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ABSTRACT. S Adenosylmethionine synthetase (MAT) catalyzes formatiogadflenosylmethionine (SAM)

from ATP andc-methionine (Met) and hydrolysis of tripolyphosphate tg BRd R. Escherichia coli

MAT (eMAT) has been crystallized with the ATP analogue AMPPNP and Met, and the crystal structure
has been determined at 2.5 A resolution. eMAT is a dimer of dimers and has a 222 symmetry. Each
active site contains the products SAM and PPNP. A modeling study indicates that the substrates (AMPPNP
and Met) can bind at the same sites as the products, and only a small conformation change of the ribose
ring is needed for conversion of the substrates to the products. On the basis of the ternary complex structure
and a modeling study, a novel catalytic mechanism of SAM formation is proposed. In the mechanism,
neutral His14 acts as an acid to cleave thé-@35 bond of ATP while simultaneously a change in the
ribose ring conformation from C4xoto C3-endooccurs, and the S of Met makes a nucleophilic attack

on the C5to form SAM. All essential amino acid residues for substrate binding found in eMAT are
conserved in the rat liver enzyme, indicating that the bacterial and mammalian enzymes have the same
catalytic mechanism. However, a catalytic mechanism proposed recently byl&oatral. based on the
structures of three ternary complexes of rat liver MAT [GdazaB., Pajares, M. A., Hermoso, J. A.,
Guillerm, D., Guillerm, G., and Sanz-Aparicio. J. (20@3Mol. Biol. 331, 407] is substantially different

from our mechanism.

In biological systems, there are a myriad of reactions in  The formation of SAM is catalyzed solely I$adenosyl-
which methyl groups are transferred from a few types of methionine synthetase (MAT, ATRmethionineS-adenosyl-
methyl donors to a wide variety of methyl acceptors. Among transferase, EC 2.5.1.6), and occurs in an unusual two-step
biological methyl group donor§adenosylmethionine (SAM), reaction in which the complete tripolyphosphate chain is
discovered by Cantoni in 1953)( is the most widely used, cleaved from ATP as SAM is formed, and the tripolyphos-
while 5-methyltetrahydrofolic acid, methylcobalamin, and phate is further hydrolyzed to PBnd R before the sul-
betaine are involved in far fewer methylation reactions. fonium product (SAM) is released, giving the overall reaction
shown Q).
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1 Abbreviations: MAT, Sadenosylmethionine synthetase; eMAT,
MAT from E. coli; rMAT, MAT from rat liver; SAM, Sadenosyl-
methionine; SAHS-adenosylhomocysteine; Metmethionine; AMB,
L-2-amino-4-methoxycis-but-3-enoic acid; AEP, @4S)-amino-4,5- N/ N COOH
epoxypentanoic acid;Porthophosphate; RPpyrophosphate; PRP \ \ ®/\)\
tripolyphosphate; PPNP, imido-triphosphate; AMPPNPRadenyly +
imido-triphosphate; eMAT: (2 eMAT complexed with two PeMAT:

(PR+P), eMAT complexed with PRand R, eMAT:(ADP+P), eMAT

complexed with ADP and iPeMAT:(AMPPNP+Met), eMAT com- OH OH

plexed with AMPPNP and Met; eMAT:(SAMPPNP), eMAT com-

plexed with SAM and PPNP; rMAT:(AMB-2SQ,), rMAT complexed .
with AMB and two SQ? - ions; IMAT:(AEP+3PQ;), IMAT complexed Thus, the enzyme must catalyze reactions at both ends of
with AEP and three PrMAT:(ATP+Met+-2R), IMAT complexed with the tripolyphosphate chain, which appears to be a unique

ATP, Met, and 2P rMAT:(ATP+AEP+2R), rMAT complexed with ; ; ;
ATP. AEP, and 2PIMAT-(ADP+AMB 1.3P), IMAT complexed with ~ CAtalytic task. The SAM forming reaction was found by
ADP, AMB, and 3R, flexible loop, loop composed of amino acid ~ Stereochemical and kinetic isotope studies to occur ag2n S

residues 98108. reaction with direct attack of the sulfur of methionine on
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the CB atom of ATP (B, 4). Cantoni originally reported that
divalent metals are essential for activi}).(Details of the
catalytic mechanism of MAT have been studied by using
various methods including kinetic measuremebi$), EPR
spectroscopic studies,(8), mutagenesis studie®-{13),
computational modeling studie$4), NMR studies 15), and
numerous inhibition studies by Met and ATP analogues that
have inhibitory activity against the enzym&6(-20).

