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ABSTRACT: Adenylosuccinate synthetase fraascherichia coliis inactivated in a biphasic reaction by
6-(4-bromo-2,3-dioxobutyl)thioadenosinérionophosphate (6-BDB-TAMP) at pH 7.0 and ZB. The

initial fast-phase inactivation is not affected by the presence of active-site ligands and can be completely
eliminated by blocking Cy&! of the enzyme withN-ethylmaleimide (NEM). Reaction of the NEM-
treated enzyme with 6-BDBYP]TAMP results in 2 mol of reagent incorporated/mol of enzyme subunit.
The inactivation kinetics of the slow-phase exhibit an appakgf 40.6 M and kmax of 0.0228 mir™.
Active-site ligands, either adenylosuccinate or IMP and GTP, completely prevent inactivation of the enzyme
by 6-BDB-TAMP, whereas IMP or IMP and aspartate is much less effective in protection. 6-BDB-TAMP-
inactivated enzyme has a 3-fold increaseKip for aspartate with no change K, for IMP or GTP.
Protease digestion of 6-BDB?P]TAMP inactivated enzyme reveals that both Bfgand Arg® are
modified by the affinity-labeling reagent. The crystal structure [Poland, B. W., Fromm, H. J., and Honzatko,
R. B. (1996)J. Mol. Biol. 264, 1013-1027] and site-directed mutagenesis [Kang, C., Sun, N., Poland, B.
W., Gorrell, A., and Fromm, H. J. (19979) Biol. Chem 272, 11881-11885] ofE. coli adenylosuccinate
synthetase show that Ai% interacts with the carboxyl group of aspartate and th@i of the ribose of

IMP and Ardg®!is involved in stabilizing aspartate in the active site of the enzyme. We conclude that
6-BDB-TAMP functions as a reactive adenylosuccinate analogue in modifying botR'arg Arg®3in

the active site of adenylosuccinate synthetase.

Adenylosuccinate synthetase [IMPaspartate ligase (GDP  (5), Azotobactewinelandii (6), Schizosaccharomyces pombe
forming), EC 6.3.4.4] catalyzes the first step in the conver- (7), Dictyostelium discoideur(8), rat liver ©, 10), and rat
sion of IMP to AMP in de novo purine nucleotide metabo- muscle (1, 12). E. coli adenylosuccinate synthetase is a

lism: homodimer, each subunit consisting of 431 amino acids and
exhibiting a molecular mass of 47 kDa3 14). The purA
IMP + GTP+ L—aspartate% ger|1et ednco%mgI foE(.j (?Ot|l adenylosuccmatg synthttatasbe Véas
adenylosuccinate- GDP+ P isolated and cloned into an overexpression vector by Bass

et al. (13) and Wolfe and Smith1(5). The active site of the
) , . enzyme has been studied by chemical modificatib®—(
Adenylosuccinate is then cleaved by adenylosuccm_ate 20), site-directed mutagenesigl—24), and X-ray crystal-
lyase to produce fumarate and AMP. Three alternative |oqranhy p5—29). Since adenylosuccinate synthetase is a
mechanisms of catalysis for adenylosuccinate synthetase hav?arget of a natural herbicid8@) and of a drug used to treat
been propc_)sedLI. The favored mechanism involves an initial pediatric leukemiag1), further studies may enhance under-
nucleophilic attack by the C-6 oxygen of IMP on the gianding of their mechanism of action and improve design
y-phosphorus atom of GTP to yield 6-phosphoryl IMP. In" ¢ haw drugs.
the next step, nucleophilic attack by the nitrogen of aspartate Affinity labeling previously done in this laboratory using

occurs on the C-6 of 6-phosphoryl IMP, with the displace- 5 nucleotide analogue, guanosineéCB[S-(4-bromo-2,3-
ment of inorganic phosphate and production of adenylosuc-

cinate. _ _ 1 Abbreviations: NEM, N-ethylmaleimide; 6-BDB-TAMP, 6-(4-
Adenylosuccinate synthetase has been isolated from manybromo-2,3-dioxobutyl)thioadenosinefonophosphate; 6-HDB-TAMP,
sources includindescherichia coli(2—4), Bacillus subtilis 6-(4-hydroxy-2,3-dioxobutyl)thioadenosineriionophosphate; DBBD,
1,4-dibromo-2,3-butanedione; GTP, guanosifiriphosphate; IMP,
inosine 5-monophosphate; NaBiHsodium borohydride; POg;Iphos-
T This research was supported by National Science Foundation Grantphorus oxychloride; GMPSBDB, guanosine 50-[S-(4-bromo-2,3-

