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ABSTRACT. Sequence specificity studies of the wild-type bacterial DNA cytosihen€thyltransferase

Hhal were carried out with cognate' GCGC3) and noncognate DNA substrates containing single base
pair changes at the first and the fourth position (underlined). Specificity for noncognate site methylation
at the level ofk.a/KpPN* is decreased 906@B0000-fold relative to the cognate site, manifested through
changes in methylation, or a prior step, and chang&sM~. Analysis of a new high-resolution enzyme

DNA cocrystal structure provides a partial mechanistic understanding of this discrimination. To probe
the significance of conformational transitions occurring prior to catalysis in determining specificity, we
analyzed the double mutant (H127A/T132A). These amino acid substitutions disrupt the interface between
the flexible loop (residues 889), which interacts with the DNA minor groove, and the active site. The
mutant’s methylation of the cognate site is essentially unchanged, yet its methylation of noncognate sites
is decreased up to 460-fold relative to the wild-type enzyme. We suggest that a significant contribution
to M.Hhal’s specificity involves the stabilization of reaction intermediates prior to methyl transfer, mediated
by DNA minor groove-protein flexible loop interactions.

DNA-modifying enzymes recognize their target sequence midines, modification of specific sites within DNAL, 14).
in multiple ways, including direct readout of DNA bases and  The two-domain organization of AdoMet-dependent me-
indirect readout of sequence-dependent conformational fea-thyltransferases is revealed by the superimposed binary and
tures (). Our understanding of the relative energetic ternary structures of the DNA cytosiné @ethyltransferase
contributions of these and other interactions toward specific- M.Hhal (Figure 1A) (3). The larger domain is highly
ity is incomplete in spite of extensive efforts to reengineer conserved among DNA Tnethyltransferases and contains
such enzymes2(-4) or develop semisynthetic approaches the active site and the binding pocket for AdoM&8), The
toward the same endS<7). Evidence that direct and indirect  |ess conserved small domain is believed to be involved in
interactions alter both the stability and interconversion of target recognition, although contributions to substrate dis-
reaction intermediates prior to the Michaelis compl8x (  crimination involving the large domain have also been
11) suggests a plausible mechanism relating such interactionssuggested1, 16).
directly to enzyme specificity. DNA methyltransferases  gyrther comparison between the binary and ternary coc-
provide an excellent opportunity to investigate the molecular rysta| structures of M.Hhal reveals that, upon binding cognate
basis of enzyme specificity: these enzymes are key playerspna, the small domain closes around the target sequence
in epigenetic processes such as genetic imprinting, mismatché“Ong with the~26 A movement of a flexible loop (Figure
repair, host defense, and gene regulation, and they recognize ay: this loop interacts with the minor groove, and the
and modify specific 26 base pair sequences using the same conformations of several active site residues are directly and
cofactorS-adenosyk-methionine (AdoMet) 12). The highly indirectly altered by this loop motion. Binding of nonspecific
conserved nature of the protein sequences and structurabya by M.Hhal does not induce the same loop motion
organization of the DNA cytosine methyltransferases suggest(gstabrook and Reich, in press)7j. DNA methylation
that investigations of M.Hhal, the target enzyme of our requires the stabilization of the target cytosine into the active
investigation, may be relevant for other members of this sjte adjacent to AdoMet and the active site nucleophile
broad class of enzymes, as well as other enzymes that exploicysg1 which resides in the flexible loop. This extrahelical
similar mechanisms (base flipping, methyl transfer to pyri- repositioning of the target base is frequently referred to as

base flipping 15).
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Ficure 1: Structural and schematic view of M.Hhal and the DNA substrate(s). (A) Stereoview of superimposed M.Hhal structures unbound
(PDB ID 1HMY) and bound (PDB ID 3MHT) to DNA. The binary and ternary structures were superimposed using backbone atoms
(residues +180), minus the flexible loop backbone, with an RMSD of 0.56 A. The flexible loop (residue9®B0moves~26 A (Ca

Lys89 to Gx Lys89) from the open conformation (blue) to the closed conformation (yellow) upon binding cognate DNA. The small domain
(amino acids 194275; red colored, unbound structure; cyan colored, bound struc@dp)noves~2 A toward the DNA (mean of the
distances @ GIn237 to Gt GIn237, Gx Arg240 to Gx Arg240 and @ Gly257 to Gx Gly257). Residues His127 and Thr132 (dark green)

are above the flexible loop in the closed confirmation. The cofactor has been omitted for clarity. This figure and subsequent figures were
created with PyMOL (http://pymol.sourceforge.net/); superimpositions were performed using the program DeepView/Swiss-Pdb View3.7
(62). (B) Schematic of the recognition sequence. The flipped cytosine is shifted, base pairs 1 and 4 are colored magenta in panels A and
B, substitutions at base pairs 1 and 4 are italicized, and correct bases are in bold.