The first crystal structure of eMAT containing twa P
showed a unique polypeptide folding including a knot
formation at the N-terminus2(, 22). The second crystal
structure of eMAT crystallized with ATP contained ADP
and Rin the active site (eMAT:(ADR-P)), and showed a
possible PPPbinding site of ATP, but the binding site of
the adenosine moiety was not clearly identified due to dis-
order 23). A loop (flexible loop) composed of the amino
acid residues 98108 was disordered in the eMAT structures.
The substrate-free eMAT structure showed that the flexible
loop hung above the active site, and was involved in the
catalytic activity @4). Recently, the crystal structure of rat
liver MAT complexed with a methionine analogue2-
amino-4-methoxycis-but-3-enoic acid (AMB), rMAT:
(AMB+2SQ), has been determined at 2.7 A resolutigB)(
rMAT has 15 additional amino acid residues at the N-
terminus with respect to eMAT, and the polypeptide folds

Komoto et al.
Table 1: Crystallographic Statistics
resolution (A) 56-2.5
total observations 165,302
unique reflections 46,081
completeness (%) 95.0
Rsym (%)Plouter sheH 9.3/18.7
no. subunits in asymmetric unit 4
protein non-hydrogen atoms 11768
substrates (AMPPNP and Met) 2and 2
products (SAM and PPNP) 2and?2
K*ions and M§* ions 4and 8
solvent molecules (}D) 20
resolution range (A) 10:62.5
total reflections used iRcyst 40,557
total reflections used iRqee 4,056

Reryst (outer shelly
Reree (OUter shelly

0.213 (0.285)
0.242 (0.365)

Rmsd of bond distances (A) 0.009
Rmsd of bond angles) 1.36
Rmsd of torsion angles) 27.5
most favored region (%) of Ramachandran plot 89.7

additional allowed region (%) of Ramachandran plot 10.3

a Space groupP2;2,2;; unit cell dimension:a= 225.82b = 69.13,
¢ = 118.23 A;M; of subunit: 42130; no. subunits in the unit cell: 16;
Vw = 2.74 B, percentage of solvent content: 55%Rsym = YnY | Ini
— VS hYillnil. © Reyst = =|Fo — Fcl/Z|Fo|. ¢ Outer shell= 2.5-2.61
A resolution.

mixture was diluted with 50 mM Hepes#kbuffer to a pro-

in the same fashion as observed in eMAT. Therefore, the tein concentration of 20 mg/mL. Hanging drops were made
structure of rMAT confirms the unusual knot structure found with equal volumes of the protein mixture and a crystalliza-
in the N-terminal section of eMAT structure. From the tion solution containing 8%(v/iw) PEG-8000, 50 mM Tris/
rMAT:(AMB +2SQ) structure, the Met binding site and the HCI pH 8.0, 200 mM KCI, 1 mM DTT, and 20% ethylene
disulfide linkage that differentiates rMAT | (a tetramer) and glycol. Thick plate shaped crystals suitable for X-ray dif-
rMAT llI (a dimer composed of the same subunit) have been fraction studies were grown at 2& for 1 day.

proposed. Data Measuremenf crystal (~0.3 x 0.3 x 0.1 mm) in

When AMPPNP instead of ATP is used along with Met @ hanging drop was scooped up with a nylon loop and
as the substrates, SAM formation occurs but the PPNPWas frozen in cold nitrogen gas-(80 °C) on a Rigaku
hydrolysis is inhibited§). Thus, crystals of a stable ternary RAXIS imaging plate X-ray diffractometer with a rotating
complex can be grown from the solution containing eMAT, @node X-ray generator as an X-ray sourceCradiation
AMPPNP, and Met. Here we report a crystal structure of operated at 50 KV and 100 mA). The X-ray beam was
eMAT ternary complex (eMAT:(SAM-PPNP)). On the basis focusgd to Q.S mm by confocal optics (Osmic, Inc., USA).
of the new structure, a detailed catalytic mechanism of SAM The diffraction data were measured up to 2.5 A resolution
formation is proposed. at —180 °C. The data were processed with the program

It is noted that three ternary complex structures of rMAT DENZO/SCALEPACK ¢7). Data statistics are given in

have recently been publishedé]. The locations of ATP Table 1. It is noted that the unit cell dimensions were deter-

and Met binding sites are completely different from the sites tmhlned dulrmg examln.atlc_)fn Oft(l:ryzt[f"’;l quath]Eles, and rznotsrt] of
seen in theEscherichia colienzyme. The structures of the 0s€ values were signiticantly ditterent from each other,

fMAT complexes have several unusual features, such asindicating that the eMAT complexes can pack differently in

unreacted ATP and Met in the active site and very large th%CWtStIaISSt‘ ture Determinatiorth it cell di .
temperature factors of the molecules and ions in the active rystal structure Determinatiori.né unit cell dimensions
site. The proposed catalytic mechanism based on those?Nd Space groufP@12:2,) indicate that an asymmetric unit

ternary complex structures is substantially different from our contains one tetrameric enzyme. The crystal structure was
mechanism and requires a large movement of ATP within determlrjed by a molecular replacement procedure using an
the active site Z6) eMAT dimer as the search model. The model structure was

