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ABSTRACT. S‘Adenosylt-methionine- (AdoMet-) dependent methyltransferases are widespread, play critical
roles in diverse biological pathways, and are antibiotic and cancer drug targets. Presently missing from
our understanding of any AdoMet-dependent methyl-transfer reaction is a high-resolution structure of a
precatalytic enzyme/AdoMet/DNA complex. The catalytic mechanism of DNA cytosine methylation was
studied by structurally and functionally characterizing several active site mutants of the bacterial enzyme
M.Hhal. The 2.64 A resolution protein/DNA/AdoMet structure of the inactive C81A M.Hhal mutant
suggests that active site water,-d 3 tilt of the target base toward the active site nucleophile, and the
presence or absence of the cofactor methylsulfonium are coupled via a hydrogen-bonding network involving
Tyrl67. The active site in the mutant complex is assembled to optimally align the pyrimidine for
nucleophilic attack and subsequent methyl transfer, consistent with previous molecular dynamics ab initio
and quantum mechanics/molecular mechanics calculations. The mutant/DNA/AdoHcy structure (2.88 A
resolution) provides a direct comparison to the postcatalytic complex. A third C81A ternary structure
(2.22 A resolution) reveals hydrolysis of AdoMet to adenosine in the active site, further validating the
coupling between the methionine portion of AdoMet and ultimately validating the structural observation
of a prechemistry/postchemistry water network. Disruption of this hydrogen-bonding network by a Tyr167
to Phel67 mutation does not alter the kinetics of nucleophilic attack or methyl transfer. However, the
Y167F mutant shows detectable change.in caused by the perturbed kinetics of AdoHcy release.
These results provide a basis for including an extensive hydrogen-bonding network in controlling the
rate-limiting product release steps during cytosine methylation.

DNA methyltransferases catalyze the epigenetic modifica- catalytic mechanism, in particular the extrahelical reposition-
tion of cytosine (C-5 and N-4) and adenine (N-6) methylation ing of the target base into the active site of the enzyme
(1, 2), which play important roles in many cellular events adjacent to the bound product, AdoHc¥).(The resultant
including DNA replication, defense against phage invasion, proximal positioning of the AdoHcy, and by implication,
mismatch repair, and gene regulation. The human homo-AdoMet methylsulfonium, to the C-5 of the cytosine target
logues DNMT1, DNMT2, DNMT3a, and DNMT3b modify  base provides an ideal trajectory and distance for the methyl-
DNA at cytosine C-5 exclusively and are essential for gene transfer reaction to occur) (Scheme 1). Our understanding
regulation, genetic imprinting, and host defense mechanismsof the chemical mechanism of DNA cytosine methylation
(3). Because of their involvement in bacterial virulence and and AdoMet-dependent methylation in general includes the
tumorigenesis, the bacterial and human enzymes are targetextensive structural and kinetic studies of M.Hhal (Scheme
of antibiotic and cancer therapeutic drug development efforts, 1) (7—21).

respectiyely 4-6). The extrahelical repositioning of the target base and

The first ternary crystal structure of a&-adenosyk- rearrangement of a flexible protein loop form part of an
methionine- (AdoMet)dependent meth_yltransferase was of inquced fit mechanism (panel A vs panel C of Figure 1).
the M.Hhal/DNAS-adenosyl:-homocysteine (AdoHcy) Com-  the 50 relocation correctly positions active site residues

plex (7). This structure provided new insights into the g,cp a5 Cys81 which forms the covalent intermediate.
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Scheme 1: Proposed Catalytic Mechanism of DNA Methylation by M.MHhal
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aE = enzyme, DNA= DNA substrate, DNA*= extrahelical target base, DNA-GH= methylated DNA, AdoMet= S-adenosyk-methionine,
and AdoHcy= S-adenosylk-homocysteine. Numbers below intermediates have the following correspondence to representative structures available
in the PDB: 1, IHMY and 2HMY; 2, 6MHT; 3, 1MHT; 4, 3MHT, 4MHT, 5MHT, 7MHT, 8MHT, 9MHT, and 10MH. [Scheme 1 adapted from
Sharma et al.36).] Steps A, B, and C represent transitions that may be influenced by an active site water.

Ficure 1: Ternary crystal structures of M.Hhal. (A) M.Hhal in complex with AdoMet and fluorinated DNA which forms a covalent
linkage between the cofactor and DNA base. All DNA bases except for the fluorinated cytosine are omitted for clarity. The catalytic
flexible loop (green; residues 8®9) is in the “closed” position. PDB code 6MHT. (B) Stereoview of the ternary covalent complex active
site. (C) M.Hhal bound to AdoMet and nonspecific DNA. The catalytic flexible loop (green; residued930s in the “open” position
causing Cys81 to be positioned outside of the enzyme active site. PDB code 2HMY. No density for DNA is observed, most likely due to
an inconsistent repeat of the DNA throughout the crystal lattice (X. Cheng, personal communication).

