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ABSTRACT: For nearly 60 years, the ATP activation and the
CTP inhibition of Escherichia coli aspartate transcarbamoylase
(ATCase) has been the textbook example of allosteric
regulation. We present kinetic data and five X-ray structures
determined in the absence and presence of a Mg*"
concentration within the physiological range. In the presence
of 2 mM divalent cations (Mg**, Ca*, Zn**), CTP does not
significantly inhibit the enzyme, while the allosteric activation
by ATP is enhanced. The data suggest that the actual allosteric
inhibitor of AT Case in vivo is the combination of CTP, UTP,
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and a divalent cation, and the actual allosteric activator is a divalent cation with ATP or ATP and GTP. The structural data
reveals that two NTPs can bind to each allosteric site with a divalent cation acting as a bridge between the triphosphates. Thus,
the regulation of AT Case is far more complex than previously believed and calls many previous studies into question. The X-ray
structures reveal that the catalytic chains undergo essentially no alternations; however, several regions of the regulatory chains
undergo significant structural changes. Most significant is that the N-terminal region of the regulatory chains exists in different
conformations in the allosterically activated and inhibited forms of the enzyme. Here, a new model of allosteric regulation is

proposed.

Numerous textbooks use Escherichia coli aspartate trans-
carbamoylase (ATCase; aspartate carbamoyl transferase;
EC 2.1.3.2) to exemplify how an enzyme can control the rate of
a metabolic pathway by altering its catalytic activity through
allosteric regulation and homotropic cooperativity. In E. coli,
AT Case catalyzes the committed step in pyrimidine nucleotide
biosynthesis, the reaction between carbamoyl phosphate (CP)
and L-aspartate (Asp) to form N-carbamoyl-L-aspartate and P,.!

E. coli ATCase is composed of six chains (M, 34 000)
arranged into two trimers and six chains (M, 17 000) arranged
into three dimers. The two trimers contain the six active sites
and are referred to as the catalytic subunits, while the three
dimers contain the six allosteric sites and are referred to as the
regulatory subunits. The holoenzyme can exist in two different
structural forms, a low-activity, low-affinity T state and a high-
activity, high-affinity R state. The T and R states of AT Case are
in an equilibrium.> The substrate Asp in the presence of CP can
shift the equilibrium to the R state in a concerted fashion.?
Thus, the Asp saturation curve for AT Case exhibits homotropic
cooperativity. Allosteric regulation of ATCase is commonly
described as being feedback inhibited by the pyrimidine
nucleotide CTP and activated by purine nucleotide ATP.
However, AT Case is also known to be feedback inhibited by
UTP, but only in the presence of CTP, and activated by Mg**-
ATP.*® Recent crystallography studies have suggested a more
complex mode of regulation involving a dinucleotide allosteric
site, which requires a divalent cation to function.” The
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allosteric inhibitors stabilize the T state, and the allosteric
activator stabilizes the R state, but these allosteric effectors
cannot induce the transition from the T to the R state, although
they do alter the equilibrium between the two states.®

While numerous models for the allosteric regulation of
ATCase have been proposed, none are consistent with all of the
currently available data. London and Schmidt first proposed a
model for the allosteric regulation of ATCase in 1972.” At that
time, it was known that the allosteric effectors bound to the
regulatory chains with a stoichiometry of approximately one
nucleotide per regulatory chain,'® and the allosteric inhibitor
CTP and the allosteric activator ATP competed for the same
binding site.'"' This model is inconsistent with the discovery
that UTP could inhibit the enzyme but only in the presence of
CTP.* The synergistic inhibition of ATCase by the
combination of CTP and UTP reduces the enzyme activity
by approximately 95%. Explanations for synergistic inhibition
were proposed on the basis of enzyme X-ray structures, in a
space group which contained two regulatory chains in the
asymmetric unit. These structures showed structural asymmetry
between the two regulatory chains that composed a regulatory
dimer."? Furthermore, numerous binding studies showed that
both CTP and ATP bind to the holoenzyme and the isolated

Received: August 30, 2013
Revised:  October 9, 2013
Published: October 18, 2013

dx.doi.org/10.1021/bi401205n | Biochemistry 2013, 52, 8036—8047


pubs.acs.org/biochemistry

Biochemistry

| Article |

regulatory dimer with two different affinities. These experi-
ments suggested that the binding of the nucleotides within one
regulatory dimer was asymmetric.'>">'*

More detailed information about nucleotide binding to
ATCase was obtained by the incorporation of an unnatural
fluorescent amino acid close to the allosteric site of the
enzyme.'® Analysis of fluorescence binding isotherms indicated
that CTP and UTP bind independently, suggesting that CTP
and UTP do not compete for the same binding site.

