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ABSTRACT: Escherichia coli aspartate transcarbamoylase
(ATCase) allosterically regulates pyrimidine nucleotide
biosynthesis. The enzyme is inhibited by CTP and can be
further inhibited by UTP, although UTP alone has little or no
influence on activity; however, the mechanism for the
synergistic inhibition is still unknown. To determine how
UTP is able to synergistically inhibit ATCase in the presence
of CTP, we determined a series of X-ray structures of
AT Case-nucleotide complexes. Analysis of the X-ray structures
revealed that (1) CTP and dCTP bind in a very similar

fashion, (2) UTP, in the presence of dCTP or CTP, binds at a site that does not overlap the CTP/dCTP site, and (3) the
triphosphates of the two nucleotides are parallel to each other with a metal ion, in this case Mg**, coordinated between the - and
y-phosphates of the two nucleotides. Kinetic experiments showed that the presence of a metal ion such as Mg*" is required for
synergistic inhibition. Together, these results explain how the binding of UTP can enhance the binding of CTP and why UTP
binds more tightly in the presence of CTP. A mechanism for the synergistic inhibition of ATCase is proposed in which the
presence of UTP stabilizes the T state even more than CTP alone. These results also call into question many of the past kinetic
and binding experiments with AT Case with nucleotides as the presence of metal contamination was not considered important.

he enzyme aspartate transcarbamoylase (aspartate carba-

moyltransferase, AT Case, EC 2.1.3.2) from Escherichia coli
catalyzes the committed step in pyrimidine nucleotide
biosynthesis and allosterically regulates the pathway. Allosteric
regulation is critical in the overall control of many metabolic
pathways as the specific needs of the cell are fulfilled by
modulating the flux through the pathway. E. coli ATCase has
been extensively studied and has become a classic model of
allosteric regulation.! Kinetic studies have shown that the
enzyme is inhibited by CTP, activated by ATP,> and
synergistically inhibited by UTP in the presence of CTP.’
The kinetic response of the enzyme to these effectors helps to
maintain a balanced pool of pyrimidine and purine nucleotides
in the cell.

The E. coli AT Case holoenzyme is a dodecamer composed of
six regulatory chains and six catalytic chains arranged into three
regulatory dimers and two catalytic trimers. The catalytic chains
are responsible for enzyme activity, while the regulatory chains
bind the allosteric effectors. Each regulatory chain is composed
of two separate folding domains, the allosteric domain,
responsible for binding the nucleotide effectors, and the zinc
domain, responsible for the binding of a structural zinc ion.
Each catalytic chain is also composed of two separate folding
domains, the CP domain, responsible for binding of carbamoyl
phosphate, and the Asp domain, responsible for binding of Asp.

AT Case exists in two states: a low-activity, low-affinity for the
substrates T state and a high-activity, high-affinity for the
substrates R state. These two states differ in both tertiary and
quaternary structures. Each of the substrates and the allosteric
effectors have an effect on the T to R equilibrium.*

-4 ACS Publications  © 2012 American Chemical Society 7128

Structural and kinetic data have shown that ATP and CTP
compete for and bind to the same site in the allosteric domain
but have opposite effects on ATCase activity.’ Binding
experiments with the holoenzyme have shown that both ATP
and CTP exhibit three high-affinity and three low-affinity sites,®
and binding experiments with the isolated regulatory dimer
have shown one high-affinity and one low-aflinity site per
dimer.® UTP alone binds but does not inhibit the enzyme
unless CTP is present.7 Upon addition of UTP, the number of
CTP binding sites decreases from six to three, suggesting that
CTP is binding to the high-affinity sites and UTP is binding to
the low-affinity sites.®

The binding of nucleotides to the allosteric sites has also
been investigated by incorporating the non-natural fluorescent
amino acid 1-(7-hydroxycoumarin-4-yl)ethylglycine at position
52 into the regulatory chain and measuring the change in
fluorescence intensity of the enzyme as a function of nucleotide
concentration.” These experiments indicated that CTP binds to
the enzyme with the same affinity regardless of the presence of
UTP and vice versa, suggesting that CTP and UTP do not
compete for the same binding site. They concluded by
speculating that the two identical allosteric sites on a regulatory
dimer were functionally asymmetric.

Understanding the allosteric mechanism of ATCase has
proven to be difficult with many conflicting results, notably the
observed asymmetry, and the synergistic inhibition by UTP in
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the presence of CTP. A recent R-state structure of the
ATCase-UTP complex provided an important clue for
understanding the allosteric regulation of ATCase.'® UTP
was shown to bind to the regulatory chain of ATCase in a
position different from that previously observed for either ATP
or CTP (Figure 1). Peterson et al.'® proposed that each

Figure 1. (A) CTP and (B) UTP binding sites in ATCase. The r6
regulatory chains of the ATCase-CTP structure (PDB entry 8AT1)
and the AT Case-UTP structure (PDB entry 4F04) are shown from the
same viewpoint. The allosteric sites are shown as a surface
representation with the nucleotide shown as CPK.

