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Carbamoyl phosphate synthetase (CPS) from Esche-
richia coli catalyzes the formation of carbamoyl phos-
phate from 2 mol of ATP, bicarbonate, and glutamine.
CPS was inactivated by the glutamine analog, acivicin.
In the presence of ATP and bicarbonate the second-
order rate constant for the inactivation of the glu-
tamine-dependent activities was 4.0 x 10* m! s™. In
the absence of ATP and bicarbonate the second-order
rate constant for inactivation of CPS was reduced by a
factor of 200. The enzyme was protected against inac-
tivation by the inclusion of glutamine in the reaction
mixture. The ammonia-dependent activities were un-
affected by the incubation of CPS with acivicin. These
results are consistent with the covalent labeling of the
glutamine-binding site located within the small amido-
transferase subunit. The binding of ATP and bicarbon-
ate to the large subunit of CPS must also induce a
conformational change within the amidotransferase
domain of the small subunit that enhances the nucleo-
philic character of the thiol group required for gluta-
mine hydrolysis. The acivicin-inhibited enzyme was
crystallized, and the three-dimensional structure was
determined by x-ray diffraction techniques. The thiol
group of Cys-269 was covalently attached to the dihy-
droisoxazole ring of acivicin with the displacement of
a chloride ion.

Acivicin (I) is a heterocyclic analog of glutamine (II) with
anti-cancer and anti-tumor activity that was initially discov-
ered by screening fermentation broths of Streptomyces sviceus
(1-3). Administration of acivicin stops tumor growth in leuke-
mia, melanoma, and a variety of carcinomas (4, 5), and contin-
ued administration of acivicin reduces tumor size and restores
muscle mass. Unfortunately, acivicin also causes many unde-
sirable gastrointestinal and neurological side effects. The neu-
rotoxic effects at low concentrations of acivicin include leth-
argy, depression, insomnia, headaches, confusion, mood
swings, vivid dreams, and “large thoughts” (6—8). Higher con-
centrations of acivicin produce more severe neurological effects

* This work was supported in part by National Institutes of Health
Grants DK30343 (to F. M. R.) and GM55513 (to H. M. H.). The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

The atomic coordinates and structure factors (code 1KEE) have been
deposited in the Protein Data Bank, Research Collaboratory for Struc-
tural Bioinformatics, Rutgers University, New Brunswick, NJ
(http: I/ www.resb.org /).

9 To whom correspondence may be addressed. E-mail: hazel_holden@
biochem.wisc.edu.

| To whom correspondence may be addressed: Dept. of Chemistry,
P.O. Box 30012, Texas A & M University, College Station, TX 77842-
3012. E-mail: raushel@tamu.edu.

4368

This is an Open Access article under the CC BY license.

such as hallucinations, ataxia, paranoia, amnesia, hostility,
and transient unconsciousness (9, 10). These neurological side
effects take 24—72 h to manifest themselves and do not corre-
late with peak levels of acivicin, suggesting that the drug is
metabolized into a neurotransmitter antagonist (4).
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STRUCTURE 1

Rapidly proliferating tumor cells have elevated activities of the
glutamine amidotransferases involved in purine and pyrimi-
dine biosynthesis. Consequently, these cells consume signifi-
cant amounts of glutamine and deplete this amino acid from
the blood (4, 5, 11, 12). Acivicin is a glutamine antagonist that
irreversibly inactivates many of the glutamine amidotrans-
ferases including formylglycinamidine ribonucleotide synthe-
tase (13), 5-phosphoribosyl 1-pyrophosphate amidotransferase
(14), CTP synthetase (15), GMP synthetase (16), and CPS!
(17-20). All of the glutamine amidotransferases possess an
essential cysteine residue that initiates an attack on the amide
carbonyl of glutamine to form a covalent y-glutamyl thioester
intermediate. Acivicin contains a 4,5-dihydroisoxazole ring
substituted with a chloride that is readily displaced (21-23).
The activated thiolate anion of the essential cysteine residue
within the amidotransferase family of enzymes has been shown
with some of these enzymes to covalently react with the di-
hydroisoxazole ring of acivicin, resulting in irreversible
inactivation.