sulfonium of AdoMet is then attacked by the C-5 position cally important 7, 12, 16). Also, simulations have suggested
of the target base, leading to methyl transfer grglimina- that the target base tilts up to Cys81 to form a near attack
tion, which regenerates the enzyme (Schemd Q)X(9, 23). conformer, and this change is coupled to the movement of
A recent quantum mechanical/molecular mechanics analysisseveral active site water moleculeks). These and other
of the M.Hhal mechanism suggests that the methyl-transfer simulations are based on extensive cocrystal structures of
reaction is actually concerted and the deprotonation stepM.Hhal bound to various DNA molecules, all of which
leading to nucleophile activation arises from hydroxide in involve the producS-adenosyk-homocysteine (AdoHcy).
the active site rather than an active site resid2#. ( To date, 21 structures of mutant and WT M.Hhal bound to
Molecular dynamics simulations of M.Hhal have impli- various cofactors and substrates have been publishd®,(
cated several active site water molecules as being catalyti-22, 25—33). A key unresolved intermediate, as shown in
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Scheme 1, is of the enzyme bound to unmethylated DNA FMbox DNA was used, which is the same as AMbox but
and AdoMet (prechemistry). To date, the majority of the contains a fluorinated cytosine on the top strand at the
structures involve the cofactor analogue AdoHcy, which is position of the target cytosine, which traps the enzyme
the product of AdoMet after the methyl-transfer step has DNA covalent intermediate. FMbox DNA single-turnover
occurred (postchemistry). Thus, structural inspection of the assays were performed with AdoMet (5:81) and enzyme
prechemistry active site of M.Hhal may provide insights into (750 nM) in protein dilution buffer incubated at 3.
the mechanism of methyl transfer. Here we report three new Reactions were initiated by FMbox DNA addition (300 nM).
crystal structures of the M.Hhal mutant in which the active Time points taken at 10, 20, 40, 60, 90, 120, and 150 min
site Cys81 was converted to an alanine, which provide were spotted on DE-81 filters. Filter papers were washed
mechanistic insights not previously available. with phosphate buffer; then tritium incorporation was
measured using a Beckman Coulter LS6500 liquid scintil-
MATERIALS AND METHODS lation counter.

Mutant Design.Cys81 was mutated to an alanine to  Cofactor Binding A Perkin-Elmer LS50B luminescence
remove the catalytic thiol group and to reduce steric SPectrometer was used for fluorescence measurements as
hindrance. Also, C81A was created on the basis of prior d€scribed previouslyl(). Excitation and emission slit widths
observations that C81G retained tight DNA affinity yet had Were 5.0 mm. A xenon lamp was used at an excitation
no detectable catalytic activit@®). Tyr167 was chosen for wavelength of 280 nm. Emission spectra were recorded from
mutation based on the observed hydrogen bond from the320 to 400 nm from a 1 crfength quartz cuvette at 2%
hydroxyl group of Tyrl67 to the mobile water present in containing enzyme (M), 100 mM Tris, pH 8.0, 10 mM
the newly solved C81A crystal structures. EDTA, and 10 mM dithiothreitol. Spectra were recorded as

DNA Affinity. Two dsDNA substrates, Abox and AMbox, the Sadenosyl--methionine (AdoMet) concentration was
varied from 0 to 176:M. The Ky for AdoMet was measured
by the loss of fluorescence intensity from the tryptophan in
the AdoMet binding pocketl(7). The observed tryptophan
fluorescence after AdoMet addition was subtracted from the
initial intensity, Fo,. F, — F versus AdoMet concentration
was plotted using the program SigmaPlot, with the curve fit
to a rectangular hyperbola.

Steady-State Kinetic AnalysiBhe constankKy”%Metwas
measured by a titration ofrjethyt*H]AdoMet from 50 nM
were used for the DNA affinity studies as previously reported to 3.2 uM, with 5 uM Abox DNA and 200 pM enzyme.
(8). Electrophoretic gel mobility shift assays were performed The reaction was carried out in methylation reaction buffer
with 10 pM ¥P-labeled DNA and increasing enzyme for 15 min. The rate of methyl transfer was calculated by
concentrations. Radiolabeled DNA and enzyme were mixed spotting the reaction solution on DE81 filter paper and

AbOX: 5'-GGGAATTCATGGCGCAGTGGGTGGATCCAG-3'

3'-CCCTTAAGTACCGCGTCACCCACCTAGGTC-5'

AMDbOX: 5'-GGGAATTCATGGCGCAGTGGETGGATCCAG- 3

3'-CCCTTAAGTACCGC"GTCACCCACCTAGGTC-5'

in methylation reaction buffer (100 mM Tris-HCI, pH 8.0,
10 mM EDTA, 10 mM DTT, 0.2 mg/mL bovine serum
albumin) with 10uM S-adenosyk-homocysteine (AdoHcy).

counting the tritium incorporation with a liquid scintillation
counter. Values foKy”%Metwere obtained by fitting the data
to a rectangular hyperbola using the program SigmaPlot.

