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Carbamoyl Phosphate Synthetase: Caught in the Act of Glutamine Hydfélysis
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ABSTRACT. Carbamoyl phosphate synthetase freatherichia colicatalyzes the production of carbamoyl
phosphate from two molecules of BIgATP, one molecule of bicarbonate, and one molecule of glutamine.
The enzyme consists of two polypeptide chains referred to as the large and small subunits. While the
large subunit provides the active sites responsible for the binding of nucleotides and other effector ligands,
the small subunit contains those amino acid residues that catalyze the hydrolysis of glutamine to glutamate
and ammonia. From both amino acid sequence analyses and structural studies it is now known that the
small subunit belongs to the class | amidotransferase family of enzymes. Numerous biochemical studies
have suggested that the reaction mechanism of the small subunit proceeds through the formation of the
glutamyl thioester intermediate and that both Cys 269 and His 353 are critical for catalysis. Here we
describe the X-ray crystallographic structure of carbamoyl phosphate synthetask.fawiiin which

His 353 has been replaced with an asparagine residue. Crystals employed in the investigation were grown
in the presence of glutamine, and the model has been refined to a crystallogrefplator of 19.1% for

all measured X-ray data from 30 to 1.8 A resolution. The active site of the small subunit clearly contains
a covalently bound thioester intermediate at Cys 269, and indeed, this investigation provides the first
direct structural observation of an enzyme intermediate in the amidotransferase family.

Carbamoyl phosphate synthetase fr&scherichia coli direct source of ammonia for the subsequent biosynthesis
hereafter referred to as CPS, catalyzes the formation of of nitrogen-containing intermediates. On the basis of primary
carbamoyl phosphate which is subsequently employed inamino acid sequence comparisons, two classes of glutamine
both arginine and pyrimidine biosynthesis in eukaryotes and amidotransferases have been identified thus far. The TrpG-
prokaryotes and in the urea cycle in most terrestrial type or class | family includes CPS, anthranilate synthase,
vertebrates. Quite remarkably, CPS produces carbamoylGMP synthetase, CTP synthetase, and aminodeoxychoris-
phosphate from two molecules of MIgATP, one molecule mate synthase, among others, while the PurF-type or class
of bicarbonate, and one molecule of glutamine. The mo- Il family contains enzymes such as glutamine 5-phosphori-
lecular architecture of the enzyme frdin coli, now known bosyl-1-pyrophosphate amidotransferase, glucosamine 6-phos-
to 2.1 A resolution 1, 2), is displayed in Figure 1. As can phate synthase, glutamate synthase, and asparagine synthetase
be seen, the enzyme consists of a large subunit responsibl€3). In CPS fromE. coli, the small subunit, encoded by the

for binding the two molecules of MgATP and a small carA gene, contains the amidotransferase domain of this
subunit perched at the top of this larger polypeptide enzyme 4, 5. As in the small subunit of CPS, the active
chain. sites of all glutamine amidotransferases contain a critical

As expected from its biochemical role, CPS is a member cysteine residue thought to initiate a nucleophilic attack at
of the glutamine amidotransferase class of enzymes. Thesdhe amide functional group of the glutamine substrates. In
proteins specifically function by employing glutamine as a CPS and GMP synthetase, for which high-resolution X-ray
structures are knownl( 2, 6, this active site nucleophile
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Small Subunit tunnel (). The present working model for the generation
‘L of this ammonia within the amidotransferase domain or small

akien aita s _"-.I subunit of CPS is illustrated in Scheme 112).
\“‘x T/w : As indicated, the carbonyl carbon of the glutamine side-

= \\ gy~ - ,.’:' chain carboxamide group is attacked by the thiolate anion
. e j'ul" of Cys 269, yielding a tetrahedral intermediate. The collapse
2"__.— WY e L of this intermediate is facilitated by protonation of the amino
AL 2 | s group by His 353, thereby forming a thioester intermediate
- HLJ; P —, and ammonia. The ammonia departs, after which the
= * thioester intermediate is hydrolyzed presumably by a water
A= :‘I‘i molecule that has been activated through its interaction with
% &’ - His 353. Experimental support for such a glutamyl thioester
! gl"" T intermediate in the reaction mechanism has been provided
i . M .-“"v,.;t'_l-.:" by the experiments of Lustyl@). In her biochemical
! i *a analyses she was able to acid precipitate an apparently
covalent complex between glutamine and CPS with the
5 native protein but not with protein in which Cys 269 had
— been changed to a serine residue.