The inactivation by acivicin of IGP synthetase (24), GMP
synthetase (25), CPS II (26), CPS III (27), anthranilate synthe-
tase, and glutamate synthase (28) has been described. Acivicin
stoichiometrically inactivates the glutamine-dependent activi-
ties of IGP synthetase, GMP synthetase, CPS III, and anthra-
nilate synthetase by alkylation of the nucleophilic cysteine
residue located within the active site of these enzymes (24, 25,
27, 28). The ammonia-dependent activities are unaffected by
the covalent modification with acivicin, and the rate of inacti-
vation is facilitated by the presence of co-substrates. For exam-
ple, the addition of ATP and xanthosine monophosphate
greatly accelerates the rate of inactivation of GMP synthetase
by acivicin (25).

CPS of Escherichia coli is a heterodimeric enzyme that cat-
alyzes the formation of carbamoyl phosphate from bicarbonate,

! The abbreviations used are: CPS, carbamoyl phosphate synthetase;
IGP, imidazole glycerol phosphate.

This paper is available on line at http://www.jbc.org


http://creativecommons.org/licenses/by/4.0/

Inactivation of CPS by Acivicin

A

Active Site

Fic. 1. Ribbon representation of an «,f-heterodimer of CPS.
The small subunit is displayed in magenta. The large subunit is color-
coded in green, yellow, blue, and red to indicate the carboxy phosphate,
the oligomerization, the carbamoyl phosphate, and the allosteric sub-
domains, respectively. The tunnel connecting the three active sites is
displayed in a wire mesh representation.

glutamine, and two molecules of ATP. The synthesis of carbam-
oyl phosphate is accomplished via four separate reactions oc-
curring at three physically distinct active sites connected by a
tunnel that is ~100 A in length and through which intermedi-
ates are translocated (29, 30). As indicated in Fig. 1, the tunnel
begins at the glutamine-binding site within the small subunit
and runs through the interior of the large subunit where it
connects with the two binding sites for ATP. Cys-269 of the
small subunit has been shown to function as the nucleophile
that attacks the amide carbonyl of glutamine to form the y-glu-
tamyl thioester intermediate. The ammonia is subsequently
channeled to the large subunit (31-33). The binding site for
glutamine is largely hydrophilic with numerous electrostatic
interactions between the bound substrate and the protein
matrix.

Acivicin is an extraordinarily potent inactivator of glutamine
amidotransferases. To further understand the high affinity and
selectivity of acivicin for the active sites of these enzymes, the
molecular interactions between the enzyme and inhibitor must
be delineated in greater detail. A theoretical model for the
binding of acivicin to the amidotransferase domain of GMP
synthetase has been published (24). In this paper, a detailed
kinetic analysis of acivicin inactivation of CPS and the high
resolution x-ray crystal structure of the covalently modified
enzyme are presented.

EXPERIMENTAL PROCEDURES

Materials—Carbamoyl phosphate synthetase was isolated from E.
coli as described previously (34). Acivicin was purchased from Sigma,
and all other reagents and coupling enzymes were obtained from com-
mercial sources.

Enzyme Assays—A continuous spectrophotometric assay was used to
monitor the production of glutamate following the enzymatic hydrolysis
of glutamine. Carbamoyl phosphate synthetase (6—14 nmol) was added
to an assay solution composed of 0.1 M Hepes (pH 7.6, 25 °C), 100 mm
KCl, 10 units of glutamate dehydrogenase, and 1.0 mm 3-acetylpyrimi-
dine adenine nucleoside and varying amounts of glutamine. The gluta-
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mate concentration was calculated using an extinction coefficient for
the reduced form of 3-acetylpyrimidine adenine nucleoside of 8.3 mm !
ecm™! at 363 nm. The rate of glutamate formation when ATP and
bicarbonate were present was determined using the same assay solu-
tion but supplemented with the addition of 5.0 mm ATP, 10 mm MgClL,,
10 mM ornithine, and 40 mMm bicarbonate.

The rate of ADP formation was assayed using a pyruvate kinase/
lactate dehydrogenase coupled assay by following the loss of NADH
spectrophotometrically at 340 nm (35). The assay solution consisted of
0.1 M Hepes (pH 7.6, 25 °C), 1.0 mM phosphoenol pyruvate, 0.3 mm
NADH, 0.1 m KCI, 20 mM ornithine, 20 mm MgCl,, 10 mm ATP, and 33
ug of pyruvate kinase and lactate dehydrogenase. For the glutamine-
dependent utilization of ATP, 10 mM glutamine was added to the assay
solutions.

