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ABSTRACT
We have determined the structure of  Pwull methyl-
transferase (M. Pwull) complexed with S-adenosyl-

L-methionine (AdoMet) by multiwavelength anomalous
diffraction, using a crystal of the selenomethionine-
substituted protein. M. Pwull catalyzes transfer of the
methyl group from AdoMet to the exocyclic amino (N4)
nitrogen of the central cytosine in its recognition
sequence 5 '-CAGCTG-3'. The protein is dominated by
anopen o/p-sheet structure with a prominent VV-shaped
cleft: AdoMet and catalytic amino acids are located at
the bottom of this cleft. The size and the basic nature

of the cleft are consistent with duplex DNA binding.
The target (methylatable) cytosine, if flipped out of the
double helical DNA as seen for DNA methyltransfer-
ases that generate 5-methylcytosine, would fit into the
concave active site next to the AdoMet. This M.  Pwull
o/B-sheet structure is very similar to those of M.  Hhal (a
cytosine C5 methyltransferase) and M.  Tagl (an adenine
N6 methyltransferase), consistent with a model
predicting that DNA methyltransferases share a com-
mon structural fold while having the major functional
regions permuted into three distinct linear orders. The
main feature of the common fold is a seven-stranded
B-sheet (6| 71 5| 4| 1| 2| 3|) formed by five parallel
[B-strands and an antiparallel B-hairpin. The [-sheetis
flanked by six parallel a-helices, three on each side.
The AdoMet binding site is located at the C-terminal
ends of strands [31 and 2 and the active site is at the
C-terminal ends of strands 34 and (35 and the N-terminal
end of strand (7. The AdoMet—protein interactions are
almost identical among M.  Pwvull, M.Hhal and M. Taql, as
well as in an RNA methyltransferase and at least one
small molecule methyltransferase. The structural simi-
larity among the active sites of M.  Pwull, M.Tagl and
M.Hhal reveals that catalytic amino acids essential for
cytosine N4 and adenine N6 methylation coincide

spatially with those for cytosine C5 methylation,
suggesting a mechanism for amino methylation.

INTRODUCTION

DNA methyltransferases (Mtases) transfer a methyl group from
Sadenosyl--methionine (AdoMet) to a given position of a
particular DNA base within a specific DNA sequence. The
resulting methylation can protect the DNA from a cognate restriction
endonuclease or can have epigenetic effects on gene expression
The DNA Mtases belong to two families: one methylates C5, a
ring carbon of cytosine, yielding 5-methylcytosine (5mC), while the
second family methylates the exocyclic amino group N
cytosine or adenine yielding4-methylcytosine (N4mC) or
N6-methyladenine (N6mA) respectively. Two of the 5mC Mtases
have been structurally characterized as covalent reaction intermedi-
ate complexes with their DNA substratéls2); one of these,
M.Hhal has been characterized in complexes with structural
analogs of DNA in three different methylation states, unmethylated,
hemimethylated and fully methylatégi,4).

The primary sequences of the 5mC Mtases share a set of
conserved motifs (I-X) in a constant linear or{@®+9). The
majority of these motifs are responsible for three basic functions
of the 5mC Mtases: AdoMet binding, sequence-specific DNA
binding and catalysis of methyl transfer. In contrast, the
amino-Mtases (which generate N6mA or NAmC) belong to three
groups characterized by distinct linear orders for the conserved
motifs(10). The three grups are namex(including Mtases such
as Dam)f (including Mtases such as Riul) andy (including
Mtases such as Wad). To date only one DNA amino-Mtase has
been structurally characterized, the grgd{dmA Mtase MTad
(11).

While the MTad structure has been determined only in the
absence of DNA, it is sufficient to allow general structural
comparison with the 5mC Mtases. BothHWal and MTad are
bilobal structures: one lobe contains a catalytic domain with both
the active site for methyl transfer and the AdoMet binding site and
the other lobe contains a target (DNA) recognition domain
(TRD). The catalytic domains of the two proteins exhibit very
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similar three-dimensional foldinfl2). This blding pattern is for final model refinement was collected from a native cryatal (
also present in NHadll, another 5mC Mtase, in catechol = 1.072 A, 180 rotation, 1.5 increment, 90 s exposure).
O-Mtase, a single domain small molecule AdoMet-dependent

Mtase, in VP39, an mRNA cap-specific RNAQ-Mtase and in ;

glycine N-Mtase (2,13-15). Theolding similarity includes the SeMet MAD phasing

positions of conserved amino acid side chains involved in eith@here are a total of 18 possible Se sites per asymmetric unit (nine
AdoMet binding or catalysis; only the binding of AdoMet per molecule). To locate the Se positions, we calculated the
reported for glycindN-Mtase differs from the consensus patternanomalous and isomorphous difference Patterson maps at the
(15). Quided by this common catalytic domain structure Harker section(= 1/2) among data sets collected at wavelengths
sequence alignment of amino-Mtases suggests that for all, A2 andA3. A number of peaks were observed, which
amino-Mtases to fit the consensusHWal/M.Tad catalytic  corresponded to possible Se sites and the cross vectors betweer
domain structure, despite having different motif orders, differerthem (21). Five Se sites were first manually determined from the
sets of topological connections would be required for the threeatterson maps. These five sites were used to calculate initial
DNA amino-Mtase groupgl0). estimates of phases, to compute the difference and Bijvoet

Determining the structure &vul methyltransferase (Nvul), difference Fourier synthesis and to search for additional Se sites.
a group N4mC Mtase, would thus address two importanFinally, a total of 12 Se sites were determined and confirmed by
questions about DNA Mtases. First, do the NAmC Mtases in faitte two-fold non-crystallographic symmetry (NCS) operator,
match the consensus catalytic domain structure seen betweewealed by a self-rotation functi¢al).

