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ABSTRACT: Methylation of GATC sites in Escherichia coli by DNA adenine methyltransferase (EcoDam) is
essential for proper DNA replication timing, gene regulation, and mismatch repair. The low cellular
concentration of EcoDam and the high number of GATC sites in the genome (∼20000) support the reliance
on methylation efficiency-enhancing strategies such as extensive intersite processivity. Here, we present
evidence that EcoDam has evolved other unique mechanisms of activation not commonly observed with
restriction-modification methyltransferases. EcoDam dimerizes on short, synthetic DNA, resulting in
enhanced catalysis; however, dimerization is not observed on large genomic DNA where the potential for
intersite processive methylation precludes any dimerization-dependent activation. An activated form of the
enzyme is apparent on large genomic DNA and can also be achieved with high concentrations of short,
synthetic substrates. We suggest that this activation is inherent on polymeric DNA where either multiple
GATC sites are available for methylation or the partitioning of the enzyme onto nonspecific DNA is favored.
Unlike other restriction-modification methyltransferases, EcoDam carries out intrasite processive catalysis
whereby the enzyme-DNA complex methylates both strands of an unmethylated GATC site prior to
dissociation from the DNA. This occurs with short 21 bp oligonucleotides and is highly dependent upon salt
concentrations. Kinetic modeling which invokes enzyme activation by both dimerization and excess substrate
provides mechanistic insights into key regulatory checkpoints for an enzyme involved in multiple, diverse
biological pathways.

Bacterial DNA methyltransferases catalyze the S-adenosyl-
methionine-dependent methylation of cytosines at the C-5 orN-4
position or adenines at the N-6 position (1, 2). Most bacterial
methyltransferases, like the well-characterized C-5 methyltrans-
ferase M.HhaI, are involved in restriction modification systems
which serve to protect the cell from invading DNA (3, 4). Others,
like the orphan methyltransferase Escherichia coli DNA ade-
nine methyltransferase (EcoDam)1 and the cell cycle-regulated
methyltransferase in Caulobacter crescentus (CcrM), do not
participate in such a system. Instead, these enzymes are involved
in diverse biological pathways such as gene regulation, mismatch
repair, DNA replication, and nucleoid structure determina-
tion and are not partnered with a cognate restriction endo-
nuclease (5-8). While CcrM homologous are widespread in
R-proteobacteria (9), EcoDam homologues are found in many
γ-proteobacteria such as Salmonella typhimurium (10), Yersinia
pseudotuberculosis (11), Vibrio cholerae (11), Actinobacillus
actinomycetemcomitans (12), and Haemophilus influenzae (13).
A growing number of these bacterial pathogens require methy-

lation for virulence (14), and gene expression and proteomic
studies of bacteria in which the EcoDam gene has been deleted
show dramatic and widespread changes in RNA and protein
levels, in many cases involving well-characterized virulence
factors (15-18). These findings have implicated EcoDam and
CcrM as antibiotic targets for combatting the ever-increasing
number of antibiotic resistant bacteria (19), and current inhibi-
tion efforts are being made in this regard (20).

EcoDam belongs to the R-class of adenine methyltransferases
and transfers amethyl group to theN-6 position of the adenine in
the DNA sequence 50-GATC-30 (21). EcoDammethylates multi-
ple GATC sites in a highly processive manner, catalyzing multi-
ple methylation events prior to dissociating from the DNA (22).
Processivity is essential for methylation of the ∼20000 GATC
sites within the E. coli genome and the relatively few EcoDam
molecules present in the cell (23, 24). The lack of methylation of
GATC sites within theE. coli genome results in hypermutation of
phenotypes most likely due to its role in signaling the mismatch
repair machinery (25, 27). Because the most biologically pre-
valent substrate for bacterial methyltransferases is hemimethy-
lated DNA where only one methyl group is transferred per
cognate site, it is understandable that methyltransferases
are typically active monomers. However, many methyltrans-
ferases (28), including T4 Dam (29) and M.DpnII (30) from
the R-class of adenine methyltransferases, dimerize in solution.
In the case of T4 Dam, this observed dimerization is substrate-
dependent (31). Many of the β-class methyltransferases such
as CcrM (32), M.LlaCI (33), and M.KpnI (34) have also been
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shown to dimerize in solution. Further, twomethyltransferases in
this class,MboIIA (35) andM.RsrI (36), have been crystallized in
their dimeric state. It has been suggested that dimerization of
DNA-modifying enzymes could create a large enzyme-substrate
network with high-molecular weight DNA (37). This larger
interface with the DNA would enhance processive catalysis
and facilitated diffusion, thus rendering the enzyme more active
on large DNA where continued association to the substrate
is easily achieved. Although EcoDam has not been shown to
be dimeric, responsiveness to high-molecular weight DNA on
activity has certainly been observed and is consistent with
computer simulation efforts (22).

The involvement of EcoDam in such diverse biological path-
ways suggests that the enzyme may rely on regulatory mechan-
isms that go beyond the efficient methylation of GATC sites. For
example, we recently demonstrated that under certain conditions,
EcoDam and the leucine response protein (Lrp) compete to
regulate pap expression which encodes pilus proteins necessary
for uropathogenic E. coli cellular adhesion (38). Prior to this
work, it was assumed that the presence of Lrp alone detoured
EcoDam methylation, thus rendering the enzyme inactive on the
epigenetically regulated gene. However, Dam actively competes
with Lrp for GATC sites, with the actual binding preference
determined by the sequence context. Similarly, the regulatory pro-
tein OxyR and EcoDam compete for three GATC sites located in
the agn43 operon important for biofilm production (39). The
regulation of EcoDam and the lack ofmethylation ofGATC sites
in the 50 noncoding regions of genes (40, 41) may go beyond the
kinetic and thermodynamic competition with other proteins, such
as the nature of the DNA surrounding its cognate site (42, 43).
Similarly, EcoDam has been shown to bind its cofactor in two
orientations via NMR (44) and crystallography (45) which,
although not functionally characterized, may be the basis of an
additional, novel, pathway-specific form of regulation.