and compared to the methylation of the cognate site by the Protein Expression and PurificatioWT and the double
wild-type enzyme. This functional analysis can be directly mutant H127A/T132A M.Hhal were expressed from the
compared to the detailed structural studies of this enzymevector pHSHW-5 inEscherichia colistrain ER1727 and
(15, 24—27). Furthermore, we extended this specificity purified as described previousI29). Briefly, 8 L of culture
approach to a double mutant engineered to disrupt thewas induced with 1 mM isopropyp-p-thiogalactoside
interface between the enzyme’s flexible loop and active site (IPTG) at an ORoonm0f 0.4 for 3 h. Cells were spun down,
(Figure 1A); this interface was previously implicated as a resuspended in phosphate extraction buffer (200 mM NacCl,
specificity determinant28). The double mutant is signifi- 6.5 mM K,;HPQO,, 3.5 mM KH,PO,, 1 mM EDTA, 7 mM
cantly more discriminating than the wild-type enzyme, BME, and 1 mM PMSF), and lysed by sonication. The lysate
caused largely by a decrease in noncognate site methylationwas centrifuged (1 h at 20860 a SA-600 Sorvall rotor at
These results provide molecular insights into how the 4 °C), and the supernatant was loaded onto a 25 mL
protein-DNA interface is coupled to the correct assembly phosphocellulose (Whatman) column. The protein was eluted
of the enzyme’s active site, leading directly to an induced with a salt gradient between 200 and 800 mM NacCl.
fit mechanism. Fractions containing the enzyme were further purified using
a 10 mL hydroxyapatite (Bio-Rad) column. Protein was
MATERIALS AND METHODS eluted with a buffer gradient of 6.5 mMtL M potassium
Materials Oligodeoxynucleotides were purchased from phosphate (pH 7.0) also containing 1 mM EDTA and 7 mM
Midland Certified Reagent Co. (Midland, TX). Oligodeoxy- f-mercaptoethanol and then dialyzed overnight in extraction
nucleotides were further purified on a Vydac HPLC column buffer containing 10% glycerol. The dialyzed protein was
(Table 1). To form 100uM double-stranded substrates, additionally purified on a Bio-Rex column (Bio-Rad) using
complementary single-stranded oligodeoxynucleotides werea salt gradient of 200 to 800 mM NaCl in buffer containing
mixed at a 1:1 ratio in STE (10 mM NaCl, 10 mM Tris- 10% (V/V) glycerol, 10 mM potassium phosphate (pH
HCI, pH 7.5, and 1 mM EDTA), heated to 9&, and then 6.8), 1 mM EDTA, and 7 mMpj-mercaptoethanol. This
slowly cooled to room temperature. The annealed substratesprocedure leads typically to a purity of greater than 95% as
were analyzed on a 10% polyacrylamide gel and determineddetermined by densitometry of sodium dodecyl sukate
to be >95% double-stranded substrate. polyacrylamide gel electrophoreses stained with Coomassie.

Table 1: Sequences of DNA Substrates

sequence substitutiof abbreviation
5-GGGAATTCATG-GCGC-AGTGGGTGGATCCAG-3 cog
5-GGGAATTCATT-GCGC-AGTGGGTGGATCCAG-3 cog2
5-GGGAATTCATG-ACGC-AGTGGGTGGATCCAG-3 G1— Al hemimethylated Al
5-GGGAATTCATG-TCGC-AGTGGGTGGATCCAG-3 G1— T1 hemimethylated T1
5-GGGAATTCATT-CCGC-AGTGGGTGGATCCAG-3 G1— C1 hemimethylated C1
5-GGGAATTCATG-GCGA-AGTGGGTGGATCCAG-3 C4— A4 hemimethylated A4
5-GGGAATTCATG-GCGT-AGTGGGTGGATCCAG-3 C4— T4 hemimethylated T4
5-GGGAATTCATT-GCGG-AGTGGGTGGATCCAG-3 C4— G4 hemimethylated G4
5-GGGAATTCATG-ACGC-AGTGGGTGGATCCAGTT-fluor-3 Al, TT-fluorescein AlF

2 The target recognition sequence is underlined. All complement sequences (not shown) form duplex suitiseatiesethylated= complement
strand C3 (Figure 1B) methylated at the C5 position.
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Enzymes were stored at80 °C in 10% (v/v) glycerol, 0.4 min for noncognate substrates. Valueskg@emwere obtained
0.5 M NaCl, 10 mM potassium phosphate (p+6.8), 1 M by fitting the data to a single exponential equation.
EDTA, and 7 mM BME. Steady-State Kinetic Analysiss previously describe®p,
DNA Affinity (Gel Mobility Shift AssaysDNA affinity 32, 33), the constant&y°NA were measured by a titration
studies were performed as previously report2g).(DNA of DNA from 50 nM to 20uM, using saturating concentra-

