition gen-
erates the conformational transitions of base flipping and loop
closure on the path to catalysis.

Published on Web 01/13/2011 pubs.acs.org/biochemistry
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FiGuRre 1: (A)Overlay of the binary (PDBentry IHMY) and ternary (PDB entry 2HR 1) crystal structures reyealing a relatively stable structure in
both forms, except for the catalytic loop consisting of residues 80— 100 (root-mean-square deviation of 0.82 A excluding loop residues). The open
form of the loop from the binary structure is colored red, and the closed loop position in complex with cognate DNA is colored blue. Shown in
cyan is the cofactor AdoHcy, and the orange extrahelical base is the target cytosine. Residues 236—240 are colored magenta, while residues
comprising the 252—257 loop are colored green. Also visible is the strong distortion of the DNA backbone resulting from enzyme binding.
(B) Recognition of G1 and stabilization of the orphaned G2’ by the 236—240 loop. The critical contacts from Arg240 to G1 are shown, along with
the orphan G2’ and loop-closed stabilizing contacts made by GIn237. (C) Numerous contacts of the 252—257 loop. Only the water-mediated
Ser252—G3 contact involves a side chain interaction. Panels A—C were generated with Pymol. (D) Hydrogen bond recognition network between
M.Hhal and the cognate site. Solid lines represent side chain interactions, and dashed lines represent backbone contacts. Contacts by underlined
residues were probed in this study, and residue colors correspond to loop colors in panel A.

MATERIALS AND METHODS

Unless noted, all reagents were purchased from Fisher Scien-
tific. AdoHcy and AdoMet were purchased from Sigma-Aldrich
and used without further purification. Radiolabeled reagents were
purchased from Perkin-Elmer.

DNA Preparation. DNA substrates were purchased from
Midland DNA and purified by HPLC or PAGE, except for
sGCGZ, which was prepared, purified, and characterized as
described previously (17, 18, 19). Concentrations were deter-
mined by the absorbance at 260 nm using the molar extinction
values calculated using the nearest neighbor method with the
algorithm available at http://biophysics.idtdna.com using the
Cavaluzzi—Borer correction. Table 1 lists the synthetic oligo-
deoxynucleotides used in this study. Oligodeoxynucleotides were
annealed by being heated to 65 °C followed by being slowly
cooled to room temperature. Table 2 lists the duplex forms of the
substrates used in the assays along with the contacts to the
protein that are disrupted with the duplexes. Annealed substrates
were examined by PAGE and observed to be >95% duplex via
staining with SybrGold (Invitrogen). All duplex substrates were
used in a hemimethylated complex to direct single-orientation
binding.

Protein Preparation. The previously described K91W/W41F
and E94W/W41F M.Hhal mutants (13, 16) were used for this
study. The plasmid containing the gene was transformed into and
expressed in NEB T7 Express [ Escherichia coli cells by IPTG
induction after reaching an ODgg of 0.8. Induction was allowed
to proceed for 4 h at 22 °C, when the cells were pelleted by cen-
trifugation. Cell pellets were lysed by sonication in 20 mM
sodium phosphate (pH 7.0), 400 mM NaCl, 10 mM imidazole,

Table 1: Single-Stranded Oligonucleotides Used in This Paper

name sequence (5'—3') substitution
s-GCGC CATGGCGCAGTG none
s-G’°CGC CATGG'“CGCAGTG G1 — 7-dezaguanosine
s-GCG'“C CATGGCG'“CAGTG G3 — 7-deazaguanosine
s-GCGZ CATGGCGZAGTG C4 — zebularine
s-GXGC CATGGXGCAGTG C2 — abasic
s-CGMG CACTGMGCCATG C3' — 5-methylcytosine
s-CGMG'¢ CACTG'“MGCCATG G4’ — 7-deazaguanosine
s-CIMG CACTGMICCATG G3' — inosine
s-sACGC CATGACGCAGTG Gl—A
s-TGMG CACTCGMGTCATG Cl'—=T
s-NS top CATGAGCTAGTG Gl—A,C4—T
s-NS bot CACTAGCTCATG Cl'—T,G4 —A

0.1% Triton X-100, 200 uM PMSF, and 0.01 mg/mL DNase I.
The lysate was clarified by centifugation and the supernatant
applied to I mL of Ni-NTA (Qiagen) pre-equilibrated in lysis
buffer. After the lysate had been loaded, the column was washed
with 50 mL of lysis buffer with no PMSF or DNase. This was
followed by washing with 15 mL of a buffer containing 20 mM
sodium phosphate, 20 mM imidazole, and 800 mM NaCl. The
enzyme was then eluted with 15 mL of a buffer containing 20 mM
sodium phosphate, 250 mM imidazole, and 200 mM NaCl.
The eluted fraction was directly loaded onto a column of 10 mL
of phosphocellulose P-11 resin (Whatman) pre-equilibrated with
20 mM sodium phosphate and 200 mM NaCl, washed with 50 mL
of equilibration buffer, and eluted with 20 mM sodium phosphate
and 800 mM NaCl. The eluted material was dialyzed 100-fold
several times to move residual DNA and cofactor into a storage
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Table 2: Duplex Substrates Used To Probe Hydrogen Bond Contributions®