The processive methylation and higher-order specificity char-
acteristics of EcoDam are in part modulated by the DNA
surrounding its cognate site (42, 43). On the basis of these
observations, we predicted that EcoDam has evolved a highly
conserved enzyme-DNA interface that facilitates both proces-
sive catalysis and higher-order specificity. This prediction was
recently validated by mutagenic analysis of the conserved en-
zyme-DNA interface (46). Here we present evidence that the
highly evolved enzyme-DNA interface of EcoDam is also
responsible for unique kinetic activity distinct from that of other
restriction modification methyltransferases. We observe sub-
strate-induced dimeric activity that requires an intact native
enzyme-DNA interface (46) that is not observed with large
genomic DNA. Additionally, we demonstrate that EcoDam
utilizes two forms of processive catalysis: intersite processivity
whereby multiple GATC sites on the same DNA molecule are
methylated and intrasite processivity where the monomeric
enzyme methylates both strands of a single unmethylated duplex
prior to dissociating from the substrate. We suggest that our
observations offer insight into the different means by which
EcoDam has evolved to satisfy the diverse number pathways in
which it is involved.

EXPERIMENTAL PROCEDURES

Enzyme Expression and Purification. EcoDam was ex-
pressed and purified as previously described (42). In brief,
EcoDam was overexpressed in XL2-Blue (Stratagene) E. coli

cells grown at 37 �C in LBmedium supplemented with 25 μg/mL
kanamycin and 12.5 μg/mL tetracycline. Once an OD600 of
0.4-0.6 was reached, cells were induced with 1 mM IPTG and
0.05% L-arabinose and grown for 2 h at 37 �C. Pelleted cells were
resuspended in 40-60 mL of P-11 buffer [50 mM potassium
phosphate buffer (pH 7.4), 10 mM β-mercaptoethanol, 1 mM
EDTA, 1 mMphenylmethanesulfonyl fluoride, 0.2MNaCl, and
10% glycerol] and lysed with a French press. The lysate was
centrifuged at 15000 rpm for 60 min at 4 �C and the supernatant
loaded unto a 60 mL phosphocellulose (Whatman) column. The
protein was eluted with a salt gradient between 0.2 and 0.8 M
NaCl, and those fractions containing EcoDam were pooled
and dialyzed in BS buffer [20 mM potassium phosphate buffer
(pH 7.0), 10 mM β-mercaptoethanol, 1 mM EDTA, 1 mM
phenylmethanesulfonyl fluoride, and 10%glycerol]. The dialyzed
protein was loaded onto a 20 mL Blue Sepharose 6 Fast Flow
(GE Healthcare) column pre-equilibrated in BS buffer and
protein eluted with a salt gradient between 0 and 1.5 M NaCl.
Fractions containing EcoDam were flash-frozen and stored at
-80 �C. Concentrations were determined using an extinction
coefficient of 1.16 mL mg-1 cm-1 at 280 nm.
DNA Substrates. All DNA oligonucleotides were ordered

from Operon and resuspended in TE [10 mM Tris (pH 7.5) and
1 mM EDTA]. All constructs were annealed in a 1:1 molar ratio
by being heated at 95 �C for 10min and then slowly cooled (∼5 h)
to 22 �C. Proper product formation was verified by PAGE.
The preferred substrate (P) consisted of the annealed product of
oligonucleotides 50-CATTTACTTGATCCGGTATGC-30 and
50-GCATACCGGATCAAGTAAATG-30, while the nonpre-
ferred substrate (N-P) consisted of the annealed product of oligo-
nucleotides 50-CATTTAGACGATCTTTTATGC-30 and 50-GC-
ATAAAAGATCGTCTAAATG-30. Concentrations of allDNA
constructs were determined by measuring the A260. Calf thymus
DNA was ordered from Sigma-Aldrich. DNA labeled with a
50 terminal fluorescein for use in anisotropy experiments was
ordered HPLC purified from Midland and processed as de-
scribed above.
KD

DNA Determination. Anisotropy experiments were per-
formed on a Fluoromax-2 fluorimeter (ISA SPEX) equipped
with an L-format autopolarizer at 22 �C. The change in anisot-
ropy of 20 nM singly labeled (fluorescein) duplex DNA inMRB
[100 mM Tris (pH 8.0), 1 mM EDTA, 1 mMDTT, and 0.2 mg/
mLBSA] supplemented with 50 μMsinefungin wasmonitored as
an increasing amount of enzyme was added. Data for each
addition of enzyme were collected by monitoring the excitation
at 494 nm and emission at 518 nm. Slit widths of 8 nm were used
for all experiments. The resultant changes in anisotropy were
plotted against enzyme concentration, and the dissociation
constant was derived by fitting the data to themodified quadratic
equation:

f ¼ aþxþb- ½ðaþxþbÞ2 - 4xa�1=2
2

where b=KD, x=[enzyme][DNA], and a=[enzyme-DNA]. An
additional graphical analysis was completed by also fitting the
data to the Hill equation:

f ¼ axb

cbþxb

where b is equal to the Hill coefficient. All graphical analysis was
done with Sigma Plot 6.1 (SSPS, Inc.).
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Stoichiometric Titration. A gel mobility shift assay was
performed on the 21 bp fluorescein-labeled DNA used for
anisotropy experiments. Binding reactions took place in MRB
in the presence of a saturating level of sinefungin (50 μM). In this
case, theDNA (500 nM)was retained at a concentration in 5-fold
molar excess in relation to the calculated KD

DNA. EcoDam was
titrated below and above the concentration of DNA, and the
results were visualized via 15% nondenaturing PAGE. Gels
were scanned on a Storm 840 PhosphorImager (Amersham
Biosciences). Band density was determined using Image-Quant
version 1.2 (Molecular Dynamics Inc.) and further analyzed in
Microsoft Excel. The loss of density in the DNA band was
plotted versus enzyme concentration in Sigma Plot 6.1. Under
these conditions, a linear dependence on binding was observed
until stoichiometric saturationwas reached. The concentration of
enzyme at which this linear dependency stops is equal to the
concentration of enzyme (1000 nM) required to saturate the
substrate (500 nM). The molar ratio of the two concentrations at
this point is 2:1, indicating the ability of two EcoDam molecules
to bind to one DNA strand.
Steady State Assays. Incorporation of tritiated methyl

groups onto DNA was monitored by a filter binding assay as
previously described (47). EcoDam was diluted in protein dilu-
tion buffer [20 mM potassium phosphate (pH 7.5), 200 mM
NaCl, 0.2 mM EDTA, 0.2 mg/mL BSA, 2 mM DTT, and 10%
glycerol]. Reactions were conducted at 22 �C, and mixtures
contained 2 nM EcoDam in MRB, 0.2 mg/mL BSA, 25 μM
AdoMet, and 21 bp DNA (0-10000 nM) in a final volume of
20 μL. Mixtures were allowed to equilibrate at 22 �C prior to
initiation of the reaction with DNA. For calf thymus DNA
experiments, DNA was reported in concentrations of base
pairs and equilibrated to the concentrations of the 21 bp oligo.
Reactions were quenched with 10 μL of 1% SDS at a single time
point (30 min), and 25 μL was spotted onto 2.5 cm Whatman
DE81 circular filter papers. Additional steady state experiments
with increasing enzyme concentrations (10 and 50 nM) were
performed with decreased reaction times (7 and 0.5 min). Filter
papers were washed three times in 50mMKH2PO4, once in 80%
ethanol, once in 100%ethanol, and once in diethyl ether for 5min
each. Papers were dried and submerged in BioSafeII scintillation
fluid. Tritium levels were quantitated in a Beckman-Coulter
LS6500 scintillation counter. Counts were converted to methy-
lated product per unit time and plotted against the DNA
concentration. Values for KM