Densitometry of shifted bands was analyzed on a Storm 840 Crystallization Complementary oligodeoxynucleotides
phosphorimager measured with the program Imagequant.were purchased from Midlands DNA (Midlands, TX). The
Data were fit to a rectangular hyperbola using the program DNA substrate 5TGATAGCGCTATC-3 was synthesized

SigmaPlot.
Burst Analysis (k). Time course assays were performed

for cocrystallization trials by standard methods and purified
on a Rainin Pure DNA HPLC column developed in a

at 37°C under saturating substrate concentrations. Reactionggradient of TEAA/acetonitrile. The DNA was collected

were carried out in methylation reaction buffer in the
presence of 2.@M [ methyl*H]AdoMet/unlabeled AdoMet
mix. The reactions were initiated by the addition of either
DNA or enzyme to preincubated mixtures, to give a final
DNA concentration of %«M and enzyme concentration of
20 nM. Values fork.,: were obtained by dividing the slope

manually, lyophilized, and stored as dry pellets-&0 °C
until ready for use, when it was brought to a concentration
of 10 mg/mL in 50 mM Tris (pH= 7.5)/1 mM EDTA. The
protein at a final concentration of 7 mg/mL was mixed with
DNA and S-adenosyl--homocysteine (AdoHcy) or AdoMet.
Cocrystals were grown by hanging drop vapor diffusion at

of the time course assay by the concentration of the enzyme.17 °C; 1.5uL of enzyme C81A M.Hhal (24@:M), DNA
Active site titration was used to calculate the concentration (480 uM), and AdoHcy or AdoMet (96(Q«M) was mixed

of WT and Y167F M.Hhal; for validation, this concentration
was then compared to an absorbance reading at 280 nm.
Single-Turneer Analysis (khem and Knactivation). Time
course assays were performed &Gl The reactions were
initiated by adding enzyme to the mixture of methylation
reaction buffer, DNA substrate, anch¢thyt*H]AdoMet (5.5
uM). Final DNA concentration was 500 nM, and final
enzyme concentration wagéM. The reaction was quenched
at 35 min with sodium dodecyl sulfate and spotted on DE81
filter paper. Values folk.,em Were obtained by fitting the
data to a single exponential equation. K@kcivation Studies

with 1.5 uL of crystallization solution (100 mM sodium
citrate buffer, pH 5.5 or 6.0, 4555% 3.5 M ammonium
sulfate) and placed over a well containing the crystallization
solution. Cocrystals with dimensions of 1t x 150 um
x 300 um formed within 16-48 h. Prior to X-ray data
collection the cocrystals were transferred into a cryopro-
tectant solution (100 mM sodium citrate buffer, pH 5.5 or
6.0, 30% glycerol) and flash frozen in liquid nitrogen.
Data Collection and Structure DeterminatiorC81A
M.Hhal-AdoHcy-DNA cocrystal X-ray data were collected
in-house using a rotating copper anode (Nonius) with an
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Table 1: Kinetic and Thermodynamic Constants for WT and Mutant M.Hhal Enzymes

enzyme Keat (571) KpPNA (I"IM) KDAdONIer (UM) KMAdOMe‘ (nM) Kinactivation (minil) Kehem (571)a
WT 0.085+ 0.0089 0.19Gt 0.050 12+ 2.1 550+ 59 0.019+ 0.0045 0.018t 0.0024
C81A <1x 107 0.160+ 0.050 2.9£0.30 né nd nd

Y167F 0.016+ 0.0032 0.11G+ 0.034 2.9+ 0.17 1404+ 28 0.022+ 0.0013 0.018t 0.0019

akenemWas measured at 4C. P nd = not determined.

image plate detector (Mar Research) at 100 K. Integration, Table 2: Crystallographic Parameters for C81A M.Hhal AdoMet,
scaling, and merging of data were carried out with MOS- AdoMet¥@°¥z¢d and AdoHcy Ternary Structures

FLM. The known structure of WT M.Hhal in complex with C81A- C81A- C81A-
the DNA and cofactor AdoHcy (PDB file 3MHT) was used AdoHcy ~ AdoMet  AdoMethdroyzed
as the initial model with the Cys81 side chain replaced with Data Collection
an alanine side chain. The mutant was isomorphous with resolution limit (A) 2.88 2.64 2.25
the WT enzyme allowing direct phasing by Fourier synthesis. ‘r’]"qi‘ées'gggnt%ﬁs) 1-15;2)19 " 1ff01783 1-5;‘:999
Str_uc_ture (jetermlnatlon consisted of severall rounds of model unique reflections 14120 21947 29064
building with the computer program Qi) iterated with space group R32 R32 R32
individual B-factor and simulated annealing refinement using unit cell dimension
CNS @7) (Table 3). The X-ray diffraction amplitudes for a=b(A) 98.43 98.57 98.48
the C81A M.Hhal-AdoMet-DNA cocrystals were collected c(A) 323.61 32291 322.49

; . . redundancy 3.5(3.6) 3.2(2.9) 11 (10.9)
using a Rigaku Raxis IV area detector (MAR) mounted  completeness (%) 99.9(99.9) 99.3(100)  97.8 (96.4)
on a Rigaku RU-300B rotating anode generator at Amgen /(1)@ 6.3 (2.0) 6.6 (2.1) 6.1 (5.7)
Inc., Thousand Oaks, CA. The exposure time was 10 min Rmerge(%)*” 9.0(354) 7.9(34.8)  4.7(33.5)
every T rotation at 50 kV, 100 mA with a wavelength of Refinement
1.541 A at 100 K. Ternary structure reflection indexes, Reco(%0F 22.42 22.48 25.23
integration, scaling, and merging of data were carried out meseé/f"r)om std geometry 28.17 27.88 28.85
with HKL2000 software. bond length (A) 0.0074 0.0071 0.0068

