Biochemistry1998,37, 13499-13506 13499
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ABSTRACT. S-Adenosylmethionine (AdoMet) synthetase catalyzes the formation of AdoMet and tripoly-
phosphate (PRPfrom ATP andL-methionine and the subsequent hydrolysis of the; R®PR and P

before product release. Little is known about the roles of active-site residues involved in catalysis of the
two sequential reactions that occur at opposite ends of the polyphosphate chain. Crystallographic studies
of Escherichia coliAdoMet synthetase showed that arginine-244 is the only arginine near the polyphosphate-
binding site. Arginine-244 is embedded as the seventh residue in the conserved sequence DXGXTxXKXxI
which is also found at the active site of inorganic pyrophosphatases, suggesting a potential pyrophosphate-
binding motif. Chemical modification of AdoMet synthetase by the arginine-specific reagents phenylglyoxal

or p-hydroxyphenylglyoxal inactivates the enzyme. ATP and;RiP&tect the enzyme from inactivation,
consistent with the presence of an important arginine residue in the vicinity of the polyphosphate-binding
site. Site-specific mutagenesis has been used to change the conserved arginine-244 to either leucine
(R244L) or histidine (R244H). In the overall reaction, the R244L mutant haktheduced~10-fold,

with a 7 to10-fold increase in substrakg, values; the R244H mutant has a1 0°-fold decrease ifkeat

In contrast, thek.s: values for hydrolysis of added PPy the R244L and R244H mutants have been
reduced by less than 2 orders of magnitude. In contrast to the wild-type enzyme in which 98% jof the P
formed originates as thg-phosphoryl group of ATP, in the R244L mutant the orientation of the; PPP
intermediate equilibrates at the active site yielding equal amounts fobiR the o- and y-phosphoryl

groups of ATP. Thus, the active-site arginine has a profound role in the cleavage off fRRATP

during AdoMet formation and in maintaining the orientation of PlRRhe active site, while playing a

lesser role in the subsequent PRArolytic reaction.

S-Adenosylmethionine synthetase (ATRnethionineS coli meK enzyme, which is a tetramer of identical 383
adenosyltransferase E.C.2.5.1.6) catalyzes the only knownresidue subunit$(-10). Each active site binds two divalent
route of biosynthesis oS-adenosylmethionine (AdoMet) metal ions (e.g., M) and a monovalent cation (K, all of
which plays a myriad of biological roles and is considered which are required for maximal activity. The recent report
to be the primary methyl group donor in all organisrs-( of the crystal structure oE. coli AdoMet synthetase by
4). The overall synthetic reaction is composed of two Takusagawa and co-workers has facilitated the design and
sequential steps, AdoMet formation and the subsequentinterpretation of ongoing mechanistic investigatiodd—
tripolyphosphate (PRPhydrolysis which occurs prior to  13). While numerous studies have characterized the overall

release of AdoMet from the enzyme, as shown below. reaction and the AdoMet formation step, information on the
PPR hydrolysis step has been elusive. Hindering elucidation

L-methioninet+ ATP + H,0 — of the kinetic and thermodynamic importance of the PPP
[AdoMet + PPP+ H,0] — hydrolysis step in the overall reaction has been the close

enzyme-bound physical and kinetic coupling of AdoMet formation and PPP

AdoMet+ PP + P, hydrolysis. Thus, the importance of RRiydrolysis in the
mechanics and energetics of the overall reaction has remained
unclear. This study has focused on determination of the roles
of an active-site residue involved in processing of the;PPP
intermediate.
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The structural and mechanistic properties of AdoMet
synthetase have been extensively studied irEtbeherichia
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Ficure 1: lllustration of the active site of AdoMet synthetase showing ADPaRd selected side chains. The backbones of two subunits
which contribute to the active site are shown in different shades of gray. The locations are shown for arginine-244, lysine-245, and glutamate-
42; glutamate-42 is denoted with an asterisk (*) since it comes from a different subunit than residues 244 and 245. Coordinates were taken
from the Protein Data Bank file 1mxid.8). This figure was prepared with MOLSCRIPT4).

or L)I. Crystallographic results show that this sequence is arginine to histidine in human liver AdoMet synthetase is
present at the pyrophosphate binding sit&a€charomyces  associated with loss of enzyme activity and familial hyper-
cerevisiae inorganic pyrophosphatasg¢y-17). X-ray crys- methioninemia 21).

tallographic results foE. coli AdoMet synthetase in com- To provide a broad view of the importance of arginine
plexes with ADP and P or PR and R, indicate that this residues inE. coli AdoMet synthetase function, both site-
sequence (encompassing residues-2887 which contains  directed mutagenesis and chemical modification techniques
two basic residues, arginine-244 and lysine-245) is presenthave been used. The present studies show that AdoMet
in the vicinity of the polyphosphate groups3j (Figure 1). synthetase is inactivated when incubated in the presence of
Arginine and lysine residues have been identified as func- either phenylglyoxal (PGO) qr-hydroxyphenylglyoxal (HO-
tionally important components of the active sites of a number PGO), reagents which are specific for reaction with arginine
of enzymes that utilize nucleotides or phosphorylated residues 22). In contrast, chemical modification reagents
substrates including adenylosuccinate synthetase, adenylatspecific for lysine residues are reported not to inactivate the
kinase, and inorganic pyrophosphatake<20). While this enzyme b). ATP and PPP protect the enzyme from
work was in progress, a report by Chamberlin et al. revealed inactivation, suggesting that functionally important arginine
that a naturally occurring alteration of the corresponding residue(s) are near the polyphosphate-binding region. To
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complement the chemical modification studies of the wild- DNA sequences confirmed that only the desired mutations
type enzyme, site-specific mutagenesis was used to changevere introduced.