DNA and kcat were found by fitting
the data to a rectangular hyperbola in Sigma Plot 6.1.
Burst Analysis. Reactions were conducted in MRB with

50 nM enzyme, 500 nM DNA, and 30 μM tritiated AdoMet at
22 �C. Reactions were quenched by placing 10 μL aliquots of the
reaction mixture into an equal volume of 1% SDS at time points
of 0, 15, 30, 45, 60, 90, and 120 s. Fifteen microliters of the
resulting mixture was spotted on DE81 filter papers and washed
as described above. Tritium levels were quantitated, converted to
methylated product, and plotted versus time in Sigma Plot. The
kcat

app (not shown) was found by fitting the data to a linear curve
and dividing the slope of the line by the enzyme concentration.
This value was comparable to the actual kcat of WT and mutant
enzymes. The y-intercept of the linear fit to the data represents the
burst magnitude.
Single-Turnover Assays. The incorporation of methyl

groups under single-turnover conditions was monitored at 4 �C
with DNA limiting and EcoDam and AdoMet in excess. Reac-
tions took place in MRB with 0.2 mg/mL BSA, 400 nM DNA,

420 nM EcoDam, and 30 μM AdoMet in a total volume of
100 μL. All reactions were initiated with addition of DNA. At 0,
10, 20, 30, 45, 60, 120, and 180 s, 10 μL aliquots of the reaction
mixture were removed and quenched in 10 μL of 1% SDS.
Fifteen microliters of the resulting mixture was spotted on DE81
filter paper. Samples were washed, dried, and counted as
described above. Counts were converted to nanomolar methy-
lated product and plotted versus time. The kchem for each sub-
strate was found by fitting the data to a single exponential in
Sigma Plot 6.1. For salt dependency assays, the same protocol
was followed except theDNA concentration was 300 nM and the
enzyme concentration was 320 nMwhile the NaCl concentration
varied between 50 and 450mM inMRB. The resulting asymptote
as derived at a single time point (120 s) was plotted versus salt
concentration, and the results were fit to a four-parameter logistic
curve in Sigma Plot.
Initial Velocity Studies. The initial velocity ofWTEcoDam

was monitored at various enzyme concentrations at time points
that were within the early phase of product formation (<35%
conversion). Reaction mixtures contained various concentra-
tions of enzyme (0, 10, 20, 50, 75, 100, and 200 nM), saturating
AdoMet (30 μM), and saturating DNA (1 μM) in MRB
supplemented with 0.2 mg/mL BSA in a total reaction volume
of 70 μL. Reactions were initiated with addition ofDNA.For the
calf thymus initial velocity study, reaction mixtures contained
21 μMbpDNA so that it could be accurately compared with the
21 bp oligo. At specific time points that varied with enzyme
concentration, the reaction in 10 μL of the mixture was quenched
by submerging the mixture in 1% SDS. The resulting aliquots
were spotted onto DE81 filter paper and processed as described
above. Product formation versus time was plotted for each
enzyme concentration in Sigma Plot. The corresponding slope
for each curve is equal to the initial velocity at that enzyme
concentration. Initial velocities were then plotted versus enzyme
concentration, and the data were fit to a quadratic plot. To
validate the quadratic nature of EcoDam, an enzyme-squared
(E2) replot analysis of the data was performed. If the reaction
obeys second-order kinetics in relation to enzyme concentration,
the E2 replot should be linear.
Kinetic Modeling. Kinetic simulations to model EcoDam

steady state data were performed using Scientist (MicroMath
Scientific Software, Salt Lake City, UT) and Sigma Plot. Sim-
ultaneous global fitting analysis of steady state data with 2, 10,
and 50 nMEcoDamwere performed using the simplified reaction
scheme illustrated in Figure 8. Goodness-of-fit statistics were
used to evaluate the fit of the data to the reaction mechanism,
yielding an R2 value of 0.9815. Simulations derived from the
global fit were plotted with the data as shown in Figure 8.
Additionally, global fit analysis was performed with systematic
removal of each kinetic branch with the exception of the
Michaelis-Menten central branch.

RESULTS

Intrasite Processivity. EcoDam shows burst kinetics at 4 �C
with the catalytic step (kchem=2.88(0.36 min-1) preceding a
much slower rate-determining step (kcat= 0.20( 0.05 min-1),
most likely product release. Single-turnover measurements with
enzymes showing burst kinetics provide a direct measurement of
the chemical step or any slower preceding steps. Our single-
turnover reactions were conducted at 4 �C with limiting P DNA
(400 nM) and a very slight excess of enzyme (420 nM) with
saturating AdoMet (30 μM). We observed a total amount of
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methylated DNA, or a y-asymptote, double the input unmethy-
latedDNA concentration (Figure 1). The simplest explanation of
our double methylation result is that two EcoDammolecules are
able to bind the same unmethylated GATC site and modify both
strands of the duplex within the confines of a single-turnover
experiment as was previously observed with T4 Dam (29).
However, our reaction conditions, unlike those used for T4
Dam where enzyme was in a large excess over DNA (∼13:1),
keep EcoDam in very slight excess overDNA (∼1:1), making this
scenario impossible. Therefore, our results suggest that two
methyl transfer events occur per enzyme-substrate complex
(intrasite processivity) since the rate constant for the methyl
transfer (2.88(0.35 min-1) is significantly faster than that for
product dissociation (kcat=0.20(0.05 min-1) and the reaction
time (3 min) is not sufficient for the enzyme to go through a kcat
step. Further, the resulting exponential curve derived from the
single-turnover data fits to a single-exponential curve as opposed
to a double exponential (observed with T4 Dam) that would
result from two concerted steps. To verify our result, we tested the
sameDNA substrate (P) that was hemimethylated on the bottom
strand or the top strand (Figure 1). Consistent with our results
with unmethylated DNA, the total amount of methylated
product generated in this case was exactly equal to the concen-
tration of DNA that was used in the experiments. One would
expect the total amount of methylated product to be approxi-
mately one-half the concentration of input DNA because of
nonproductive binding events (47); however, this is not what we

observed. Additionally, intrasite processive catalysis was further
confirmed with a 21 bp duplex differing in nonspecific sequence
but containing an unmethylated GATC site (data not shown).

