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ABSTRACT. Carbamoyl phosphate synthetase frentoli catalyzes the synthesis of carbamoyl phosphate
through a series of four reactions occurring at three active sites connected by a molecular tunnel of 100
A. To understand the mechanism for coordination and synchronization among the active sites, the pre-
steady-state time courses for the formation of phosphate, ADP, glutamate, and carbamoyl phosphate were
determined. When bicarbonate and ATP were rapidly mixed with CPS, a stoichiometric burst of acid-
labile phosphate and ADP was observed with a formation rate constant of 1108 fitie burst phase

was followed by a linear steady-state phase with a rate constant of 12 Mihen glutamine or ammonia

was added to the initial reaction mixture, the magnitude and the rate of formation of the burst phase for
either phosphate or ADP were unchanged, but the rate constant for the linear steady-state phase increased
to an average value of 78 mih These results demonstrate that the initial phosphorylation of bicarbonate

is independent of the binding or hydrolysis of glutamine. The pre-steady-state time course for the hydrolysis
of glutamine in the absence of ATP exhibited a burst of glutamate formation with a rate constant of 4
min~! when the reaction was quenched with base. In the presence of ATP and bicarbonate, the rate constant
for the formation of the burst of glutamate was 1100 minThe hydrolysis of ATP thus enhanced the
hydrolysis of glutamine by a factor of 275, but there was no effect by glutamine on the initial
phosphorylation of bicarbonate. The pre-steady-state time course for the formation of carbamoyl phosphate
was linear with an overall rate constant of 72 minThe absence of an initial burst of carbamoyl phosphate
formation eliminates product release as a rate-determining step for CPS. Overall, these results have been
interpreted to be consistent with a mechanism whereby the phosphorylation of bicarbonate serves as the
initial trigger for the rest of the reaction cascade. The formation of the carboxy phosphate intermediate
within the large subunit must induce a conformational change to the active site of the small subunit that
enhances the hydrolysis of glutamine. Thus, ammonia is not released into the molecular tunnel until the
activated bicarbonate is ready to form carbamate. The rate-limiting step for the steady-state assembly of
carbamoyl phosphate is either the formation, migration, or phosphorylation of the carbamate intermediate.

Carbamoyl phosphate synthetase (CP®)m E. coli Scheme 1

catalyzes the assembly of carbamoyl phosphate from two Gin

molecules of ATP, one molecule of bicarbonate, and one

molecule of glutaminel). The proposed chemical mecha- Hzo”e'u

nism for this transformation is presented in Scheme 1. In o MgATP 0 X o MOATP
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phosphate. Glutamine is hydrolyzed, and then the ammonia O-

reacts with the carboxy phosphate to generate a third o
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intermediate, carbamate. In the last step, the second ATP
phosphorylates carbamate to yield the final product, car-

bamoyl phosphate. Evidence in support of this reaction

mechanism has been obtained by the observation of thregPartial reactions3), positional isotope exchangg+5), and
isotope labeling experiment§,(7).

The CPS fromE. coli is found as a heterodimes,(9).
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! Abbreviations: CPS, carbamoyl phosphate synthetase; HEPES, subunit has been shown to be responsible for the hydrolysis
N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid; IGP, indole  of glutamine via a thioester intermediati)(-15) while the

3-glycerol phosphate; G3P, glyceraldehyde 3-phosphate; CAD, trifunc- |5:qe sybunit catalyzes two separate phosphorylation events
tional enzyme composed of carbamoyl phosphate synthetase, alspartat((e2 The th di . | tal struct f CPS has b
transcarbamoylase, and dihydroorotase; TLC, thin-layer chromatogra- (2)- The three-dimensional crystal structure o as been

