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ABSTRACT. Adenylosuccinate lyase @acillus subtilisis inactivated by 2-[(4-bromo-2,3-dioxobutyl)thio]-
adenosine 'smonophosphate (2-BDB-TAMP) at pH 7.0. As the reagent concentration is increased, a
maximum rate constant is approached, indicative of reversible enzyme-reagent complex forkation (

68 + 9 uM) prior to irreversible modificationknax = 0.081+ 0.004 mirmt). Complete inactivation

occurs concomitant with about 1 mol of 2-BDB'C]TAMP incorporated/mol of enzyme subunit.
Adenylosuccinate, or a combination of AMP and fumarate, decreases the inactivation rate and reduces
incorporation of }4C] reagent, whereas either AMP or fumarate alone is much less effective. These
observations suggest that 2-BDB-TAMP attacks the adenylosuccinate binding site. Proteolytic digestion
of inactivated enzyme, followed by purification of the digest by HPLC, yields the radioactive peptide
lleb2-Ala’, in which Arg®” and Hig$® are the most likely targets. Thus 2-BDB-TAMP reacts with
adenylosuccinate lyase at a site distinct from théHsttacked by 6-BDB-TAMP (Lee, Worby, Dixon,

and Colman (1997). Biol. Chem. 272458—-465). Site-directed mutagenesis was used to construct mutant
enzymes with replacements for both Atgnd Hi$8, and either Ar§ or His?8. The R67M mutant enzyme

has almost the same specific activity as the wild-type enzyme under standard assay conditions, whereas
the single mutant H68Q and double mutant R67IW68Q enzymes exhibit specific activities that are
decreased more than 100-fold. These results indicate that whil& Angl Hi$® may both be in the

region of the substrate site, only Ffigs important for the catalytic activity d. subtilisadenylosuccinate

lyase. A role is proposed for Hisas a general aciebase catalyst.

Adenylosuccinate lyase (EC 4.3.2.2), an essential enzyme Kinetic studies suggest that the cleavage reaction catalyzed
in purine biosynthesis, catalyzes both the cleavage of by adenylosuccinate lyase is achieved faelimination
5-amino-4-imidazoleéN-succinocarboxamide ribotide to form  through a general basgeneral acid mechanism which
5-amino-4-imidazolecarboxamide ribotide and fumarate, and involves the attack on thg-H by a general base and the
the cleavage of adenylosuccinate to form AMP and fumarate protonation of the ring nitrogen by a general acid of the
(2). In addition, adenylosuccinate lyase participates in the enzyme {, 29). The kinetic mechanism is ordered, with
purine nucleotide cycle, which has an important metabolic fumarate leaving the enzyme before AM®, 24, 29—31).

role in muscle, kidney, and brair2,(3). The enzyme has Previously we have expressed Bacillus subtilisenzyme
been isolated from a variety of sourcés-(L1). The amino and identified Hi&! as a potential general base in the
acid sequences have been deduced from nucleotide sequencefeavage reaction by affinity labeling with 6-(4-bromo-2,3-
obtained by either cDNA cloning or genome sequencing and dgioxobutyl)thioadenosine fnonophosphate (6-BDB-TAMP)

subsequent gene assignmeb?£26). Clinical and bio- (3. However, little is known about other amino acid
chemical data have shown that adenylosuccinate lyaseresidues involved in catalysis or substrate binding.

deficiency is associated with mental retardation and autistic 2-[(4-Bromo-2,3-dioxobutyl)thioJadenosiné-Bionophos-

rbhate (2-BDB-TAMP) 83, 34) was designed as an affinity
label for nucleotide binding sites in proteins. As shown in
Figure 1, it also resembles adenylosuccinate structurally and
might be expected to occupy the adenylosuccinate site of
adenylosuccinate lyase. The difference in the position of

their body fluids of nucleosides corresponding to the two
substrates?7, 28). In one case of adenylosuccinate lyase
deficiency, the substituted amino acid has been identified
(26).
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Ficure 1: Schematic comparison of the structure of adenylosuc-
cinate and 2-[(4-bromo-2,3-dioxobutyl)thio]ladenosinem®no-
phosphate (2-BDB-TAMP).

the reactive bromodioxobutyl group between 2-BDB-TAMP
and 6-BDB-TAMP provides an opportunity to label an amino
acid residue in the active site other than ¥fis The

nucleophilic side chains of several amino acids (including
Lys, His, Glu, Asp, and Cys) can attack the carbonyl(s) or
methylene bromide group to yield a covalently labeled

Lee et al.

of 2.5uM or 5 uM hydrolyzed 2-BDB-TAMP, prepared by
incubating fresh 2-BDB-TAMP for 24 h at room temperature
in 50 MM HEPES (pH 7.0). To determine thgfor AMP,

200 uM or 400 uM AMP was included in the assay when
the Ky, for adenylosuccinate was determined. The adenylo-
succinate concentration was varied from 2 to 140.

Synthesis of 2-[(4-Bromo-2,3-dioxobutyl)thio]ladenosife 5
monophosphate 2-BDB-TAMP was prepared from AMP
according to the procedure of Kapetanovic et &@3)(
2-BDB-[*“C]TAMP was synthesized according to the pro-
cedure of Gite and Colmarl@). The final product was
dissolved in 30 mM MES buffer (pH 4.5) and stored-80
°C for further studies. The concentration of 2-BDB-TAMP
was determined from its absorbance usipg nm= 35.2 x
1 Mtcecm?!ander nm= 11.5x 1 M1 cm% The
specific radioactivity of 2-BDB*C]TAMP was 2.6x 10
cpm/mol of compound.

Reaction of B. subtilis Adenylosuccinate Lyase with
2-BDB-TAMR Enzyme (0.2 mg/mL, 4M subunit) was
incubated with 2-BDB-TAMP (36400uM) at 25°C in 10
mM potassium phosphate buffer containing 10 mM NacCl
(buffer A). The volume of 30 mM MES buffer (pH 4.5,
containing 2-BDB-TAMP) added was maintained constant
such that the final pH was 7.0. The enzyme was preincu-
bated for 30 min at 28C before 2-BDB-TAMP was added.
To compare with the inactivation by 1001 2-BDB-TAMP,
“hydrolyzed” 2-BDB-TAMP (prepared by incubating 2-BDB-
TAMP in the reaction mixture without enzyme at 25 for
24 h) was added to the preincubated enzyme to reach 100

enzyme 85). Here, we describe the specific inactivation of #M. At various times, 2Q:L aliquots of reaction mixture

B. subtilisadenylosuccinate lyase by 2-BDB-TAMP, isola-
tion of the labeled peptide, and construction of mutant

were withdrawn and assayed for residual activity. The
reaction was measured for 60 min, during which period no

enzymes with replacements of two of the amino acid residuesactivity loss was found in the control enzyme incubated under

of the peptide targeted by 2-BDB-TAMP. A preliminary
version of this work has been present&8é)(

EXPERIMENTAL PROCEDURES

Materials Adenylosuccinate, adenosiné-rionophos-
phate, fumarate, Sephadex G-15, Sephadex GN&thyl-

the same conditions but in the absence of 2-BDB-TAMP.
The effects of substrate analogues on the reaction rate with
100 uM 2-BDB-TAMP were tested by including these
ligands with enzyme together with the reagent, as described
in Results.