substrates were radiolabeled using*fP]JATP (Amersham  tions of the cofactor. Depending on the observed activity,
Pharmacia Biotech) and T4 polynucleotide kinase (NEB). reaction times were varied between 30 min and 1 h, and the
Electrophoretic gel mobility shift assays were performed with final enzyme concentration was varied between 20 and 100
1-2.5 nM radiolabeled DNA and increasing enzyme con- nM. Values forKyPNA were obtained by fitting the data to
centrations. DNA, enzyme, and 6M S-adenosyl-ho- a rectangular hyperbola using the program SigmaPlot.
mocysteine (AdoHcy) (purchased from Sigma) were incu-
bated at room temperature in methylation buffer for 10 min RESULTS
before being loaded onto the gel. Densitometry of shifted o )
bands was analyzed on a Storm 840 phosphorimager with _Kea/Kn™* Specificity Constants for WT M.Hhah spite
the program ImageQuant (Molecular Dynamics, Amersham of ex_tenswe r_n_ut_atlonal an_d strqctural studies, no compre-
Biosciences, Piscataway, NJ). Data were fit to a rectangularNensive specificity study involving M.Hhal has been re-
hyperbola using the program SigmaPlot. AdoHcy is used as ported. Here we describe M.Hhal’_s specificity at the Ievgl
a substrate analogue for the cofactor AdoMet. of keafKn®M* using cognate and six noncognate synthetic
DNA Affinity (Fluorescence Polarization Anisotropy). substrate_s. The_ noncogrjatg dquble—sftranded DNA substra_tes
DNA affinity studies using fluorescence polarization ani- have a single-site su_b_stltutlon in the first or fou_rth base pair
sotropy were performed on substrate Al with WT and ©f the target recognition sequenceGCGC-3 (Figure 1B
H127A/T132A M.Hhal 80, 31). Fluorescein-labeled duplex and_ Table 1). !—Iemmgth_ylated_ subs_trates were used to ensure
oligonucleotide (20 nM), M AdoHcy, and methylation ~ @ single functional binding orientation of the enzyn2@)(
reaction buffer (50QuL total volume) were combined in a As a cqntrol, two substrates with the cognate sequence (cog)
reduced volume quartz cuvette, 10 mm4 mm. Aliquots and a gllfferent flanking sequence (cog2) were used,_ and the
of 2 uL with increasing concentrations of enzyme were added Catalytic rates were found to be independent of trabking
to the reaction mixture to minimize volume changes. Data hucleotide (data not shown). The unmethylated cognate
were collected on a Fluoromax-2 fluorometer (Horiba Jobin substrate was selected for comparison to t.he hemimethylated
Yvon Inc., Edison, NJ) equipped with an L-Format autopo- noncognatg substrate ra}t_her than the hemlmethylgted cognate
larizer. The polarizer was aligned using a solution of 2 mg/ substrate since gel mobility shift assays with hemlmet_hylated
mL glycogen. Polarization and anisotropy values of fluo- C0gnate substrate produce two shifted bands, leading to a
rescein were measured by exciting at 494 nm and measuring-onvoluted interpretation ¢€,°" comparisons (Youngblood
an emission at 518 nm. The excitation and emission band-and Reich, unpublished observation). Furthermore, because
pass was set to 8 nm. The dissociation constésY*) was the unmethylated cognate su_bstrate was used with _both WT
determined by fitting the data to a modified quadratic @nd the double mutant, this specificity comparison is
function using the program SigmaPlot. normgll_zed. The_mo_dlfled substr_ates were d|V|(_1Ied into those
Methyl Transfer Assayés previously describe®g), the conta!n!ng substlltut[ons at guanine 1 (base pa|r_1) and.those
incorporation of tritium-labeled methy! groups into DNAwas containing substitutions at cytosine 4 (base pair 4) (Figure
monitored by a filter binding assay. Reaction buffer, protein 1B and Table 1).
dilution buffer, DE8L1 filter papers, and sample processing The catalytic turnover constantie{) for the noncognate
were performed as previously describ@9)( S-Adenosyl- substrates are at least 40-fold slower relative to the cognate
L-methionine (AdoMet) was purchased from Sigma-Aldrich substrate (Table 2 and Figure 2A). Thg""* values for
andS[methyl®H]adenosyl-methionine was purchased from noncognate substrates are increased up to 420-fold compared
Amersham Biosciences. The steady-state rate constants art0 the cognate site (Table 2Kw°* includes all kinetic
apparent rate constants. Time course assays were performegarameters involved in DNA binding, base flipping, and
at 37°C. The reactions were started by adding enzyme to methyl transfer 3). kea/Kn®" represents the ability of the
the methylation reaction buffer (100 mM Tris-HCI, pH 8.0, free enzyme and DNA to attain the transition st&2 @4)
10 mM EDTA, 10 mM DTT) in the presence of saturating and provides a measure of the enzyme’s specificity for a
DNA (2—6 uM) and [methyt3H]AdoMet (5.5 uM). The particular substrate.
assay time was varied between 5 min and 3 h, and the final k:/KpP* Specificity Constants for WT M.Hha&pecificity
enzyme concentrations ranged from 20 to 400 nM. Values comparisons relying omkehen{KpPN* are potentially more
for kear Were obtained by dividing the slope of the linear fit readily interpreted in the context of the available enzyme
by the concentration of the enzyme. DNA cocrystal structures, since th&PNA term is limited
Single-Turn@er Analysis As previously described2, to steps up to and including the tight binding complex. The
32, 33), time course assays were performed at'G@7 The use 0fkchemVS kear@llows for the examination of intermediates
reactions were initiated by adding enzyme to the mixture of leading up to the chemistry step and their roles in discrimi-
methylation reaction buffer, DNA substrate, andethyt nation, whereag., incorporates steps following chemistry
SH]AdoMet (5.5uM). The final DNA concentration was 500 such as product release, which in the case of M.Hhal
nM and final enzyme concentration wagM. The reaction dominatesk.s (22, 29). Since methyl transfer is followed by
was quenched at varying time points with sodium dodecyl a rate-limiting product release step, WT M.Hhal has a kinetic
sulfate and spotted on DEB81 filter paper. Time points for burst of product formation with cognate DNA under condi-
quenching the single-turnover assays ranged from 0 to 35tions of relatively high enzyme concentratio24,(29). WT
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Table 2: WT M.Hhal Kinetic and Thermodynamic Constants

sequence Keat (571)° Kw (nM) KealKm (STTMTY) Kp (NM) Kehem (S7Y) KealKp (STTMY)
cog GCGe 8.5x 102+£5.0x 1073 4.0+ 0.7 2.1x 107 0.2+ 0.16 0.144+0.02 7.0x 10°4d
Al ACGC 21x10°%+9.0x 10°® 2804+ 65 7.5x 1C° 60+ 5.7 1.1x102+9.0x 104 3.5x 10*
T1 TCGC 8.2x 104+ 3.2x 10°° 770+ 84 1.1x 1C° 41+ 6.8 7.0x 1044+2.0x 104 2.0x 10¢
Cl CCGC 22x10°%+1.0x 104 630+ 66 3.5x 10° 28+ 19 2.0x 10%4+2.0x 104 7.6x 10*
A4  GCGA 3.3x10%+29x 10° 560+ 78 5.9x 1% 12+ 7.4 3.0x1044+2.0x 104 2.8x 10¢
T4 GCaGr 45x 104+£27x 105 1700+ 300 2.6x 107 50+ 5.2 8.0x 1044+ 1.0x 10 9.0x 10°
G4 GCGG 55x 104+ 1.0x 10* 390+ 130 1.4x 10° 71+9.1 3.8x 10%+8.0x 10 7.7x 10

a30mer noncognate hemimethylated DNRreviously reported by Lindstrom et a29), unmethylated 30mekgnem= 0.144 0.02 s1. ¢ KpPNA
by fluorescence anisotropy 140+ 10 nM for only noncognate T1; all oth&xPN* values were determined by gel-shift analy$iksem rate used
to determine value® k.ot values from the burst assay are within 2-fold of tag values calculated from thémax determined irKy studies.