phy; HPLC, high-pressure liquid chromatography. determined to high resolutionl$—18). This remarkable
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structure has identified the precise location of three distinct MATERIALS AND METHODS
active sites contained within the heterodimeric protein. The ) )
site for glutamine hydrolysis is found at the interface of the Mgterlals. qubamoyl phosphate synthetase framcoll
two subdomains that comprise the N-terminal and C-terminal walesolated using the procedure of Mareya and Rau3Bgl (
halves of the small subunit. The binding site for the ATP [y-*PIATP, [-*PIATP, [“Clglutamine, and'fC]bicarbon-
that is required for the phosphorylation of bicarbonate is ate wgre all obtained from Amershfam. i
situated within the N-terminal half of the large subunit ~ R@pid Quench ExperimentBhe rapid quench experiments
(19—21) while the ATP binding site that is needed for the Were conducted with a Kintek RQF-3 rapid quench instru-
phosphorylation of carbamate is localized within the c- Ment. All of the experiments were done at 5, pH 7.6,
terminal half of this same subunitg, 20, 22). Amazingly, with reaction concentrations of 50.m.M HEPES, 100 mM
these three active sites are separated in three-dimensiondfCl: 10 MM _MgCh, 10 mM omithingl and 20 mM
sace by a inear tace of et 100%6(15, " catboate. 1 ATE and gutane concentatons
The physical separation of the three active sites within ;o .« initiated by mix'ing 15.L of 120 4M CPS with 15uL

the three-dimensional framework of CPS requires that tWo ¢ yhe radiolabeled substrate. The reaction was subsequently
of the reaction products produced within one active site mUStquenched with 1.0 M HCI. The samples were then centri-
be subsequently translocated to the adjacent active site Wher?uged for 3 min at 14 000 rpm.

they can then serve as substrates for the next reaction. Thus
the ammonia formed within the small subunit must react with
the carboxy phosphate intermediate that is synthesized within
the large subunit. In addition, the carbamate intermediate
that is initially formed within the N-terminal half of the large

’ Product AssaysThe rate of formation of acid-labile
phosphate was measured using®fP]JATP with a specific
radioactivity of 89 000 cpm/nmol. One microliter of the
guenched reaction was spotted on a polyethylenimine TLC
subunit is phosphorylated by the ATP bound to the C- glt?otzp(r?aetlézctt)%f?:rlen;mcé%?dgﬂgnfg?n\gzlt?é)ﬁ do?sx]gpo'zvzy
terminal _half of the large subunit. Isotope labeling experi— followed using {x—éZP]ATP with a specific radioactivity of
ments with ™NH, have de_monstrated_ T ammonia gq oop cpm/nmol. One microliter of the quenched reaction
produced from the hydrolysis of glutamine does not dissoci- was spotted on a polyethylenimine TLC plate and developed
ate from the small subunit and then reassociate to the Iargeusing 0.3 M phosphate buffer, pH 7.0. The rate of carbamoyl
subunit 3). At neutral pH, carbamate has a measured half- phosphate formation was measured using 20 Me]f

life of 70 ms @4), and thus it is unlikely that a carbamate  picarhonate with a specific radioactivity of 94 000 cpm/nmol.
intermediate would be physically able to be released into 5ne microliter of the quenched reaction was spotted on a

solution an.d. thgn recaptured during each catalytic cycle. \wnatman CEL 300 DEAE TLC plate and developed using
Therefore, it is highly probable that Nidnd carbamate must 5\ LiCl,, pH 5.5 @6). Alternatively, all of the unreacted