Inactivation of CPS by Acivicin—The rate of inactivation of the
glutaminase and glutamine-dependent ATPase activities of CPS by
acivicin was determined by incubating the enzyme (20 um) in 0.1 M
Hepes buffer (pH 7.6, 25 °C) with varying amounts of the inhibitor. At
various time intervals, the aliquots were removed and diluted at least
100-fold into the appropriate assay solution. The time course for the
fraction of the initial catalytic activity remaining (f) was a pseudo-first-
order decay, and the rate constant £ was obtained by a fit of the data to
Equation 1. The plots of the pseudo-first-order rate constants versus the
initial acivicin concentration yielded second-order rate constants for the
inactivation of CPS.

f: e*kt

Effect of ATP and Bicarbonate on the Rate of Acivicin Modification of
CPS—The rate of inactivation of the glutamine-dependent ATPase
activity of CPS by acivicin and the rate of activation of the bicarbonate-
dependent ATPase activity of CPS in the presence of 10 mm ATP and 40
mM bicarbonate were investigated. For the inactivation of the glutamine-
dependent ATPase activity, the time courses for the fraction activity
remaining were pseudo-first-order and were analyzed as described pre-
viously. The time course for acivicin activation of the bicarbonate-de-
pendent ATPase activity was also pseudo-first-order, and the rate con-
stant £ was obtained by a fit of the data to Equation 2. In this equation
v is the observed velocity, A is the amplitude factor, % is the rate
constant of activation, and v, is the velocity observed when no acivicin
is added. A plot of the pseudo-first-order rate constants as a function of
the acivicin concentration yielded the second-order rate constant for
activation.

(Eq- 1

v=A(l—-e") +uv, (Eq. 2)

Partition Ratio for Acivicin Inactivation of CPS—The partition ratio
for the inactivation of CPS with acivicin was determined. In these
experiments CPS (20 uM) was incubated at 25 °C with various concen-
trations of acivicin in 0.1 M Hepes buffer (pH 7.6). After 6 h of incuba-
tion, the aliquots were removed, and the catalytic activity remaining
was determined.

Structural Analysis—For crystallization trials, the protein was con-
centrated to 4 mg/ml in 10 mm Hepes (pH 7.0) and 100 mm KCl and
incubated overnight with 20 mm acivicin. Large single crystals were
grown at 4 °C using a precipitant solution containing 0.65 M tetraeth-
ylammonium chloride, 8% (w/v) poly(ethylene glycol) 8000, 100 mm KCI,
0.5 mM MnCl,, 0.5 mM ornithine, 1.25 mm ADP, and 25 mm Hepes (pH
7.4). The resulting crystals belonged to the space group P2,2,2; with
unit cell dimensions of a = 152.4 A, b = 164.4 A, and ¢ = 333.2 A and
one of/B-heterotetramer/asymmetric unit.

An x-ray data set to a nominal resolution of 2.1 A was collected at the
Stanford Synchrotron Radiation Laboratory on beam-line 7-1 with the
MARS300 image plate system. Prior to x-ray data collection, the crystals
were flash frozen according to previously published procedures (29). All
x-ray data frames were processed with DENZO and scaled with
SCALEPACK (36). Relevant x-ray data collection statistics are given in
Table I. The structure of the complex between CPS and acivicin was
solved by difference Fourier techniques. Alternate cycles of least
squares refinement with the program TNT (37) and manual model
building with the program TURBO (38) reduced the R factor to 18.6%
for all measured x-ray data from 30 to 2.1 A. Least squares refinement
statistics are presented in Table II.

RESULTS

Inactivation of CPS by Acivicin—Acivicin rapidly inactivates
the glutamine-dependent activities of CPS. The diminution in
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TABLE I
X-ray data collection statistics