M.Tag and MHhal (12)? Seond, are the major structural

elements of am'n.O'Mf[ases connected in three @fferent Ordersﬂ%ﬁle 1. Statistics of experimental SeMet MAD data with rejection criteria
suggested by their primary sequendéy? MTad itself did not /60y 2

provide a strong test for this model because the grangd 5mC

Mtases have essentially the same motif order; they differ only in Yl 22 23

the position of motif X10). No Mtase from groupor 3 has been
structurally characterized before this report.

M.Pvul, part of the restriction—-modification system from the Energy (eV) 12621 12624 13 476
Gram-negative bacteriuBroteus vulgaris(16), nodifies the
internal cytosine of the recognition sequene€AGCTG-3 (17)
to generate NAmC (18Pvul endonuclease, which cleaves
duplex DNA at the center of the same recognition sequence téompleteness (%) 94.5 92.2 94.5
generate blunt-ended products, was structurally characterizeg}, ., =0 - <>051 0.048 0.051 0.044
earlier (19,20). With this report, tul restriction—modification o> 17.0 161 18.6
system becomes the first system for which the structures of the ' ' '

Wavelength (A) 0.98233  0.98211 0.92

Resolution range (A) 0-3.30

cognate endonuclease and methyltransferase have both beepperved reflections 29 236 27108 27 410
determined. Unique reflections 8904 8 790 8913
Anomalous pairs 7576 8212 7475

MATERIALS AND METHODS
Highest resolution shell (&)  3.36-3.30

Overexpression and crystallization Completeness (%) 90.0 87.5 90.5
) o .. Rinear=20—<>03l 0.097 0.101 0.087
Overexpression and purification of and selenomethionine
(SeMet) incorporation into Nvul have been described previously <lfo> 9.6 8.9 11
(21). To crysttize the MPvul-AdoMet binary complex, 0.2 mM  Unique reflections 425 391 431
AdoMet was added to the pre-purified proteib iM) and the
mixture was further purified by cation exchange chromatography
(21). MPwvdl and selenomethionyl NPvul, complexed with These 12 Se positions were used for MAD phasing by treating
AdoMet, both crystallized in the monoclinic space group P2the data from each wavelength as a multiple isomorphous
with unit cell dimensions ai=48.8 Ab=112.4 Ac=59.3A replacement experiment with the inclusionrairaalous scattering
and = 109.2 (21). There are two molecules per crystallo-(MIRAS): native with native anomalous scatterin@), deriva-
graphic asymmetric unit cell, termed molecules A and B. X-Rative isomorphousXl) and derivative isomorphous with anomal-
diffraction data were collected using a MarResearch imagingus scatteringA2; Table 2). The MAD-MIRAS phases were
plate detector on beamline X12-C at the National Synchrotramproved using 40% solvent content by four, four and eight cycles
Light Source, Brookhaven National Laboratory, and processeaf solvent leveling (24) following each of three envelope determina-
using the HKL software package (22). lMuavelength anomalous tions (25). The @vent-leveled map was used to refine the NCS
diffraction (MAD; 23) data to 3.3 A redution (Table 1) were operator and to construct the averaging mask. The phases were
collected on a single frozen SeMet crystal at three differeritirther improved using 16 rounds of Furey’s averaging protocols
wavelengths, corresponding to the inflection pdlhminimum  (25). The electron density was averagdthiw the mask, the
Af) and the peak2 (maximumAf") of the Se-containing crystal density for each molecule was replaced with the average and the
absorption spectrum and a third waveleng) (emote fromthe ‘averaged’ density map was inverted to obtain new phases. The
peak positiorf21). A Hgher resolution data set (up to 2.8 A) usedresulting phases were combined with the original solvent-leveled
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MAD-MIRAS phases. The process was cycled until convergencgtotal of 12 (out of 18 possible) Se sites per asymmetric unit were

was obtained (16 cycles). determined from Patterson maps and were used for MAD phasing
with a figure of merit of 0.62 at 3.3 A resolution. The
Refinement MAD-MIRAS map, coupled with two-fold non-crystallographic

. ) symmetry averaging, was accurate enough to permit an initial
The starting @ backbone for molecule A was traced using thenterpretation(21) and the model was finally refined to 2.8 A

skeleton in program O (26) with reference to three maps at 3.3r8solution with a crystallographR factor of 0.19 and aRfree
resolution: MAD-MIRAS, solvent flattened and density averagedyalue of 0.28.

The Se positions also provide markers for selenomethionine in
the polypeptide chain tracing. The atomic coordinates for
molecule B were generated by the two-fold NCS operator. AfteP
the initial model building, the atomic model was subjected te

ble 3. Structural refinement of Mvul at 2.8 A resolution

refinement against 2.8 A resolution data from a native crystaYv"’“'eIer_w'th * Lor2 . _
(Table 3). Initially, a strict NCS was invoked, assuming that twoResolution range (A) ©-2.8  285-2.8 (highest resolution shell
NCS-related molecules are strictly identical. The two modelscompleteness (%) 99.7 97.5

were refined by simulated annealing and least squares minimizatio%s
Inear

. . =30 - <>0sl 0.052 0.226
using the X-PLOR program suité27). Seven aunds of g
refinement and model rebuilding brought the crystallograRhic <!> 115 5.5
factor to 0.22. The model was further refined by a restraint NCSobserved reflections 54 787
with two NCS-related atoms restrained in their average position%nique reflections 14886 730

An additional five rounds of refinement, refitting and placing "
ordered water molecules brought Bactor to 0.19 anBeeto  Ractof= 2[Fo—FclU2lF  0.193
0.28 (Table 3). Rirec® 0.283

Non-hydrogen protein atoms 4455

Table 2. Treatment of SeMet MAD data as MIRAS at 3.3 A resolution r.m.s. deviation from ideality

Bond lengths (A) 0.02
Native wavelength A3

Bond Angles {) 2.9
Derivative wavelength Al A2 A3 .

g Dihedrals ¢) 24.9

isomorphous/anomalous iso iso/ano ano

Improper () 2.2
Phasing powér 2.350 1.830/1.410 1.080

0 .