The structure of the enzyme in the presence of UTP revealed
that one UTP bound per regulatory chain; however, the site at
which UTP bound was near but not overlapping the site at
which ATP and CTP bound.® Cockrell and Kantrowitz’ then
used dCTP as a surrogate for CTP to determine the structure
of the enzyme in the presence of both dCTP and UTP. This
structure revealed that the allosteric site of each regulatory
chain could bind two nucleotides simultaneously with a divalent
cation between them (see Figure 1). CTP or dCTP bind in
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Figure 1. T-state X-ray crystal structure of AT Case in the presence of
dCTP, UTP, and Mg>*. The r6 regulatory subsites A and B are shown
as a surface representation. dCTP is in the A subsite, and UTP is in the
B subsite. The Mg?* is shown as a green sphere, and coordinated
ligand interactions are shown with magenta lines. Hydrogen-bonding
interactions to the enzyme and waters are shown as dashed lines
(black). Water ligands to Mg>* are shown as red spheres. This figure
was drawn with CHIMERA™ using PDB ID 4FYX.

essentially the same manner to the A subsite, and UTP binds to
the B subsite. This work also showed that in the absence of
divalent cations, UTP was unable to synergistically inhibit
ATCase in the presence of CTP.

Two new factors must now be incorporated into any model
for allosteric regulation of AT Case. First, each regulatory chain
has not one but two sites capable of binding nucleotides, and
second, a divalent cation such as Mg’* influences enzyme
activity by allowing the binding of nucleotides in the A and B
subsites. Many of the past studies examining the kinetic and
thermodynamic consequences of the addition of nucleotides to
ATCase were performed under conditions in which the divalent
cation concentration was unknown and/or not controlled. The
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omission of controlled divalent cation concentrations in
previous experiments not only helps to explain the wide
discrepancy in results,'®'>'*'°7!® byt it also helps to explain
the inability of previous investigations to detect the binding of
nucleotides to the B subsite and correctly determine the
stoichiometry of nucleotide binding. Here, we use kinetic
studies to investigate the role of divalent cations on the
allosteric regulation of ATCase. In addition, we use X-ray
crystallography to determine five structures of the enzyme in
the R state with nucleotides bound in the absence and presence
of Mg*". These studies, in conjunction with previous work,
allow us to propose a new model for the allosteric regulation of
ATCase.

B MATERIAL AND METHODS

Materials. Ampicillin, magnesium chloride hexahydrate,
UTP, glycine, glucose, EDTA, agar, L-aspartate, N-carbamoyl-L-
aspartate, 2-mercaptoethanol, and uracil were obtained from
Sigma-Aldrich (St. Louis, MO). CTP and 2-bis(2-
hydroxyethyl)amino-2-(hydroxymethyl)-1,3-propanediol (Bis-
Tris) were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Tris, N-cyclohexyl-3-aminopropanesulfonic acid (CAPS),
electrophoresis-grade acrylamide, enzyme-grade ammonium
sulfate, and GTP were from MP Biomedicals (Santa Ana,
CA). Antipyrine, diacetylmonoxime, sodium molybdate dihy-
drate, tryptone, and yeast extract were obtained from Fisher
(Pittsburgh, PA). Casamino acid was from Becton, Dickinson
and Company (Franklin Lakes, NJ). Agarose, ammonium
persulfate, sodium dodecyl sulfate, coomassie brilliant blue, and
Chelex 100 resin were purchased from Bio-Rad (Hercules,
CA). The carbamoyl phosphate dilithium salt obtained from
Sigma-Aldrich was purified before use by precipitation from
50% (v/v) ethanol and was stored desiccated at —20 °C."

Enzyme Expression and Purification. E. coli AT Case was
overexpressed in M9 media supplemented with 5 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
was as previously described.” Enzyme concentrations were
determined by absorbance measurements at 280 nm with an
extinction coefficient of 0.59 cm?/mg.**

Determination of ATCase Activity. Activity measure-
ments with the nucleotide effectors ATP, CTP, GTP, and UTP
were performed in the absence and presence of Mg2+, Ca*, and
Zn** at 28 °C. Pretreatment of nucleotides with Chelex 100
resin (Bio-Rad) was carried out to remove cation contami-
nation in the commercial supply. Chelex 100 resin was added to
each nucleotide solution (0.05 g per 1 mL). The mixture was
stirred gently on ice for 1 h. Resin was removed by
centrifugation, and the nucleotide solution with metal removed
was obtained as supernatant. When required, MgCl,, CaCl,, or
ZnCl, were added to adjust the M** concentration.

The concentration of the nucleotide triphosphates was
determined spectrophotometrically at pH 7.0 using previously
reported values of molar absorptivity.”> The activity of the
transcarbamoylase reaction was determined colorimetrically™*
in either 20 mM Bis-Tris, 20 mM Tris, and 20 mM CAPS pH
7.0 or SO mM Tris pH 8.3, in the presence of a saturating
concentration of carbamoyl phosphate (2.0 mM). Specific
activity is in units of mM N-carbamoyl-L-aspartate-min™"-mg ™.
Fitting of the experimental data to theoretical equations was
accomplished by nonlinear regression.
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Crystallization, X-ray Data Collection, and Processing.
E. coli ATCase (10 mg/mL) was placed in SO uL dialysis
buttons (Hampton Research, Aliso Viejo, CA) and dialyzed
against 20 mL of crystallization buffer (50 mM maleic acid, 1
mM PALA, and 3 mM sodium azide, pH 5.90) at 20 °c.®
Crystals formed in about 1 week with average dimensions of 0.6
X 0.2 X 0.2 mm. Dialysis buttons were transferred to 1 mL of
crystallization buffer with either S mM CTP, S mM ATP, 5 mM
each of ATP and MgCl,, S mM each of UTP and MgCl,, or §
mM each of CTP, UTP, and MgCl,, and allowed to equilibrate
for 12 h. The crystals were dipped in crystallization buffer with
S mM each of the matching nucleotide and MgCl, with 20%
(v/v) 2-methyl-2,4-pentandiol as a cryoprotectant for approx-
imately 1 min prior to flash freezing.