To determine the amount of reagent incorporation into
adenylosuccinate lyase, enzyme was incubated withuMO0

maleimide, TPCK-treated trypsin, pepsin, MES, and HEPES 2_BDB-[*4C]TAMP in buffer A in the absence and presence

were purchased from Sigma. 1,4-Dibromo-2,3-butanedione,

chloroperoxybenzoic acid, and carbon disulfide were from
Aldrich Chemical Co. 1,4-Dibromo-2,3-butanedione was
recrystallized from petroleum ether before us&CJAdeno-

of 5 mM AMP and 10 mM fumarate. At various times of
incubation, 200 MM NaBHl(dissolved in 20 mM NaOH)
was added to reach a final concentration of 2 mM. The
carbonyl groups of 2-BDB-TAMP were reduced by NaBH

sine 3-monophosphate (generally labeled) was supplied by thus markedly decreasing the reactivity of the compound.

DuPont NEN. AG W50-X4 and Bio-Rad protein assay
concentrate were from Bio-Rad. Trifluoroacetic acid and
protease fronStaphylococcus aurepstrain V8, were from

ICN Biochemicals. HPLC-grade acetonitrile was supplied
by Fisher Scientific. All other chemicals were reagent grade.

Kinetics of B. subtilis Adenylosuccinate Lyas&he

The NaBH, treatment was conducted for 5 min. The excess
reagent was removed by column centrifugati@Y)( as
described previoushy3@). The filtered protein was assayed
immediately for enzymatic activity and protein concentration.
The protein concentration was determined using the Bio-
Rad protein assay38), using purifiedB. subtilisadenylo-

homogeneous enzyme was prepared as reported previouslguccinate lyase as the protein standard. The incorporation
(32). The adenylosuccinate lyase activity was measured fromof 2-BDB-[**C]TAMP was determined by measuring the
the decrease in absorbance at 282 nm using the differenceadioactivity of modified protein using a Packard Tri-Carb

extinction coefficient of 10 000 M cm™* between adenylo-
succinate and AMP, as described earl&2)( The enzyme
was preincubated at 2% for 30 min before measurements
and yielded a stable specific activity of 2unol/min/mg.
To determine th&; for fresh and hydrolyzed 2-BDB-TAMP,

liquid scintillation analyzer (Model 1500).

Enzymatic Digestion of 2-BDB4C]TAMP-Modified En-
zyme Adenylosuccinate lyase (0.5 mg/mL) was incubated
with 100uM 2-BDB-[**C]TAMP at 25°C for 60 min. The
incubation mixture was treated with 2 mM NaBfér 5 min,

the K, for adenylosuccinate was measured in the absencefollowed by reaction with 10 mM-ethylmaleimide for 10

and presence of BM or 10 uM fresh 2-BDB-TAMP, and

min. After removal of the excess reagent by column
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centrifugation (using Sephadex G-50 equilibrated with 40 0075 - T : T - T - T

mM ammonium acetate, pH 4.0), the modified enzyme was

digested at 37C by 2 successive additions (at 2-h intervals) I

of 5% (w/w) protease fron$. aureusstrain V8, for a total 0060 - ]

of 4 h. I . 12 e,
The radioactively labeled enzyme digest mg) was ~ 0045 |- . bod fe gt 7

lyophilized, redissolved in 0.8 mL of 0.1% trifluoroacetic E 06 ]

acid, and applied to a Varian (Model 5000) HPLC system < : & oal 1

using a reverse-phase Vydags@olumn (0.46x 25 cm). o5 0030 | = 1 A

Separation was conducted at the elution rate of 1 mL/min i

using solvent A (0.1% trifluoroacetic acid) for the first 10 I 02y 1

min, followed by a linear gradient from solvent A to 60% 0.015 1= 7

solvent B (0.09% trifluoroacetic acid in acetonitrile) in 120 I 0 e ]

min, a linear gradient from 60% solvent B to 100% solvent . Time(mim

B in 20 min, and solvent B for 10 min, successively. The o 100 200 300 400 500

effluent was monitored on-line at 220 nm. Fractions of 1 [2-BDB-TAMP] (uM)

mL were collected, from which 10@L was assayed for  pigyre 2: Dependence of initial rate constant of inactivation of
radioactivity. Hydrolyzed 2-BDBYC]TAMP (prepared by  adenylosuccinate lyase on the concentration of 2-BDB-TAMP. The
incubating fresh 2-BDB!C]TAMP in buffer A for 24 h) enzyme was incubated with 3@00uM 2-BDB-TAMP in buffer

was applied to the same column in a separate run. A (pH 7.0) at 25°C. The rate constants were measured from the
o o - ) first 12 min of the reaction. The saturation behaviokgf against
Purification and Characterization of Modified Peptid&o [2-BDB-TAMP] is shown. Inset: Time-dependent inactivation of

obtain the homogeneous modified peptide, the radioactive B. subtilisadenylosuccinate lyase by 108 2-BDB-TAMP. The

peak obtained from the first HPLC run was lyophilized, E“Ei”ClUbaéed enzyme was, mi?dﬁ WitAh 1&@7/' ofre?hz 5&%) o
redissolved in 0.8 mL of 0.1% trifluoroacetic acid, and 1Ydrolyzed @) 2-BDB- in buffer A (pH 7.0) a :

h ifi imes, 20t ali were withdrawn h
digested at 37C by 20ug of pepsin for 2 h. The peptic ﬁe(seidslﬁ)aelcac(taieit; agsaesgribaedqil#loltfs;(peeri;engaldP?oce(;?Jrgz.s?%et s%lid
digest was fractionated by HPLC using the same systemlines represent the curves that fit the actual data over the entire
described above. For better separation, elution was con-60-min period, while the dashed line is a linear regression for data
ducted at a shallower gradient using solvent A for the first taken from the initial 12 min in the reaction with fresh 2-BDB-
10 min, followed by a linear gradient from solvent A to 5% TAMP.
solvent B in 10 min, a linear gradient from 5% solvent B to RESULTS
15% solvent B in 100 min, a linear gradient from 15%

solvent B to 100% solvent B in 30 min, and solvent B for Inactivation of B. subtilis Adenylosuccinate Lyasé

