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Abstract

Cytidine triphosphate synthetases (CTPSs) produce CTP from UTP and glutamine, and regulate
intracellular CTP levels through interactions with the four ribonucleotide triphosphates. We solved
the 2.3-A resolution crystal structure of Escherichia coli CTPS using Hg-MAD phasing. The
structure reveals a nearly symmetric 222 tetramer, in which each bifunctional monomer contains a
dethiobiotin synthetase-like amidoligase N-terminal domain and a Type 1 glutamine
amidotransferase C-terminal domain. For each amidoligase active site, essential ATP- and UTP-
binding surfaces are contributed by three monomers, suggesting that activity requires tetramer
formation, and that a nucleotide-dependent dimer—tetramer equilibrium contributes to the observed
positive cooperativity. A gated channel that spans 25 A between the glutamine hydrolysis and
amidoligase active sites provides a path for ammonia diffusion. The channel is accessible to solvent
at the base of a cleft adjoining the glutamine hydrolysis active site, providing an entry point for
exogenous ammonia. Guanine nucleotide binding sites of structurally related GTPases superimpose
on this cleft, providing insights into allosteric regulation by GTP. Mutations that confer nucleoside
drug resistance and release CTP inhibition map to a pocket that neighbors the UTP-binding site and
can accommodate a pyrimidine ring. Its location suggests that competitive feedback inhibition is
affected via a distinct product/drug binding site that overlaps the substrate triphosphate binding site.
Overall, the E. coli structure provides a framework for homology modeling of other CTPSs and
structure-based design of anti-CTPS therapeutics.
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Cytidine triphosphate synthetases (CTPSs,1 E. C. 6.4.3.2, uridine triphosphate ammonia
lyases, 525-630 amino acid residues) are essential ubiquitous enzymes that catalyze the rate-
limiting step of de novo CTP biosynthesis (1,2). Genes pyrG (bacteria), ctrA (some gram
positive bacteria), URA7 and URAS8 (Saccharomyces cerevisiae), and CTPS1 and CTPS2
(human) encode CTP synthetase enzymes, with most eukaryotes expressing two isoforms.
CTPSs not only provide a key precursor for synthesis of DNA, RNA, and phospholipid (3,4),
they also control the intracellular CTP concentrations that limit these processes (5-9).

CTP is derived from UTP in three reaction steps catalyzed by CTPSs (Figure 1a). In one active
site, the UTP O4 oxygen is activated by Mg-ATP-dependent phosphorylation, followed by
displacement of the resulting 4-phosphate moiety by ammonia (10, 11). In a separate site,
ammonia is generated via rate-limiting glutamine hydrolysis (glutaminase) activity (12). CTPS
activity was first reported in 1955 by Liebermann, who established the requirements for UTP,
ATP, GTP, and glutamine in Escherichia coli extracts (1). Chakraborty and Hulbert
demonstrated that ammonia could be utilized directly in vitro (13). The E. coli enzyme,
EcCTPS (545 residues, M, ~ 60 kDa), was subsequently purified by Long and Pardee (14),
who quantified the apparent allosteric behavior induced by substrates, inhibition by CTP, and
allosteric activation by GTP. The glutamine hydrolysis reaction, substrate-dependent
oligomerization, and the kinetic effects of GTP were studied by Long, Levitzki, and Koshland
(12, 15-18). Pyrimidine nucleotide substrate specificity was investigated by Scheit and Linke
(19). The role of ATP in UTP activation was established by Villafranca, Anderson, and co-
workers (10, 11). Anderson and co-workers improved the purification and further characterized
the oligomerization response to substrates (20, 21). CTPS activity is sensitive to the levels of
each ribonucleotide. At subsaturating ATP or UTP, with ECCTPS Ky, values of 150 and 200
1M, respectively (14), activity exhibits positive cooperativity (14, 17, 20, 22). GTP binding,
with a Kp value of 80 uM (19), stimulates glutaminase activity by 45-fold in kezt/Knm (18),
primarily through increased transition state stabilization (23). The product CTP provides
negative feedback by competing with UTP (6, 9, 14, 24) with a K; value of 110 uM (14). These
properties are conserved, and mammalian (6, 13, 25, 26) and yeast enzymes (22, 24) behave
similarly to ECCTPS. In S. cerevisiae, regulatory phosphorylation further modulates URA7
activity (7, 27, 28).

The requirement for de novo CTP makes CTPS activity key to the viability of a number of
cancers (29-31), viruses (32—34), pathogenic bacteria (35,36), and protozoan parasites (37—
39). As a result, CTPSs are both the targets for therapeutics and responsible for resistance to
them by selected mutations. CTPS inhibitors are promising treatments for leukemias and
neuroblastomas, which exhibit elevated intracellular CTP levels (31,40-42). Pyrimidine drugs
cyclopentenyl cytosine (CPEC (43-45)) and 3-deazauridine (46), and the glutamine analogue
acivicin (47), inhibit CTPS and reduce CTP levels, thereby slowing or arresting proliferation
of tumor cells, sometimes inducing their differentiation (48). Further, CPEC and 3-
deazauridine deplete intracellular CTP pools and increase cytosine arabinoside uptake in
neuroblastoma (49), leukemia (50), and HIV-infected (51,52) cells, suggesting that CTPS
inhibitors are potentially useful in combination drug therapy. Conversely, cancers have become
resistant to anti-CTPS drugs (53-55), and resistance mutations typically cause loss of CTP
inhibition (56,57). Similar CTPS mutations also mediate cancer resistance to cytosine
arabinoside and 5-fluorouracil, drugs that do not target this enzyme, by dramatically increasing

LAbbreviations: CTPS, cytidine triphosphate synthetase; ECCTPS, Escherichia coli cytidine triphosphate synthetase; CPEC,
cyclopentenyl cytosine; MAD, multiwavelength anomalous dispersion; TCEP, tricarboxyethyl-phosphine; MPD, 2,4-2-
methylpentanediol; DTBS, E. coli dethiobiotin synthetase (BioD) enzyme; CPS, E. coli carbamoyl phosphate synthetase enzyme, CarA
subunit; 10 GSA, glutamyl y-semialdehyde; DAPA, diaminoperlargonic acid; rmsd, root-mean-squared difference in position between
atom sets, in angstrom units; ALase, amidoligase reaction, formation of a carbon—-nitrogen bond by displacement of a phosphorylated
oxygen; GATase, glutamine amidotransferase, refers to the conserved glutamine hydrolysis domain that provides ammonia for a number
of diverse reactions.
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intracellular CTP concentrations (57,58). These observations suggest that CTPSs are master
regulators of CTP levels and that resistance-evading anti-CTPS drugs could be effective
therapeutics.

In addition to cancers, Trypanosoma brucei, the infectious agent in African sleeping sickness,
is dependent on its own CTPS, and its viability in vitro was reduced by acivicin (37). The
malarial parasite Plasmodium falciparum (38), intestinal parasite Giardia intestinalis (39),
intracellular bacterial pathogen Chlamydia trachomatis (36), and hemorrhagic fever viruses
(32) are also potentially treatable by anti-CTPS therapies. The relevance to human diseases
make CTPSs attractive targets for structure-based drug discovery. CTPS amino acid sequences
are typically 35-40% conserved between species and isoforms, down to ~20% identity between
distant orthologs (59). Given this level of conservation, a representative structure should
provide a reasonable framework for modeling other CTPSs, while sufficient structural diversity
exists to allow for species- or isoform-specific drug targeting.

To address functional questions and to provide a starting point for ligand design and homology
modeling, we solved the apo-EcCTPS structure to 2.3-A resolution using Hg-MAD methods.
Bioinformatic analysis indicated the key ligand binding surfaces and provided suggestions for
how each of the four nucleotides regulates enzyme activity.

