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The Small Subunit of Carbamoyl Phosphate Synthetase: Snapshots along the
Reaction Pathwady
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ABSTRACT. Carbamoyl phosphate synthetase (CPS) plays a key role in both arginine and pyrimidine
biosynthesis by catalyzing the production of carbamoyl phosphate. The enzymeEgamerichi coli
consists of two polypeptide chains referred to as the small and large subunits. On the basis of both amino
acid sequence analyses and X-ray structural studies, it is known that the small subunit belongs to the
Triad or Type | class of amidotransferases, all of which contain a cystéiisédine (Cys269 and His353)
couple required for activity. The hydrolysis of glutamine by the small subunit has been proposed to occur
via two tetrahedral intermediates and a glutamyl-thioester moiety. Here, we describe the three-dimensional
structures of the C269S/glutamine and CPS/glutamatemialdehyde complexes, which serve as mimics

for the Michaelis complex and the tetrahedral intermediates, respectively. In conjunction with the previously
solved glutamyl-thioester intermediate complex, the stereochemical course of glutamine hydrolysis in
CPS has been outlined. Specifically, attack by the thiolate of Cys269 occursSafdbe of the carboxamide

group of the glutamine substrate leading to a tetrahedral intermediate wikcanfiguration. Both the
backbone amide groups of Gly241 and Leu270, andier47 play key roles in stabilizing the developing
oxyanion. Collapse of the tetrahedral intermediate leads to formation of the glutamyl-thioester intermediate,
which is subsequently attacked at thidace by an activated water molecule positioned near His353. The
results described here serve as a paradigm for other members of the Triad class of amidotranferases.

There are two general classes of amidotransferase enzyme$he kinetic competence of the thioester intermediate in this
that utilize glutamine as a precursor for the in situ generation scheme has been confirmed by rapid-quench experin@nts (
of ammonia {). These enzymes have evolved to capture the  Recent results from the X-ray crystallographic analyses
ammonia by an acceptor substrate prior to the release of thisof E. coli CPS have provided structural support for two of
intermediate into the bulk solution. Carbamoyl phosphate the six complexes depicted in Schemel@13). A ribbon
synthetase, hereafter referred to as CP$s the best-  representation of the,-heterodimer of CPS is displayed
characterized example of the Triad wpG-type class of  in Figure 1. The initial structure of CPS was solved in the
amidotransferaseg) In this family of enzymes, which also  absence of any ligands bound to the amidotransferase domain
includes GMP synthetase, imidazole glycerol phosphate (10). This model, along with that of GMP synthetadel)(
synthase, anthranilate synthase, and NAD synthetase, amongstablished the spatial relationships among the critical
others, there is a conserved trio of residues that is critical cysteine, histidine, and glutamate residues in the free enzyme
for the catalytic hydrolysis of glutamine and the production and confirmed the likelihood of their participation in the
of ammonia 8). In CPS fromEscherichia colithese residues  hydrolysis of glutamine as illustrated in Scheme 1. More
have been identified as Cys269, His353, and Glu355 andrecently, the structure of the H353N mutant of CPS was
the roles of these amino acids during the catalytic cycle havesoplved after cocrystallization with glutamindi). In this
been addressed by site-directed mutagenesis8) A mutant form of the amidotransferase domain, the thioester
working model for the chemical mechanism exhibited by intermediate with Cys269 was trapped prior to hydrolysis.
the Triad-type amidotransferases is presented in Scheme 1This structural analysis firmly established the presence of a
thioester intermediate during glutamine hydrolysis and
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Ficure 1: Ribbon representation of anj-heterodimer of CPS. CPS froi. coli consists of two polypeptide chains referred to as the

small and large subunits. The small subunit contains both the catalytic machinery necessary for the production of ammonia from glutamine
and a molecular tunnel for sequestering the ammonia from the bulk solvent and delivering it to the large subunit. This small subunit is
displayed in blue with the glutamine ligand, indicated by the ball-and-stick representation. The large subunit, color-coded in green, is
responsible for the production of carbamoyl phosphate from two molecules GiAT&, one molecule of bicarbonate, and ammonia. The
Mg?tATP moieties are displayed in ball-and-stick representations. In addition, the binding pockets for the allosteric effector molecules,
IMP, and ornithine, are also shown.