Resolution I?gﬁggggﬁgt Completeness Redundancy Average I/average o(I) Ry
A % %
30.0-2.10 429,957 88.9 4.4 37.9 4.4
2.18-2.10° 34,861 72.7 2.5 5.9 17.9
“Rym = C|I = T/Z D) x 100.
® Statistics for the highest resolution bin.
TaBLE 1T 10 : | | :
Relevant least-squares refinement statistics A
Resolution limits (A) 30.0-2.10 8|
R factor (overall) %/no. reflections® 18.6/429957
R factor (working) %/no. reflections 18.7/386960 - 6l |
R factor (free) %/mo. reflections 21.1/42997 g
No. protein atoms 44346 >
No. hetero-atoms 45500 g 4+ -
Weighted root mean square deviations from ideality -
Bond lengths (A) 0.010 oL i
Bond angles (deg) 2.12
Trigonal planes (A) 0.006
General planes (A) 0.010 0 L L L L
Torsional angles (deg) 17.7 0 10 20 30 40 50
¢ R factor = (|F, — F/Z|F,)) X 100 where F, is the observed struc- [Acivicin] mM
ture-factor amplitude and F, is the calculated structure-factor ampli-
tude.
® These include 4176 water molecules, 8 ADP molecules, 4 tetraeth- 40 T T T T
ylammonium ions, 22 chloride ions, 12 manganese ions, 32 potassium °
ions, 4 phosphates, and 4 ornithine molecules. B
30 B
1.000 T T -
<
E 20 — -
2
0.75 Ry °
10 B
[ )
< 050 0 . I L |
< 0.0 0.2 04 0.6 0.8 1.0
Acivicin] mM
0.25 [Acivicin]
FiG. 3. Determination of the second-order rate constants for
the modification of CPS by acivicin. A, the first-order rate con-
0.00 stants for the inactivation of CPS by acivicin are plotted as a function of

0 100 200 300 400 500

Time (Seconds)

Fic. 2. Inactivation of glutaminase activity of CPS by the ad-
dition of acivicin. e, CPS was incubated with 5.0 m M acivicin, and the

relative rate of glutamine hydrolysis was measured as a function of

time. The data were fit to Equation 1 with a rate constant of 0.8 min~*.

O, protection against inactivation by acivicin through the addition of 1.0
mM glutamine to the incubation mixture. The data were fit to Equation
1 with a rate constant of 0.012 min*.

the ability of CPS to hydrolyze glutamine after the addition of
acivicin is presented in Fig. 2. At a concentration of 5.0 mm
acivicin, the loss in catalytic activity was first-order, and the
data were fitted to Equation 1 with a rate constant of 0.8
min 1. The time courses for the inactivation of the glutamine-
dependent ATPase activity of CPS by acivicin were also first-
order (data not shown). Glutamine was shown to protect the
enzyme from inactivation, thus demonstrating that the inacti-
vation event was due to modification of an active site residue
within the binding site for glutamine (Fig. 2). The first-order
rate constants for inactivation of the glutaminase and glu-
tamine-dependent hydrolysis of ATP were plotted as a function
of the initial acivicin concentration (Fig. 3A). In both of these
plots there was no evidence to indicate saturation of the en-
zyme by acivicin at concentrations up to 45 mm. The apparent
second-order rate constant for the inactivation of the glutamine-

the initial acivicin concentration. e, the second-order rate constant for
inactivation of the glutaminase activity was determined to be 168 M~ !
min 1.0, thesecond-orderrate constant forinactivation of the glutamine-
dependent turnover of ATP was 200 M~ min~ . B, the first-order rate
constants for the inactivation of CPS by acivicin in the presence of 10
mM ATP and 40 mM bicarbonate. e, the second-order rate constant for
inactivation of the glutaminase activity was 40,000 M~ ! min~'. O, the
second-order rate constant for the activation of the bicarbonate-depend-
ent ATPase activity was 16,000 M~ min 1.

dependent ATPase activity of CPS was found to be 204 + 10
M ! min~!. The second-order rate constant for inactivation of
the glutaminase activity of CPS by acivicin was 168 + 6 M~ !
min 1. The rate of inactivation of CPS by acivicin was greatly
enhanced in the presence of added ATP and bicarbonate (Fig.
3B). The rate of inactivation of the glutamine-dependent
ATPase activity was 4.0 = 0.4 X 10* M~ ! min ! in the presence
of 10 mm ATP and 40 mm HCOg . This is a ~200-fold enhance-
ment over the second-order rate constant determined in the
absence of these substrates. There was no indication of satu-
ration by acivicin in this plot.

The acivicin-treated enzyme had an increase in the rate of
the bicarbonate-dependent ATPase activity. The effect of acivi-
cin on the bicarbonate-dependent ATPase activity of CPS as a
function of time is shown in Fig. 4. The rate of activation of the
bicarbonate-dependent ATPase activity in the presence of 10
mm ATP and 40 mm bicarbonate at various acivicin concentra-
tions was determined, and the apparent second-order rate con-
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stant was equal to 1.6 + 0.1 X 10* m ! min~ ! (Fig. 3B).

Partition Ratio for Acivicin Inactivation of CPS—The effi-
ciency for the inactivation of CPS by acivicin was determined
by incubating a fixed concentration of enzyme with stoichio-
metric amounts of the inactivator. A plot of the fractional
activity remaining after 6 h of incubation is presented in Fig. 5.
Extrapolation of the data collected at substoichiometric
amounts of acivicin indicated that ~1.7 molecules of acivicin
were required to inactivate one molecule of CPS.