EXPERIMENTAL PROCEDURES

Crystallization and Data Collection

Highly purified ECCTPS was obtained using a previously published procedure (31), except
that cell pellets were derived from an ECCTPS-overproducing strain (60), and the second
hydrophobic interaction step employed a buffer of 20 mM potassium phosphate, pH 7.7, 1 mM
EDTA, 2 mM glutamine, 0.7 mM GTP, 2 mM ATP, 2 mM UTP, and 10 mM MgCl..
Ammonium sulfate pellets were dialyzed against 2 mM TCEP, 20 mM Tris-HCI, pH 8.5, and
then concentrated to 15 mg/mL using a Centricon 10 concentrator. ECCTPS crystallized using
vapor diffusion methods from molar concentrations of ammonium sulfate, ammonium
phosphate, and sodium citrate over a pH range of 6-8.5. Orthorhombic crystals, 1 x 0.7 x 0.4
mm in size, appeared within 1-2 weeks. They diffract anisotropically and belong to space group
P21212 with cell dimensions a ~ 165 A, b ~ 105-108 A, and ¢ ~ 130 A, which suggests two
or three ECCTPS 60 kDa monomers per asymmetric unit (Vjy = 4.7 vs 3.1 A3/Da).

For MAD phasing, Hg-CTPS cocrystals were grown at 4 °C from drops containing 3 xL of 15
mg/mL CTPS in 2 mM TCEP, 20 mM Tris-Cl, pH 8.5, mixed with 3 uL of 1.26 M
(NH4)2SQ0y4, 5 MM MgCl,, 1 mM HgCls,, and inverted over a reservoir of 1.26 M
(NH4)>SO4 and 5 mM MgCl,. For cryocooling, crystals were equilibrated to ~20% (v/v) MPD
within 45 s by adding 100% MPD directly to the drop, mounted on a cryoloop, dried of excess
mother liquor, and flash-cooled in liquid nitrogen. MAD data were collected at 100 K at SSRL
beamline 9-2 (Hg-MAD data set, see Table 1). A second data set to 2.6-A resolution was
collected at the peak wavelength with longer exposure times (Native-Hg data set). Prior to
synchrotron data collection, a highly redundant 3.2-A resolution home-source data set was
collected from this crystal using Cu—Ko. radiation (Home-Hg data set).

A higher quality 2.3-A resolution data set was obtained from another crystal grown by vapor
diffusion at 4 °C from drops containing 3 xL of 15 mg/mL CTPS in 1 mM TCEP, 20 mM Tris-
Cl, pH 8.5 mixed with 3 uL of 1.26 M (NHy)2-SO4, 2 MM UTP, 7 mM MgCl,, 120 mM Tris-
Cl, pH 8.5 (Native-1). Crystals were briefly soaked in well solution containing ~0.5 M sodium
iodide before cryocooling, as described above.

Biochemistry. Author manuscript; available in PMC 2010 June 24.
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Structure Solution

Data reduction and phasing were performed with the assistance of the ELVES package (61).
Data were integrated with MOSFLM, and scaled using SCALA (62). Heavy atom sites were
located using SHELX at 3.5-A resolution (63). Inclusion of higher resolution data did not lead
to self-consistent solutions, which we attribute to photodetachment of mercury during data
collection (data not shown). Initial phases were calculated from MLPHARE refinement (62)
of Hg-MAD data at 3-A resolution, resulting in a figure of merit of 0.31. After solvent flattening
with DM (62) was performed, the low-quality electron density map was used to generate a
rough backbone trace for one monomer through model building assisted by the O program
(64).

Comparisons to homologous structures of E. coli BioD, or dethiobiotin synthetase (DTBS
PDB# 1BS1, (65)) and the CarA subunit of E. coli carbamoyl phosphate synthetase (CPS,
PDB# 1CS0, (66)) resolved ambiguities of chain direction and connectivity. Molecular
replacement with EPMR (67) defined the noncrystallographic symmetry. Twofold averaging,
solvent flattening, and phase extension using DM generated the high-quality 2.6-A resolution
map used to trace more than 95% of the structure. Refinement was performed with TNT (68)
using geometric (69) and B-factor (70) restraints with isotropic temperature scaling. Five
percent of the available data were used for the free R calculation (71). The final 5-2.6 A
resolution model had an R-factor of 19% and an R-free of 27%.

The 2.6-A resolution model was refined against the 2.3-A Native-1 data set with TNT release
5F. Anisotropic temperature factor scaling greatly improved map quality and refinement
behavior. At no time during refinement were NCS restraints employed. There was no visible
electron density for bound UTP, nor for residues 423-437 within loop L13 and C-terminal
residue 545 from chain A, and 429-437 from chain B, which are omitted from the model.
Solvent molecules were added and deleted by manual inspection. Strong difference features
were observed that resembled sulfate, iodide ion, or MPD. The identity of the sulfates is
supported by the coincidence of the sulfur locations and peaks in 3.2-A resolution F* — F~
difference maps calculated from the Home-Hg data set and phased with the 2.6-A resolution
model. lodide positions were indicated by strong anomalous difference peaks calculated using
the Native-I set and the refined 2.3-A resolution model phases. The iodide occupancies were
refined separately, and varied between 0.4 and 1. A strong feature in each active site was
modeled as a magnesium ion because it is coordinated by four negative charges, Asp72,2
Aspl40, and sulfates 602 and 603, and occupies the same position as a magnesium ion in the
DTBS structures. A persistent feature, ~ +5 sigma, near the amide of Arg468 in both subunits,
corresponds to the position of a water molecule proposed to resolve the acyl-enzyme
intermediate in CPS (66). However, multiple attempts to place a water molecule in this location
resulted in a B-factor greater than 100 A2 and 2F, — F density that is inconsistent with a water
molecule.

The final model contains residues 1-427 and 438-544 for chain A and residues 1-428 and
438-545 for chain B, two magnesium ions, four sulfate molecules, 16 iodides, two MPD
molecules, and 532 water molecules. Ninety-nine percent of the residues are in the allowed
Ramachandran regions, and those with “disallowed” angles had unambiguous electron density
to define their conformations. For the 8390 nonsolvent atoms of the model, 608 have B-factors
of 100 A2, while 89 out of 532 solvent molecules have B-factors between 80 and 90 A2, These
atoms were included because persistent difference features greater than +3 sigma and 2F, —
F¢ density greater than 0.7 sigma after omission and refinement defined their positions. Model

2Specific protein residues are referred to by their three-letter residue type and residue number.
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coordinates and structure factors for the 2.3 A data set were deposited in the Protein Data Bank
under the accession number 1S1M.

Figures and Model Calculations

Models used for figure generation were the ECCTPS model, the structure of CPS in complex
with the covalent transition-state analogue glutamyl y-semialdehyde (GSA) (PDB# 1CS0,
(66)), the structure of DTBS in a pseudotransition state complex with ADP, magnesium ion,
carboxylated diaminoperlargonic acid (DAPA), and AlF3 (PDB# 1BS1, (65)), or the elongation
factor G-GDP complex (PDB# 1DAR, (72)). Overall superpositions were obtained from the
DALI website (73). Various comparisons and other superpositions were aided by EDPDB
(74). All figures depict the A chain, which is essentially identical to the B chain in the regions
shown. Solvent molecules, where shown, are those present in both subunits. Figures were
generated with MOLSCRIPT (75) and rendered with RASTER3D (76). The surface points in
Figure 6b were calculated using GRASP (77), with a 1.2-A probe.