M.Hhal with noncognate substrates has a diminished burst;large domain; this loop contacts both the DNA minor groove
thus, a step prior to product release has become rate limitingand the enzyme’s active site. Mutations within this interface
(Figure 2A) @8). Methyl transfer rate constantken) for destabilize the loop and significantly change the enzyme’s
noncognate substrates, as determined by single-turnovespecificity 8). A qualitative analysis of H127A/T132A
experiments, (Table 2) are the same as the steady-state ratg.Hhal showed this mutant to have an 18-fold increased
constantskc,), indicating that indeed the methyl transfer step discrimination against the noncognate sequence Al (Figure
or a prior step, such as flipping, is rate limiting. To ensure 2C), without significant changes in AdoMet binding or
that the DNA is saturated with enzyme, single-turnover methylation of the cognate site. We sought to further
experiments were performed with 500 nM DNA angi i characterize this mutant with the noncognates used
enzyme, both concentrations well above the measuredy, characterize the WT enzyme to better understand how

affinities of the WT enzyme for all noncognate substrates yhe fjaxible loop contributes to M.Hhal’s induced fit mech-

(Table 2). Therefore, the rate of methyl transfer determined _ ...

by time course assays was used in calculating the specificity o
constantkea/KpPNA. Like the WT enzyme, H127A/T132A M.Hhal also exhibits

To relate our studies to the available crystal structutes (@ diminished burst magnitude with noncognate substrates
24), we measured the dissociation constants of the enzymetOmpared to the cognate substrate, suggesting that the rate

with noncognate DNA substrates in the presence of the of methyl transfer or a prior step to methyl transfer is rate

cofactor AdoHcy. Dissociation constants were measured first imiting (Figure 2A). The rate of methyl transfer for
by the traditional gel mobility shift assagZ, 29, 35). Some noncognate substrates is decreased compared to the cognate

of the DNA affinities were quite weak, which motivated us substrate 180012000-fold for substitutions in base pair 1
to seek an independent measure of this parameter. Weand 180086-40000-fold for substitutions in base pair 4 (Table
therefore developed an anisotropy-based solution assay o8). H127A/T132A M.Hhal’s rate of methylation is 3280-
DNA binding for M.Hhal 36—38). Changes in anisotropy  fold slower than the WT enzyme for the same noncognate
result from a change in the rotational diffusion of the substrates, whereas the rate of methylation of the cognate
fluorophore; therefore, the anisotropy of a fluorophore sequence by each enzyme differs by only 1.2-fold (Tables 1
attached to the substrate DNA is a measure of the enzyme and 2 and Figure 2A). Due to the very low activity of the
DNA binding event 81). We obtained similaKp"™* values mutant toward the noncognate substrae@V* values were

for Al using both the gel mobility shift analysis and not measured. Noncognate DNA affinity of the H127A/
fluorescence anisotropy measurements, thus validating theT132A M.Hhal mutant in the presence of the cofactor
use of the g6| mObIllty shift analySiS with hlgh nanomolar ana|ogue AdoHcy, as measured by anisotropy and ge|
concentrations of enzyme (Table 1 and Figure 2B). The mopility shift assays, is decreased-7800-fold compared
dissociation constant&g°N*) of the ternary DNA-enzyme- to the cognate site (Table 3).

AdoHcy complex of WT M.Hhal for noncognate sites Specificity Enhancementhe stability of reaction inter-

determined by the gel mobility shift assay are increased 60 . ' . ; . .
350-fold compared to the cognate site (Table 1 and Figure medlates prior to formation of the final catalytic complex is

2B) (29). The shifted DNA-enzyme-AdoHcy band for all !mportanF for_ M.Hr_lal’s specificity 28, _39). T.h.e reaction
noncognate substrates was a smear, suggesting that th@termed'late in which Fhe: target ba}se is posmoned extrahe-
dissociation kinetics are increas&8), The decreased DNA lically prior to catalysis is of particular importanceg).
affinity as well as the decreased rate of methyl transfer Destabilization of this intermediate by disruption of the
observed with M.Hhal for noncognate substrates contributesinterface between the active site and a highly flexible loop
to the lower specificity for noncognate substrates at the level results in changes in base flipping and specificity. The amino
of keaf KpPNA (Figure 2C and Table 2). acid changes within H127A/T132A M.Hhal are locatei3