We challenged EcoDam intrasite processivity further with a
direct comparison with the well-characterized restriction mod-
ification methyltransferase M.HhaI. For EcoDam, we again
observed intrasite processivity, or a total amount of methylated
product approximately double the input DNA concentration
signifying two methyl transfer events on unmethylated DNA
(Figure 2). For the M.HhaI comparison, we employed unmethy-
lated cognate DNA previously demonstrated to show single
methylation events under single-turnover conditions (48). The
single-turnover reaction for M.HhaI was conducted under con-
ditions similar to those of the EcoDam reaction with enzyme
(220 nM) in slight excess over DNA (200 nM) with saturating
AdoMet (5 μM) in MRB (see Experimental Procedures). The
overall concentrations of M.HhaI, cognate DNA, and AdoMet
were decreased due to the relatively tight KD

DNA and KM
SAM

values for M.HhaI, and the length of time of the assay was
adjusted on the basis of the published kcat for M.HhaI at
4 �C (48). Interestingly, the resulting total amount of methylated
product for M.HhaI under single-turnover conditions was ap-
proximately equal to the input DNA concentration as previously
reported for M.EcoRI, another type II DNA methyltransfer-
ase (47) (Figure 2). This side-by-side comparison allowed us to
rule out the possibility of quenching factor errors entailed in the
mathematical workup of the scintillation counts in addition to
ruling out human error in the experiment itself.

Further support for intrasite processivity was sought using a
burst magnitude approach. In a normal pre-steady state burst

FIGURE 1: Single-turnover analysis of unmethylated and hemi-
methylated DNA reveals intrasite processivity by EcoDam. (A)
Sequences for the DNA substrates. The preferred (P) substrate is
the annealed product of the top and bottom strands shown. The
asterisk indicates the position of the methylated adenine when
hemimethylated substrates are used on either the top (HT) or bottom
strand (HB). (B) Single-turnover assay with the preferred substrate
when unmethylated (b), top-strand-hemimethylated (O), and bot-
tom-strand-hemimethylated (1). The DNA for each assay was limit-
ing (400 nM), and EcoDamandAdoMet were in excess (420 nMand
30 μM, respectively). The asymptote for the single-exponential fit for
the unmethylated preferred substrate is approximately equal to 2
times the actual DNA concentration in solution, indicating that both
adenines in the palindromic GATC are methylated under these
conditions. Conversely, the hemimethylated substrates asymptote
at a concentration similar to the original DNA concentration added
to the solution, meaning that only one adenine is methylated in a
single-turnover event.

FIGURE 2: Single-turnover total product comparison reveals intrasite
processivity by EcoDam and single methylation by M.HhaI on
unmethylated cognate DNA. (A) Single-turnover reactions were
conducted in MRB with excess enzyme and AdoMet. EcoDam
reaction mixtures (b) contained 400 nMDNA and 420 nM enzyme,
whereasM.HhaI reaction mixtures (O) contained 200 nMDNA and
220 nM enzyme due to variations in theKD

DNA for each enzyme. (B)
Comparison of the input DNA to the asymptote generated by the
single-turnover assay for M.HhaI reveals one methylation event per
turnover or anasymptote equal to the inputDNAconcentration.The
asymptote for the EcoDam reaction is approximately double the
inputDNAconcentration, suggesting that unmethylatedGATCsites
are methylated on both adenines within the limit of kcat.
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analysis, one would expect the burst magnitude, or extrapolated
y-asymptote of the initial velocity curve, to be equal to or slightly
less than the concentration of enzyme present in the reaction
mixture (47). However, in a pre-steady state burst analysis with
EcoDam on unmethylated P, we observe a burst magnitude
double the input enzyme concentration (Figure 3A). These results
suggest that two methyltransfers are occurring prior to the rate-
determining step of product release or kcat. This corroborates our
single-turnover results and suggests that this phenomenon is not
conditionally dependent on having an enzyme:DNA ratio of ∼1
as the DNA concentration (500 nM) in pre-steady state analyses
is in 10-fold molar excess in relation to the enzyme concentration
(50 nM). Further confirmationwas achievedwhen the same burst
assay with hemimethylated DNA revealed a burst magnitude
that was slightly lower than the input enzyme concentration as
one would expect when the enzyme is saturated with substrate
(Figure 3A). Burst reactions were conducted at 4 �C to verify the
kcat

app under these conditions which ensured proper timing for
single-turnover assays, and to minimize temperature variability
between the single-turnover and pre-steady state reactions.

Our previous results suggested that conserved phosphate
interactions from the enzyme to the DNA backbone flanking
the GATC site may be contributing to the processive nature of
the enzyme (43). The crystal structure of EcoDam confirmed the
position and interaction of the conserved residues with the DNA
surrounding the cognate GATC site (49). Because of the proces-
sive nature of EcoDam and the conserved enzyme-DNA inter-
face, we hypothesized that intrasite processivity could also be a
result of the highly evolved ability of EcoDam to remain
associated with the DNA, which might be expected to have a
salt dependency distinct from that of the dissociation constant
KD