Restacking KineticsStopped-flow data were collected with bond angles (deg) 1.52 1.35 1.35
an Applied Photophysics SX.18MV stopped-flow reaction ~ overallB-factor 37.17 33.62 35.47

no. of waters 54 83 94

analyzer outfitted with a single channel emission photomul-

tiplier tube. An excitation wavelength of 310 nm and a cutoff | *Values in parentheses are for the highest resolution data shell.

filter of 320 nm were used for data collection. The rate of _Rmewe= 2|1 = IIV3 I wherel is the observed intensity Reactor =
helical b i db L h S |Fo — Fel/3Fo. 9 Ryee is as forReror but calculated using a 10% test

e?(tra e |ga ase restacking was mef'"sure : Y monitoring theget of reflections excluded from the refinement.

dissociation of the preformed 2-aminopurine- (2AP-) con-

taining DNA—enzyme complex. 2AP fluorescence is roughly incjuded both AdoMet and either modified or nonspecific
14-fold greater when extrahelica? 44, 48), and the loss  pNA. The modified DNA substrate contained &tHio-2-
of fluorescence was attributed to the restacking of the targetgeoxycytidine in place of the target bagely(and yielded a
base. A final concentration of 1QO nM.ZAP DNA, 100 nM partially methylated DNA target base (Figure 1A,B). The
enzyme, and XM AdoMet was mixed with GM unlabeled  structure containing nonspecific DNA®) has no electron
cognate competito_r DNA. 'I_'he qu_orescence data were fit to density for the DNA (Figure 1C). Importantly, these two
a double exponential equation using the program Sigma Plot.stryctures do not provide critical information about the active
The 2AP base substitutes for the target cytosine in the sjte poised for catalysis. Similarly, the ternary structures of
hemimethylated duplex substrate. Prior characterization of gther AdoMet-dependent enzymes have relied exclusively
M.Hhal base flipping using 2AP also reports observing two on the use of AdoHcy or substrate analogues.
distinct phases attributed to two steps in the base flipping  stryctural Analysis of C81A M.Hhal-DNA-AdoMet, C81A
process 44, 45). M.Hhal-DNA-AdoMebdozed and C81A M.Hhal-DNA-
AdoHcy.The C81A M.Hhal-DNA-AdoMet ternary crystal
RESULTS AND DISCUSSION structure (C81A-AdoMet) was solved in order to examine
Functional Characterization of the At Site Nucleophile.  the prechemistry positioning of active site residues, target
The Cys81 to Ala81 mutant was designed to cause the leasbase, cofactor, and water molecules. The C81A-AdoMet-
perturbing change in the enzyme structure while removing DNA crystal diffracted to 2.64 A (Table 2). The M.Hhal-
the active site nucleophile, thus allowing the study of the AdoHcy-DNA cocrystal structure (S3MHT) with the Cys81
enzyme bound to both substrates. C81A M.Hhal lacks mutated to Ala was used as the initial phasing model. All
detectable catalytic activityet has greater than WT affinity  relevant values for each data set are reported in Table 2. A
for DNA and cofactor AdoMet (Table 1), similar to other second ternary crystal structure of the C81A M.Hhal mutant
previously characterized Cys81 mutar28)( This provides containing DNA and AdoHcy was solved so that the C81A
a basis for obtaining the C81A M.Hhal cocrystal structure M.Hhal structures could be compared with previous WT
with the biologically relevant cofactorS-adenosyl- M.Hhal structures solved with AdoHcy. The C81A-AdoHcy-
methionine (AdoMet). Two previous M.Hhal structures have DNA crystal diffracted to 2.88 A (Table 2). A third C81A
ternary structure was solved with AdoMet, in which data

2 Catalytic activity decreased 16-fold compared to WT M.Hhal  collection was done approximately 1 month after the crystal
and thus is not measurabl8) was formed (AdoMeétdoyze9. Our intent was to observe
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Arg16

Tyr167
Cys/Ala 81

Glu119

FiGUurRe 2: Stereoview of active site residues from superimposed structures of C81A M.Hhal-DNA-AdoHcy (green), C81A M.Hhal-DNA-
AdoMet (blue), and WT-DNA-AdoHcy (orange). Superimposed DNA molecules are colored orange. Superimposed cofactors are colored
gray. The root-mean-square deviation (rmsd) between the backbone atoms for all three enzs@r@diDifferences between target base
positioning may also be observed in the difference maps of Figure 3.