The data for the crystals soaked in CTP alone, UTP~Mg2+,
and ATP-Mg*" were collected on beamline X29 at the National
Synchrotron Light Source at Brookhaven National Laboratory
(Upton, NY), while the data for crystals soaked in the presence
of ATP alone and CTP-Mg’*-UTP were collected with 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 that is part of the
Boston College Crystallography Facility. The diffraction data
were integrated, scaled, and averaged using either HKL2000
or d*TREK (Rigaku/MSC).”’

Structure Solution and Data Refinement. Each
structure was solved using phases from the Rp;, structure
(PDB ID: 1D09)*® as the initial model after removal of water
and ligand molecules. Automated refinements using translation
libration screw-motion (TLS) parameters were performed in
PHENIX after an initial rigid body refinement.”” Manual
rebuilding, addition of waters, and nucleotide 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
RpaaATP, Rpua-CTP, Rpp o UTP-Mg*-UTP, Ry a-ATP-
Mg**-ATP, and Rpy ,-CTP-Mg**-UTP complexes have been
deposited in the Protein Data Bank under accession codes
4KGV, 4KGX, 4KGZ, 4KHO, and 4KH]1, respectively.

Calculation of Small-Angle X-ray Scattering Profiles.
X-ray scattering patterns were calculated from the experimental
X-ray crystal data using the fast SAXS profile computation with
Debye formula (FOXS) server (http://modbase.compbio.ucsf.
edu/foxs). The FoXS server explicitly computes all interatomic
distances as well as models the first solvation layer on the basis
of the atomic solvent accessible areas.”” Hydrogen atoms were
considered implicitly. For consistency, the first nine residues of
each regulatory chain were not included in the calculations.

B RESULTS AND DISCUSSION

Influence of Mg** on the Allosteric Response of
ATCase. Although it has been known for almost S0 years that
divalent cations influence the allosteric regulation of AT-
Case,**** the mechanism by which divalent cations alter the
allosteric response has remained elusive. In fact, under a
physiological concentration of ATP, 3.6 mM,” Mg*"-ATP
activates ATCase 2.9-fold as compared to 1.9-fold for ATP
alone.’ Kung et al.’® have estimated that the intracellular
concentrations of Mg®" and Ca*" are greater than 20 mM and
Zn** about 5-fold lower; however, the concentrations of these
ions not complexed would be significantly lower. Since the
dissociation constant of M>":NTP complexes is in the
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micromolar range, most of the NTPs in the cell will be present
as M**NTP complexes. Therefore, it is more reasonable to
consider how ATCase responds to the NTPs in the presence
rather than the absence of divalent cations.

To ensure that the NTPs did not contain trace amounts of
divalent cations, all NTP solutions were pretreated. In order to
directly compare our data to that of Wild et al,* we used
identical buffer, pH, and Asp concentrations. Figure 2 and
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ATP+CTP

ATP+UTP
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Figure 2. Influence of allosteric effectors on the activity of AT Case in
the absence and presence of Mg** at pH 7. Relative activity was
determined in the absence (light gray) or presence of 2 mM
Mg**(dark gray). Measurements with single nucleotides were
performed at 2 mM, while measurements with pairs were performed
at 1 mM each. Assay conditions were identical to those used by Wild
et al.* except that the NTPs were treated to remove trace metals before
use. Data used for this figure are provided in Table 1

Table 1 show the influence of Mg** on the activity of the
enzyme in the presence of various NTPs and NTP
combinations. Complete substrate saturation curves are
shown in Figure 3.

CTP can inhibit ATCase in the absence of Mg“; however,
CTP has little influence on activity in the presence of 2 mM
Mg**, suggesting a reduced role of CTP in the allosteric
regulation of ATCase in vivo. However, in the presence of
Mg, the combination of the two end products of the
pyrimidine pathway, CTP and UTP, inhibit the enzyme almost
completely. It is known that CTP competitively inhibits its own
production by binding to CTP synthetase, which would elevate
the levels of UTP.* The combination of CTP, UTP, and Mg2+
as the natural allosteric inhibitor of ATCase would help to
maintain an overall balance in relative pyrimidine and purine
nucleotide pools without disrupting the balance between the
CTP and UTP pools.