regulatory chain consists of two adjacent but not overlapping
binding sites, the A and B sites, with ATP and CTP binding in
the A site and UTP binding in the B site. To determine how
UTP is able to synergistically inhibit AT Case in the presence of
CTP, we determined a series of X-ray structures of
ATCase-nucleotide complexes, including the structures of

ATCase-dCTP, ATCase-CTP, ATCase-dCTP-UTP, ATCa-
se-dCTP-UTP-Mg*", and ATCase-CTP-UTP-Mg*". By show-
ing that dCTP and CTP bind in essentially the same manner to
ATCase and that UTP can synergistically inhibit AT Case in the
presence of dCTP in kinetic experiments, we were able to use
dCTP as a surrogate for CTP in the structural studies. The use
of dCTP as a functional and structural analogue of CTP
allowed us to distinguish the nucleotide bound in the A and B
sites of the enzyme. These structures provide the critical
information necessary for the formulation of a new mechanism
of allostery for AT Case.

B MATERIALS AND METHODS

Enzyme Expression and Purification. E. coli AT Case was
overexpressed in M9 medium supplemented with S g/L
casamino acids using E. coli strain EK1104'" [F~ ara, thi,
A(pro-lac), ApyrB, pyrF*, rpsL] transformed with plasmid
pEK152" containing the E. coli pyrBI gene. The isolation and
purification procedures were modified versions of those
previously described."’ The first step was ion-exchange
chromatography using a Q-Sepharose Fast Flow column (11
cm X 2.5 cm, GE Healthcare). The protein was eluted with a
linear gradient from 0.05 M Tris-acetate and 2 mM 2-
mercaptoethanol (pH 8.3) (Low-Q_buffer) to Low-Q_buffer
containing 0.5 M NaCl (0.4%/min, 250 mL total) at a flow rate
of 1.0 mL/min. The fractions containing AT Case were pooled
and dialyzed against Low-Q_buffer. The protein solution was
then brought to 20% ammonium sulfate saturation and purified
by hydrophobic interaction chromatography using a Phenyl
Sepharose column (8.5 cm X 2 cm, GE Healthcare). The

Table 1. Data Collection and Refinement Statistics”

ATCase-dCTP ATCase-CTP ATCase-dCTP-UTP-Mg* ATCase-CTP-UTP-Mg**
Data Collection
PDB entry 4FYV 4FYW 4FYX 4FYY
space group P321 P321 P321 P321
wavelength 1.075 1.542 1.075 1.075

cell dimensions

a, b, c (A) 120.7, 120.7, 142.5
a, B, v (deg) 90, 90, 120
resolution (A) 50-2.1 (2.2-2.1)

1213, 121.3, 142.3
90, 90, 120
432-21 (22-2.1)

1212, 1212, 141.8
90, 90, 120
50-2.1 (2.2—-2.1)

121.1, 121.1, 141.4
90, 90, 120
50—1.9 (2.0-1.9)

Rym 0.107 (0.562) 0.063 (0.450) 0.145 (0.684) 0.137 (0.608)
average I/o 15.0 (4.3) 11.8 (2.9) 132 (4.1) 119 (4.0)
completeness (%) 99.8 (98.4) 99.7 (100.0) 100.0 (99.6) 100.0 (99.9)
redundancy 23.1 (21.1) 54 (5.3) 223 (20.3) 22.0 (19.5)
Refinement
resolution (A) 49.1-2.1 43.2-2.1 49.2-2.1 49.2—-1.9
no. of reflections 70567 70733 71745 89120
Ryoi/ Revee 0.176/0.216 0.184/0.229 0.165/0.213 0.193/0.237
no. of atoms
protein 7082 7083 7149 7140
water 496 571 634 574
rmsd
bond lengths (A) 0.009 0.008 0.009 0.007
bond angles (deg) 1.18 1.13 1.07 1.14
mean B value (A?) 54.8 30.0 39.3 412
ligand B value (A»)®
CTP (r1/16) 103.5/84.0 44.8/55.5 46.2/40.7 46.3/45.7
UTP (r1/16) - - 46.6/42.0 43.9/47.2
Mg>* (r1/16) - - 47.1/43.4 45.5/44.4

“Values in parentheses are for the highest-resolution shell. YOccupancies of all ligands were 1.0.
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protein was eluted using a linear gradient from Low-Q_buffer
brought to 20% ammonium sulfate saturation to Low-Q buffer
(0.5%/min, 200 mL total) at a flow rate of 1.0 mL/min. The
fractions containing pure ATCase, determined by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis,"> were
pooled and dialyzed against 40 mM KH,PO, 2 mM 2-
mercaptoethanol, and 2 mM EDTA (pH 7.0). Enzyme
concentrations were determined by absorbance measurements
at 280 nm with an extinction coefficient of 0.59 cm?/ mg.14