duplex substrate (5" — 3//3' — 5)

constituents

contact removed

GCGC/CGMG s-GCGC + s-GMGC
G’°CGC/CGMG s-G’“CGC + s-GMGC
GCG'“C/CGMG s-GCG'“C + s-GMGC
GCGZ/CGMG s-GCGZ + s-GMGC
GCGC/CGMGf s-GCGC + s-G'“MGC
GCGZ/CGMG” s-GCGZ + s-G"*MGC
GCG'“C/ICGMGT® s-GCG'°C + s-G'“MGC
GXGC/CGMG s-GXGC + s-GMGC
GCGC/CIMG s-GCGC + s-GMIC
ACGC/TGMG s-ACGC + s-GMGT
AGCT/TCGA s-NS top + s-NS bot

cognate substrate

Arg240 to G1 N7

Ser252 to G3 N7

Tyr254 to C4 N*

Gly257 to G4 N7

Tyr254 to C4 N* and Gly257 to G4’ N7
Ser252 to G3 N7 and Gly257 to G4’ N’
target cytosine removed

C2 N*to G2 O°

noncogate substrate

nonspecific substrate

“M = 5-methylcytosine. G = 7-deazaguanosine. Z = zebularine = 2-pyrimidinone 1-3-2'-deoxyriboside.

buffer containing 25 mM sodium phosphate (pH 7.5), 200 mM
NaCl, 1 mM DTT, 1 mM EDTA, and 10% glycerol. The
enzyme was concentrated using a YM-30 Centriprep (Millipore).
Aliquots were frozen at —80 °C. Concentrations were determined
by measuring the molar extinction coefficient of 25500 M~ cm ™!
at 280 nm.

Single-Turnover Analysis. All measurements were taken at
22 °C in 25 mM potassium phosphate (pH 7.5), 100 mM NaCl,
and 1 mM EDTA [fluorescence buffer (FB)] in triplicate. Sub-
strates for which turnover is slower than 0.05 s~ ' were denoted by
hand, while substrates with faster kgpem values were observed
using a Kin-Tek RQF-3 apparatus. All assays contained 2.0 uM
enzyme, 0.5 uM substrate, and 5.0 uM AdoMet with a 1:10 ratio
of *H-labeled AdoMet to unlabeled AdoMet. Aliquots were
quenched with an excess of 1% SDS in FB. Upon completion
of the assay, quenched aliquots were spotted onto DE-81 filter
paper and processed as previously described (20). Counts per
minute (Y) were plotted as a function of time and the data
fitted to the equation ¥ = Y+ (Yiax — Yo)(1 — e*"), where
Y, was determined by spotting an aliquot containing no en-
zyme and the plateau value (Y,,,,) calculated from the best fit
to the data with Prism 5 (Graphpad).

Equilibrium Binding. K values were determined by the gel-
shift method with varying enzyme concentrations. Double-stranded
substrates were end labeled using T4 PNK (NEB) and [y-*P]ATP.
After completion of the reaction, the enzyme was inactivated by
being heated at 65 °C for 20 min, followed by slow cooling to anneal
the DNA. Samples were diluted 20-fold in FB and run through a
pre-equilibrated P6 size exclusion resin (Bio-Rad) to purify the
DNA from the labeling reagents.

The enzyme at varying concentrations encompassing the pre-
liminarily determined Kp values was incubated for 15 min with
the labeled substrate (~5 pM) and 500 uM AdoHcy in a buffer
containing 25 mM sodium phosphate (pH 7.5), 50 mM NaCl,
0.5 mM EDTA, 0.2 mg/mL bovine serum albumin, and 5%
glycerol at room temperature; 12% PAGE gels were cast with
45 mM Tris-Borate (pH 7.6) and 0. mM EDTA and run at
10 V/em for 90 min after a 15 min prerun. Gels were dried and
exposed to a Molecular Dynamics phosphor screen for imaging on
a Typhoon Trio (GE). The ratio of bound to free DNA was plotted
as a function of enzyme concentration and fitted to the equation
Y = X/(Kp + X), where Y is the fraction bound and X is the DNA
concentration, using Prism. All values were determined by per-
forming the gel-shift experiments in triplicate.

Time-Resolved Fluorescence. Real-time loop closing was
observed using an Applied Photophysics SX.18MV stopped-flow

reaction analyzer equipped with a single-channel emission photo-
multiplier tube positioned 90° from the excitation beam, powered
to 400 V with a 320 nM cutoff filter. Samples were excited at
290 nm with a 5 mm slit width with 1000 time points taken for
each experiment. Preincubated AdoHcy and enzyme were mixed
with DNA substrates in FB at a final concentration of 50, 0.5, or
1.0 uM. At least five traces for each sample were averaged and
analyzeg using Prism and the equation Y = Yo+ (Y — Yo)-
(1—¢e™).

