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ABSTRACT. Methyltransfer reactions are some of the most important reactions in biological systems. Glycine
N-methyltransferase (GNMT) catalyzes tBeadenosyk-methionine- (SAM-) dependent methylation of
glycine to form sarcosine. Unlike most SAM-dependent methyltransferases, GNMT has a relatively high

SAM
KM

value and is weakly inhibited by the produgadenosyl--homocysteine (SAH). The major role of

GNMT is believed to be the regulation of the cellular SAM/SAH ratio, which is thought to play a key
role in SAM-dependent methyltransfer reactions. Crystal structures of GNMT complexed with SAM and
acetate (a potent competitive inhibitor of Gly) and the R175K mutated enzyme complexed with SAM
were determined at 2.8 and 3.0 A resolutions, respectively. With these crystal structures and the previously
determined structures of substrate-free enzyme, a catalytic mechanism has been proposed. Structural changes
occur in the transitions from the substrate-free to the binary complex and from the binary to the ternary
complex. In the ternary complex stage, @helix in the N-terminus undergoes a major conformational
change. As a result, the bound SAM is firmly connected to protein and a “Gly pocket” is created near the
bound SAM. The second substrate Gly binds to Arg175 and is brought into the Gly pocket. Five hydrogen
bonds connect the Gly in the proximity of the bound SAM and orient the lone pair orbital on the amino
nitrogen (N) of Gly toward the donor methyl groupg)®f SAM. Thermal motion of the enzyme leads

to a collision of the N and E£so that a §2 methyltransfer reaction occurs. The proposed mechanism is

supported by mutagenesis studies.

Glycine N-methyltransferase Jadenosylk-methionine
(SAM):glycine methyltransferase, EC 2.1.1.20; GNMT]
catalyzes the SAMdependent methylation of Gly to form
sarcosine X). Blumenstein and Williams first reported that

T The work carried out at the University of Kansas was supported
by NIH Grant GM37233.

¥ The atomic coordinates of GNMT:(SAM acetate) and R175K:
SAM have been deposited with the Protein Data Bank (PDB ID 1INBH
and 1NBI).

GNMT activity is high in liver supernatants from guinea pig,
rat, rabbit, and mouse and relatively low in analogous pre-
parations from calf, pig, lamb, and chicken livet3. (Later,
Ogawa et al. showed that human, rat, and rabbit livers contain
relatively large amounts of GNMT (0-13% of the total
soluble protein) Z). GNMT has also been found in the
nucleus of liver cells ). The distribution of GNMT in a
variety of rat tissues was examined immunohistochemically
(4). In liver, GNMT was most abundant in the periportal
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1 Abbreviations: GNMT, rat liver glycineN-methyltransferase;
R175K, Y21F, Y33F, Y194F, Y220F, and Y242F, mutated GNMTs;
SAM, S-adenosylk-methionine; SAH, S-adenosyl--homocysteine;
GNMT:(SAM + acetate), SAM- and acetate-bound GNMT; R175K:
SAM, SAM-bound R175K; R175K:SAH, SAH-bound R175K; WT,
wild-type GNMT; helix A, slightly irregular helix composed of amino
acid residues 2554; Y194 loop, loop betweea7 andf7 containing
Tyrl94; U-loop, loop formed by residues-20 in the substrate-free
structure; rmsd, root-mean-square deviatig:" andKS”, apparent
Km values of SAM and Gly, respectively.
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proximal convoluted tubules. In pancreas, GNMT was abun-
dant, principally in the exocrine tissue. GNMT was present
in the striated duct cells of the submaxillary gland. In the
jejunum, GNMT was found in the epithelial cells of the villi.
SAM-dependent methyltransferases are generally strongly
inhibited by the producg-adenosyl--homocysteine (SAH),
and the cellular SAM/SAH ratio is thought to play a key
role in methyltransfer reaction$,(6). GNMT is a good
candidate for a regulator of the SAM/SAH ratio for the
following reasons. The enzyme is abundant in liver and the
product sarcosine has no known physiological role and is
converted back to Gly by sarcosine dehydrogen@keThe
Ki values of GNMTs for SAH are in the range of -380
uM and are much higher than the values of other methyl-
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transferases (e.g., 0 for tRNA methyltransferasespy.
Thus, at physiological levels of SAM (0-D.2 umol/g of
liver) and SAH (0.02-0.06umol/g of liver), GNMT would
exhibit appreciable activity. Therefore, fluctuation of GNMT
activity would alter the SAM/SAH ratio, thereby influencing
the activities of various methyltransferases.