Determination of ATCase Activity. ATCase activity
measurements were determined colorimetrically in 20 mM
bis-Tris, 20 mM Tris, and 20 mM CAPS buffer (pH 7.0) at 25
°C in the presence of 5.0 mM L-aspartate and a saturating
concentration of carbamoyl phosphate (2.4 mM)." Kinetic
measurements were taken in duplicate, and the data points in
the graphs are the average. Nucleotide inhibition curves were
determined at an [Asp]ys of S mM. Prior to use, nucleotide
solutions were treated with chelating ion-exchange resin
(Chelex 100, Bio-Rad) to remove trace divalent metals. The
resin was directly added to the solutions (0.5 g/10 mL of
nucleotide solution), and the solutions were stirred on ice for 1
h. Following centrifugation, the solution was decanted from the
resin. Nucleotide concentrations were determined by absorb-
ance measurements at 271 nm (¢ = 9000 M~ cm™'; pH 7.0)
for CTP and dCTP and at 262 nm (& = 10000 M™' cm™; pH
7.0) for UTP.* For inhibition curves with CTP or dCTP and
UTP, MgCl, was added to an aliquot of the demetaled UTP
solution in a 1:1 molar ratio. Fitting of the experimental data to
theoretical equations was accomplished by nonlinear regres-
sion.

Crystallization, X-ray Data Collection, and Processing.
E. coli ATCase (20 mg/mL) was placed in four S0 uL dialysis
buttons (Hampton Research, Aliso Viejo, CA) and dialyzed
against 20 mL of crystallization buffer [40 mM sodium citrate, 1
mM 2-mercaptoethanol, 0.2 mM EDTA, and 1.0 mM CTP
(pH 5.7)] at 20 °C. Crystals formed in ~1 week. One dialysis
button was transferred to 2 mL of crystallization buffer with 5
mM UTP and S mM MgCl, and allowed to equilibrate for 12 h.
E. coli ATCase was cocrystallized with dCTP following the
same procedure as indicated above, but dCTP was substituted
for CTP in crystallization buffer. Crystals formed in ~1 week,
and one button was dialyzed in crystallization buffer containing
S mM UTP and 5 mM MgCl, for 12 h.

After equilibration in crystallization buffer with 5 mM UTP
and 5 mM Mg*, the crystals were transferred into a
cryoprotectant of 20% 2-methyl-2,4-pentanediol in UTP-Mg**
crystallization buffer for ~1 min prior to being frozen in liquid
nitrogen. Data were collected on beamline X29 at the National
Synchrotron Light Source at Brookhaven National Laboratory
(Upton, NY) with the exception of the ATCase-CTP data,
which were collected on a Rigaku MicroMax-07 HF high-
intensity microfocus rotating Cu anode X-ray generator
coupled with Osmic VariMax Optics and a R-Axis IV++
image plate area detector. The diffraction data were integrated,
scaled, and averaged using HKL2000."” Data collection and
refinement statistics are listed in Table 1.

Structure Solution and Data Refinement. Each
structure was directly determined using the coordinates for E.
coli ATCase in the T state with CTP bound (PDB entry
1ZA1)"® as the initial model, after removal of water and ligand
molecules. Automated refinements using translation libration
screw-motion (TLS) parameters were performed in PHE-
NIX." Manual rebuilding, addition of waters, and nucleotide

7130

modeling were performed using COOT.***' Waters were

accepted if they were within hydrogen bonding distance of
main chain or side chain atoms. The final structures were
validated using MolProbity'® and PROCHECK.** Coordinates
and structure factors for the ATCase-dCTP, ATCase-CTP,
ATCase-dCTP-UTP-Mg**, and ATCase-:CTP-UTP-Mg*" com-
plexes have been deposited in the PDB as entries 4FYV, 4FYW,
4FYX, and 4FYY, respectively.

B RESULTS AND DISCUSSION

Structural data of ATCase with only CTP bound'® or only
UTP bound" do not clarify how the two nucleotides
synergistically inhibit AT Case. A single structure of the enzyme
with both nucleotides bound is needed to definitively
determine the mode of binding of UTP to the enzyme in the
presence of CTP and would help to elucidate the mechanism of
synergistic inhibition. However, at a resolution of ~2 A, the
electron density profiles for CTP and UTP are virtually
indistinguishable. Therefore, we sought a functional analogue of
CTP with an altered electron density profile that still retained
UTP synergic inhibition. Previous studies have shown that
dCTP inhibits ATCase to approximately the same extent as
CTP,” suggesting that the 2'-hydroxyl group is not important
for allosteric inhibition of ATCase. UTP does function as a
synergistic inhibitor in the presence of dCTP. As seen in Figure
2, at 2 mM dCTP inhibits the enzyme 67% as compared to 43%
for CTP. The combination of 2 mM dCTP and 2 mM UTP
inhibits the enzyme 93% as compared to 86% for 2 mM CTP
and 2 mM UTP. The ability of UTP to synergistically inhibit
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Figure 2. Influence of nucleotides on the activity of AT Case. Relative
activity was measured at increasing concentrations of nucleotide
(NTP). When UTP and CTP or dCTP were present simultaneously,
the abscissa corresponds to the total nucleotide concentration. (A)
Influence on activity of dCTP alone (O) and dCTP with UTP-Mg**
(®). When the concentration of dCTP reached 2 mM, UTP-Mg>* was
added. The UTP-Mg** concentration was increased from 0 to 2 mM
while the concentration of dCTP remained constant (2 mM). (B)
Same experiment as that depicted in panel A using CTP in place of
dCTP.
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Figure 3. Stereoview of the r6 regulatory site of ATCase shown with (A) dCTP and (B) CTP bound. Polar interactions are represented with dashed
lines. Simple F, — F. omit electron density maps are shown at 3.0c. For these maps, the nucleotides were omitted from the calculations.