Equilibrium Fluorescence. All spectra were recorded at 22 °C
using a Perkin-Elmer LB55 fluorimeter. Spectra were recorded
with 1.0 uM enzyme and 50 uM AdoHcy. Samples were excited at
290 nm, and the fluorescence signal was recorded from 310 to
420 nm with an excitation slit width of 2.5 mm and an emission
slit width of 4.5 mm. Spectra were recorded at 800 nm/min, and
five spectra were recorded and averaged for each sample. Data
were processed and averaged using Spekwin32 (47). Inner-filter
effects were corrected by measuring the absorbance at 290 nm for
each sample on a Shimadzu UVI1700 spectrophotometer and
applying the equation described in ref 2/ in Microsoft Excel.
Final graphs were generated using Prism.

RESULTS

To investigate the contributions of individual hydrogen bond
recognition contacts in the precatalytic events of M.Hhal, we
prepared synthetic DNA substrates with base analogues lacking
the hydrogen bonding functional groups. Cognate, noncognate
(one base pair different from cognate), nonspecific (substrates
containing no sequence resembling cognate), and cognatelike
(containing base analogues) sequences were annealed and used as
substrates for all studies. Figure 1D shows a stylized summary of
the contacts between the enzyme and cognate sequence observed
in the ternary crystal structure (/). 7-Deazaguanosine (G') was
used at positions G1, G3, and G4', while zebularine (Z), which
lacks the exocyclic amine at position 4 of cytosine, was sub-
stituted at position C4. To investigate the base flipping and
loop closure steps, the guanosine analogue inosine, lacking the
2-amino group, was substituted at position G2'. The abasic
substrate retains the phosphate backbone and ribose ring at the
target C2 but lacks the cytidine nucleobase (abbreviated X). All
substrates contained 5-methylcytosine (M) at the target C on the
bottom strand of the palindromic site (C3') to ensure a single
functional binding orientation.

Hydrogen Bonding Interactions at the Orphan Guano-
sine: The Relationship between Base Flipping and Loop
Kinetics. To probe the relationship between the base flipping
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FIGURE 2: Comparison of the rates of loop closure for substrates
differing at the target cytosine. GXGC (cyan) contains only the
deoxyribose and phosphate at the target site, eliminating the base
flipping step from the kinetic mechanism and allowing a more direct
observation of the rate of loop closure. The magenta substrate
contains an inosine base in place of G2/, removing a single hydrogen
bond from the Watson—Cerick pair while not perturbing any enzyme
contacts. Kinetic parameters are listed in Table 3.

event and loop closure, we altered the barriers to base flipping at
the target cytosine - guanosine base pair through selective disrup-
tion of the Watson—Crick base pairing interactions, which has
been shown to increase substrate affinity in base flipping en-
zymes (34, 39, 40). Weakening the cytosine- guanosine base pair
will enhance the rate of loop closure observed if this step is limited
by base flipping. Rates of loop closure as reported by the fluo-
rescence change were compared among the cognate substrate, a
substrate lacking one hydrogen bond from the orphaned guano-
sine to the target cytosine, and a substrate lacking the target base
altogether (Figure 2 and Table 3). Removing a single hydrogen
bond between G2' and C2 with the base analogue inosine results
in a 2.8-fold increase in kloop°bs, suggestive of base flipping
limiting loop closure and a reduction in the barrier to flipping
of 0.6 kcal/mol, less than the nominal value of 3 kcal/mol for the
0°—~N? bond (35).

Complete removal of the base but retention of the phosphate
backbone and deoxyribose ring with the abasic substrate results
in much faster loop closing with an apparent rate constant of
150 s, ~50-fold faster than the rate for cognate DNA. The rate
constant observed for the abasic DNA complex is very close to
the dead time of this stopped-flow instrument; thus, the actual
rate of loop closure for this DNA substrate may be even faster.
These observations are highly suggestive of a mechanism in which
base flipping is slower than loop closure and dominates kloop(’bs in
the cognate recognition pathway. Further investigation of the
base flipping rate was conducted with native cofactor AdoMet
that showed very similar results (Figure 4 of the Supporting
Information), with the native cofactor resulting in a slightly
faster kloop"bs.

Effects of the Removal of Interactions on the Rate of

Loop Closure. The previously characterized tryptophan loop
reporter enzymes (K91W/W41F and E94W/W41F) allow for
real-time, direct monitoring of loop repositioning with minimal
perturbation of the kinetic and thermodynamic properties of the
enzyme (/3). As proposed in Scheme 1 and supported by the
results described above, loop closure takes place after substrate—
cofactor binding and base flipping and is the last known step
before covalent attack by Cys81. Therefore, measurement of the
observed rate of loop closure (kloop"bs) reports on the rate of base
flipping for the substrates studied.