diffu_sga frc_Jm their respective sites of synthesis to their sites picarbonate could be removed from the quenched reaction
of utilization through a molecular passageway that extends o) ytion by the addition of powdered dry ice. The nonvolatile
from one active §|te Fo the next. A molecular tunne.I that [1C]carbamoyl phosphate was determined by liquid scintil-
runs through the interior of the large and small subunits has |ation counting. Both of these methods yielded identical
been identified and mapped within the X-ray crystal structure ,gsylts. All of the TLC plates were thoroughly dried and
(16, 17). analyzed using a phosphor imaging plate (Molecular Dynam-
In the chemical mechanism that is presented in Schemeics). For3?P-radiolabels, the plates were developed for 12 h
1, there are four separate reactions that must occur withinwhile “C-radiolabels required a minimum of 48 h of
three distinct active sites. What is missing from this reaction incubation. The imaged plates were then quantified by
mechanism is a physical description of how CPS is able to phosphorimage analysis using a Molecular Dynamics Storm
function as a finely tuned molecular machine and coordinate 860 Phosphorimager System with ImageQuant software. The
these four reaction cycles with one another. Analysis of the production of glutamate was measured using the HPLC assay
reaction stoichiometry has confirmed the ratio of products described by Chaparian and Evans after quenching the
as indicated by the chemical events depicted in Scheme 1reaction with hydroxideX0). Glutamine and glutamate were
(1). These results thus require that the individual reactions derivatized witho-phthalaldehyd@-mercaptoethanol, sepa-
are synchronized and fully coupled with one another. rated with a Gilson HPLC system using a Partisil 5 ODS-3,
However, it is not intuitively obvious how the hydrolysis of 4.5 x 100 mm column, and detected with a Gilson fluorim-
glutamine can occur at precisely the same rate as theeter with a 305395 nm excitation filter and 430470 nm
phosphorylation of bicarbonate. Do these reactions fortu- emission filter.
itously occur at the same rate or are they coordinated with Data Analysis.The time courses that exhibited burst
one another by some allosteric signaling process? If thesekinetics were fitted to eq 1. In this equatidhjs the amount
reactions are coupled to one another by induced conforma-of product formed at time, E; is the total initial enzyme
tional changes, then it is important to understand how this concentration is the first-order rate constant for the burst
information is transmitted among the multiple active sites. phasef is the amplitude of the burst phase, dagl is the
In this investigation we have measured the pre-steady-staterate constant for the steady-state phase of the reaction. Those
time courses for the formation of ADP, inorganic phosphate, time courses with a linear increase in product were fitted to
carboxy phosphate, carbamoyl phosphate, and glutamate. Theq 2. The standard errors are reported for the fits to the
results are consistent with a mechanism whereby the phos-

phorylation of bicart_)onate serves as the initial trigger for 2 oppithine is an allosteric ligand of CPS that activates the enzyme
the rest of the reaction cascade. by lowering the Michaelis constant for MgATP.
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Ficure 1: Time course for the formation of acid-labile phosphate Ficure 2: Time course for the formation of ADP catalyzed by
catalyzed by CPS in the presen®) @nd absencea() of 1.0 mM CPS in the presenc@®] and absencea( of 1.0 mM glutamine.
glutamine. These data were fitted to eq 1. In the presence of 1.0 These data were fitted to eq 1. In the presence of 1.0 mM glutamine,
mM glutamine, the burst amplitud@) was 1.00+ 0.05, and the the burst amplitude) was 0.90+ 0.10 enzyme equiv, and the
rate constant for the appearance of the butsinvas 1200+ 200 rate constant for the appearance of the butsinvas 1100+ 100
min~1. In the absence of glutamine, the burst amplitu@ewas min~L. In the absence of glutamine, the burst amplitufewas
0.93+ 0.04, and the rate constant for the formation of the burst 0.70+ 0.10 enzyme equiv, and the rate constant for the appearance
(4) was 1100+ 100 mirrt. The linear steady-state rate constant of the burst {) was 1100+ 200 mirr®. The linear steady-state
increased from 12t 1 to 180+ 10 minm! when glutamine was rate constant increased from #21 to 132+ 6 min~! upon the
added. In the absence of glutamine, the time course representedddition of glutamine. Additional details are provided in the text.
the sum of carboxy phosphate and inorganic phosphate while in

the presence of glutamine the appearance of carbamoyl phosphatgource the amplitude of the burst phase was @:80.07
was included. Additional details are provided in the text. ' . . )
enzyme equiv and was formed with a rate constant of 1200

appropriate equation of the data presented in Figures.1 £ 100 mirr* (data not shown). The steady-state rate constant
for acid-labile phosphate formation(Bnd carbamoyl-P)

PIE, = A1 — &™) + (Kt (1) increased from 12 1 to 180+ 10 min* in the absence
and presence of glutamine, respectively. The steady-state rate
P/E = (K.t (2) constant for formation of acid-labile phosphate in the
presence of 300 mM ammonia was 158 min*. For the
RESULTS experiments conducted in the presence of either glutamine

or ammonia, the steady-state rate constant must be divided
by a factor of 2 in order to correct for the fact that the sum
of two separate products was being measured afil
carbamoyl-P). Therefore, the steady-state rate constants in
the presence of glutamine and ammonia weret98 and