The ligand positions in the various figures were generated as follows. The glutamine substrate
position was taken directly from the superposition of the CPS 1CS0 model without adjustment.
A number of CPS-ligand active site structures (66) were very similar except directly adjacent
to the substrate d-carbon. The ADP, magnesium ion, and AlF3 positions were generated from
the superposition of the 1BS1 model using the equivalent main chain positions of Gly17, Lys18,
Gly19, Asp70, Glu140, Gly143 from EcCTPS. The exception is Figure 3a in which the DALI
transformation was used. UTP was manually docked into the ECCTPS using the following
constraints: (i) the UTP O4 atom was placed near the carboxy-DAPA carboxylate oxygen that
formed the Lewis acid—base complex with AlF3 in 1BS1, (ii) the y-phosphate was placed in
the anion-binding site formed by B subunit residues 187-189, using the sulfate ion positions
from the 2.6-A resolution structure as a guide, (iii) the UTP torsion angles were manually
adjusted to approximate a good steric and electrostatic fit while minimizing torsional strain.
Steric constraints suggested an end-on placement for the uracil ring. The fact that 5-BrUTP,
but not 5-methyl-UTP, is an inhibitor made it difficult to resolve which edge faces into the
active site (19). We chose the orientation with O2 faced into the cleft for recognition by protein
groups.

We chose the CTP ring position based on the locations of mutations that release CTP inhibition
((56,57), see Figure 8c Legend for details), which line a deep ovular pocket that faces away
from the UTP site. CTP was docked without steric clash into this cleft with N4 close to Glu155.

The GTP positioning was derived from the GDP ligand in 1DAR after superposition on
EcCTPS. Initially, the GDP overlapped residues that form the entrance to the vestibule. After
the y-phosphate was added, a linear 3-A translation away from the protein interior and into the
cleft was applied, followed by an approximate 40° rotation and minor torsional adjustments to
minimize steric clash and to position the phosphates for interaction with Lys297 and residues
354-356.

RESULTS

Crystal Packing, Oligomeric Structure, and Domain Folds

The apo-ECTPS structure was traced from a 2.6-A resolution density map generated by Hg-
MAD phasing and density modification. It was refined against 2.3-A resolution data obtained
from iodide-soaked crystals, to yield the final model discussed here (PDB# 1S1M, see
Experimental Procedures and Table 1). In these crystals, ECCTPS forms a dimer of dimers with
near 222 symmetry (Figure 2b). The high protein concentrations likely promoted tetramer
formation in the absence of bound substrates (20,21). The tetramer is generated from the
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noncrystallographic AB dimer by the 2-fold crystallographic rotation about the ¢ axis. The
approximate 2-fold axis that relates the A monomer to B (178° rotation) and the near-perfect
2-fold axis relating A and B3 are nearly parallel to the 2, screw axes of the crystal. The A and
B monomers differ mainly by a 1.7° hinging motion of the N- and C-terminal domains that
reduces the width of the putative CTP synthesis active site cleft by ~1 A. After accounting for
the hinge, the main chain root-mean squared deviations (rmsd) after superposition are 0.4 and
0.6 A for the N- and C-terminal domains, respectively.

Each EcCTPS monomer contacts the others, primarily via the N-terminal domain (Figure 2c).
The most extensive contact occurs between the crystallographic dimers (A-A’ and B-B’
interfaces), which buries ~1300 A2 of solvent-accessible-surface per monomer, about 60% of
which is nonpolar. Symmetry contacts between the helix—loop-helix extension formed by
residues 93-130 (the interdimer contact loop, Figure 2d), account for half of the buried
hydrophobic surface. This interface is much larger than the other subunit interfaces (A-B
interface, ~800 A2, 60% nonpolar; A-B’ interface, ~320 A2, 75% nonpolar). On the basis of
this comparison, A-A’ and B—B' pairs comprise the tightly associated soluble dimers (20,
78), while substrate-induced tetramer formation occurs via the A-B and A’-B' interfaces.

The EcCTPS monomer consists of three distinct segments. The N-terminal amidoligase
(ALase) domain, residues 1-266 (Figure 2d), is similar to the structure of BioD, the E. coli
dethiobiotin synthetase (DTBS, PDB# 1BY]1 (79), 3.2 A rmsd for 194 equivalent Ca atoms,
Figure 3a). This domain mediates oligomerization and contains the ALase active site where
ATP and UTP substrates bind. An interrupted helical segment (the interdomain linker, residues
267-286) connects the ALase domain to the Type | glutamine amidotransferase (GATase)
domain, residues 287-544 (Figure 2d), which generates ammonia via glutamine hydrolysis.
This domain is similar to other GATase structures, most notably the carbamoyl phosphate
synthetase CarA subunit (CPS, PDB# 1C30 (66), 2.0 A rmsd for 175 equivalent Ca atoms,
Figure 3b). The ALase domain, interdomain linker, and GATase domain share an extensive
interface of hydrophobic residues and buried hydrogen-bonded networks. This two-domain
arrangement is analogous to that suggested by the sequences of the ChiA/CobQ family of
phosphotrans-acetylases (80).

The ALase and GATase domains both contain Rossmann folds and structurally resemble each
other, with 111 structurally similar residues that superimpose with an rmsd of 4.1 A. This
structural homology was underscored by DALI search results, which identified a similar
overlapping group of nucleotide binding proteins, particularly NarL, MinD, SRP, ArsA, and
elongation factors. These related proteins belong to the GTPase/ATPase superfamily based on
three conserved sequence blocks (81) (Figure 4).

From comparisons of 43 sequences within the CTPS cluster of orthologous groups, COG0504
(59), CTPSs share 105 highly conserved residues, present in 41 out of 43 representative
sequences, and 169 conserved residues, present in 34 out of 43 sequences (Figures 2c and 4).
The majority of conserved residues, 108 out of 169, contribute to fold stabilization or
quaternary interactions. Of the remaining conserved residues, based on structural comparisons
detailed below, 45 are apparently involved in ligand recognition, and 12 are involved in
catalysis. The function of four conserved residues could not be ascertained because they were
disordered or were exposed to solvent away from apparent active surfaces.

3Symmetry chains are denoted by a “ "” mark, for example, the symmetry mate of chain B is “B"".
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Surface Features

Concave surfaces are abundant in the ECCTPS tetramer, suggesting potential ligand-binding
sites. The most prominent feature is a large trench, 35 A long x 8-10 A wide x 15-20 A deep,
created by the interface between the A, B, and A’ subunits (Figure 5a). This trench contains
the highest concentration of conserved residues and harbors three anion-binding sites and an
MPD-binding site. On the basis of homology comparisons, we propose this cleft to be the

Al ase active site (see below) that binds ATP, UTP, and CTP (Figure 5a,c). Each of the four
AlLase sites are connected via a set of indentations and channels. A 30 A long x 20 A deep
canyon, lined by interfaces of diagonally related subunits (e.g., A—B and A-B’, Figure 2b),
connects the ALase “UTP/CTP subsites” (Figure 5a) of the complimentary subunit pair. A
channel exits each CTP subsite and converges in a large central cavity containing the tetramer
center-of-mass (not shown). A crevice created at the A-B noncrystallographic symmetry
interface by the 178-186 loops connects the “ATP subsites” (Figure 5b).

The glutaminase active site is indicated by the characteristic GATase Cys—His—Glu catalytic
triad (82) (Figures 3b and 6a). Nearby, a cleft with dimensions 15 x 10 x 12 A is juxtaposed
between the GATase and ALase domains near the A—A’ dimer interface. We suggest this is
the GTP activator binding site (Figure 5a and 7b).