MCB 97-28202. dioxobutyl)thio]phosphate; Hepebl-(2-hydroxyethyl)piperaziné¥ -
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Hepes Staphylococcuprotease fronstaphylococcus aureus
S-CHg-Itl'z-é-CHzBr (strain V8), papain, and pepsin were purchased from Sigma
Chemical Co. Commercially obtained papain was further
N X purified by reversed-phase chromatography (Vydac C
</ } N column) according to the method described by Gite and
) Colman @5). 1,4-Dibromo-2,3-butanedione, phosphorus
N N oxychloride, and trifluoroacetic acid were obtained from
Aldrich Chemical Co. 1,4-Dibromo-2,3-butanedione was
204P0 recrystallized from petroleum ether prior to uséPJ-
Phosphoric acid was from New England Nuclear. Acetoni-
trile, glacial acetic acid, ammonium acetate, potassium
H phosphate were from Fisher Scientific. AG 50W-X4 cation-
OH OH : ; .
exchange resin and Coomassie Blue concentrated solution
were obtained from Bio-Rad Laboratorids.coli adenylo-
succinate synthetase was isolated and purified by the methods
previously describedl@, 36). The protein concentration was
determined spectrophotometrically usingde = 1.05
(20); i.e., the absorbance at 280 nm was divided by 1.05 to
obtain the adenylosuccinate synthetase concentration in mg/
mL.

N
AN
</ | /T Synthesis of 6-(4-Bromo2dioxobutyl)thioadenosiné-5
N N/

6-BDB-TAMP

coo’
NH-CH-CH»-COO"

Monophosphate 6-BDB-TAMP was synthesized by the
method of Colman et al.3@Q). Briefly, the sodium salt of
2 6-mercaptopurine ribonucleosiderBonophosphate (4@mol)
0sPO o was dissolved in 0.5 mL of methanol. Recrystallized 1,4-
dibromo-2,3-butanedione (DBBD, 1.2 mmol), which was
dissolved in 0.5 mL of methanol was added to the above
H OH OH 6-mercaptopurine ribonucleosiderionophosphate solution.
The reaction was allowed to proceed at room temperature
. for 1 h. Periodically, the pH of the reaction mixture was
Adenylosuccinate checked by pH paper and adjusted to 5.5 by either triethyl-
FIGURe 1: Schematic structures of 6-(4-bromo-2,3-dioxobutyl)- amine or acetic acid. The progress of the coupling reaction
::r;;]c;attgenosme Smonophosphate (6-BDB-TAMP) and adenylosuc- \y55 monitored by measuring the decrease in absorbance at
' 322 nm and increase in absorbance at 284 nm. As described
dioxobutyl)thio]phosphate (GMPSBDB),! revealed that  Previously @2), the 6-mercaptopurine ribonucleoside 5
Arg'43is the target site of the compoun20j. Arg™3 from monophosphate exhibits a UV peak at 322 nm; during the
one subunit interacts with thé-phosphate of IMP in the ~ réaction, this 322 nm peak decreases and is replaced by the
other subunit. To better understand the nature of the enzyme YV peak at 284 nm of 6-BDB-TAMP. At the end of the
ligand interactions in solution, a different nucleotide affinity réaction, 6-BDB-TAMP was obtained by diethyl ether
label, 6-(4-bromo-2,3-dioxobutyl)thioadenosiné-ngono- precipitation and was dissolved in 10 mM Mes buffer, pH
phosphate (6-BDB-TAMP), was used in this study. 4.5. The concentration of 6-BDB-TAMP was determined
6-BDB-TAMP is a reactive nucleotide analogue first SPectrophotometrically using an extinction coefficient of 1.6
synthesized in this laboratory8®), which is structurally < 10°M™* cm™ at 284 nm g2).
similar to adenylosuccinat&8), as shown in Figure 1. The Synthesis of Radioaet 6-BDB-F?P]TAMP. Radioactive
6-BDB-TAMP contains a reactive bromodioxobutyl group 6-BDB-TAMP was synthesized by the method described by
at a position equivalent to that of the succinyl moiety of Lee et al. 83). To produce 6-BDB?P]TAMP with high
adenylosuccinate. The bromoketo group of 6-BDB-TAMP specific radioactivity, 5 mCi of aqueou®P]phosphoric acid
can potentially react with most nucleophilic amino acid was dried in a desiccator under vacuum overnight. Radioac-
residues such as Lys, Tyr, Cys, and His, and the dioxo grouptive phosphorus was introduced into phosphorus oxychloride
is most likely to react with Arg. Our results indicate that (POCE) by the method of Keenan et al3%). [*P]POC}
6-BDB-TAMP modifies both Aréf! and Arg®, residues  (20uL) was added to 6-mercaptopurine riboside (0.1 mmol)
which are involved in aspartate binding as well as catalysis to produce radioactive 6-mercaptopurine ribonucleoside 5
(23, 24). A preliminary version of this work has been monophosphate. The reaction of DBBD with the radioactive

presented34). phosphorylated ribonucleoside was carried out using the same
procedures described above for the nonradioactive 6-BDB-
EXPERIMENTAL PROCEDURES TAMP.
Materials N-Ethylmaleimide, dithiothreitol, triethylamine, Reaction of E coli Adenylosuccinate Synthetase with