ATCase in combination with either dCTP or CTP allowed us
to use dCTP as a surrogate of CTP in the structure
determination.

Comparison of the ATCase-dCTP and ATCase-CTP
Structures. To further validate the use of dCTP as a substitute
for CTP, the structures of the ATCase-dCTP and ATCa-
se:CTP complexes were determined. Identical conditions were
used to cocrystallize the enzyme with either dCTP or CTP.
Both complexes crystallized in the P321 space group with
almost identical unit cell dimensions (Table 1), and in both
cases, data were collected to a resolution limit of 2.1 A. The
structure of the ATCase-CTP complex determined here is at a
higher resolution than previously reported.>***

Overall, the ATCase-CTP and ATCase-dCTP structures are
very similar with a main chain rmsd of 0.187 A. For
comparison, the main chain rmsd between the ATCase-CTP
complex previously determined (PDB entry 1ZAl) and the
structure of the same complex reported here is 0.221 A. Both
CTP and dCTP bind in the A site of the regulatory chain
(Figure 1), as defined by Peterson et al,'® and bind with
identical interactions with the exception of the one involving
the 2’-hydroxyl of CTP (Figure 3). The binding site includes
two Lys residues; Lys94 interacts with the phosphates of the
nucleotide, and Lys60 interacts with the 2-keto group on the
cytosine ring. Backbone atoms of Tyr89 and Ilel2 also make
polar interactions with the cytosine ring, and His20 and Asp19
interact with the y-phosphate and the 3’-hydroxyl group,
respectively. There are also several residues that contribute to
the binding via hydrophobic interactions, including Ilel2,
Vall7, Leu$s8, 1le86, and Val9l.

The binding of dCTP in the rl and r6 chains is asymmetric.
The all-atom rmsd between dCTP in the two chains is 2.28 A.
The positions of the cytosine rings in the rl and r6 chains are
nearly identical; however, the ribose triphosphate portion is

7131

displaced in the rl chain as compared to the r6 chain. This
displacement may be due to the loss of an interaction between
Lys94 and a y-phosphate oxygen that is observed in the r6 chain
but not in the rl chain. In fact, there are no interactions
between the triphosphate portion of dCTP with the protein in
the rl chain. In the AT Case-CTP complex, the CTPs bound in
the rl and r6 chains exhibit very similar interactions, and the
all-atom rmsd between CTP in the rl and 6 chains is 0.269 A.
The all-atom rmsds between dCTP and CTP in the two
structures bound in the rl and r6 chains are 2.39 and 0.88 A,
respectively. The higher rmsd in the rl chain reflects the
asymmetry observed between the rl and r6 chains in the
ATCase-dCTP structure mentioned above.

Structure of the ATCase-dCTP-UTP Complex. Crystals
of the ATCase-dCTP complex were dialyzed against a S mM
solution of UTP in crystallization buffer for 12 h before the
crystals were dipped in cryoprotectant and frozen for data
collection. The previously determined structure of the
ATCase-CTP complex (PDB entry 1ZA1)" was used as the
initial model for structure refinement. This preliminary
structure of the ATCase-dCTP-UTP complex suggested that
dCTP bound in the A site and UTP bound in the B site on
each regulatory chain simultaneously, with their f- and y-
phosphates essentially parallel to each other. The data also
showed excess electron density between the f- and y-
phosphates up to the 11.00 level. This density and its position
could be explained by the presence of a metal ion serving to
neutralize the repulsion of the negatively charged phosphate
oxygens of the dCTP and UTP. The metal ion would thereby
assist and/or stabilize the binding of the two nucleotides to the
A and B sites by diminishing the repulsion of the phosphate
oxygens and create an additional interaction site for each
nucleotide. The buffers used for the growth of these crystals
contained no added metals, so presumably, the electron density
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observed was the result of metal ion contamination in the
buffer components or the nucleotide solutions.

The Synergistic Inhibition of ATCase by CTP and UTP
Is Metal-Dependent. The preliminary structure of the
ATCase-dCTP-UTP complex, discussed above, suggested that
a metal ion was coordinated between the - and y-phosphates
of the two nucleotides. Previous studies reported the allosteric
effectors ATP and CTP are influenced by the presence of Mg*”,
presumably because of the formation of the ATP-Mg** and
CTP-Mg** complexes.”> >’ Honzatko et al.”’ tested a variety of
metal ions, including AI**, Mg**, Mn*', and Ca**, and found
that Mg** and Mn** altered the response of the nucleotides the
most. However, the influence of metal ions on the synergistic
inhibition of AT Case by UTP in the presence of CTP has not
been reported. Because the concentration of Mg** in E. coli cells
is approximately 2.5 mM,*®* and the formation of
Mg**nucleotide complexes is well established, the influence
of Mg** on the ability of UTP to synergistically inhibit ATCase
in the presence of CTP was measured. For these experiments,
all nucleotide solutions were demetaled before being used.