Structure of the GATase Domain

The CTPS GATase domain sequences contain two conserved residue blocks, residues 374—
383 and 513-529 (Figure 4), that are shared with other Type 1 GATase domains and participate
in catalysis and substrate binding (Figure 6a). Other blocks, unique to CTPSs, may be involved
in GTP activation and coupling GATase and ALase activities (18). In particular, conserved
blocks 295-298, 350-360, 436—442, and 464-470 are located near the entrance to the
glutaminase site. Two insertions, relative to other Type 1 GATase proteins, form a mobile
loosely packed subdomain, with an average B-factor 18 A2 higher than the conserved portion
(Figure 3b). These insertions vary in length and composition in different CTPSs. In ECCTPS,
insertion 1 (residues 390-411, Figure 4) extends the C-terminus of a14 by one turn and contains
conserved Glu403, Arg391, Ala399, and Pro411 residues. Insertion 2 (residues 418-437,
Figures 3b and 4) contains the only undefined region of the ECCTPS structure, residues 428—
437, and is followed by conserved residue block 436-442. CTPS is proteolyzed by trypsin at
Arg429 and Lys432, indicating that this region is solvent-accessible and unconstrained (83).

We superimposed the ECCTPS GATase domain on CPS, using residues 191-380 from the
1CSO0 structure (Figure 3b), and inferred residue functions from comparisons with liganded
CPS structures determined by Holden and coworkers (66) (Figure 6a). Accordingly, the triad
of Cys379, His515, and Glu517 (EcCTPS numbering) generates ammonia through formation
of a labile acyl-enzyme intermediate (82). The tetrahedral transition state is stabilized by
interactions with the main chain amides of residues Gly 352 and Leu380, forming the
“oxyanion hole”. Perturbing this region by Gly351 and Gly352 substitution greatly decreased
EcCTPS activity (60).

In the empty EcCTPS GATase site, important glutamine-binding and catalytic residues are
positioned differently from those in the liganded and apo-CPS structures (66) (Figure 6a).
Relative to the nucleophile and oxyanion hole in the CPS—-GSA complex, the main chain atoms
of residues 513-517 are shifted 0.8 A rmsd. This shift displaces the key GIn513, His515, and
Glu517 side chains by 1.0, 0.8, and 1.5 A, respectively, away from Cys379. In addition, the
proposed attacking water in 1CSO0 (66), which would be hydrogen bonded to the Arg468 amide,
GIn513 carbonyl oxygen, and His515 side chain, is not well-defined (See Experimental
Procedures). ECCTPS recognition of the glutamine substrate a-amino acid moiety also differs
from that of other GATases. In CPS, imidazole glycerol phosphate synthetase, and GMP
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synthetase, hydrogen bonds from the Arg470 and Tyr471 main chain and the GIn383 side chain
amides are positioned to recognize the glutamine carboxylate (Figure 6a). Residues equivalent
to ECCTPS 351-356 further sequester the substrate by forming a “lid” over the glutaminase
site (the “L11 lid”), with main chain carbonyl atoms of residues 352 and 354 providing
hydrogen-bond acceptors for the substrate a-amino group. In ECCTPS, residues 353-357 are
shifted away, primarily via backbone rotations at Phe353 and Val358, opening one end of the
active site and preventing substrate a-amino group recognition by Gly354 (Figure 6a).
However, the conserved Glu403 carboxylate occupies the analogous position, perhaps
providing an alternative hydrogen bond. The conserved Phe353 side chain forms a nonpolar
lid that would both sterically hinder the amino group and prevent solvent from accepting its
third hydrogen bond. This conformation may not be competent for glutamine binding, but the
conserved differences between CTPSs and other GATases suggest that the structural
differences are functionally relevant.

A solvent-filled vestibule (~230 A3) connects the GATase active site and the GATase/ALase
interface (Figure 6b). This volume is occupied by polypeptide in CPS but a conserved insertion,
EcCTPS residues 297-301, diverts the chain and forms part of the vestibule wall (Figure 3b).
The vestibule contains triad residues His515 and Glu517, and is lined by conserved residues
Tyr298, Tyr305, Arg468, L11 residues 350-352, and ALase domain L2 residues 49-60. The
vestibule interior contains a number of hydrogen bonding groups and six solvent molecules
that are common to both subunits. Two solvents that are hydrogen bonded to the main chain
of residues 352 and 468 correspond to substrate carbonyl oxygen and amide nitrogen positions
in CPS (66) (Figure 6a). The vestibule is connected to a tubular passage that exits into the
AlLase active site adjacent to the expected location for the 4-phospho-UTP intermediate (see
below, Figures 5¢ and 6b). The narrowest point, 0.8-1.2 A between van der Waals surfaces of
the Pro54 and Val60 side chains, forms a “gate” between the vestibule and the “exit”. We
propose the vestibule and the tubular passage provide a path for ammonia diffusion between
GATase and ALase active sites (see Discussion). In addition, bulk solvent can access the
vestibule through a 3-A wide opening to the surface (Figure 6b) into the proposed GTP-binding
site (Figure 7b, see below). We suggest that this opening provides entry for exogenous
ammonia.

GTP-Binding Site

We located a candidate GTP activation site by comparing the GATase domain with structurally
related GTP binding proteins identified by DALLI, such as EF-Tu and EF-G (PDB# 1DAR
(84), 4.1 A rmsd for 145 equivalent Co. atoms). The EF-G GTP/GDP-binding site superimposes
near the deep cleft adjacent to the entrance to the glutaminase site, formed by residues 297—
301, 353-356, 438-441, 468, and 470, and residues 50-55 from the ALase domain (Figure
7a). A number of conserved residues define the cleft surface (Figure 7b). The Leu301 amide
and the Lys297 and Arg356 side chains provide potential interaction with the GTP phosphates
in the cleft. In Lactococcus lactis CTPS, substitution at the equivalent position to Arg356 with
Met and Pro significantly reduced GTP binding and the degree of activation at saturation
(Willemoés and Mglgaard, personal communication) (Figure 7b). L. lactis CTPS substitutions
equivalent to T438V and R440M in the CTPS-specific sequence GGTMRLYV had similar
although smaller effects (84), perhaps by perturbing Met439, since Arg440 points away from
the cleft. The cleft rim is extended by A’ subunit loop L4 residues 105-110, which pack against
A subunit loop L2 residues 50-55. Loop L4 is sandwiched between the GATase and ALase
active sites of the same subunit, and is connected via polypeptide to the symmetry-related
subunit. This segment may mediate the coupling between ATP binding and glutamine
hydrolysis (18). Alanine substitution of Glu103, Arg104, or Gly110, which would be expected
to disrupt the internal structure of this loop, severely reduces both GATase and ALase activities.
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Structure of the ALase Domain

A DALI search with the ECCTPS ALase domain yielded 23 similar folds with Z > 6. In addition
to closely resembling DTBS (Figure 3a), the canonical dinucleotide binding fold belongs to
the ATP/GTPase superfamily, as previously predicted (81), which includes GTP binding
proteins SRP and MinD, kinases such as APS kinase, and nitrogenase iron protein. We utilized
comparisons with DTBS to infer substrate-binding sites since it is the best structural match
with EcCTPS and catalyzes a similar chemical transformation (Figure 1b). The most notable
structural differences between these enzymes are insertions that form the ECCTPS subunit
interfaces (Figures 3a and 4). The CTPS tetramer (A-B) interface is provided by helix a6 and
loop L1, similar to the DTBS dimer, but is augmented by the inserted f8-L6—49 loop. More
strikingly, the tight dimer (A-A") interface is mediated by the novel “interdimer contact arm”
that arises from a conformational rearrangement of 19 residues and an associated seven-residue
insertion.

The putative ALase active site, in which UTP phosphorylation and amino displacement occur
(Figure 1a), resides in a large trench that overlaps the DTBS active site cleft (Figures 2c and

3a). The walls are contributed by three different subunits (Figure 5a,c). Subunit A provides the
majority of the ATP and UTP binding surfaces and all the catalytic groups. Subunit B augments
the ATP and UTP subsites via residues 182-196 and 219-227, and subunit A’ residues 112—

120 and 155-163 complete the UTP and CTP subsites. The trench contains three anion-binding
sites, two of which are occupied by sulfate, and one by iodide. In the Native-Hg structure, the
iodide was replaced by sulfate (data not shown).