DNA. In other words, if EcoDam stays associated with the
DNA following the first methyl transfer, then this association
might have a distinct salt dependency when compared to that of
the hemimethylated substrate. To test this, we determined the
amount of methylated product under single-turnover conditions
with increasing salt concentrations for both P and hemimethy-
lated P DNA substrates. As seen in Figure 3B, the total amount
of methylated product deriving from the unmethylated DNA

sharply decreases with salt concentrations increasing from 50 to
150 mM NaCl in relation to the change that occurs with
hemimethylated DNA in the same range. This suggests that
intrasite processivity is dependent upon electrostatic interactions
between EcoDam and the DNAphosphate backbone whichmay
maintain the continued association of the enzyme with the DNA
so that the second methylation occurs.
Dimerization.We used fluorescence anisotropy to determine

theKD
DNA for EcoDam in the presence of a saturating amount of

the AdoMet analogue sinefungin. Reaction mixtures contained
10 nM DNA where one strand was labeled with a 50-fluorescein.
We observed a sigmoidal dependency on increasing enzyme
concentration instead of the hyperbolic or near-hyperbolic asso-
ciation curve one would expect for a normal monomeric bound
protein-DNA complex when titrating increasing amounts of
EcoDam (Figure 4). Sigmoidal behavior associated with a Hill
equation is typically observed with cooperative binding
events and has been observed with other dimeric methyltrans-
ferases (34, 50). We fit our data to both a modified quadratic
equation and a Hill equation and found that the R2 comparison
between the two did, in fact, favor a Hill equation (Figure 4B).
Further, the data yielded a Hill coefficient equal to 2.38(0.17,
suggesting positive cooperative binding between two EcoDam
molecules. This result was confirmed with an additional 21 bp
oligo duplex containing aGATC site to ensure this result was not
an artifact of the P DNA sequence or composition used here
(data not shown).

To test if dimerization can occur via two EcoDam molecules
binding to the same DNA substrate, we performed a binding
stoichiometry titration (Figure 5). In this reaction, DNA is at a
concentration greater than theKD

DNA and increasing amounts of
EcoDam are added in the presence of a saturating level of
sinefungin. Under these conditions, the amount of enzyme-
bound DNA increases linearly until saturation is reached. The
enzyme concentration at which the binding no longer increases
divided by the concentration of substrate is equal to the ratio of
enzyme bound per DNA molecule. In the case of EcoDam,
linearity abruptly stops at∼1000 nM enzyme with 500 nMDNA
present in solution (Figure 5). This corresponds to two EcoDam

FIGURE 3: Burst analysis and salt dependence ondoublemethylation suggest both strands aremethylated prior to product release. (A) Pre-steady
state burst analysis on unmethylated and hemimethylated preferred substrates at 4 �C. Reactions were performed with 50 nMEcoDam, 500 nM
DNA, and saturating Sam inMRB.Reactionswere quenchedwith equal volumes of 1%SDS at various time points and the results analyzedwith
Sigma Plot. Results were fit to a linear curve and the kcat

app and burst magnitude derived from the slope and y-intercept of the best fit curve. (B)
Single-turnover analysis of unmethylatedP (b) and hemimethylatedPHB (O) with increasing concentrations of salt. Reactionswere conducted in
MRBwith 300 nMDNA and 320 nMEcoDamwith saturating AdoMet. Bymeasuring the extent of DNAmethylation, these results reveal that
doublemethylation events are highly dependent on the salt concentration of the solution. This indicates that continued associationwith theDNA
is essential for double methylation to occur. Because of the effect of salt on KD

DNA, P H-B was also tested to ensure that decreases in the
concentration of total methylated DNA were not due to the enzyme’s inability to bind DNA.
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molecules bound per DNA molecule or a 2:1 binding stoichio-
metry. We confirmed a 2:1 binding stoichiometry on a different
21 bpoligo containing an unmethylatedGATC site to ensure that
this result was not an artifact of the DNA sequence or composi-
tion (data not shown). The PAGE gel shown in Figure 5 reveals

two different shifted bands: the first being what we perceive to be
monomeric EcoDam binding to DNA and the second super-
shifted band corresponding to two EcoDammolecules per DNA
molecule.

To determine if the substrate-dependent dimerization of
EcoDam suggested by the anisotropy and stoichiometry experi-
ments is functionally relevant, we conducted initial velocity
studies using saturating amounts of P and hemimethylated P
with variousEcoDamconcentrations. Bymonitoring the amount
of methylated product versus time for each enzyme concen-
tration, we were able to determine the initial velocity of each
reaction (Figure 6A). As illustrated in Figure 6B, there is a
quadratic relationship between initial velocity and enzyme con-
centration indicative of a higher-order protein-DNA complex
that is more active than the lower-order form. This was the case
for both unmethylated P and hemimethylated P. A replot of the
squared concentration of the initial velocity data resulted in a
linear curve, further validating the second-order dependency on
enzyme concentration (Figure 6C). The classic interpretation of a
quadratic relationship between enzyme and initial velocity is that
monomeric enzyme exists at low concentrations of enzyme and is
not as active as the dimeric form of the enzyme that dominates
at the higher concentrations. This type of behavior has been
observed with other methyltransferases that have been demon-
strated to be dimeric, most notably with M.KpnI (34).

The most biologically relevant substrate for EcoDam is
polymeric DNA containing multiple GATC sites. The processive
nature of the enzyme ensures that EcoDam remains associated
with the DNA in order to find multiple GATC sites to methylate
prior to coming off of the substrate DNA (22). The ability
of EcoDam to processively methylate multiple GATC sites is
thought to increase the enzyme’s efficient methylation of such
substrates, thereby making possible the methylation of the
∼20000 GATC sites in the E. coli genome (5, 22). To test if the
activity of the dimeric form of the enzyme could be observed on
more biologically relevant DNA where EcoDam can behave
processively, we used the initial velocity assay described above
with calf thymus DNA (Figure 6D). The molarity, as defined in
base pairs, is the same for calf thymus and the P substrate, which
was saturating. The quadratic relationship between enzyme
concentration and initial velocity observed on P is absent with
calf thymus DNA (Figure 6D). The linear curve that fits to the
calf thymus initial velocity plot is exactly what would be expected
for a functional monomeric enzyme, meaning that the reaction is
first-order in relation to enzyme concentration. This result is
consistent with previous work that identified a monomeric
EcoDam that hemimethylates plasmid and viral DNA (22, 51).
These data suggest that dimerization is substrate-dependent and
more likely to occur on small single-site substrates as opposed to
long, multisite substrates.
Substrate Activation. EcoDam steady state reactions were

conducted with a large range of DNA concentrations (7.5-1000
nM). Although the enzyme appeared to obey standard Michae-
lis-Menten kinetics at the low concentrations of DNA typically
used in these types of experiments with KM

DNA and kcat values
similar to those previously published (42, 47), higher DNA
concentrations resulted in an activated form of the enzyme
(Figure 7A). To ensure the legitimacy of the assay, a control
reaction with M.HhaI and its cognate DNA resulted in kcat and
KM

DNA values similar to those published (48) and revealed
substrate inhibition when exposed to high concentrations of
DNA (Figure 7A). Additionally, steady state reactions were

FIGURE 4: Fluorescence anisotropy on preferred and nonpreferred
substrates reveals cooperative binding. (A) Fluorescence anisotropy
was used to determine the binding affinity of EcoDam for the
unmethylated preferred substrate. Reactions were performed with
20 nM fluorescein-labeled DNA and saturating sinefungin, while
EcoDam was titrated into the solution at room temperature. Resul-
tant changes in anisotropywere observed and plotted against enzyme
concentration in Sigma Plot. Data were fit to the modified quadratic
equation (;) and theHill equation (---). (B)Comparisonof theR2

valuesbetween themodifiedquadratic equationand theHill equation
for P reveals a better fit for the Hill equation. The Hill coefficient is
∼2, indicating that the cooperativity could be coming from two
EcoDam molecules binding to the same GATC site. An additional
anisotropy experiment performed on an independent 21 bp substrate
also gave similar results (data not shown).