complete or partial methyl transfer from AdoMet to the DNA between these two structures reveals a large, previously
within the crystal. The C81A-AdoM&tiozedDNA crystal unidentified density in the C81A-AdoMet-DNA structure that
diffracted to 2.25 A (Table 2). The root-mean-square does not correspond to any amino acid (Figure 3A, blue
deviation (rmsd) for each structure compared to a recently density contoured at5.00 between Glu119 and Tyrl167).
solved high-resolution WT structure (PDB ID 2HRD2} There were no metals present in the crystallization conditions,
is less than 0.30 A, which is within the coordinate error; and this new density is within an ideal hydrogen-bonding
thus the global structures are identical to the WT enzyme distance to the hydroxyl of Tyrl67. We suggest that this new
(Figure 1C). Both large and small domains of the three C81A electron density is a water molecule, since it has the correct
M.Hhal structures are brought within van der Waals contact dimensionality. In addition, the difference map between
of the DNA substrate forming specific interactions with the C81A-AdoMet-DNA and WT-AdoHcy-DNA also reveals the
phosphate backbone and bases. In contrast, the M.Hhalkame density for a single water in this newly identified
ternary structure containing nonspecific DNA (Figure 1C) position (Figure 3A, green density contoured ab.00
shows the small domairn2 A extended away from the DNA  between Glu119 and Tyr167). Because of the high contouring
backbone. All three C81A M.Hhal structures contain the level in both differencd=, — F. maps and the lovB-factor
flexible catalytic loop (residues 8@9) in the closed  values (Table 3), we are confident that this water at this new
conformation (Figure 1C) as observed with the previously position is real.
reported covalent complex structuré4) (Figure 1A,B). In the F, — F, map between C81A-AdoMet-DNA and
Because the catalytic loop in all three C81A M.Hhal WT-AdoHcy-DNA, the negatively contoured density reveals
structures is in the closed conformation, we suggest that these¢he expected density for the sulfur group of Cys81 in the
structures represent either intermediates poised for methylWT structure (Figure 3, red density above C5 position of
transfer (AdoMet ternary complex) or an intermediate target cytosine). Both difference maps clearly show density
following the chemistry step (AdoHcy ternary complex) surrounding the methyl group of the AdoMet which is
(Figures 2, 3, and 4). Additionally, since the AdoMet in the missing in both WT-DNA-AdoHcy and C81A-DNA-
C81A M.Hhal structure is in the primed orientation as AdoHcy structures (Figure 3A). The tilt of the target base
previously described by O'Gara et al3Q) and methyl of 13.6° toward Ala81 (determined by measuring the
transfer has not yet occurred (Figure 3), this intermediate difference between the C-5 atoms of the target cytosine with
represents the prechemistry intermediate. the N-3 of the cytosine as the center atom for the angle
Cofactor and Actie Site Water Positioning Are Coupled. measurement) is observed with the negative density of both
All three C81A crystal structures [along with a previously difference maps (Figure 3B, blue and green density below
reported 1.9 A WT-DNA-AdoHcy structure (PDB ID 2HR1) target cytosine). The observed change in the target base tilt
(22)] were found to be isomorphous with one another, thus is the first structurally resolved evidence that indeed the base
allowing for anF, — F, analysis (calculates differences tilts toward the nucleophilic cysteine prior to the chemistry
between Fourier synthesized electron density maps of twoevent.
different crystallographic data sets) which can reveal subtle The prechemistry active site of M.Hhal reveals insights
difference between each structure. The high-resolution (1.9into the chemical mechanism for methyl transfer. The tilt of
A) WT M.Hhal structure (PDB ID 2HR1)32) was used in  the target base may result from two possibilities: (1) The
theF, — F, analysis instead of the original lower resolution methyl-transfer mechanism relies on the subtle repositioning
WT structure 7), used for the initial phasing, so that more of the cytosine to enhance nucleophilic attack. (2) Removal
confidence could be placed in the conclusions made aboutof the thiol in the C81A mutation causes the target base to
small differences of the active site. The only significant compensate by rotating in the direction of the missing thiol.
structural differences revealed by the — F, analysis The active sites in the three ternary structures retain the
between the C81A/AdoMetC81A/AdoHcy structures are  flipped out target base appropriately positioned for nucleo-
localized to the active site (Figure 3). The difference map philic attack by the thiol. The difference in the tilt of the
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A
Alag1 Alas1 o, Y1167
D
Glui1g Arg16
AdoMet
< <
B

Ficure 3: Electron density oF, — F, maps: C81A-DNA-AdoMet minus WT-DNA-AdoHcy, C81A-DNA-AdoMet minus C81A-DNA-
AdoHcy, and WT-DNA-AdoHcy minus C81A-DNA-AdoHcy. (A) Positive density (blue and green meshes contouré&dOaj showing

where the methyl group on the cofactor appears with C81A-DNA-AdoMet minus WT-DNA-AdoHcy and C81A-DNA-AdoMet minus
C81A-DNA-AdoHcy. Density from thé-, — F, difference map appears at the C81A mutation for WT-DNA-AdoHcy minus C81A-DNA-
AdoHcy. The target base from a high-resolution WT structure is superimposed with the target base in the mutant structure. (B) Negative
density (red mesh contoured -@6.00) showing the base moves away from the methyl group for C81A-DNA-AdoMet minus WT-DNA-
AdoHcy and C81A-DNA-AdoMet minus C81A-DNA-AdoHcy.