H127A/T132A M.Hhal Specificity Studjhe coupling of A from the target base and12 A from base pairs 1 and 4,
sequence recognition to catalytic efficiency (Table 2) sug- as determined by the two closest atoms of the DNA bases
gests that M.Hhal uses an induced fit mechani&B).(The and the residues of the enzyme. Figure 2C shows that
molecular basis of an induced fit mechanism is potentially substrates T1 and C1 have the most dramatic enhancement
complex and difficult to assignLQ, 34, 38). One structural of 340- and 460-fold, respectively, compared to WT M.Hhal.
element which may contribute to such a mechanism in Substrates Al, T4, and G4 show enhancements of 18-, 59-,
M.Hhal involves the flexible loop and its interface with the and 30-fold, respectively.
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A 800 Table 3: H127A/T132A M.Hhal Kinetic and Thermodynamic
Constants
600 kca{KD
sequence Keat (S71) Kp (NM) (stM™Y

cog GCGC® 3.9x102+4.9x10* 1.0+ 0.19 1.2x 1C*¢
Al ACGC 6.6x 10°+58x 10% 200+ 33 3.3x 107
Tl TCGC 1.0x 105+ 2.0x 10® 1000+ 220  1.0x 10
Cl CCGC 14x10°+£3.3x10°% 510+140 2.7x 10
A4 GCGA 35x10°+50x 107 130+ 32 2.7x 10
T4 GCGT 65x106+75x 107 250+ 35 2.6x 10
G4 GCGE 3.0x10%+50x107 68+12 4.4x 10

G’___e,____e,___..g,_—e a30mer noncognate hemimethylated DNAReported by Young-

blood et al. 28), unmethylated 30mekehem= 0.12+ 0.01 s%. ¢ KpPNA
g 0 B0 = 120 150 by fluorescence anisotropy 230+ 41 nM for only noncognate T1;

Time (min) all other KpPN* values were determined by gel-shift analySikshem
rate used to determine value.

Product (nM)
8
o

8
o

=

—
L]
Q
[=]
o

DISCUSSION

The molecular basis of sequence-specific DNA modifica-
tion is only partially accounted for by direct proteibNA
contacts, often revealed through structural studies of the
enzyme-DNA complex involving a cognate DNA substrate
150 300 430 (40—44). Moreover, the stability and interconversion of
Enzyme (nM) reaction intermediates can affect specificity, yet the underly-
ing protein-DNA interactions are difficult to probe by
0 . . . structural studies alonel@, 45—47). We suggest that an
0 150 300 450 understanding of such interactions and their contribution
toward specificity is essential to the redesign of enzyme
specificity, particularly for enzymes which sequence-specif-
C ™ ically modify DNA. Indeed, the relative lack of success, in
10° spite of extensive efforts, of rationally redesigning this group
108 of enzymes or devising biomimetic catalysts may be due to
107 the lack of such understandingg).

108 Wild-Type M.Hhal Specificity toward Noncognate DNA
10° Substrates Past studies of DNA methyltransferases have
100 identified and characterized specific protelDNA interac-
tions thought to contribute to sequence recognitib) (8,
20—22). Surprisingly, no such quantitative analysis is avail-
able for M.Hhal, the DNA cytosine methyltransferase which
has been exhaustively characterized at the structural level
g Al TI C1 A4 T4 G4 (13, 14, 49, 50). Furthermore, little is known about the
enhancement*; 18x  340x 460x 180x 59x 30x underlying mechanisms involving induced fit processes
FiGurRe 2: Kinetic and thermodynamic analysis of WT and H127A/ leading to target recognition and methylation. Because the
T132A M.Hhal with cognate and noncognate substrates. (A) Burst various cocrystal structures involving M.Hhal provide atomic
it o0 T, flosed 1l 314 resoluton images of the prolehDNA interface, vie deter
cognate substrate T4. Error bars from triplicate experiments are Mined the enzyme’s binding and catalytic specificity with a
shown. (B) Equilibrium binding of the M.HhalDNA—AdoHcy subset of noncognate sites, involving substitutions at the first
complex. Data were derived from gel mobility shift assays. and fourth base pairs (Figure 2C). At the levekgfKyPNA,
gs'egsit&?;ggx ?); f\?\?? f;ﬂogchognféﬁ Cﬁ] tIrDa’\tliﬁnsugrsrg?tgavrvsaz raet flronn'¥| reduced specificity is found for noncognate substrates ranging
duplicate experiments. Data were fit to a rectangular hyperbola from 3000-fold (A1) to 87000-fold (G4) compared to the
yielding a KpPA of 60 nM. Inset: Data were derived from cognate sequence (Table 2). Changes in specificity constants
fluorescence anisotropy measurements, increasing WT concentratiorfor the single base substitutions arise from both a decrease
with fluorescein-labeled Al substrate (20 nM). Data were fit to a in the rate of chemistry and changeskp®A. Changes in
modified quadratic function yielding p°N* of 140 nM. (C) The the specificity ratickea/Ko®* range from 9000-fold (C1) to

bar diagram shows the specificity constams/KpPN* on a .
logarithmic scale for the cognate site and six noncognate sites (WT 90000-fold (G4) compared to the cognate sequence (Figure

M.Hhal, black; H127A/T132A M.Hhal, gray). Values are from 2C and Table 2)k./Kp™"* constants for the noncognate
Tables 2 and 3. Error bars are calculated from triplicate measure-substrates are-50-fold higher than th&./KmPNA constants
ments ofkcarand duplicate measurementskf°™A. The enhance-  for the same noncognate substrate (Table 2). The larger
ment factor represents the noncognate specificity ratio between theyjichaelis constants compared to the DNA dissociation
mutant and WT, while both specificities are referenced to the tant t that ianifi ¢ . f M. Hhal
cognate site. *: calculation for fold enhancemenf(k.,f'Tcoonaty COhS'E.ln' S 59996‘5 at a signi Ic':an' por '9” 0 . al's
KpHTeognaty (., HTnoncognatey  HTnoncognaty]/[ ( K, WTcognatg , WTcognaty specificity arises from steps after binding, which may include

(keat"/TnonCognai W noncognaty], conformational changes involving the enzyme, substrate, or

8000 H

©o © o o
8 8 8 ®

Change in Anisotropy

o

4000 -

Free DNA (Densitometry)