refined with the POSITIONAL protocol and then the
simulated annealing procedure of X-PLOB). The missing
polypeptide chain for the amino acid residues-288 was
Crystallization.eMAT was prepared fronk. coli strain built in (2F, — Fo) maps. (E, — F¢) and &, — Fc) maps
DM50pKS8, a strain that harbors the plasmid pK8 which showed two large significant residual electron density peaks
contains the structural gene for the enzyme. The enzyme wasn the region of active site (Figure 1). Since eMAT was
purified to electrophoretic homogeneity using methods crystallized in the presence of an excess of AMPPNP (5 mM)
previously describedsj. A mixture of eMAT (36 mg/mL), and L-Met (10 mM) and a characterization study has
AMPPNP (5 mM), and Met (10 mM) in 50 mM HepestK  suggested that the substrates are rapidly converted to the
buffer pH 8.0 containing KCI (50 mM), Mg@Il(10 mM), products (SAM and PPNP) in the active si&, these peaks
and DTT (5 mM) was incubated for 60 min at 3C. The were assigned to SAM and PPNP. The model containing

EXPERIMENTAL PROCEDURES
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(A)

(B)
Ficure 1: (F, — F¢) maps showing residual electron density peaks in dimer AB (A) and in dimer CD (B). The final SAM and PPN models

(thick lines) are superimposed in the residual density peaks, while AMPPNP and Met models (thin lines) are superimposed in the residual
electron density peaks in dimer AB. Two Mg ions bound to PPNP are indicat®l Bye contours are drawn at 2d5level.

the products in the active sites was refined with the simulated A Modeling of eMAT:(AMPPNPMet). As shown in
annealing procedures of X-PLOR. During the refinement, Figure 1, the residual electron density peaks in the dimer
the model structure was restrained by 222 noncrystallo- AB suggested a possibility of the substrates (AMPPNP and
graphic symmetries. Two residual peaks near the PPNPMet) in the active site. Therefore, the model containing the
moiety in each subunit were assigned to Mgons. The substrates in the dimer AB and the products in the dimer
highest residual peak except for the products in the eachCD was refined by the same procedures described above.
active site was assigned to the" Kon. The Mg" and K" Compared to the eMAT:(SAMPPNP) structure, there was
ions were located at the same sites in all four subunits. Otherno significant movement of atoms except for'GH the
well-defined residual peaks in the active sites were assignedadenosine moiety of AMPPNP. THe and Ry values did

to water molecules. Each monomer including products and not changed. A superimposed view of the products and sub-
metal ions in the dimer were restrained by a noncrystallo- strates is shown in Figures 1 and 2. The refined coordinates
graphic symmetry (NCS). The NCS weight in the X-PLOR are deposited along with the coordinates containing the
refinement was set to 100. The model was refined with all products (SAM and PPNP) in the both dimers (PDB code:
data (no sigma cut) within a 2.5 A resolution. 1P7L, 1RGY).
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FIGUrRe 2: A superimposed view of the substrates (AMPPNP and Met) obtained by a modeling and the products (SAM and PPNP) showing
that the substrates can convert to the products without any major changes in the active site. The substrates and products are drawn with
aquamarine and light-pink bonds, respectively.

RESULTS dimer AB show two possibilities (i.e., substrate (AMPPNP
) , and Met) or products (SAM and PPNP)). In the crystal
Overall Structure.The crystallographic refinement pa-  giryciure, dimer AB has more contacts with neighboring

rameters (Table 1), final £ — F) maps, and conforma-  gjecules than dimer CD does, suggesting that dimer CD
tional analysis by PROCHECK) indicate that the crystal 3¢ more vibrational freedom than dimer AB in the crystal.

structure of a ternary complex eMAT:(SAMPPNP) has  hqeed the mean temperature factor of dimer CD is sig-
been determined successfully. The crystal structure Coma'”%ificantly larger than that of dimer AB (23.6 vs 15.5)A

one tetramer (i.e., four identical subunits) in the asymmetric \yhen molecular packing forces reduce the thermal vibration
unit. The two subunits A and B interact with each other ¢ 1o enzyme, the reverse reaction could occur and the