6-mercaptopurine riboside, 6-mercaptopuririgiosphate N-EthylmaleimidePrevious studies showed that cystée
(sodium salt), adenylosuccinateaspartic acid, guanosine of adenylosuccinate synthetase, which is not involved in
5'-triphosphate, inosine'Bnonophosphate, bovine serum catalysis, covalently reacts with a nucleotide analogue
albumin, sodium borohydride, Sephadex G-50, Pipes, Mes,causing rapid partial loss of the enzyme activi®0)
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Cysteiné®! is a surface cysteine and is the only cysteine
residue which reacts with-ethylmaleimide (NEM) under
nondenaturing conditionsly); the NEM-treated enzyme
retains most of its original activity~85%). To prevent the
interaction of Cy®! with 6-BDB-TAMP, adenylosuccinate
synthetase in this study was treated with NEM prior to
6-BDB-TAMP inactivation. The enzyme was dialyzed
against 50 mM Pipes buffer, pH 7.0, containing 10d
EDTA prior to use. Adenylosuccinate synthetase (2 mg/mL,
42.6 uM subunit) was incubated with 4 mM NEM in 50
mM Pipes buffer, pH 7.0, at 25C for an hour. An aliquot

(2 uL) of enzyme was withdrawn at various times and was
assayed for enzyme activity. Dithiothreitol was added to the
mixture to yield a final concentration of 50 mM in order to
stop the NEM reaction. The NEM-treated enzyme was
dialyzed at 4°C against 50 mM Pipes, pH 7.0, containing
100uM EDTA.

Lee et al.

To determine the incorporation of 6-BDB-TAMP at time 0,
50 uM 6-BDB-TAMP was first incubated with NaBHfor

5 min prior to addition of enzyme. After the Sephadex G-50
column centrifugation, the enzyme concentration was de-
termined by a dye-binding Bradford meth@&9). The NEM-
treated enzyme, the concentration of which had been
determined spectrophotometrically, was used to generate a
protein standard curve. The incorporation of 6-B3#R[-
TAMP was determined by measuring the radioactivity of
enzyme aliquots using a Packard Tri-Carb liquid scintillation
counter (model 4640). In order to evaluate the effects of
active-site ligands on the incorporation of 6-BDB-TAMP,
the enzyme was incubated in the presence or absence of
ligands for 30 min before the addition of radioactive 6-BDB-
TAMP. The incorporation of 6-BDB2fP]TAMP and protein
concentration were measured as described above.

Proteolytic Digestion of Ecoli Adenylosuccinate Syn-

Enzyme Assaylhe enzyme activity was determined at 25 thetase Adenylosuccinate synthetase (0.5 mg/mL, 10\6
°C by measuring the increase in absorbance at 280 nm whichsybunit) was incubated with 10M 6-BDB-[32P]TAMP as

results from the conversion of IMP to adenylosuccinatg, (

= 1.17 x 10* Mt cm™) (4). The standard assay solution
used to monitor enzyme inactivation contained 10 mM
MgCl,, 5 mM aspartate, 300M IMP, and 150uM GTP in

20 mM Hepes, pH 7.7, in a total volume of 1 mL. To
determine theK,, values for GTP of NEM-modified and
6-BDB-TAMP-reacted enzymes, aspartate, and IMP con-
centrations were fixed at 5 mM and 4a0, respectively.

To determine thé&, values for aspartate, GTP was fixed at
300uM and IMP at 45QuM. The K, values for IMP were
determined using an assay solution containing90G TP

and 5 mM aspartate. The concentrations of Mg@id Hepes
were maintained at the same level as in the standard enzym
activity assay.

Inactivation of E coli Adenylosuccinate Synthetase by
6-BDB-TAMR Adenylosuccinate synthetase (0.15 mg/mL,
3.2 uM subunit) was preincubated in 50 mM Pipes buffer,
pH 7.0, at 25°C for 30 min prior to the addition of 25600
uM 6-BDB-TAMP. At various times, 2@.L aliquots of the
inactivation mixture were withdrawn and added to 1 mL of
substrate mixture to assay for residual enzyme activity. An

enzyme control in the absence of 6-BDB-TAMP was set up finally

described above. The free 6-BDEBR]TAMP was separated
from the enzyme by one Sephadex G-50 column centrifuga-
tion after an hour inactivation at 28C. The enzyme was
then dialyzed overnight at 2C against 50 mM potassium
phosphate buffer, pH 7.8, for V8 protease digestion overnight
at 4°C. The protease fror8taphylococcus auregsrain V8

(V8 protease) was used directly from the commercial source
without further purification. The V8 protease digestion (15%
protease based on the quantity of the enzyme) was conducted
at 37°C for 5 h.