Steady State Parameters for the Acivicin-treated Enzyme—

300 —

250

200 —

150 —

velocity

100 —

50 —

Minutes

Fic. 4. Effect of acivicin on the bicarbonate-dependent
ATPase reaction and the glutamine-dependent ATPase reaction
of CPS. CPS was incubated with 45 mm acivicin, 10 mm ATP, and 40
mM bicarbonate. The aliquots were removed at various times, and the
activity was determined for the bicarbonate-dependent ATPase reac-
tion (o) and the glutamine-dependent ATPase reaction (O).

1.00 ¢

0.75 —

<

20.50— —
[ )

0.25 ° .

[ ]
0.00 [ W R T SR
0 1 2 3 4 5 6

[Acivicin)/[CPS]

Fic. 5. Determination of the partition ratio for inactivation of
CPS by acivicin. The fraction of catalytic activity remaining as a
function of the ratio of initial concentration of acivicin to CPS is shown.
The partition ratio was 1.7.
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Carbamoyl phosphate synthetase was inactivated by acivicin,
and the kinetic constants (K,,, and &,,) for the modified enzyme
were determined for the bicarbonate-, glutamine-, and ammonia-
dependent ATPase activities of CPS. The results are presented
in Table III.

DISCUSSION

Acivicin is a glutamine analog that irreversibly inactivates
glutamine amidotransferases. It has been shown to stoichio-
metrically react with the active site cysteine residues in IGP
synthetase (24), GMP synthetase (25), and anthranilate syn-
thetase (28) and to destroy the ability of these enzymes to
utilize glutamine as an ammonia source. However, the ability
of these modified enzymes to utilize free ammonia is relatively
unchanged. In this study, acivicin was also shown to irrevers-
ibly inactivate the glutamine-dependent activities of CPS from
E. coli but with the ammonia-dependent activities left unaf-
fected. As with other amidotransferases, glutamine protected
the enzyme from inactivation (Fig. 2).

Previous studies have demonstrated that the hydrolysis of
glutamine by CPS involves the formation of a y-glutamyl thio-
ester intermediate (39, 40). In the absence of ATP and bicar-
bonate, the second-order rate constant for the formation of the
v-glutamyl thioester intermediate is 3,400 M~ ! min~!. The rate
of hydrolysis of this intermediate is 0.17 min~!, which is rate-
determining (35). The additions of ATP and bicarbonate in-
crease the rate of glutamine hydrolysis 700-fold with a change
in the rate determining step toward the rate of formation of the
thioester intermediate (35). Pseudo-first-order kinetics were
observed for the inhibition of CPS by acivicin. The apparent
second-order rate constant for acivicin inactivation of the glu-
tamine-dependent activities of CPS in the absence of ATP and
bicarbonate is ~200 M~ ! min~!. When ATP and bicarbonate
are added, the apparent second-order rate constant is increased
to ~4.0 X 10* M~ ! min~ . The binding of ATP and subsequent
reaction with bicarbonate within the large subunit of CPS must
therefore induce conformational changes in the glutamine
amidotransferase site. These alterations in protein structure
promote a 700-fold increase in the rate of glutamine hydrolysis
and a 200-fold increase in the rate of covalent modification by
acivicin. Acivicin did not exhibit saturation kinetics, suggesting
that this inhibitor is initially rather loosely bound within the
active site (Fig. 3). Similarly, for inactivation of GMP synthe-
tase by acivicin, saturation kinetics were not observed (25). In
contrast, acivicin inactivation of IGP synthetase did exhibit
saturation kinetics (24). A comparison of the inactivation rate
constants for acivicin with CPS, IGP synthetase, and GMP
synthetase is presented in Table IV.

Chemical reagents that modify Cys-269 of CPS inactivate all
of the glutamine-dependent activities and induce a modest
increase in the rate of the bicarbonate-dependent ATPase ac-
tivity (31, 32, 41-44). Acivicin modification of CPS produces a
3-fold increase in the value of %, /K,, for the bicarbonate-de-
pendent ATPase activity. These results indicate that occupancy
of the glutamine-binding site can enhance the reactivity of the
carboxy phosphate intermediate bound within the large sub-

TABLE IIT
Kinetic parameters for acivicin-treated CPS

The rate of formation of ADP was monitored with variable concentrations of ATP at pH 7.6, 25 °C.