As seen in Figure 4, demetaled UTP did not synergistically
inhibit ATCase in the presence of dCTP or CTP, although
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Figure 4. Influence of Mg**, UTP, and UTP-Mg** on AT Case activity.
Each data point was determined in duplicate, and the data points
shown are the average. Relative activity was measured in the presence
of 2 mM (A) dCTP or (B) CTP with increasing concentrations of
Mg* (O), UTP (O), and UTP-Mg** (@®).

demetaled CTP or dCTP was able to inhibit the enzyme (see
Figure 2). The inhibition profile was different with UTP~Mg2+
(1:1 ratio). UTP-Mg*" was able to inhibit the enzyme in the
presence of CTP or dCTP (Figure 4A,B). Therefore, the metal
not only assists in the binding of UTP to the B site when CTP
is present, as suggested by the structural data, but also is critical
in the synergistic inhibition of the enzyme. Furthermore, the
reported enhanced affinity of UTP in the presence of CTP and
vice versa’ can also be explained by the Mg*", as it would add
additional binding loci for each nucleotide when present.

As a control, the influence of Mg>* on the activity of ATCase
was determined in the presence of 2 mM dCTP or CTP
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(Figure 4). In each case, the addition of Mg*" increased the
activity; however, the extent of the increase was not as large as
the extent of the decrease induced by 2 mM dCTP or CTP.
One explanation for this increase in activity is the ability of
Mg to form a complex with CTP (CTP-Mg*"). Depending
upon the relative affinities of Mg’* and ATCase for CTP, the
addition of Mg*" may result in some dissociation of CTP from
the enzyme, thereby increasing enzyme activity. This
explanation is supported by the results of the experiments in
which UTP-Mg2+ was added. As seen in Figure 4, at low
UTP~Mg7“+ concentrations, there is also a small increase in
relative activity before the synergistic UTP inhibition is
observed. Any free Mg** may be forming a complex with
enzyme-bound CTP.

Structure of the ATCase-dCTP-UTP-Mg?* Complex.
Because the preliminary structure of the ATCase-dCTP-UTP
complex suggested the presence of a metal ion helping to
neutralize the charges on the phosphate oxygens, and the
synergistic inhibition is not readily observed in the absence of a
divalent metal (e.g, Mg*"), the structure of the ATCase-dCT-
P-UTP-Mg®>" complex was determined. In this study,
ATCase-dCTP crystals were dialyzed against crystallization
buffer supplemented with 5 mM UTP and S mM Mg*". The
structure of the ATCase-dCTP-UTP-Mg** complex was
essentially identical to the preliminary ATCase-dCTP-UTP
structure, with the Mgz’r clearly visible between the dCTP and
UTP.

Figure SA shows the 2F, — F_ electron density map of the
nucleotides bound to the allosteric site. To verify the

N

Site A

Site B

Figure S. Allosteric site of ATCase showing the A and B subsites. (A)
Mg** (green sphere) is coordinated to f- and y-phosphates of both
dCTP (green carbons) and UTP (yellow carbons) and two water
molecules. (B) Modeling of UTP in the A site and dCTP in the B site.
Shown in both panels A and B are the 2F, — F. (blue, 1.56) and F, —
F. (green, 5.00, and red, —3.50) electron density maps.

assignment of dCTP to the A site and UTP to the B site,
electron density maps were generated with UTP modeled in
the A site and dCTP modeled in the B site. In the case of UTP,
the resulting F, — F. electron density map showed significant
negative density around the oxygen at the 2’-hydroxyl in the A
site (Figure SB), indicating that the molecule in the A site was
dCTP and not UTP. Furthermore, the F, — F, electron density
map for dCTP bound in the B site (Figure SB) exhibited
positive density at the 2'-ribose position, indicating that the
molecule in the B site was UTP and not dCTP.

The interactions observed between the protein and dCTP in
the A site (Figure 6A) of this structure are consistent with
previously published crystal structures of the ATCase-CTP
complex,® as well as the structures of the ATCase-dCTP and
ATCase-CTP complexes reported here. As shown in Figure 6A,
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Figure 6. Stereoview of the nucleotide binding sites in the (A) ATCase-dCTP-UTP-Mg** and (B) ATCase-CTP-UTP-Mg?* complexes. Polar
interactions are shown as magenta dashed lines; the Mg*" is shown as a green sphere, and ordered waters are shown as red spheres. The asterisk after
Arg41 indicates that this residue is donated from the adjacent regulatory chain in the dimer.