lographic methods, since there is nothing to prevent the protein triggers a conformational change in the nearest ATP
reaction from proceeding through its entirety once glutamine binding region on the large subunit, which is located nearly
binds to the amidotransferase domain. However, it has beend5 A away. The structure of the C269S protein has now been
previously demonstrated that when the thiolate anion of solved in both the absence and presence of bound glutamine
Cys269 is substituted with the hydroxyl group of a serine as described here. This mimic of the Michaelis complex of
residue, this C269S mutant is unable to hydrolyze glutamine the wild-type enzyme serves as a template to ascertain the
(4, 5. Nevertheless, this site-directed mutant protein binds magnitude of the conformational changes of active site
glutamine to the amidotransferase domain as evidenced byresidues that occur upon the binding of ligands to the
the rate enhancement observed in the overall bicarbonate-amidotransferase domain. In addition, the stereochemistry
dependent ATPase reaction of CEB} Clearly, the binding for attack of the thiolate anion on the planar carboxamide
of glutamine to the amidotransferase domain of the C269S group of glutamine can be determined by the relative
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Table 1: X-ray Data Collection Statistics

Data Collection Parameters

native: L-glutamatey-semialdehyde C269S C269jlutamine
unit cell (&)
a 151.7 152.6 152.5
b 163.8 164.6 164.4
c 332.6 332.7 332.6
crystal-to-detector distance (mm) 280 270 290
wavelength (A) 0.7005 0.7085 0.7005
frame width (deg) 0.40 0.40 0.40
number of frames 450 400 450
exposure time /frame (sec) 175 17.0 15.0
Processing/Scaling Statistics
nativeL-Glutamatey-semialdehyde C269S C269glutamine
resolution range (A) 30:62.0 2.07-2.00 30.6-2.0 2.07-2.00 30.6-2.10 2.18-2.10
integrated reflections 2729875 210013 2305540 186320 2532077 201948
independent reflections 550694 53688 546635 53813 476527 47060
data completeness (%) 98.7 97.1 97.7 96.8 98.4 97.9
avg l/avg sigma(l) 16.4 2.1 14.8 2.1 16.6 2.2
R-factor (%) 8.9 29.3 8.8 29.1 7.9 28.2

positioning of the bound glutamine with the hydroxyl group concentration of glutamind; andKjs are the intercept and

of the serine residue substituted for Cys269. slope inhibition constants, respectivek, is the activation
The two forms of the tetrahedral adducts presented in constant for glutamate/-semialdehydey, is the initial

Scheme 1 have been mimicked by complexation with gluta- velocity of the ATPase reaction rate in the absence of the

matey-semialdehyde. In this analogue, the carboxamide side activator, ando. is the ratio of the ATPase reaction in the

chain of glutamine has been replaced with an aldehyde presence and absence of the activator.

functional group. Bearne and Wolfenden have demonstrated

that this compound is a potent inhibitdf;(~ 108 M) of v =V, AK, 1+ I/Kg + Al + I/Ky)) (1)
the reaction catalyzed by glucosamine-6-phosphate synthase
(15). They have provided convincing evidence to suggest v=1v, (K;+al)/(K; + 1) (2)