ATP is able to activate the enzyme in the absence of Mg**;
however, in the presence of Mg, ATP activates the enzyme to
a greater extent (Figure 2). Furthermore, using small-angle X-
ray scattering in solution, Fetler et al.* have reported that the R-
state enzyme undergoes a significantly larger structural change
with ATP in the presence of Mg®* than in its absence. ATP and
GTP activate the enzyme slightly more than ATP alone (see
Figure 2). However, at higher concentrations of Asp, the
addition of GTP to ATP and Mg*'substantially increases the
activity (see Figure 3). Buckstein et al.* have determined
concentrations of ATP, GTP, UTP, and CTP in midlog phase
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Table 1. Influence of Allosteric Effectors on the Relative
Activity” of ATCase in the Absence and Presence of Mg**

MgZJr (mM)d
NTP® reported 0 1.0 2.0
value®

none 1.0 1.0 1.0 1.0

ATP 1.35 129 + 0.07 1.33 £ 0.07 1.52 £ 0.13

CTP 043 0.49 + 0.01 0.80 + 0.0S 0.97 + 0.05

UTP 0.95 0.99 + 0.01 0.97 + 0.01 0.89 + 0.04

GTP 0.71 0.95 £ 0.05 0.61 + 0.06 0.84 + 0.04

ATP + 0.85 0.87 + 0.02 125 + 0.03
CTP

ATP + 1.52 1.40 + 0.06 1.43 + 0.06
uTP

ATP + 1.58 1.38 + 0.04 1.57 £ 0.05
GTP

CTP + 0.06 0.47 + 0.10 0.12 + 0.04
uTP

CTP + 0.58 0.61 + 0.08 0.81 + 0.15
GTP

UTP + 0.84 0.68 + 0.01 0.75 + 0.02
GTP

“Relative activity was determined by dividing the value of the specific
activity of ATCase in the presence of nucleotide(s) by that in the
absence of nucleotide(s). YAll nucleotide concentrations were 2 mM.
“The relative activities reported by Wild et al.* #All experiments were
performed at 28 °C in 20 mM Bis-Tris, 20 mM Tris, and 20 mM
CAPS buffer, pH 7.0 at saturating carbamoyl phosphate (2 mM) and §
mM aspartate. The values reported are the average of four
determinations.

E. coli to be 3.56, 1.66, 0.67, and 0.33 mM, respectively. These
intracellular concentrations suggest that both end products of
purine nucleotide biosynthesis, ATP and GTP, are involved in
the allosteric regulation of ATCase.

These results are most relevant due to the high intercellular
Mngr concentration; however, other divalent cations such as
Ca®* and Zn** were also found to cause very similar nucleotide
responses as Mg®" (see Table S1).

Structures of ATCase with NTPs in the Presence and
Absence of Mg?*. Five structures of AT Case were determined
in the presence of N-phosphonacetyl-L-aspartate (PALA) to
induce the R state. The ATP (Rpy;o-ATP) and CTP (Rpppa
CTP) structures were determined in the absence of divalent
cations as controls. The remaining three structures are NTP
and Mg** combinations, including ATP-Mg**, CTP-UTP-Mg*,
and UTP-MgZﬂ of which activates, inhibits the enzyme to the
greatest extent, and has little influence on activity, respectively.
A summary of the data collection and refinement statistics are
provided in Table 2.

The addition of any NTP independent of the presence of
Mg induces almost no structural alterations to the catalytic
chains. As shown in Table S2, the average RMSD between the
catalytic chains of the Rpy; 4 structure and the catalytic chains of
each of the NTP structures determined was only 0.69 + 0.05 A.
In contrast, the average RMSD between the regulatory chains
of the Rpap 4 structure and the regulatory chains of each of the
NTP structures determined was 141 + 0.16 A. Thus, the
binding of the nucleotides has a significantly larger structural
influence on the regulatory than the catalytic chains. The
addition of any NTP with or without Mg** induces larger
alterations in the r6 chains (RMSD 1.04 & 0.28 A) than the rl
chains (0.77 + 0.07 A), reinforcing the previously observed
asymmetry in the regulatory dimer."

During the T to R allosteric transition, the enzyme expands
by approximately 11 A along the 3-fold axis, as well as rotates
around the 2- and 3-fold axes. The vertical separation®” of
ATCase is a measure of the distance between the centers of
mass of the upper and lower catalytic trimers. The vertical
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Figure 3. Asp saturation curves in the presence of NTPs and Mg**at pH 7.0 (A,B) and pH 8.3 (C,D). (A,C) Data are shown in the absence of NTPs
and in the absence (circle, black) or presence of 2 mM Mg** (circle, gray), in the presence of 2 mM CTP, 2 mM UTP, and 2 mM Mg** (square,
black), in the presence of 2 mM ATP, 2 mM GTP, and 2 mM Mg*" (triangle, black), and in the presence of 4 mM ATP and 2 mM Mg** (triangle,
gray). (B,D) Asp saturation curves in the absence (circle) and presence of ATP (triangle) and CTP (square) in the absence of Mg**. Specific activity,
mM carbamoyl aspartate-min™'-mg ™", at 28 °C was determined colorimetrically at a saturating concentration of carbamoyl phosphate (2 mM) and 2
mM MgCl, in 20 mM Bis-Tris, 20 mM Tris, and 20 mM CAPS pH 7.0 or 50 mM Tris pH 8.3.
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Table 2. Data Collection and Refinement Statistics”