NH;-dependent ATPase Glutamu{}e}—)g:gendent HCOZ;Ix‘isgsgdent
Wild type CPS
K, (um) 60 = 11 201 = 24 24 + 2
Py (min 1) 174 = 6 336 = 5 131
Acivicin-treated CPS
K, (um) 77 x5 16 = 2 112
By (min™1) 146 = 2 181 181
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TaBLE IV

Inactivation of CPS by Acivicin

Comparison of the kinetic parameters inactivation of IGP synthase,
GMP synthase, and CPS

Glutaminase activity

Substrates Acivicin inactivation
cat/ Kin
S. cerevisiae — ATP, HCO; 2.0 X 10> v 'min™! 1.0 X 103 v~ ! min™*
Ccps®
+ ATP, HCO; 4.0 X 10*M 'min™' 2.0 X 10 ! min~!
E. coli IGP — PRFAR° 1.6 X 102 'min ! 9.0 X 102M ' min?!
synthetase®
+ PRFAR 6.0 X 10° v 'min™! 2.3 x 10 M~ ! min~?!

S. cerevisiae IGP — PRFAR
synthetase®

+ PRFAR

GMP synthetase® — ATP, XMP

+ ATP, XMP

9.0 X 10' M ' min~*t
1.7 X 10* M ' min !

1.1 X 105 ' min~?!

1.0 X 102 M *min !

1.9 X 10° M ' min?!
Undetectable
1.3 X 105M 1 min~?t

“ Miles et al. (35).

b Chittur et al. (24).

¢PRFAR, N'-(5'-phosphoribulosyl-formimino-5-aminoimidazole-4-
carboxamide ribonucleotide.

< XMP, xanthosine monophosphate.

Ser 47

Sar 47

27 CystoSer 268

“2a8

zb N3 6 S ;
[FErew H ¢ d ;53 1 "'-0 L270
A28 i v
"‘ H N211
Gin 273
Gin 273
(B) (€

Fic. 6. The binding of acivicin within the CPS small subunit.
Electron density corresponding to the bound inhibitor is shown in A.
The electron density map was contoured at 3 o and calculated with
coefficients of the form (¥, — F,), where F, was the native structure
factor amplitude and F, was the calculated structure factor amplitude.
Coordinates for the acivicin moiety and Cys-269 were not included in
the Fourier synthesis. A schematic of the hydrogen bonding interac-
tions between the inhibitor and the protein is given in B for comparison
with that previously found for the binding of glutamine to the C269S
mutant of CPS in C.

unit of CPS. This rate enhancement must be promoted through
an induced conformational change.

A stereo view of the electron density corresponding to the
bound inhibitor in the small subunit of CPS is given in Fig. 6A.
As can be seen, the electron density is well ordered and indi-
cates, as expected, that the dihydroisoxazole ring is covalently

Fic. 7. Comparison of the ligand-binding modes in the CPS
small subunit. The observed conformations of glutamate, glutamate
y-semialdehyde, glutamyl thioester, and acivicin, when bound in the
active site of the small subunit, are indicated in blue, yellow, red, and
black, respectively.

@®NH3

SCHEME 1

attached to the thiolate of Cys-269. A cartoon of the hydrogen
bonding pattern formed between the inhibitor and the protein
is presented in Fig. 6B. The a-carboxylate group of acivicin is
anchored to the protein via the backbone NH peptidic groups of
Gly-313 and Phe-314. A bound water molecule and N of
Gln-273 provide additional hydrogen bonds to the carboxylate
moiety of the inhibitor. The a-amino group of the ligand is
positioned within 2.6 A of the carbonyl group of Gly-241. Ser-47
lies at ~3.9 A from the oxygen and nitrogen atoms of the
dihydroisoxazole ring. It has been postulated that during the
hydrolysis of glutamine to glutamate in CPS, O” of Ser-47
serves both to position the carbonyl carbon of the glutamine
side chain for nucleophilic attack by the thiolate of Cys-269 and
to stabilize the developing oxyanion (30). For comparison pur-
poses, a cartoon of the hydrogen bonding pattern observed
between CPS (C269S mutant) and glutamine is also presented
in Fig. 6C. As can be seen, there are eight direct interactions
within 3.2 A between the protein and glutamine in contrast to
the four observed in the acivicin-bound enzyme. The replace-
ment of the carboxamide group of glutamine with the dihy-
droisoxazole ring in acivicin results in the loss of three key
interactions with two backbone peptidic NH groups (Gly-241
and Leu-270) and the carbonyl oxygen of Asn-311. Additionally,
the hydrogen bond between the a-amino group of glutamine
and the carbonyl oxygen of Gly-243 is lost upon complexation
with acivicin. The less extensive hydrogen bonding network
between the protein and acivicin may, in part, explain the
lower affinity of the protein for the inhibitor. Other than these

