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Enzymes that modify DNA are faced with significant chal-
lenges in specificity for both substrate binding and catalysis.We
describe how single hydrogen bonds between M.HhaI, a DNA
cytosine methyltransferase, and its DNA substrate regulate the
positioning of a peptide loopwhich is�28 Å away. Stopped-flow
fluorescence measurements of a tryptophan inserted into the
loop provide real-time observations of conformational rear-
rangements. These long-range interactions that correlate with
substrate binding and critically, enzyme turnover, will have
broad application to enzyme specificity and drug design for this
medically relevant class of enzymes.

Sequence-specific modification of DNA is essential for
nearly all forms of life and contributes to a myriad of biological
processes including gene regulation, mismatch repair, host
defense, DNA replication, and genetic imprinting.Methylation
of cytosine and adenine bases is a key epigenetic process
whereby phenotypic changes are inherited without altering the
DNA sequence (1). The central role of the bacterial and mam-
malian S-adenosylmethionine (AdoMet)2-dependent DNA
methyltransferases in virulence regulation and tumorigenesis,
respectively, have led these enzymes to be validated targets for
antibiotic and cancer therapies (2, 3). However, AdoMet-de-
pendent enzymes catalyze diverse reactions, and the design of
potent and selective DNA methyltransferase inhibitors is par-
ticularly challenging (4, 5). The design of drugs that bind out-
side the active site is a particularly attractive means of inhibi-
tion for enzymes with common cofactors like AdoMet because
off-target inhibition often leads to toxicity (6). Unfortunately,
robust methods to identify and characterize such critical bind-
ing sites distal from the active site have not been developed.
DNAmethyltransferases bind to a particular DNA sequence,

stabilize the target base into an extrahelical position within the
enzyme active site, and transfer the methyl moiety from
AdoMet to the DNA (7). During this process, dramatic changes
in the DNA structure such as bending, base flipping, or the
intercalation of residues into the recognition sequence are
often accompanied by large scale protein rearrangements (8).
Here we characterized a specific conformational rearrange-

ment of M.HhaI, a model DNA cytosine C5 methyltransferase
with a cognate recognition sequence of 5�-GCGC-3�. Many
structures of M.HhaI are available at high resolution including
an ensemble of complexes with either cognate or nonspecific
DNA (9, 10). Reorganization of an essential catalytic loop (res-
idues 80–100) is regulated by sequence-specific protein-DNA
interactions that occur�28Å away from the catalytic loop (Fig.
1). Our work quantifies the importance of such distal commu-
nication in sequence-specific DNA modification and provides
plausible structural mechanisms.
DNA-dependent positioning of the catalytic loop in M.HhaI

was first observed crystallographically; cognate DNA stabilizes
the loop-closed conformer, while nonspecific DNA leaves the
loop in the open conformer (9, 10). Correct positioning of this
loop is essential for catalysis becauseC81, the active site nucleo-
phile that attacks the target cytosine base at the C6 position
(supplemental Fig. S1), is �9.6 Å away in the loop-open con-
former (Fig. 1A). Populating the closed conformer of the loop is
essential for tight DNA binding and stabilizing the target cyto-
sine that is flipped out of the DNA duplex (11–13). Using
stopped-flow fluorescence spectroscopy to monitor the envi-
ronment of tryptophan (Trp) residues inserted into the cata-
lytic loop, we recently observed reorganization of this loop
uponDNAbinding in the absence of cofactor using theM.HhaI
mutants W41F, W41F/K91W, and W41F/E94W (12). Loop
positioning and the interconversion between the open and
closed conformers, as determined from the intensities and rates
of change in fluorescence signal are highly dependent on DNA
sequence and confirm that cognate DNA stabilizes the loop-
closed conformer whereas nonspecific DNA stabilizes the open
conformer.
In this study, W41F/K91W and W41F/E94W M.HhaI were