79 + 3 min™?, respectively. Preincubation of the enzyme
with glutamine prior to the addition of ATP and bicarbonate

formation of acid-labile phosphate in the presence and did not change the time course for formation of acid-labile

absence of 1.0 mM glutamine are shown in Figure 1. In the phosph.ate (data not shown). ) )

experiments conducted in the absence of glutamine, the acid The time courses for the formation of ADP in the absence
quench rapidly decomposed the carboxy phosphate interme2nd presence of 1.0 mM glutamine are shown in Figure 2.
diate, and thus the measurement of acid-labile phosphate wadh either case, there was an exponential burst of ap-
a direct quantitation of the time course for the formation of Proximately 1 enzyme equiv of ADP followed by a linear
the Carboxy phosphate intermediate. Moreover' Carbamoy'Steady'State rate. The rate constant for the initial phase n
phosphate and phosphate were not separated from ondhe presence and absence of glu'tamine Was_determined to
another by thin-layer chromatography under the conditions P& 1080+ 100 and 1100+ 200 min*, respectively. The
employed for these investigations. Therefore, the time a@mplitude of the burst phase was 0-2®.10 enzyme equiv
courses for the formation of acid-labile phosphate, when in the presence of glutamine and 0.F010 in the absence
either glutamine or ammonia was included in the reaction Of glutamine. The steady-state rate constant for ADP
mixture, represented the overall sum of carboxy phosphate,formation increased from 12 1 to 132+ 6 min™* (66 + 3
phosphate, and carbamoyl phosphate. In the absence omin~! after correction was made for the two molecules of
glutamine, there was an exponential burst of approximately ADP formed per turnover) upon the addition of 1.0 mM

1 enzyme equiv of acid-labile phosphate (0-0%.04) that glutamllne. The tlme.course .for carbamoyl! phosphate forma-
was followed by a linear steady-state rate. The rate constantion (Figure 3) was linear with an observed rate constant of
for the initial burst of acid-labile phosphate was 115@00 72+ 6 min™.

min~* (Figure 1). In the presence of 1.0 mM glutamine, there  Product Formation within the Small Subunithe pre-
was also an exponential burst of approximately 1 enzyme steady-state time courses for the hydrolysis of glutamine have
equiv of acid-labile phosphate (1.800.05) that was formed  been previously determined at pH 6 8¥. However, most
with a rate constant equal to 12@0200 min* (Figure 1). of the kinetic analyses on CPS have been conducted at pH
Similarly, when 300 mM ammonia was used as the nitrogen 7.6, and thus the pre-steady-state kinetics were remeasured

Product Formation within the Large Subunithe pre-
steady-state time courses for the formation of phosphate,
carbamoyl phosphate, and ADP were determined. For direct
comparison, all of the experiments were conducted using a
final concentration of 6(«cM CPS, 0.05 M HEPES buffer,
pH 7.6, 25°C, containing 10 mM ornithine, 10 mM Mgégl
20 mM HCG;™, and 0.1 M KCI. The time courses for the
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Ficure 3: Time course for the formation of carbamoyl phosphate
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Scheme 2
. 1100 min-1 12 min-1
ATP/HCO3 T» [ Carboxy-P ] —T> HCO;
ADP Pi

(14), these time courses represent the sum of the formation
of glutamate and the thiol ester intermediate and are thus
equivalent to the time courses for the formation of ammonia.