that the inhibitory complex results from the nucleophilic

attack of the thi(_)late anion on the carbonyl group of the free Crystallization ProceduresRrotein samples employed for
aldehyde. In this paper, we demonstrate that glutamate  crystallization trials were purified as previously described
semialdehyde is a strong inhibitor of the hydrolytic properties (6). Large single crystals were grown at@ by batch from
of the amidotransferase domain of CPS as well. The structuregos, poly(ethylene glycol) 8000, 0.65 M tetraethylammonium
of the inhibitory complex resembles the expected tetrahedral ch|oride, 0.5 mM MnCJ, 100 mM KCI, 1.5 mM ADP, 1.5
intermediate depicted in Scheme 1 and further elaborates then\ BeF;, 0.5 mML-ornithine, and 25 mM HEPPS (pH 7.4).
manner in which this complex is stabilized by the enzyme. For preparation of the CPSetrahedral mimic, the enzyme
The stereochemistry of this tetrahedral adduct providesyas treated overnight at 2C with a 20 mM solution of
additional information on the trajectory of the nucleophilic = gytamatey-semialdehyde that had been neutralized to pH
attack by the thiolate anion on glutamine and the hydrolytic 7 o with KOH. For the C269Sglutamine complex, 10 mM
attack on the thioester intermediate. The results presented _gjytamine was included in the crystallization buffer. Once
in this paper will most likely extend to other members of the crystals reached dimensions of approximately 0.3 mm
the Triad class of amidotranferases. x 0.3 mmx 0.8 mm, they were flash-frozen according to
previously published proceduresdj and stored under liquid
MATERIALS AND METHODS nitrogen until synchrotron beam time became available. All
Kinetic AnalysesCPS was purified according to a previ- 0f the crystals belonged to the space gra2,2; with
ously published procedurel§). The rates of glutamine typical unit cell dimensions o& = 152,b = 164,c = 332
hydrolysis and the bicarbonate-dependent ATPase reaction® and one completeo(/3).-heterotetramer per asymmetric
were assayed as described by Rastl. (17). Glutamic acid unit.
y-semialdehyde was synthesized from hydroxylysine with a ~ X-ray Data Collection and Processing-ray data sets for
yield of 67% (L8). The aldehyde solution was neutralized to the C269S protein, the C269§lutamine complex, and the
a pH of 7 with KOH immediately before measurement of CPS-glutamatey-semialdehyde complex were collected on
the inhibitory activity. The data for the inhibition of the a3 x 3tiled “SBC2” CCD detector at the Structural Biology
glutaminase reaction by the glutamic agiekemialdehyde  Center 19-ID Beamline (Advanced Photon Source, Argonne
were fitted to eq 1, which describes noncompetitive inhibi- National Laboratory). The data were processed with HKL2000
tion. The data for the activation of the bicarbonate-dependentand scaled with SCALEPACKILO). Relevant data collection
ATPase reaction were fitted to eq 2. In these equatiois, statistics are presented in Table 1.
the initial velocity,Vn, is the maximal velocity at saturating All the structures were solved by Difference Fourier
substrateK, is the Michaelis constant for glutamink,is techniques. Each complex was subjected to alternate cycles
the concentration of glutamatg-semialdehydeA is the of least-squares refinement with the software package TNT



Carbamoyl Phosphate Synthetase Small Subunit

Biochemistry, Vol.

38, No. 49, 19996161

Table 2: Refinement Statistics

nativeL-glutamate
y-semialdehyde

C269S

C262lutamine

30.6-2.00
18.6/550694
18.6/494170

resolution limits (A)
R-factor (overall) %/# rflns
R-factor (working) %/# rfins

30.6-2.00
18.9/546635
18.9/491971

30.00-2.10
18.9/476527
18.8/426591

R-factor (free) %/# rfins 24.2/56524 24.6/54664 25.8/49936
no. protein atoms 44327 44310 44358
no. heteroatoms 4567 4365 4119
multiple conformations (#) 18 16 27
Weighted Root-Mean-Square Deviations from Ideality
bond lengths (A) 0.012 0.012 0.012
bond angles (deg) 2.14 2.26 2.19
trigonal planes (A) 0.006 0.006 0.006
general planes (A) 0.011 0.011 0.011
atorsional angles (deg) 17.6 17.7 17.8
Solvents
waters 4176 3987 3666
Mn?* ions 12 12 12
tetraethylammonium ions 4 4 4
ADP moieties 8 8 8
phosphates 5 6 5
ornithines 4 4 4
K*ions 37 32 36
Cl~ions 29 16 16
glutamines 0 0 8

aThe torsional angles were not restrained during the refinement.