Ry ATP Rpp4-CTP
data collection statistics
PDB entry 4KGV 4KGX
space group P321 P321
wavelength 1.542 1.075
cell dimensions
a=bc(A) 121.1, 155.5 121.2, 154.7
a B 7 () 90, 90, 120 90, 90, 120
resolution (A) 38.4-2.1 (2.2-2.1) 50-2.2 (2.3-2.2)
Ry’ 0.05 (0.38) 0.08 (0.65)
average (I/0) 12.8 (3.3) 19.9 (3.9)
completeness (%) 100.0 (100.0) 100.0 (99.9)
redundancy 5.3 (53) 22.4 (18.9)
refinement statistics
resolution (A) 38.4-2.1 49.7-22
reflections 77282 67 081
R/ Resee 0.168/0.208 0.156/0.192
number of atoms
protein 7098 7082
waters 688 683
RMS deviations
bond lengths (A) 0.007 0.007
angles (°) 1.07 1.07
mean B value (A?) 483 39.3

“Values in parentheses are for the highest resolution shell. bRSym = YI(I — <I>)I/Y(I), where I is the observed intensity.

Rpara-UTP-Mg**-UTP Rpara-ATP-Mg**-ATP Rpara-CTP-Mg?*-UTP
4KGZ 4KHO 4KH1
P321 P321 P321
1.075 1.075 1.542
121.4, 155.1 121.1, 155.1 120.9, 154.7
90, 90, 120 90, 90, 120 90, 90, 120
50-2.4 (2.5-2.4) 50-2.25 (2.33-2.25) 31.8-22 (2.3-22)
0.11 (0.68) 0.09 (0.74) 0.04 (0.37)
14.6 (3.7) 21.8 (3.7) 17.8 (3.8)
100.0 (100.0) 100.0 (100.0) 99.4 (100.0)
24.1 (21.2) 24.1 (22.0) 5.7 (5.6)
49.8-2.4 49.7-2.25 31.8-22
52387 62983 66367
0.165/0.203 0.168/0.208 0.163/0.196
7074 7202 7132
339 467 458
0.009 0.007 0.008
1.09 113 1.08
569 482 60.2

Figure 4. Allosteric site of ATCase with ATP and Mg®". (A) Surface representation of the r6 regulatory site with the rl chain in blue (with
transparency) and the r6 chain in yellow. Shown in dark blue is the electron density map at 2.5 ¢ calculated by omitting the atoms of the two ATPs,
Mg?", and waters. (B) Same view as in (A) showing the interactions between the two ATPs and Mg** with the enzyme. Residues with asterisks are

from the r1 chain.

separation of the T-state structure (PDB code 1ZAl) is 47.3 A
compared to 57.9 A for the R-state structure (Rps;4, PDB code
1D09). The corresponding vertical separations for the Rpapa-
ATP, Rppra'CTP, RpyaUTP-Mg*-UTP, Rpy 4 ATP-Mg™
ATP, and Rpy,-CTP-Mg*-UTP are $7.5, 572, 574, 574,
and 57.3 A, respectively. Thus, the quaternary structure of all
the structures determined here have the characteristic vertical
separation of the R state of AT Case. None of the NTPs in the
absence or presence of Mg®" cause an appreciable alteration in
the quaternary structure of the enzyme.

The binding of the various NTP-Mg** combinations did not
induce any significant alterations to the positions of side chains
in the active site, although this may be due to the high affinity
of PALA orienting the active site residues. Since the NTP-Mg**
combinations do not significantly alter the activity of the
enzyme at saturating concentrations of the substrates (see
Figure 3), either the presence of PALA in the active site masks
any conformational changes or the NTPs alter the enzyme
activity by binding to the allosteric site and preferentially
stabilizing the T or R states.
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Figure S. (Top) Structural comparison of ATP, CTP, and UTP bound in the A subsite. ATP (A), CTP (B), and UTP (C) are shown in the A
subsite of the r6 regulatory domain of ATCase. In the case of UTP (C), the A subsite is only occupied in the presence of Mg** (not shown).
Hydrogen-bonding interactions are shown as dash lines (black). (Bottom) Structural comparison of the allosteric site with Mg?* and NTPs. The r6
regulatory chain of ATCase with (D) ATP-Mg**ATP, (E) CTP-Mg**-UTP, and (F) UTP-Mg*"-UTP bound in the A and B subsites. For clarity,
Asp19 is shown but not labeled. The Mg>* is shown as a gray sphere, and coordinated ligand interactions are shown with magenta lines. Hydrogen-
bonding interactions are shown as dashed lines (black). Water ligands to Mg* are shown as red spheres. For clarity, the first 10 residues of each
regulatory chain are not shown. This figure was generated using CHIMERA.*