Enzyme (nM)

keat ! Kp (M)
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Ficure 3: Stereoview of the WT M.Hhal flexible loop (residues-8#9, orange) and bound DNA (PDB ID 3MHT). All polar contacts of
the loop are shown with dashed lines (up to 3.5 A between the hydrogen bond partner) to the phosphate backbone, the recognition sequence,
and residues of the small domain (cyan). Base pairs 1 and 4 are colored magenta; the nucleophilic residue C81 is colored blue.

both. The discrimination against noncognate sites by M.Hhal toward M.Hhal specificity 28) (Estabrook et al., in press).
revealed here is similar to a prior specificity study of the In support of conformational changes playing a role in
DNA adenine methyltransferase M.EcoRPj, which also methyltransferase specificity, we previously demonstrated
rely at least in part on conformational changes to facilitate that replacing His235 with asparagine in the DNA adenine
noncognate discriminatiorb). methyltransferase M.EcoRI results in the mutant being
Reconciling Specificity and Structural Dat&/e recently impaired in both DNA bending and base flippin@1j.
obtained a high-resolution cocrystal structure of the wild- Importantly, the mutant is dramatically more specific than
type M.Hhal-DNA—AdoHcy complex (1.95 A), which  the wild-type M.EcoRI 21), caused largely by the enhanced
provides a structural context to understand the quantitative partitioning of the H235N M.EcoRtDNA intermediate
dissociation constants for various noncognate sites andaway from the catalytic complex5(). The enhanced
specificity in general%2). This structure is nearly identical  specificity results with H127A/T132A M.Hhal (Figure 2C)
to the previously reported lower resolution structui®)( support the idea that changes in conformational transitions
with subtle alterations involving the orientation of the flipped contribute to enzyme specificity. Recently, a similar coupling
out target base5@). The structure shows that direct DNA of DNA recognition and catalysis was proposed for the
contacts involve both protein domains, as well as more EcoRI endonuclease5f). An energetic coupling between
indirect interactions with the phosphatsugar backbone. catalysis and the ability of certain DNA sequences to undergo
lle86 within the flexible loop (residues 8®9) provides main  a “kinking” transition was proposed to account for the
chain-mediated hydrogen-bonding contacts to G1 of the enzyme’s fidelity §5).
target sequence (Figure 3). Ser87 contacts G3, while other The specificity analysis presented here with naturally
loop residues provide DNA sugaphosphate backbone occurring DNA sequences provides a direct measure of the
contacts with the recognition sequence (Figure 3), suggestingenzyme'’s ability to function with biologically relevant DNA.
that the flexible loop is directly involved in the recognition However, this approach for the most part does not allow the
of the canonical DNA site. Support for this is provided by direct assignment of energetics to individual protedNA
our tritium exchange and kinetic isotope experiments exam- contacts, which is only possible with unnatural base ana-
ining M.Hhal’s ability to methylate poly(dG-dC) and poly- logues b4). Interestingly, on the basis of the cocrystal
(dI-dC) substrates1@). This work showed that hydrogen-  structure (Figure 4A) the Al substrate disrupts the interaction
bonding interactions between loop residue [le86 and the between Arg240 and the exocyclic oxygen of guanine 1 and
2-amino moiety of G1 within the target sequence are is anticipated to leave other proteibDNA interactions
important for retaining the extrahelical cytosine in its catalytic unperturbed (Figure 4A). The-300-fold loss in affinity
pocket (L6). Thus, both prior structural and kinetic analysis (KpPNA, Table 2) resulting from this substitution with WT
of M.Hhal have suggested a coupling between the flanking M.Hhal corresponds to an-3.4 kcal/mol loss in binding
nucleotides of the target base and extrahelical positioning energy, as would be estimated for the loss in the single
of the target base/loop closurgé5 16). How the flanking hydrogen bond to Arg240 (Figure 4A). However, the 20000-
nucleotides affect target base positioning/loop closure re- fold difference in the specificity constark.4/KoN* calcu-
mains to be quantitatively assessed and provides the motivaiated from Table 2) between cognate and noncognate Al,
tion for the work presented here. equivalent to~5.8 kcal/mol, suggests that energetic mech-
The inability of structurally identified proteinDNA anisms beyond those assignable based on the cocrystal
interactions to account for enzymatic specificity has been structure need to be included in our analysis of methyltrans-
described for several enzyme83( 54). Similarly, our ferase specificity. Changes in affinity and catalysis between
specificity results are only partially accounted for by the cognate and noncognate substrates (Tables 2 and 3) show
interactions between the enzyme and its cognate DNA very different trends, further suggesting mechanisms other
observed in the complex. We recently provided experimental than direct readout to explain substrate discrimination by
evidence that both loop motion and base flipping contribute M.Hhal.
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Ficure 4: Atomistic view of M.Hhal’s interaction with base pairs 1 and 4. (A) Stereoview of WT M.Hhal base pair 1 (magenta) (PDB ID
3MHT). Hydrogen bonds to the base pair are shown with dashed lines, loop residue 11e86 is shown in yellow, small domain residues are
shown in cyan, and backbone binding of Lys162 in in green. (B) Stereoview of WT M.Hhal base pair 4 (magenta). Hydrogen bonds to the
base pair are shown with dashed lines, loop residues Lys89 and Arg97 are shown in yellow, and small domain residues are shown in cyan.