preincubated with cognate (COG), non-cognate (NC), or non-
specific (NS) DNA and mixed with cofactor or cofactor prod-
uct, AdoMet and S-adenosylhomocysteine (AdoHcy), respec-
tively, in a stopped-flow apparatus. Differences in observed
fluorescence intensity are indicative of shifts in the populations
of the various loop conformers; no observable fluorescence
change suggests no significant change in population and thus,
essentially no loop positioning to the closed conformer. Non-
cognate and cognate sequences are nearly identical but differ
by a single base change, whereas the nonspecific DNA sub-
strate has no similarity to the cognate sequence. As a meth-
yltransferase searches for the cognate site within a genome, it
must encounter both non-cognate and nonspecific DNA
sequences and be able to distinguish these from the cognate
sequence. We examine both binding, using the cofactor prod-
uct AdoHcy, and catalysis, using the AdoMet cofactor of
M.HhaI, with these various DNA substrates.
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EXPERIMENTAL PROCEDURES

Mutant Construction—Four mutants of WT M.HhaI were
constructed, R240A,W41F,W41F/K91W, andW41F/E94Was
previously reported (12). Briefly, PCR mutagenesis was done
using the QuikChange kit (Stratagene). Sequenced plasmids
were transformed and the enzymes purified using aHis6 tag and
a nickel column. Enzymes were further purified using a second
cation exchange column. The protein concentration was deter-
mined by Bradford, SDS-PAGE densitometry, and absorbance
at 280 nm.
Substrate Design and Preparation—DNA substrates used for

kinetic, thermodynamic, and fluorescence studies were all syn-
thesized byMidlands DNA (Midland, TX) and HPLC-purified.
The following single strand oligonucleotide sequences were
used, COGTOP: 5�-GGGAATTCATGGCGCAGTGGGTGG-
ATCCTG-3�, COGBOT: 3�-CCCTTAAGTACCGCGTCACC-
CACCTAGGAC-5�, MCOGTOP: 5�-GGGAATTCATGGMG-
CAGTGGGTGGATCCAG-3�, MCOGBOT: 3�-CCCTTAAG-
TACCGMGTCACCCACCTAGGAC-5�, NC-1TOP: 5�-GGG-
AATTCATGACGCAGTGGGTGGATCCAG-3�, NC-1BOT:
3�-CCCTTAAGTACTGMGTCACCCACCTAGGAC-5�, NC-
PURTOP: 5�-GGGAATTCATGNCGCAGTGGGTGGATC-
CTG-3�, NC-2APTOP: 5�-GGGAATTCATGPCGCAGTGGG-
TGGATCCTG-3�, NC-INOTOP: 5�-GGGAATTCATGICGC-
AGTGGGTGGATCCTG-3�, NSTOP: 5�-CAACAACTTCTT-
CTTCTTCT TCTTCTTCTTCTTCAACAAC-3�, NSBOT: 3�-
GTTGTTGAAGAAGAAGAAGAAGAAGAAGAAGAAGT-
TGTTG-5�, and ABTOP: 5�-GGGAATTCATGGBGCAGTGG
GTGGATCCTG-3�. Recognition sites are underlined, and tar-
get bases are in bold whereM is 5-methyl cytosine, P is 2-amin-
opurine (2AP), I is inosine, B is abasic, and N is nebularine
(purine). Duplex substrates were annealed to form UCOG DNA
from COGTOP and COGBOT, COG DNA from COGTOP and
MCOGBOT, MCOG DNA from MCOGTOP and MCOGBOT,
NC-1 DNA fromNC-1TOP and NC-1BOT, NC-PUR DNA from
NC-PURTOP andMCOGBOT,NC-2APDNA fromNC-2APTOP
and MCOGBOT, NC-INO DNA from NC-INOTOP and
MCOGBOT, NS DNA from NSTOP and NSBOT, and AB DNA
from ABTOP and MCOGBOT. All substrates, except UCOG,
MCOG, and NS DNA, are hemi-methylated to force bound
enzymes to a single orientation. AdoMet and AdoHcy were
purchased from Sigma. For DNAKDmeasurements, DNA sub-
strates were radiolabeled by using [�-32P]ATP (Amersham
Biosciences) and T4 polynucleotide kinase (New England Bio-
labs). All substrate concentrations were spectrophotometri-
cally determined using Beer’s Law and calculated extinction
coefficients (14).
Determination of kcat—Steady state product formation over