DISCUSSION

Carbamoyl phosphate synthetase is a complex assemblage
of three active sites strung together by a molecular tunnel
that spans a distance of nearly 100¥6,(17). This protein

catalyzed by CPS. These data were fitted to eq 2. The rate constanhas evolved to synthesize carbamoyl phosphate via a reaction

was determined to be 72 6 min~1. Additional details are provided
in the text.
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Ficure 4: Time course for the formation of glutamate catalyzed

mechanism that requires four chemical steps and three
reactive intermediates. These reactions occur as parallel and
serial events during each catalytic cycle. The apparent
mechanistic advantage that can be envisioned from this type
of protein architecture is that catalytic modules can be
arranged in a linear sequence with one another to enable
products from one active site to be passed directly to a
subsequent active site. Moreover, the protective environment
of the protein interior can stabilize highly reactive intermedi-
ates. However, optimization of molecular machines of this
type would appear to require structural and kinetic controls
that will enable the synchronization of one active site with
another. Otherwise, an uncoupling of the parallel reactions
from one another will severely cripple the overall catalytic
process. The mechanistic constraints exhibited by CPS have
been addressed by measuring the pre-steady-state time
courses for product and intermediate formation.

When ATP and bicarbonate are mixed with CPS, ap-
proximately 1 enzyme-equiv each of acid-labile phosphate
and ADP is rapidly formed (Figures 1 and 2). The time
courses for the formation of these two products represent
the rate at which the intermediate, carboxy phosphate, is
formed in the absence of either glutamine or ammonia as a
source of nitrogen. The initial burst of product formation

by CPS in the presence and absence of added ATP/bicarbonateProc€eds with an average rate constant of 1100 frand

These data were fitted to eq 1. (A) In the absence of ATP, the
burst amplitude §) was 1.0+ 0.2 enzyme equiv, and the rate
constant for the appearance of the but$twfas 4+ 1 min~1. The
steady-state rate constant for the linear phase was 8.2402
min~L. (B) In the presence of 1.0 mM ATP, the burst amplitude
(B) for glutamate formation was 12 0.1 enzyme equiv, and the
rate constant for formation of the burg) (vas 1100+ 200 mirr 1.

The steady-state rate constant wast7@ min~1. These reactions
were quenched with the addition of hydroxide, and thus the
appearance of glutamate also includes the formation of the thiol-
ester intermediate. Additional details are provided in the text.

is followed by a much slower steady-state process with a
rate constant of 12 mirt. The second phase of this time
course is apparently dominated by the slow hydrolytic decay
of the thermodynamically unstable carboxy phosphate in-
termediate. The kinetic relationships are summarized in
Scheme 2. Previous studies of ATP hydrolysis by CPS have
also reported a stoichiometric burst of acid-labile phosphate
(27, 28).

Glutamine is slowly hydrolyzed to glutamate and ammonia
when this substrate is mixed with CPS in the absence of

at this pH so that a direct comparison of the time courses ATP/bicarbonate (Figure 4). When the reaction is quenched
could be made for all products under identical conditions. with base, there is a burst of approximately 1 enzyme equiv
In the absence of ATP, the time course for the hydrolysis of of glutamate. The burst phase represents the time course for
glutamine showed a burst of approximately 1 enzyme equiv the formation of the thioester intermediate and any subse-
(1.0 + 0.1) that was formed with a rate constant oft41 guent enzyme forms that contain glutamate. Therefore, this
min~1. The rate constant for the linear steady-state phasetime course serves as an indirect measurement for the
was 0.24+ 0.02 min! (Figure 4A). In the presence of ATP/  formation of ammonia within the small subunit of CPS. The
HCOs;™, the amplitude of the burst phase was #20.1 kinetic constants for the glutaminase reaction in the absence
enzyme equiv that was formed with a rate constant of 1100 of substrates bound to the large subunit are summarized in
+ 200 min~1. The rate constant for the steady-state portion Scheme 3. The pre-steady-state time courses for glutamate
of the time course was 78 4 min~! (Figure 4B). Since the  and ammonia production for the hamster CAD enzyme in
thiol ester intermediate is unstable under basic conditionsthe absence of ATP have been measurEg). (A lag in
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Scheme 3 Scheme 4

4 min? 0.24 min-t ATP Bicarbonat H,0 Glutamine
Glutamine [CPS-Glutamate] —> Glutamate icarbonate _
;i 1100 min-1 1100 min-1
ADP [Carboxy-P] NH; Glutamate
NHs >78 min-1
ATP (Carbamate]: :

glutamate production and a 0.4 mol equiv burst of ammonia ~78 min-1
were observed when the reaction was quenched with aceto-pp

nitrile.