(20) and manual adjustment of the model as previously subunit. At saturating concentrations of the aldehyde ana-
described10). Both the C269S protein model and the GPS  logue, the rate of the ATPase reaction is enhanced by a factor
glutamatey-semialdehyde complex were refined to 2.0 A of 3.3+ 0.2. The concentration of the aldehyde that provides
resolution. The C269Sglutamine complex was refined to  50% of this effect is 606t 15 uM (the corrected value is
2.1 A resolution simply because the crystals did not diffract 0.3 xM). In contrast, glutamine hydrolysis enhances the
as well. During the early stages of least-squares refinement,steady-state rate of ATP turnover by a factor of 18.

10% of the X-ray data were excluded for the required  crystallographic ResultsFor the sake of clarity, the
calculation 0fRyee. In that all X-ray data are important for  ngjvidual structures of CPS will be discussed in the order
the Fourier synthesis, however, these data were ultlmatelygi\,en in Scheme 1. Although the structure of the thioester
included in the final stages of the refinement and model- jhtermediate has been previously describ&g),(it will be
building. Relevant refinement statistics are given in Table presented briefly for the sake of completeness. It was not
2. TheR-factors listed in Table 2 are based on all measured possible to obtain a structure of the final product complex.
X-ray data with no sigma cutoffs applied. Note that in each |ndeed, previous studies have demonstrated that CPS activity

crystalline complex described here the asymmetric unit js ynaffected by concentrations of glutamate up to 100 mM
contains a completex(3).-teteramer corresponding to over (21)

5800 amino acid residues. For the sake of simplicity, . .
however, all the data presented in the Results and Discussion The ApoenzymeTo obtain the structure of CPS with

section refer to subunit Ill of then(s)s-heterotetramer glptamine bound in _the small subunit active site, i.e., the
' Michaelis complex, it was necessary to prepare the site-

directed mutant protein C269S. To ensure that this mutant
protein was, indeed, a good mimic for the native enzyme,
Kinetic ResultsGlutamatey-semialdehyde was tested as its three-dimensional structure was initially solved in the
an inhibitor of the glutaminase activity of CPS. At pH 7.6, absence of glutamine. Models of native CPS and the C269S
it was found to be a noncompetitive inhibitor vs glutamine mutant protein superimpose with a root-mean-square devia-
and theK; andK;s values were 2.8t 0.5 and 2.1+ 0.6 tion of 0.30 A for all backbone atoms. There are only a few
mM, respectively. Since the free aldehyde in solution small changes between the two structures and these are
contributes only 0.05% of the total material, (most of the confined primarily to the area immediately surrounding the
rest is found in rapid equilibrium as pyrroline-5-carboxylate mutation. Shown in Figure 2 is a superposition of these
(19) the corrected values are 1.5 and LM for K; and regions in the native and mutant enzym&g)(In the mutant
Kis, respectively. Since thk, value for glutamine in these  protein, O of Ser269 lies within hydrogen bonding distance
experiments is 8aM, it appears that the free aldehyde binds to N of Leu270. This interaction does not occur in the native
significantly tighter to the protein than glutamine. enzyme. Additionally, His353, part of the catalytic couple,
The glutamatey-semialdehyde was also tested as an adopts a slightly different conformation in the mutant protein.
activator of the bicarbonate-dependent ATPase reaction. ThisSpecifically the two dihedral angles defined betweéra@d
activation of the ATPase reaction is apparently driven by C# and & and C change by approximately°4and 32,
conformational changes that are initiated by binding to the respectively. As a result of these changes &f His353
amidotransferase domain and then transmitted to the largelies within 4.3 A of O of Ser269. In the native enzyme,

RESULTS AND DISCUSSION
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Ficure 2: Superposition of the native and the C269S protein models near the region immediately surrounding the site of the mutation. The
native enzyme is depicted in black while the mutant protein is shown in red.

this distance is approximately 4.1 A. Other than these minor  The Tetrahedral Intermediates, | and The next step in
differences, the two proteins are virtually identical and, as the reaction pathway for glutamine hydrolysis (Scheme 1)
such, the C269S protein proved to be an adequate mimicis attack by 3 of Cys269 leading to a tetrahedral intermedi-
for studies of the Michaelis complex. ate. This tetrahedral intermediate was mimicked by employ-