Mudd et al. reported recently that a novel form of
persistent isolated hypermethioninemia found in two Italian
siblings was due to a deficiency of GNMT in the lives, (
9). May et al. found that the activity of hepatic GNMT
increases and the activity of tRNA methyltransferase de-
creases in aging animal&d). Consequently, the concentra-
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Although the binding scheme of the adenosine moiety of
SAH was relatively well-defined in the R175K:SAH struc-
ture, those of the homocysteine moiety of SAH and the
second substrate Gly were not characterized due to the
disordered structure of the N-terminal section (residues
1-43). Thus, it has been impossible to build a detailed
catalytic mechanism of GNMT. Now, we have determined
two new crystal structures of the ternary complex GNMT:
(SAM + acetate) and the binary complex R175K:SAM and
characterized the binding schemes of SAM and Gly. Here
we report a detailed catalytic mechanism of GNMT based
on the new crystal structures, and we have tested the

tions of SAH and homocysteine are increased. Recentproposed mechanism by a site-directed mutagenesis study.

evidence indicates that chronic hyperhomocysteinemia, which

is found in from 9% to 15% of the general population, is an

independent risk factor for the development of atherosclerosis

(11—17). Seshadri et al. suggested that an increased plasm
homocysteine level is a strong, independent risk factor for
the development of dementia and Alzheimer’s dise&sk (
These results suggest that the activity of GNMT might
contribute to atherosclerosis and Alzheimer’s disease.
Fujioka et al. have characterized several important catalytic
properties of GNMT. GNMT, unlike most SAM-dependent
methyltransferases, is a homotetrani&) (GNMT binds its
substrates in an obligatory order, with SAM as the first
substrate Z0). GNMT shows sigmoidal rate behavior with
respect to SAM, but it shows no cooperativity toward Gly
(2, 19). The sigmoidal behavior is due to the equilibrium
cooperative binding of SAM to the catalytic site residing on
each subunit (i.e., a rapid and reversible binding of SAM
occurs before the rate-limiting step), and the rate of
breakdown of each enzymsubstrate complex is not af-

EXPERIMENTAL PROCEDURES

Crystallization.WT and mutated enzymes were purified

%rom Escherichia coliJM109 harboring the pCW-GNMT

plasmids encoding the WT or mutated sequen2&s [The
hanging drop method of vapor diffusion was employed for
crystallization of the enzymes. Thick plate-shaped crystals
of GNMT:(SAM + acetate) and R175K:SAM suitable for
X-ray diffraction studies were grown in a solution containing
5 mM SAM, 100 mM sodium citrate buffer (pH 5.6), 100
mM ammonium acetate, 50 mM NaCl, and 10% (w/v) PEG
3400 with a protein concentration of 20 mg/mL at Z3.

Data Measuremenf crystal (~0.3 x 0.3 x 0.1 mm) in
a hanging drop was scooped by a nylon loop and was dipped
into a cryoprotectant solution containing 20% ethylene
glycol, 50 mM NaCl, 100 mM sodium citrate (pH 5.6), and
10% (w/v) PEG 3400 for 10 s before the crystal was frozen
in cold nitrogen gas<{180°C) on a Rigaku RAXIS imaging

fected by the presence or absence of ligands in otherplate X-ray diffractometer with a rotating anode X-ray

protomers 21). In the presence of SAM, cleavage of the
eight residues of the N-terminus with trypsin occurred much
more rapidly than in its absencgl).

The first crystal structure of GNMT revealed that GNMT
is a dimer of dimers, in which the two subunits form a dimer
by exchanging their N-termini2@). Each subunit has a
unique “molecular basket” structure. A SAM-like molecule
was trapped inside the basket, and the N-terminal U-loop of
the partner subunit of the dimer blocked the basket. The SAM
binding scheme was not consistent with those found in the

generator as an X-ray source (CuKadiation operated at
50 KV and 100 mA). The X-ray beam was focused to 0.3
mm by confocal optics (Osmic, Inc.). The diffraction data
were measured up to 2.8 A resolution-st80°C. The data
were processed with the program DENZO/SCALEPACK
(26). The data statistics are given in Table 1. The deduced
unit cell dimensions indicate that the R175K:SAM crystal
is isomorphous to the R175K:SAH crystaBj. On the other
hand, the GNMT:(SAMt acetate) crystal is not isomorphous
to either the R175K:SAM crystal or the substrate-free GNMT

other methyltransferases, suggesting that SAM sits on thecrystal.

minor binding site 23). The crystal structures of substrate-
free GNMT and a mutated R175K enzyme have been
determined Z3, 24). Those structures were isomorphous to
that of the initial GNMT:SAM complex, except for the empty
basket. The structure of R175K:SAH revealed that the
enzyme has another conformatio@3). The N-terminal
U-loop of the partner subunit moves out, and a SAH
molecule sits on the site occupied by the U-loop. The SAH
binding mode is now consistent with those of the other

Crystal Structure Determination of GNMT:(SAM Ac-
etate).The unit cell dimensions and space group indicated
that an asymmetric unit contained one tetrameric enzyme.
The crystal structure was determined by a molecular replace-
ment procedure using AMORRYT). A subunit in the R175K:

SAH complex structure, in which amino acid residuesia

were not defined, was used as the search model. The structure
was refined with the POSITIONAL protocol and then the
simulated annealing procedure of X-PLOB8). The model

methyltransferases. On the basis of crystal structures of theof amino acid residues 84 was built in (£, — F¢) maps.

substrate-free GNMT and R175K:SAH, we have proposed
that the N-terminus of GNMT regulates the enzyme activity
(23). Before the catalysis, the N-terminal section of the
partner subunit of the dimer competes with SAM to bind to

(Fo — F¢) maps did not give any significant electron density
for amino acid residues-117, indicating that these residues
were heavily disorderedF{ — F¢) maps showed two large
significant residual electron density peaks in the region of

the active site, and after the catalytic reaction, the samethe active site. Since GNMT was crystallized in the presence

N-terminal section forces the departure of the potentially
potent inhibitor SAH from the active site and thus facilitates
the methyltransfer reaction.

of an excess of SAM (5 mM) and acetate (100 mM), SAM
and acetate molecules were fitted into the electron density
peaks, respectively. Other well-defined residual electron
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(A) (B) (€)

Ficure 1. (2F, — F¢) maps showing the electron density peaks of the N-terminus (amino acid residu46)18he contour is drawn at
the 1.2 level. Panels: (A) GNMT:(SAM+ acetate) complex, (B) dimer AB in the R175K:SAM complex, and (C) dimer CD in the
R175K:SAM complex.

density peaks inH, — F.) maps were assigned to water subunits in each dimer were restrained to have the same
molecules if peaks were able to bind the protein molecules structure. F, — F) maps showed a large significant residual
with hydrogen bonds. The final model was refined by the electron density peak in the region of the active site, and a
simulated annealing procedure and followed by the individual SAM molecule was fitted into the electron density peak. The
B-factor refinement procedure of X-PLOR using bond and structure was refined with the same procedures applied to
angle restraints. During the refinement, the four subunits the GNMT:(SAM + acetate) complex. No water molecule
related by a noncrystallographic 222 symmetry were tightly was included in refinement.
restrained to have the same structure in order to increase Site-Directed Mutagenesi€ligonucleotide-directed mu-
the accuracy of coordinates. To examine effects of the tagenesis was used to prepare cDNAs encoding mutated
included water molecules to the crystal structure, the final forms of GNMT. Mutagenic oligonucleotides were purchased
structure was refined without water molecules by the same from Integrated DNA Technologies (Coraville, I1A). Mu-
simulated annealing procedure for five times. TReand tagenesis was performed by the method of Kunkel eR8§), (
freeR-values increased from 0.204 to 0.226 and from 0.278 with a Mutan-K site-directed mutagenesis kit (Takara Shuzo,
to 0.290, respectively. The rmsd between the protein atomic Kyoto, Japan). A clone containing the desired mutation was
coordinates of the structures containing 290 water moleculesidentified by nucleotide sequence analysis across the muta-
and excluding all water molecules was less than 0.23 A. tion site by the dideoxy chain termination meth@g)(
Specifically, the rmsd of the amino acid residues involved Enzyme Assaythe GNMT catalytic activities of the WT
in hydrogen bonds with the bound SAM and acetate and mutated enzymes were determined spectrophotometri-
molecules was less than 0.04 A, suggesting that introducingcally. The assay mixture contained, in 2 mL of 50 mM
290 water molecules in the refinement would not change potassium phosphate (pH 7.2), Gy of recombinant
the geometry of the active site. S-adenosyl--homocysteine hydrolase and 1.4 units of calf
Crystal Structure Determination of R175K:SAWhe unit intestine adenosine deaminase (Sigma, St. Louis, MO). For
cell dimensions and the space group indicated that the crystathe SAM kinetic parameteMua andK™) measurement,
of R175K:SAM was isomorphous to the crystal of R175K: five different concentrations of SAM (0.62.10 mM) with
SAH (23). The structures were refined using 3.0 A resolution Gly concentration fixed were added to the reaction mixture.
data. A (X, — F) map showed significant electron density The Gly concentrations for the WT, Y21F, Y33F, Y194F,
peaks for amino acid residues-184 in one dimer (AB)  Y220F, and Y242F experiments were 5, 5, 250, 100, 250,
whereas there was no such electron density peaks in the otheand 5 mM, respectively. Similarly, for the Gly kinetic
dimer (CD) (Figure 1). In the refinement procedure, two parameter {max and Kﬁ'y) measurement, five different
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Table 1: Experimental Details and Refinement Parameters of
Crystal Structure Analysés

GNMT:
crystal (SAM + acetate) R175K:SAM
unit cell (A) 90.95, 77.87,
117.01, 77.87,
137.78 227.11
space group P212,2; P4,
resolution (A) 16-2.8 10.6-3.0
no. of reflections measured 195411 145578
no. of unique reflectiorfs 36870 25540
% complete (outer shefl) 99 (97) 98 (96)