R-Krau®® 0.028 0.028/0.037 0.029 Rractor aNdRyee are calculated ford2 and 8% of the data respectively.
R-Cullis® 0.516 0.601/— -
Figure of merit 0.389 0.365/0.308  0.265 Overview of the MPvull structure
Overall figure of merit 0.619

The polypeptide chain folds into a structure with a V-shaped cletft,
big enough to accommodate duplex DNA (Fig. 1). The V-shaped
structure factor amplitude arfitlis the residual lack of closure. cleftis formed.by three loops on one side and a.three-he“X bundle
bRKraut = > Fpy — Fpf 15 [Fpyifor centric data and([Fpps — Fprsedn+  ON the other S|.de. The_methyl do_nor AdoMet binds at the bottom
(Fph_—Fpn Sa0)/EFpys + FpyDfor acentric data. of the cleft, which consists of a twisted 10 strarféistieet around
¢R-Cullis = [IFpy + Fpl—FyE[Fpy + Fplfor centric data, wherepand ~ Which sixa-helices are arranged on both sides.
Fpare the observed structure factor amplitudes for the ‘derivative’ and ‘native’ Figure 2 shows the topology diagrams oPMil, M. Hhal and
data sets anBly is the calculated ‘heavy atom’ structure factor amplitude. M. Tad. For clarity and convenience, we retain the nomenclature

of Schluckebieet al (12) for the seandary structure assignment

and of Posfaet al (5) for the conserved atifs. Loops or turns

are designated by their flanking secondary structures; two of them
RESULTS are termed the glycine-containing G loop (loop 1-A) and the
Structure determination proline-containing P loop (loop 4-)0). The catigtic domains

of the three structures are all of th@ type with a centrgd-sheet
M.Pvdl is produced in two forms, resulting from translation sandwiched between two layersehelices: heliceaC,aD and
initiators 13 codons apafL7). The shorter form of NRvul, oE located on one side and helia@ aA andaB on the opposite
starting from the internal translation initiator at Metl4, wasside of the sheet (Fig. 2a). TResheets in the three structures all
overexpressed Bscherichia coland purified both in native and contain five central adjacent parafiestrands with strand order
selenomethionine-substituted for(@4 ). The MPvUl polypeptide 5, 4, 1, 2, 3 and one antiparallel hairt éand37) next to strand
chain is 323 amino acids long (numbered 14-336). Diffractiof5. The order of parallel strands is reversed once befiveand
data (Table 1) were collected at three X-ray wavelengths fromfL. The majority of the active amino acids from conserved motifs
crystal of the selenomethionyl Piul-AdoMet complex, so (circled in Fig. 2) are located at the carboxyl ends or in loop
that MAD could be used to extract the ph428&3. Following the  regions outside the carboxyl ends of these pafattands. In
suggestion of Ramakrishné28,29), nultiwavelength data were all three structures the AdoMet binding site is located at the
treated as if they were from a conventional MIRAS experimentarboxyl ends of stran@®4 and32 and the amino end of hetiC;

3Phasing power = r.m.skg>/E), whereFy is the calculated ‘heavy atom’
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Figure 1.Ribbon (70) diagram of N2vull. (a) The protein folds into a structure with a V-shaped cleft. AdoMet (in ball-and-stick representation) is bound at the bottom
of the cleft. The regions of FRvul that are structurally most similar to Mhal and MTad are shown in brown and the less similar regions are shown in white and
green. The green region is part of the putative DNA target recognition domain (TRD). The catalytic P loop is in palesblLiehenpale blue part contains conserved
amino acids Ser53—-Pro—Pro—Phe56 and the red part is flexible (high thermal factors), consistent with potential confdramat@naba DNA bindingbj M.Pvul

docked to cognate DNA, taken from théRuiI-DNA structure (19). The DNA phosphate backbone and sugar rings are in purple, the DNA bases are in green anc

AdoMet is in yellow. ¢) M.Pvul docked to DNA with a flipped cytosine (see Fig. 5).

and the active site at the carboxyl ends of str@ddmdB5 and in all three structures: located in the region between &&liand
the amino end of the strafi@ (see below). The N- and C-termini strand31 (M.Hhd in Fig. 2b), prior to helixZ (M.Tad in Fig. 2¢)
of the folded polypeptide are within the AdoMet binding regiorand between heligB and stran®3 (M.Pvul in Fig. 2d).
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From TRD or N terminus

Figure 2. Topology diagrams.aj The consensus methylase fold, derived from DNA Mtasesit{dll, M.Hadll, M. Tag and MPvul) and one small molecule
AdoMet-dependent Mtase (cateckidMtase). The main feature of the fold is a region of five paraditands (5, 4, 1, 2, 3) followed by an antiparg@iekirpin
(strands 6 and 7), surrounded by six helices, thr€edD, o E andaZ, oA, aB) on each side of tHesheet. The dashed loops can be broken to become the N- and
C-termini. Opposite pageb) M.Hhal, (c) M.Taq and @) M.Pvul diagrams indicate their similarity in the catalytic domamrd-elices are shown as rectangles
(lettered) ang-strands as broad arrows (numbered). Common elements of secondary structure among the three enzymes are shown inrsmangesited

or functionally important amino acids from motifs |-X are circled. f{strands (ten in NPvul, seven in MHhal and nine in MTad) form aB-sheet. In MPvul,

a region (dashed line) between stra@dandp8 is not modeled in the current structue.Rredicted topological folding for grogamino-Mtases from an earlier
study (10).