time was monitored at 22 °C using a filter binding assay previ-
ously described (14) to determine observed kcat values (supple-
mental Table S1). These rate constants are only observed kcat
values because substrate concentrations were not fully saturat-
ing; however, all enzymes were measured under identical con-
ditions. Enzyme (1.9 nM) was added to 3H-labeled AdoMet (6.0
�M) and COG DNA (9.5 �M) in methyltransferase reaction
buffer (MRB, 100 mM Tris, pH 8.0, 10 mM EDTA, 1 mM �-mer-
captoethanol). Aliquots were spotted onto 2.3-cmDE-81 filters

at 10-min intervals.Washed filterswere counted for 3H, and the
data were fit to a straight line using SigmaPlot. Samples were
analyzed with a Beckman Coulter LS6500 MultiPurpose Scin-
tillation Counter.
Determination of kchem—Kinetic constants for the rate of

methyl transfer (kchem) were measured at 22 °C using a single
turnover filter binding assay, which was previously described
(14) (supplemental Table 1). Enzyme (1.0 �M) was added to
3H-labeled AdoMet (4.0 �M) and DNA (500 nM) in MRB with
time points taken over 300 s. DNA substrates measured were
COGDNA,NC-PURDNA,NC-2APDNA, andNC-INODNA.
To quench the reaction, 12 �l of reactionmixture was added to
6 �l of 0.4% SDS with 0.5 M HCl and then neutralized with 6 �l
of 0.5 MTris base, and 20�l were spotted ontoDE-81 filters. To
catch time points for WT with COG DNA, a KinTek Corp.
RQF-3 rapid quench instrument was required. Quenched reac-
tions from the rapid quench instrument were spotted on filters.
Washed filters were counted for 3H, and data were fit to expo-
nential curves using SigmaPlot (Systat).
Determination of KD DNA—12% non-denaturing PAGE

mobility shifts were used to measure KD values for all DNA
substrates with the addition of AdoHcy and AdoMet (supple-
mental Table S1) as previously described (14). For all shifts,
32P-labeled DNA (�20 pM) was used with cofactor either
AdoHcy or AdoMet (500 �M) in MRB. Enzyme was titrated
from 1 pM to 13 �M at 22 °C. Gels were scanned on a Storm
840 densitometer (Amersham Biosciences), and bottom band
densitometry was determined using ImageQuant (Amersham
Biosciences). Data were fit to a rectangular hyperbola using
SigmaPlot (Systat).
Determination of Km AdoMet—Michaelis-Menten constants

for AdoMet were determined for W41F, W41F/K91W, and
W41F/E94W using a filter binding assay as previously reported
(14). Enzyme (500 pM) was mixed with COG DNA (200 nM)
followed by AdoMet titrations (50–2600 nM) in MRB at 22 °C.
A single time pointwas taken at 45min in duplicate and spotted
onto DE-81 filters. Washed filters were counted for 3H, and
data were fit to linear equations to determine the rates, which
were then plotted versus AdoMet concentration. This data
were fit to exponential curves using SigmaPlot (Systat) to give
reported values.
Stopped-flow Fluorescence—Time-resolved measurements

weremade at 22 °Cwith excitation at 290 nm and a cut-off filter
at 295 nm similar to protocols previously reported (12). Briefly,
4-mm slit widths were used on an Applied Photophysics
SX.18MV stopped-flow reaction analyzer equipped with a sin-
gle channel emission photomultiplier tube positioned 90° from
the excitation beam. All measurements were done in FLB (flu-
orescence buffer, 100 mM Tris, pH 8.0, 100 mM NaCl, and 10
mM EDTA), and data were fit using SigmaPlot (Systat). At least
ten shots were averaged for each data point, which was then
repeated in at least duplicate. Trp fluorescent measurements
were made using AdoHcy, AdoMet, UCOG, COG, MCOG,
NC-1, NC-PUR, NC-2AP, NC-INO, and NS DNA. For all
measurements enzyme (500 nM) was preincubated with DNA
(750 nM) and mixed in the stopped-flow apparatus with cofac-
tor (500 �M). Traces were made over 50 s in FLB. Drift correc-
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tions were made in Excel (Microsoft), and corrected data were
plotted in SigmaPlot (Systat).
Simulations—Fitting of fluorescence traces was done with