Reynd (outer shell)

no. of protein atoms in

asymmetric unit

0.072 (0.258)
8644

0.077 (0.266)
8214
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RESULTS

Overall Crystal StructuresThe crystallographic refine-
ment parameters (Table 1), finalR2 — Fc) maps, and
conformational analysis by PROCHECRJ) indicate that
the crystal structures of GNMT:(SAMt+ acetate) and
R175K:SAM have been determined successfully. Except for
the N-terminal section (amino acid residues54), the
topologies of all subunits in the GNMT structures are all
the same and are1(59-62)~a3(69—76)~/2(80—-85)~a4-
(88—100y-04'(105-108)y33(111-114)y-05(120-123)~34-
(130—135)~06(151-161)45(164—175)a7(177—
183)46(199-209)~37(212-223)~38(235-242)~08(247—
257r9(262-26710(283-290)~. The tertiary and

no. of SAM and acetate in 4and 4 4and0 . .
asymmetric unit quaternary structures of GNMT fqund _m_GNMT.(SAM
no. of water molecules in 290 0 acetate) and R175K:SAM are quite similar to that of the
y "a?ymmetmc ﬁnlﬂt . a1 substrate-free GNMT structure2g, 24), except for the
In outer she . . :
Roand freer 0.204 and 0172 and structures of thg N—tgrmmus, the Y194—Iqop betwaén‘?md
0.278 0.290 p6, and the active sites. The two subunits A and B interact
rms deviations with each other relatively strongly and form a dimer.
ggglde(é)eg) 01-0‘%9 01-02057 Similarly, C and D form a dimer as well. The dimer
torsion angle (deg) 238 276 structures of the substrate-free GNMT, R175K:SAM binary
meanB values complex, and GNMT:(SAMt acetate) ternary complex are
Cu atorﬂs_(/&)jg g%g g%-g shown in Figure 2.
2}? ;‘:;mg"?g ) 23.8 33.8 - GNMT:(SAM+ Acetate) Complex Structurdhe four
Ramachandran plot independent subunits related by a noncrystallographic 222
medS_t_faVC;Ifed"regIOS (%) 89.5 91.4 symmetry have the same structure. The rmsd among the four
additionally allowed region  10.1 8.1 subunits is less than 0.045 A. The N-terminal17 amino

allowed region 0.4 0.5

a M, of subunit= 32400 (292 residuesy.Unique reflections in the
range between 10.0 A and highest resolutio@uter shell= 2.8-2.9
A resolution for GNMT:(SAM+ acetate) and 3:03.1 A resolution
for R175K:SAM. 9 Reym = Y|l — OVS1. € l/o(l) in the outer shell.

acid residues in each subunit are apparently in the solvent
region and are disordered. Amino acid residues 38 are
ordered, in which residues 24 form a coil and residues
25—54 fold into a curved irregulasi-helix A (Figure 2C).

As expected, SAM molecules bind to the SAH binding site
as seen in the R175K:SAH structui28). The adenine ring

Table 2: Apparent Kinetic Parameters of WT and Mutated

Enzymes is recognized by hydrogen bonds;NN[Trp117], Ns+++Op;-

‘ SAM Gly [TAsrﬁ%6(]l):_and thg sta(;:liilglgTiEteraction with r:ngllole rin% ofd

cat - - rp igures 3 an . The consensus hydrogen bonds
enzyme (Min~) Ku (M)  kealkn® K (MM) ket connect the 20H and 3-OH of adenosine ribose to acidic
\\/(valF 22%{’3) 3f2((32) 160200 0642:%?2)) 1(504?2 amino acid residue Asp85 located at the tip##. The
Y33F 127(8)  17(2) 0.99 25(2) 84 102 carboxylate and amino groups of the Met moiety of SAM
Y194F  10.7(7) 35(3) 0.41 2.8(3) 64107 are involved in hydrogen bonding with Trp30, Arg40, Ala64,
xig'ﬁ %g-(zgs) %g(%) i-gﬁ 3(())(52)1 @ 8559103 and Leu136. The @ of Tyr21 is positioned to have a
R175K  9.9(7) 35(3) 0.38 364@3) 438104 charge-dipole interaction (namely; O---St = 3.2 A) with

the positively chargedssof SAM. An acetate is in the “Gly
pocket” near the bound SAM. The carboxylate group of the
bound acetate molecule forms a pair of hydrogen bonds with
) ) the guanidino group of Arg175. Tyr33, Tyr220, and Asn138
concentrations of Gly with excess SAM (0.12 mM) were 550 participate in hydrogen bonds with the bound acetate.
added to the reaction mixture. Due to a high UV absorption pjstances and angles of possible hydrogen bonds are given
of SAM at 265 nm, the SAM concentration was kept to 0.12 4 Table 3.