Glui19

Glu119

& 2
Ficure 4: Electron density maps showing cofactor hydrolysis and water movement. Blue electron density (contagr=atF,6- F. of
a calculated Fourier transform without coordinates for the cofactor. Red electron density (contour) at EQ — F, of C81A-DNA-
AdoMetdrolvzedcrystal reflections minus C81A-DNA-AdoMet crystal reflections. A backbone foitheenosylk-methionine was added
back in after calculation of thE, — F..

base between the C81A-DNA-AdoMet and C81A-DNA- of the C81A mutation. We suggest that the® 1t of the
AdoHcy structures (Figure 3B) suggests that the changetarget base most likely facilitates the approach to the
arises from the cofactor methyl group and is not an artifact transition state of the enzym®NA covalent adduct.
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Table 3: Active Site WateB-Factor Compariscn

H,O position C81A-AdoHcy C81A-AdoMet C81A-AdoMutrolyzed WT-AdoHcy
average of all observable,8 (A2 29.0+8.12 29.4+7.74 39.2+ 5.85 33.2+ 6.82
networked to Tyr167 gﬁ) 27.9 (-1.10) 11.8 ¢17.6) 49.9 ¢10.7) 25.24 ¢8.00%
networked to GIn82 ( n.o. 24.9 (4.50) 36.32.90) 24.5 8.70)

a Parentheses difference from average wat&-factor. Total number of water molecules: WT-AdoHey164, C81A-AdoHcy= 54, C81A-
AdoMet = 83, and C81A-AdoMétdovzed= 94, n.o.= not observed. Standard deviation for average of aD lis reported as-.  Single water
selected around Tyrl67 in the WT structure.

Further, these structures support a mechanism in which thepositioning of the active site water. C81A-AdoNpgoyzed
active site functions to limit the movement of the nucleophile, DNA crystals were stored for 1 month at 1Z in an attempt
target base, and methyl donor (AdoMet), while retaining the to observe catalysis and movement of the water. Diffraction
proper trajectory for nucleophilic attack of the C-6 carbon data were collected, and the coordinates for the AdoMet
of the target base by the thidl§, 34, 35). Interestingly, the molecule were excluded from the calculategd— F. map
importance of the target base repositioning toward Cys81 to to reveal the electron density for the entire cofactor (Figure
facilitate methyl transfer was previously suggested, based4, blue density). Also, the calculatéd — F. map reveals

on molecular dynamics simulatiot®). Further, the change that the water near Tyrl67 is in the prechemistry position
in base tilt of~13° that we observe is within the assigned as observed with the prior C81A-DNA-AdoMet structure
trajectory for a near attack conformer (NAC), defined as a (Figure 3A). Interestingly, &, — F, analysis between C81A-
conformation of the enzyme and substrate that very closely DNA-AdoMet minus C81A-DNA-AdoMevdroyzedresults in
resembles the transition state of a bond-breaking or -makinga loss of electron density corresponding to the methionine
step B5). portion of the AdoMet cofactor (Figure 4, blue density).

The active sites of several AdoMet-dependent enzymes Thus, the only chemical modification occurring from the
have been proposed to involve a compressive transition stateextended incubation of the crystals is the hydrolysis of the
during methyl transferl(, 36—38). Importantly, the experi- ~ cofactor, consistent with the cofactor's susceptibility to
mental evidence, largely based on kinetic isotope studies, ishydrolysis @0). The concomitant loss of the active site water
not in complete agreement with molecular dynamics predic- in the prechemistry position, as observed by loss of electron
tions 39). Our observation that the target base is tilted toward density in theF, — F, analysis (Figure 4, blue density),
the nucleophile in the prechemistry structure suggests thatsuggests that the presence of the methionine portion of the
some type of compression may be occurring with M.Hhal. cofactor is necessary for the prechemistry positioning of the
The NAC, as predicted by molecular dynamics (rotation of active site water.
the target base about the ©N1 bond between the sugar To provide a more quantitative analysis of the pre- and
and target base reducing the distance between the sulfhydrypostchemistry water positioning, tiBefactors for all waters
group of Cys83 to the target base C6), supports the catalyticwere examined in each crystal structure. Table 3 reports the
enhancement arising from substrate preorganization as op-B-factors for the water hydrogen bonded to Tyr167 and, as
posed to stabilization of the transition state. The NAC a control, a different water in the active site hydrogen bonded
concept does not preclude transition state stabilization as arto GIn82 [previously implicated to be important in catalysis
enhancement factor. Simply stated, a substrate preorganizaby computer simulationglg)]. Individual B-factors for these
tion hypothesis predicts that entropically driven preorgani- two waters are within one standard deviation of the average
zation of the substrate increases the probability of sampling B-factor of all waters in the entire crystal structure (difference
the transition state3(7). Our thermodynamic measurements from average value in parentheses), except for the Tyr167
of mutant and WT M.HhaKpP"* andKpA%Met reveal that  hydrogen-bonded water in the C81A-DNA-AdoMet and
the affinities of the C81A M.Hhal prechemistry complex for C81A-DNA- AdoMetvdolvzedstryctures. Th8-factor for this
the substrates are tighter than the corresponding WT M.Hhal Tyr167 hydrogen-bonded water is significantly lower than
affinities (Table 1). This indirectly suggests that intermediates the averagd-factor (difference is 2.3-fold greater than the
2—4 (Scheme 1) are not extensively populated during the standard deviation) (Table 3). Furthermore, hydrolysis of the
normal methylation cycle. cofactor (C81A-DNA-AdoMebdovzeq results in theB-factor