'l Here we provide unambiguous molecular evidence for the
- existence of a thioester intermediate in the reaction pathway
| et of the CPS small subunit. The intermediate was trapped by
the cocrystallization of glutamine with a form of CPS in
73 W, ,.-" which His 353 had been converted, via site-directed mu-
o tagenesis, to an asparagine residue. The absence of the
imidazole moiety of His 353 significantly slowed the rate

: i ) of hydrolysis of the thioester species in the crystalline lattice
Ficure 1: Ribbon representation of the Cleg3-heterodimer. The . : : . .
small subunit, or amidotransferase component of CPS, is displayedSUCh that it Wfis possible to observe the. mtermedlate_ in the
in magenta. In the large subunit, the polypeptide chain regions €lectron density map. The results describe here provide the

defined by Met +Glu 403, Val 404-Ala 553, Asn 554-Asn 936, first structural evidence for such an intermediate in the
and Ser 937Lys 1073 are depicted in green, yellow, blue, and amidotransferase family.

red, respectively. The active site cysteine in the small subunit (Cys

269) and the two ADP molecules bound in the large subunit are

shown as ball-and-stick representations. The locations of the '[hreelvl'A‘TERIAI‘S AND METHODS

active sites are indicated by the arrows. Note that the active site in P - .
the small subunit is separated from the first active site in the large Purification and Crystallization Procedures.Protein

subunit by approximately 45 A and the two active sites of the large €Mployed in this investigation was purified as described
subunit are separated by approximately 35 A. This ribbon repre- elsewhere 12). Crystals were grown by batch at°€ as
sentation is based on the model of Thod&h ( previously reported with the addition of 2.5 mM Bgeénd

5 mM glutamine {, 14). These crystals were stabilized with
alignments have revealed the presence of two histidine a synthetic mother liquor containing 1.0 M tetraethylammo-
residues thought to play important roles in the proper nium chloride, 8% (w/v) poly(ethylene glycol) 8000, 150
functioning of Cys 269. Indeed, the replacement of His 353 mM KCI, 2.5 mM ornithine, 2.5 mM MnG| 5 mM ADP, 5
with an asparagine residue has demonstrated that the imiimMm glutamine, and 25 mM HEPPS (pH 7.4). Following
dazole ring of its side chain most likely serves to activate equilibration, the crystals were rapidly transferred to a
Cys 269 via general acid/base effects while substitution of cryoprotectant solution containing 1.4 tetraethylammonium
His 312 for asparagine increases tg for glutamine  chloride, 8% (w/v) poly(ethylene glycol) 8000, 250 mM KClI,
considerably, thus suggesting that this residue participates2,5 mM ornithine, 2.5 mM MnG| 5 mM ADP, 5 mM
in substrate bindingl@). In agreement with these biochemi-  glutamine, 7.5% (v/v) ethylene glycol, and 25 mM HEPPS
cal results, the recent three-dimensional structural investiga-(pH 7.4). They were then suspended in a thin film of the
tion of CPS has demonstrated that Nf His 353 is located  cryoprotectant solution in a loop of 2ém surgical thread.
at 4.0 A from $ of Cys 269 and that the carboxylate side The crystals were flash-cooled t6150 °C in a stream of
chain of Glu 355 is within hydrogen-bonding distance 8 N nitrogen gas. These crystals belonged to the space group
of His 353 (1, 2). Likewise, the high-resolution X-ray model  P2,2,2; with unit cell dimensions od= 152.1 A,b = 164.4
of CPS has shown that His 312 is located in a position A, and ¢ = 332.3 A and onea,-heterotetramer per
consistent with a role in substrate binding although in the asymmetric unit.

origina! X-ray analysis the active site was not occupied by X-ray Data Collection and ProcessingThe X-ray data
glutamine or any type of substrate analogue. employed for the least-squares model refinement described