UTP binds in the B site and exhibits interactions with N-
terminal residues GIn8 and Val9, 50s loop residues SerS0,
GlyS1, GluS2, and LysS6, and residues His20 and Lys60. The
backbone atoms of the N-terminal residues GIn8 and Val9
make hydrogen bonding interactions with uracil and the ribose
ring, while the 50s loop residues hydrogen bond with the
triphosphate portion of UTP. Residues His20 and Lys60 are
positioned at the interface of the A and B sites, and each makes
contact with both nucleotides. His20 interacts with the y-
phosphate on each molecule, while Lys60 interacts with the 2-
keto group of dCTP and the 4-keto group of UTP (Figure 6A).
In addition to the polar contacts described, there are several
hydrophobic interactions that contribute to the binding of UTP
in the B site involving Leu7, Leu48, Pro49, and Leu58.

The previously reported structure of the ATCase-UTP
complex was crystallized in the presence of N-phosphonoacetyl-
L-aspartate (PALA), which stabilizes the enzyme in the R
state.'® The structures reported here were determined in the
absence of PALA and in the T state, based upon the vertical
separation between the catalytic subunits. The interactions
between the enzyme and UTP in the ATCase-UTP-PALA
complex in the r6 chain are identical to those observed in the
ATCase-dCTP-UTP-Mg** complex, with the exception of
Arg41 from the adjacent regulatory chain. In the structure
reported here, Arg4l makes a water-mediated interaction with
the 3'-ribose oxygen of UTP (Figure 6A). The most likely
reason this interaction is not a direct interaction, as seen in the
ATCase-UTP-PALA complex, is the conformational difference
in the regulatory dimer between the T- and R-state structures.
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Structure of the ATCase-CTP-UTP-Mg?** Complex. On
the basis of the fact that in the AT Case-CTP complex no CTP
was observed in the B site, crystals of the ATCase-CTP
complex were dialyzed into crystallization buffer containing S
mM UTP and S mM Mg** for 12 h in a fashion identical to that
indicated above for the crystallization of the ATCase-dCT-
P-UTP-Mg** complex. Crystals were then cryoprotected and
flash-frozen before data collection. Although the densities of the
nucleotides in the A and B sites are nearly identical, CTP was
modeled into the A site and UTP was modeled into the B site
(Figure 6B), because of the selective binding observed for
dCTP and CTP in the A site and UTP in the B site. All the
interactions mentioned above between the enzyme and dCTP
and UTP are present in the AT Case-CTP-UTP-Mg*" structure.
However, there is an additional polar interaction between the
2'-hydroxyl of CTP and the 4-keto group of UTP. Interestingly,
the interaction between Lys60 and the 2'-hydroxyl group
observed in the ATCase:CTP complex (Figure 3) was not
present in the ATCase-:CTP-UTP-Mg** complex. As seen in
Figure 7, the Mg’* in the ATCase-CTP-UTP-Mg** complex
exhibits square bipyramidal geometry with all oxygen ligands.
The oxygens in the four equatorial positions are donated by -
and y-phosphate oxygens of both CTP and UTP, while the axial
positions are both donated from oxygens of water molecules.
Hydrogen bonding interactions that the Mg2+ creates, between
the side chains of Asp19 and His20 and the phosphate oxygens,
add to the interactions between the two nucleotides.

These structural and kinetic results call into question many
of the previously reported binding and kinetic studies involving
the function of the allosteric effectors on ATCase, as these
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Figure 7. Metal binding site in the allosteric regulatory site of AT Case.
For the sake of clarity, only the triphosphate portions of the
nucleotides are shown.

studies did not take into account metal ion contamination.
Steps to control metal ion contamination prior to binding and
kinetic experiments with ATCase should be taken to ensure
that the allosteric response of the enzyme corresponds to what
are most likely the conditions in the cell.

Nucleotide Binding Site Specificity. X-ray structures of
the ATCase-CTP and ATCase-UTP'® complexes showed that
CTP and UTP bind at close but not overlapping sites in the
allosteric domain (see Figure 1). Figure 8 shows the

-

Figure 8. X-ray structure of the ATCase-CTP-UTP-Mg** complex
showing the r6 regulatory chain electrostatic potential mapped onto
the solvent accessible surface in the absence of ligands, as calculated by
Delphi.30 Also shown are the regulatory site ligands, CTP, UTP, Mg™*,
and the two water molecules that complete the coordination sphere of
the Mg?*. The electrostatic potential of the structure was mapped onto
the surface [—10 kT /e (red) to 10 kT/e (blue)].

electrostatic potential of the protein, calculated using Delphi,30
mapped onto the surface. The entire nucleotide binding site
exhibits an overall positive electrostatic potential, which would
enhance the binding of the triphosphate portion of the
nucleotides in the A and B sites.