10 min. Fractions of 1 mL were collected, from which 100 time-dependent inactivation of ti& subtilisadenylosucci-
uL was assayed for radioactivity. The radioactive fractions pate lyase was observed when 0.2 mg/mL enzymeN¥
were pooled, lyophilized, redissolved in 0.4 mL 0.1% gypynit) was incubated with 1M 2-BDB-TAMP at 25
trifluoroacetic acid, and applied to a Sephadex G-15 column o gnq pH 7.0 in buffer A (Figure 2, inset). The control
(1 > 50 cm, equilibrated with 0.1% trifluoroacetic acid) at - enzyme showed constant activity over this time period when
room temperature. The elution rate was 0.18 mL/min. jncybated under the same conditions but in the absence of
Fractions of 0.9 mL were collected, from which 400was  reagent (data not shown). The semilogarithmic plot of
assayed for radioactivity. The sequences of the peptides inyesigual activity E/E;) versus time of incubation with
the radioactive peaks (after lyophilization) were determined 2_.gpB-TAMP exhibits linearity for the first 12 min. A
using an automated gas-phase protein/peptide sequencgseydo-first-order rate constant of 0.0485 mhiwas calcu-
analyzer from Applied Biosystems (Model 470A), equipped |ated using data taken from this initial period. The enzyme
with an on-line PTH analyzer (Model 120) and computer inactivation continued as the incubation proceeded, reaching
(Model 900A). about 21% residual activity by 60 min, as shown in the inset
Site-Directed MutagenesisSite-directed mutagenesis of of Figure 2. By gel filtration of the enzyme and subsequent
pBHis was performed using the QuickChange site-directed addition of fresh compound, the enzyme activity can be
mutagenesis kit (Stratagene, La Jolla, CA). The oligonucleo- reduced to less than 5% of the original activity.
tides used were GGACACGCGCGCAGACGTTGTCGC  progressive deviation from the first-order kinetics was
(H68A), AGGACACGCGCAAGGACGTTGTCGC (H68K),  gpserved beyond 12 min (Figure 2, inset), indicating that
GGACACGCGCCAGGACGTTGTCGC (H68Q), and  the rate of inactivation decreases as the reaction continues.
CGAAAAGGACACGATGCATGACGTTGTCG (R67M)  gimilar results were observed in the reaction of adenylo-

and their complements. For the double mutant, R67TM g ccinate lyase and 6-BDB-TAMPB2). Two factors are
HE8Q, the His to GIn change was made in the previous responsible for this behavior. First, 2-BDB-TAMP is known
R67M mutant using the oligonucleotide AGGACACGAT- 5 undergo decomposition in aqueous buffers with release
GCAGGACGTTGTCGCT and its complement. Allmutants f free bromide; the rate of decomposition has been
were confirmed by nucleotide sequence analysis. determined as 0.0115 mih(ty, = 61 min) at pH 7.0 and
The plasmid was expressedischerichia colstrain BL21 25 °C (33). No loss of activity was observed when the
(DE3) and the mutant enzymes were purified as describedenzyme was incubated with previously hydrolyzed 2-BDB-
previously 82, 39). The purity of the mutant proteins was TAMP (100 uM) (Figure 2, inset). The decomposition of
assessed by 12% SB$olyacrylamide gel electrophoresis. the reagent results in a decreased concentration of reactive
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Table 1: Effect of Substrate and Other Ligands on Inactivation of
Adenylosuccinate Lyase by 2-BDB-TAMP

ligands added Kobs (Min—1) ki/k_>
a) none 0.0485 1.00
b) AMP (1 mM) 0.0304 0.63
¢) AMP (5 mM) 0.0149 0.31
d) fumarate (10 mM) 0.0344 0.71
e) Adenylosuccinate (5 mM) 0.0081 0.17
f) AMP (1 mM) + fumarate (10 mM) 0.0091 0.19
g) AMP (5 mM) + fumarate (5 mM) 0.0077 0.16
h) AMP (5 mM) + fumarate (10 mM) 0.0063 0.13
i) hydrolyzed 2-BDB-TAMP (10Q:M) 0.0232 0.48

aThe enzyme was incubated with 108 2-BDB-TAMP in buffer

A at 25°C in the presence of ligands, as described in Experimental
Procedures. To test for protection by AMP and fumarate, the ligands
were preincubated together with the enzyme; in testing for protection
by adenylosuccinate and the hydrolyzed 2-BDB-TAMP, the ligands
were added to the incubation mixture immediately before the addition
of 2-BDB-TAMP.  The ratio of the initial inactivation rate constant
in the presence and the absence of 2-BDB-TAMP.

2-BDB-TAMP and, consequently, a decrease in the apparent,

Lee et al.
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Ficure 3: Relationship between inactivation and incorporation of
2-BDB-[“C]TAMP into adenylosuccinate lyase. The enzyme was
incubated with 10«M 2-BDB-[**C]TAMP in pH 7.0 buffer at 25

°C. The incorporation was stopped by addition of NagBI mM)

at 10, 15, 25, 35, 55, and 65 min. The excess reagent and its
hydrolyzed product were removed by two consecutive Sephadex
G-50 columns. Aliquots were removed from the filtrate to measure

pseudo-first-order rate constant. Second, the hydrolyzedthe protein concentration and radioactivity. The residual activity

2-BDB-TAMP competes with the intact 2-BDB-TAMP for

of the enzyme was determined after 2-BDB-TAMP removal.

below). This explanation for the decreased inactivation rate
after 12 min is supported by the fact that the initial rate of
inactivation is decreased by addition of the hydrolyzed
2-BDB-TAMP to the reaction mixture (Table 1, line i).

The fresh and hydrolyzed 2-BDB-TAMP inhibit the

[YC]JTAMP in the incubation mixture was used as a control for
activity. The data were extrapolated to 0% residual activity to
estimate the incorporation associated with complete inactivation.

to decrease the rate of inactivation by 100 2-BDB-TAMP
was tested to indicate the target site. The adenylosuccinate

cleavage reaction catalyzed by adenylosuccinate lyase. Thegncentration (5 mM) was high relative to s, (2.6 «M)

B. subtilisenzyme has &, of 2.6 uM for adenylosuccinate
(32). The presence of fresh and hydrolyzed 2-BDB-TAMP
increases thi&,, without affectingVmax TheK; values for
the fresh and hydrolyzed 2-BDB-TAMP were determined
to be 1.3 and 0.&M, respectively. These results suggest
that both of the compounds are competitive inhibitors with
respect to adenylosuccinate. The intact 2-BDB-TAMP has
a somewhat lower affinity for the enzyme than does the
decomposition product.

Concentration Dependence of the Rate of Inatton of
Adenylosuccinate Lyase by 2-BDB-TAMRdenylosuccinate
lyase was incubated with various concentrations of 2-BDB-
TAMP (30—400uM). The initial rate constant of inactiva-
tion was determined from the first 12 min in each experiment.
As shown in Figure 2, the apparent rate constant exhibits
nonlinear dependence on reagent concentration. Saturatio

This result is indicative of the initial reversible binding of
2-BDB-TAMP prior to the irreversible inactivation. The
observed rate constarkofy is expressed by

_ knadRI

o Ko+ R

1)

where [R] is the reagent concentratidRaxis the maximum

n
of the enzyme is achieved at high reagent concentrations.

(32) and the AMP concentration (5 mM) was high relative
to its K, value of 128uM (determined as described in
Experimental Procedures), respectively. The fumarate con-
centrations (5 and 10 mM) were high relative toKisvalues
reported from various species (0.16-2.4 mM)X1, 29, 30).
Adenylosuccinate alone (Table 1, line e), or a combination
of AMP and fumarate (Table 1, lines-f), is most effective

in decreasing the rate against inactivation by 2-BDB-TAMP,
whereas either AMP or fumarate alone is much less protec-
tive (Table 1, lines bd). The hydrolyzed 2-BDB-TAMP,
albeit at a lower concentration (Table 1, line i), also provides
considerable protection against inactivation by 2-BDB-
TAMP. These results suggest that 2-BDB-TAMP targets
the active site of the enzyme in the region occupied by both
the AMP and succinyl moieties.