2 Since the submission of this manuscript, Davisson and co-workers
(46) have reported the crystal structure of imidazole glycerol phosphate
synthase with acivicin covalently attached to the active site cysteine in
the glutamine binding site. This structure nicely illustrates the use of
the interior of a TIM barrel domain as an integral part of a molecular
tunnel for the delivery of ammonia.
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changes, however, the polypeptide chains for the small sub-
units complexed with either acivicin or glutamine are remark-
ably similar and superimpose with a root mean square devia-
tion of 0.23 A for all atoms.?

Previous biochemical studies of CPS have suggested that
the hydrolysis of y-glutamine to glutamate and ammonia
proceeds through two tetrahedral adducts and a glutamyl-
thioester intermediate. By the judicious use of substrate an-
alogs and site-directed mutant proteins, it has been possible
to define, by high resolution x-ray analyses, the structures of
these proposed intermediates (30, 45). To examine the geom-
etry of the Michaelis complex, Cys-269 was replaced with a
serine residue and crystallized. To mimic the tetrahedral
intermediate, a complex between native CPS and glutamate
v-semialdehyde was prepared. Finally, to address the geom-
etry of the small subunit active site during the formation of
the y-glutamyl thioester intermediate, His-353 was changed
to an asparagine residue. A superposition of these three
structures onto the model of the acivicin-inactivated CPS
present here is given in Fig. 7. Acivicin adopts a similar
conformation in the active site to that observed for both the
tetrahedral and vy-glutamyl thioester intermediates. The
a-carboxylate and a-amino groups of all of the ligands occupy
nearly identical positions. The potency of acivicin as an in-
hibitor is, indeed, not surprising in light of these structural
similarities. A mechanism for the inactivation of CPS by
acivicin that is consistent with the x-ray structure of the
inactivated enzyme is presented in Scheme 1.

REFERENCES

1. Hanka, L. J., and Dietz, A. (1973) Antimicrob. Agents Chemother. 3, 425—-431
2. Hanka, L. J., Martin, D. G., and Neil, G. L. (1973) Cancer Chemother. Rep. 517,
141-148
3. Martin, D. G., Duchamp, D. J., and Chidester, C. G. (1973) Tetrahedron Lett.
217, 2549-2552
4. Earhart, R. H., and Neil, G. L. (1985) Adv. Enz. Regul. 24, 179-205
5. Souba, W. W. (1993) Ann. Surg. 218, 715-728
6. Weiss, G. R., McGovren, J. P., Schade, D., and Kufe, D. W. (1982) Cancer Res.
42, 3892-3895
7. Earhart, R. H., Koeller, J. M., Davis, T. E., Borden, E. C., McGovren, J. P.,
Davis, H. L., and Tormey, D. C. (1983) Cancer Treat. Rep. 67, 683—692
8. Taylor, S., Belt, R. J., Joseph, U., Haas, C. D., and Hoogstraten, B. (1984)
Invest. New Drugs 2, 311-314
9. Murphy, W. K., Burgess, M. A., Valdivierso, M., and Bodey, G. P. (1982) Proc.
Am. Soc. Clin. Oncol. 1, 237
10. Sridhar, K. S., Ohnuma, T., Chahinian, A. P., and Holland, J. F. (1983) Cancer
Treat. Rep. 67, 701-703
11. Medina, M. A., Sanchez-Jimenez, F., Marquez, J., Rodriguez Quesada, A., and

12.

13.
14.

15.

16.
17.

18.

19.

20.

21.
22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.

36.
37.

38.
39.
40.
41.
42.
43.
44.
45.

46.