arginine-244 of AdoMet synthetase to a histidine (R244H)  Expression, Purification, and Characterization of Mutant
or a leucine (R244L) residue, and these mutants have beerAdoMet SynthetasesPlasmids pTZK/R244L and pT7/K/
characterized in detail. The results reported herein indicate R244H were transformed into strain RSR15(DE3). Cultures
that arginine-244 is critical in interactions with the poly- were grown in LB media and following isopropyl-1-thi-
phosphate chain during AdoMet synthesis and to a lesserp-galactopyranoside induction the R244L mutant protein

extent in PPPhydrolysis. accounted for~20% of total cellular protein. Comparable
protein levels were obtained for the R244H mutant in the
MATERIALS AND METHODS absence of induction.

A standard purification protocol was used to isolate both
wild-type and mutant AdoMet synthetasd€). Both wild-
type and mutant AdoMet synthetases were purified to
electrophoretic homogeneity as judged by PAGE analysis
on a Pharmacia Phast System. Purifications were monitored
by PAGE on 10 to 15% gradient gels containing SDS.
Following purification, purified wild-type and mutant AdoM-
et synthetases were analyzed by native gel electrophoresis
on 8 to 25% gradient gels.

Circular dichroism spectra were recorded on an Aviv
model 62A spectrapolarimeter. Samples (0.3 mg/mL protein
in 25 mM Tris/HCI and 25 mM KCI, pH 8.0) were placed
in 1 mm path length cells and spectra were recorded from
200 to 260 nm.

L-Methionine, ATP, KCI, MgC}, (NH4)sM07024:4H,0,
NaAsQ, citric acid, ascorbic acid, acetic acid, malachite
green, sodium dodecyl sulfate (catalog no. L4509), Tween
20, TRIS, Hepes, 2-mercaptoethanol, isopropyl-1-fHio-
galactopyranoside, and sodium tripolyphosphate were pur-
chased from Sigma. AdoMet was purchased from Research
Biochemicals International. PGO was purchased from
Aldrich. HO-PGO was purchased from Pierce. Glycerol
was purchased from Baxter Scientific.-[Methyl-1C]-
methionine and}-33P]JATP were purchased from DuPont
NEN. [7-*C]Phenylglyoxal was purchased from Amersham.
Ecoscint scintillation fluid was purchased from National
Diagnostics. Phosphocellulose P81 filters (2.5 cm) were

purchased 'frok_m Whatmahn. the MuBtggEnz site-specific AdoMet Synthetase AssayAdoMet synthetase activity
mutagenesis kit was purchased from bio-ad. ) was determined by thé“4C]AdoMet filter binding method
Cells and Plasmids. E. cofitrains MV1190 (ark. coli (10). The tripolyphosphatase activity was determined in the
K12 derivative) or RSR15(DE3) (aB. coli B derivative) presence or absence of AdoMet by quantitating orthophos-
were used. RSR15(DE3) isweK derivative of BLZ1(DE3)  pnate production26, 27. AdoMet activation was evaluated
and has been described previousl®,(23; extracts of this as described previousiyL0).
strain have no detectable AdoMet synthetase activity. Strain g pstrate saturation data were evaluated using the kinetic
MV1190 and the phagemid pTZ19U were components of programs of Cleland2@) or the Enzfitter program (Elsevier
the Mutagene kit. Biosoft). The distribution of products formed in the overall
Site-Directed MutagenesisMutagenic oligonucleotides  reaction by the R244L mutant was determined by monitoring
were prepared in the Core Facility at the Fox Chase Cancerproduct formation from-33P]JATP. Reactions contained
Center. To construct the R244L mutant, mutagenesis wass mM [y-33P]JATP (40 mCi/mmol), 5 mM methionine, 20
performed on the plasmid pTZK, which consists of the mM MgCl,, 50 mM KCI, and 1.0 mg/mL R244L AdoMet
coli metK gene inserted between thsl and EcoRl sites in synthetase in 0.1 M Hepes/(GN*, pH 8.0. Aliquots (15
vector pTZ19U. The uracil enrichment method of Kunkel ul) of the reaction were removed at various times from 1
was usedZ4). The R244H variant was constructed using to 60 min, and the reactions were quenched by mixing with
the Quickchange kit (Strategene) on plasmid pT2K){  40uL of 0.1 M EDTA, pH 7.0. Spots( kL) were placed
which has theE. coli meK gene inserted between thrst on polyethyleneimine (PEI) cellulose thin layers and air-
and EcoRI sites of plasmid pT7-6; AdoMet synthetase dried, and then the plates were washed in methanol and air-
expression from this plasmid is-10-fold higher than  dried before developmentin 0.9 M LiCl and 50 mM EDTA,
obtained from the pTZK plasmid. Following transformation pH 7. In this system th& values for ATP, PPPPR, and
and selection for ampicillin resistance, plasmid DNA was P, are 0.25, 0.08, 0.20, and 0.8, respectively. To remove
extracted using the QIAGEN Plasmid Prep (QIAGEN Inc., ATP and thus facilitate observation of the ;Pparallel
Chatworth, CA) for restriction digestions and nucleotide quenched samples were mixed with 5 mg of acid-washed
sequencing. Norit in 30 uL of water for 30 min and centrifuged before
Screening and Nucleotide Sequencing of MetK Mutants. spotting; Norit treatment quantitatively removed ATP from
The mutagenic oligonucleotide for the R244L mutant was the samples. To verify the ratio of PR B produced,
designed such that, along with encoding the nucleotide reactions were also conducted in the presence of 8 units/mL
sequence to generate the desired mutation, codon degeneragyeast inorganic pyrophosphatase. The amounts of products
was exploited to introduce a uniqu€lll restriction endo- formed were quantified using a Fuji MacBas2000 imaging
nuclease recognition site to facilitate identification. Potential plate system. AdoMet formation under these conditions was
pTZK/R244L transformants were initially identified by determined by the usual method.
restriction digestion of the purified plasmid DNA witflll. Enzyme Modification by PGO and HO-PGQurified
The complete nucleotide sequence was determined for thewild-type (24 uM subunit) or mutant R244L (12@M
selectedne/R244L mutant using the procedure of Sanger subunit) AdoMet synthetase was incubated with varying
et al. 5) with the Sequenase kit (U.S. Biochemical Corp.). concentrations of PGO or HO-PGO at 25 in the dark in
The R244H mutant was identified directly by DNA sequenc- 50 mM HepesKOH at pH 8.0 with 50 mM KCl and 20 mM
ing on an ABI automated sequencer. In both cases, completeMgCl,. Stock solutions of PGO and HO-PGO were prepared
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in 100% ethanol. Re_actio_ns were ini_tiated by the addition T e 1 Pyrophosphate-Binding Sequence
of the glyoxal. At various intervals, aliquots were removed )
and added to assay mix with 10 mMarginine to quench enzyme sequence
the modification and allow quantification of the residual