The specificity of CTP for the A site is related to the
electrostatic and hydrogen bonding interactions with the
cytosine ring. The most positive portion of the binding site,
corresponding to Lys60, interacts with the 4-keto group of
UTP, and the 2-keto group of CTP, which have negative partial
atomic charges. In the A site, the 4-amino group of CTP with a
partial atomic charge of +0.4, as calculated using Jaguar

7134

(Schrédinger, Inc.), interacts with the backbone oxygen atoms
of Tyr89 and Ile12, which have partial atomic charges of —0.6
and —0.5, respectively. If UTP were to bind in the A site, there
would be no hydrogen bonding donors to form interactions
with Ilel2 and Tyr89, suggesting that UTP would have
diminished affinity for the A site as compared to the B site.

The specificity of UTP for the B site is related to the
electrostatic and hydrogen bonding interactions with the uracil
ring. In the B site, the 2-keto group and the hydrogen on the 3-
nitrogen of UTP interact with the backbone nitrogen and
oxygen atoms of Val9. In addition, the 4-keto group interacts
with the e-amino group of Lys60 and the 2'-hydroxyl of CTP. If
CTP were to bind in the B site, the interactions with Val9
would still be possible; however, the +0.4 partial atomic charge
on the 4-amino group would result in a repulsive interaction
with Lys60, thus significantly reducing the affinity of CTP for
the B site.

Conformational Changes Due to Nucleotide Binding.
A comparison of the ATCase-CTP-UTP-Mg*" structure to a T-
state structure in the absence of nucleotides (PDB entry
INBE)*! indicates that the largest conformational changes are
observed at the N-terminus and the 50s loop in the allosteric
domain and the 120s and 130s loops in the zinc domain. The
conformational differences in the N-termini are most likely due
to the mobility of these regions, which is reflected in weak
electron density. For this reason, between five and nine residues
were not included in the deposited coordinates. As Peterson et
al.'® previously observed for the ATCase-UTP structure, the
50s loop is perturbed upon UTP binding as this loop has a
number of interactions with the nucleotide. The 120s loop, a
loop remote from the nucleotide binding site but in the
proximity of the regulatory—catalytic chain interface, undergoes
structural alterations upon nucleotide binding. This displace-
ment of the 120s loop may propagate to the CP domain of the
catalytic chain via the regulatory—catalytic chain interface.

The Structures of the ATCase-dCTP-UTP-Mg?* and
ATCase-dCTP-UTP-Mg?* Complexes Explain Results of
Previous Mutagenesis Studies. The discovery that UTP
binds to the B site of each regulatory chain explains previous
kinetic results observed for many single-amino acid substitution
mutants of AT Case that result in the loss of the ability of UTP
to inhibit catalysis in the presence of CTP. Until now, the
reasons why regulatory mutants KS6A,* K60A,>* H20A,*
D19A,* K6A,36 and L7A* did not exhibit UTP synergistic
inhibition were not known. From this work, the side chains of
Aspl9, His20, and Lys60 interact with both CTP and UTP.
The lack of synergistic inhibition previously reported but not
wholly understood at the time is most likely due to the reduced
affinity of both CTP and UTP. In the case of the DI9A
mutation, the binding of UTP in the presence of CTP could
not be detected.’® Both Lys6 and Leu7 were shown by
crystallography to be involved in the binding of UTP in the B
site, and the loss of these stabilizing interactions can explain
why the mutant enzymes do not exhibit synergistic inhibition.
The salt link between LysS6 and UTP explains the loss of
synergistic inhibition, when Lys56 is replaced with alanine.

While it is clear that these mutant enzymes would show
diminished synergistic effects for the reasons mentioned above,
the kinetic studies of all of the mutant enzymes involved in
CTP and UTP binding can be questioned, because of the metal
ion site between the nucleotides. Kinetic experiments in this
study showed that removal of trace metals from the nucleotide
solutions resulted in no synergistic effect. In previous studies
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showing synergistic inhibition of UTP in the presence of CTP,
it is most likely that there were sufficient amounts of metal ion
contamination to induce the effect. Because the intracellular
concentrations of metals such as Mg>" are significant, metal ion
involvement in the allosteric regulation of AT Case is certain.

Mechanism of the Synergistic Inhibition of ATCase by
UTP in the Presence of CTP. On the basis of the results
reported here and previous studies, we know (1) CTP alone
binds to the enzyme and causes inhibition, (2) Mg>* has only a
weak influence on the inhibition of the enzyme by CTP, (3)
UTP alone binds to the enzyme but does not cause
inhibition,>'® (4) Mg?* is required for the synergistic inhibition
of the enzyme by UTP in the presence of CTP, and (5) CTP
and UTP bind at distinct sites on the regulatory chain that are
not overlapping. The crystal structures of the ATCase-dCT-
P-UTP-Mg** and ATCase-CTP-UTP-Mg** complexes, along
with these experimental results, allow us to propose a
mechanism for the synergistic inhibition of ATCase by UTP
in the presence of CTP.