FIGURE 5: Two EcoDam molecules can bind to a single GATC-
containing substrate. Binding stoichiometry reaction with P
(500 nM), saturating sinefungin (50 μM), and increasing concentra-
tions of EcoDam. The linear dependency on enzyme binding stops
abruptly at an EcoDam concentration of 1000 nM, indicating that
the binding stoichiometry of enzyme to substrate is 2:1. This result
was verified with an additional 21 bp oligo nucleotide containing a
GATC to confirm this result (data not shown).
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conducted with calf thymusDNAwith equimolar concentrations
of base pairs as the 21 bp substrate (Figure 7B). This reaction
yielded standard Michaelis-Menten kinetics with kinetic values
similar to those observed on the activated form of the enzyme
when exposed to high concentrations of small, synthetic sub-
strate. Thus, the activation observed with high concentrations of

21 bp substrate is achieved even at low concentrations of calf
thymus DNA.

Our initial velocity data suggest that there are two forms of
active enzyme, presumably a monomeric form that dominates at
low concentrations of enzyme and a dimeric form that dominates
at high concentrations of enzyme (Figure 6). Therefore, as the

FIGURE 6: Initial velocity kinetics suggest EcoDam dimerization on P but not with calf thymus DNA. (A) Initial velocity studies with saturating
DNA (1 μM) and Sam (30 μM)with increasing amounts of enzyme. Each reactionwas fit to a linear curve in relation to product creation vs time.
(B) The slope of the initial velocity curve or rate of product formation in relation to enzyme concentration reveals a quadratic relationship
indicating a second-order dependency on enzyme concentration. This is true for both unmethylated (;) and hemimethylated (---) DNA. (C)
The quadratic replot of initial velocity studies shows linearitywhen the squared concentration of enzyme is plotted vs initial velocity. This confirms
the second-order dependency on enzyme concentration for both unmethylated (;) and hemimethylated (---) DNA. (D) Initial velocity studies
with unmethylated P and calf thymus DNA. Linear behavior is observed with calf thymus DNA, indicating the methyl transfer reaction is not
second-order in relation to enzyme concentration as is seen with P.

FIGURE 7: EcoDam shows activation by P substrate that is absent with calf thymus DNA. (A) Steady state reaction with EcoDam (4) and M.
HhaI (b) on their respective cognateDNAoligos.Two saturation events occurwithEcoDam; the first yields aKM

DNAandakcat that are similar to
what has been previously published (10.6( 3.5 nM and 0.14( 0.01 min-1, respectively). EcoDam reveals activation at high substrate
concentrations, whereas M.HhaI shows substrate inhibition typically seen with DNA-modifying enzymes at such high concentrations of
DNA. (B) Steady stateV vsS plot of P substrate (O) and equalmolar base pair concentrations of calf thymusDNA (b). Early data points reveal a
primary saturation eventwith theP substrate that is not observedwith the calf thymus substrate.Also, substrate activation is clearly apparentwith
P, whereas data of calf thymus DNA obey standard Michaelis-Menten kinetics and fit to a rectangular hyperbola.
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concentration of enzyme increases, the dimeric form of the
enzymewill also be predominant.We sought to determine kinetic
parameters for both forms of the enzyme using steady state
reaction conditions at multiple enzyme levels (2, 10, and 50 nM)
whereby at 2 nM enzyme the monomeric form of the enzyme
would be prevalent as opposed to 50 nM enzyme where the
enzyme would be largely dimeric (Figure 8B-D). One would
expect that the corresponding kcat and KM

DNA values derived
from such assays would be representative of the population
distribution of the forms of the enzyme at the concentrations

probed. For example, at 2 nM enzyme the kinetic values would
largely represent the monomer whereas at 50 nM enzyme the
values would correspond to the dimer. At 10 nM enzyme a split
population would be observed. Interestingly, at 10 nM enzyme
two saturation events or two Vmax asymptotes are apparent
(Figure 8B). However, because of the complexity of the system
(substrate activation and dimerization), we employed kinetic
modeling to ensure that we were interpreting the data correctly.
KineticModeling. The kinetic model shown in Figure 8 is for

an enzyme that can both dimerize in the presence of substrate and

FIGURE 8: Kinetic modeling is consistent with dimerization and substrate activation of EcoDam. (A) The kinetic scheme used for the
simultaneous global fitting analyses with the data shown in panels B-D is shown. Colors differentiate between various kinetic pathways
(branches) where the full model (black), substrate activation branch (red), enzyme dimerization branch (blue), and standardMichaelis-Menten
pathway (green) are shown. (B)Multiple global fitting analyses of steady state datawith 2 nMenzyme.Reactionswereperformedbyobserving the
amount of methylated product in the linear range of the reaction at a predetermined time point at various DNA concentrations. The data (b) fit
excellently to the full model encompassing all kinetic pathways (black), whereas the relative fit and error increased when only the substrate
activation model (red), dimerization (blue), or Michaelis-Menten pathway (green) was used to fit the data. Note that all models include the
Michaelis-Mentenbranch. (C)Multiple global fitting analyses of the steady state datawith 10 nMenzyme. (D)Multiple global fitting analyses of
the steady state data with 50 nM enzyme. (E) Parameter and fitting results of the full, dimerization, substrate activation, andMichaelis-Menten
models. Units are nanomolar and inverse minutes for all values.
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bind two substrate molecules as indicated by our results with
small, synthetic DNA. Mathematical expressions corresponding
to the three branched model are differentials in time which are
integrated numerically. The initial proposed kinetic model con-
tained 12 adjustable parameters containing on and off rates for all
equilibrium events in addition to separate kinetic steps for the
chemistry and product release steps for all branches.Wewere able
to simplify this model to the scheme shown in Figure 8 due to the
high correlation between some of the kinetic steps. The final
model contained nine remaining adjustable parameters. Of these
parameters, we fixedKD equal to 100 nMas indicated by our own
results described herein (Figure 4) as well as those previously
published in the literature (52). Initial global fits between the data
and model resulted in koff3 approaching zero regardless of the
initial values of each initial parameter; therefore, we fixed this
value to zero. This modification did not affect the model selection
criterion (see below), nor did it significantly impact the sum of the
squared deviations as was anticipated. The remaining adjustable
parameters were optimized by a simultaneous fit to all of the data
shown in Figure 8; values of the parameters are given in Figure 8E.
Similar results were obtained using different initial estimates.