M.Pvul fits the consensus fold for AdoMet-dependent Mtases ~ We had predicted the folding of groyp amino-Mtases,
including MPvul (Fig. 2e), based on structure-guided sequence
The TRD, which is associated with sequence-specific DNAnalysis (10). Overall, the pretian is quite accurate, though
recognition, lies in the smaller domain of the three bilobal Mtasgfiere are some significant differences between the prediction and
discussed above. In the current structure 6\, this domain  the current model. Unexpectedly, part of the AdoMet binding
comprises only one helixif) and its associated loops (Fig. 2d). region 3-aC or motif I11) is located upstream of the active site
Itis interesting how the TRD is connected to the catalytic doma\’égion, near the N-terminus of the polypeptide. This arrangement
in the three Mtases. In SmC Mtases such dshid, helix oZ  hreserves the crossover between strBdmdp4, but splits the
(motif X, part of the catalytic domain) is folded from the C-terminuSe,, ing for the AdoMet binding region into two distant parts of the
fO”OW"?g the TRD. Thus, there_ are two connections between ﬂbeene. Th@3-aC secondary structure (motif IIl) was predicted to
catalytic dqmaln an TRD (Fig. 2b). In gr.owN6mA Mtase ._originate from the C-terminus as a contiguous part of the AdoMet
M.Tad, helixaz originates f_rom the N-terminus and the TRD ISbinding region. This prediction, which would result in no
linked to the catalytic domain throu@ only (Fig. 2c). Thus, in crossover conﬁection between s’traﬁﬁsand[.m, was made in

both M.Tag and MHhal the functional regions are in the order part because of the very short distance between the N-terminus of
(amino- carboxyl) AdoMet binding region, active site region andanother grouB Mtase (MBanHIl) and its strand4 (Fig. 3).

TRD, the major difference between them being that fetixs : .
However, this crossover has been observed in all currently

moved from the N-terminus in Wad to the C-terminus in NHhal. )
As predicted (10), the mostqrounced difference in topology available DNA Mtase structures (5mC MtasesHhal and
between MPvul and both MHhal and MTad is the connection  M-Hadlll, groups Mtase MPvul and groupy Mtase MTad), as

between the AdoMet binding and active site regions: the twiyell 8sin catechd-Mtase, glyciné\-Mtase and the RNA Mtase
regions are connected via the putative TRD (foefixin the order VP39, and is predicted to occur in graupmino-Mtase structures,
(amino_, Carboxy|) active site region, TRD and AdoMet b|nd|nngth the crossover connection in a Separate domain comprising
region (Fig. 2d). The active site and AdoMet binding regions dhe TRD (10).

M.Pvul fit the consensus structure of Nhal/M. Tag/M.Had I/ Such a crossover is necessary to generate a so-called topologica
catecholO-Mtase, regardless of the motif order in the primaryswitch point(30), at which the strand order is reversed angs
sequence. We call this common catalytic domain structure tie@nnected to the carboxyl ends of the two adjacent st@hdsd
AdoMet-dependent methylase fold (Fig. 2a). This fold has al$g4 in Fig. 2a) go in opposite directions. The positions of concave
been observed in the RNA Mtase VP39, though helixis  active sites can be predicted from such switch points in different
replaced by §-strand (14). types ofa/B twisted open sheet structures, including arabinose
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PvuIl (N4) 14 mlnfgkkpayttsngsMYi LElLesFpeeSIsLVM QP"FanrkkeygnleqheYVdWFlsFakvvnKkLKpdGSFVﬂ%%GgaYngvpars1ynfrvllrm1de
BamHT LYnj@iLElequdenVDtIFalPPFnL YLAWYYkWIdECiRVLKpgGSLFIYNIPKkWn
Bgmd4ir  mmm——=== mkenIgdcTIDLL 1P Ydd YsfnFeetagElyRVtKegGvVVWvVGdkth
CfroI LFegDaLsvLrrLpsgSVrcIVTSIHPYwg FLnrLvtIFsEakRVLtddGTL! TGAgYt
CfrBI aBEtLkkLpdeSVNLVFTSIZPYyn YLsLLrsVIKEchRVLsegr fFVINVspvLI
MthZT saD-MneLkdkSINL P YPM MheeLekVWhEvARVtapgGUVIINIGdatr
Smal rEaVqggLdseiFDcVVTSIZPYwg YIkALvALFrDvrRtLKAdGTLWLNIGAsYt
XcyT LtvLrrLpsgSVrcVVTSIFPYwg FLhrLvalFaEvkRVLtddGTLWL IG?th
DpnII 2 (N6) it Fk fLskMkpeSMDMIFaDiZPY fL kheFnrkWIrlakeVLKpnGTVWIsgslhnI
Ecal slalinrL/5/kakLIY1DigPYat YLeFMrrrLilmreILdddGTIYVhIGhgML
HinfI ~TEkLktIpneSIDLIFaDiZPY M YdsFcelWLkECkRILKstGSIWVigsfqnl
Hpal IkaLknLeenSIDLIITDIFPYNL YLerheWLeEcyRVLKth?IYIfMGkaI
KpnI LtyLggL/5/TIDFcYiDgPYnt WMsFL1prLfhahKMLKdtGiIaIsIddyeF
MboI C IDfMshFgdnSIDMIFaDiPYfL IYnFnheWIaQargLLKAnGTIWIsgthhnI
MboII [cFDfLdaVenkSVQLaviDiZPynL FLpFtyrWIdkv1dkLdkdGSLYIfntpfnc
RsrIl LDtLakLpddSVQLIIciPPYnI YIgWakrWLaEaeRVLsptGSIalfgGlqgYqg
HhaIl ID1FklIpdkaVkIaFfDigq¥rg tdeIIquInEfeRVLlpnGyLFLWvdkth
jeMotif ITI je-Motif IV->| jgc-—Motif V—>] j¢Motif VI
130 140 150 160 170 180 190 200 ZIT 22? 23?
\ |
:_|6 — | ‘ __]7 :> ._.l — gl. _________________ 8 ::> —
PvulIl (N4) 123 vgfflaedfwanpskLpspiewvnkrkirvkdathvwwfsktewpksditkvlapysdrmkkliedpdkfytpkLrpsghdig%ﬁfskdnggsippnllqisnsesn
l<VIIIy|
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PvuIl (N4) 232 ggylancklmgikaHpArFPakLpefFIrmlTepdDLVVi]
BamHT kfnelLsvkLLArIItmSTneGD