e e s e o D rodut (A and PPP)cod moveback o te
. : . substrate (AMPPNP and Met) in the active site.
subunits A and B, and the two dimers AB and CD are . ( , )| i Ve sl )
calculated to be 2700 and 1806, Aespectively 80). Thus, _ On the basis of the above assumption, the model contain-
eMAT is a dimer of dimers and has a noncrystallographic N9 the sub_strates in dimer AB and the _products |n_d|mer
222 symmetry. The four subunits are structurally identical €D Was refined by the same proc.edures in the experimental
with the maximum rmsd of 0.13 A. The rmsd between two S€ction. Compared to the eMAT:(SAMPPNP) structure,
dimers (AB and CD) is 0.18 A, indicating that the two dimers there was no S|gn|_f|cant movement of atoms except for the
have the same subunit associations. The polypeptide-foldingCS Of the adenosine moiety of AMPPNP (Figure 2). The
scheme of each subunit is similar to those of complexes of Substrates (AMPPNP and Met) maintain the exact same
eMAT:(2P) (21), eMAT:(ADP+P) (23, IMAT:(AMB +2SQ) hydrogen bonds with the enzyme as observed in thg pr_oduct
(25), IMAT:(AEP+3PQ) (26), IMAT:(ATP+Met) (26), structure. TheR and Ryee Values did not change, indicating
IMAT:(ATP+AEP) (26), and rMAT:(ADP+AMB) (26). that it is impossible to determine the actual contents in the
Two active sites are located between two subunits forming active site by the X-ray analysis. However, this modeling
a dimer. Each active site contains the products SAM and attempt indicates that the substrates (AMPPNP and Met) can
PPNP. The electron density peaks of SAM and PPNP in bind at the same sites as the products and only a small
dimer AB and in dimer CD are shown in Figure 1. Since conformation change of the ribose ring is needed in conver-
the active sites are formed with amino acid residues from Sion of the substrates to the products. The ribose ring of SAM
the two subunits, the amino acid residue number with an has a C3endoconformation {E, P = 18°, 7 = 40°) and
asterisk indicates that it belongs to the partner subunit of the C3 is connected to thesSof Met, whereas the ribose
the dimer. ring in AMPPNP has a C4exo conformation {E, phase

Active Site ContentsSAM formation from ATP and Met ~ 2ngle of pseudorotatiorP(= 53°, puckering amplitude =
catalyzed by MAT is a two-step reaction as illustrated in &) and the C5is connected to the O®f PPNP. This
the introduction. The overall reaction is an exergonic process difference in the ribose ring conformations of bound AMP-
because of the PPRydrolysis. Since eMAT cannot hydro- PNP_ and SAM is consistent with that seen in previous NMR
lyze the y-phosphate of the PPNP group cleaved from Studies 15).

AMPPNP, the catalytic reaction stops after formation of Interactions between the Enzyme and Products in the
SAM and PPNPZX). The products are trapped in the active Active Site.Figure 3 shows the possible hydrogen bonds
site because the PP#/drolysis energy is not available. For between the products and eMAT. The adenine ring of SAM
this reason, the active sites of eMAT should contain SAM is recognized by a hydrogen bond (N®[Arg229]) and a

and PPNP. Indeed, thé{ — F.) maps show clearly the stacking interaction with the phenyl ring of Phe230. There
products (SAM and PPNP) in the active sites of dimer CD are three water binding sites (Wat411, Wat413, and Wat416)
(Figure 1). However, the residual electron density peaks in around the adenine ring. The Watsite near the N1 is
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Ficure 3: Active site geometry. Thin lines illustrate possible hydrogen bonds and ionic bonds between the products and protein. (A)
Amino acid residues that belong to subunits A/C and B/D are drawn with green and light-pink bonds, respectively. The bonds in the
products (SAM and PPNP) are magenta. The amino acid residues with an asterisk belong to subunit B/D. (B) Schematic illustration showing
possible hydrogen bonds and ionic bonds between the substrates/products and the amino acid residues composing the agtive site. W
W,,6 are the water binding sites, andgdgis a potassium ion. The distances of €5p and C5:+Oyp in the products (SAM and PPNP) are

1.74 and 2.93 A, respectively. The same hydrogen bonds and ionic bonds are observed in a model structure of eMAT (AP NP
and the distances of G505 and C%-+-Sp are 1.51 and 3.12 A, respectively.



1826 Biochemistry, Vol. 43, No. 7, 2004 Komoto et al.

Surroun_ded _by O[Asn22_5], N[Thr227_]' ang[@hr227]. The Table 2: Sequence Agreement between eMAT and rMAT at the
Watyy; sites in all subunits are occupied by a water molecule. Essential Amino Acid Residues for Substrate Binding

The Wat413 site near N3 is surrounded by;[@sp118*],

: ) residue H-bond or ionic E. coli rat liver

OEbl[GIn119*],d and @[Ser186c]j. bThe Wat413 | S|te|s mh site bond partner MAT MAT
subunits A and B are occupied by a water molecule. The —; PP IT; P 2
Wat416 site near N6 and N7 is surrounded hyf$2r99*] :Issplfe %’5& (Mg388) 14E|SSE|K18 ﬁggﬁ,@
and OJlle232]. The Wat416 sites in subunits C and D are Glus, K* (K386) 4ACETy* SSACET v60
also occupied by a water molecule. These water-mediated Gluss N ZZgGEITf;O ‘icGEIT?zz
hydrogen bonds connect the adenine ring to the protein. The fglfl%?) % 16[2%%\;(165 173;‘%;/}(182
2-OH and 3-OH of adenosine ribose interact with the two | ys165  Qa, 0,(05) 169K SQ167 18K {Q184
acidic amino acid residues Asp163 and Asp238'{OQp;- Phe230 stacked with 28GRFV| 232 289GRFV|253
[Asp163] and O3--Op,[Asp238]). Similar interactions be- adenine ring
tween the OH groups of SAM/SAH and the acidic amino ~ 4P238 8 K™ (K386) ii?(?RD}((:?zzjs zz;“}gg";‘gi
acid residues are seen in the structures of methyltransferase: L)r,2245 Q. Onm 2UGRKI| 247 2GRKI| 268
SAM/SAH complexes 31—-48). LyS26s Ous, Osc 2635GKDp?67 285GKDy288