L . . e . - DxGxXTxxK (I,L,V)I
activity. In protection experiments, conditions were identical CAO(;‘:;’;“: ihetase? DCG1TGRKT 1
to those described above except that 10 mM HO-PGO was inor anicy rophosphatase? DeGeTdwKV 1
used and substrates or products were present in the reactiomypfxanﬂf;ie_g uanfnee DEGKTitKL I
sKa;mpIIe at saturating concentrations (i210 timesKy, or phosphoribosyl transferase
i) values.
The stoichiometry of incorporation of [FC]PGO into aThe residues in the consensus sequence are shown in capital letters.

AL b The identified sequence (DxGxTxxKxl) is not a universal pyrophos-
wild-type and R244L mutant AdoMet synthetases was phate-binding sequence since it did not identify sequences for the

determined. Reactions_ were initiate_d by the addition of pyrophosphate utilizing or forming enzymes such asdeRendent
[7-1“C]PGO, and at various times, aliquots were removed phosphofructokinase, NADpyrophosphorylase, UDP-glucose pyro-
and diluted into buffer containing a 10-fold excess of phosphorylase, ATP sulfurylase, or the aminoacyl-tRNA synthetases.
L-arginine with respect to PGO. Time point samples were ¢ The 34 AdoMet synthetases included those fidninfluenza, E. coli

; o ; ; (Met K), S. cereisiae(Met K and MetL),D. caryophyllusP. crispum
assayled for res[dual PfaBe activity, and .for mcorpo.ratlon_ A. thaliana(Met K and Met L), O. satia, L. esculentur(isozymes
of [7-*C]PGO into the enzyme as trichloroacetic acid ;_3) b melanogasteR. noregicus(a, 4, y forms), ancH. sapiens
precipitable radioactivity. For quantitation of [7€]PGO (a, B, y forms). The underline® is conserved in AdoMet synthetases
incorporation, 5QuL of sample was diluted into an equal and is the residue studied hereffThe inorganic phosphatases were
volume of 10% TCA/90% ethanol. Samples were then fromB. taurus H. sapiensk. lactis S. pombeands. cereisiae °The
centrifuged at 1 for 15 min at 0°C, the supernatant was hypoxanthine-guanine phosphoribosyl transferase was &amansoni.
removed by aspiration; finally the protein pellets were
washed five times with 0.2 mL of 10% TCA in 90% ethanol characterization of the effects of arginine modification in
before scintillation counting to assess the degree of proteinboth the wild-type and an arginine-244 mutant enzyme.

modification? Consistent with the variability of the second position of the
consensus sequence, a C239A mutant of AdoMet synthetase
RESULTS has less than a 10-fold change in any kinetic paramé@r (

PGO and HO-PGO Modification of Wild-Type and R244L
Mutant AdoMet Synthetasdrigure 2 depicts the results of
treatment of wild-type or R244L mutant AdoMet synthetase
with PGO or HO-PGO. The wild-type enzyme is inactivated
' by both reagents. The R244L mutant remains susceptible
to inactivation by both glyoxals; however, it must be
remembered that 100% of R244L mutant specific activity is
<0.1% of wild-type specific activity (see below). Thus,