Observation of loop closure was conducted in a stopped-flow
apparatus by mixing an enzyme/AdoHcy solution with substrate
and measuring the rate of change in the tryptophan fluorescence

Matje et al.
Scheme 1: Precatalytic Steps of M.Hhal”
k methyl
flip 1 transfer
E%Sy + D" e %S D" E°syDf === E°,0F ——=» E°s,D"

off stack open

“Enzyme in the loop open form, AdoMet, and fully helical DNA
assemble at a rate close to the diffusion limit in random order
(1 x 108 M~ " s71). Induced fit between the enzyme and target
DNA results in capture of the extrahelical base (kpip = 2 s Din
the active site, which is quickly followed by closing of the
catalytic loop (kigop = 120 s~ 1. This prevents the flipped target
cytosine from restacking into the helix and positions the catalytic
Cys81 for nucleophilic attack and subsequent methyl transfer
from AdoMet (kchem = 0.2 s~ 1. Because ko, > kqip O kigop, the
fluorescent signal observed upon cognate substrate binding is
dominated by k. Removal of this step with the abasic substrate
analogue allows direct observation of kj,op, as well revealing the
rate of base flipping due to the difference in the rates of loop
closure between the substrates containing and lacking a target
base.
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FIGURE 3: Real-time fluorescence monitoring of loop position in
response to various substrates. The loop tryptophan of the K91W/
W41F mutant undergoes a 60% increase in quantum yield after
moving into the loop closed position in response to binding of

cognate DNA in the presence of AdoHcy. Nonspecific DNA shows
no change in fluorescence.

signal as a function of time. Changing the order of addition had
no effect on the observed rates because of the near-diffusion limit
formation of the ternary complex and mixed-order association
(Figure 2 of the Supporting Information). Figure 3 shows the
change in fluorescence signal that is observed when K91W/W41F
M.Hhal and AdoHcy are mixed with individual substrates in a
stopped-flow apparatus. Use of the cofactor product AdoHcy
results in kloop"bs rates that are 2—10-fold slower for substrates
containing a target base and identical equilibrium positioning of
the loop but without the complications of substrate turnover and
polyphasic traces.

No change in fluorescence signal is observed with nonspecific
DNA (Figure 3). Cognate DNA binding results in a 45% increase
in the magnitude of the fluorescence signal that does not change
in magnitude or rate above a 1:1 enzyme:substrate ratio at these
concentrations (Figure 4 of the Supporting Information), show-
ing that the bimolecular binding step is too fast to measure.
Results with the alternative E94W/W41F mutant that shows a
decrease in fluorescence upon binding to cognate DNA are
shown in Figure 1 of the Supporting Information, demonstrating
fluorescence equilibrium and rate changes complementary but
reciprocal to those of the K91W/W41F mutant.

The apparent rate of loop closure with the GCGC/CGMG'®
sequence is approximately equal to that of the cognate sequence,
demonstrating the minimal role the Gly254—G4' interaction
plays in regulating loop positioning. Interruption of a contact
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Table 3: kk,(,p"bS Values for Substrates with Lower Barriers to Base
Flipping

orphan target K91w E9%4wW
substrate base base Kioop s Kioop sh
GCGC/CGMG guanine cytosine 2.34+0.01 50+0.4
GCGC/CIMG inosine cytosine 6.54+0.03 14£0.6
GXGC/CGMG guanine none 1204+0.63 26011

adjacent to the target base with substrate GCG’“C/CGMG results
in a 5-fold reduction in kloop"bs. Again, the substrate G’“CGC/
CGMG shows the largest change in the measured rate, a 10-fold
decrease in the rate of loop closure illustrating the importance of
this hydrogen bond to base flipping and loop closure.

The stopped-flow traces shown in Figure 3 reveal information
about the equilibrium position of the loop in the ternary complex
with cognatelike substrates. All traces shown in Figure 3 involve
saturating substrate concentrations. The cognate trace shows the
maximal change in fluorescence by the K91W/W41F mutant in
response to binding, where it is expected that all or nearly all of
the enzyme will be substrate-bound with the loop closed (E“SyDF).
These observations suggest that traces that do not reach this plateau
represent ternary complexes that have altered equilibrium between
the E®Sy D" and E“Sy D" states, likely affecting the ability of the
enzyme to maintain a stable extrahelical position for the target
cytosine.

If the cognate substrate is taken to represent 100% of the
enzyme in the loop closed state, the GCGC/CGMG® substrate
shows 98% of the enzyme to exist in the loop closed form, in
agreement with the minimal disruption in binding, k.oop(’bs, and
the single-turnover rate. Substrate GCG’“C/CGMG results in
44% loop closed species, also in agreement with the other mea-
sured parameters. G’'°CGC/CGMG and ACGC/TGMG show
27 and 20% of the bound enzyme, respectively, to exist in loop
closed form. The decreases in the ESyD" form of the ternary
complex are likely reflective of the non-loop closed enzyme spe-
cies partitioning between the E°Sy,D™ and E®Sy D" forms because
of an inability to maintain the stable extrahelical base resulting from
binding and DNA distortion energy lost because of the removal of
contacts.