_ When ATP and bica_rbonate are_allowed to reagt with CPS formation are identical,
in the presence of either glutamine or ammonia, the rate
constant for the fast phase of product formation (carboxy bulk solution.
phosphate and ADP) is not changed from the value obtained The tim rse for the formation of alutamate is ver
in the absence of a nitrogen source (Figures 1 and 2). These € time course for he formation ot giutamate 1S very
results clearly indicate that the initial phosphorylation of Much dependent on the inclusion of ATP/bicarbonate to the

bicarbonate by the ATP bound to the active site within the reaction mixture. When ATP/bicarbonate is included in the
N-terminal half of the large subunit of CPS is kinetically reaction mixture, the rate constant for the burst of formation

independent of processes occurring within the small subunit. ?flglutamatehincreases fr_qun 410 110|O rr;inThis is a 27ﬁ' N
The catalytic reaction that follows the formation of the old rate enhancement. These results demonstrate that the

carboxy phosphate intermediate is, however, significantly phosphorylation of bicarbonate domi_nates th_e subseque_nt
faster when either glutamine or ammonia is added to the reaction cascade. The phosphorylation of bicarbonate is

reaction mixture since the average value for the macroscopic€duired for the efficient hydrolysis of glutamine, but the

rate constant obtained from the steady-state phase is increase drolysis Of glutamine is not required for the rapid
to 78 mirr? from a basal value of 12 min. phosphorylation of bicarbonate. Therefore, a molecule of

The size of the burst phase for the formation of acid-labile _ammonia from the hydrolysis of glutamine is not injected

phosphate and ADP does not change significantly in the mtqlthe molgcula(; tg_nnelbllnkmg Fhe Iaré;e fand Emall Eubumts
presence or absence of a nitrogen source (Figures 1 and 2)‘.Jntl an ac?vate tl)car ona_}_?] IS rea yhor the su sgquentd
These results indicate that a subsequent catalytic event mus¥eaCtlon to form carbamate. The rate enhancement observe

therefore limit the overall steady-state formation of carbam- or the hydrplysis of glutamine 'that is driven by cgtalytic
oyl phosphate by CPS. The possibilities for this rate- events within the large subunit must be transmitted by

determining step include the following: (a) hydrolysis of _conformational chfange_s to the catalytic r_esidues that re_side
glutamine and migration of ammonia: (b) formation of the in the small subunit. This reciprocal cpupllng of the reaction
carbamate intermediate; (c) migration of the carbamate centers thus ensures that the catalytic events are coupled to
intermediate; (d) phosphorylation of carbamate; or (e) one another. These results are summarized in Scheme 4.
dissociation of the products. If the release of any of the The results reported here do not identify the specific rate-
various products were rate-limiting for the overall reaction limiting step in the overall synthesis of carbamoyl phosphate
of CPS, then a burst of 1 enzyme equiv of carbamoyl by CPS. It remains to be determined whether the phospho-
phosphate would have been detected. However, the timefylation, migration, or formation of carbamate is the rate-
course for the formation of carbamoyl phosphate is linear limiting step. However, these experiments do not reveal what,
(Figure 3), and thus the release of products cannot be rateif any, coupling occurs between the two reaction centers
limiting under these reaction conditions. This conclusion is contained within the large subunit of CPS. Experiments to
also supported by the observation that only 1 equiv of ADP address these remaining issues are in progress.
is formed in the rapid phase of the time course when Tryptophan synthase was the first enzyme identified to
glutamine is included in the reaction mixture. contain a molecular tunnel through which intermediates are
The time course for the formation of glutamate in the channeled between active sit@g). The enzyme is anyf3;
presence of ATP/bicarbonate shows a burst of 1 enzymeheterodimer that catalyzes the synthesis of tryptophan from
equiv. It is interesting to note that the rate constant for the indole 3-glycerol phosphate (IGP) and serine. dhgubunit
fast phase of this time course is identical to the rapid phasecatalyzes the cleavage of IGP into indole and glyceraldehyde
of the time courses when the formation of either acid-labile 3-phosphate (G3P). ThEsubunit catalyzes the condensation
phosphate or ADP is monitored. This result dramatically of indole with serine to form tryptophan through a pyridoxal
illustrates the tight coupling between the lone reaction center phosphate mediated reaction. The indole produced at the
in the small subunit and the active site found within the o-site is channeled-25 A to the active site in thg-subunit
N-terminal half of the large subunit of CPS. It also where it reacts with the aminoacrylate intermediate of serine
demonstrates that the molecular tunnel that connects thesend pyridoxal phosphat®9—32). Similar to CPS, the two
two active sites does not act as an “ammonia pipeline” by reactions are coupled together such that the reactants are
filling up with ammonia as a mechanism for the supply of stoichiometrically converted into produ&3). The chemical
NH; to the large subunit. Since there is a burst of 1 enzyme events at th@-subunit regulate the activity of the-subunit
equiv of glutamate that is formed at a rate identical to the in a manner similar to the carboxy phosphate domain of CPS
rate of formation of the carboxy phosphate intermediate, thencontrolling the rate of glutamine hydrolysis. The addition
the rate of formation of ammonia cannot be rate-limiting for of serine produces a conformational change in the enzyme,
the overall reaction. This conclusion is confirmed by the which produces a 20-fold enhancement in the velocity of
observation that the time courses for acid-labile phosphatethe reaction at thei-subunit 34, 35). The formation of the