Incorporation of 2-BDB-TAMP into B. subtilis Adenylo-
succinate Lyase Adenylosuccinate lyase was incubated with
2-BDB-["C]TAMP, as described in Experimental Proce-
dures. The addition of NaBHat various times to an
incubation mixture of enzyme and reagent stops the reaction
by reducing the carbonyl groups of the free reagent. Figure
3 shows the correlation between enzyme inactivation and
incorporation of 2-BDB-J*CJTAMP. The decrease in
residual activity is linearly related to the increase in reagent

rate constant at saturating concentrations of 2-BDB-TAMP, incorporation. Extrapolation to 0% residual activity yields
andKg = (k-1 + kmay/ks, the apparent dissociation constant an incorporation of 1 mol of 2-BDBY{CITAMP/mol of
of enzyme-reagent complex. The data were analyzed usingenzyme subunit. Inclusion of 5 mM AMP and 10 mM
GraphPad software InPlot for least-squares parameter evalufumarate reduces the incorporation at 65 min to 0.28 mol of
ation. The calculatell,ax is 0.0814 0.004 min?, with Kg 2-BDB-[*C]TAMP incorporated/mol of enzyme subunit
=68 £ 9 uM. while the enzyme retains 80% activity; for comparison, at
Effects of Substrate and Other Ligands on the Rate of 65 min, in the absence of substrate, the enzyme incorporates
Inactivation by 2-BDB-TAMP The ability of various ligands ~ 0.84 mol of reagent/mol of enzyme subunit.
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FIGURE 4: Peptide mapping of the modified enzyme. V8 protease- FIGURES: Separation of the peptic redigest of pé¢aReakl (Figure
digested 2-BDB-J*C]TAMP-modified adenylosuccinate lyase was 4) was digested by pepsin before application to the same column
separated by a HPLC;gcolumn under the conditions described that separated the initial V8 protease digest. Panel A shows the
in Experimental Procedures. Panel A showsAlg ,mprofile (the A,,, .. profile (the solid line) and the gradient of acetonitrile (the
solid line) and the gradient of acetonitrile (the dotted line), while dotted line), while panel B shows the radioactivity pattern of the
panel B shows the radioactivity pattern of the same chromatograph.same chromatograph.

Peptide Mapping of 2-BDB{C]TAMP-Modified Aden-  Table 2: Amino Acid Sequences of Pelkand
ylosuccinate Lyaseln initial attempts to isolate the labeled _ I» (from Sephadex
peptides, the modified enzyme was passed through a Sepha- la (from Figure 5) G-15 column)
dex G-50 column equilibrated with 10 mM potassium cycle amino acid amount amino acid amount amino acid amount
phosphate buffer (pH 7.0, containing 10 mM NaCl and 10% _n°- _in sequence (pmol) in sequence (pmol) in sequence (pmol)
glycerol) and digested by (10% w/w) TPCK-treated trypsin 1 lle-62 95 Phe-73 225 lle-62 133

at pH 7.0 for 4 h. However, isolation of the radioactively 2 ~ Gl-63 56 Thr-74 116 Glu-63 32
. i o 3 Lys-64 67 Arg-75 69 Lys-64 73

Iab_eled _peptldes by HPLC was unsuccessful: no dlstl_nct 4 Asp-65 48 Ala-76 292 Asp-65 15
radioactive peak was observed except for those eluted ina 5  Thr-66 41 val-77 215 Thr-66 32
region of decomposed 2-BDB-TAMP. These results indicate s ﬁ_fg'gg % (5;“;2 e?i ﬁ_rsgg %

. . is- u- is-

_that the bond between the reagent and the target amino acid 4 Asp-69 35 Asp-69 15
is much less stable at pH 7.0 once the enzyme is digested, 9  val-70 31 Val-70 40
even though the intact modified enzyme was relatively stable 10  Val-71 20 Val-71 43
1 Ala-72 9 Ala-72 10

under similar conditions.
ifi aPeakl (Figure 4) from HPLC of the V8 protease digest of 2-BDB-
As an alternate approach, the modified enzymes were [*“C]TAMP modified enzyme was treated with pepsin. PealFigure

dlges.ted t,’y V8 pr_otease at pH 4.0 and_ T for 4 h, as 5) was isolated by HPLC from the peptic digest. Peakas obtained
described in Experimental Procedures. Figure 4A shows that,ywhen peaki, was applied to a Sephadex G-15 column. Péaksidl,
on reverse-phase HPLC of the enzyme digest, most of thewere subjected to gas-phase sequencing. This table is representative
peptides elute between 40 and 110 min (15% and 509 of sequences from several samples of modified enzyh)'ﬁse data
solvent B). When the hydrolyzed 2-BDB!C]TAMP was shown for peal, was from a different sample of modified enzyme

- . - than that for peak..
applied to the same column, radioactivity was eluted before
45 mL, accounting for the early peaks observed in the gom albumin. The molecular mass cutoff of Sephadex
enzyme digest. Thus the amino acid derivative is unstable 5 15 is 1500 Da. The masses ofSRela’ Ph&-GIu™
and the decomposed reagent is partially released, probablyand the free hydrolyzed 2-BDB-TAMP aré 1282. 808 ’ and
during digestion at pH 4.0. The major radioactive peak 4g4pg respectively. Only Ii&Ala’ labeled with >_BDB-
(Fig_ure 4B, peak), which con.tains the modified peptide, is TAMP ’would have a mass higher than 1500 Da, and
a mixture of at least five peptides, q‘?e?‘.'“”' Aer94'G|u.309’ therefore be eluted at the void volume, suggesting th&k lle
Let®-GIu®, and Met®Glu'’ of B. subtilisadenylosuccinate 51372 is the modified peptide. In fact, the gas-phase
lyase (2), and Al#?SGlu>*? of V8 protease40) (data not  goqiencing result shows that pebk contains only one
shown). peptide, llé>-Ala’?. Table 2 reports the amino acid se-

Isolation of Modified Peptide To identify the modified guences of peptides in peaksandl; the most likely target
peptide and localize the target sequence region, pe@&s  amino acids are Arg or His. Nucleotidyl derivatives of
treated with pepsin at pH 2.0 and purified by & Column arginine or histidine have, in several cases, been recognized
(Figure 5). The radioactive pedkwas separated from the  py their low yields of PTH-amino acid upon sequencig, (
rest of the peptide peaks. It contains two peptides, assignedq1, 42), although arginine and histidine can be partially
as llé2-Ala’ and Phé&-Glu’ of B. subtilisadenylosuccinate regenerated. For the peptide of peak[here are low y|e|ds
lyase, as determined using an automated gas-phase sequencgjr both Argf” and Hig8. The instability during tryptic
by Edman degradation (Table 2). Based on the radioactivity, digestion at neutral pH and relative stability under acidic
the sample that was applied to the sequencer containedconditions that we observed during the purification of the
approximately 60 pmol of labeled peptide, assuming 1:1 2.BDB-TAMP-peptide product is characteristic of derivatives
peptide-reagent binding. This estimate makesHala’™ of arginine and dioxo compoundéi—43), and differs from
the more likely candidate for modification. our previous experience with a BDB-histidine derivatige)(