Fractionation of 6-BDB-}?P]TAMP-labeled Peptides by
Reversed-Phase HPLCThe adenylosuccinate synthetase
%Iigest was centrifuged at 14 000 rpm for 2 min to remove
any precipitate, and the supernatant was filtered through a
0.45uM Millipore membrane filter disk prior to analysis by
reversed-phase high-performance liquid chromatography
(Varian model 5000) equipped with a Vydags@&olumn
(0.46 x 25 cm). The chromatography was conducted at a
flow rate of 1 mL/min of 0.1% TFA in water (solvent A)
for 10 min, followed by a linear gradient from 0 to 30% of
0.075% TFA in acetonitrile (solvent B) for 120 min and,
a linear gradient from 30 to 100% of solvent B for

and assayed under the same conditions as for the enzyme in The effluent was monitored at 220 nm and fractions

incubated with 6-BDB-TAMP. To study the ability of ligands

to protect the NEM-treated adenylosuccinate synthetase

against inactivation by 5¢M 6-BDB-TAMP, the enzyme
was incubated with ligands for 30 min in 50 mM Pipes
buffer, pH 7.0, prior to initiation of the reaction by addition
of 6-BDB-TAMP.

Incorporation of 6-BDB-}2P]TAMP into E coli Aden-
ylosuccinate Synthetas&denylosuccinate synthetase (0.15
mg/mL, 3.2uM subunit) was incubated with 56M 6-BDB-
[3?P]TAMP in 50 mM Pipes buffer, pH 7.0, at 2%&. The
reaction of the enzyme with 6-BDB?P]TAMP was stopped
at various times by adding to the reaction mixture 0.2 M
NaBH, (dissolved in 0.02 M NaOH) to yield a final
concentration of 2 mM. The NaBHeduces the dioxo group
of 6-BDB-TAMP, thereby greatly decreasing the reactivity
of the compound toward the enzyme. Five minutes after the
addition of NaBH, the free 6-BDB-}?P][TAMP was sepa-
rated from the enzyme by column centrifugati@)(using
a 5 mL column of Sephadex G-50 which had been equili-
brated with 50 mM Pipes, pH 7.0, containing 5% glycerol.

were measured for radioactivity using a liquid scintillation
counter. HPLC fractions with high radioactivity were pooled
and lyophilized for amino acid sequence determination or
papain digestion. The lyophilized radioactive fractions were
redissolved in 20 mM ammonium acetate, pH 4.0, and were
digested by the purified papain. A total of 3% of purified
papain, based on the original quantity of the inactivated
enzyme, was added to the digestion mixture. The papain
digestion was conducted at 2& for 2 h. The digested
peptides were separated by HPLC under the same conditions
used for the V8 protease digest. Amino acid sequence
analyses were performed on an Applied Biosystems gas-
phase protein sequences, model 470, equipped with an on-
line phenylthiohydantoin (PTH) analyzer model 120 and
computer model 900A.

RESULTS

Inactivation of Adenylosuccinate Synthetase by 6-BDB-
TAMP. Adenylosuccinate synthetase (0.15 mg/mL, @B\2
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1.0 7 1.0 ARSARANF Table 1. Effect of Active-Site Ligands on Inactivation of
R o Adenylosuccinate Synthetase (NEM-Modified) by &8l
0.8 0.8 6-BDB-TAMP2
g g ¢ . ligands added to incubation mixture  kops(min™)  ki/k-
0.6 $ 0.6 I none 00141  1.00
s ) 10 mM MgCh 0.0150  1.06
(A) 10 MM MgCk + 1 mM GTP 0.0124 0.88
0.4 S 0.4 R 10 mM MgCh + 5 mM aspartate 0.0149  1.06
¢ 5 10 15 20 010200 30 40 10 MM MgCh + 1 mM GTP+ 5 mM aspartate ~ 0.0103  0.73
Time (min) Time (min) 10 mM MgCk + 5 mM IMP 0.0046 0.33
FIGURE 2: Inactivation ofE. coli adenylosuccinate synthetase by 10 mM MgCh + 1 mM IMP + 5 mM aspartate 0.0058 0.41
6-BDB-TAMP. The enzyme was incubated in 50 mM Pipes, pH 10 mM MgCh + 1 mM IMP + 1 mM GTP 0.0000 0.00
7.0, at 25°C. At the indicated times, aliquots were withdrawn and 10 mM MgCk + 500uM adenylosuccinate 0.0000  0.00
assayed as described in the Experimental Procedures. (A) Native3004M 6-HDB-TAMP 0.0020  0.14
enzyme (0.15 mg/mL) incubated in the absence of 6-BDB-TAMP  aReaction was conducted in 50 mM Pipes buffer, pH 7.0, @5
(@) orin the presence of 50M 6-BDB-TAMP (#) or 50 uM as described in the Experimental Procedures. The ville is the
6-BDB-TAMP + 500uM adenylosuccinate- 10 mM MgCk (O). ratio of the rate constant for inactivation in the presence of an active