Sulfates 602 and 603 define the catalytic and ATP-binding subsites (Figure 8a,b). This
assemblage precisely overlaps the positions of the ADP S-phosphate and AlF3 moieties in
DTBS complex structure 1BS1 (65) (Figures 3a and 8a), and two sulfate ions are similarly
located in the apo-DTBS structure (PDB# 1DBS (85)). Conservation of six residues
surrounding this subsite between DTBS and CTPS, Gly17, Lys18, Lys40, Asp72, Glu140, and
Gly143 further supports the idea that they share a common mechanism (65). A magnesium ion
bridges two sulfate oxygen atoms and is also chelated by Asp72 and Glu140 carboxylates,
analogously to one bridging magnesium in DTBS complexes. However, the second DTBS
magnesium ion is absent, perhaps because serine replaces glutamate at position 14. Sulfate 602
makes direct hydrogen bonds to the main chain amides of residues 17-19 of the P-loop, while
603 is contacted by the amide of 143 and the side chains of Lys18 and Lys40. Bound magnesium
would activate the ATP y-phosphate for transfer to UTP O4, while the Gly143 amide and Lys18
and Lys40 side chains would stabilize the anionic transition state. A key role for Lys18 is
supported by loss of CTP synthesis activity from Ala-substitution (83).

ATP recognition by CTPS is likely analogous to that for DTBS (Figure 8b). The a-phosphate
would be ligated by the 11e20 amide, and the ribose hydroxyl group would form hydrogen
bonds with conserved Asp303. On the basis of DTBS and kinase structures, the loop L8
(residues 240-245) defines the adenine-binding subsite, which is occupied by MPD. Main
chain hydrogen bonds provide recognition of adenine base N6 and N1 atoms via the Lys239
carbonyl oxygen (not shown) and the amide of VVal241. Another surface involved in adenine
recognition is formed by the conserved salt bridge between Arg211 and Asp240. In a
structurally related APS kinase/ADP/APS complex (PDB# 1M7G, (86)), the adenine base
stacks on the Arg148 guanidinium moiety, which occupies an analogous position to ECCTPS
Arg211. The adenosine cleft is further buttressed by the B subunit L6 loop with Ala182 packing
one edge (Figure 8b). Met180 packs against the P-loop, while conserved Lys187 forms a
hydrogen bond with the Ser15 side chain (not shown). A groove adjacent to the adenine subsite
is lined with conserved side chains of Arg78, Phe79, Tyr245, and Glu310 (Figure 8b).
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The UTP binding subsite is suggested by the carboxy-DAPA location in DTBS (Figure 8c).
EcCTPS is highly specific for the uracil, ribose, and 5'-triphosphate moieties of UTP, and no
alternate substrates have been identified (14, 19). The uracil O4 atom would be expected to be
close to the carboxylate oxygen of the carboxy-DAPA (Figure 3a). Conserved residues Pro43,
Tyr44, and His57 are positioned to line the uracil pocket. Given the shape of the cleft, the uracil
ring plane would be positioned “edge-on” (Figure 8a,c), but the existing data do not easily
resolve the two possible ring orientations (19). Either uracil ring placement immediately
suggests other residues involved in UTP recognition. A P-loop-like structure, composed of
conserved residues Lys187, Thr188, and Lys189, forms the iodide/sulfate-binding site and is
reasonably placed to interact with the UTP y-phosphate (Figure 8c). Consistent with this idea,
Lys187 is protected from proteolysis in the presence of UTP and the Lys187-Ala substituted
enzyme does not synthesize CTP (83). The importance of the y-phosphate-binding site is
supported by the lack of reactivity of UDP and y-phosphoryl methyl diester UTP (14, 19). The
UTP g-phosphate would be proximal to side chains of Asp147, Lys189, GIn192, and
Ly5223.4 GIn149, Thr112(A"), and GIn114(A") would be positioned to recognize the ribose
moiety. The His118(A’) side chain reinforces the Thr112(A") and GIn114-(A’) positions
through main chain hydrogen bonds (not shown), and substituting it with alanine eliminates
AlLase activity (87). Interestingly, URA7 and L. lactis CTPSs convert dUTP to dCTP and are
nearly identical to ECCTPS in this region, but have different hydrophobic residues at positions
115 and 116, lle-Val and Met-Val, respectively, versus Val-lle in CTPS. These substitutions
may shift Thr112 or GIn114 to obviate recognition of the 2" hydroxyl group (88, 89). Consistent
with this idea, T. brucei CTPS would also be expected to utilize dUTP (Figure 4).

A tubular “exit” channel connects the ALase site to the GATase domain vestibule (Figures 5¢
and 6b). For His57 in the A subunit, electron density corresponding to two equally populated
side chain conformers is apparent. One conformation places the side chain adjacent to the UTP
site, while the other blocks the channel exit. The exit-blocking rotamer is dominant in the B
subunit. Near the exit, a single solvent donates three hydrogen bonds to the His57 and Glu59
carbonyl and the Asp70 carboxylate oxygen atoms, and accepts one hydrogen bond from the
Leu71 amide nitrogen. This solvent may occupy the ultimate or penultimate position of the
attacking ammonia molecule. Residues Asp42, Asp70, and Tyr44 likely orient the ammonia
and perform acid-base chemistry for displacing the 4-phosphate group.

CTP-Binding Site

Negative feedback regulation of CTPS has been proposed to occur via competitive CTP binding
to the UTP site (9,14). However, spontaneous mutations that render Chlamydia trachomatis
(56) and Chinese hamster (57) CTPSs insensitive to CPEC and 3-deazauridine exhibit
decreased CTP inhibition but increased UTP amination activity. These mutation sites line a
pocket at the rear of the proposed UTP site (italicized residues, Figure 8c). One of these
substitutions, replacement of conserved Glul55 to lysine (ECCTPS numbering) also induced
CPEC resistance, higher activity, and reduced CTP inhibition in URA7 and URAS8 (7). Glu155
is located 20 A from the amino/phosphotransfer site, making it unlikely that it could interact
with the UTP substrate directly. Simple modeling yielded a chemically reasonable CTP
position in the pocket formed by residues 146-149 from subunit A, 227-228 from subunit B,
and 114-117 from subunit A’, that placed the N4 atom proximal to the Glu155 carboxylate.
Most of the surrounding residues are conserved (Figure 8c), except consensus Cys228, which
is limited to small residues Cys, Ser, Thr, or Ala. Conserved Asp147, Glu149, and GIn192(B)
are positioned to interact with the ribose or phosphates, and the cytidine ring would pack against
conserved 1le148, Phe227(B), and Ile116(A’), with conserved Lys196 available for hydrogen

41n mentions of residues that are donated by other subunits, the chain designation occurs in parentheses, after the residue designations
described in Footnote 2. For example, lysine 187 from the symmetry mate of the B subunit is denoted as “Lys187(B’)".
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bonding (not shown) with the cytosine ring. As with UTP, the proposed CTP positioning would
allow the y-phosphate to interact with the sulfate/iodide site at the A-B interface. This
arrangement implies that UTP and CTP both utilize the same triphosphate-binding sites.

DISCUSSION

The comprehensive structural elucidation of pyrimidine de novo biosynthetic pathway
enzymes, starting with aspartate transcarbamoylase by Lipscomb and co-workers (90), is
completed by the ECCTPS structure. Although Thermus thermophilus CTPS crystals were
previously reported (91), the work reported here provides the first representative structure for
this enzyme family. A bioinformatic analysis combining homologue comparisons, residue
conservation patterns, and mapping of functional mutations provided insights into substrate
recognition, catalysis, and regulation. The ECCTPS structure may also provide a framework
for modeling related bifunctional ChiA/CobQ enzymes involved in cobalamin biosynthesis.