Identification of a Putatie Pyrophosphate-Binding Se-
quence. It has long been known that AdoMet synthetase is
inactivated by the arginine specific reagent phenylgloxal but
not by the lysine reagent trinitrobenzenesulfonic acid
although no protection or other studies were repor®d (
Sequence comparison betwegncoli AdoMet synthetase
andS. cereisiae inorganic pyrophosphatase identified the

sequence DXGXTXKxI, which the crystal structures of both modification of arginine residues of minor importance in the

2”?;32%?} S(;Omzdst(\)/\/?gsl%csgg atrct:;lrz ascet'vjeiizs§gt'abasewild—type enzyme could account for loss of the residual

; . P d ; _activity. The crystal structure of the wild-type enzyme
using this consensus sequence revealed 46 matches mcludlngomplexed with ADP and,R13) shows that in the R244L
several inorganic pyrophosphatases, all AdoMet synthetasesmutant the closest of the Iremaining 17 arginines would be
and several other proteins, in which;either a substrate

! : o arginine-272,~11 A away from the phosphate groups.
or a product, or which have been hypothesized to utilize ATP. gla'he rate of inactivatioz of wil d—tyge A(?oMet gyntﬁetase
Restricting the consensus to DxGxTxxK(l, or V, or L)I,

where position 9 is one of the branched chain amino acids .by PGO shows a nonlinear time course (Figure 2A),

(isoleucine, valine, leucine), refined the search to 39 matchesm.d'.c"ﬂIng modlflcat|on of multiple arginine r_eSIdues at
S . . distinctly different rates. In contrast, inactivation of both
which include several inorganic pyrophosphatases, all AdoM-

et sunthetases. and a hvboxanthine-auanine phosphoribosyEnZYMes by HO-PGO produced linear inactivation kinetics
Y ' ypoxa % pnosp ; yTFigure 2B). HO-PGO madification of wild-type and mutant
pyrophosphate transferase in which pyrophosphate is a

) e . doMet synthetase was examined at various HO-PGO
product. The sequences identified in this search are depicte d ;
; concentrations and the results were analyzed as described
in Table 1. Among the AdoMet synthetase sequences

stricter homology is observed as DXGXTGRKII which by Schloss29). Second-order rate constants of 0.014 and

; o ) 0.008 Mt min~! were obtained for wild-type and R244L

includes arginine-244. The results of this sequence search : . . )

. ) ; . N mutant, respectively, with reaction orders of 1189 with

in conjunction with the early results indicating that AdoMet :

; ) respect to HO-PGO for both enzymes. Since glyoxals form

synthetase was inactivated by PGO, prompted further T - . S o
arginine adducts with a stoichiometry of two modifying

groups per residuep, 39, the reaction order indicates that

= Zz\ivf‘fm?gn[ﬁ:%Z‘él?égibse'l%%/wgggsvg?ﬂ%“ggaEé?g}itraé‘v:n %rvtgleo  inactivation correlates with the modification of a single
(1) .. . .

noncovalently associated f#S]PGO or the [“C]PGO-arginine adduct arginine res"_’ue per _SUbu_n't' ) -

from labeled protein and produced spurious and irreproducible levels The linear inactivation time courses with HO-PGO facili-

of ¥C incorporation. However washing the precipitated, labeled protein tated investigation of protection by substrates and products

with either 10% TCA in ethanol or acetone produced reproducible as summarized in Table 2. ATP and PPRtect wild-type
results for'4C incorporation. ' '

2M. S. McQueney, K. S. Anderson, and G. D. Markham, unpub- AdoMet synthetase from HO-PGO inactivation; howev_er,
lished results. only PPPR protects the R244L mutant. In contrast, while
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A 1 Table 2: Substrate and Product Protection from Inactivation by
HO-PGCG
) protector ta2 (Min) protection (fold)
€ 0.5 (A) Wild-type AdoMet Synthetase
g none 35 0
S L-methionine, 6 mM 34 0
> AdoMet, 1 mM 35 0
£ PPR, 5 mM >270 >8
= 0.2 ATP, 10 mM >240 >7
< (B) R244L Mutant AdoMet Synthetase
none 8.5 0
0.1 1 L-methionine, 50 mM 12.4 0.5
v AdoMet, 2 mM 12.4 0.5
’ ! . . . . PPR, 4 mM 30.1 2.5
0 10 20 30 40 50 60 ATP, 10 mM 6.1 -0.3
minutes a Solutions contained 50 mM Hep&OH, 50 mM KCI, and 20 mM
MgCl,, pH 8.0, and 10 mM HO-PGO. Concentrations of protectors
B 1 were chosen to approximate saturating conditions base on K,

values of the individual protector8Protection evaluated using the
[**C]AdoMet filter binding assays). ¢ Protection evaluated using the
colorimetric Rassay 26, 27). Fold protection is defined as.6-+protecto)/

[=]
0.5
E (t1/2—protecto) - L
®
£
b4 5 5
& N
3 oz
=]
Q
< ®
0.1 1
v
0 10 20 30 40 50 60
minutes

Ficure 2: Time courses of inactivation of AdoMet synthetases by
glyoxals. Enzymes [wild-type AdoMet synthetase at 1.0 mg/mL
(@), and R244L mutant at 5.0 mg/mlv}] were incubated with

(A) PGO (at 10 mM for the wild-type enzyme and 12 mM for the
R244L mutant) or (B) HO-PGO (at 15 mM for the wild-type
enzyme and 20 mM for the R244L mutant) in 50 mM Hepe3H

at pH 8.0 with 50 mM KCI and 10 mM MggGlat 25°C in the
dark. At various times, aliquots were removed for assay of residual
AdoMet synthetase activity. Corresponding control samples for both
enzymes retained 100% activity for the duration of the experiment.