The Michaelis Complexshown in Figure 3a is the electron Ment of glutamate/-semialdehyde and, as can be seen in
density corresponding to the bound glutamine in the C269s Figure 3b, the electron density corresponding to this co-
mutant protein. The electron density is very well-ordered and valently bound ligand is unambiguous? 6f the glutamate
the conformation of the bound ligand is unambiguous. All y-semialdehyde adopts a tetrahedral conflguratlo_n with bond
backbone atoms for the two C269S protein models, with and @ngles of~111°. The carbor-sulfur bond length is 1.7 A

without bound glutamine, superimpose with a root-mean- With this parameter restrained to 1.75 A during the course
square deviation of 0.26 A. of the least-squares refinement. Typical carbsulfur bond

distances in such compounds range from 1.74 to 1.78 A as
observed in small molecule structures deposited in the
Cambridge Data Base. Two structural events occur in the
glutamine substrate during the formation of the tetrahedral
intermediate: (i) a torsional rotation 6f130° about the bond
defined by @ and @ and (ii) a global movement of the
ligand within the active site such that @nd C move by
~1.7 A and~2.6 A, respectively.

A cartoon of potential interactions between the glutamine
substrate and the protein is given in Figure 4a. Glutamine
binds within the small subunit active site such that nucleo-
philic attack by $ of Cys269 (replaced with a serine in this
case) would occur at th8i face leading to a tetrahedral
intermediate with theS-configuration. The carboxamide
moiety of glutamine is hydrogen bonded to CPS via the
backbone amide groups contributed by Gly241 and Leu270 ) .
and the carbonyl group donated by Asn31l. It can be N the_ true te_trahedral |nterme<j|ate, the oxygen of the
speculated that the backbone amide groups of Gly241 andligand side chain would be negatively charged. As shown
Leu270 play a pivotal role in the proper positioning of the I the cartoon representation in Figure 4b, both thg packbone
substrate within the active site. Additionally, these interac- @mide groups of Gly241 and Leu270 are positioned to
tions would serve to polarize the carbonyl group and activate Stabilize this oxyanion. In addition,’®f Ser47 has moved
C? of the ligand toward nucleophilic attack by & Cys269.  from 4.2 A to within 3.5_A of this oxygen as a result of an
It has been speculated that ©f Ser47 may be important apprommate 30change in the dlhe(_jral an_gle about the bond
for stabilizing the developing oxyanion during glutamine defined by € and @ and a translation of ita-carbon by~
hydrolysis (1). In the Michaelis complex described here, 0-3 A. The remainder of the glutamagesemialdehyde is
O’ of Ser47 is located at 4.2 A from the carbonyl oxygen of _anchorepl to th_e protein in a manner similar to that obse_rved
the glutamine side chain. Theamino group of the ligand N the_ Michaelis complex (Figure 4a). The_ste_reqchemlstry
lies within hydrogen bonding distance to the carbonyl groups Of this aldehyde-based tetrahedral mimic is in tRe
of Gly241 and Gly243 and a water molecule. Both the configuration due to absence of the amide group in the true
backbone amide groups of Gly313 and Phe314, a waterSubstrate.
molecule, and K of GIn273 serve to position the-car- As indicated in Scheme 1, His353 carries a positive charge
boxylate group of the substrate into the active site. An in both the Michaelis complex and the tetrahedral intermedi-
additional hydrogen bond, not observed in the native enzyme, ates. It is assumed that the proton oft &f His353 is donated
occurs between Vof Ser269 and the carbonyl oxygen of to the leaving amide group in the first tetrahedral intermedi-
the glutamine side chain. Finally,’®f the substrate, the ate. Using the coordinates for the glutamgtsemialdehyde
carbon that would be subject to nucleophilic attack in the complex described here, it is possible to predict the position
native enzyme, lies at 2.8 A from’@f Ser269. of the amide leaving group in the true substrate and, indeed,
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Ficure 3: Electron densities corresponding to bound ligands in the small subunit active site. (a) The electron density shown corresponds
to the bound glutamine ligand in the C269S protein. The electron density map was contowezhdt@lculated with coefficients of the