Unfortunately, zebularine is itself weakly fluorescent with an
absorption at 300—320 nm and emission at 370 nm (/7) and may
generate a FRET pair with the engineered tryptophan function-
ing as the donor. This resulted in quenching of tryptophan fluo-
rescence that prevents characterization with the loop position
reporting mutants using the DNA sequence containing this mod-
ified base.

Changes in Protein— DN A Binding Affinity via Removal
of a Single Hydrogen Bonding Interaction. To determine the
binding energy contributions made by individual hydrogen bond
interactions and confirm that the base analogue substitutions did
not result in large-scale disruptions of the DNA structure, equi-
librium dissociation constants (Kp) were determined using elec-
trophoretic mobility shift assays in the presence of AdoHcy.
Table 4 shows changes in K for each of the hydrogen bonds
probed in this study and corresponding changes in the free energy
of dissociation. The cognate sequence, GCGC/CGMG, was found
to have a high affinity for the enzyme with a Kp of 10 pM, in
agreement with several previous publications (15, 28, 34). In
contrast, noncognate (ACGC/TGMG) and nonspecific (AGCT/
TCGA) DNA binds with affinities between 100 and 1000 nM (22).
Substrate GCGC/CGMG'® results in a minor 2.7-fold loss of
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binding. Similarly, substrate GCGZ/CGMG also has a weak,
~6-fold loss of binding affinity (Kp), while GCG’“C/CGMG has
a 17-fold increase in the dissociation constant that demonstrates
the moderate contribution to substrate recognition this water-
mediated interaction plays.

The most significant disruption in binding comes from remov-
ing N’ of Gl, resulting in an 80000-fold decrease in binding
affinity. In the ternary crystal structure, the side chain of Arg240
is precisely positioned to recognize O° and N” of G1 (Figure 1B).
The decrease in binding affinity is equal in magnitude to that
realized via removal of two hydrogen bonding pairs (e.g., GCGZ/
CGMG'®) or switching the first base pair from G1-C1’ to A1-T1,
a noncognate sequence. The two substrates that lack two
hydrogen bonding partners (GCGZ/CGMG'® and GCG'“C/
CGMG®) result in a very large decreases in binding affinity to
approximately the same value exhibited by noncognate DNA.
Both show an effect on the binding constant much greater than a
simple additive effect predicted for the removal of the two bonds
individually.

Effects of the Removal of Interactions on the Rate of
Chemistry. Second-order formation of the ternary complex is
very fast, approaching the diffusion limit for the cognate seq-
uence (27) (data not shown). As the steady-state catalytic rate for
M.Hhal is dominated by product release (28), measurement of
the steps up to and including methyl transfer via single-turnover
experiments is a more appropriate measure for how hydrogen
bond perturbations translate to formation of a catalytically
competent complex.

Single-hydrogen bond removal results in modest decreases in
single-turnover kinetics for all but the G’“CGC/CGMG sub-
strate, again highlighting the importance of this contact toward
binding and catalysis (Table 4). Removal of this interaction
results in a 40-fold slower rate of methylation. GCGZ/CGMG,
GCGC/CGMG'C, and GCG'“C/CGMG all show a <4-fold
effect on k.pem. All three of these substrates have decreases in
their chemistry kinetics that correspond approximately with their
decrease in binding affinity. Thus, disruption of some recognition
interactions independently alters base flipping and/or loop closure
as well as the correct assembly of the active site prior to methyl
transfer.

Surprisingly, GCGZ/CGMG’C, which lacks both the G4’ and
C4 hydrogen bonding interactions, exhibits an only 3.1-fold
decrease in kcpem, Suggesting that these recognition elements
are nonessential for catalysis. In marked contrast, GCG'“C/
CGMG’C, which lacks the N7 of both G4 and G3, shows a
substantial 600-fold decrease in kcpem.