Scientist (Micro Math). Enzyme turnover was under single
turnover conditions with enzyme (1 �M) preincubated with
DNA (750 nM) and mixed in the stopped-flow apparatus with
cofactor (500 �M). Traces were made over 2, 20, and 200 s in
FLB,whichwere tabulated as one file in Excel. The fit to the data
are shown in Equations 1–8,

C1� � k7 � C2 � k1 � C1 (Eq. 1)

C2� � k1 � C1 � k8 � C3 � k2 � C2 � k7 � C2 (Eq. 2)

C3� � k2 � C2 � k9 � C4 � k8 � C3 � k3 � C3 (Eq. 3)

C4� � k3 � C3 � k10 � C5 � k9 � C4 � k4 � C4 (Eq. 4)

C5� � k4 � C4 � k11 � C6 � k10 � C5 � k5 � C5

(Eq. 5)

C6� � k5 � C5 � k11 � C6 � k6 � C6 (Eq. 6)

C7 � Etotal � �C1 � C2 � C3 � C4 � C5 � C6 � IO�

(Eq. 7)

F � C1 � I1 � C2 � I2 � C3 � I3 � C4 � I4 � C5 � I5 � C6

� I6 � C7 � I7 � IO (Eq. 8)

where C1–C7 are the concentrations of the various intermedi-
ate enzyme conformers having fluorescence intensities I1–I7,
respectively, and k1–k11 are the respective forward and reverse
rate constants, IO is the normalization factor, Etotal is the total
enzyme concentration, and F is the total fluorescent signal
measured.

RESULTS AND DISCUSSION

Controlling the Loop Position from 28 ÅAway—Whenmixed
with NS DNA and either AdoMet or AdoHcy, no loop closure
was observed in M.HhaI (Fig. 2B) (12). Similar results were
observed with NC-1 DNA (Fig. 2, A and B) and other non-
cognate DNA substrates previously used (NC-2 to NC-6:
TCGC, CCGC, GCGA, GCGT, GCGG; data not shown) (15).
DNA recognition elements contacting either position one or
four of the cognate sequence must contribute significantly to
loop positioning because none of the non-cognate DNA sub-
strates induce loop closure. Thus, although spatially removed
by �28 Å, our data show that the recognition domain (residues
191–303) and the catalytic loop (residues 80–100) are confor-
mationally linked (Fig. 1). Inspection of the first base pair of the
recognition sequence in the 1.96 Å cocrystal structure (16)
reveals no protein interactions to the cytosine base whereas
three can be seen to the guanosine base, two from Arg-240 via
the major groove to guanosine O6 and N7 and one from Ile-86
via the minor groove to guanosine N2 (Fig. 1B). When com-
pared with its cognate DNA substrate, M.HhaI discriminates
against NC-1 �2,800-fold through a combination of a 70-fold
change in binding and a 40-fold change in the rate of catalysis
(15). To further elucidate the exact protein-DNA interactions
controlling loop rearrangement and DNA specificity, we
used a series of non-cognate DNA substrates, which have
base pair substitutions only at the first position of the cog-
nate recognition sequence 5�-GCGC-3�, namely NC-1
(ACGC) (15), NC-INO (ICGC), NC-2AP (2CGC), and NC-
PUR (PCGC) (Fig. 2A).
Replacement of the guanosine at position one with purine

(NC-PUR) removes both the O6 and N2 moieties and nearly
eliminated loop closure as determined by the fluorescence
intensity at equilibrium (Fig. 2B). P:C base pairs are largely
unperturbed in critical helical parameters when comparedwith