AkWIsFEMkpEYvaasafRFldnniseekitdiynrilngesldlnsii
JKkWIGFELgnce--IikeRL

BamHII EzAiFPekLaethlstneGDIVFD'al GTTAkMAa lnnidkYIGtEIskEYcdIaneRL
Cfr9I i fAtFPteLIrpcIlaSTkpGD D'Hf GTvGVvVcggediigYVGIELNpEYvdIavnRL
CfrBI AtFPygLaerVIkyySfknDVILBPFaleSGTTAkaA1dlglr FVmcEIskQYidLiiegt
MthzI raAaYPfeLayrLInmySimGDV -il GTTmiaAacagiinsIG dhNFkdLiesRI
Smal [fAvFPraMarlcVlagSrpGgk D'if GTTGVvVcgeldilecVGIEILNneEYasLakeRI
XeyI [fTtFPpeLIrpcIhaSTepGD Ff[eSCTvGE1VcgdendgYVGIELNpEYvtLaadRL
DpnII 2(N6) KPeyLLerIIlaSTkeGDYILINP] SGTTGVVAKr1lgilrFIGIDackEY1kIarkRL
Ecal KnfnMMk1IVgaSSnpGDLVIN GST1haAsllgdkWIGIDes1faaktvmkRF
HinfI KPesLLykVI1lsSSkpnD GTTGaVAkalgiinYIGIEregkYidVaekRL
Hpal HoTgKPeaLYerMI1aSSneGDI 'i GT1nfVckhlnidsgIGIDInkEYieMakeRL
KpnIl fdTPKAINYImsIIncmakpdaLl i GTTAhaA/9/sidktI1MEsnhpItkthiayk
MboI C KPlgLLsrII1sSTgkdDLI 'i GTTGiaGv11dynYIGIEgelEFleLskrRY
MboIT [1TpKPrdLIerIIraSSnpnDL i SGTTAiVAkk]1giinFIGcDMnaEYvnganfvL
Rsrl ‘ KPaaVIerLVralShpGst GVTArVAigegiinsIctDaapvFkeYygkgl
Hhall HthsKPieMgkgLIlaTTgeGDLILPasEoySviecckgtnginFIGePLi fgddenegd-~

je—Motif X—> |j&—Motif I——> jeMotif II>|

Figure 3. Sequence alignment of gropmmino-Mtases including eight NAmC and nine N6mA Mtases (there is some uncertainty on assignments, particularly for
M.Hinfl). Conserved amino acids are grouped as (E, D, Q, N), (V, L, I, M), (F, Y, W), (G, P, A), (K, R) and (S, T), using stenlidier @bbreviations. Invariant

amino acids are shown as white letters against a black background; conserved positions are indicated by bold letters. Wwitkseadbegrees of conservation are
shown, in decreasing order, by bold and upper case letters, while non-conserved positions are shown as lower casslettgrsidicdtes a deletion relative to

other sequences and a slash (/) followed by a number indicates an insertion and its size. Motifs I-X are labeled usmgjahe@ofrfeosfat al.(5). The secondary
structures of MRvdl are indicated by cylindersithelices) and arrowg{strands) drawn directly above the amino acids forming them. The dashed line indicates a
flexible region (amino acids 179-216) which is not modeled in the current structure. This region includes four out aérfied pygfsin cleavage sites indicated

by arrows (34).

binding protein(31), caboxypeptidas¢32) and tyrosyl-tRNA  strandp8, were not modeled in the current structure because of

synthetasé33). poor electron density. This poor density suggests that these amino
acids are very flexible. Consistent with this flexibility, four out of
Disordered regions five preferred trypsin cleavage sites are within this 40 amino acid

As noted above, there are two molecules per crystallograpHigdion: the primary cleavages occur on the carboxyl sides of
asymmetric unit cell, termed molecules A and B. The currerftf9183 and Lys186 and are followed by slower cleavagbexar
model of molecule A contains residues a16-a178, a217—a335 &jdys198, Lys208 and AB23(34). In fact, SDS-PAGE analysis

one AdoMet, while molecule B contains residues b16-b5@f dissolved crystals indicates that somePiil crystals
b69-b178, b215-b335 and one AdoMet. The r.m.s. deviatigiontained limited amounts of protein that had been cleaved in this
between 269 common oCatoms of the final refined two region. It is noteworthy in this regard that some 5mC Mtases are
molecules is 0.6 A. In both moleculd#0 amino acids naturally made as two separate polypeptides that associate in the
(Pro179-Gly216), located immediately after str@idand before cell to form active enzyme (35,36).



Nucleic Acids Research, 1997, Vol. 25, No. 12709

In molecule B part of the catalytic P loop (amino acids 57-68}2-aB and aC- (4-aD - 35-0E; the former includes
was also not modeled due to poor electron density. However theotifs |, Il and X and forms the bulk of the AdoMet binding
corresponding P loop in molecule A was modeled, thoughegion and the latter includes motifs IV—VI and forms the bulk of
Leu58-Asn66 (red in Fig. 1) possessed the highest crystallograptiie active site region. The tved[ clusters can be superimposed
thermal factors in the current refined structure. This flexibilityby rotating strandf1 andf32 onto strandf4 andp5 (Fig. 4b).
may be due to the absence of the DNA in the crystal and suggeBtss yields an r.m.s. deviation of 0.7 A for the &oms of these
a potential conformational change upon DNA binding. Similarlyp-strands. Similar superimposability has also been observed for
the catalytic P loop in NHhal, which contains the key catalytic thea/p clusters of the 5mC Mtasesihal and MHadll and the
amino acids Pro80—Cys81, undergoes a massive conformatiohimA Mtase MTad (10). This obsention has led to the
change upon binding DNA, movirid@5 A toward the correspon- suggestion that the original Mtases arose after gene duplication

ding DNA binding cleft of the protein (1). converted an AdoMet binding protein into a protein that bound
two molecules of AdoMet (see also 39-42) and that the two
AdoMet binding halves then diverged (10). Regardless of ttedugionary model,

the MPvUl structure suggests that this internal structural repeat

The binding site for AdoMet is adjacent to the carboxyl ends q§ 5 feature common to most AdoMet-dependent Mtases. Only the

strands31, B2, the amino end of helixC and the loop prior t0  reactivation domain of.coli methionine synthase does not fit
helix aZ, regions that contain conserved motifs I, I, Il and Xipig pattern(38).

respectively (Fig. 4). The interactions between AdoMet and

M.Pvdl are almost identical to those between AdoMet ancblSCUSSION

M.Hhal (1), M.Tad (11), catechoD-Mtase (13) and VP39 (14).