The single-turnover rate measured in these experiments is also
reflective of the ability of the enzyme to maintain the extrahelical
base because the transfer of a methyl group from AdoMet is the
rate-limiting step in the single-turnover experiment. Thus, the
percent reduction in the equilibrium population of the loop
closed enzyme shown in Figure 3 is expected to alter the observed
rates of methylation during single-turnover measurements (kcpem),
if this alteration in the equilibrium population reflects the relative
stabilization of the extrahelical base in the catalytically competent
complex. This is indeed observed in our results, where substrate
GCGC/CGMG® shows 98% loop closed but a kepery that is only
68% of that of the cognate form. Substrate GCG'“C/CGMG
results in 44% loop closed enzyme but a 25% rate of single
turnover; G7CCGC/CGMG has 27% closed and a 2.2% kepems
and ACGC/TGMG gives 20% loop closed enzyme with a single-
turnover value of 5.7% as fast as that of the cognate substrate.
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How DNA methyltransferases and endonucleases translate
sequence-specific recognition into catalysis remains a subject
of great interest for these important enzymes (25, 3/, 32). M.Hhal—
AdoHcy—cognate DNA crystal structures reveal approximately
10 direct readout contacts from amino acids involved in recogni-
tion of the DNA sequence that are complemented by another
12 phosphate contacts. Comparison of the ternary complexes
with the M.Hhal—AdoMet binary complex reveals rigid catalytic
and recognition domains except for a large translocation of
residues 80—100 present in the catalytic loop (Figure 1A).
Previous studies of M.Hhal have shown that some amino acid—
base contacts are critical to substrate recognition, loop reposi-
tioning, and catalysis, while others can be removed with little
consequence (16, 25). This is at odds with studies of the restriction
endonuclease EcoRI, where it was observed that most amino
acid—base contacts have equal contributions toward binding and
catalysis (23), but in agreement with data of EcoRV endonu-
clease, where large differences between contact contributions
were observed (38). The tryptophan loop reporter enzymes
K91W/W41F and E94W/W4I1F allow observation of the effects
of hydrogen bond perturbation in the induced-fit mechanism that
are not revealed by other means. This study reveals how single
recognition elements in the cognate DNA sequence contribute to
the conformational rearrangements in the substrate and enzyme
preceding and including catalysis.

Removal of Base Flipping Barriers Accelerates ki),
To Reveal Base Flipping and Loop Closure Rates. Whileitis
perhaps the defining feature of DNA methyltransferases, kinetic
characterization of the base flipping step has been described with
only the nonisosteric base analogue 2-aminopurine in place of the
target cytosine (27, 36). We envisioned that reduction of the
kinetic barriers to base flipping would result in changes in klOOPObS
that could be assigned to individual microscopic precatalytic rate
constants. For example, decreases in the base flipping barrier
should have no impact on loop kinetics if base flipping follows or
is faster than loop rearrangement. This was accomplished via
modification of the target C2- G2’ base pair, first removing one
hydrogen bond with inosine in place of G2 and then removing
the cytidine of C2 to eliminate all but the ribose puckering barrier
to base flipping (34). Substrates containing mismatches or the
abasic site at the target base pair are bound tightly by M.Hhal,
and the corresponding ternary structure with the abasic site (PDB
entry 7MHT) is identical to the structure with native DNA (34).
As shown in Figure 2 and Table 3, complete removal of the target
base causes kloop"bs to be increased 50-fold in comparison to the
native cognate sequence. Similarly, moderate reduction of the
energetic barrier of base flipping by removal of a single Watson—
Crick hydrogen bond involved in base pairing results in an
approximately 3-fold increase in the loop closure rate. The accel-
eration of kloopo"s resulting from the reduction of the base
flipping barrier is supportive of the precatalytic scheme shown
in Scheme 1 in which base flipping precedes loop closure and is
the rate-limiting step prior to nucleophilic attack by Cys§1 at the
target cytosine, in agreement with previous experimental stud-
ies (6, 16, 27). kioop"™ for the cognate substrate is dominated by
the rate of base flipping, which occurs at approximately 2—5 s~
with AdoHcy at 25 °C. Removal of the base flipping barrier
reveals the catalytic loop closure rate to be on the order of
120-260 s~ ', slower than loop closure rates observed with other
enzymes, but not surprising for such a large conformational
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shift (7), particularly where this transition is not rate-limiting.
Assignment of the rates of the base flipping and loop closure rates
reveals the order of M. Hhal’s precatalytic conformational tran-
sitions as well as informing our interpretation of the impact of
single-hydrogen bond contact removal, revealing that the energy
necessary for reduction of the base flipping barriers arises from
the specific hydrogen bond contacts (see below).

Previous work with 2-aminopurine as the target base revealed
a flipping/stabilization rate of 3 s~!, in excellent agreement with
our findings (27). The observed energy difference for the base
flipping step, 2.3 kcal/mol between the abasic and cognate site,
is an approximately 1 order of magnitude reduction of the
25 kcal/mol barrier presented by the native Watson—Crick pair,
suggesting that distortion of the DNA structure facilitated by M.
Hhal promotes flipping of the base into the enzyme pocket
(29, 30). Our results support a mechanism in which the enzyme
greatly reduces the barrier to base flipping via distortion of the
native DNA structure without directly utilizing the catalytic loop
to push the base from the helix. Direct readout contacts from the
enzyme are optimized to stabilize the DNA helix in the distorted
form that promotes base flipping, and we show below that indi-
vidual contacts can make various contributions to the achievement
and stabilization of the base flipped, loop closed state.