All the structures reported in the presence of Mg®", Ry a-
ATP-Mg*"-ATP, Rpy 4-CTP-Mg**-UTP, and Rpp; o UTP-Mg**
UTP show electron density in the allosteric site, corresponding
to nucleotides bound in both the A and B subsites with a Mg**
between. As an example, shown in Figure 4 is the r6 allosteric
site of the Ry 4~ ATP-Mg**-ATP structure, and additional detail
can also be seen in Figure S1. The Mg*" is octahedrally
coordinated to six oxygen atoms, two from water molecules and
one from the f-phosphate and the y-phosphate of each of the
two NTPs in the A and B subsites. The water molecules
coordinated to the Mg** have additional stabilizing interactions
with f and y phosphate oxygens (see Figure 4B). Thus, the
allosteric site of AT Case has two subsites capable of binding
NTPs. As seen in Figure SA,B, only one subsite is filled in the
absence of a divalent cation. ATP and CTP bind competitively
to the A subsite, while UTP binds only to the B subsite, as
previously reported.® Previous studies have shown that the
concentration of CTP necessary to half inhibit the enzyme is
approximately 6-fold lower than the concentration of ATP
needed to activate the enzyme.>® The higher affinity of the
enzyme for CTP compensates for the approximately 10-fold
higher concentration of ATP in cells,® allowing the two
nucleotides to compete more effectively.

Examination of the R-ATP-Mg**-ATP reveals that the
interactions between the enzyme and ATP in the A subsite
are very similar to those between the enzyme and ATP in the
Rpaa-ATP structure determined in the absence of Mg**
(compare Figure SA,D). The phosphates of ATP bound in
the B subsite interact with the backbone nitrogen of GluS2 as
well as the side chains His20, Ser50, and Lys56, all of which are
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involved in the binding of UTP in the B subsite (compare
Figure SD,F). The ¢-amino of Lys60 exhibits a water-mediated
interaction and a polar interaction with N7 and the 6-amino
group of the adenine ring, respectively (Figure SD). However,
in the B subsite of the adjacent regulatory chain there is a direct
interaction between Lys60 and N7.

The allosteric site of the Rpy oCTP-Mg?*-UTP structure is
shown in Figure SE. CTP was modeled into the A subsite, and
UTP was modeled into the B subsite on the basis of the subsite
specificity previously determined.” The 4-amino group of the
cytosine in the A subsite acts as a hydrogen bond donor to the
backbone carbonyls of Ile12 and Tyr89. Furthermore, all the
interactions to CTP observed in the Rpy; o-CTP structure in the
absence of Mg** are also observed in the Ry,  o-CTP-Mg**-UTP
structure (compare Figure SB,E).

The allosteric site of the Rpy o-UTP-Mg**-UTP structure is
shown in Figure SF with UTP bound in both the A and B
subsites. The interactions of UTP in the A subsite are different
from those observed for CTP in the A subsite (compare Figure
SE,F). In the Rpy; ,-UTP-Mg**-UTP structure, the triphosphate
portion of UTP in the A subsite makes the same interactions
with His20 and Lys94, as do ATP and CTP. However,
comparing the interactions between the pyrimidine rings of
CTP and UTP, UTP has only half the number of interactions
that CTP has in the A subsite. There is a polar interaction
between Lys60 and the 2-keto oxygen of both CTP and UTP,
but the 4-keto group of UTP is unable to hydrogen bond with
the backbone carbonyls of Tyr89 and Ilel2. Since the
pyrimidine ring of UTP is not held as strongly, it is somewhat
displaced relative to CTP, which may explain the inability of
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130’s Loop

J

Al Domain

Zn Domain

Figure 6. Structural changes induced by the binding of ATP + Mg>* (green, Rps 4~ ATP-Mg?*:ATP) or CTP + UTP + Mg*" (red, Rps 4-CTP-Mg**-
UTP) to the unliganded 16 regulatory chain of ATCase in the R state (gray, Rpars, PDB ID 1D09). The two structures with ligands were aligned to
the structure in the absence of regulatory nucleotides. For clarity, the two ATPs and Mg”* that are bound in the Rpy 4 ATP-Mg?*-ATP are not
shown; however, they occupy positions very similar to CTP and UTP. The side chains of the r6 chain that interact via hydrogen bonding with the
adjacent catalytic chain (c6) are shown with transparency on the right. The location of the N-terminal residue 7 and the C-terminal residue 153 are

indicated.

Figure 7. Stereoview comparison of the r6 regulatory site of ATCase from the Rpy; 4~ ATP-Mg**-ATP (green carbons) and the Ry ,-CTP-Mg**
UTP (yellow carbons) structures. Hydrogen bonding interactions are shown with dotted lines. The arrow indicates the motion of the segment of the

N-terminus shown.