Equivalents [14C]PGO per subunit

L-methionine and AdoMet slightly protect the R244L mutant
from inactivation, neither compound protects wild-type

enzyme, consistent with inactivation resulting from modifica- FIGLthF:Et& COW%:E}tion 01; [71“C]F’Gt_0 inCt_Of_?Offiltigﬂ iﬂ/tO I/f\dql'\élett

: : i synthetases and loss of enzymatic activity. 1.0 mg/mL wild-type
tion of a different residue. ) (m) and 5.0 mg/mL R244L mutan®) AdoMet synthetase were
Although HO-PGO could be used to characterize the incubated with 40 mM and 12 mM [FC]PGO (specific activity

kinetics of arginine modification and enzyme inactivation, = 0.35 mCi/mmol), respectively, in 50 mM Hep&©OH at pH 8.0
the availability of [734C]PGO allowed determination of the }’;’rﬁggogﬂgﬂusg %g?el(r)e%"gv'\ggaﬂo"’r‘t §S5$§y'”Oﬁhfegfgﬁéf‘;‘é%:;ﬁ;zn d
st0|ch|omet.ry. of arginine modlflcgt[on as ;hown in Figure quant'itation of [7“C]PGO incorporation.
3. Two arginine residues are modified in wild-type AdoMet
synthetase coincident with 95% inactivation. With the wild- jndistinguishable circular dichroism spectra, and are clearly
type enzyme, 50% inactivation reflects incorporation of 2 tetrameric according to native polyacrylamide gel electro-
equiv of PGO per subunit, presumably the modification of phoresis. However, the mutations have profound effects on
one arginine since the rate-determining step in formation of the catalytic behavior of the enzyme. The AdoMet syn-
the (PGOjp-arginine adduct is formation of the initial PGO  thetase activity of the R244H mutant is reduced-~ay0P-
arginine adduct3s). In contrast, only one arginine residue  fo|d from the wild-type enzyme, precluding detailed inves-
is modified in the R244L mutant enzyme coincident with - tigations. In contrast, the #dold reduction in activity of
99% inactivation. Unfortunately, instability of the modifica-  the R244L mutant allowed functional characterization.
tions thwarted attempts to identify the modified residues. The activator constants for the R244L mutant for &nd
Characterization of R244L and R244H AdoMet Synthetase Mg?" are increased-5-fold relative to wild-type enzyme to
Mutants. Both mutant AdoMet synthetases are similar to ~10 mM in each case. Kactivates the R244L mutant
the wild-type enzyme in secondary structure, as judged by enzyme only~2-fold, in contrast to the-100-fold activation

% Inactivation
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Table 3: Kinetic Parameters for AdoMet Synthetase Activity of Wild-Type, R244L Mutant AdoMet Synthetases

Km,ATP Km,L—Met kcat I‘ca{Km,ATP kca{Km,L—Met
enzyme (mM) (mM) (s M-1s™) (M-1s
wild-type Metk® 0.11 0.08 1.5 1.4 10¢ 1.9x 10
MetK/R244L° 0.74 0.88 0.0012 1.6 1.4
MetK/R244H ND' ND¢ ~3 x 107%

2 AdoMet synthetase activity was measured as described in the Materials and Mét\atises from Markham et al5]. ¢ MetK/R244L assays
were performed in the presence of 1.0 to 5.0 mNtC-methyl]methionine (1.9 mCi/mmol), 2 to 15 mM ATP (Ttiform) in 100 mM
Hepes(CH3)sN* at pH 8.0 with 50 mM KCI and 50 mM MgGl ¢ ND, not evaluated since the low activity precluded accurate determinations.
¢ Apparent value measured at substrate concentrations of 10 mM ATP and 0.2 mM methionine (51 mCi/mmol).

N
J
i
|

3ppjBpj

20 30

minutes

AdoMet/subunit
- N
= (5 N &

e
A

0 - : : ~
0 10 20 30 40 50

minutes
Ficure 4: Time course and stoichiometry of product formation

60

Table 4: Kinetic Parameters for the Tripolyphosphatase Activity of
Wild-Type, R244L, and R244H Mutant AdoMet Synthetases in the
Presence and Absence of AdoMlet

AdoMet synthetase,

PPR+ H,O T AdoNier PR+ P,
-AdoMet +AdoMet
KITI kcat kca{Km Km kcat kca{Km
enzyme @M) (s (Mtsh uM) (shH (Mis)
wild-type MetK 3 0.066 22100 13 123 9.4x10*
MetK/R244L 130 0.010 7.%10* 16 0.13 8.1x 10®
MetK/R244H 19 0.0012 6.%10* 25 0.085 3.3x 1¢°

a Tripolyphosphatase activity was measured in the presence and
absence of 4aM AdoMet as described in the Materials and Methods.
All assays were performed at 2& and contained 3 to 500M PPR
(Nat form) in 50 mM HepegqCHs),N* at pH 7.8 with 10 mM KCI
and 10 mM MgC}.

state rate, but still only-1% of the rate of AdoMet synthesis
by the wild-type enzyme. During this initial time period,
equimolar amounts of AdoMet,;Pand PP are produced,
indicating that a late step in the reaction limits the steady-
state rate.