In light of the remarkable finding from the first X-ray  here were collected at the Advanced Photon Source on the
investigation of CPS that the three active sites within the Industrial Macromolecular Crystallography Association (IM-
a,B-heterodimer are separated by nearly 100 A, it was CA-CAT) beamline 17-ID with a Bruker Mosaic CCD
postulated that the ammonia derived from the hydrolysis of detector. These data were collected with 0.88mes at a
glutamine in the small subunit must be transferred to the crystal-to-detector distance of 20 cm and the detector
first active site in the large subunit by some type of molecular operated in unbinned (1024 1024) mode with a  value

active site

Large Subumic
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Scheme 1

Cys 269 His 353 Cys 269 His 353

Cys 269 His 353

Cys 269 His 353

Table 1: Intensity Statistics

resolution range (A)

overall 30.6-3.6 2.86 2.50 2.27 2.11 1.98 1.88 1.80
no. of measurements 1676492 235090 245070 243030 228449 199064 180633 174371 170785
no. of independent reflections 700998 96723 93248 90417 86838 83239 80870 83775 85888
% completeness 92 929 97 95 92 87 86 88 91
avl/avo(l) 23.8 140 41.2 17.0 10.0 6.63 4.69 4.00 4.03
R-factor (%) 6.5 2.8 4.8 9.9 11.7 15.9 20.8 23.9 27.5

aR-factor= (3|l — I|/31) x 100.

of +20. A complete X-ray data set was collected from a refinement and rebuilding processes, the electron densities
single crystal via three» scans resulting in a total of 600 corresponding to the four,3-heterodimers in the asymmetric
frames. Each frame required an exposure time of 10 s. While unit were averaged according to the algorithm of Bricogne
the crystal displayed X-ray diffraction to a nominal resolution (18), and onex,3-heterodimer and approximately 700 solvent
of 1.6 A, the radiation damage was severe enough beyondmolecules were rebuilt into the averaged map. Following
1.8 A resolution to render these data unusable for subsequenthis rebuilding process, the entire tetramer was reconstructed
model refinement. from the averaged,-heterodimer and placed back into the
The frames were processed with SAINT2K (Bruker) and unit cell. Additional cycles of least-squares refinement
scaled with XCALIBRE (written by Drs. Gary Wesenberg decreased th&-factor to 21.5%. At this point the entire
and Ivan Rayment). From the 600 frames, 1676 492 tetrameric model was adjusted in the asymmetric unit and
reflections were integrated which reduced to 700 998 unique additional solvent molecules were added. After 10 more
reflections after scaling. Relevant X-ray data collection cycles of refinement, the R-factor was reduced to 19.1% for
statistics can be found in Table 1. all X-ray data between 30.0 and 1.8 A and with root-mean-
Due to the large changes in the unit cell parameters uponsquare deviations from “ideal” geometry of 0.014 A for bond
flash-cooling, the structure reported here was necessarilylengths, 2.5 for bond angles, and 0.10 A for groups of atoms
“resolved” by molecular replacemerits) with the software expected to be coplanar. The final model includes 8 ADP
package AMORE16) and employing as a search model the molecules, 12 manganese ions, 4 ornithines, 15 inorganic
complete tetrameric form of CPS previously determined at phosphates, 32 potassium ions, 28 chloride ions, 4528 water
2.1 A resolution 2). Following rigid-body refinement, the  molecules, and 4 tetraethylammonium ions. The following
model was subjected to least-squares analysis at 1.8 Aside chains were modeled as multiple conformations: Arg
resolution with the software package TNI7{. After 15 490, Asp 518, Asn 554, Met 772, GIn 821, Leu 947, Glu
cycles of refinement, thB-factor decreased from 38.9% to 1009, and Ser 1674 in,3-heterodimer |, Arg 514, Arg 811,
31.8%. With over 5800 amino acid residues in the asym- Glu 876, Lys 966, Arg 1004, Asn 1007, and Glu 1009 in
metric unit, the goal of the model building process was to o,3-heterodimer Il, Asp 758, Glu 1009, Asn 1606, Glu 1645,
lower theR-factor as much as possible using an “averaged” and Met 1786 ina,3-heterodimer Ill, and Asp 6 im,3—
o,-heterodimer before finally rebuilding the entire tetramer heterodimer 1IV. As shown in Figure 2, the only residues
in the asymmetric unit. Consequently, to expedite the adopting dihedral angles well outside of the allowed regions
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180 L 1 subunit ofa,5-heterodimer I. For the sake of simplicity the
. following discussion will refer only to heterodimer | unless
otherwise indicated. As can be seen, the electron density
B map is unambiguous and quite surprisingly demonstrates that
the glutamyl thioester intermediate, rather than glutamine,
is observed. This type of intermediate entrapment is not
. common but, indeed, has been reported, for example, in the
X-ray crystallographic study of porcine pancreatic elastase
: (19) and in the recently described structural analysis of
-90 F > ¢ « Cys 269 adenylosuccinate synthetase fraé coli (20). To our
°s knowledge, however, the model reported here represents the
= Ala 356 first structural evidence for a glutamyl thioester intermediate
-180 |- weeei oo | | , in the amidotransferase family of proteins. The electron
180 -90 0 %0 180 densities corresponding to the other three copies of the
© glutamyl thioester intermediate in the asymmetric unit are