To test this hypothesis, the modified peptide was purified These results indicate that Afgs the most likely reaction
to homogeneity by applying pedl to a Sephadex G-15 target of 2-BDB-TAMP. However, no direct evidence was
column at pH 2.0. The radioactive pelajwas eluted close  found to exclude the possibilities of modification of both
to the void volume, 13.5 mL, as calibrated using bovine Arg®” and Hi$® or His® alone.
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with one or more unknown residues when neitherArgr

Table 3: Kinetic Parameters of Wild-Type and Mutant Enzyimes e
His® is present.

specific

activity (umol KealKm DISCUSSION

min~t mg™) Keat(s™Y) Km@M) @M™1s)
wild-type 20 17t01 26+ 04 065 Thg results of this paper demonstrate that 2-[(4-bromo—
R67M—H68Q  0.0088 0.01%0.001 27+5  0.00041 2,3-dioxobutyl)thio]adenosine-fnonophosphate reacts specif-
R67M 2.3 3.140.1 1141 027 ically and irreversibly as an affinity label dB. subtilis
H68Q 0.016 0.0150.001 9.1£1.0 0.0016 nvl in | . Modification 2-BDB-TAMP
HoBA <0.0002% ek d nd ade ylosuccinate lyase o_d_ catio by_ B-T.
HB8K <0.00022 nd nd nd results in loss of enzyme activity concomitant with incor-

2 The specific activities were measured under standard assay condi poration of only 1 mol of reagent/mol of enzyme subunit.
Il VIt Wi u u \ 1- . . . . . _
tions, as described in Experimental Procedures. Kheand K Furthermore, both inactivation and incorporation are de

constants were determined by varying the concentration of adenylo- creased by addition of substrate or products, indicating the

succinate and fitting the data into the MichaelMenten equatiof The reagent targets the active site of the enzyme.
specific activ_ities of these two mutants are below the detection limit. In the standard assay of the catalytic activity of adenylo-
¢ Not determined. succinate lyase, both the fresh and hydrolyzed 2-BDB-TAMP

are competitive inhibitors with respect to adenylosuccinate.

Characteristics of Mutant Enzymes with replacements for The hydrolyzed 2-BDB-TAMP binds to the enzyme with a
Argf” and Hig8 Since we could not definitively identify K of 0.6uM, a little more tightly than does the fresh 2-BDB-
the amino acid of peptidé, modified by 2-BDB-TAMP, TAMP (K, of 1.3 uM), presumably due to the replacement
mutant enzymes with substitutions for Af@nd Hi$® were of the bulky bromide with the smaller hydroxyl.
constructed, expressed, and purified. The purity of the The nonlinear dependence on reagent concentration of the
mutant enzymes was ascertained by SIPAGE and the initial rate constant for inactivation of adenylosuccinate lyase
N-terminal sequences were determined for the mutantby 2-BDB-TAMP suggests the formation of a reagent
enzymes. Met-His-His-His-His-His-His-lle-Glu-Arg-Tyr-  enzyme complex prior to irreversible covalent modification,
Ser-Arg-Pro-Glu-Met was found as the sequence of the first which is characteristic of an affinity label. The apparent
16 residues of each mutant, matching Bhesubtilisenzyme Kr value (68uM) is about 50-fold higher than th€, value
sequence with an inserted Higag (12, 32). Mutant and (1.3 uM) determined by the competition with adenylosuc-
wild-type enzymes exhibit very similar CD spectra, indicating cinate in the assay. According to its definition described in
that no major structural changes have resulted from the aminoResults,Kr is not a simple dissociation constant; rather, it
acid substitution (data not shown). Table 3 presents thecontains an extra kinetic constant which may account for
kinetic characteristics of these purified enzymes, with the part of the discrepancy betweé&h andKg. In addition, it
specific activities under standard assay conditions shown inis notable that the inactivation buffer is phosphate, whereas
column 1. The double mutant, R6AMHE68Q, was evaluated the assay buffer is HEPES. It has been observed that
in order to test the importance for activity of the local region phosphate not only stabilizes the enzyme in the incubation
which includes both residues. The observed specific activity mixture but also protects the enzyme against inactivation
of the double mutant is less than 0.5% that of the wild-type (data not shown). In fact, phosphate inhibits the cleavage
enzyme, consistent with a functional role for one or both of reaction catalyzed by the enzymes from rat skeletal muscle
the original two amino acids. Single mutations of #is  (9) and human erythrocyte41). In the case of the human
dramatically decrease the activity, whereas the single muta-enzyme, phosphate is a competitive inhibitor with, aralue
tion of Arg®” has little effect. These results indicate that of 0.48 mM (11).
His®®, rather than Arfy, is important for enzyme activity. The 2-BDB-TAMP is structurally similar to the substrate
Table 3 also reports the, andK, of the mutants. Th&, adenylosuccinate and therefore was expected to target the
for adenylosuccinate is increased about 4-fold in the R67M active site of the enzyme. Studies on protection against
and H68Q enzymes as compared to wild-type enzyme.inactivation were conducted in order to gain more informa-
However, replacements of Hisresult in more striking tion on the reaction site of 2-BDB-TAMP on adenylosuc-
decreases ilk.y, reflecting its involvement in catalysis. cinate lyase. Ligands were included in the reaction mixture

To evaluate the effect of mutations on the reaction with to analyze their abilities to reduce the rate of inactivation.
2-BDB-TAMP, inactivation of the mutant enzymes was Both AMP and fumarate, when added by themselves
tested. H68Q, R67M, R67MH68Q, and wild-type enzymes individually, have a limited effect on the rate of inactivation.
(0.7 mg/mL) were incubated with 20eM 2-BDB-TAMP Much more effective protection is provided by adenylosuc-
under the same reaction conditions described previously.cinate or by a combination of AMP and fumarate. Similar
Compared to the wild-type enzyme, all three mutants exhibit results have been reported for the inactivation by 6-BDB-
slower inactivation. The ratio of the initial rate constants is TAMP, where the label occupies both the AMP and fumarate
1.00:0.76:0.55:0.34 in the order of wild type, H68Q, R67M, sites 32). 2-BDB-TAMP can assume a structure with the
and R67M-H68Q. These results suggest that either amino reactive bromodioxobutyl group oriented at a position close
acid residue can react with 2-BDB-TAMP, although reaction to that of the succinate moiety of the natural substrate.
at Argf” or His® must be mutually exclusive (i.6n a given Therefore it is also capable of targeting the same site as does
enzyme molecule, 2-BDB-TAMP can react with only one 6-BDB-TAMP. The 2-thio-AMP moiety is likely to bind
amino acid residue). Since the reaction rate is faster in theto the AMP site, whereas the bromodioxobutyl group may
case of the H68Q mutant as compared to R67M, we considerbind to a region overlapping the fumarate (equivalent to the
that Ard®” probably reacts more rapidly than Ffis The slow succinyl group of adenylosuccinate) site. Both sites must
inactivation of the double mutant may be caused by reaction be blocked in order to maximally prevent inactivation.
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Purification of the V8 protease digest of the 2-BDB-
TAMP-inactivated enzyme by HPLC yields only one radio-
active peak associated with the modified peptide. This
peptide was digested by pepsin and purified to homogeneity.