The repositioning of an active site water was previously for this water increasing 1.8-fold above the standard deviation
implicated to be important for the reaction catalyzed by (Table 3). Hydrolysis of the AdoMet in the crystal lattice
M.Hhal (16). The water in the newly identified position that leads to the water hydrogen bonded to Tyr167 becoming less
we observe in the prechemistry active site appears to be theédentifiable, hence the higheB-factor (Table 3). Since
starting position of a water observed to move toward the B-factors are a measure of thermal motiofl)( these
target base during the same molecular dynamics simulationdifferences indicate that the hydrogen-bonded water is
that also predicts the tilt of the target bad&)( Our work coupled to the presence of the methionine portion of AdoMet,
therefore supports the prior predictions that the tilt of the specifically the methyl group, as observed with the difference
target base and water positioning in the active site of the maps of the C81A-DNA-AdoMétdrohzed structure (Figure
enzyme are indeed part of the M.Hhal catalytic mechanism. 4).

The observed loss of density for the water, which is  Disruption of the Water Bonding Network by Mutating
hydrogen bonded to Tyrl67 in the WT M.Hhal-DNA- Tyrl67 to Phel670n the basis of our observation that
AdoHcy and C81A M.Hhal-DNA-AdoHcy structures, sug- placement of the water hydrogen bonded to Tyrl67 is
gests that the cofactor methyl group is coupled with the coupled to the occupancy of AdoMet in the cofactor binding
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Ficure 5: Y167F has altered forward and reverse base stacking kinetics as monitored by 2AP fluorescence: (A) WT and (B) Y167F.
Restacking rates were determined by mixing the preformed M.Hhal-2AP DNA-AdoHcy complex with the 50-fold nonfluorescent competitor
cognate DNA. Restacking rates were best fit to a double exponential equation (solid line through the data points), with two given rates and
amplitudes reported for each enzyme. Single and double exponential fits are shown below the corresponding data set=W\ITTraté, 1
amplitude 1= 23%, rate 2= 0.26 s1, amplitude 2= 77%. Y167F rate = 0.38 s%, amplitude 1= 12%, rate 2= 0.85 s'!, amplitude

2 = 88%. Due to the length of data collection for Y167F restacking data appear quantized.

pocket, and prior work suggesting that AdoMet/AdoHcy target cytosine which impedgselimination and serves as
binding and release are the rate-determining step in thea more sensitive probe for methyl transfed).(Y167F
catalytic mechanism4@), we sought to explore the role of M.Hhal has an-4-fold tighter affinity for AdoMet than WT

the water hydrogen bonded to Tyr167 in the M.Hhal catalytic and an~2-fold tighter affinity for DNA (Table 1). Y167F
mechanism. The positioning of the water has two potential M.Hhal and C81A M.Hhal show similar thermodynamic
roles in the methyl-transfer mechanism: (1) In one scenario, constants suggesting that when the hydrogen bond between
as previously postulate@,(16), the water could contribute  the active site water and Tyr167 is not present, the enzyme
to the protonation step envisioned in a concerted reactionis stabilized in a prechemistry complex. Thus, the hydrogen-
mechanism (Scheme 1, step B). (2) Alternatively, the water bonding network involving the active site water and Tyr167
may stabilize a conformational intermediate prior to or facilitates the transition between prechemistry and postchem-
simultaneous with product release (Scheme 1, step C). Takingistry. However, since removal of the Tyrl67 hydroxyl has
into account prior knowledge of the mechanism for cytosine no effect on the methyl-transfer rate constant, the reposition-
methyl transfer §), in particular M.Hhal-catalyzed methyl ing of the water molecule must be slowing another step in
transfer R4), it is unlikely that our newly observed crystal- the reaction mechanism. If a perturbation of the chemistry
lographic water plays a role in nucleophilic attack (Scheme step was the cause for the 4-fold slovkey, then the burst

1, step A). We sought to identify which step(s) in the reaction magnitude would be severely diminished. However, the
mechanism rely on this water by mutating Tyrl67 to Phel67. retention of a complete burst by Y167F M.Hhal (data not
This substitution should disrupt the water bonding network shown) suggests that the product release step(s) is (are) most
by removing a hydrogen-bonding partner between the proteinlikely altered by this mutation (Scheme 1, step C).

and the water. Our results indirectly show the importance If the increase in affinity for DNA in the ternary complex

of this water since both the catalytic rate and various is a result of slower release rates, then this should be revealed
thermodynamic constants are altered in the Y167F mutant. by slower restacking kinetics of the target base. Indeed, prior
Y167F M.Hhal is~4-fold slower ink.s: than WT M.Hhal, structural and functional analysis of M.Hhal has coupled the
yet Kenem @and Kinacivation (Table 1) are unchanged. Single- extrahelical positioning of the target base with increased
turnover experiments measurikgnem were performed at 4  stability of the ternary complex8( 29, 30, 43). The use of