Amino acid side chains interacting with AdoMet are found irPredicted DNA binding and base flipping
spatially equivalent positions, except that Phe273 BiMl and

Phel18 of MHhal are in the G loop, while the corresponding It is very likely that the V-shaped cleft of the protein is Wh_ere
Phe146 of MIad is in helixaD (Fig. 2). DNA binds. In the absence of large scale protein conformational

In motif | of groupP Mtases (Asp—X—Phe—X-Gly), the amino changes, the cleft i; Iarge enough to accommodqtg double-stranded
acids Asp and Gly are invariant. InRul these correspond to PNA without steric hindrance (Fig. 1b). Positively charged
Asp271 and Gly275 (Fig. 3). The side chain carboxylate d3rOUPS ca_tpable of interacting with the DNA phosphate backbone,
Asp271 B1) makes two hydrogen bonds to the main chain amid® Prominent on the surface of the cleft from the P loop
group of Phe273 (G loop) and the side chain hydroxyl of Thr27gA\r960-Lys—Lys62), loop 5-E (Lys103 and Arg108) and loops
(aA) and these bonds stereochemically constraithop-aA  6—7 (Lys138, Lys148-Arg-Lys150, Arg1l52 and Lys154). We
structure. A negatively charged amino acid corresponding fiAve docked a 13mer B-DNA duplex containing theul
Asp271 has been found in the same position of motif | in all DNASCOgNition sequence, taken from thé>WRil-DNA structure
Mtases sequenced so far, including Asp16 ¢iihdl and Glu4s ~ (19), against the basic face of the cléiig( 1b). The fit of the
of M.Tad (9,10). The main chain amide group of#5 (G loop) DNA in the (;Ieft is extremely convincing, with the protein
hydrogen bonds to the side chain carboxylate of Glugay ( ©ccupying a distance 0B7 A along the axis of the double helix,
which is another conserved negatively charged amino acid (motif f§Pich suggests that Fvul intimately contacts a 10 nt stretch
that interacts with the ribose hydroxyls of AdoMet. Comparabl#cluding the 6 nt recognition sequence.
backbone—side chain interactions occur i (Gly20-Glu40)  The MHha-DNA structure provided the first example of base
and MTad (Ala49-Glu71). fllpplng (1). Several ot_her types of enzymes are now also known

In M.Pvul the AdoMet bindinga/B cluster ¢Z - B1 - aA — or b_elleved to use this approach (43,44))uding the DN_A
B2- 0B) is further stabilized by the interactions of Arg288 (an€Pair enzymes T4 endonuclease V and human uracil-DNA
invariant arginine among gro@Mtases located prior to strand 9lycosylasg45,46). The MPvul structure is consistent with a
B2; Fig. 3) with the side chain of Thr263 (loop Z-1) and backbonB2Se flipping mechanism. Base flipping is a process by which an
carboxyls of both Thr263 (loop Z-1) and Glu286 (loop A-2). Onlyenzyme can rotate a DNA nucleotide out of the double helix,
three structurally characterized AdoMet binding proteins intera@€aking only the base pairing hydrogen bonds and trapping it in
with AdoMet in substantially different ways from the nucleic acid® Protein binding pocket. In our docking model the DNA is
Mtases and catech@-Mtase. One of these proteins is Eheoli positioned such that the target cytosine is in th_e helix and the NH
MetJ repressor (37), for which AdoMet is a co-repressor and n8foup to be methylated is far from the active 3Qjfoup of
a substrate; another is the reactivation domaB.ali methio- ~ AdoMet (Fig. 1b). Thus it is likely that Mvul (an amino-Mtase)
nine synthasé38), which uses AdoMet in a fladoxin-coupled flips the qytosme.out of the DNA_ hehx to access the target amino
reductive methylation of cobalamin. The third is glydiabitase ~ 9roup (Fig. 1c), in a manner similar to that employed by 5SmC
which does have a region structurally very similar to thdVitases, Mdhal and MHadlll (1-4). The structure of Mad

consensus AdoMet-binding regions, though that is not whe@'d Spectroscopic data for BRI suggest that these two
AdoMet was bound in the reported struct(irs). ammo-Mtas_eg flip th_e target adgmne out of DN{X,48).
Although it is possible to predict where DNA binds, we cannot

identify any known DNA binding motifs in the current structure
that might be responsible for DNA sequence specificity. Further-
more, there is no obvious similarity betweenPMil and the
The MPvdl protein has approximate two-fold pseudo symmetnystructures of Revul or MyoD in complex with DNA (19,49);
around the center of the cleft, due in part to the structuréloth are homodimeric proteins recognizing the same DNA
similarity of the AdoMet binding site to the active site. These sitesequence, CAGCTG. Rvul uses gB3-ribbon motif to interact
are each dominated by comparabfgclusterspZ - 31-0A -~  with nucleotides in the DNA major groove, while the myogenic