_ _ _ . of quality equal to that shown in Figure 3 fajs-heterodimer
FiGure 2: Ramachandran plot of all non-glycinyl main-chain | = Ag 5 noint of comparison, the average temperature factors
dihedral angles. Fully alloweg,y values are enclosed by solid - . 2 -
lines; those partially allowed are enclosed by dashed lines. for'the four glutamyl intermediate moieties in f[he asymmetric
unit are 32.5, 27.5, 26.9, and 31.5, Aespectively.

which are located in the active site of the small subunit. presented in Figure 4a. As expected, the binding pocket is
fairly hydrophilic with a number of ordered water molecules
RESULTS AND DISCUSSION surrounding the glutamyl thioester intermediate. From a
The original goal in the crystallization of the site-directed previous study it was suggested that His 312 plays a role in
mutant protein described here (namely, H353N) was to substrate binding since replacement of this amino acid residue
explore the mode of binding of glutamine in the CPS small with an asparagine increased g for glutamine from 105
subunit active site pocket. Indeed, from previous biochemi- uM to 20 mM in the full biosynthetic CPS reactioi3).
cal studies it was known that the replacement of this histidine Indeed, His 312 participates in the formation of the active
with an asparagine residue resulted in a form of CPS unablesite, but quite unexpectedly its side-chain imidazole group
to utilize glutamine as a substrate?). Strikingly, however, points away from the binding pocket. In addition, there are
the H353N mutant was still shown to bind glutamine as no direct electrostatic interactions between the glutamyl
judged by the observation that the addition of this amino thioester intermediate and His 312. The manner in which
acid caused an enhancement of the bicarbonate-dependerihe replacement of this histidine with an asparagine so
ATPase reaction catalyzed by the large subunit of CPS. dramatically affects th&, of the small subunit for glutamine
Shown in Figure 3 is a portion of the electron density map can only be addressed by additional structural analyses which
corresponding to Glu 355, His 353, and Cys 269 in the small are presently underway.

E

Glutamyl Moiety Glutamyl Moiety

Ficure 3: Electron density corresponding to the observed glutamyl thioester intermediate formed at Cys 269. The electron densities for
Asn 353 and Glu 355 are also displayed. The map was contoured atdl.calculated with coefficients of the formH2— F).
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FiGURE 4: Close-up view of the small subunit active site. (a) The region of the polypeptide chain, within approximately 4.0 A of the
glutamyl thioester intermediate, is shown. Ordered water molecules are indicated by the red spheres. (b) A cartoon diagramming potential
electrostatic interactions between the intermediate and the protein is given.

The reaction mechanism of the small subunit of CPS, and gen of Gly 241 serve both to position the carbonyl carbon
presumably that of other members of the class | amidotrans-of the glutamine carboxamide group for nucleophilic attack
ferase family, is thought to proceed via a tetrahedral inter- by the thiolate of Cys 269 and to stabilize the developing
mediate as indicated in Scheme 1. From the cartoon of theoxyanion. In addition to these above-mentioned interactions,
hydrogen-bonding interactions between the glutamyl thioesterthere are also numerous backbone carbonyl groups and amide
intermediate and the protein given in Figure 4b, it can be hydrogens that serve to position the glutamyl thioester
speculated that Qof Ser 47 and the backbone amide hydro- intermediate within the small subunit active site as indicated
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Ficure 5: Orientation of the putative catalytic triad in the small subunit of CPS. Shown in stereo are the relative positions of Glu 355, Asn
353 (which in the native protein is a histidine residue), and Cys 269. Ordered water molecules are indicated by the red spheres. The overall
role of Glu 355 in the catalytic mechanism is still unknown.