Following AdoMet formation, the tightly bound tripoly-
phosphate derived from ATP is hydrolyzed to pyrophosphate
and orthophosphate. AdoMet synthetase also catalyzes the

by the R244L mutant AdoMet synthetase. Samples contained 1.0hydrolysis of added tripolyphosphate and the reaction rate

mg/mL R244L mutant AdoMet synthetase, 5 mM ATP (including
[y-33P]ATP for samples quantifying?PR and33P; production) and

5 mM L-methionine (including-[methyl44C]methionine for samples
in which AdoMet was quantified) in 100 mM HepéSH;),NT,

50 mM KCl and 20 mM MgC}, pH 8.0, at 25C. At various times,
aliquots were removed and assayed fHC[AdoMet formation
(bottom panel), of3PR, and33P, formation (top panel) as described
in Materials and Methods.

of the wild-type enzyme. Although arginine-244 is spatially

close to the three metal ions bound at the active site,

crystallographic results do not indicate a direct role for
arginine-244 in metal bindindl@). Arginine-244 is however

is stimulated by AdoMetg, 31-34). For both the R244L
and R244H mutants, maximal AdoMet activation of the
mutants is observed at an AdoMet concentration ofi¥D)
which is comparable to that required for maximal activation
of the wild-type enzymel(0). The kinetic parameters for
PPR hydrolysis in the presence and absence of AdoMet are
summarized in Table 4. For both the R244L and R244H
mutants, the reductions in hydrolytic rates are modest
compared to the effects on the overall reaction. In the
absence of AdoMet, there is a 43-fold increase inkhdor
PPR and a 6-fold decrease ik for the R244L mutant,
whereas there is a 6-fold increase kg, and a 50-fold

hydrogen bonded to glutamate-42 whose side chain providesdecrease iVmax for the R244H mutant. In the presence of

a ligand to the K activator (Figure 1); thus, the loss of this

AdoMet there is at most a 15-fold decreas&dnrelative to

hydrogen bond may affect the position of glutamate-42 and wild-type enzyme with less than a 2-fold changeKin for

may account for the diminished monovalent cation activation
(9). The kinetic parameters for AdoMet synthesis by the
R244L mutant are summarized in Table 3. The R244L
mutant has~0.08% of the maximal catalytic activityd)

of the wild-type enzyme and thk, values for ATP and
L-methionine are increased by factors-ef to 10, respec-
tively. The slow steady-state rate of AdoMet production with
the R244L mutant is preceded by a more rapid initial single
turnover of AdoMet formation (Figure 4). The rate of this
first turnover is 0.015 ¢, ~12 times faster than the steady-

either mutant. Thus, the kinetic characteristics of the
tripolyphosphatase activity of both mutants demonstrate that
the catalytic handicaps incurred by the arginine-244 muta-
tions are expressed primarily in the AdoMet synthesis step.
Reorientation of the PRPIntermediate in the R244L
Mutant Since arginine-244 is positioned to directly interact
with the polyphosphate chain, the fate of PfiPmed during
the overall reaction was evaluated by the formatiord*Bf
and®¥PR from [y-¥P]JATP. Asiillustrated in Figure 4, during
the time course of the reaction, the R244L mutant produces
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equivalent amounts 6fPR and®*P,, indicative of random-
ization of the orientation of the endogenously forniéePR
prior to hydrolysis. This result contrasts with that observed
for wild-type AdoMet synthetase where 98%2 of the P
formed in the overall reaction is derived from thg &f ATP
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reaction suggest that the location of the phosphate groups
observed in the crystal structure of the enzyAi2P-P,
complex is not the precise location present during catalysis,
as was suggested in the original analysis of the crystal-
lographic data 13). It may be that the nucleotide moves

(5). *3PPR does not accumulate measurably through the further into the active-site cleft in the catalytically active

course of the reaction<(0.1 equiv/subunit), as would be
expected since thie, for hydrolysis is~9-fold greater than
even the rate of the initial burst of AdoMet formation in the
mutant.

DISCUSSION

conformation, which would place arginine-244 nearer the
o-phosphoryl group, which is involved in AdoMet formation
(13). During the overall reaction with the R244L mutant,
the PPPRintermediate randomizes orientation before hydroly-
sis, in contrast to the wild-type enzyme wher88% of the

P, originates as the-phosphoryl group of ATPY). From

The basic amino acid residues arginine and lysine havethe ~2% reorientation of PRRn the wild-type enzyme, a
been identified at the active sites of a variety of enzymes PPR reorientation rate of-0.05 s can be estimatedb);

that utilize nucleotides or metabolize phosphorylated sub-

strates or products18—20, 30). Presumably, in their

while this rate is comparable to the hydrolytig, of the
R244L mutant (0.137), simulations using KINSIM 6)

protonated forms they provide favorable binding interactions suggest that at least a 20-fold increase inRBé&tientation

for the anionic moieties of substrates or products. Further-

rate in the mutant would be required to account for the

more, in reactions that involve development of a negatively randomization of the PRRormed in the overall R244L-

charged species, such as PRPthe AdoMet synthetase

catalyzed reaction. Since there is no detectable accumulation

reaction, these residues can play a catalytic role by chargeof PPR during the reaction, it appears that reorientation

stabilization. X-ray crystallographic results of AdoMet

synthetase show that arginine-244 is the only arginine residue(13).