The corresponding simulations derived from the optimized
parameters are an excellent fit to the data for each enzyme
concentration probed (Figure 8, black). To challenge this model
to ensure that three branches are needed to satisfy the results
obtained, we systematically removed each branch so that only
substrate activation (kcat2 pathway, Figure 8, red) or dimerization
(kcat3 pathway, Figure 8, blue) in conjunction with the standard
Michaelis-Menten pathway exists. Constraints on the parameter
values were kept constant in comparison with the three-branch
pathway (KD=100 nM; koff3=0); however, parameters involved
in the removed pathway were set to zero. Additionally, fitting
analysis was performed using only the central, Michaelis-Menten
pathway (kcat1, Figure 8, green). The simulations resulting from
the removal of each pathway and the parameter values derived
from each fit are shown for all enzyme concentrations in Figure 8.

As one can see in Figure 8E, the R2 value for the fit of the full
model is higher than that of any of the individual branches or
combinations thereof. However, a better analysis of fit comes
from theModel Selection Criterion (MSC) values of each model.
The MSC is similar to the Akaike Information Criterion (AIC)
commonly used in global fitting analyses. Both values represent
the statistical goodness of fit and the number of parameters
(degrees of freedom) that were required to obtain the fit. When
comparing twomodelswith different numbers of parameters, this
criterion not only places a burden on the model with more
parameters to have a better coefficient of determination but also
quantifies howmuch better it must be for themodel to be deemed
more appropriate. The AIC is dependent on themagnitude of the
data points as well as the number of observations, whereas the
MSC will give the same rankings between models but has been
normalized so that it is independent of the scaling of the data
points. Therefore, the most appropriate model will be that with
the largest MSC value (as opposed to the lowest AIC value).
Figure 8E clearly shows that the largest MSC value corresponds
to the three-branch model and drops off significantly when any
branch is removed from the proposed kinetic scheme.

DISCUSSION

Processive catalysis occurs when an enzyme carries out mul-
tiple cycles of catalysis on the initially bound substrate rather
than dissociating after the initial catalytic turnover (distributive

catalysis) (53). Well-studied processive enzymes include the DNA
and RNA polymerases that catalyze thousands of catalytic turn-
overs prior to substrate dissociation (53, 54). Many DNA-modi-
fying enzymes act processively. EcoDam, for example, differs
frommost restriction-modificationmethyltransferases due to the
highly processive nature by which it methylates multiple GATC
sites prior to dissociating from DNA (intersite processivity) (22).
We recently demonstrated via site-directed mutagenesis that
EcoDam processivity is modulated by conserved nonspecific
phosphate interactions outside of the target GATC (46). These
results suggest that EcoDam has evolved a unique mechanism to
remain associated with DNA so that processive catalysis occurs.
In this study, we further suggest that the highly evolved ability of
EcoDam to remain associated with the DNA results in unique
single-turnover and pre-steady state kinetics only partially mir-
rored by its orthologT4Dam.We found that, when limited to one
turnover, EcoDam has the ability to methylate both strands of an
unmethylated GATC site (Figure 1). This intrasite processive
catalysis occurs prior to product release and is not observed with
the nonprocessive restriction-modification methyltransferase
M.HhaI (Figure 2).

It was previously suggested that EcoDam transfers one methyl
group per DNA binding event (21). However, a weak coupling
between the primary and secondary methyl transfer event was
apparent when kinetic data were compared to computer simula-
tions. The weak coupling was explained by assuming that
EcoDamhad a preference for hemimethylatedGATC sites which
was later shownnot tobe the case (52). ForEcoDam tomethylate
both strands of an unmethylated GATC site prior to dissociation
from the substrate, the enzyme must first orient itself produc-
tively onto theDNAfor the initialmethylation event, catalyze the
methyl transfer, exchange AdoHcy for AdoMet, reorient itself
productively onto the new hemimethylated site, and catalyze the
second methyl transfer. Although this is seemingly improbable,
other enzymes have been demonstrated to carry out intrasite
processive catalysis. For example, AdoMet-dependent SET
domain protein lysine methyltransferases carry out a similar if
less ambitious rearrangement by reorienting a lysine in their
active site two times to allow three methylation events prior to
release of the modified histone (55). Further, T4 Dam has been
shown to rapidly reorient itself on cognate GATC sites to
increase methylation efficiency on small, synthetic substrates
(29, 31). Thus, there is suggestive literature precedence for kinetic
behavior similar to EcoDam intrasite processivity.

The biological relevance of intrasite processive methylation of
an unmethylated GATC site has particular importance when
considering the epigenetically controlled pap regulon that pro-
duces the pilus proteins necessary for uropathogenic E. coli
cellular adhesion (38). pap expression is dependent upon the
methylation state of two GATC sites found within the regulon
located proximal (GATCprox) and distal (GATCdist) to the
gene (56, 57). The transition of the fully methylated GATCdist

and unmethylated GATCprox (phase off) to a fully methylated
GATCprox and unmethylated GATCdist (phase on) is readily
explained by intrasite processivity, without invoking two rounds
of DNA replication prior to phase switching. However, it is
unclear if intrasite processivity occurs on multisite substrates
since the evidence presented here relies on the use of single-site
substrates. The underlying mechanisms and regulation by multi-
site substrates are under investigation.