As predicted by sequence comparisons, the two CTPS domains strongly resemble NTPases
and GATase enzymes. The similarity between the GATase and ALase domains might suggest
that CTPS arose from a gene duplication. However, while the ECCTPS GATase domain is
quite similar to those in other two-domain amidoligase enzymes, the ammonia utilization
domains are not obviously related (92). This discontinuity in homology suggests that these
proteins more likely acquired their GATase domains from a common ancestor through gene
fusion.

Comparisons with DTBS readily revealed the ATP-binding site. The UTP site was inferred by
structural analogy to the DAPA substrate, residue conservation within CTPSs, steric
restrictions, and the location of the interfacial anion-binding site that is well-placed to interact
with the UTP yp-phosphate. The ATP- and UTP-binding sites span the dissociable A-B
interface, providing strong evidence that the dimer is inactive and that tetramer formation is
required for activity. This observation provides support for the idea that the apparent positive
cooperativity (14,17) is induced via a substrate-dependent association—dissociation mechanism
(20). Substrate binding at one site would stabilize the tetramer through a linkage equilibrium,
which would in turn promote binding and catalysis at the symmetry-related site. The estimated
concentrations of ECCTPS in vivo, which are near or below the estimated Kp for tetramer
formation without substrate (20, P. Anderson, unpublished analysis), suggest that this
regulatory model is relevant. However, our structure does not rule out allosteric contributions
from ATP-UTP interactions in the same cleft, since the subsites share a contiguous polypeptide
segment, residues 180-192.

We propose that the CTP feedback inhibitor binds at a distinct subsite that overlaps the UTP
subsite, with the cytosine ring residing in a pocket whose walls are lined by drug-resistance
mutation sites, and the - and y-phosphates bound similarly to the UTP phosphates (Figures
5¢ and 8c). Presumably, the drugs CPEC and 3-deazauridine also bind this subsite. The
proposed placement is consistent with competitive binding of CTP and UTP, and the fact that
CTP-and drug-resistance mutations do not disrupt CTP synthesis. Similarly, in pantothenate
kinase (93), the adenine rings of the ATP substrate and co-enzyme A inhibitor also occupy
widely separated pockets while the phosphate positions overlap. The novel aspect is that CTPS
is directly inhibited by its product, rather than by a regulator that is produced downstream in
the pathway.

The majority of catalytic and glutamine-binding residues are structurally conserved between
CPS and EcCTPS GATase domains. However, several differences suggest that the ECCTPS

is not optimally configured for glutaminase activity, which is perhaps expected given the lack
of bound GTP. The candidate GTP-binding cleft lies directly adjacent to the glutaminase site
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and superimposes near the nucleotide-binding site in structurally related GTPases. The idea
that GTP activation is associated with a substantial conformational change in this region is
supported by the reduced CTP synthesis rates and GTP binding of EcCTPS mutants in which
loop L4 residues Arg105 and Leul109 (87) or conserved disordered loop L13 residue Arg429
are substituted with alanine (83). These side chains make no significant contact with other
residues in apo-EcCTPS (Figure 7b). Although the GATase domain contains a potential P-
loop-like GKY sequence near loop L10, it does not fold into a P-loop structure (Figure 7a).
Interestingly, adjacent loops in EF-Tu and EFG, analogous to CTPS loop L11, resemble the
“lid” structure in CPS and other GATases (compare Figures 3b and 7a). Perhaps, coupled
rearrangements of loops L10 and L11, to form a P-loop and a closed active site “lid”, mediate
GTP activation. GTP binding may also shift catalytic His515 and Glu517 residues closer to
the position observed in CPS.

In GATase enzymes, glutamine hydrolysis sites and ammonia utilization sites are widely
separated and require a conducting channel to prevent ammonia escape into bulk solvent
(92). Such channels are readily apparent in some structures, such as the prototypical 45 A tunnel
in CPS (95), while in others, their formation requires conformational changes induced by
substrate, effector, or protein docking (92,94). In CTPS, the most apparent ammonia diffusion
path is defined by two voids that span the 25 A distance between GATase and ALase active
sites (Figure 6b). The channel is distinct from that in CPS, although they share a common
entrance from the glutaminase site. Unlike the ammonia channels in some enzymes, it contains
a number of solvent molecules and polar groups (92). The structure suggests the possibility
that ammonia passage is coordinated by ligand-induced conformational changes or Brownian
fluctuations. The constriction between the vestibule and exit channel, and the two His57
conformations, suggest potential gating points (Figures 5¢ and 6b). One His57 conformation
places the side chain adjacent to the UTP site, while the other blocks the exit, suggesting that
UTP binding might trigger “opening” of the gate. In imidazole glycerol phosphate synthetase,
a rearrangement of the oxyanion hole and the ammonia conduction channel induced by
cosubstrate binding is suggested to couple glutamine hydrolysis activity and ammonia transfer
to the utilization site (94).

The vestibule interior is freely accessible through a 3-A wide entrance at the base of the GTP-
binding site. Exogenously added ammonia, which can be utilized for CTP synthesis (13,23),
may also enter through this opening. This idea is supported by inhibition of ammonia-
dependent CTP synthesis when GTP is present in combination with glutamine, the glutamine
analogue affinity label DON (18,96) or the covalent transition-state analogue GSA (23).
Together, these ligands would block ammonia entry through both the glutaminase site and the
vestibule opening. This idea also provides an explanation for why GTP increases the utilization
of ammonia derived from glutamine hydrolysis in L. lactis CTPS (96), which, unlike in
EcCTPS, is only loosely coupled to CTP synthesis. In this case, GTP binding may prevent
ammonia escape and divert it to the ALase site.

The locations of URAY protein kinase A and C phosphorylation sites in the ECCTPS structure
lend few clues on how this modification controls activity (27,28) (Figure 4). Although four of
five positions are proximal to binding or catalytic sites, the regulatory mechanisms are not
obvious. Particularly, positions equivalent to URA7 Ser36, Ser330, and Ser424 are buried or
occluded in ECCTPS, but nearby insertions at positions 134, 270, and 408 (EcCTPS
numbering), respectively, may expose these residues for modification. On the other hand,
Ser354 would be located far from either active site. The generality of phosphoregulation of
CTPS also remains to be established. In other CTPSs, Ser454 is conserved as serine or threonine
in most CTPSs, serine or threonine occur in the majority of enzymes that do not contain glycine
at position 330, and Ser36 also occurs in human isoform1 and T. brucei CTPSs. In contrast,
Ser354 is located in a variable-length loop, and Ser424 replaces a conserved alanine.
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Control of CTP production has been an objective of anticancer, antiviral, and antiparasitic
therapies. CTPSs would seem a prime target for specific designed inhibitors, but such efforts
have been previously hampered by lack of structural information. The ECCTPS structure
provides a framework for structure-assisted drug design of agents that are more specific and
less toxic than existing nucleoside or glutamine analogues. Indeed, there are several cavities
and crevices adjacent to ligand sites that could be utilized by elaborated substrate chimeras.
For example, novel triphosphates could be targeted to the conserved crevice adjacent to the
adenine site, or glutamine analogues could constructed to interact favorably with functionality
within the proposed ammonia tunnel. Design of species-targeted anti-CTPS therapeutics would
be enhanced by obtaining the structures of the human and pathogen enzymes, and the presence
of species-specific insertions, deletions, and polymorphisms near ligand-binding sites,
indicated by structure-sequence comparisons, may provide unique ligand interaction surfaces.