Carbamoyl-P

whether the nitrogen source is
supplied via glutamine or provided directly as ammonia from
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aminoacrylate intermediate thus initiates conformational
changes that activate the cleavage of indole 3-glycerol

phosphate 33, 36, 37). The formation of the tryptophan

external aldimine intermediate then induces a conformational
change to open the structure, allowing the release of products ;7
and the binding of substrates for the next round of catalysis

(38). The conformational change in tryptophan synthetase 18.

that activates the-site upon the addition of serine could be

observed by a change in the intrinsic fluorescence of the 19.

protein B3). No changes in the intrinsic protein fluorescence

have been detected for ligand-mediated conformational

changes in CPS.

Glutamine phosphoribosyl pyrophosphate amidotransferase o1
has recently been shown to form a molecular conduit for

the

glutamine 89). Tryptophan residues have been cleverly 22.
placed within this protein via site-directed mutagenesis to
monitor conformational changes that occur during substrate
binding and catalysis. It has been determined that the binding
of phosphoribosyl pyrophosphate initiates the catalytic cycle
of the enzyme by enabling the binding of glutamine and the

delivery of ammonia produced from the hydrolysis of

subsequent hydrolytic reactiod@). It is highly likely that
other proteins with multiple reaction centers will be found
to have evolved with conformational coupling and synchro-
nization mechanisms.

REFERENCES

1. Anderson, P. M., and Meister, A. (196Bjochemistry 4
2803-2809.

2. Anderson, P. M., and Meister, A. (1968jochemistry5,
3157-3163.

3. Wimmer, M. J., Rose, I. A., Powers, S. G., and Meister, A.
(1979)J. Biol. Chem. 2541854-1860.

4. Raushel, F. M., and Villafranca, J. J. (19&¥chemistry 19
3170-3174.

5. Mullins, L. S., Lusty, C. J., and Raushel, F. M. (1991Biol.
Chem. 2668236-8243.

6. Raushel, F. M., Mullins, L. S., and Gibson, G. E. (1998)
Biochemistry 3710272-10278.

7. Gibson, G. E., Mullins, L. S., and Raushel, F. M. (1998)
Bioorg. Chem. 26255-268.

8. Nyunoya, H., and Lusty, C. J. (198B)oc. Natl. Acad. Sci.
U.S.A. 804629-4633.

9. Piette, J., Nyunoya, H., Lusty, C. J., Cunin, R., Weyens, G.,
Crabel, M., Charlier, D., Glansdorf, N., and Pierared, A. (1984)
Proc. Natl. Acad. Sci. U.S.A. 84134-44138.