mM. The reaction was started by adding the WT or mutated  y1odel Structure of GNMT:(SAM Gly). Since there was

enzyme, and the decrease in absorbance at 265 nm due tg space to fit an amino group above thed acetate in the
the conversion of adenosine to inosine was followed at 30 GNMT:(SAM + acetate) structure, a Gly molecule was built
°C. The product concentrations were calculated from the j, the GNMT:(SAM + acetate) structure by the following
slope of AA and Ae = 8.1 x 10° M~*cm™ (31). The Ky procedures: the bound acetate was replaced with a Gly by
andVnax values were determined from the LineweavBurk attaching an amino group on the 6f acetate, and the-€Ca

plot using the least-squares regression methodkEhelues bond was rotated until the NCeg[SAM] distance became
listed in Table 2 were obtained by varying the SAM the minimum. In this model, the OH of Tyr194, the O of
concentration at a fixed Gly concentration. It is noted that Gly137, and the € of SAM surround the N in a trigonal
the N-terminus of the recombinant enzyme is not acetylated fashion (Figure 3). The distances of-My, N+--O, and N
and the enzyme obeys Michali#lenten kinetics at neutral  --Cg are 2.9, 2.9, and 2.7 A, respectively, and the N is on
pH (25, 32). the $—Ce vector. On the basis of this geometry, the lone

2 Relative to the wild-type enzymé.The standard errors of the last
digits are given in parentheseédrom ref23.
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(A) Substrate-free (B) Binary co_mplex (C) Ternary complex

Ficure 2: Three dimer structures showing the different N-terminal conformations. The two subunits are colored aquamarine and light
pink. The N-terminal sections (amino acid residuess4) of each subunit are drawn with thick coils in blue and magenta, respectively.

The disordered sections are indicated by white coils. The bound SAM and acetate molecules are illustrated with ball and stick presentation.
Panels: (A) structure found in substrate-free GNMT, (B) structures found in R175K:SAH and dimer CD of R175K:SAM, and (C) structures
found in GNMT:(SAM + acetate) and dimer AB of R175K:SAM.

R40

N116 Nl116

Ficure 3: SAM and acetate in the active site of GNMT:(SAMacetate). The Gly molecule is modeled by attaching an amino group to
C, of the bound acetate. SAM and Gly molecules are colored magenta while the protein sections are colored aquamarine. Thin lines
illustrate possible hydrogen bonds between the substrates and protein.

pair orbital on the N of Gly should be pointed toward the two dimers (AB and CD) have slightly different
the Ge of SAM if the amino group is neutral (i.e;NHy). structures. Dimer AB is similar to those of the GNMT:(SAM
This GNMT:(SAM + Gly) model suggests that ay& + acetate), and the N-termina-18 amino acid residues
methyltransfer reaction can occur if the-NCe distance is are not visible (Figure 1B). Dimer CD is similar to that of

further shortened by a molecular vibration. R175K:SAH, and the N-terminal-143 amino acid residues
R175K:SAM Complex Structuréhe R175K:SAM struc- are disordered (Figure 1C). Amino acid residues-48
ture is isomorphous to the R175K:SAH structur&3)( apparently alternately form two conformations observed in

Although the R175K:SAM structure has a 222 symmetry, the substrate-free GNMT and the GNMT:(SAM acetate)
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Ficure 4: Schematic diagram showing the interaction of SAM and
Gly in the active site. Broken lines indicate the possible hydrogen
bonds (Table 3). $of SAM and Q; of Tyr21 separated by 3.2 A
and G of SAM and N of Gly separated by 2.7 A are connected by
a broken line. It is noted that Tyr21, Trp30, Tyr33, and Arg40 are
disordered in R175K:SAH and in dimer CD of R175K:SAM and,
thus, are not involved in the hydrogen bonds with SAM. Also,
Ala64 and Leul36 do not participate in hydrogen bonds with SAM
in those dimer structures.
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Table 3: Distances (A) and Angles (deg) of Possible Hydrogen
Bondg