NOTE ADDED IN PROOF

We note that the coordinates for apo-, sulfate-, and glutamine-bound T. thermophilus CTPS
were deposited in the Protein Data Bank as entries 1VCM, 1VCN, and 1VCO, respectively.
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Figure 1.

Reactions and regulation of CTPS and related DTBS. (a) Kinase, glutaminase, and ligase
reactions catalyzed by CTPS. UTP is phosphorylated by ATP, and both bind with positive
cooperativity. Glutamine hydrolysis, allosterically activated by GTP binding, generates
ammonia in a separate active site. Nucleophilic attack of 4-phospho-UTP by ammonia
displaces the phosphate, yielding CTP. The CTP product is a feedback inhibitor competitive
with UTP substrate. Thus, all four ribonucleotides regulate CTPS activity. (b) Analogous ligase
reaction catalyzed by dethiobiotin synthetase (DTBS), a structural homologue of the CTPS N-
terminal domain. The precursor DAPA is first carboxylated with CO, in an ATP-dependent
manner (not shown). DAPA carbamate is phosphorylated by ATP, and the product DAPA-
carbamoy! phosphate cyclizes by intramolecular nucleophilic attack of the vicinal amino group
and elimination of phosphate to yield dethiobiotin.
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Figure 2.

Oligomeric and monomeric structure of E. coli CTPS (a) Models and typical electron densities
from experimental and model-phased maps for the highly conserved ERHRHRYE sequence,
residues 465-472. The best-phased solvent-flattened 3.0-A resolution map (upper left, see
Experimental Procedures) was greatly improved by 2-fold averaging and phase extension to
2.6-A resolution (upper right). Starting with the 2.6-A model (gray sticks), several rounds of
model building and refinement yielded the final 2.3-A resolution model (yellow sticks), shown
enclosed by the final 2F, — F. density map (lower center). (b) Three views of the ECCTPS
tetramer, along the crystallographic b axis (left), a axis (right), and ¢ axis (bottom). The unique
molecules in the asymmetric unit, A and B, are related to their A’ and B’ symmetry mates by
the crystallographic 2-fold axis along c. The tight soluble dimers, A-A’" and B-B’, tetramerize
viathe A-B and A’-B’ interfaces in response to ATP and UTP binding. (c) Space-filling model
of the ECCTPS A monomer (yellow) showing the contact regions, defined as atoms that are
within 5 A of the atoms in the other monomers, colored for the interacting monomer from (b).
Conserved residues (see Figure 4) are indicated by the translucent surface. Space-filling models
of the bound sulfate ions (purple and white), iodide ion (orange), and MPD (black and white)
are shown. The entrance to the glutaminase active site (purple surface in upper domain) is also
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shown. (d) Ribbon diagram of the ECCTPS A monomer, color coded by sequence position,

from the N-terminus (purple) to the C-terminus (red). The colors correspond to those in Figure
4.
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contact .- contact

Figure 3.

Backbone superpositions of ECCTPS domains with homologues. Transformations for
superposition were generated by the DALI server (73). (a) ECCTPS N-terminal domain (cyan,
residues A1-A264) superimposed on DTBS (yellow-gray, 1BS1 residues A1-A224). The
sulfate ions (green and red sticks) from the ECCTPS structure, the DTBS substrate ligands
ADP, AlF3, and carboxy-DAPA (orange sticks), and six key residues conserved between the
two enzymes (black sticks), are shown. The ECCTPS tetramer interface mediated by loop L1
and helix a6 corresponds to the DTBS dimer interface, but is augmented in CTPS by the
“tetramer contact loop”. (b) Superposition of the ECCTPS C-terminal domain (cyan, residues
A288-A544) on CPS (yellow-gray, 1CS0 residues B191-B380). The two insertions relative to
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other GATase proteins are indicated (magenta). The dotted line connects residues 427-438 in
lieu of the disordered loop that is omitted from the structure. The Cys—His—Glu catalytic triads
are shown (CTPS, atom-colored ball-and-sticks, CPS, beige sticks). The covalently bound GSA
transition state analogue from 1CSO0 (black sticks, labeled “GIn”) defines the glutamine-binding
site. The L11 “lid” segment of ECCTPS (blue) is folded away from the substrate site compared
to the corresponding segment in CPS (orange).
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Figure 4.

Sequence alignments, secondary structure correspondences, and suggested roles for conserved
residues. The CTPS sequences of E. coli (Ec, 545 residues, Genbank NP_417260), S.
cerevisiae URA7 (URA7, 579 residues, 41% identical and 62% similar to ECCTPS,
NP_009514), human CTPS1 (HUML1, 591 residues, 40% identical and 60% similar,
NP_001896), and T. brucei (Tb, 589 residues, 37% identical and 57% similar, CAB95405)
were aligned with BLAST and adjusted manually based on the structure. The E. coli sequence
is numbered every 10 residues above the alignment. The corresponding secondary structures
are shown above the alignment, color-coded as in Figure 2d. Horizontal double-arrows denote
sequence blocks that constitute key structural elements (“interdomain linker”, “interdimer
contact arm”, and “tetramer interface”) that are signatory of the SIMIBI NTPase family (81)
(“block 17, residues 4-46 containing the Walker A P-loop; “block 27, residues 133-147
containing the Walker B motif; and “block 3”, residues 201-211, containing the NKxD motif),
or that are CTPS-specific insertions relative to other GATase proteins (“insertion 1” and
“insertion 2”). Highly conserved residues are highlighted in red (present in 41 out of 43
representative sequences) and conserved residues are highlighted in yellow (present in 34 out
of 43 representative sequences) (59). The majority of conserved residues stabilize the folded
structure by hydrophobic packing, hydrogen bonds, or backbone torsion preferences (labeled
“f” above the sequences). The remainder are hypothesized to be involved in ligand recognition
(labeled “A”, “U”, “G”, and “C”) or catalysis (labeled “c”) (see text for details). The functions
of four residues could not be ascertained (labeled “?”’). Some conserved residue labels are
shaded according to their proximities to the A’ (green), B (red), or B’ (blue) subunits, relative
to A, or because they line the putative ammonia channel (gray). Phosphorylated URA7 Ser
residues are highlighted (black). The structure-based alignments of DTBS with ECCTPS
residues 2-257 and CPS with ECCTPS residues 289-544 are also shown (bottom line).
Underlined residues are identical to ECCTPS. Insertions are indicated as “><" and the inserted
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residues are shown below. Residues that lack structural homologues in ECCTPS are indicated
(lower-case letters).
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Figure 5.

Surface features in the vicinity of the amidoligase (ALase) active site. (a) Space-filling view
into the AL ase active site groove showing the proposed locations of the four nucleotide-binding
sites. The subunits A (yellow), A’ (green), and B (red) each donate crucial active site surfaces.
Each active site contains two sulfate ions (purple and white), an iodide ion (orange), and an
MPD molecule (black and white). Hypothetical positions for the ATP (orange), UTP (purple),
CTP (cyan), and GTP (dark pink), suggested by structural comparisons, conserved residue
patterns and mutation data as described in Experimental Procedures, are shown in translucent
thick sticks. The putative CTP-binding site connects the ALase site to a large internal space
containing the tetramer center-of-mass. (b) Close-up view looking approximately along the
crystallographic b axis, showing the prominent groove that traverses the ATP-binding sites on
the A and B subunits. This groove is hydrated and is lined with hydrophobic residues. (c)
Summary stereoview of the proposed ALase active site showing the backbone contributions
from the A (yellow), A’ (green), and B (red) subunits in coils; the positions of the sulfate ions
(green and red ball-and-stick), iodide ion (orange ball), magnesium ion (gray ball), and MPD
(red and white sticks); the proposed locations of substrates ATP (orange) and UTP (purple),
and the feedback inhibitor CTP (cyan) in translucent sticks. The conserved residues that are
suggested to interact with ATP (orange), UTP (purple), CTP (cyan), or promote catalysis
(black) are represented in ball-and-stick. The proposed entry site for ammonia is indicated with
the black arrow.
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Figure 6.