Our prior work, both with M.Hhal and with other DNA  methods, MacKerrell and co-workers predicted that the
methyltransferases, suggests that substrate-dependent cofflipping intermediate may play such a role in determining
formational rearrangements of the enzyme as well as theM.Hhal’s specificity 89, 59). We suggest that the relative
DNA can contribute to enzyme specificit§, 17, 24). For destabilization of reaction intermediates with noncognate
M.Hhal, we suggest that intermediates involved in stabilizing substrates contributes to the 96€D000-fold decrease in
the extrahelical base, mediated in part by the flexible loop, k../Kp®* by WT M.Hhal compared to the cognate substrate
contribute to just such a mechanism. Loop residue Ser87(Table 2 and Figure 2C). The loss of DNA affinity can be
interacts with GIn237, and GIn82 interacts with Tyr254 only accounted for in some cases by the loss of hydrogen-bonding
when the enzyme is bound to DNA; these interactions partners between the enzyme and DNA bases, yet the
connect the flexible loop and the protein’s small domain decrease in the rate of catalysis (Table 2) suggests that other
interactions with the DNAXS, 19) (Figure 4). The population  unobserved intermediates are perturbed. The loss of a
of the “closed loop” intermediate, forming part of the active catalytic burst with noncognate substrates (Figure 2A)
site with residues GIn82, Cys81, and Pro80, is much greatersuggests that the impacted intermediates involve the methy-
upon binding the cognate DNA (Figure 1A) vs noncognate lation step or occur prior to this intermediate. Further insight
(Estabrook and Reich, in pressdy 17, 24). This closed into the structural basis for these changes in intermediate
loop intermediate causes the sulfur of Cys81 to become stability awaits the analysis of an M.Hrahoncognate DNA
poised for nucleophilic attack at the C6 carbon of the flipped structure. Nevertheless, changes in the direct readout of the
out base %0, 56). Since the correct positioning of Cys81 is target DNA at the proteinDNA interface mediated through
critical for catalysis %0, 57, 58), the conformational change the small domain of the enzyme are likely to be involved.
in the flexible loop presents an ideal intermediate which Changes in the indirect readout of the DNA sequence,
could affect or even direct the specificity of the enzyme. involving interactions between the flexible loop and the
Further, loop residue 11e86 contacts guanine 1 in the target phosphate sugar backbone, may also be important. Sequence-
sequence, and Ser87 partially fills the void left in the duplex specific variations in DNA backbone conformations can
DNA by the extrahelical positioning of the target base, cau® a 1 Adisplacement of the phosphate groups in B-DNA
thereby stabilizing the target base in the active site. Thus, (60) and have been proposed to contribute to sequence
loop positioning, extrahelical base stabilization, and catalysis specificity (4). Since changes in specificity of the WT
are likely to be coupled (Estabrook and Reich, in pre88) (  enzyme toward noncognate substrates are due to changes in
(Figure 3). both DNA affinity and the rate of methyl transfer (Table 2),

Several studies have recently focused on M.Hhal’'s con- we suggest that DNA affinity is coupled to the placement
formational changes and the changes in the stability of theseof catalytic residues. Furthermore, sequence-specific varia-
reaction intermediates in reference to their potential roles in tions of DNA conformation may alter any readout of the
specificity; similar specificity mechanisms have been pro- substrate by the flexible loop, resulting in both the observed
posed for other enzyme&( 21, 53). Using computational  loss of DNA affinity and decreased methyl transfer kinetics
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Ficure 5: Stereoview of M.Haelll (PDB ID 1DCT). The flexible loop (residues-83) is colored yellow, and base pairs 1 and 4 of the
target sequence are colored magenta. Hydrogen bonds of the loop residues with base pairs 1, 2, and 4 and contact of the nucleophilic
residue Cys71 (blue) with the flipped out cytosine are shown.