distance
A angle (deg) angle (deg)
X(H)-Y A=X(H)Y X(H)--Y—B

hydrogen bond
A—=X(H):*Y-B

[Y21]Cz—Opr+*Ngo—Cee[H142]  2.87(2) 130(1) 85(1)
[W30]Ce2—Nga+*0,—C[SAM]  2.89(4) 134(1) 132(1)
[Y33]Cz—Opr++0,—C[Gly] 2.57(5) 127(1) 147(1)
[R40]C,—Npa--*O,—C[SAM]  3.27(3) 116(1) 86(1)
[R40]Cz—Nj---O;—C[SAM]  2.61(5) 99(1) 145(2)
[W117]Ca—N---N;—C[SAM]  2.87(2) 132(1) 117(2)
[N138]Cs—Npz+-0:—C[Gly]  2.78(3) 121(1) 154(1)
[R175]Co—Ng-++0;—C[Gly] 2.85(2) 123(1) 118(1)
[R175]G—Npz++0,—C[Gly] 2.67(1) 127(1) 112(1)
[R175]G—Npz+-Oy—CZ[Y33]  3.45(2) 171(2) 172(2)
[Y194]C;—Oy---0;—C[G137]  2.75(1) 135(1) 123(1)
[Y220]Cz—Oy++0,—C[Gly] 2.67(3) 114(2) 102(1)
[Y242]C;—Oy--O4—CZ[Y220] 2.61(2) 121(1) 138(1)
[SAM]C6—Ng+-Op1—CG[N116] 2.86(2) 116(1) 88(1)
[SAM]C2—0;++-Op,—CG[D85] 2.57(1) 138(1) 109(1)
[SAM]C3—0Oz+--Op;—CG[D85]  3.03(3) 109(1) 123(1)
[SAM]CA—N-:-O—C[A64] 3.18(3) 115(1) 161(1)
[SAM]CA—N-+-O—C[L136] 3.36(3) 146(1) 132(1)
[SAM]CA—N-+-Op2[H20] 3.00(20) 110(3)

[Gly]Ca—N---O—C[G137P 2.89(3) 152(1) 168(2)
[Gly]CA—N---O4—CZ[Y194]°  2.89(2) 117(2) 105(1)
[Y21]Cz—Op+-So—Ce[SAM[¢  3.21(2) 112(1) 77(1)
[SAM]Sp—Cg--*N—Ca[Gly]Pd  2.66(2) 176(1) 128(1)

2 The mean values of the four subunits are listed along with the rmsd
values in parentheses. It is noted that the crystallographic estimated
standard deviations would be larger than the rmsd values. The bound
Gly is built as follows: the amino group (N) was attached toofthe
bound acetate, and the-C, bond was rotated until the-NCg[SAM]
distance became the minimufValues are from the GNMT:(SAM
+ Gly) model structure (see footno#. ¢ Charge-dipole interaction.
dShort G+-N distance between SAM and Gly.

DISCUSSION

Crystal structures of the substrate-free GNNZB, 24) and
its R175K mutated enzym@38), R175K:SAH @3), R175K:
SAM (this study), and GNMT:(SAMt acetate) (this study)

complex (Figure 5). The rmsd between the subunits within have been determined. These structures show the various
the dimer are 0.065 A for dimer AB and 0.057 A for dimer stages of the catalytic process of GNMT. An analysis of these
CD, whereas the rmsd between the two dimers is 0.974 A, structures reveals why GNMT behaves differently from the
indicating that the two dimers are significantly different. In  other SAM-dependent methyltransferases and can regulate
dimer AB, the bound SAM has the same hydrogen-bonding the SAM/SAH ratio in cells; i.e., GNMT has a much larger
scheme and the stacking interactions with the SAM in the Kf,,AM value than other SAM-dependent methyltransferases
GNMT:(SAM + acetate) structure. A Gly pocket is formed and is only weakly inhibited by SAH. As described below,
near the bound SAM, but there is no Gly/acetate since R175Kthe GNMT catalysis is quite dynamical.

does not have the Gly binding Argl75. In dimer CD,  The types of catalytic mechanisms that enzymes employ
although the adenosine moiety of the SAM has the samehave been grouped into six classes: adidse catalysis,
interactions as observed in the dimer AB, the Met moiety covalent catalysis, metal ion catalysis, electrostatic catalysis,
does not form any hydrogen bonds with the amino acid proximity and orientation effects, and preferential binding
residues Tyr21, Trp30, and Arg40, which are now disordered. of the transition state complex. On the basis of the GNMT:
The presence of two different dimers in the R175K:SAM (SAM + acetate) crystal structure and the GNMT:(SAM
complex structure suggests that absence of Gly/acetateGly) model structure, we propose that GNMT catalyzes the

increases mobility of the helix A.

Enzyme Actiity. Apparent kinetic parameters of Y21F,
Y33F, Y194F, Y220F, and Y242F mutated enzymes are
given in Table 2. There is no significant reduction of the
catalytic ratesK.o) by the mutations. None of the mutation
changes significantly the value K. Only the Y33F and
Y220F mutations increased significantly th&” values
and reduced significantly their catalytic efficiencidga(
KSY). Thekea/Ky™ of Y21F andk../KS” of Y194F suggest
that these mutations reduce slightly the catalytic efficiencies.
The Y242F mutation had no effect on catalysis.

methyltransfer reaction by “proximity and orientation ef-
fects”.