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

11. Lusty, C. J. (1992FEBS Lett. 314134-138.

12. Lusty, C. J., and Liao, M. (19938iochemistry 321278~
1284.

13. Hewagama, A., Guy, H. I., Chaparian, M., and Evans, D. R.
(1998) Biochim. Biophys. Acta 138889-499.

14. Miles, B. W., Banzon, J. A., and Raushel, F. M. (1998)

Biochemistry 3716773-16779.

Miles and Raushel

15. Thoden, J. B., Miran, S. G., Phillips, J. C., Howard, A. J.,

Raushel, F. M., and Holden, H. M. (199B)ochemistry 37
8825-8831.

16. Thoden, J. B., Holden, H. M., Wesenberg, G., Raushel, F. M.,

and Rayment, |. (1997Biochemistry 366305-6316.

Thoden, J. B., Raushel, F. M., Benning, M. M., Rayment, .,
and Holden, H. M. (1999Acta Crystallogr. D55 8—24.
Thoden, J. B., Wesenberg, G., Raushel, F. M., and Holden,
H. M. (1999) Biochemistry 382347-2357.

Post, L. E., Post, D. J., and Raushel, F. M. (1920Biol.
Chem. 2657742-7747.

20. Miles, B. M., Mareya, S. M., Post, L. E., Post, D. J., Chang,

S. H., and Raushel, F. M. (199Bjiochemistry 321656—
1664.

Stapleton, M. A., Javid-Majd, F., Harmon, M. F., Hanks, B.
A., Grahmann, J. L., Mullins, L. S., and Raushel, F. M. (1996)
Biochemistry 3514352-14361.

Javid-Majd, F., Stapleton, M. A., Harmon, M. F., Hanks, B.
A., Mullins, L. S., and Raushel, F. M. (199®&jochemistry
35, 14362-14369.

23. Mullins, L. S., and Raushel, F. M. (1999) Am. Chem. Soc.

24.

25.

26.

27.

28.

29.

30.

31.

32.

35.

36.

37.

38.

39.

40.

121, 3803-3804.

Wang, T. T., Bishop, S. H., and Himoe, A. (197R)Biol.
Chem. 2474437-4440.

Mareya, S. M., and Raushel, F. M. (19®Bipchemistry 33
2945-2950.

Mally, M. 1., Grayson, D. R., and Evans, D. R. (1980Biol.
Chem. 25511372-11380.

Raushel, F. M., and Villafranca, J. J. (19B%chemistry 18
3424-3429.

Rubio, V., Llorente, P., and Britton, H. G. (199Byr. J.
Biochem. 255262—270.

Hyde, C. C., Ahmed, S. A., Padlan, E. A., Miles, E. W., and
Davies, D. R. (1988). Biol. Chem. 26317857 17871.
Rhee, S., Parris, K. D., Ahmed, S. A., Miles, E. W., and
Davies, D. R. (1996Biochemistry 354211-4221.

Dunn, M. F., Aguilar, V., Brzovic, P., Drewe, W. F., Houben,
K. F., and Leja, C. A. (1990Biochemistry 298598-8607.

Lane, A. N., and Kirschner, K. (199B)ochemistry 30479
484,

. Anderson, K. S., Miles, E. W., and Johnson, K. A. (1991)

Biol. Chem.266, 8020-8033.

. Kawasaki, H., Bauerle, R., Zon, G., Ahmed, S., and Miles, E.

W. (1987)J. Biol. Chem. 26210678-10683.

Kirschner, K., Lane, A. N., and Stasser, A. W. M. (1991)
Biochemistry 30472-484.

Brzovic, P. S., Ngo, K., and Dunn, M. F. (19%ipchemistry
31, 3831-3839.

Brzovic, P. S., Hyde, C. C., Miles, E. W., and Dunn, M. F.
(1993) Biochemistry 3210404-10413.

Leja, C. A., Woehl, E. U., and Dunn, M. F. (199ipchem-
istry 34, 6552-6561.

Krahn, J. M., Kim, J. H., Burn, M. R, Parry, R. J., Zalkin,
H., and Smith, J. L. (1997Biochemistry 3611061-11068.
Chen, S., Burgner, J. W., Krahn, J. M., Smith, J. L., and Zalkin,
H. (1999)Biochemistry 3811659-11669.

BI992772H