observed with the noncognate substrates (Figures 3 and 4)M.Hhal with substitutions in base pair 4, caused in part by
Because elements of the loop directly and indirectly con- 18000-fold (T4) to 40000-fold (G4) decreases in the rate of
tribute to the correct active site assembly, the enzyme couldmethyl transfer (Tables 2 and 3). Compared to the WT
discriminate against noncognate sites through a DNA- enzyme, substitutions at base pair 4 cause -a1B0-fold
sequence-dependent induction of the correct active siteslower rate of methyl transfer for H127A/T132A M.Hhal,
configuration, mediated by the flexible loop (Estabrook et while the change in affinity is only-110-fold.
al., in press). The specificity analysis of H127A/T132A M.Hhal supports
Importance of the Flexible Loop for RecognitioBur the hypothesis that the positioning of the flexible loop
specificity results (Table 2 and Figure 2C) of the wild-type contributes to the enzyme’s induced fit specificity mechanism
M.Hhal and noncognate substrates and prior structural (Table 3 and Figure 2C). 11e86 lies within the flexible loop
observations of the flexible loop in the “open” conformation and contacts the DNA minor groove, making a direct
in the presence of nonspecific DNAY) suggest that the interaction with the guanine in the GC base paiGICGC)
flexible loop plays an important role in the induced fit (Figure 3) (6, 60); because other loop elements (GIn82,
mechanism. To probe this, we sought to disrupt the position- Cys81, Pro80) in part form the active site, changes between
ing of the loop without making changes within the loop itself. 1le86 and the DNA are likely to impact both DNA affinity
His127 and Thr132 do not directly contact the DNA (Figure and catalysis. Similarly, Arg97, also in the flexible loop,
1A), and replacement with alanine was used to disrupt the interacts with the DNA phosphate backbone between guanine
interface between the flexible loop and the active site of the 3 and cytosine 4 (Figures 2C, 3, and 4B). ProtddiNA
enzyme. H127A/T132A M.Hhal was chosen for further interactions involving such backbone moieties are known to
specificity analysis based on our preliminary determination contribute to sequence recognitiof).( Interestingly, we
that the double mutant shows limited changes in the kinetic observe 30-, 59-, and 180-fold specificity increases for
and thermodynamic constants toward the cognate sequencesubstrates G4, T4, and A4, respectively, with H127A/T132A
while having a severe impact on the same constants forM.Hhal compared to WT M.Hhal for the same substrates
noncognate sequencezs. (Figure 2C). On the basis of examination of the binary and
Rates of methyl transfer for H127A/T132A M.Hhal using ternary crystal structures of M.Hhal, we suggest that this
noncognate substrates with substitutions in base pair lincreased specificity derives from the disruption of the
(Figure 1B) are decreased 1800-fold (A1) and up to 12000- Arg97—DNA interactions which occur during noncognate
fold (T1) relative to the cognate sequence (Table 2 vs Table site modification. The further disruption of the closed loop
3). The methyl transfer ratiok{"°"c°9"atk 09" for the positioning/stability by the mutation of residues H127A/
mutant is 36-70-fold smaller than for WT M.Hhal for = T132A amplifies the destabilizing effect of the Arg97
noncognate sites modified at base pair 1 (Tables 2 and 3interactions with noncognate sites, resulting in a greater loss
and Figure 2A) and 3:325-fold lower ratios of the corre-  of binding energy and methylation kinetics. In sum, we
sponding dissociation constankg (9K poncosna (Tables suggest that the enhanced specificity of H127A/T132A
2 and 3). Comparisons between WT and H127A/T132A M.Hhal derives from the destabilization of the flexible
M.Hhal specificity were done by examining \Pyate/noncognate  |oop:  although the effect is insufficient to disrupt the
vs H127A/T132/&0unate/noncognateChanges in botkg,fonceonae mutant’s binding and methylation of the cognate site, the
and Kpnoncegnate contribute to the H127A/T132A M.Hhal  combination of internal loop destabilization and the disrup-
specificity enhancements of 340-fold (T1) and 460-fold (C1) tion of the proteir-DNA interface involving the loop with
(Figure 2C). The more conservative substitution Al yields the noncognate sequences results in an improperly assembled
a smaller specificity enhancement ©20-fold for H127A/ active site.
T132A M.Hhal relative to the WT enzyme (Figure 2C). A M.Hhal sequence fidelity arises through the coupling of
specificity enhancement is also observed for H127A/T132A binding, base flipping, and methyl transfer (Figure 2 and
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Tables 2 and 3). The specificity data analyses for WT M.Hhal AC
and the H127A/T132A suggest that loop closure couples

target recognition with catalysis through sequence-dependent
stabilization of the base-flipped complex (Figures 2C and ¢
3). We suggest that the concept of kinetic proofreading g
provides a framework with which to understand the specific-
ity of the WT M.Hhal as well as the enhanced double mutant.
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WT M.Hhal single-turnover analysis. This material is

For WT M.Hhal with the cognate site, partitioning of the available free of charge via the Internet at http://pubs.acs.org.

reaction intermediates favors the flipped base and formation
of the covalent intermediatd §). When modifying noncog-
nate sites, intermediate partitioning is shifted away from the
base-flipped intermediate because of destabilizing pretein
DNA interactions involving loop residues and the minor
groove of the DNA (lle86 directly contacts base pair 1, Ser87
interacts with GIn237, and GIn82 interacts with Tyr254
which contacts base pair 4). Because the H127A/T132A
double mutant destabilizes this same flexible leognor
groove interface, the partitioning of reaction intermediates
is perturbed during both cognate and noncognate site
modification. However, the effect does not result in signifi-
cant changes during cognate site methylation by the mutant,
whereas the altered partitioning with noncognate sequences
is more profound, yielding the observed specificity enhance-
ments (Figure 2C). The more pronounced effects with the
double mutant and noncognate substrates presumably arise
from the additional destabilization of intermediates in which
the loop is in the closed conformation.

Consevration of the Recognition Proces&nother struc-
turally characterized DNA C5 methyltransferase, M.Haelll,
recognizes the sequenceGGCC-3. M.Haelll methylates
noncognate sites with a single substitutior-27-fold less
efficiently than the cognate site in terms laf/KyPNA (4).
Thus, M.Haelll is at least 100-fold less specific toward
noncognate sites when compared to M.Hhal grebmpared
to data from this work). Structural analysis of the M.Haelll
DNA complex and M.HhatDNA complex suggests that
M.Hhal and M.Haelll may exploit similar recognition
mechanisms. In particular, M.Hhal and M.Haelll show
significant sequence identity within the large domain which
contains the flexible loop6l). M.Haelll and M.Hhal show
similar direct and indirect contacts with the target recognition
sequence (Figures 3 and 5). Reengineering the specificity
of M.Haelll has been attempted by Cohen et al. with an
altered catalytic efficiencyk{a/KyPN) up to 670-fold toward
a noncognate site, while increasing the cognate catalytic
efficiency only 10-fold 8, 4). This specificity increase for a
noncognate site of M.Haelll is mainly due to changes in the
Michaelis constant. Mutations causing a negligible effect on
the catalytic rate of methylation, while greatly affecting
KuwPNA, suggest that the positioning of catalytic residues is
less perturbed. The data on M.Haelll and our work on

RE
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M.Hhal suggest that specificity enhancement for a certain 18.

sequence can be achieved through two different strategies
of engineering: (1) Binding of a sequence other than the

cognate sequence can be improved by mutations changing 19.

the direct readout of the target sequence. (2) Specificity
enhancement toward the cognate sequence compared to any
noncognate sequence may be achieved by loop disruption, 20
emphasizing the direct and indirect readout of the loop which
is coupled to catalysis. For further review on direct and
indirect readout mechanisms involved in protelDNA
recognition, see reb4.
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