Gas-phase sequencing identified the 11-membered peptide

as ll>-Ala’, which contains Arff and Hig8 In a model
study of the reaction of arginine with cyclohexanedione,
Patthy and Smith43) showed that the reaction is initiated
by addition to the diketo moiety. The product is much less
stable under neutral and basic conditions than at acidic pH,
matching the observation of the present study. Thus®/Arg
is the most likely target of 2-BDB-TAMP. However, the
possibility still exists that H&® may be attacked by the
reagent as well. The stoichiometry of incorporation suggests
that two reactions must be mutually exclusive within a single
active site. The PTH-ARj and PTH-Hi&® observed during
the sequencing of peptide 622 are probably due to the
partial regeneration of arginine and histidine under the
solvent conditions used in the gas-phase sequencer, as h
been observed previously for bromodioxo nucleotide prod-
ucts of arginine and histidine in enzyme32(41, 42).2

The complete amino acid sequences of adenylosuccinate{\'jl1
lyase have been determined for 15 species. Comparisong

between any two sequences yields-28% identity. Align-
ment of all 15 sequences indicates that 21 positions (4.1%)
are identical and 51 positions (9.9%) are similar among all
the sequences. AftHis®® is located in a well-conserved
region. The sequence alignment of this region is shown in
Figure 6. Although Ar§ is replaced by lysine and aspar-
agine in some cases, several residues around it, includin
His%8, are completely conserved throughout the 15 species,
indicating the importance of this region.

The reactive bromodioxobutyl

the structural similarity and the results of protection studies.

Fumarate, or the succinyl moiety of adenylosuccinate, carries
two negative charges. The positive charge presented by.

Argf” or His® (provided it is protonated in the native
structure) therefore may stabilize the enzyrseabstrate
complex. In fact, if the AMP moiety of adenylosuccinate
and the 2-thio-AMP moiety of 2-BDB-TAMP were super-
imposed, the diketo group of 2-BDB-TAMP would be only
~3.7 A away from thex-carboxyl, and~4.6 A away from
the3-carboxyl, which makes it possible that the same amino
acid residue could have a favorable electrostatic interaction
with both carboxylate groups.

His®® may also be involved in catalysis. Adenylosuccinate
lyase belongs to the fumarase superfamily which catalyzes
the cleavage of carbemitrogen bonds of various substrates
to produce fumaratedd—46). All members of the family
follow general basegeneral acid mechanismég). The pH
dependence ok../Kn of the human enzyme suggests the

21n the studies of the rabbit muscle enzyme, 2-BDB-TAMP targets
Arg*? (numbering based on the human enzyme), equivalent t&*Arg
of the Bacillus subtilisenzyme 10). However, arginine at this position
is less frequent than at positions corresponding t§"Afidhis difference
in the reaction product of 2-BDB-TAMP with the mammalian and
bacterial enzymes may reflect an actual difference in the binding site
of the enzymes from these distinct species. It is notable that although
the bacterial and mammalian enzymes catalyze the same reaction, th
sequence dB. subtilisadenylosuccinate lyase exhibits only 25% identity
plus 18% similarity when compared with the human enzyme.

S
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B. subtilis I¢2EKDTRé¢’H¢®DVVA’?
M. tuberculosis R7°ERVLR7°H’¢DVKAS°
M. leprae R#>ERVLR°°H®*'DVKA®>
Synechocystis sp. IS?EAEVRS’H¢®DVIAT?
H. pylori IS?EKTTKS'HSDLIA"?
E. coli I ERTTN®°H°°DVKA°®*
H. influenzae IERTTN®°H°°DVKA®*
P. falciparum IEEETN®°H°°DVKA®*

M. thermoautotrophicum I7°ERDTK’°H’DIAS®°
M. jannaschii I82EKQTKE’H8DVVA?’?
S. cerevisiae Q7’EAIVRS2H®3DVMA®’
C. elegans E7SERKLK&'H82DVMA?¢
Chicken ESSEKKLRé’HS'DVMAS>
Murine ES°EKRLR®HBSDVMA®°
Human ESSEKRLR¢'HS'DVMASS

*

Ficure 6: Amino acid sequence alignment of adenylosuccinate
lyases from 15 species (partial). The sequences are taken from

acillus subtilis(12), Mycobacterium tuberculosid.3), Mycobac-
terium leprag(14), Synechocystis sfil5), Helicobacter pylori(16),
Escherichia coli(17), Haemophilus influenzagl8), Plasmodium
Iciparum (19), Methanobacterium thermoautotrophicuf0),
ethanococcus jannaschi2l), Saccharomyces cersiae (22),
aenorhabditis elegan®3), chicken 24), murine @5), and human
(26). The sequences were analyzed by PC/GENE (IntelliGenetics
Inc. and Genofit). Multiple sequence alignment was performed using
the program CLUSTAL: *, positions that are perfectly conserved;
@, positions that are well conserved.

L] * e o

participation of two enzymic groups withkKg values of 6.4

and 7.5 for the unprotonated and protonated forms, respec-
vely (29). Similar results were obtained for the rat muscle
enzyme, in which the unprotonated group haa gf 6.4

and the protonated group &Kpof 8.2 (9). Thus, the

, group is likely to target a onservation of HR$ raises the possibility of its role as a
residue at or near the fumarate binding site on the basis of

general acid or general base.

To investigate the functional importance of the two
residues, site-directed mutant enzymes were characterized.
The positively charged arginine was replaced by methionine,
a neutral, hydrophobic amino acid of similar size, while
histidine was initially replaced by glutamine, which is close
to the wild-type amino acid in size but lacks its ability to
act as a general acitbase catalyst. The single mutant
enzyme R67M has almost the same specific activity as the
wild-type enzyme, indicating that this arginine is not essential
for activity. In contrast, substitutions for Hisreduce the
specific activity at least 100-fold, indicating the functional
importance of Hi€ in the catalytic reaction.

Further studies on the kinetic constants of the catalytic
reaction reveal that the R67M mutant raises g for
adenylosuccinate about 4-fold. Even though tag is
actually increased 2-fold, the overall catalytic efficienkyd
Km) drops more than 2-fold. Thus, although Afgs not
critical for the activity, it appears to contribute to substrate
binding, presumably through electrostatic interaction. In fact,
all but 2 of the 15 known sequences have either arginine or
lysine at this position (Figure 6).