UTP-Mg* to inhibit the enzyme. This displacement prevents
an interaction between the uridine N3 and the backbone of
Ile12. The uridine of the UTP in the B subsite is held by two
interactions, each to the &-amino group of Lys60 (see Figure
SF). The majority of the binding affinity comes from
interactions of the triphosphate with the Mg®* and the side
chains of His20, Ser50, LysS56, and the backbone of GluS2. The
side chain of Asp19 also has a water-mediated interaction that
further adds to the triphosphate interactions (see Figure SF).
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Figure 6 compares the structural consequences of NTPs and
Mg** binding to the allosteric site of the regulatory chain of
ATCase. In this figure, the Rpa4 structure without nucleotide
effectors is compared with the Rpy ,-ATP-Mg®>"-ATP and the
RparaCTP-Mg*-UTP structures. ATP-Mg** substantially
activates the enzyme, while CTP-Mg”*-UTP causes the most
inhibition. The position of the N-terminal region of the
regulatory chain is altered in the Rpy,-ATP-Mg*"-ATP
structure, as compared to the other two. As seen in Figure 7,
the molecular basis for the alternation in position of the N-
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terminal region is due to the larger size of the purine ring of
ATP as compared to the pyrimidine ring of UTP in the B
subsite. In the Rpu 4 CTP-Mg*"-UTP structure, the carbonyl
oxygen at the 2 position and the nitrogen at the 3 position of
the pyrimidine ring interact with the backbone of Val9.
However, in the Rpy 4 ATP-Mg**-ATP structure, the purine
ring of the ATP in the B subsite fits into the site by displacing
the N-terminus.

Both structures with NTPs and Mg** have a significant shift
in the SOs loop region, as residues from this loop (SerS0,
GluS2, Lys56) interact with the NTP in the B subsite (see
Figure 6). Strand S5’, part of the five-stranded sheet in the Al
domain that bridges to the Zn domain, is shifted in both
structures with NTPs and Mg**, as compared to the Ry,
structure. In the interface between the Al—Zn domains (strand
SS’ and helix H2'), the shifts in the Rpy; o~ ATP-Mg*"-ATP and
the Rpy o"CTP-Mg*"-UTP structures are in opposite directions.
This alteration in the Al—Zn interface alters hydrophobic
contacts that have been shown previously to be important for
the allosteric regulation.*** Notable is the lack of significant
structural motions in the region around the structural Zn ion in
the Zn domain, the region of the Zn domain that interacts with
the adjacent catalytic chain. The C-terminal helix (Helix H3")
undergoes a dramatic reorientation resulting in alterations to
the position of the C-terminus of the regulatory chain. The
interactions between the C-terminus of the rl chain and the c4
catalytic chain in the T state have been shown to be involved in
allosteric regulation. For example, Xi et al.*' have previously
shown that the removal of two residues from the C-terminus of
the regulatory chain is sufficient to abolish the ability of CTP to
inhibit the enzyme.

Comparison of the Solution and Crystal structures of
ATCase‘PALA Complex in the Presence of ATP and
Mg?*-ATP. Structural information on the R state of ATCase in
the presence of ATP and ATP-Mg’* has been obtained using
small-angle X-ray scattering in solution (SAXS). Fetler and
Vachette> showed that the solution structure of ATCase-PALA
(Rgor) was altered in the presence of ATP and in the presence
of ATP-Mg’* to a larger extent. The SAXS data was then used
to model the structures of the ATCase:PALA complex in the
presence of ATP (Rgo;-ATP) and ATP-Mg** (R -ATP:
Mg*). The Rgo-ATP and the Rgo-ATP-Mg®* modeled
structures were elongated along the 3-fold axis 2.8 and 4.4 A
more than the Rpap, crystal structure. Furthermore, the
catalytic subunits of the Rgo;-ATP and the Rgo -ATP-Mg**
structures rotated 8° and 13° more around the 3-fold axis, and
the regulatory subunits rotated 9° and 15° more around their
respective 2-fold axes, respectively, than the Rpy;, structure.

The structural changes proposed by Fetler and Vachette® are
not observed when comparing the Rppa crystal structure
obtained in the absence of nucleotides®® with the Rpuj 4~ ATP
and the Rps o' ATP-Mg*"-ATP crystal structures reported here.
For both the Rps 4-ATP and Rpp; 4~ ATP-Mg**-ATP structures,
neither the expansion along the 3-fold axis nor the rotations of
the subunits around the 3-fold and 2-fold axes differ
significantly from that observed for the Rpy;4 structure without
allosteric effectors. The structural models determined from the
SAXS data® are inconsistent with the crystal structures,
suggesting that the structure of the enzyme in solution is
different from that in the crystal.

In order to investigate the discrepancy between the solution
and crystal structures, we calculated SAXS profiles on the basis
of the atomic positions determined by X-ray crystallography. As
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seen in Figure 8, the calculated SAXS profile for Rps; 4 without
regulatory effectors is different from that calculated for the
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Figure 8. Calculated SAXS scattering curves of ATCase. SAXS profiles
of the biological unit of ATCase were calculated using the FOXS
Server®” in the T state (green, PDB ID 1ZA1 with CTP removed) and
R state with PALA (blue, PDB ID 1D09). Also shown are the
calculated SAXS profiles for the Rpy 4~ ATP-Mg?*-ATP structure with
ligands (red) and the same structure with the ATP and Mg atoms
removed (black dashed).