4373

Nunez de Castro, I. (1992) Mol. Cell Biochem. 113, 1-15

Chen, M. K., Espat, N. J., Bland, K. L., Copeland, E. M., and Souba, W. W.
(1993) Ann. Surg. 217, 655—-667

Elliot, W. L., and Weber, G. (1984) Biochem. Pharmacol. 34, 243248

Ardalan, B., Arakawa, M., Villacorte, D., Jayaram, H., and Cooney, D. A.
(1982) Chem. Pharmacol. 31, 1509-1513

Neil, G. L., Berger, A. E., McPartland, R. P., Grindey, G. B., and Bloch, A.
(1979) Cancer Res. 39, 852—856

Achleitner, E., Lui, M. S., and Weber, G. (1985) Adv. Enz. Regul. 24, 225-232

Mukherjee, T., Roy, K., and Bhaduri, A. (1990) Biochem. Biophys. Res. Com-
mun. 170, 426-432

Sebolt, J. S., Aoki, T., Eble, J. N., Glover, J. L., and Weber, G. (1985) Biochem.
Pharmacol. 34, 97-100

Pausch, J., Rasenack, J., Haussinger, D., and Gerok, W. (1985) Eur. J. Bio-
chem. 150, 189-194

Jayaram, H. N., Kensler, T. W., and Ardalan, B. (1981) Cancer Treat. Rep. 65,
491-494

Vyas, D. M., Chiang, Y., and Doyle, T. W. (1984) Tetrahedron Lett. 25, 487—490

Kelly, R. C., Schletter, 1., Stein, S. J., and Wierenga, W. (1979) J. Am. Chem.
Soc. 101, 1054-1056

Martin, D. G., Mizsak, S. A., and Nielsen, J. W. (1986) J. Antibiot. (Tokyo) 39,
603-605

Chittur, S. V., Klem, T. J., Shafer, C. M., and Davisson, V. J. (2001) Biochem-
istry 40, 876887

Nakamura, J., Straub, K., Wu, J., and Lou, L. (1995) J. Biol. Chem. 270,
23450-23455

Jayaram, H. N., Cooney, D. A, Ryan, J. A, Neil, G., Dion, R. L., and Bono,
V. H. (1975) Cancer Chemother. Rep. 59, 481-491

Casey, C. A,, and Anderson, P. M. (1983) J. Biol. Chem. 258, 87238732

Tso, J. Y., Bower, S. G., and Zalkin, H. (1980) J. Biol. Chem. 255, 6734—6738

Thoden, J. B., Holden, H. M., Wesenberg, G., Raushel, F. M., and Rayment, 1.
(1997) Biochemistry 36, 6305—-6316

Thoden, J. B., Miran, S. G., Phillips, J. C., Howard, A. J., Raushel, F. M., and
Holden, H. M. (1998) Biochemistry 37, 8825—-8831

Pinkus, L. M., and Meister, A. (1972) J. Biol. Chem. 247, 6119-6127

Anderson, P. M., and Carlson, J. D. (1975) Biochemistry 14, 3688—-3694

Rubino, S. D., Nyunoya, H., and Lusty, C. J. (1986) <J. Biol. Chem. 261,
11320-11327

Mareya, S. M., and Raushel, F. M. (1994) Biochemistry 33, 2945-2950

Miles, B. W., Banzon, J. A., and Raushel, F. M. (1998) Biochemistry 37,
16773-16779

Otwinowski, Z., and Minor, W. (1997) Methods Enzymol. 276, 307-326

Tronrud, D. E., Ten Eyck, L. F., and Matthews, B. W. (1987) Acta Crystallogr.
Sect. A 43, 489-501

Roussel, A., and Cambillau, C. (1991) Silicon Graphics Geometry Partners
Directory, Silicon Graphics, Mountain View, CA

Chaparian, M. G., and Evans, D. R. (1991) J. Biol. Chem. 266, 3387-3395

Lusty, C. J. (1992) FEBS Lett. 314, 134-138

Khedouri, E., Anderson, P. M., and Meister, A. (1966) Biochemistry 5,
3552-3557

Kaseman, D. S. (1980) Fed. Proc. 39, 2032

Wellner, V. P., and Meister, J. (1975) Methods Enzymol. 250, 3261-3266

Trotta, P. P., Estis, L. F., Meister, A., and Haschemeyer, R. H. (1974) J. Biol.
Chem. 249, 482—489

Thoden, J. B., Huang, X., Raushel, F. M., and Holden, H. M. (1999) Biochem-
istry 38, 16158-16166

Chaudhuri, B. N., Lange, S. C., Myers, R. S., Chittur, S. V., Davisson, V. J.,
and Smith J. L. (2001) Structure 9, 987-997



	Inactivation of the Amidotransferase Activity of Carbamoyl Phosphate Synthetase by the Antibiotic Acivicin*
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	REFERENCES