FIGURE 1. Loop interactions in M.HhaI. A, two superimposed structures of M.HhaI are shown with the catalytic loop highlighted. Enzymes are in blue (open
conformer) and red (closed conformer) with the cofactor in orange, the flipped cytosine in green, and position 1 of the DNA recognition sequence colored by
atom along with Cys-81, Ile-86, and Arg-240. The large blue arrow shows the long-range structural communication between Arg-240 and the catalytic loop.
B, close-up of the interactions between Arg-240, Ile-86, and position 1 of the recognition sequence. The flipped cytosine is in green. Removal of N2 from the
guanosine with an inosine base maintains near cognate loop motion while removal of O6 with a 2AP base has almost no loop motion.
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G:C base pairs (17), suggesting that the lack of loop closure is
due to the loss of direct protein-DNA interactions. The back-
bone carbonyl of Ile-86 in the catalytic loop interacts with the
guanosine N2 (Fig. 1B) and was previously implicated as being
important for sequence recognition (18). Surprisingly, substi-
tution of 2AP at position one (NC-2AP) does not recover the
loop positioning observed with COG DNA even though the
amino moiety of 2AP directly contacts the catalytic loop (Fig.
2B). Importantly, the kinetic contributions leading to this dif-
ference in equilibrium population between NC-2AP and COG
DNA appear to reflect altered rate constants of closing shown
by slower observed rate constants for both NC-2AP and NC-
PUR when compared with COG (supplemental Table S2). The
side chain of Arg-240 in the small domain interacts with the
guanosine O6; substitution of inosine for purine (NC-INO) at
this position results in complete recovery of the equilibrium
and kinetic fluorescence changes to cognate levels (Fig. 2B and
supplemental Table S2). Thus, the interaction between Arg-
240 and guanosine O6 is a predominant determinant of loop
closure in the presence of AdoHcy.

LoopMotion during Catalysis with Cognate DNA under Var-
ious Methylation States—To further elucidate the importance
of loop closure, especially those involving specific protein-DNA
interactions such as that betweenArg-240 and the guanosine at
position one (Fig. 1B), we monitored loop reorganization dur-
ing catalytic turnover. Unlike proteins which are limited to
binding, enzymes catalyze chemical reactions which must be
coupled to the recognition process. Until now, all experiments
have used AdoHcy, the cofactor product, and examined only
aspects of substrate binding. To examine the role of the cata-
lytic loop during catalysis, experiments were run with AdoMet
and allowed to proceed through complete enzymatic turnover.
Cognate DNA substrates were examined under a variety of
methylation states (supplemental Table S2), either unmethyl-
ated (UCOG; data not shown), hemi-methylated (COG; Fig. 2),
or fully methylated (MCOG; Fig. 2, C andG). UCOGDNAwas
measured but was indiscernible from COG substrates with
both AdoMet and AdoHcy. Although COG DNA substrates
were predominantly studied, MCOG data provide a basis for
interpretation of other DNA substrates and is presented first.