Individual Hydrogen Bond Contacts Contribute Discrete
Energy to Formation of the Ternary Complex. Substrates
containing base analogues lacking hydrogen bonding recognition
elements were used to investigate loop closure during the pre-
catalytic steps (Figure 3 and Table 3). The engineered Trp reporter
mutants allow direct observation of the transition from the
E°SuD™ form to the E“SyDF complex that encompasses the
base flipping and loop closure steps (Scheme 1). Assembly of the
initial E°SyD™ complex (loop open, helical base) is faster than
500 s~" with the saturated conditions used for these experiments
(Figure 4 of the Supporting Information), in agreement with
previous studies showing the cognate complex forms near the
diffusion limit (27). Because base flipping dominates kloop"bs
(Table 3 and the discussion above), changes to the equilibrium
between loop open and closed observed in the stopped-flow
traces are representative of alterations to the base flipping
equilibrium and rate. The congruence in the equilibrium posi-
tioning of the K9IW/W41F and E94W/W41F traces validates
our interpretation of the fluorescence signal being a direct
reporter of loop position as opposed to microscopic environ-
mental differences of the tryptophan in response to different
substrates.

Figure 3 shows the fluorescence traces of the K91W/W41F
mutant upon binding DNA. Recognition of cognate DNA
results in a large increase in the magnitude of the signal, while
noncognate DNA has no effect on the fluorescent signal. GCGC/
CGMG’C, which is bound and methylated at near-cognate rates,
shows little perturbation in the stopped-flow trace. Substrates
with poor affinity and catalytic parameters show corresponding
reductions in the loop position equilibrium and kloop"bs values. In
all cases, the rate of loop closure observed for an individual
substrate is 10—20 times faster than the rate of a single turnover
(Tables 4 and 5). All traces show at least minor increases in the
equilibrium population of the loop closed species resulting from
the addition of DNA, in agreement with results obtained via
NMR studies showing a distribution of loop open and closed
species in the presence of the ACGC/TGMG sequence (33). Of
interest is removal of the G3 N’—Ser252 interaction (Figure 3,
purple trace), where the trace shows a decreased base flipping rate
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Table 4: Kinetic and Thermodynamic Values for Substrates Used in This Study

substrate Kp (pM) AAG® i (kcal/mol) kehem (571 AAG® e (kcal/mol) kehem/Kp (mol~'s7h)
GCGC/CGMG 10£23 0.0 (1.9£02)x 107" 0.0 1.9 x 107
GCGZ/CGMG 60 £ 17 1.1 (8.9£0.8) x 1072 0.4 1.5 % 10°
GCGC/CGMG® 28 4+9.0 0.6 (1340.1)x 107" 0.2 4.6 x 10°
GCG'“C/CGMG 170 + 80 1.7 (4.840.5) x 1072 0.8 2.8 x 10°
G’“CGC/CGMG (8.3£1.0) x 10° 6.7 (43£0.7)x107° 22 5.2
GCGZ/CGMG® (5.0 £ 1.1) x 10° 6.4 (6.14+0.1)x 1072 0.7 1.2 x 10%
GCG'“C/CGMG™® (5.0 £0.9) x 10° 6.4 (3.240.9)x 107* 3.8 0.6
ACGC/TGMG (4.8 £1.0) x 10° 6.4 (1.1£0.9)x 1072 1.5 23 % 10
AGCT/TCGA (7.8 £ 1.0) x 10° 6.7 not determined - -
Table 5: Observed Rates of Loop Closure for K91W/W41F and E94W/W41F Mutants

substrate K9IW kigop (s AAG®k;00p, (kcal/mol) E94W Kjoop (s7") AAG®k;00p, (keal/mol)
GCGC/CGMG 3.0 +0.02 0.0 4.940.01 0.0
GCGZ/CGMG not determined - - -
GCGC/CGMG® 2.8 4+0.02 0.1 4.6+0.03 0.0
GCG’°C/CGMG 0.46 =+ 0.01 1.1 0.42 +0.02 1.5
G’“CGC/CGMG 0.26 = 0.01 1.4 0.23+0.05 1.8
GCGZ/CGMG'® not determined - - -
GCG'“C/ICGMGT® not determined - - -
ACGC/TGMG 0.58 + 0.02 1.5 0.24+0.02 1.8
AGCT/TCGA <0.02 >3 <0.01 >3.65

but an equilibrium in favor of stabilization of the base flipped
state compared to the ACGC/TGMG trace (Figure 3, red trace),
which shows that the rate of base flipping is moderately impacted
but the degree of stabilization of the extrahelical base is sig-
nificantly reduced. These findings are consistent with the im-
plication of this residue in base flipping and its high degree of
conservation across cytosine methyltransferases (37).

The Arginine 240—G 1 Interaction Dominates Formation
of the Ternary Complex and Methyl Transfer. Cognatelike
substrates lacking single hydrogen bonding groups were used to
probe the contributions of the direct readout interactions to
ternary complex formation and catalysis without perturbing the
structure of the substrate or enzyme. Noncognate sites show a
narrow binding regime, with Kp values of ~10—300 nM com-
pared to 10—100 pM for the cognate site (22). Nonspecific DNA
containing no GpC sites binds with a Ky of ~400—1000 nM
(Table 4) (2). Our results show a large range in contributions of
individual recognition elements to binding and catalytic turn-
over. Of particular interest are the minimal contribution provided
by the individual interactions between the C4-G4' base pair to
Try254 and Gly257 and the profound importance of the
Arg240—G1 interaction (Table 4).