(B) NEM-treated enzyme (0.15 mg/mL) incubated under the same jte Jigand to that in its absence.
conditions as in panel A.

subunit) is inactivated as a function of time by M succinate site. Table 1 (last line) shows that hydrolyzed
6-BDB-TAMP in 50 mM Pipes, pH 7.0, and 2&. Activity 6-HDB-TAMP protects the enzyme against 6-BDB-TAMP
loss of native enzyme follows a biphasic, time-dependent inactivation. The 6-HDB-TAMP has also been shown to
decay, as shown in Figure 2A. Native enzyme, incubated protect adenylosuccinate lyase against inactivation by 6-BDB-
under the same conditions but in the absence of 6-BDB- TAMP (33). Thus, the curvature in the Figure 2 plot can be
TAMP, shows no activity loss during the entire period. attributed both to loss of the original 6-BDB-TAMP by
Incubation of the enzyme with 500M adenylosuccinate  hydrolysis and to the action of the hydrolyzed compound in
prevents the second inactivation phase by 6-BDB-TAMP, preventing further inactivation. The residual activity de-
but has no effect on the first phase inactivation. creased further (to 23%) after removal of 6-HDB-TAMP
Each subunit of adenylosuccinate synthetase contains fourfrom the inactivation mixture by Sephadex G-50 spin column
cysteine residues. However, Dong et d7)(have shown  chromatography and the addition of fresh 6-BDB-TAMP (50
that only Cy$° is modified by NEM under nondenaturing  4M) to the enzyme.
conditions and that the blocking of C§sby NEM does not Rate of Inactiation of Adenylosuccinate Synthetase as a
cause significant activity loss (the enzyme still retair&8% Function of 6-BDB-TAMP ConcentrationNEM-treated
of its original activity)? Accordingly, the enzyme was  qenylosuccinate synthetase (0.15 mg/mL @vRsubunit)
incubated with NEM to block Cy8' prior to addition of |\ 4¢ incubated with 25600 uM 6-BDB-TAMP. The ap-
6-BDB-TAMP. Incubation of 6-BDB-TAMP with the NEM- arent rate constarkd, of inactivation was calculated from
treated enzyme gives a linear plot of ko) versus time ihe slope of INE/E,) versus time, in whiclE is the enzyme
(Figure 2B). This NEM-treated enzyme was used for all activity at timet and E, is the activity at time zero. A
subsequent experiments. Adenylosuccinate protects cOMygpjinear relationship is observed when the initial inactiva-
pletely against inactivation of the NEM-treated enzyme by tjon rate constant is plotted versus the concentration of
6-BDB-TAMP. After about 30 min, the rate of inactivation g_gpB-TAMP (Figure 3). At high concentrations of 6-BDB-
of the enzyme by 6-BDB-TAMP decreases. The decreaseppp, the enzyme becomes saturated with the reagent and
in the inactivation rate is due to two factors. First, 6-BDB- e rate constant approaches a maximuk@ay). This
TAMP is known to undergo decomposition in aqueous ,pseryation supports the reversible binding of 6-BDB-TAMP
buffers with release of free bromide to yield 6-(4-hydroxy- it adenylosuccinate synthetase before inactivation and can
2,3-dioxobutyl)thioadenosine’-fnonophosphate (6-HDB- g gescribed by the equationkdt = 1/Kkmax + Ki/Kmax (1/
TAMP). The rate of decomposition of a similar compound, [6-BDB-TAMP]). The maximum rate of inactivatiorkfa)

6-(4-bromo-2,3-dioxobutyl)thioadenosinediphosphate, in  anq apparent dissociation constaii) (were determined as
50 mM potassium phosphate buffer, pH 7.1, containing 10% g 9228 mirr! and 40.6uM, respectively.

methanol, at 25C, has been determined as 0.0114 mhin
(tz2 = 61 min) @0). No loss of activity is observed when
adenylosuccinate synthetase is incubated with 6-HDB-

TAMP. The decomposition of 6-BDB-TAMP results in a mg/mL, 3.2 M subunit) against inactivation by 50M

decreased concentration of reactive compound and, thus, in6-BDB-TAMP is listed in Table 1. The concentrations of

a decrease of the inactivation rate. The second factor . . .
o . . L adenylosuccinate, GTP, and IMP used in the studies were
contributing to the decrease in the rate of inactivation of . . . >
high relative to theK, values reported previoushKf =

petiion betwoen the hycralyzed compound andi the reacive 1 8/4M 07 adenylosuccinate, = 37.7 fo IMP, and
b yaroly P Km = 23.7 uM for GTP) (18). MgCl, alone or combined

6-BDB-TAMP for binding to the enzyme at the adenylo- i aither GTP or aspartate does not protect adenylosuc-

i S hown that modification of &yef E. ool cinate synthetase against inactivation by 6-BDB-TAMP. The
as previously been snown that moaifrication o 81 E. COll H

adenylosuccinate synthetase by GMAEDB, which is a considerably substrate IMP or IMP plus aspartate only partially protects

larger compound than NEM, causes loss of about 50% enzymatic tN€ enzyme against inactivation. In contrast, either IMP plus
activity (20). GTP or adenylosuccinate completely protects the enzyme