FIGURE 2. Stopped-flow fluorescence of the catalytic loop in M.HhaI. All plots have enzyme (500 nM) preincubated with DNA (750 nM) and mixed with
cofactor (500 �M). A, key of DNA substrates showing the structure of bases used, recognition sequence where the target base is raised, and position 1
is underlined in bold, DNA name, and observed kchem values. N.D. is not determined. B, W41F/E94W traces with various DNA substrates and AdoHcy, NS
(gray), NC-1 (black), NC-2AP (pink), NC-PUR (orange), NC-INO (red), and COG (cyan). Only NC-INO shows loop motion similar to COG DNA. C, W41F/E94W
traces with COG and MCOG DNA mixed with cofactors AdoMet and AdoHcy. NS and AdoHcy (black), MCOG with AdoMet (dark green), MCOG with
AdoHcy (light green), COG with AdoHcy (cyan), COG with AdoMet (blue), and COG with both AdoHcy and AdoMet (500 �M each; purple). The catalytic loop
cannot remain closed with methylated DNA and AdoMet, loop opening correlates with cofactor release, and loop opening contributes to kcat. D, COG
data from C over 2 s. E, W41F/E94W catalysis with non-cognate DNA substrates and AdoMet. NS (gray), NC-2AP (pink), NC-PUR (orange), NC-INO (red), and
COG (blue) are shown. Loop motion with NC-INO is nearly identical to COG DNA while NC-PUR and NC-2AP have highly perturbed motion. F, data from
E over 2 s. G, W41F/K91W traces show nearly identical loop motion to W41F/E94W but with increasing signal. NS DNA and AdoHcy (black), NC-2AP with
AdoHcy (pink), NC-PUR with AdoHcy (orange), NC-INO with AdoHcy (red), MCOG with AdoMet (dark green), MCOG with AdoHcy (light green), COG with
AdoHcy (cyan), and COG with AdoMet (blue). All loop rearrangements are nearly identical for both W41F/K91W and W41F/E94W validating our analysis
and interpretations.
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When mixed with enzyme and AdoMet, MCOG DNA gave
very little observable change in fluorescence signal, substan-
tially different from the AdoHcy trace, which itself was
roughly half as intense as AdoHcy and COG DNA (Fig. 2C).
Structural examination of the WT protein-DNA complex
suggests that a steric clash between the methyl groups of
AdoMet and 5-methyl cytosine could prevent the loop from
closing properly.
Loopmotion during catalysiswithCOGDNAandAdoMet is

different from COGDNA and AdoHcy in predominantly three
ways: (i) with AdoMet, the loop shows an opening motion after
the initial closure (Fig. 2C), (ii) the initial rate constants for loop
closure are much faster with AdoMet (Fig. 2D and supplemen-
tal Table S2), and (iii) there is a lagwithAdoMet before the loop
reopens (Fig. 2,C andD). Traces of loopmotion during catalysis
fit to single or double exponentials during initial loop closure
(decrease in signal for E94W and increase in signal for K91W)
and to single exponentials for loop reopening (supplemental
Table S2). In contrast, simulations run on the overall trace
which includes the lag phase, revealed that the proper determi-
nation of intermediates and kinetic constants is extremely com-
plicated, requiring multiple intermediates, each with different
fluorescence intensity and a potential reverse rate. Although
extensive population studies would need to be devised to fully
separate each intermediate, these catalytic traces provide a real-
time examination of conformational rearrangements responsi-
ble for enzyme catalysis.
Loop reopening after the methylation of COG DNA, which

formsMCOGDNA, is driven by the cofactor under single turn-
over conditions. To reopen the loop after initial closure and
methyltransfer, the excess AdoMet in solution (500 �M) dis-
places the negligible amounts of product AdoHcy (750 nM) and
creates the steric clash that prevented loop closure with
AdoMet and MCOG DNA (Fig. 2C). To test this hypothesis,
COG DNA methylation was performed under conditions
where AdoMet and AdoHcy were at equivalent concentrations
(500 �M each). Critically, initial intensities of closure were
nearly identical for both AdoMet and AdoMet/AdoHcy addi-
tions confirming roughly equivalent populations of the closed
conformer (Fig. 2D).When equivalent amounts of AdoHcy and
AdoMet were present in solution after methyltransfer, roughly
equivalent amounts of enzyme associated to each cofactor,
AdoMet and AdoHcy, leading to different ternary complexes.
The equilibrium intensity when both cofactors are present
(purple) indicates a greater amount of loop-closed conformers
when compared with just AdoMet (Fig. 2C, blue). Thus, it
appears that some enzymes have bound AdoHcy and MCOG
DNA and have populated the closed conformer greater than
withAdoMet andMCOGDNA.These intensities are very close
to the respective MCOG DNA traces (Fig. 2C, green). Finally,
rate constants of initial loop closure are also consistentwith this
model (supplemental Table S2). With MCOG DNA, AdoHcy
binding to M.HhaI leads to the closed conformer whereas
AdoMet binding leads to the open conformer.
Although the cofactor alone has no impact on loop position-