AdoMet binding and target base binding sites are
structurally similar to one another
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Figure 4. AdoMet binding site.d) AdoMet is involved in contacts with four regions, formed by four motifs, the G loop (motif | in brown), Btfamdif Il in pale
blue), helixaC (motif I1l in purple) and loop F-Z (motif X in greenh)(Superimposition of the tww /B clusters. The first clustexZ—B1—aA—p2—aB, in white,
is rotated (now in green) with respect to the second clastes,34—aD—B5—akE, in brown, to achieve the most overlap possible. Also shown are the positions,

relative to the respectivd clusters, of the AdoMet adenosyl moiety (white and green) and the target cytosine ring, in brown (inferretifrarDMA structure,
see Fig. 5).

transcription factor MyoD is a basic helix—loop—helix protein.is the main role) and restriction endonucleases (which only act on
The lack of obvious similarity may reflect the disparate roles athe readily accessible DNA phosphate backbone).

these three CAGCTG-recognizing proteins. DNA Mtases carry As mentioned before, only two 5mC MtasesHkkl and

out base flipping (within specific nucleotide sequences) so thayl.Hadll, have been structurally characterized in complex with
can access the atom to be methylated on the target nucleotitfeir DNA substrates. The protein—base contacts in the recognized
Such a mechanism is not required for other sequence-specifiequence are expected to differ betweertdl and MHadll
proteins, such as transcription factors (for which specific bindingue to their different specificity and, indeed, the folding of the
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corresponding TRDs is different (2). However, both TRDdransfer from the cytosine amino group through the Ser and
contain a shared feature: two recognition lo(ipg,44). In the eventually to the Asp (Fig. 6a). If this occurs, the protonated
M.Pvul structure, two loops (prior to and after hadik) on the  Asp96 might then hydrogen bond to the N3 of the cytosine. Ser53
other side of the V-shaped cleft could easily fit into the concavend Asp96 thus appear to belong to a charge relay system
face of the major or minor groove of B-form DNA. These twoanalogous to that seen in the serine proteir@sgs

loops, which may correspond to the two 5mC recognition loops, Most importantly, the distance of the AdoMet methyl group to
are held in place through scaffolding made up of three heiiEgs, the cytosine N4 i§4 A in our docking model, sufficiently close
aB andaBj. A similar pair of recognition loops has also beento permit methyl group transfer. For comparison, in the structures
proposed for Mlad (47). The reason for such consgimamay  of M.Hhal-DNA complexes the substrate cytosine C5-AdoMet
be that sequence recognition is a part of the base flippingethyl distance ig2.9 A (56); the prduct 5mC methyl-AdoHcy
mechanism and loops, instead of the more rigid structures stilfur is alsd2.9 A (4). Thus, our model suggests that methylation
a-helix orB-strand, are used for discriminating DNA sequencesf the exocyclic amino group results from a direct attack of the
flexibly and effectively. activated cytosine N4 on the AdoMet methyl group, in analogy
with the previously proposed mechanism for DNA adenine
methylation(12,57,58).

In the grou3 NAmC Mtases, Ser53 of R\ul is conserved
fRixcept in MBanHI, which has Asp at this position (Fig. 3); a
nserved Asp is present in the same place in the Brid6mA
tases, as well as in the groupN6mA Mtases (10). Modieg
Suggests that Asp in this position of the P loop could interact with

osine N4 and N3 (N\BanHlI) or adenine N6 and N1 (Fig. 6b).

e Asp carboxyl group could hydrogen bond with cytosine N4
(NH>) or adenine N6 (Nb), thereby increasing the nucleophilic-
a{% of the nitrogen and serving as a trap for the amino-leaving
proton, when the methyl group transfers to the nitrogen from

motif IV (10). Motif IV has the consensus sequence Ser—Pro—Pr doMet. In that_case th_e protonated _carboxyl group could

Tyr for N4mMC Mtases, Asp—Pro—Pro—Tyr for groupsand B ydrogen bond with cytosine N3 or adenine N1. If this is correct,

N6mA Mtases and Asn—Pro—Pro—Tyr for grqUp6mA Mtases (Ne conserved Asp in BanHl and the N6mA Mtases may be

(10,53,54). However, as we discuss below, S&sp— Asn must functionally comparable to Asp96 in Riudl. Ser53 in MPvul

not present an essential functional difference. We note that theS&Y _compe?sagg for the fact that Asp96 '3 Et;oo fbar frhqm dthe

consensus sequences are not absolute and there is still a proth sm? N4 ﬂr Irect Kl]zleraCCtll\Slm (Flgz Saand al)’ hUtt '; 0€s

in distinguishing N4mC from N6mA Mtases just on the basis Oﬁgceengaslr:a:va)s/ irgc')sseten irrwn tz'I:ISES 0 not simply have Asp in
i id Fig. 3). ! '

an%ﬁ: &glpefjeg;tggfnee(stgierﬁron)1 the Whal—DNA structure When the structures of Fvul and M.Tad, a groupy N6mA

can be docked surprisingly well into the PWiul active site, Mtasiecz),sar? iuperFl)mpoPsed _?t thglrl comrqughe_et structures,

located at the bottom of the V-shaped cleft. By superimpositio‘ﬁlsn fo S Sgg r(f)_S ro—Pyr (P O(I)ng n P?{MIIS prezent n

of the commoru/B-sheet structures, the active site amino add%)ijcr%pﬁobice;ming acigrs_ F’rr?;lsgg_(looi)slg 7 éngr{/aﬁt\gg (

in M.Hhal from the catalytic P loop and strargfsand37 overlap v 8

b risrans s o Tl ST o ok o 1 et e pisons of b s you

gg:ﬂoArSEBS_or:?c; A;?]_15$% (F(ig. ggg).)’ln I\/lIJ.-|haI t?\lgge aﬁa( acids, particularly Phe196, are likely to make van der Waals

acids interact with the target cytosine: Arg165 interacts with O Onti‘gtSS W'thlgh‘_e target nuplﬁ%t(dﬁ). '(Ij'he_cd]logg\mldg (Iir 1'\/|qu 6