Effect of Ligands on the Inacthtion of Adenylosuccinate
Synthetase by 6-BDB-TAMPhe ability of various ligands
to protect the NEM-treated adenylosuccinate synthetase (0.15
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Ficure 3: Dependence of initial rate constant of inactivation of Incorporation

adenylosuccinate synthetase on the concentration of 6-BDB-TAMP. (6-BDB-TAMP/ enzyme subunit)

NEM-modified adenylosuccinate synthetase (0.15 mg/mL) was ) ) )

incubated with 25600 uM 6-BDB-TAMP in 50 mM Pipes, pH FiGURe 4: The incorporation of 6-BDB3fP]TAMP into the NEM-
7.0. The rate constants were measured from the first 30 min of the treated enzyme as a function of the percentage of residual activity.
reaction, as illustrated in Figure 2B. (Inset) Double-reciprocal plot Extrapolation to complete inactivation of the enzyme indicates that
of 1/kyps against 1/[6-BDB-TAMP]. 1.88 mol of reagent is incorporated per mol of enzyme subunit.

against 6-BDB-TAMP inactivation. These results suggest that Table 2: Effect of Active-Site Ligands on Incorporation of GBI
reaction occurs in the region of the active site best occupied 6-BDB-TAMP and Residual Activity of Adenylosuccinate

by the product adenylosuccinate. Synthetase

The hydrolyzed compound, 6-HDB-TAMP (lacking Br incorporation residual
does not inactivate adenylosuccinate synthetase; however, _ligands added to (6-BDB/TAMP/enzyme activity
it does protect the enzyme against inactivation by fresh Incubation mixture subunit) (%)
6-BDB-TAMP (Table 1, last line). This observation suggests none 0.85 55
that 6-HDB-TAMP occupies the active site of the enzyme 18 mM MgCl 0.84 59

_ mM MgCh + 1 mM GTP 0.62 53

but does not form a covalent linkage to the enzyme as does;g mm mMgCh + 5 mM aspartate 0.72 50
fresh 6-BDB-TAMP. 10 mM MgCh + 1 mM GTP+ 0.60 61

Incorporation of 6-BDB-}2P]TAMP into Adenylosuccinate 105 ”'QAMMaSgEFJtratse VP 042 o

H m m .

Syntheta;eAdenonsucunate.synthetase (0.132 mg/mL, 3.2 10 mM MngJr 1 mM IMP -+ 0.38 63
uM subunit) was incubated with 5¢M 6-BDB-[3P]TAMP 5 mM aspartate
in 50 mM Pipes, pH 7.0, and 28C. The inactivation was 10 mM MgCh + 1 mM IMP + 0.17 94
stopped at various times by adding NaBHfter which the 1 mMGTP
incorporated 6-BDB®P]TAMP was measured as described 10 MM MgCk + 5004M 0.11 94

in the Experimental Procedures. A time-dependent incorpo- __2denylosuccinate

ration of 6-BDB-F2P]JTAMP was observed concomitant with @ Reactions were conducted in 50 mM Pipes buffer, pH 7.0, at 25
the decrease in enzyme activity. Figure 4 shows a plot of °C as described in the Experimental Procedures.rAfte of reaction

. . . .~ with a single addition of 5tM 6-BDB-TAMP, the residual activity
the percentage of residual activity versus incorporation; yas measured and expressed as percentage of the original activity. The

extrapolation to 0% residual activity yields 1.88 mol of radioactivity was measured by a Packard Tricarb model 4640 liquid
6-BDB-[*?P]TAMP incorporated per mol of adenylosuccinate scintillation counter.
synthetase subunit.

The effects of active-site ligands on the 6-BDBM]-
TAMP incorporation at a single time were tested with the
results shown in Table 2. In the absence of any ligands, 0.85
mol of 6-BDB-F2PJTAMP/mol subunit was incorporated into Kinetic Studies of NEM-Treated and 6-BDB-TAMP-
the NEM-treated enzyme, while the enzyme retained 55% Inactivated Adenylosuccinate Synthetabe evaluate whether
of its activity. Enzyme incubated with ligands such as MgCl covalent reaction with the nucleotide analogue produced an
or MgCl, plus GTP or aspartate had similar 6-BDBH]- enzyme with altered kinetic characteristics, NEM-treated
TAMP incorporation and residual activity as in the absence adenylosuccinate synthetase was incubated withuBD
of ligands. In the presence of MgQblus either adenylo-  6-BDB-TAMP at pH 7.0 for 1 h. The enzyme lost about
succinate or IMP plus GTP, the 6-BDB¥P]TAMP incor- 50% of its activity (i.e., as measured in the standard assay)
poration was reduced, respectively, to 0.11 and 0.17 mol/and contained on average about 1 mol of reagent/mol of
mol subunit, while the enzyme retained 94% of its activity. enzyme subunit after 6-BDB-TAMP treatment. For 50%
These results show that the product adenylosuccinate or IMPactive enzyme, one must consider the possibility that the

plus GTP decreases the reagent incorporation as well as the
inactivation.
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Peak | contains the peptide LY%-Glu'3® (data not
shown). Since this peptide contains both &t@and Arg??,
peak | from the V8 digest (Figure 5) was further cleaved by