A Proposed Catalytic Mechanism of GNMT. (A) Initial
Stage The structure of substrate-free GNMT represents this
stage (Figure 2A). The U-loop section (residues29) of
the N-terminus of the partner subunit of the dimer enters
the active site and occupies the SAM binding site (closed
conformation). The edge section of the U-loop (residues 21
24) is apparently flexible so that the U-loop of the partner
subunit readily moves out of the active site. At low SAM
concentrations, the U-loop and SAM compete to bind the
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Ficure 5: Superimposed view of the N-terminal sections (amino acid residued@)8of the substrate-free GNMT (light pink) and the
GNMT:(SAM + acetate) complex (aquamarine). The backbones from amino acid residué6 & illustrated by coils. The side chains
participating in the SAM and acetate bindings are illustrated by a ball and stick presentation. SAM and acetate in the GNM:(SAM
acetate) complex are shown by magenta. Argl75, the Gly binding site, is illustrated in order to show a swing movement of the side chain.
The substrate-free GNMT structure was superimposed on the GNMT:($Aldetate) complex structure by spatially aligning the catalytic
domains (amino acid residues-5576 and 246-292) using a least-squares method. For the Y194 loop, the skinny loop and fat loop seen

in the substrate-free GNMT and dimer AB of R175K:SAM are shown, respectively.

active site, with the equilibrium toward the closed conforma- pair of hydrogen bonds. This pair of hydrogen bonds orients
tion. Therefore, GNMT shows a relatively higky ™ in the Gly toward the Gly pocket. The bound Gly on the side
comparison with the other methyltransferases. chain of Argl75 is quite far from the bound SAM, and the

(B) SAM Binding StageThe structure of dimer CD in  side chain is apparently able to swing since there is no
R175K:SAM represents this stage (Figure 2B). As the SAM hydrogen bond partner around the guanidino group (Figure
concentration is increased, the equilibrium between the closedd). The bound Gly on the swinging side chain of Arg175 is
conformation and the open conformation (U-loop is moved fitted into the Gly pocket and is connected by five additional
out and SAM occupies the site) shifts toward SAM binding. hydrogen bonds to the protein. Also the guanidino group of
At the initial binding, the SAM connects its adenosine moiety Arg175 is connected to Tyr33 (Figures 3 and 4). Now, the
to Asp85, Asn116, and Trp117 by hydrogen-bonding and bound Gly molecule is also very tightly connected to the
s—a interactions, but its Met moiety has little interaction protein by seven hydrogen bonds.

with the protein. The section of residues-25 forms (D) Near the Transition StateThe crystal structure of
alternately two conformations [L-shaped helix{Z%5)—coil- GNMT:(SAM + acetate) represents this stage (Figure 2C).
(36—40)—helix(41-54) and curved irregulan-helix A] The conformation change in the N-terminal section (residues

(Figure 5). When it forms the helix A conformation, the 1—54) brings a SAM and a Gly into the active site in the
following events occur. The N-terminal end of helix A fills  correct order, connects the two substrates firmly to the
the space occupied by the U-loop of the partner subunit, andprotein, stabilizes the positive charge on the & SAM,
thus, the SAM entrance to the active site is closed. The helix and aligns the lone pair orbital of the amino nitrogen (N) of
A forms three hydrogen bonds with the bound SAM and Gly to the methyl carbon (& of SAM. Five hydrogen bonds
two hydrogen bonds with another part of the protein ([Tyr21]- (Ora***Np2[Asn138]; Oros+-On[Tyr33]; N+--On[Tyr194], N
On+*Ne[His142]; [Tyr33]Oy¢+*N2[Arg175]). The Met moi- +*O[Gly137], [Arg175]Nys+++On[Tyr33]) connect the Gly in
ety of SAM is now very tightly connected to the enzyme by the proximity of the bound SAM. Thermal motion of the
five hydrogen bonds (Figure 4). Furthermore, theh@s a enzyme leads to a collision of the N ang €b that a {2
charge-dipole interaction with the @of Tyr21. methyltransfer reaction occurs. Thg-SOy[Tyr21] charge-

(C) Gly Binding StageThe structure of dimer AB in  dipole interaction facilitates theyd reaction (Figure 6).
R175K:SAM represents this stage (Figure 2C). The confor- (E) Product Releasing Stag&he crystal structure of
mation change in the section of residues-88 allows Arg40 R175K:SAH represents this stage (Figure 2B). Once the
to push Tyr194 into the active site and creates a Gly pocket methyltransfer reaction is completed, the transferred bulky
near the bound SAM. The pushing of Tyr194 also changes methyl group destabilizes the hydrogen bonds around the
the conformation of the Y194-loop from a “skinny loop” to N, and eventually these hydrogen bonds are broken. Fur-
a “fat loop” (Figure 5). A Gly enters through the fat loop, thermore, the positive charge on N destabilizes the charge
and its negatively charged carboxylate group binds to the charge interaction between the negatively charged carboxy-
positively charged guanidino group of Arg175 by forming a late group of sarcosine and the positively charged guanidino
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H His142 increase in thek$” value. The catalytic efficiencies are

significantly reduced by the Y33F and Y220F mutations, and
marginal reductions are seen in the Y21F and Y194F
mutations. Although Tyr242 locates near the active site, the
Y242F mutation does not change the kinetic parameters,
indicating that Tyr242 is indeed not directly involved in the
catalysis.