in the immediate vicinity of the polyphosphate group (Figure
1) (13). Arginine-244 is located in the interface between
the two subunits that contribute to each active site. A
naturally occurring variant at the corresponding position in
the human AdoMet synthetase, R264H in the MAT1
isozyme, inactivates the enzyme by 000-fold and hinders
oligomer formation 21), although detailed studies of this

occurs within the active-site cavity which is30 A deep
An analogous reorientation of thiopyrophosphate
bound at the active site of valyl t-RNA synthetase was
reported by Rossomando et &3.7].

AdoMet synthetase is inactivated by PGO and HO-PGO
which specifically react with arginine residue35). The
wild-type AdoMet synthetase is protected from HO-PGO
inactivation by ATP and PRPsuggesting that a crucial
arginine residue is involved in polyphosphate binding. The

enzyme have not been reported. In contrast, our studies showR244L mutant enzyme remains susceptible to PGO inactiva-

that the E. coli AdoMet synthetase R244L and R244H
mutants remain tetrameric with no obvious change in

tion; however, this is not surprising since two arginine
residues are modified in wild-type enzyme upon inactivation

secondary structure, which may reflect the intrinsically higher and 17 arginines remain in the mutant. In contrast, one

stability of the bacterial tetramer over the human fon (
21).

arginine residue is modified in the R244L mutant upon
enzyme inactivation. While the guanidinium group of

The R244L mutant AdoMet synthetase has 0.08% of the arginine-272, the closest remaining arginine;-1 A from

keat Of the wild-type enzyme. The&,, values for both
substrates are increasedLO-fold yielding a reduction in
catalytic efficiency ke.afKm) of 4 orders of magnitude. In
contrast, the R244H mutant has omy0.003% of the

the phosphate groups in the enzy®bP-P; complex (3)
modification by the bulky PGO moiety might still interfere
with enzyme function. The patterns of substrate/product
protection from PGO inactivation for the mutant are con-

AdoMet synthetase activity, precluding steady-state kinetic sistent with the modification of an arginine residue perhaps

studies. In either mutant, the catalytic efficiency of the

involved in methionine binding causing inactivation of the

tripolyphosphatase half-reaction was reduced by less than 2mutant enzyme. The methionine-binding site of the enzyme
orders of magnitude in the presence or absence of AdoMet,has not yet been located crystallographically.

which could not account for the hindrance of the overall

The requirement for tripolyphosphate hydrolysis in the

reaction in either case. The finding that the R244H mutation AdoMet synthetase reaction has been an enigma since it was

causes a larger diminution in AdoMet synthesis activity than

initially observed 81). One role for the tripolyphosphatase

the R244L conversion, while both mutations have compa- activity is that through hydrolysis reversal of the reaction is

rable impediments of PRRydrolysis rates, was unantici-

prevented. However, the equilibrium constant for the

pated. While the physical bases for the differences in theseformation of enzyme-bound AdoMet and RBERggests that
behaviors are not totally clear, the observations indicate thatthe equilibrium of the reaction highly favors AdoMet
the presence of the basic, potentially uncharged, imidazoleformation Keq >10%) even without PPFhydrolysis, and as

side chain of histidine is more detrimental to AdoMet

such, the significance of this possible role for the tripoly-

synthesis than is the hydrophobic group of leucine. The side phosphatase is diminishe)( Furthermore, the equilibrium

chain of histidine-244 is likely to be unprotonated due to
proximity to the adjacent positively charged lysine-245

constant for hydrolysis of enzyme-bound PRFbound PP
plus R is <10 suggesting little importance for this rdle.

(Figure 1), and an interaction between these groups couldAnother role for the tripolyphosphatase activity is to convert
hinder the lysine’s contribution to catalysis, as well as remove PPR to the less tightly bound forms PRnd R. Since

the favorable catalytic interactions of the guanidinium group
of the natural arginine-244. The findings that both arginine-
244 mutations preferentially impair the AdoMet-forming

AdoMet binds more tightly to the enzyme in the presence
of PPR, if PPR were not hydrolyzed, both products of the
reaction would significantly inhibit the enzyme through
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formation of the enzyméddoMet-PPR complex as has been 7. Markham, G. D., and Leyh, T. S. (1987) Am. Chem. Soc.
observed with the reaction of methionine with the non- 109,599-600.

hydrolyzable ATP analogue AMPPNB)( Alternatively, 8'2’!@"&‘2&2;&%* and Satischandran, C. (1988jiol. Chem.

during catalysis the enzyme may undgrgo a confor_mational 9. McQueney, M. S., and Markham, G. D. (1995Biol. Chem.
change and assume a conformation which may require energy  270,18277-18284.

in order to escape and complete the catalytic cycle. Thisis 10. Reczkowski, R. S., and Markham, G. D. (1995iol. Chem.
analogous to the oncogenic Rasp21 protein which undergoes  270,18484-18490.