Table 3: Ky, Values of NEM-Modified and 6-BDB-TAMP-Modified
NEM-Treated Adenylosuccinate Synthetase

GTP IMP ASP

_ eg?/rze KS 1(g'\/l) Kin 1(/c:M) K 5(’1';/') papain in 20 mM ammonium acetate, pH 4.0, and rechro-
moailtie H H i

6-BDB-TAMP modified 18 12 1650 matographed in the same HPLC system. One radioactive

peak (centered at 73 min) was observed after papain
redigestion (Figure 6). The sequence of the peptide isolated
after redigestion by papain reveals peptide AkgGlu'3e
(Table 4). Arg®! is designated the amino acid modified by
enzyme sample is a mixture of fully active enzyme and 6-BDB-[*?P]TAMP because of the low yield of PTH-amino
completely inactive enzyme with 2 mol of 6-BDB-TAMP  acid. Liquid scintillation counting of the fractions from each
incorporated/mol of enzyme subunit. Alternatively, one target sequencing cycle, and the application filter, indicates that
site of 6-BDB-TAMP may react much faster than the second the radioactivity does not elute with any PTH derivative but
site, so that at 50% residual activity, one modified site/subunit largely remains on the application filter. This observation
predominates with almost no unmodified enzyme and suggests that the PTH derivatives of these nucleotide-
relatively little doubly modified enzyme subunits. We modified peptides are too hydrophilic to be extracted by the
consider that the alternate model best describes the reactiomrganic solvent used in the sequencer. Similar results have
of adenylosuccinate synthetase with 6-BDB-TAMP. been observed for peptides isolated from GMB®B-

The K., values for GTP, IMP, and aspartate of NEM- modified adenylosuccinate synthetas20)( and 6-BDB-
modified or 6-BDB-TAMP-inactivated NEM enzyme-60% TAMP-modified adenylosuccinate lyas83j. The PTH-
residual activity) are listed in Table 3. The 6-BDB-TAMP- Arg seen is probably due to partial regeneration of the
inactivated enzyme showed a 3-fold increase inKheor modified residue under the strongly acidic conditions to
aspartate. This result argues against the presence of apwhich it is exposed during gas-phase sequencing.
preciable amounts of unmodified enzyme, since that active  As an alternate method of identifying the target amino
enzyme would exhibit the same kinetic parameters as native,acids, modified enzyme was digested with pepsin at pH 2.0,
unmodified enzyme. In contrast, neither g for IMP nor conditions under which arginine derivatives are more stable
GTP was significantly altered by 6-BDB-TAMP modifica-  (41). Pepsin is a relatively nonspecific protease, and numer-
tion. These data suggest that 6-BDB-TAMP might react at ous radioactive peaks were observed from the HPLC pattern
or near the aspartate active site of adenylosuccinate syn-of pepsin digest (data not shown). However, all the sequences
thetase; however, since the standard assay contains 5 mMbf radioactive peptides found in the pepsin digest correspond
aspartate, the effect dfy, for aspartate does not completely to peptides containing either AR} or Arg®®3 Both pro-
account for the inactivation observed. teolysis procedures thus indicate that the two amino acids

Peptide Mapping of 6-BDB¥P]TAMP-Modified Aden-  of adenylosuccinate synthetase modified by 6-BDB-TAMP
ylosuccinate Synthetasghe modified enzyme was digested are Arg3! and Arg®2.
by V8 protease in 50 mM potassium phosphate, pH 7.8, at
37 °C for 5 h. Figure 5 illustrates the radioactive peak DISCUSSION
distribution of V8-digested peptides separated by HPLC on
a G column. Two major radioactive peptide peaks were  The reactive compound 6-(4-bromo-2,3-dioxobutyl)thio-
observed (peaks | and I). Protective ligands, such asadenosine smonophosphate is structurally very similar to
adenylosuccinate, decrease both radioactive peptide peak@denylosuccinate, and the results presented here show that
(data not shown). The 6-BDB-TAMP incubated under the it functions as an affinity label of that substrate site of
same conditions but in the absence of adenylosuccinateddenylosuccinate synthetase. Indeed, 6-BDB-TAMP has
synthetase yields radioactive peaks which are eluted before'ecently been demonstrated to react at the substrate site of
72 mL. Thus, the radioactive peak centered at 70 mL in the next enzyme in the metabolic sequence leading to AMP
Figure 5 is attributed to decomposed, free 6-BBHBTAMP formation: adenylosucccinate lyas&3). Initially, our
which presumably dissociated from modified enzyme during a@nalysis of the specific reaction of adenylosuccinate syn-
the digestion procedure at pH 7.8. thetase with 6-BDB-TAMP was complicated by rapid partial