ing (12), rate constants of loop closurewithAdoMetwere faster
than those with AdoHcy when in the presence of COG DNA,
(Fig. 2D and supplemental Table S2). This suggests that loop

positioning in the ternary complex is highly dependent on the
cofactor, especially for initial closure, and that a ternary com-
plex is briefly formedwith the loop in the open conformer since
DNA binding is concentration-dependent while loop reposi-
tioning is not (19). Whereas absolute cofactor concentration-
dependent loop rearrangements could not be accurately meas-
ured due to the large amounts of AdoMet needed to keep all
enzymes bound, no dependence was observed for either DNA
or cofactor under the conditions used.
Lag Phase of Loop Motion during Catalysis—The lag period

between initial loop closure and loop reopening increases with
DNA concentration; however, a substantial lag (�2–3 s; data
not shown) remains under single-turnover conditionswith lim-
iting DNA. Because the enzymes are saturated and fully bound
to the DNA substrates throughout these studies (supplemental
Table S1), the lagmust be due to a sum ofmultiple kinetic steps
with nearly equivalent rate constants, implying the existence of
several intermediates. Furthermore, the half-life derived from
our observed kchem values (�6 s, Fig. 2A) suggests that imme-
diately after methylation, the loop reopens thereby releasing
the cofactor. At�6 s in the stopped-flow trace, the loop appears
to be well past initial closure, through the lag phase, and into
loop reopening when half the DNA is methylated. This mech-
anism accounts for the decreased maximal intensity of COG
DNAwith AdoMet when comparedwith AdoHcy (Fig. 2C); the
closed conformer was not as populated with AdoMet because
the loops in some protein-DNA complexes are reopening after
methyl transfer. Thus, methylation, or more specifically the
conversion of AdoMet to AdoHcy, controls loop reopening
which appears to follow rapid cofactor diffusion from the active
site, as suggested by others (19).
Under multiple turnover conditions, with excess DNA, the

lag phase is extended and represents the steady state population
of loopmotion during catalysis. Loop reopening does not begin
until enzymes are bound toMCOGDNA after methyl transfer;
hypothetically, if the concentration of COG DNA were kept
constant while MCOG DNA was removed, the loop would
never fully populate the open state. Also, because loop reopen-
ing is somuch slower thanmethyltransfer, the transient species
with COG DNA and AdoMet with a closed loop accumulates,
leading to an increased lag period with the loop predominantly
closed as determined by the maximum amplitude of fluores-
cence signal. If the intermediate were bound to MCOG DNA
and AdoHcy or AdoMet, the lag would occur at a much lower
intensity (Fig. 2, C and G). Loop reopening kinetics (after 20 s)
fit well to single exponential curveswith rate constants of�0.08
s�1 (supplemental Table S2) suggesting that this step contrib-
utes to kcat (�0.05 s�1, supplemental Table S1) (18).
Loop Motion with Non-cognate DNA Substrates—Catalysis

usingAdoMetwas alsomonitoredwith non-cognateDNA sub-
strates to determine if loop positioning plays an active role in
specificity and catalysis. Fluorescence traces with NC-PUR
DNA and AdoMet show that the population of the closed con-
former is significantly decreased when compared with COG
DNA as determined by the maximum intensities (Fig. 2, E and
F). This most likely accounts for the decrease in observed kchem
because without proper loop closure, C81 is not in proximity
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to attack the flipped cytosine base (Fig. 2A and supplemental
Fig. S1).
NC-INO DNA and COG DNA traces with AdoMet were

nearly identical (Fig. 2, E and F), further supporting the notion
that the interaction between Arg-240 and guanosine O6 is a
major sequence determinant, which controls loop closure.
Replacement of O6 into position one of the recognition
sequencewith an inosine base completely recovers loopmotion
when compared with NC-PUR/AdoMet traces. Because Arg-
240 is the only proteinmoiety in contact with theO6, it strongly
suggests that this residue communicates with and controls the
positioning of the catalytic loop. NC-2AP DNA was measured
with AdoMet but was not as definitive (Fig. 2, E and F and
supplemental Discussion).