Table 4 shows the dissociation and single-turnover constants
that were obtained for the substrates tested in this study. The data
show the small contribution to binding by the C4 and G4/
interactions, as probed by substrates GCGZ/CGMG and
GCGC/CGMG'C. Both of the interactions are derived from
the peptide backbone along the 252—257 loop in the major
groove (Figure 1C). Simultaneous removal of both of these
contacts results in a reduction in binding affinity to the level of
noncognate DNA, but a minimal reduction in kgpem. These
results are in agreement with the generation of the M.Hhal
fusion protein lacking these contacts having a near-wild-type k.,
on the GCG sequence but a greatly reduced Kyipna and relaxed
specificity (24, 25). In all other cases, the decrease in the
association energy seen with cognatelike substrates parallels

energetic reductions in the single-turnover rate, but 2—3-fold
lower in magnitude.

Simultaneous removal of the interactions of G3 and G4’ with
the GCG’“C/CGMG’® substrate results in dissociation con-
stants comparable to those of noncognate DNA or removal of
both the C4—G4' contacts with GCGZ/CGMG'®. However, the
GCG“C/CGMGC substrate is methylated very poorly, 2 orders
of magnitude slower than the noncognate ACGC/TGMG sub-
strate. It is likely that the multiplicative reduction in Kgpem
observed with this substrate relative to the reduction in the
single-mutant rate results from disruption of both contacts at the
ends of the 252—257 region that greatly destabilizes the ability of
this recognition loop to orient into its preferred position along the
major groove of the target sequence (Figure 1A, green). Mis-
placement of this region would also break the Tyr254—C4
contact, thus perturbing at least three sequence-specific hydrogen
bond contacts.

Most significantly, removal of N’ from Gl results in pro-
nounced changes in Kp and kepem. Disruption of the Arg240—0°
interaction (Figure 1B) at this base was previously shown to have
consequences similar to those of binding (13). kcpem 1s reduced 7
orders of magnitude for this substrate. Removal of each single
interaction between Arg240 and G1 has an impact on binding as
significant as mutation of residue 240 to alanine (/3). The
dramatic reductions in the levels of binding and catalysis with
removal of the Arg240—G1 N interaction probed in this study
and the previously characterized Arg240—G1 O° interaction are
clear evidence that the correct positioning of the arginyl guani-
dinium group to donate a pair of hydrogen bonds to the O° and
N’ groups of Gl is an important recognition element for
substrate binding, loop closure, and catalysis.

Our results are in good agreement with earlier efforts to define
M.Hhal recognition elements (13, 22) but describe the effect of
removing four contacts that have not been probed by any
previous investigations. Random mutagenesis showed that
Ser252 and Tyr254 mutations were well tolerated (24), and
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directed evolution efforts allowed both C4—G4' contacts to be
removed, generating a GCG/CGC methylating mutant with
catalytic efficiency only 10-fold lower than that of the wild-type
enzyme (25). Molecular dynamics-based examination of the
energetics of substrate recognition and base flipping also found
the Arg240—G1 interaction to provide the largest contribution to
binding energy (3). Similarly, base substitution at G1 or C4 of the
GGCC sequence recognized by the highly homologous M.Haelll
enzyme perturbs catalysis only 10—100-fold, while base substitu-
tion at G2 results in no methylation (26). The strong energetic
and catalytic bias displayed by contacts at G1 in M.Hhal and G2
in M.Haelll are suggestive of an ancestral C’ DNA methyl-
transferase in which an induced-fit mechanism involved the
recognition of the simple palindromic GpC sequence. Base flip-
ping is driven by recognition of this simple two-base site to distort
the DNA and stabilize the extrahelical position, while divergence
of the target recognition domain toward larger recognition seq-
uences has allowed prokaryotic speciation via coevolution of
restriction enzymes without necessitating large changes in the
catalytic mechanism to gain new specificities.

The results presented here demonstrate the order and rate of
the precatalytic steps and offer new insights into how the hydro-
gen bonding network at the recognition interface is translated
into conformational rearrangements on a path to DNA modi-
fication. Understanding how recognition drives sequence-specific
catalysis can guide future efforts aimed at engineering new
specificity into DNA methyltransferases while improving our
understanding of this important enzyme family.
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SUPPORTING INFORMATION AVAILABLE

Traces of the E94W/W41F mutant with various substrates lacking
hydrogen bonds, K91W/W4IF fluorescence traces demonstrating
that the kloop"bs values measured are not dependent on the order of
addition, primary data for the K91W/W41F mutant fluorescence
changes when combined with SAM and DNA substrates, and a
representative series of traces describing the K91TW/W41F mutant
fluorescence response when various concentrations of cognate DNA
are titrated with the enzyme and cofactor. This material is available
free of charge via the Internet at http://pubs.acs.org.
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