in Figure 4b. Besides Ser 47, the only other specific side- study on the glutaminase subunit wfminobenzoate syn-
chain group interacting with the glutamyl thioester interme- thetase has shown that replacement of the active site cysteine
diate is that of GIn 273. The average bond distance betweenor histidine residue results in significant losses of enzymatic
S of Cys 269 and €of the glutamyl moiety for the four  activity (21). On the other hand, when the glutamate of the
molecules in the asymmetric unit is 1.71 A. During the putative catalytic triad was replaced with an alanine or
course of the least-squares refinement, this bond distanceaspartate, very little activity was lost, indeed, calling into
was restrained to 1.75 A. A search of the Cambridge Datathe question the need for proton transfer between the
Base reveals that the typical carbesulfur bond distances  glutamate and histidine moieties in the amidotransferases.
in such thioesters range from 1.74 to 1.78 A. Regardless of the role of Glu 355, perhaps the simplest
One immediate question concerns the manner in which explanation of the results presented here is that the small
the glutamyl thioester intermediate in this site-directed mutant degree of ionization of Cys 269 was sufficient to permit
protein is stable to hydrolysis. Certainly, the initial kinetic attack as the thiolate on the carboxamide side-chain group
analyses of this H353N site-directed mutant protein did not of the glutamine bound in the active site to form the
indicate the formation of such an intermediat&)( Rather, covalently bound intermediate. For the subsequent hydroly-
all the biochemical data indicated that the glutaminase sis step to occur, however, a water molecule has to be
activity in this mutant enzyme was lost but the affinity of activated, via some type of protein interaction, to carry out
the small subunit for glutamine was not reduced since the a nucleophilic attack at the carbonyl carbon of the thioester
activation constant for glutamine in the ATPase reaction (54 intermediate. By replacing His 353 with an asparagine, the
uM) was smaller than the Michaelis constant for glutamine activation of the hydrolytic water molecule would be
(Km = 105 um) with the wild-type enzyme1Q). The significantly decreased. Since the thioester intermediate is
arrangement of the catalytic residues in the CPS small subunitformed with such high occupancy in the crystals of the
is shown in Figure 5, and as can be seen, Glu 355, H353N,H353N mutant, it appears that the rate of hydrolysis of this
and Cys 269 are in the proper orientation for the formation intermediate has been diminished to a greater extent than
of a “catalytic triad”, as suggested to occur in GMP the rate of its formation. In addition, the X-ray data were
synthetasef]). There is some discussion regarding the role collected at—150 °C, which would further reduce the
of Glu 355, however. Whether there is any proton transfer catalytic rate of the enzyme.
between Glu 355 and His 353 in the native CPS molecule A second important question that can be asked regards
or rather whether the role of the glutamate is simply in the the structural changes that occur in both the large and small
proper positioning of the imidazole side chain of the histidine subunits of CPS upon formation of the glutamyl thioester
is still open to question. Indeed, a site-directed mutagenesisintermediate. In fact, the structural changes are minimal such
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that theo-carbons for the model reported here and those for 3.
the original CPS model superimpose with a root-mean-square
deviation of 0.42 A. As a further indication of the similarity 4.
between the two models, it should be noted that all backbone
atoms for the small subunits with and without the bound
intermediate superimpose with a root-mean-square deviation
of 0.26 A. Clearly, the lack of structural change between g
the two forms of CPS is in keeping with the fact that the
buried surface area between the large and small subunits is 7.
over 2100 & with at least 35 specific hydrogen bonds
between protein atoms from the two polypeptide cha)s (

In summary, the reaction mechanism for glutamine hy-
drolysis by the small subunit of CPS includes the binding
of the substrate, the formation of a tetrahedral intermediate g
which collapses to form a covalently bound glutamyl
thioester intermediate, hydrolysis of this intermediate by an 10.
activated water molecule, and, finally, release of the product.
Here we present the third species in this pathway, namely, 11.
the covalently bound intermediate. To more fully address
the molecular changes that occur during catalysis, it will be
necessary to solve the three-dimensional structure of the
small subunit complexed with glutamine and with a tetra-
hedral mimic. This work is presently underway.
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