Replacement of Hf§ by glutamine also results in almost
a 4-fold increase irK,,. However, a much more dramatic
decrease was found (100-fold) k3. The double mutant
exhibits a combined effect, consistent with the results

e

obtained from the single mutants. These results demonstrate
that the major function of Hf§ is catalysis. Histidine is



8488 Biochemistry, Vol. 37, No. 23, 1998

similar in size, hydrophilicity, and hydrogen-bonding ability 9.
to glutamine, but is also capable of functioning as a proton
donor-acceptor, consistent with the hypothesis that®His
acts as a general base or a general acid. The complete

abolition of activity observed in the H68K mutant provides
additional evidence that Hfs is not functioning solely 12
because it is positively charged.

His'#! has been identified in the active site of Besubtilis 13.

enzyme B2). The equivalent histidines in other members
of the superfamily have been shown to be important in
catalysis. Most papers on the related enzymes propose a 14,
role as general base catalyst for the equivalent histidine,
although there is still no direct evidence. If Misand Hig® 15.
are indeed the catalytic pair in adenylosuccinate lyase, the
former is more likely to be the general base since it is
conserved throughout the enzymes of the fumarase super-
family even though the substrates are structurally diverse.
Although the general base abstracts the s@ate in the 16.
substrates of every enzyme of the fumarase family, the
enzymic general acid may have different targets. In most
cases, the general acid would protonate d¢hmitrogen of
the substrate to make it a better leaving group. For the
reaction catalyzed by adenylosuccinate lyase, the protonation
of the substrate may occur at the ring nitrogen (1-N), as
proposed by Hanson and Havi#7). The difference in the
substrates may result in a change in the enzymic general
acid among the members of the fumarase family. In fact, 17.
in contrast to Hi&", the sequence flanking Hfsis not
conserved across the family, suggesting its specific role in 18-
the adenylosuccinate lyases. Thus,®*fimay be a good
candidate for a proton donor in the catalytic reaction.

Overall, our results suggest that Afgnd Hi$® reside in
the active site oB. subtilisadenylosuccinate lyase. Arg 19.
is not required for the activity, although it may enhance
substrate binding through electrostatic interactions with the
carboxylates of the substrate. Ffiglearly plays a role in
catalysis and could act either as a general acid in donating
a proton to the ring nitrogen or as a general base in
abstracting thep-H. Crystallization of theB. subtilis
adenylosuccinate lyase has been repo38f (The structural
studies will allow comparisons to be made with our solution
studies on this bacterial enzyme. 21

20.

ACKNOWLEDGMENT

We appreciate the help of Dr. Yu-Chu Huang in determin-
ing the sequences of the modified peptide.

REFERENCES

1. Ratner, S. (1972) imhe EnzymegBoyer, P. D., Ed.) 3rd ed.,
Vol. 7, pp 167197, Academic Press, New York.

2. Lowenstein, J. M., and Tornheim, K. (19™9ience 171397~ 22.
400.

3. Van den Berghe, G., Bontemps, F., Vincent, M. F., and Van
den Bergh, F. (1992rog. Neurobiol. (Oxford) 3%647—-561.

4. Carter, C. E., and Cohen, L. H. (1958) Biol. Chem. 222
17-30.

5. Woodward, D. O., and Braymer, H. D. (196B)Biol. Chem.
241, 580-587.

6. Hatch, M. D. (1966Biochem. J. 98198-203.

7. Pinto, R. M., Faraldo, A., Fernandez, A., Canales, J., Sillero,
A., and Sillero, M. A. G. (1983). Biol. Chem. 25812513~
12519.

8. Miller, R. W., Lukens, L. N., and Buchanan, J. M. (1959)
Biol. Chem. 2341806-1811.

Lee et al.

Casey, P. J., and Lowenstein, J. M. (19B®chem. J. 246
263—-2609.

10. Gite, S. U., and Colman, R. F. (19%8ipchemistry 352658—

2667.

11. Barnes, L. B., and Bishop, S. H. (1978}. J. Biochem. 6

497—-508.

. Ebbole, D. J., and Zalkin, H. (1987)Biol. Chem. 2628274~

8287.

Philipp, W. J., Poulet, S., Eigimeier, K., Pascopella, L.,
Balasubramanian, V., Heym, B., Bergh, S., Bloom, B. R.,
Jacobs, W. R. J., and Cole, S. T. (19%&pc. Natl. Acad.
Sci. U.S.A. 933132-3137.

Eiglmeier, K., Honore, N., Woods, S. A., Caudron, B., and
Cole, S. T. (1993Mol. Microbiol. 7, 197-206.

Kaneko, T., Sato, S., Kotani, H., Tanaka, A., Asamizu, E.,
Nakamura, Y., Miyajima, N., Hirosawa, M., Sugiura, M.,
Sasamoto, S., Kimura, T., Hosouchi, T., Matsuno, A., Muraki,
A., Nakazaki, N., Naruo, K., Okumura, S., Shimpo, S.,
Takeuchi, C., Wada, T., Watanabe, A., Yamada, M., Yasuda,
M., and Tabata, S. (199@)NA Res. 3109-136.

Tomb, J.-F., White, O., Kerlavage, A. R., Clayton, R. A,,
Sutton, G. G., Fleischmann, R. D., Ketchum, K. A., Klenk,
H. P., Gill, S., Dougherty, B. A., Nelson, K., Quackenbush,
J., Zhou, L., Kirkness, E. F., Peterson, S., Loftus, B.,
Richardson, D., Dodson, R., Khalak, H. G., Glodek, A.,
McKenney, K., Fitzegerald, L. M., Lee, N., Adams, M. D.,
Hickey, E. K., Berg, D. E., Gocayne, J. D., Utterback, T. R.,
Peterson, J. D., Kelley, J. M., Cotton, M. D., Weidman, J.
M., Fuijii, C., Bowman, C., Watthey, L., Wallin, E., Hayes,
W. S., Borodovsky, M., Karp, P. D., Smith, H. O., Fraser, C.
M., and Venter, J. C. (199Nature 388 539-547.

He, B., Smith, J. M., and Zalkin, H. (1992) Bacteriol. 174
130-136.

Fleischmann, R. D., Adams, M. D., White, O., Clayton, R.
A., Kirkness, E. F., Kerlavage, A. R., Bult, C. J., Tomb, J.-F.,
Dougherty, B. A., Merrick, J. M., Mckenney, K., Sutton, G.,
Fitzhugh, W., Fields, C. A., Gocayne, J. D., Scott, J. D., and
Shirley, R. L. (1995)Science 269496-512.

Marshall, V. M., and Coppel, R. L. (199®jol. Biochem.
Parasitol. 88 237—-241.

Smith, D. R., Doucette-Stamm, L. A., Deloughery, C., Lee,
H., Dubois, J., Aldredge, T., Bashirzadeh, R., Blakely, D.,
Cook, R., Gilbert, K., Harrison, D., Hoang, L., Keagle, P.,
Lumm, W., Pothier, B., Qiu, D., Spadafora, R., Vicaire, R.,
Wang, Y., Wierzbowski, J., Gibson, R., Jiwani, N., Caruso,
A., Bush, D., Safer, H., Patwell, D., Prabhakar, S., McDougall,
S., Shimer, G., Goyal, A., Pietrokovski, S., Church, G. M.,
Daniels, C. J., Mao, J.-l., Rice, P., Nolling, J., and Reeve, J.
N. (1997)J. Bacteriol. 179 7135-7155.