The Met moiety is recognized by four hydrogen bonds, Lyszss (o)} 267psKVD 27t 2SYtKVD 22
in which the amino group (N) forms hydrogen bonds _ASPn Nss *KVDRS??  2KVDRS**
with the acidic amino acid residues {NOg[Glu55*] and aThe conserved amino acid residues are represented by bold capital

N---Opi[Asp238]), and the carboxylate group forms hy- letters, ar_1d thg start and ending sequence numbers are shown on the
drogen bonds with the neutral/basic amino acid residues'€ft 3nd fight sides, respectively.
(O71+*NgjGIN98*] and O---Nz[Lys269*]). In addition to
these hydrogen bonds, two water molecules form hydrogenfour hydrogen bonds (§-+-Ny2[Arg244], Oyc++*Nz[Lys245],
bonds with Q and Q, respectively. One water molecule is  Osc'**Nz[Lys265*], and Qc-+*N[Ala261*]). The bridging
located in the Wat401 site in the all subunits and is connecteditrogen Ns makes a hydrogen bond with an acidic amino
to O[Gly117*] and N[Lys269*]. The other water molecule ~ &cid residue Asp271* (j---Ops[Asp271*]). The C4-H of
occupies the Wat402 site in subunits A and B or the Wat403 fibose points to ) of the P\ phosphate with the C4-Osa
site in subunits C and D. The Wat402 and Wat403 sites aredistance of 3.1 A, suggesting a-&i---O hydrogen bond. It -
surrounded by N[Ser99*] and O[Gly237], and by O[Arg38] 1S noted that, without any exception, th_e basic a.nd ac_ld_lc
and No[Lys269%], respectively. Apparently, the Met moiety ~9roups Qf the_ Met e_md PPNP moieties interact with ?.CIdIC
of SAM is tightly bound to the protein by direct and water- and basic amino acid residues, respectively, suggesting that
mediated hydrogen bonds. the structure of a ternary complex of eMAT has been
As shown in Figure 3, the PPNP ion is heavily involved determined sucpes_sfully. All e_ssentlal amino acid residues
in hydrogen bonds and ionic bonds. The PPNP ion has afor substrate binding found in th&. coli enzyme are
U-shaped conformation. Two magnesium ions &¥)gin- conserved in Fhe rat liver enzyme, |r_1d|.cat|ng that_ the bacterlal
teract with the phosphate oxygens from both sides of the and mammalian enzymes have a similar catalytic mechanism
U-shaped PPNP ion. One of the magnesium ions (Mg387) (Table 2). _ _
makes two ionic bonds with @ and Qg, and is surrounded A_Role of the Flexible Loop (Residues-988).As shown _
by Glus, Asp118*, and Asp271*. The carboxylate groups N I_:lgure_ 4, the products are completely surrounded by amino
of Glus, Asp118*, and Asp271* are located outside the ionic aqd_ residues, an_d thu; the apparent entrance of the active
bond distance to Mg387, indicating that a few disordered Sit€ iS not recognizable in the ternary complex structure. On
water molecules are located between the carboxylate groupghe other hand, the flexible loop composed of the amino acid
and the M@" ion. The other magnesium ion (Mg388) is held residues 98108 is disordered in the binary complex
by Asp16 and forms three ionic bonds with three oxygens structures, and thus the entrance to the active site is clearly
(Oza, Oss, and Q). It is noted that the coordination recogn_lzablg. Thgrefore, the .erX|bIe !oop acts as a gate to
geometries of these My ions are not an idealized bipyra- the active site. Since the flexible section does not have any

mid due to disordered water molecules surrounding the contacts with the neighboring molecules in the crystal
Mg?* ions. One potassium ion (K is located near @ and structure, the_ orderdisorder conformatlona_l change of the
is surrounded by three additional oxygens={Glu42*], flexible loop is not due to the crystal packing effects.
Opi[Asp238], and O[Cys239]). The KO interactions are

apparently weak (k-O distances are 2.8 3.5 A), and the DISCUSSION
K* ion is far from the catalytic site, suggesting that itis not  Differences between the eMAT Ternary and Binary
directly involved in the catalytic reaction. Indeed, a relatively Complex Structuresthe crystal structures of eMAT binary
high concentration of K(> 5 mM) is required for the half-  complexes, eMAT:(2p, eMAT:(PR+P), eMAT:(ADP+P),
maximal activation%). Therefore, the role of the Kion in have been determine@1, 23). Since these structures are
the active site appears to be the maintenance of the activevery similar to each other including the #&d PRbinding
site geometry rather than the stabilization of the negatively sites, we will compare the structure of eMAT:(ABP) to

charged PPAmoiety for the catalysis. the structure of eMAT:(SAM-PPNP). The overall polypep-
The B, phosphate moiety interacts with three basic amino tide folding of eMAT in the complexes is quite similar,
acid residues with five hydrogen bonds(Q-Ng,[His14], except for the flexible loop composed of the amino acid