The robustness of this fluorescence-based approach is sup-
ported by our observation that the W41F/K91W and W41F/
E94W mutants have nearly identical loop rearrangements and
are highly functional, with catalytic parameters very close to
WT. In addition, loop closure with W41F/K91W (Fig. 2G)
results in an increase in signal, the exact opposite to observa-
tions made with the W41F/E94W mutant (Fig. 2, B and C).
However, the differential quenching can be structurally justi-
fied; in theWT structure, the loop-open conformer has Lys-91
buried while Glu-94 is exposed (10). In the closed conformer,
Lys-91 is exposed while Glu-94 is buried (9). W41F/K91W
showed nearly identical catalytic parameters (supplemental
Table S1) toWT andW41F/E94W in addition to similar kinet-
ics of loop motion (supplemental Table S2). This second
mutant validates this fluorescence method of analysis and
bolsters our conclusions about loop motion in this class of
enzymes.
R240A M.HhaI—To further examine the Arg-240 interac-

tion with the guanosine O6, we removed the guanidinium side
chain by constructing the R240Amutant of M.HhaI. The bind-
ing of R240A M.HhaI to its cognate DNA was decreased
�23,000-fold fromWT values and represents almost complete
loss of affinity with values nearly identical toWT and NS DNA
(supplemental Table S3). Interestingly, disruption of the Arg-
240 to guanosine O6 interaction through either protein
mutagenesis or with modified DNA substrates have similar
impacts on affinity (WT/NC-2AP KD of 18 nM and R240A/
COGKD of 394 nM versusWT/COGKD of 17 pM, supplemental
Tables S1 and S3). This loss of binding energy (�6–7 kcal/mol)
is much larger than what is typically observed for individual
protein-DNA contacts associated with binding, suggesting this
interaction controls the formation of other contacts, perhaps
through loop rearrangements (20, 21). The complete recovery
of this binding energy with a DNA substrate lacking the target
base (abasic substrate, AB DNA, supplemental Table S3) sug-
gests that Arg-240 is involved in base flipping which itself could
account for improper loop closure if base flipping and loop
positioning are fully coupled (11). Interestingly, R240A shows
the same 8-fold decrease in kchem with COG DNA as WT does
with NC-2AP DNA (60 ms�1 and 74 ms�1, respectively, sup-
plemental Table S3) further supporting the notion that removal
of the Arg-240 to guanosine O6 interaction through modified
DNA bases or mutant enzymes gives equivalent impacts on
catalysis. Finally, the R240A mutant is unable to distinguish

between the various non-cognate substrates, all giving a kchem
of �50 ms�1. Thus, the side chain of Arg-240 and its contact
with the DNA is essential for sequence discrimination. The
combined data strongly support the critical interaction
between Arg-240 and guanosine O6 as being a predominant
determinant of loop closure, binding affinity, catalysis, and
DNA discrimination.
We have measured catalytic loop reorganization in M.HhaI

and provided a structural basis for sequence-specific DNA dis-
crimination during both binding and catalysis. Althoughmech-
anisms posited to account for the extraordinary specificity
achieved by DNA-modifying enzymes are scarce, our results
provide real-time observations of conformational rearrange-
ments responsible for substrate specificity, which lead to con-
trolled catalysis. Elements in the recognition domain, especially
the single hydrogen bond between Arg-240 of the enzyme and
O6 of the guanosine at the first position in the recognition
sequence, contribute significantly to the correct positioning of
the catalytic loop. Arg-240 and the recognition domain are�28
Å away from the catalytic loop in the open conformer and indi-
rectly determine both loop positioning and kinetics. Loop tran-
sitions correlate well with observed kchem and kcat rate con-
stants and are heavily modulated by cofactors. Steric clashes in
the active site most likely disrupt base flipping, prevent loop
closure, and drive loop reopening post-catalysis. These long-
range interactions that correlate with substrate binding and
critically, enzyme turnover, will have broad application to
enzyme specificity and drug design for this medically relevant
class of enzymes.
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