The binding of CTP to the allosteric “A site”'® induces
conformational changes within the enzyme resulting in a
stabilization of the T state. In the absence of CTP, the [T]/[R]
ratio is ~250, which increases to ~1250 in the presence of
CTP.* This shift in the [T]/[R] ratio explains the observed
shift to the right in the aspartate saturating curve in the
presence of CTP, and the decrease in enzyme activity at a fixed
concentration of aspartate. The fact that UTP can bind to the
allosteric “B site” in the absence of metals'® but does not
influence the activity of the enzyme® indicates that the binding
of UTP alone does not stabilize the T or R state of the enzyme.
However, under physiological conditions, it is unlikely that
UTP would not be complexed with Mg**. The structures of
ATCase-dCTP-UTP-Mg*" and ATCase-CTP-UTP-Mg** both
support a model in which the two nucleotides act together in a
combined AB allosteric site. However, a combined allosteric
response is elicited only if CTP is bound to the A site and
UTP-Mg”" is bound to the B site. The role of the Mg*" is
essentially to allow both nucleotides to bind simultaneously, as
the repulsion of their negatively charged phosphates would
preclude their simultaneous binding. Because the binding of
UTP alone to the enzyme in the B site elicits no inhibitory
response, we propose that the AB allosteric site, where the two
nucleotides are linked by a metal ion, allows UTP to amplify
the kinetic response of the CTP bound in the A site. Thus, the
ATCase-CTP-UTP-Mg** complex stabilizes the T state more
than CTP alone and shifts the aspartate saturating curve to the
right more than CTP alone,® and the activity of the enzyme is
even more reduced than that with CTP alone at a fixed
concentration of aspartate.3

Previous studies suggested that the role of the B site in
amplifying or modifying the functional effect of the nucleotide
in the A site is not restricted to just the synergistic inhibition of
UTP in the presence of CTP. For example, Kleppe and
Spaeren” first observed that Mg?" altered the response of the
enzyme for ATP. Detailed kinetic and small-angle X-ray
scattering experiments®’ showed that ATP-Mg** could
stimulate the activity of ATCase almost twice as much as
ATP in the absence of Mg>". The enhanced stimulation of the
enzyme by ATP-Mg®" may be explained by the simultaneous
binding of two ATP molecules to the AB allosteric site bridged
by a Mg*". Again in this case, the B site nucleotide, here ATP,
would amplify the response of the ATP in the A site. ATP alone
shifts the [T]/[R] ratio from 250 to ~70. The combined
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binding of ATP-Mg**-ATP in the allosteric site could stabilize
the R state even more than ATP alone and reduce the [T]/[R]
ratio even more. This change in the [T]/[R] ratio would shift
the aspartate saturating curve to the left such that at a fixed
concentration of aspartate, the binding of ATP-Mg*"-ATP at
the allosteric site would stimulate the enzyme more than ATP
alone. In addition, Honzatko et al.*’ reported that GTP-Mgz’r
had a stronger influence on AT Case activity than GTP alone. It
is clear that the role of a metal cation in the allosteric regulation
of ATCase has been underestimated. Furthermore, the data
from many previous studies are now essentially impossible to
interpret correctly as the extent of metal ion contamination is
unknown. A reevaluation of the effects of nucleotides on
ATCase is now required with emphasis on nucleotide
combinations in the presence of physiological levels of metal
cations.

Rationale for the Synergistic Inhibition of ATCase by
UTP in the Presence of CTP. As described by Wild et al.’
high concentrations of CTP not only feedback inhibit AT Case
but also inhibit CTP synthetase by competitive inhibition of its
own synthesis.’® A possible result of the inhibition of CTP
synthetase would be to elevate levels of UTP. The synergistic
feedback inhibition of ATCase by UTP in the presence of CTP
would therefore act to modulate the biosynthesis of UTP as
well as CTP. However, if cellular levels of UTP were low, the
synergistic feedback inhibition of ATCase by UTP would not
occur, allowing for higher levels of pyrimidine nucleotide
biosynthesis resulting in elevated levels of UTP.

Conclusions. Although there have been many binding and
kinetic studies measuring the affinity and functional con-
sequences of nucleotide binding at the allosteric sites of
ATCase, discrepancies between these studies have hindered the
development of a consistent mechanism for allosteric regulation
in ATCase. The findings in this work provide two new facts
that need to be reconciled with all of the previous experimental
data. First, the allosteric site on each regulatory chain of
ATCase can bind two nucleotide triphosphates simultaneously,
in adjacent but not overlapping sites. Second, a metal ion, Mg**
in these studies, is required for the nucleotide in the B site to
function and perhaps for binding as well. In the case of the
synergistic inhibition of ATCase by UTP in the presence of
CTP, it is the UTP-Mg** bound in the B site that enhances the
inhibition of CTP. UTP alone does not inhibit the enzyme,
because the A site has a preference for cytosine rather than a
uracil base. Furthermore, UTP does not enhance the CTP
inhibition without Mg*". Because Mg>* is known to enhance
the allosteric activation of the enzyme by ATP, it is more than
likely that the AB allosteric site of AT Case can accommodate
ATP-Mg**-ATP in a similar fashion as has been shown here for
CTP-Mg**-UTP. New structural and functional studies of
ATCase are required to probe the allosteric response of the
enzyme in the presence of nucleotides and metal ions,
conditions that would be more physiologically relevant than
those used in previous studies.
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