From the substrate-free GNMT and the GNMT:(SAM
acetate) structures, the side chain of Arg175 moves substan-
tially (Figure 5). Apparently, the roles of Argl75 are to
provide a Gly binding site and to bring the bound Gly into
the Gly pocket. Therefore, the R175K mutation is considered
to affect the catalysis much more severely in comparison
with the Y21F, Y33F, Y194F, and Y220F mutations. In the
R175K:SAM and R175K:SAH structures, there is no acetate
molecule binding to the Nof Lys175, suggesting that a free
Gly has to enter the Gly pocket by itself in the case of the
R175K mutated enzyme. For this reason, K value is
much higher than those of the Y21F, Y33F, Y194F, and
Y220F mutated enzymes.

In conclusion, the kinetics data of mutated enzymes
support the proposed catalytic mechanism of GNMT.

Defect GNMTs in Italian SiblingsThe mutations found
in two ltalian siblings are L49P and H175N, which cor-
respond to L48P and H174N mutations in the rat enzyme

\ Gly 137

Tyr33
Ficure 6: Schematic diagram of the proposed methyltransfer
reaction of GNMT. The amino nitrogen (N) of Gly is on the-€
Sp vector and its lone pair orbital is precisely pointed to the methyl
carbon (G) of SAM. The positively charged sSof SAM has a
charge-dipole interaction with the Qof Tyr21. The five hydrogen
bonds (Q1+**Np[Asn138]; Orp+++Ox[Tyr33]; N:--Oy[Tyr194], N-
+-O[Gly137], [Arg175]Ny;+--Oy[Tyr33]) connect the Gly in the
proximity of the bound SAM and orient the lone pair orbital on
the amino nitrogen (N) of Gly toward the donor methyl group)(C
of SAM. Under these conditions, the,SCg bonding electron is
pulled toward the positively chargeg,sand the lone pair electrons
on the N interact with the € Thermal motion of the enzyme leads
to a collision of the N and E£so that a §2 methyltransfer reaction
occurs. The chargedipole interaction §+-Oy[Tyr21] facilitates
the reaction.

group of Arg175. Therefore, the product sarcosine is readily

released from the active site. After the methyl transfer, the (8, 9). Since Leu48 is located in the regutashelical section

Sp of SAH becomes neutral, so that the-SO4[Tyr21] of helix A and Pro is a helix breaker, the L48P mutation

charge-dipole interaction vanishes, and helix A increases changes the conformation of helix A. Consequently, the L48P

its mobility. Subsequently, the hydrogen bonds between the mutated enzyme could lose catalytic activity. In the case of

substrates and the helix A are broken, and helix A goes backthe H174N mutation, His174 is situated on strg#tdand

to the initial conformation (i.e., an L-shaped hetizoil— next to the Gly binding residue, Arg175, which is located

helix conformation). Arg40 pushes Tyr194 away from the on the C-terminal end of strang@b. The H174N mutation

active site, and the Y194 loop changes to the initial apparently changes the side-chain orientation of Argl75.

conformation. The association of SAH is weakened becauseConsequently, the Gly-bound Arg175 cannot fit into the Gly

the hydrogen bonds between the homocysteine moiety ofpocket as described above. The details of the H174N

SAH and the protein are broken. mutation will be discussed elsewhere along with D173N and
(F) Final StageThe series of the conformational changes N176A mutations.

in the partner subunit bring its U-loop to the front of the

active site, and then the U-loop competes with the product ACKNOWLEDGMENT
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toward the closed conformation; i.e., the weakly associated
SAH leaves the active site, and the U-loop occupies the
SAM/SAH binding site (Figure 2A). Therefore, GNMT is
weakly inhibited by SAH in comparison with the other
methyltransferases.

Kinetic Data Support the Proximity and Orientation Effects
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NOTE ADDED AFTER PRINT PUBLICATION

The Protein Data Bank code (1NBH) was incorrect in the

Catalysis of GNMT Since the substitution of Tyr residue version published on the Web 06/24/03 (ASAP) and in the
with Phe residue does not cause any steric hindrance in theJuly 22, 2003, issue (Vol. 42, No. 28, pages 838402).
protein structure, structures of the mutated proteins areThe correct electronic version of the paper was published
expected not to have changed. There are five Tyr residues8/19/03, and an Addition and Correction appears in the
(21, 33, 194, 220, 242) on the active site surface. Tyr21 September 16, 2003, issue (Vol. 42, No. 36).
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