. Bult, C. J., White, O., Olsen, G. J., Zhou, L., Fleischmann, R.

D., Sutton, G. G., Blake, J. A., FitzGerald, L. M., Clayton, R.
A., Gocayne, J. D., Kerlavage, A. R., Dougherty, B. A., Tomb,
J.-F., Adams, M. D., Reich, C. I., Overbeek, R., Kirkness, E.
F., Weinstock, K. G., Merrick, J. M., Glodek, A., Scott, J. L.,
Geoghagen, N. S. M., Weidman, J. F., Fuhrmann, J. L.,
Nguyen, D., Utterback, T. R., Kelley, J. M., Peterson, J. D.,
Sadow, P. W., Hanna, M. C., Cotton, M. D., Roberts, K. M.,
Hurst, M. A., Kaine, B. P., Borodovsky, M., Klenk, H.-P.,
Fraser, C. M., Smith, H. O., Woese, C. R., and Venter, J. C.
(1996) Science 2731058-1073.

Johnston, M., Hillier, L., Riles, L., Albermann, K., Andre, B.,
Ansorge, W., Benes, V., Bruckner, M., Delius, H., Dubois,
E., Dusterhoft, A., Entian, K.-D., Floeth, M., Goffeau, A.,
Hebling, U., Heumann, K., Heuss-Neitzel, D., Hilbert, H.,
Hilger, F., Kleine, K., Kotter, P., Louis, E. J., Messenguy, F.,
Mewes, H. W., Miosga, T., Mostl, D., Muller-Auer, S.,
Nentwich, U., Obermaier, B., Piravandi, E., Pohl, T. M.,
Portetelle, D., Purnelle, B., Rechmann, S., Rieger, M., Rinke,
M., Rose, M., Scharfe, M., Scherens, B., Scholler, P.,
Schwager, C., Schwarz, S., Underwood, A. P., Urrestarazu,
L. A., Vandenbol, M., Verhasselt, P., Vierendeels, F., Voet,
M., Volckaert, G., Voss, H., Wambutt, R., Wedler, E., Wedler,
H., Zimmermann, F. K., Zollner, A., Hani, J., and Hoheisel,
J. D. (1997)Nature 387 (suppl,)87—90.



Affinity Labeling and Mutagenesis of Adeylosuccinate Lyase

23. Wilson, R., Ainscough, R., Anderson, K., Baynes, C., Berks,

M., Bonfield, J., Burton, J., Connell, M., Copsey, T., Coopet,

J., Coulson, A., Craxton, M., Dear, S., Du, Z., Durbin, R.,

Favello, A., Fraser, A., Fulton, L., Gardner, A., Green, P.,

Howkins, T., Hillier, L., Jier, M., Johnston, L., Jones, M.,

Kershaw, J., Kirsten, J., Laisster, N., Latreille, P., Lightning,

J., Lloyd, C., Mortimore, B., O'Callaghan, M., Parsons, J.,

Percy, C., Rifken, L., Roopra, A., Saunders, D., Shownkeen,

R., Sims, M., Smaldon, N., Smith, A., Smith, M., Sonnham-

mer, E., Staden, R., Sulston, J., Thierry-Mieg, J., Thomas, K.,

Vaudin, M., Vaughan, K., Waterston, R., Watson, A., Wein-

stock, L., Wilkinson-Sproat, J., and Wohldman, P. (1994)

Nature 368 32—38.

Aimi, J., Badylak, J., Williams, J., Chen, Z., Zalkin, H., and

Dixon, J. E. (1990). Biol. Chem. 2659011-9014.

Wong, L.-J. C., and O'Brien, W. E. (1996enomics 28341—

343.

Stone, R. L., Aimi, J., Barshop, B. A., Jaeken, J., Van den

Berghe, G., Zalkin, H., and Dixon, J. E. (1992at. Genet. 1

59-63.

Jaeken, J., and Van den Berghe, G. (198#cet 2 1058~

1061.

Van den Berghe, G., Van den Berghe, F., Francoise, V., and

Jaeken, J. (1995) iAurine and Pyrimidine Metabolism in Man

VIII (Sahota, A., and Taylor, M., Eds.) pp 36366, Plenum

Press, New York.

29. Stone, R. L., Zalkin, H., and Dixon, J. E. (1993Biol. Chem.
268 19710-19716.

30. Bridger, W. A., and Cohen, L. H. (1968) Biol. Chem. 243
644—650.

31. Bridger, W. A., and Cohen, L. H. (196@an. J. Biochem.
47, 665-672.

32. Lee, T. T., Worby, C., Dixon, J. E., and Colman, R. F. (1997)
J. Biol. Chem. 272458-465.

24.
25.
26.

27.

28.

33.

34.

35.

36.

37.
38.
39.

40.

41.

42.

43.

44,

45.

46.
47.

Biochemistry, Vol. 37, No. 23, 1998489

Kapetanovic, E., Bailey, J. M., and Colman, R. F. (1985)
Biochemistry 247586-7593.

Colman, R. F. (1997FASEB J. 11217-226.

Colman, R. F. (1990) iThe Enzyme$Sigman, D. S., and
Boyer, P. D., Eds.) 3rd ed., Vol. 19, pp 28321, Academic
Press, New York.

Lee, T. T., Worby, C., Dixon, J. E., and Colman, R. F. (1997)
FASEB J. 11A899.

Penefsky, H. S. (197%lethods Enzymol. 5627-530.
Bradford, M. M. (1976Anal. Biochem. 72248-254.
Redinbo, M. R., Eide, S. M., Stone, R. L., Dixon, J. E., and
Yeates, T. O. (1996Frotein Sci. 5 786—788.

Carmona, C., and Gray, G. L. (198Y)cleic Acids Res. 15
6757.

Wrzeszczynski, K. O., and Colman, R. F. (19B#&chemistry
33, 11544-11553.

Moe, O. A., Baker-Malcom, J. F., Wang, W., Kang, C.,
Fromm, H. J., and Colman, R. F. (199B)ochemistry 35
9024-9033.

Patthy, L., and Smith, E. L. (1973) Biol. Chem. 250557—
564.

Williams, S. E., Woolridge, E. M., Ransom, S. C., Landro, J.
A., Babbitt, P. C., and Kozarich, J. W. (199B)ochemistry
31, 9768-9776.

Weaver, T. M., Levitt, D. G., Donnelly, M. I., Stevens, P. P.,
and Banaszak, L. J. (1998)at. Struct. Biol. 2654—662.
Wistow, G. J., and Piatigorsky, J. (1998¢ne 96 263—270.
Hanson, K. R., and Havir, E. A. (1972)Tine Enzyme@oyer,
P.D., Ed.) 3rd ed., Vol. 7, pp 75166, Academic Press, New
York.

BI19805339