O1a°**Nz[Lys165], Qua--*Nz[Lys165], Oua-*Nz[Lys245], residues 98108. The flexible loop is ordered in eMAT:
Ozar-*Nz[Lys245]). Similarly, the R phosphate moiety (SAM+PPNP), whereas the same loop is invisible (disor-
interacts with three basic amino acid residues/group throughdered) in the other eMAT and rMAT structures. The ordered
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]
5§% 37* S8k 37*

Ficure 4: SAM and PPNP in the active site showing no apparent entrance of the active site. The flexible loop which acts as a gate to the

active site is shown by a thick coil (magenta color). Subunits A and B are illustrated by green and light-pink coils.

Ficure 5: A superimposed active site view of the molecules and ions in the active sites of eMATH8RNP), eMAT:(ADP+P,), and
rMAT:(ATP+Met+2R) showing the relative locations of SAM, PPNP, ADP, ATP, Met,Nig?™ ions, and K ions in the active site. The
active site contents of eMAT:(SAMPPNP), eMAT:(ADP-P,), and rMAT:(ATP+Met+2R) are illustrated by magenta, aquamarine, and
white colored bonds, respectively. The Mgnd K' ions are illustrated by small and large circles, respectively. ThatGms of eMAT:
(ADP+P)) and rMAT:(ATP+Met) were superimposed on the correspondinga@®ms of eMAT:(SAM-PPNP) by a least-squares method,
and the protein parts were removed from the figure.

flexible loop in eMAT:(SAM+PPNP) partially occupies the adenosine moiety of ADP can be located in several sites

the adenine ring binding site seen in eMAT:(ADPR). A (i.e., disorder), which is consistent with the known very low
superimposed view of the active sites of eMAT:(SAMPNP) affinity of the enzyme for ADP (&; > 10 mM compared
and eMAT:(ADP+P) is shown in Figure 5. to the ATPKy of 0.1 mM) (). On the other hand, there is

The PPNP ion binds at the same site of diphosphate of N0 €mpty space in the ternary eMAT:(SANPPNP) com-
ADP seen in eMAT(ADR-P). However, the orientation of ~ Pl€x, and thus the adenosine moiety of SAM and the Met
the pyrophosphate moiety of ADP is reversed (i.e.,dhe ~ Mustlocate their correct sites to fit into the active site. Indeed,
and -phosphates of ADP superimpose on tfe and the adenosine moiety of ADP has relatively large temperature
a-phosphate sites of PPNP, respectively). For this reason factors (the mean temperature factor is above 160 A
the adenosine moiety of ADP lies on the opposite side of although that of pyrophosphate moiety is 3€) And has
the active site. The bound Met occupies the adenosinelittle interaction with the protein, indicating that the adenosine
binding site seen in eMAT:(ADPP). Mg?* ions in both moiety is disordered. In eMAT:(SAMPPNP), the adenosine
eMAT:(ADP+P) and eMAT:(SAM+PPNP) bind around the ~ Moiety of SAM has a well-defined electron density and is
P, PR, and PPNP moieties. There are significant differences ordered (the mean temperature factor is 132 A
in the K™ binding sites in the binary and ternary complexes.  From a functional standpoint, another explanation is that

As seen in Figure 5 and described above, there are severall® MAT active site is designed to differentiate between ADP
significant differences among the active site structures of and ATP since ATP and AMPPNP are substrates but ADP
eMAT:(SAM+PPNP) and eMAT:(ADR-P). One difference IS neither a substrate nor an inhibitor. As will be described
is the adenosine moiety binding sites in the structures of below, if ADP bound to MAT in the same way as AMPPNP,
eMAT:(SAM+PPNP) and eMAT:(ADR-P). This could be ~ ADP would be a substrate.
due to the differences between the binary and ternary Differences between the eMAT and rMAT Ternary Com-
complexes. There is a relatively large empty space in the plex StructuresRecently, GonZaz et al. published two
active site of the binary eMAT:(ADPP) complex, and thus,  binary and three ternary complex structures of rMAZB,(
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Table 3: A Comparison of eMAT and rMAT Ternary Complexes

PDB resolution meanB value meanB value of the molecules C5-+-Sp/Op or

complex code A of protein (A2 and ions in the active site g C5---05 distance (A)
eMAT:(SAM+PPNP) 1P7L 2.50 19.6 13.3 2.93
rMAT:(ATP+Met+2R) 109T 2.90 37.0 82.4 9.60
rMAT:(ATP+AEP+2R) 1093 3.49 27.8 s} 8.82
rMAT:(ADP+AMB +3R) 1092 3.19 24.6 74.3 9.84
rMAT:(AMB +2SQy) 1Q0M4 2.66 314 46.6 b
rMAT:(AEP+3PQy) 1090 3.10 33.6 78.1 b

a The temperature factors of the molecules and ions in the active site are assigned?tarzDake apparently not the refined valuga. binary
complex.