a conformational change between the GTP- and GDP-bound 11. Takusagawa, F., Kamitori, S., Misaki, S., and Markham, G.

states §8). Evidence of a conformational change during ., ?:'u(lzggg)j'f'oll\hgﬂﬁ?rhZéllgagﬁffakusagawa F. (1996)

formation of the enzymédoMet-PPR complex has been J. Biomol. Struct. Dyn. 13727—739.
obtained by stopped-flow fluorimetAhowever, the structure 13. Takusagawa, F., Kamitori, S., and Markham, G. D. (1996)
of this altered conformation has not yet been elucidated. Biochemistry 352586-2596.
Many studies of active-site architecture focus on the direct 14. Kraulis, P. J. (1991). Appl. Crystallogr. 24946-950.
role of residues involved in stable enzyrmubstrate interac- ~ 15- Kuranova, 1. P., Terzyan, S. S., Voronova, A. A., Smirnova,

. . . . E. A, Vainstein, B. K., Hone, W. E., and Hansen, G. (1983)
tions or in the covalent chemistry of catalysis. In contrast, Bioorg. Khim. 9.1611-1619.

the roles of residues_ tha_t mak_e impo_rtant contact_s with g Terzyan, S. S., Voronova, A. A., Smimova, E. A., Kuranova,
reactant molecules primarily during their transformation to I. P., Nekrasov, Y. V., Arutyunyun, E. G., Vainstein, B. K.,
products, or residues present in a region of an enzyme which Hohne, W. E., and Hansen, G. (198Bjoorg. Khim. 10,
undergoes a conformational change during catalysis, are often _ 1469-1482.

P 17. Lahti, R., Kolakowski, L. F., Jr., Heinonen, J., Vihinen, M.,
overlooked. In part, this is due to the fact that one can more Pohjanoksa, K., and Cooperman, B. S. (19%lpchim.

readily assign a functionality to an amino acid residue if its Biophys. Acta 1038338345,
side chain is capable of direct interaction with substrate. It 18. Dong, Q., Liu, F., Myers, A. M., and Fromm, H. J. (1991)
is more difficult to decipher a functionality for an amino Biol. Chem. 26612228-12233.

acid residue whose side chain renders it nonreactive but 19. Tsai, M.-D., and Yan, H. (199Bjochemistry 306806-6818.
which can provide a favorable noncovalent interactions 20-Yan, H., Shi, Z., and Tsai, M.-D. (199@jochemistry 29,

- - : - 6385-6392.
during catalysis or which facilitates the movement of a Chamberlin, M. E., Ubagai, T., Mudd, S. H., Levy, H. L.,

portion of the enzyme during the reaction. It appears that and Chou, J. Y. (1997Am. J. Hum. Genet. 6G40—546.

the catalytic contributions of arginine-244 may largely reside 22. Takahashi, K. (1968). Biol. Chem. 2436171-6179.

in its role in polyphosphate binding during AdoMet forma-  23. Studier, W. F., and Moffatt, B. A. (1986) Mol. Biol. 189,
tion, whereas it plays a lesser role in the subsequent  113-130. _

hydrolysis of the PPAntermediate. A curious property of 24-59“2”"6" T. (1985)Proc. Natl. Acad. Sci. U.S./82, 488~
the R244L mutant is the occurrence of one (relati\_/ely) rapid ¢ Saﬁger, F., Nicklen, S., and Coulson, A. R. (197c. Natl,
turnover of the overall AdoMet synthetase reaction before Acad. Sci. U.S.A74, 5463-5467.

~12-fold slower steady-state rate is observed. Since equimo- 26. Chifflet, S., Torriglia, A., Chiesa, R., and Tolosa, S. (1986)
lar AdoMet, PR, and R are produced in the first turnover, Anal. Biochem. 168]1—4.

neither chemical reaction is rate limiting. Furthermore, the 27.Baykov, A. A., Evtushenko, O. A., and Avaeva, S. M. (1988)
>100-fold more rapid steady-state rate of the F§Brolytic Anal. Biochem. 171266-270.

L . L 28. Cleland, W. W. (1979Methods Enzymol. 63,03—-138.
reaction indicates that product release is not rate limiting. 29. Schloss, J. V. (1989) iarget Sites of Herbicide Action

9
Thus, a step between product release and subsequent  (Buger, P., and Sandmann, G., Eds.) p 187, CRC Press, Boca
turnovers of AdoMet synthesis has become rate limiting. This Raton, FL.
process that may reflect “recycling” of the enzyme between 30. Mohan, P. M., Basu, A., Basu, S., Abraham, K. I., and Modak,
product and substrate-binding forms, a process akin to that __ M- J. (1988)Biochemistry 27226-233.

reported for furmarase where the enzyme forms apparently g% magg 2 : ggggg g:g:' gﬂgm ggggigigi?g

reflect different protonation states of active-site resid@8k ( 33. Chou, T.-C., and Talahay, P. (19Bpchemistry 111065
The physical basis for this slow step in the R244L AdoMet 1073, ' ’

synthetase is yet to be elucidated. 34. Chiang, P. K., and Cantoni, G. L. (197%)Biol. Chem. 252,
4506-4513.
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