°C in order to slow the reaction, hence the reported rate for 2-aminopurine (2AP) fluorescence at the position of the target
chemistry being slower thak,; which was measured at 37 base allows for the monitoring of flipping and restacking
°C (Table 1). Measurements Rfacivaion@re single-turnover  kinetics induced by methyltransferases. Although chemistry
experiments with a fluorine atom at the 5 position on the cannot be performed on 2AP by M.Hhal, 2AP is crystallo-
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graphically observed to be flipped into the active site of the CONCLUSION
enzyme 26). Using 2AP as a probe for base flipping, we

examined differences in base flipping kinetics between WT A full mechanistic description of enzyme catalysis requires
and Y167F M.Hhal (Figure 5). A biphasic signal for 2AP an understanding of the relevant intermediates leading to rate

. . : - enhancements. Thus, an important goal is to characterize such
flipping was previously assigned to flipping, followed by intermediates and their interconversion. Presently missing
from our understanding of AdoMet-dependent methyl-
transfer mechanisms are structural views of precatalytic
intermediates in which the substrate and AdoMet are
positioned for catalysis. In particular, the positioning of the
unmethylated substrate (DNA) and AdoMet immediately
prior to catalysis in the DNA cytosine methyl-transfer
reaction has not been described. Prior M.Hhal/DNA struc-
tures relied exclusively on the use of AdoHcy; here we
described the cocrystal structures of several complexes,
which provide insights into these intermediates, and show
the importance of active site waters in the catalytic mech-

nism.

Previous studies on M.Hhal reaction intermediates focused
on the active site and implicated a water network in the
catalytic process of methyl transfetg). These molecular
dynamic simulations describe a precatalytic active site which
has the target base in the active site pocket of M.Hhal tilted
toward the active site nucleophile Cys&F). Our structural
analysis of C81A M.Hhal-DNA-AdoMet, which was de-
signed to reveal atomistic detail of the prechemistry active
site, supports this conformational orientation of the target
base. Furthermore, this prechemistry intermediate supports
the idea that AdoMet-dependent methyl transfer is enhanced
by a compression of active site reactants toward each other.

The structural and functional analysis presented here
provides support for the use of molecular dynamics simula-
tion to investigate structural conformations as the enzyme
transitions from one reaction intermediate to another. Our
work also provides new insights into the role of active site
waters and cofactor placement in the ternary complex. Our
investigation has revealed that indeed the rate-determining
step in the catalytic mechanism is product release and that
the correct positioning of the active site water assists in
release of the cofactor AdoHcy.

an isomerization event for the target ba4é, 45). Stopped-
flow observed decreases in fluorescence with the WT ternary
complex were best fit to a double exponential, as were the
forward kinetics, which were previously reported; similar
results were obtained with the Y167F M.Hhal ternary
complex. The double exponential fit for the Y167F restacking
kinetics reveals that both phases ar8-fold slower than
the WT restacking kinetics (Figure 5), consistent with the
subtle increase in DNA affinity observed with Y167F
M.Hhal. Since the target base in the restacking experiments
is a purine instead of a pyrimidine, no chemical modification
of the target base is occurring. This also suggests, as doe
the increase in affinity of Y167F M.Hhal for both DNA and
cofactor (Table 1), that the altered step in the reaction
mechanism of Y167F M.Hhal does not involve attack or
p-elimination since neither step is sampled in any of the
affinity determinations (Scheme 1, steps A and B). Curiously,
the rates for restacking of both WT and Y167F are consider-
ably faster thark.,, but it should be noted that M.Hhal
affinity for mismatched base pairs is much greater than for
the proper cytosine-guanine base pdi8)( Thus we have
restricted our comparison of restacking kinetics between WT
and Y167F M.Hhal, but further extrapolation of the restack-
ing kinetics compared tdk: may be misleading. The
combined decrease ik, Kp®Me, and KpPNA, slower
restacking kinetics, and lack of any change in the methyl-
transfer kinetics (Table 1) suggest that the decreadg,in

of Y167F M.Hhal occurs from a slower product release step
(Scheme 1, step C). Previous studies have implicated
AdoHcy release as the rate-determining s#£).(Moreover,
previously characterized V306A M.Hhak.7 A from
newly identified water) also has an increased affinity for
AdoMet (36), further validating the coupling between
cofactor occupancy and the local molecular structure.
Coupled to the proper positioning of the cofactor is closure
of the catalytic loop (Figure 1)7( 12). An alternative
hypothesis for the importance of the water positioning is that
it assists in loop closure. Thus the product release step in
Scheme 1 could be dictated by catalytic loop opening. Since
both cofactor positioning and loop closure are coupled,
whether the water is important for loop closure or cofactor
release is somewhat semantic.

The observed water repositioning corresponding with the
occupancy of AdoMet (prechemistry) vs AdoHcy (postchem-
istry) (Figure 3), in combination with the increase in the
product release step observed with the Tyrl67 to Phel67
change (Table 1), connects the active site water positioning
with cofactor release. Water positioning has previously been
implicated to be a contributing factor in the active site
dynamics for M.Hhal during catalysi4€). Indeed, the water
that was implicated by the previous molecular dynamic
simulations is important for catalysis, but our work suggests
this is due in part to its ability to assist in product release.
Disruption of the enzyme hydrogen bonding to the water
network hinders the rate of catalysis by stabilizing the ground
state energetics of the enzymBNA—AdoMet complex.
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