26), each with additional active site bound anions. Those which the flexible loop is disordered, and thus the entrance
are rMAT:(AMB+2SQ,), rMAT:(AEP+3PQ;), rMAT: to the active site is opened. The substrates and products can
(ATP+Met+2R), rMAT:(ATP+AEP+2R), and rMAT: freely enter or leave the active site. The other one is a closed
(ADP+AMB +3PR). The crystals of these complexes were conformation seen in eMAT:(SAMPPNP), in which the
isomorphous to each other, but not to the eMAT complexes. loop has an ordered conformation and blocks the entrance
The rMAT is also a tetramer and has a 222 symmetry. The to the active site (Figure 4). GIn98, Ser99, and Aspl101 in
crystallographic asymmetric unit contains one dimer, and two the flexible loop are involved in the substrate binding. In
dimers are related by the crystallographic 2-fold axis. The the closed conformation, entrance of the substrates into the
N-terminal residues and the flexible loop are disordered. active site or release the products from the active site are
Although polypeptide folding in rMAT is very similar to  restricted because the active site entrance is blocked.
that of eMAT, the binding sites of molecules and ions in  ATP, 2Mg" ions, and Met enter the active site when the
the active sites of the rMAT ternary complexes are quite enzyme has an open conformation. Initially, the tripolyphos-
different from the corresponding sites seen in eMAT: phate group of ATP is recognized by basic amino acid
(SAM+PPNP) (Figure 5). There are five unusual features residues (His14, Lys165, Arg244, Lys245, Lys265*) and is
in the rMAT ternary complexes (rMAT:(ATPMet+2R), tightly bound to the protein by hydrogen and ionic bonds.
rMAT:(ATP+AEP+2R), rMAT:(ADP+AMB +3R)) (26). These interactions are consistent with previous mutagenesis
Those are the following: studies 10). The adenosine moiety of ATP and the Met are
(i) Although MAT has a 222 symmetry and obeys then bound to the specific sites, respectively. The adenine
hyperbolic kinetics, one of the two active sites of the dimer ring stacks with the phenyl ring of Phe230, and theéO21
is always empty. and 3-OH of ribose form hydrogen bonds with Asp163 and
(ii) Although the catalytic rate of MAT is faster than one Asp238, respectively. The functional significance of these
turnover per second, one complex contains the substratesnteractions appears to differ sincedoxy-ATP is a good
(ATP and Met) in the active site. substrate whereas-geoxy-ATP is neither a substrate nor
(i) Although P, is a competitive inhibitor of ATP, the  an inhibitor 6). The amino and carboxylate groups of Met
ternary complexes contain both ATP andif the active form hydrogen bonds with acidic amino acid residues

site. (Glu55*, Asp238) and a basic amino acid residue (Lys269*),
(iv) Many charged groups in the active site do not interact respectively. In this context, it is noteworthy that the K269M
with charged amino acid residues. mutated enzyme had a 100-fold increase in Kg for

(v) The average temperature factor of the molecules and methionine {0). It is noted that Asp238 connects the bound
ions in the active is much higher than that of the protein Met and the ribose of ATP through hydrogen bonds. Finally,
(see Table 3). the flexible loop enters the active site and binds to the

These observations suggest that the rMAT ternary com- substrates through water-mediated hydrogen bonds. The two
plexes contain a low occupancy of the substrates or inhibitors substrates are now firmly bound to the protein by polar and
in their active site, and, thus, the binding schemes of ATP, nonpolar interactions.

Met, and metals are quite questionable. Interestingly, the Proposed Catalytic Mechanisnis shown in Figure 2,
rMAT:(ATP+Met+2R) complex was formed by soaking there is no need for significant movement of the adenosine,
ATP into crystals of the rIMAT:(Met2R) complex because  Met, and PPNP moieties before and after the SAM formation
cocrystallization was not successful, and the active site loopreaction. The major difference is seen in the conformations
remained disordered, suggesting that the functional state of(C4-exoand C3-endg of the ribose rings of AMPPNP and
the enzyme might not have been observed. Therefore, it maySAM. Therefore, it is reasonable to propose the following
not be of functional significance to compare the eMAT events: The C5-O5 bond of ATP is cleaved simultaneously
ternary complex to the rMAT ternary complexes. with formation of the bond between C&nd the electron-