form (F, — Fc), whereF, was the native structure factor amplitude dadwas the calculated structure factor amplitude. The glutamine
ligand was not included in the coordinate file employed for the phase calculations. (b) Electron density corresponding to the glutamate
y-semialdehyde is displayed. The map was contoured ain8@ calculated in the same manner as described in (a). Coordinates for both the
glutamatey-semialdehyde moiety and Cys269 were omitted from the phase calculations.

this group would be located within hydrogen bonding group is pointed directly toward the molecular tunnel
distance of K¢ of His353. Furthermore, the amide leaving connecting the active site of the small subunit to the first
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Ficure 4: Cartoon of hydrogen bonding patterns. Potential hydrogen bonds between the protein and the glutamine substrate, the glutamate

y-semialdehyde moiety, and the glutamyl-thioester intermediate (Protein Data Bank entry 1A9X) are indicated by the dashed lines in (a),
(b), and (c), respectively. Distances indicated are in Arigssr(A).
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Ficure 5: Superposition of ligands within the active site of the small subunit. The glutamine, glutarsat@ialdehyde moiety, and
glutamyl-thioester intermediate (Protein Data Bank entry 1A9X) are depicted in pink, light blue, and dark blue, respectively. Note the
change in hybridization of Cfrom tetrahedral (glutamate-semialdehyde) to trigonal (glutamyl-thioester).

Gln
Si face
H,0 @ /\r ° o
—_— ﬁ»
% Nl]s
His 353 Cys 269 His 353 Cys 269 His 353  Cys 269
Michaelis Complex Tetrahedral Intermediate 1 Glutamyl-Thioester Intermediate
Glu
His 353 Cys 269 His 353 Cys 269

Product Tetrahedral Intermediate 11

FIGUrRE 6: Stereochemistry of the reaction pathway for glutamine hydrolysis. The stereochemistry presented is based on the high-resolution
X-ray crystallographic structures of the C2698utamine, CPSglutamatey-semialdehyde, and H353Nylutamyl-thioester complexes.
Mg?TATP binding pocket of the large subunit. Other than intermediate. As expected, the geometry arouddCthe
the immediate changes in the small subunit, the Michaelis ligand approaches 3gybridization with bond angles of
complex and the tetrahedral intermediate models are virtually ~12C°. Both the glutamyl-thioester intermediate and the
identical such that all backbone atoms superimpose with aglutamatey-semialdehyde have similar conformations, the
root-mean-square deviation of 0.26 A. only significant difference being the change in hybridization
The Glutamyl-Thioester IntermediatEor this snapshot  about their respective Catoms. This change from %po
along the reaction pathway, the site-directed mutant H353N s hybridization results in the movement of ®y ap-
was prepared and crystallized in the presence of glutamineproximately 1.0 A. Other than this change, the models for
(11). Using this site-directed mutant protein, it was possible the glutamyl-thioester intermediate and the tetrahedral mimic
to trap the glutamyl-thioester intermediate in the active site superimpose with a root-mean-square deviation of 0.34 A
of the small subunit. As can be seen in Figure 4c, the for all backbone atoms.
hydrogen bonding pattern around the glutamyl thioester In both the Michaelis complex and the tetrahedral inter-
moiety is very similar to that observed for the tetrahedral mediate model, there is a water molecule lying within
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hydrogen bonding distance toNbf His353. This water is  molecular communications that occur upon glutamine hy-

also present in an identical location in the glutamyl-thioester drolysis, it will be necessary to crystallize CPS in the absence

intermediate structure even though His353 was replaced withof ligands such as ornithine and RWDP. This work is

an asparagine residue. Here, it lies within 2.5 A of Wf currently in progress.

Asn353 and 5.0 A of Cof the ligand. It can be speculated

that this is, indeed, the water molecule indicated in Scheme ACKNOWLEDGMENT
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