Glu119 with N3 and N4, the main chain carbony! of Phe79 with'S"10° could interact with both adenine NG an (Fig. 6¢),

ilar to the role Asn229 of thymidylate synthase plays in
N4 and Cys81 covalently bonds to C6. ThougtPwil also ~ S'M! ( \
interacts with cytosine, we do not observe the identical ami drogen bonding to dUMP (see figure 3 of 59). However,

acids in the same structural elements ifPwill. However, as ~*5n229 of thymidylate synthase plays a contributory but
noted above, different amino acids are spatially equivalent in tfiPn-essential role in cataly¢0). In ontrast to Asp or Ser, itis
two enzymes. unI|I_<er that Asn can accept a proton. Therefore, the only role
One can easily model the interactions between the polar eo% vious at the present time played by the Asn of the gyoup
of the flipped cytosine and Fvul (shown in brown in Fig. 5a). mA Mtases is in positioning the substrate adenine, while the

The target atom, cytosine N4, would have two possible hydrogdpethylation would result from a direct attack of the AdoMet

bond partners: the hydroxyl group of Ser53 and the main chajiethy! group on the adenine N6 with a general base (possibly a

carbonyl of Pro54 (the first two amino acids of the highl ighly ordered water molecule) assisting the proton transfer that

conserved motif IV/). Also from this conserved motif, the phenyPCcurs at N6.

ring of Phe56 could make van der Waals contacts with the

cytosine ring; Phe56 occupies a position similar to Cys81 o second AdoMet molecule

M.Hhal. Asn158 (37), which does not appear to be conserved

among the NAmC Mtases, might hydrogen bond to cytosine O8ome Mtases, including Mvul, appear to bind two molecules
Asp96 (Asn in most of the other NAmMC Mtases) may hydrogeof AdoMet (34,61,62), one of which affects the sildy of the

bond with and activate the Ser53 hydroxyl groupprotein towards substrate and non-specific DNA sequences (for

(Asp96:Qy Sers53:q = 2.7 A), thereby facilitating proton M.EcdDam; 61,62). Extra electron density (froffy2 Fc, Fo—Fc

Predicted catalytic mechanism for DNA amino methylation

What we call the catalytic P loop of the amino-Mtases was fou
in early sequence comparisons and called an ‘Asp—Pro—Pro—
motif’ based on its sequend®0,51). A later comparison

suggested it might correspond to Pro—Cys (motif IV) in 5m
Mtases, even though the reaction mechanisms of the two famili
of Mtases appear to be quite distif®2). The structural

comparison of Mdhal and MTad has confirmed that the
Pro—Cys and Asn—Pro—Pro—Tyr motifs of these two enzymes
spatially equivalentl2) and thus, by atagy, are referred to as
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Figure 5. Active site. &) Superimposition of the active sites infiul (brown) and MHhal (green). Amino acids shown are from the P loop (motif IV) and strands
B5 (motif VI) andB7 (motif VIII) (see Fig. 2). In the complex betweenHWal and a transition state analog substrate, Cys81 is linked by a covalent bond (yellow)
to C6 of the target cytosine (1). The cytosine is recognized by a number of hydrogen bonds (ilb\altse{up GRASP (71) representation displayed at the level
of the solvent accessible surface. Color coded purple for posHO&KET), red for negativel§20KgT) and white for neutral, wheks is the Boltzmann'’s constant
andT is the temperature. The AdoMet and the modeled target cytosine ring are in stick representation, with yellow for cagbfon,niwogien, red for oxygen,
green for sulfur. The second AdoMet binding site is formed by the first AdoMet molecule at the bottom, Tyr299 and Pro24ff sidetend the main chains of

Pro55 and Phe56 (between Ser53 and Arg60) on the right side.
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Figure 6. Proposed reaction mechanisms for amino-Mtases with the P loop contajriieg (as in MPvul), (b) Asp and €) Asn. A general base (B:), which could
be a water molecule, might be needed to eliminate the proton.

and initial MAD-MIRAS maps) was found near the first AdoMet However, despite the structural similarity of the AdoMet

in molecule A. This may be a second AdoMet, as the density cainding and active sites (Fig. 4b), this second AdoMet molecule
be fitted well to an AdoMet adenosyl moiety with the methionineloes not occupy the active site (Fig. 5b). Instead, the second
moiety extending into the solvent. This second AdoMet bindinghdoMet occupies a space equivalent to the solvent channel in the
site is formed by the first AdoMet molecule at the bottom, Tyr2981.Hhal-DNA structure, where a network of well-ordered water
(aB) and His246—Pro247 (loop F-Z) on one side and the maimolecules, including that proposed as the general base for
chains of Pro55 and Phe56 (P loop) on the other (Fig. 5b). Tleéiminating the C5 proton, mediates contacts between the target
adenine sits above the ribose ring of the first AdoMet. Mostytosine, AdoHcy and Mihal (see figure 3 of 4).

interestingly, the second AdoMet ribose oxygens interact with the

side c.ha.in of GIl_JS? of crystallographic symmetry—related m°|eCU|Evqutionary relationships among the DNA Mtases

B. This interaction, analogous to the first AdoMet—-GIlu2®2, (

motif II), may stabilize the second AdoMet in molecule A, due tAAs noted above, the structure offWul confirms two predicted

the different crystal packing environment. features of DNA Mtase structure. First, all DNA Mtases
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structurally characterized to date have AdoMet adenine bindirng@ernert for preparing the cover figure. This report is partially
pockets that are superimposable onto their methylatable baseded by a National Institutes of Health fellowship (GM17052
binding pockety10; see Fig. 4b). Send, all DNA Mtases to M.O’G.), the National Science Foundation (MCB-9631137 to
structurally characterized to date share a commiprarchitecture R.M.B.) and the National Institutes of Health (GM49245 and
for their catalytic domains, making different topological connection&M/OD52117 to X.C.).
to accommodate the permuted linear orders of functional regions
in their genes (see Fig. 2).

These two features have implications for models of th@EFERENCES
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