Catalysis Requires Tight Binding of Substrates and the rich & of the bound Met by changing the ribose ring
Flexible Loop M@ement.On the basis of the structures of conformation from C4exoto C3-enda
eMAT:(ADP+P), eMAT:(SAM+PPNP), and eMAT: As shown in Figure 6, the N of His14 forms a hydrogen
(AMPPNP+Met) deduced by a modeling study, a detailed bond with 05 of AMPPNP (O3+-Ng, = 2.85(2) A), and
catalytic mechanism of SAM formation is proposed here. the No; of His1l4 is surrounded by the two amide groups
The enzyme has at least two different conformations of Aspl6 and Lysl17 within hydrogen bond distance
primarily due to distinct conformations of the active site loop. (Npz***N[Asp16] = 3.05(2) A, Nby*+N[Lys17] = 3.69(2)
One is an open conformation seen in eMAT:(ABR), in A). In this geometry, the imidazole ring of His14 can be
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Ficure 6: A unique geometry of*His-Pro-Asp-Ly4’ with the bound SAM and PPNP showing the possible doubtddN:N hydrogen
bonds which polarize the imidazole ring of His14 to act as an acid in the @5 bond cleavage.
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FiGure 7: Proposed catalytic mechanism for SAM formation. Curved arrows indicate the movements of electron pairs. Possible polar
interactions are illustrated by dotted lines. Thig’'and “—" indicate positive and negative charges, respectively. Although the mechanism

is illustrated in a sequential fashion for clarity, the'€®5 bond cleavage and the C55 bond formation occur in a concerted manner,
i.e., the proposed SAM formation is g&reaction.

polarized so that the proton ongNis readily released to  electron-rich $ of the bound Met by changing the ribose
OS5 of ATP. The C5—-05 bond cleavage is initialized when  ring conformation from C4exo to C3-endo The $

a molecular vibration allows the amide groups of Asp16 and performs a nucleophilic attack on the 'G5 form SAM and
Lys17 to form strong hydrogen bonds withhNof His14. displace PPPThe negative charge onpiNof His14 moves
Then, a series of electron movements take place from theback to the O5of PPR and is stabilized by forming a
Ce1—Np; bonding electron to the G505 bonding electron  C4-H---O5 hydrogen bond (C4-05 = 3.10 A). Although
through the O5--Ng; hydrogen bond, and the C505 bond the mechanism is described above in sequential fashion,
is cleaved and the O5H bond is formed in the PRP  the C3—-05 bond cleavage and the C55, bond forma-
coproduct (Figure 7). The negatively chargegh f His14 tion occur in a concerted manner, i.e., the proposed SAM
is stabilized by the surrounding basic amide groups of Asp16 formation is a §2 reaction. This proposed catalytic mech-
and Lys17. The positively polarized Cioves toward the  anism is consistent with previous mutational studies which
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showed>1000-fold reductions inVmax When the mutation 6.

H14N was madel(0). In contrast, th&/nax diminished only
2.5-fold in the K165M mutant, indicating that interactions
with Lys165 are of lesser importance in catalysis.

The product SAM in this crystal structure has an S-con-
figuration at the § atom, and the naturally occurring SAM
has the S-configuration as weltq, 50), supporting the
proposed catalytic mechanism. As observed in most nucleo-

side and nucleotide structures, the glycosidic bonds of ATP 9.

and SAM molecules in this crystal structure are anti-
conformation. For the overall conformation, the substrate
ATP has an extended conformation, whereas the product
SAM has a bent conformation. Since SAM and SAH
(demethylated SAM) in the known methyltransferase struc-
tures B1—48) and in solution 14) have extended conforma-
tions, the bent conformation in this structure would be an
unfavorable one and would facilitate the release of SAM
from the active site. It is noted that SAM can have a bent
conformation in the protein complex if it has a resen
glycosidic bond as seen in the Met repressor coméx (
Proposed Mechanism Is Quite Uniqua.general, when
a neutral His residue is involved in a general adidse
catalysis, an acidic group polarizes the His residue to act as
a base. A typical example is seen in serine protease reaction
mechanisms52). In the contrast to the well-known protease
examples, we propose that two basic amide groups polarize
neutral His14 to act as an acid on the basis of the geometry ;¢
around the O50f AMPPNP/SAM (Figure 6). Lodi and
Knowles have proposed a similar catalytic mechanism of

triosephosphate isomerase (TIM), in which a neutral His95 17

acts as an acid5@). Interestingly, His95 in the crystal
structure of TIM (PDB code: 2YPI) is surrounded by two
amide groups of Ser96 and Glu97 with thg:N-N distances
of 2.91 and 3.02 A, respectivel$4). Since thé2EGHPDKY
sequence is conserved in all known MAT genB5-65)
and TIM has a similaP*LGHSER® sequence, we searched
for the sequence GHxYZ (where % any; Y = acidic
residue; Z= basic residue) in the PDB files and found 220
structures. However, none of them except for MAT and TIM
has the unique Hisamide group interaction.
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