Many methyltransferases dimerize in solution, and some form
functional dimers (28, 32-36, 58). For example, the orphan
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methyltransferase CcrM dimerizes in solution at high concentra-
tions but is only active as a monomer (32). M.KpnI was also
shown to dimerize in solution; however,M.KpnI ismore active in
its dimeric state (34). Although both CcrM and KpnI belong to
the β-class of N-6 methyltransferases, dimerization that results
in an active or inactive enzyme has been observed in multiple
classes of exocyclic amino methyltransferases in addition to the
C-5 family containing M.HhaI (28). Importantly, dimerization
has been observed in the R-class of methyltransferases which
contains EcoDam, most notably with closely related ortholog T4
Dam (31).

Although EcoDam was shown to be monomeric in solu-
tion (21) and a functional monomer on polymeric DNA (22),
we suggest that under certain conditions, EcoDam can behave as
a substrate-dependent functional dimer. Similarly, T4 Dam was
originally classified as a functional monomer but was later shown
by gel filtration chromatography and chemical cross-linking to
dimerize in the presence of small synthetic duplex DNA (31, 59).
These results are similar to the cooperative binding we observed
with anisotropy (Figure 4) and a 2:1 EcoDam:DNA binding
stoichiometry (Figure 5). The T4 dimer was found to be kine-
tically active under conditions where the level of enzyme was
greater than the level of substrate (single-turnover conditions),
catalyzing twomethyltransfers per availableGATC site on small,
synthetic DNA (29, 59). Again, this is not unlike our initial
velocity results that suggest that at high EcoDam concentrations,
a more active dimeric form of the enzyme is apparent (Figure 6).
However, the reaction conditions used in the T4 Dam study
contained a large excess of enzyme in relation to DNA (∼13:1),
leading the authors to conclude that two T4Dammolecules were
bound to a single DNA substrate, each catalyzing a unique
methylation event (59). This hypothesis is consistent with the
crystal structure of T4 Dam in which the enzyme crystallizes in a
2:1 enzyme:DNA ratio and two T4 Dammolecules are shown to
bind to the sameGATC site semispecifically via interactions with
the DNA phosphate backbone (60). However, the single-turn-
over reaction conditions used in the T4Dam studywhere the level
of enzyme is much greater than the level of substrate leave open
the possibility that the double-methylation event observed could
have been due to intrasite processive catalysis, in which a
monomeric enzyme executes two methylation cycles per binding

event prior to becoming fully dissociated. Similar to T4 Dam,
EcoDam also crystallized in a 2:1 enzyme:DNA ratio; however,
two EcoDam molecules bound per GATC site was not ob-
served (49). Although the 2:1 ratio was required for crystal-
lization, each EcoDam molecule bound a unique GATC site
located within the DNA substrate used or bridging DNA mole-
cules that created an additional GATC site. Our single-turnover
reaction conditions where the level of EcoDam is essentially
equal to that of the DNA concentration (∼1:1) make the “two-
enzyme” scenario described for T4 Dam impossible (Figures 1
and 2). Further, when higher concentrations of EcoDam were
introduced into the single-turnover reaction (∼3:1), intrasite
processivity was still observed (data not shown). Thus, the evi-
dence for intrasite processive catalysis, involving two rounds of
methylation on opposite DNA strands, is compelling as is a
kinetically separate substrate-dependent dimerization event for
EcoDam.

The ternary crystal structures available for T4 Dam offer
insight into the nonspecific and specific interactions of enzymes in
the R-class of methyltransferases (Figure 9) (60, 61). Analysis of
these structures provides plausible reaction intermediates for the
conformational transitions between the enzyme methylating one
strand and then translocating tomethylate the other. As shown in
Figure 9, the nonspecific complex of T4 Dam bound to DNA
shows the β-hairpin positioned perpendicular to theDNA, which
is reoriented to a position parallel to the DNA in the specific
complex. The nonspecific complex offers a rare glimpse at what a
nonspecific enzyme-DNA complex may look like while the
enzyme is translocating for inter- or intrasite processivity.
Further reorientation of the enzyme and positioning onto the
DNA strandwould result in another specific complex resulting in
catalysis at that position. Additionally, the nonspecific T4 Dam
structure in which two molecules are bound to the same GATC
site could also offer evidence of the ability of two EcoDammole-
cules to be associated with the same GATC site as is observed in
our binding and initial velocity assays (Figures 4-6).

We observe that EcoDam functions differently with large
multisite DNA substrates (e.g., calf thymus) and short, synthetic
duplexes (Figures 6D and 7B). Short duplexes are commonly
used to study sequence-specific DNA-modifying enzymes be-
cause they offer many experimental advantages, including the
ability to synthetically manipulate the cognate site, obtain exact
concentrations of substrate, and use high concentrations of sub-
strate to facilitate many reaction conditions. Our study suggests
that the relevance of results obtained with one set of substrates
(small duplexes) should be verified with the other (genomic
DNA). However, we suggest that the in vivo situation may be
a compromise between these very distinct substrate “environ-
ments”. Although EcoDam is faced with highly polymeric DNA
in which multiple GATC sites must be methylated, a particularly
relevant consideration is that the majority of the bacterial
genome is not readily accessible to EcoDam because of the high
concentrations of numerous nonspecific DNA binding pro-
teins (38, 62, 63). Thus, the actual in vivo circumstance may lie
between the short single-site substrate and the highly accessible,
large and multisite substrates. It is not surprising then that
EcoDam may have evolved a unique mechanism (intrasite pro-
cessivity) for dealing with the situation in which it can no longer
traverse linearly along DNA (intersite processivity). Certainly,
our results suggest that EcoDam has the inherent ability to
respond to the nature of the DNA to which it is bound (long or
short) by becoming activated by substrate or enzyme-enzyme

FIGURE 9: Transition from nonspecific to specific contacts from T4
Dam crystal structures. The nonspecific ternary structure of T4Dam
(Protein Data Bank entry 1YFL, left) shows the β-hairpin, and the
loop regions surrounding it (red) are shown in a position perpendi-
cular to the DNA helix (light blue). The β-hairpin contains residues
involved in base-specific interactions within the target recognition
domain. The ternary structure of T4 Dam bound to its cognate site
(Protein Data Bank entry 1Q0T, right) shows the β-hairpin in a
position parallel to the DNA helix to allow for base-specific contacts
and intercalation necessary for the recognition of the GATC site.
SelectR-helices (yellow, green, and pink) are highlighted for observa-
tionof theproteinmovementupon the transitionbetweennonspecific
and specific DNA contacts.
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interactions. Regardless, our results suggest that studies with
small, synthetic duplexes should be complemented by studies
with more biologically relevant DNA to gain a better under-
standing of how an enzyme works in two-dimensional and three-
dimensional space.
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