Stereo diagrams of the glutaminase active site and the putative ammonia diffusion channel in
the A subunit GATase domain. (a) Active site comparison of ECCTPS (cyan backbone coils
and colored ball-and-sticks) to the CPS-GSA 1CS0 transition state analogue complex (beige
backbone coils and sticks). The CPS was superimposed on EcCCTPS using Cys379, Leu380,
Gly351 and Gly352 main chain atoms. Covalently bound GSA from 1CS0 is indicated by the
pink carbon atoms (“GlIn”). Conserved residues are indicated by ball-and-sticks, with black
carbon atoms for those suggested to be directly involved with substrate binding. Hydrogen
bonds between CPS and GSA are indicated by purple dotted lines, and those between EcCCTPS
and bound solvent molecules (red balls) are indicated by yellow dotted lines. Two solvent
molecules, present in both subunits, occupy the expected positions of the amide nitrogen and
carbonyl oxygen of the Gln acylation transition state. The structures differ significantly in the
conformation of the L11 “lid”, and the positioning of catalytic His and Glu residues. (b) A
solvent-containing vestibule and adjacent tubular channel connects the glutaminase and ALase
active sites. Backbone positions from the A subunit (yellow) or A’ subunit (green) are indicated
by ribbons or coils. The dot molecular surface was generated by GRASP using a 1.2-A probe
(77). The hypothetical positions of bound GTP, UTP, and glutamine are indicated by
translucent sticks. Seven buried solvent molecules that are present in both subunits define a
possible ammonia trajectory, and are shown as cyan balls, with their associated hydrogen bonds
indicated by yellow dotted lines. Conserved residues that are suggested to be catalytically
important (black), that line the proposed UTP (purple) or GTP (red-purple) binding sites, or
that line the proposed ammonia channel (gray bonds) are indicated by sticks. Potential
hydrogen-bond acceptors are provided by the carbonyl oxygens of Met52, His57, Gly58,
Glub9, Val 60, Asp70, Ala304, Arg468, and the carboxylate oxygens of Glu59, Asp70, and
Glu517 (red balls). Hydrogen-bond donors are furnished by the amides of Val60, Leu71, and
Glu351, and the Arg468 NH1 atom (blue balls), with Tyr298 and His57 side chains contributing
additional hydrogen-bonding potential. Both side chain conformations for His57 are shown.
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The arrow indicates the suggested location of the ultimate or penultimate position of the

conducted ammonia based on hydrogen bonding environment. A 3-A opening at the base of
the proposed GTP-binding site may provide entry for exogenous ammonia.
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Figure 7.

Proposed GTP-binding site based on structural homology to GDP/GTP binding proteins,
EcCTPS surface features, and conserved residues. (a) Stereo diagram of superpositions of
EcCTPS A subunit C-terminal domain (cyan coils, only residues A288-A390 A438-A473,
and A499-A534 are shown for clarity) with elongation factor G/GDP complex (yellow-gray
coils, 1DAR residues 12-39, 74-191, 241-280) using DAL I server-generated transformation.
The position of the bound GDP (black sticks) superimposes near a prominent groove located
between the GATase domain and the L2 loop (dark cyan). The equivalent residues of the EF-
G P-loop and the CTPS L11 “lid”, colored orange (EF-G) and blue (EcCTPS), are in different
conformations. The ECCTPS P-loop would need to undergo substantial rearrangement to
achieve the EF-G conformation, while the EF-G “lid” more closely resembles that in CPS. (b)
Stereo diagram of the proposed GTP binding cleft. The backbones of the A (yellow) and A’
(green) subunits are represented as coils. The proposed positions of GTP (red-purple), UTP
(purple), and the GIn substrate (gray) are indicated by translucent sticks (see Experimental
Procedures). The positions of conserved residues proposed to line the GTP-binding (red-
purple) or UTP-binding (purple) sites, or to stabilize the folded structure (white) are represented
in ball-and-stick. Residues which when mutated interfere with GTP binding are marked with
italicized labels.
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Figure 8.

Stereo diagrams showing the atomic details of the proposed (a) catalytic, (b) ATP, and (c) UTP/
CTP subsites in the ECCTPS A subunit. The carbon atoms of conserved residues are colored-
coded in ball-and-stick representations by their proposed functions: ATP binding (orange);
UTP binding (purple); CTP binding (cyan); or catalysis (black). Hypothetical bound ligands,
indicated by similarly color-coded translucent sticks, were placed as described in Experimental
Procedures. Solvent molecules present in both A and B subunits are shown (red balls).
Hydrogen bonds are indicated by the dotted lines. (a) The proposed catalytic subsite. For clarity,
only the UTP uracil ring and C1’ atoms (purple), the ADP a- and S-phosphates, and AlF3 are
shown (orange). Nonconserved residues (white) are shown are shown in ball-and-stick.
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Proposed catalytic residues Gly17, Lys18, Lys40, Asp70, Glu140, and Gly143 are conserved
from DTBS. Asp72 occupies a similar position to Asn56 in DTBS. Asp42 is positioned to
interact with the uracil O4 position. Hydrogen bonds for y-phosphate binding and phospho/
aminotransfer transition-state stabilization are potentially donated by the Lys18 and Lys40
amino and Gly143 amide nitrogen atoms. A putative magnesium ion (cyan ball), chelated by
Asp72 and Glu140 and bridging the bound sulfate ions, directly overlaps the proposed
activating magnesium ion in DTBS. The a- and S-phosphates would be recognized by the
amides in P-loop residues 17-19, and bridging solvent interactions with Asp72 and His75.
Conserved Tyr76 buttresses the active site through interactions with Glu140. (b) Proposed
subsite for ATP. For the A (yellow) and B (red) subunits, backbone positions are indicated by
ribbons and the nonconserved side chains are indicated by yellow ball-and-sticks. Additional
conserved side chains are shown in ball-and-stick with white bonds. Positions of the
magnesium ion (cyan), solvent molecules (red), and nearby iodine ions (“I”, orange) are
indicated by balls. Hydrogen bonds are indicated by black dotted lines. ADP from the DTBS
1BS1 structure (translucent orange sticks) overlaps the ECCTPS-bound sulfate ions (green and
red ball-and-sticks) and MPD molecule (gray and red sticks). By analogy with DTBS, the
adenine recognition site is formed by the loop L8 (residues 240-245). (c) Proposed overlapping
subsites for UTP substrate and CTP feedback inhibitor. The A (yellow) A’ (green), and B (red)
subunit backbone positions are indicated by ribbons. Conserved side chains which line the
proposed ligand binding surfaces are shown in color-coded ball-and-stick. For clarity, only the
UTP subsite-proximal His57 conformation is shown. Positions of solvent molecules (red) and
the iodine ion (“I=”, orange) are indicated by balls. Italicized labels indicate sites for which
known change-of-function mutations exist (see text for details). The Lys187-Ala substitution
abolishes AL ase activity in ECCTPS. For the CTP site, some mutations, selected for resistance
to CPEC or 5-fluorouracil, resulted in loss of CTP inhibition in CTPSs from C. trachomatis,
Aspl47-Glu, (56)), and hamster, lle/Val116-Phe, Gly146-Glu, 11e148-Thr, Leu/Met151-lle,
Glul55-Lys, Argl58-His, and Asn/His229-Lys (57), where bold indicates a conserved residue
for CTPSs, and the hamster residue is underlined. Residues Gly146, 1le151, and Asn229 are
not shown for clarity. The sulfate/iodide site provide a potential site for binding the UTP or
CTP y-phosphates.
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