Table 4 shows the amino acid sequences of two samplegihactivation, which was not affected by the presence of
of peak Il (Figure 5), revealing the peptide PHe Asp!t substrates, as expected for reaction at the active site. This
from the known sequence of adenylosuccinate synthetasecomplication was eliminated by prior reaction of Efsvith
The yield of PTH-amino acid generally decreases as the N-ethylmaleimide, which is considerably smaller in size than
number of Edman degradation cycles increases, as is6-BDB-TAMP. The crystal structure of adenylosuccinate
expected. Arginine is the most likely reaction target within Synthetasel(4) indicates that Cy8*is located at an external
that sequence. It has previously been found that, uponsurface of each subunit, far from the active site, where it is
sequencing, products of arginine and bromodioxobutyl accessible to a variety of reactive compounds, including
nucleotides are not eluted at the normal position of any PTH- nucleotide analogue2@). Our subsequent experiments with
amino acid and are associated with a decreased yield ofthe catalytically active NEM-treated adenylosuccinate syn-

aKinetic studies were carried out at 2& in 20 mM Hepes, pH
7.7, as described in the Experimental Procedures. 6-BDB-TAMP-
modified enzyme retained 50% of the original activity.

PTH—Arg (20, 41). In this case, Aréf3is considered to be
the most likely residue modified by 6-BDB-TAMP because
of the lower yield of PTH derivative in that cycle. In fact,
the yield is lower for PTH-Arg3% than it is for arginines
found at later positions in the peptide.

thetase show that 6-BDB-TAMP binds and reacts only at
the active site of the enzyme.

The nonlinear relationship between the initial inactivation
rate constant and the 6-BDB-TAMP concentration (i.e.,
saturation kinetics) reflects the reversible binding of 6-BDB-
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FIGURE 5: Separation of radioactive V8-digested peptides of 6-BE¥BJTAMP-labeled adenylosuccinate synthetase by reversed-phase
HPLC. The 6-BDB-}2P]TAMP-labeled enzyme was digested by V8 protease in 50 mM phosphate buffer, pH 7.8. The peptides were
separated by HPLC on a;£column, equilibrated with 0.1% trifluoroacetic acid using a gradient in acetonitrile, as a described in the
Experimental Procedures. Aliquots (7Q.) were withdrawn from each fraction for radioactivity measurement using a Packard Tricarb
liquid scintillation counter @). The dashed line represents the percentage of acetonitrile.

Table 4: Amino Acid Sequence of Peptides from Proteotysis OT VY”d'tyPG_ enzyme 18), suggesting that the enzyme has
oeak I from similar affinity for the reagent as for the natural substrates.
kil . . . . . .
Figure % (pmol) F;re(?m Examination of the ligands which protect against inactiva-
cycle  amino  sample sample amino  Figure & tion by 6-BDB-TAMP provides insight into the functional
no. acid 1 2 acid (pmol) site which is targeted. The complete protection by aden-
1 Phe-297 337 58 Arg-131 80 ylosuccinate shows that 6-BDB-TAMP occupies the aden-
2 Gly-298 207 24 Gly-132 184 ylosuccinate site oE. coli adenylosuccinate synthetase, as
3 Ala-299 150 29 lle-133 391 might be expected from the striking similarity in structure
4 Thr-300 137 14 Gly-134 225
5 Thr-301 143 15 Pro-135 206 between the substrate and reagent. In contrast, IMP causes
6 Gly-302 60 16 Ala-136 298 only a limited reduction in the inactivation of the enzyme
7 Arg-303 6F & Tyr-137 221 by 6-BDB-TAMP. The X-ray crystal structure d. coli
8 Arg-304 117 6 Glu-138 g5 d | . h Is th he IMP site is i
9 Arg-305 103 13 adenylosuccinate synthetase reveals that the site is in
10 Arg-306 136 7 the vicinity of the aspartate and GTP site25{29). An
11 Thr-307 57 7 occupied IMP site on the enzyme could hinder the binding
12 Gly-308 o1 10 of 6-BDB-TAMP to either the aspartate or GTP site and is
13 Trp-309 29 3 . . . h .
14 Leu-310 67 8 consistent with the partial protection by IMP against 6-BDB-
15 Asp-311 26 7d TAMP inactivation. The mechanism proposed for adenylo-

2 Amino acid sequencing was performed on an Applied Biosystems succi_nate synthetase involves the formation of 6-phosphoryl-
gas-phase sequencer, as described in the Experimental ProceduredMP in the first step by transfer of theg-phosphate from

b These are representative sequences and do not come f