Rpapa'ATP-Mg?*-ATP structure. The largest difference in the
SAXS patterns is in the region of the first subsidiary minimum
and maximum, exactly as was observed experimentally.’
However, if all the atoms constituting ATP and Mg*" are
removed from the Rpy - ATP-Mg?*-ATP coordinates and the
SAXS pattern is recalculated, the pattern obtained is essentially
identical to the pattern calculated for the Rpy; 4 structure in the
absence of allosteric effectors. These calculations indicate that
the Rgo'ATP and Rgo-ATP-Mg** structures of ATCase
reported by Fetler and Vachette® are incorrect, and that the
observed difference in scattering between the R-state enzyme in
the absence and presence of ATP and ATP-Mg* is due
exclusively to the extra scattering caused by the bound ligands.
These results also indicate that the solution and crystal
structures of AT Case are virtually identical.

Nucleotide Site Specificity. The ATCase structures
reported here confirm that the allosteric site on each regulatory
chain of ATCase is actually a dinucleotide site composed of two
subsites that can bind nucleotide triphosphates. Furthermore,
the nucleotide that occupies each of the two independent sites
must be considered in any model of allosteric regulation of
ATCase. The A subsite can bind CTP, ATP, and UTP, while
the B subsite can bind ATP and UTP. Although GTP has been
shown to bind to the allosteric site," its site specificity, or lack
thereof, has not been established. The simultaneous binding of
two nucleotides to the A and B subsites, in any combination, is
dependent upon the presence of a divalent cation. In the
absence of divalent cations, ATP and CTP bind with high
affinity only to the A subsite (see Figure SA,B). The only NTP
that is able to bind to the B subsite with reasonable affinity in
the absence of divalent cations is UTP.°
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The preferential binding of CTP to the A subsite and UTP to
the B subsite is due to the interactions involving the functional
group difference at the 4 position of the pyrimidine ring. The 4-
keto group of uracil cannot interact with the A subsite because
there are no appropriately positioned hydrogen-bond donors
(see Figure SF). However, the backbone carbonyls of Ile12 and
Tyr89 serve as hydrogen-bond acceptors for the 4-amino group
of the cytosine ring of CTP (see Figure SE). The 6-amino
group of adenine interacts with the same two groups on the
enzyme to provide the specificity with respect to ATP (see
Figure SD).

In the presence of Mg**, ATP can occupy both the A and B
subsites. When the two subsites are populated in this fashion
the enzyme is more activated than when ATP is bound just to
the A subsite (see Figure 2). The combination of CTP binding
at the A subsite and UTP binding to the B subsite results in the
highest level of inhibition of the enzyme. In fact, in the
presence of Mg®", neither CTP nor UTP alone inhibit the
enzyme significantly (see Figure 2). Cockrell and Kantrowitz’
have described the selective binding of the nucleotides CTP
and UTP to the A and B subsites, respectively. Part of the
subsite selectivity is due to electrostatic interactions between
the pyrimidine ring and Lys60, a residue that lies at the
interface between the A and B subsites and has interactions
with the nucleotides bound in each subsite. Therefore, an
unfavorable electrostatic interaction between Lys60 and the 4-
amino group of CTP precludes the binding of CTP to the B
subsite. It is likely that the CTP-Mg*" complex has a lower
binding affinity to the allosteric site than CTP, and this fact
explains why 2 mM CTP-Mg*" does not inhibit the enzyme.
The structural basis for the ability of ATP to bind to both the A
and B subsites can also be ascribed to electrostatic interactions
between ATP and Lys60. The adenine N3 of ATP in the A
subsite interacts with Lys60, and in the B subsite Lys60
interacts with N7 and the 6-amino group, all of which bear a
partial negative charge.42

Role of the N-termini of the Regulatory Chains of
ATCase in Allosteric Regulation. In most structures of wild-
type and mutant versions of ATCase, the N-termini of the
regulatory chains are disordered to a significant extent to make
the determination of the atomic positions of the residues
impossible. Depending upon the structure, between 1 and 10
residues have been excluded. Part of the reason for the
disordered N-termini is that this part of the protein makes
interactions with the nucleotide in the B subsite, structures of
which have not been available. The Ry ALA'CTP-Mg“-UTP and
Rpaa-ATP-Mg**-ATP structures reported here correspond to
highly inhibited and activated forms of the enzyme,
respectively. As discussed above, in these two structures, the
N-terminal region of the regulatory chains exhibit completely
different conformations.

Shown in Figure 9A are the allosteric domains of the
regulatory subunit of the Ry ,-CTP-Mg®"-UTP structure. The
N-termini of the rl and r6 chains are parallel to one another at
the dimer interface. Shown in Figure 9B are the allosteric
domains of the regulatory subunit of the Ry, ,-ATP-Mg**-ATP
structure. The larger purine ring of ATP in the A subsite
displaces the N-terminus of the rl chain into the allosteric site
of the r6 chain and interacts with the ATP bound in the B
subsite of the r6 chain and vice versa. The penetration of the N-
terminal region into the opposing regulatory chain positions
Lys6 to help neutralize the negative charges on the two
triphosphates. Additional stabilization of the nucleotide in the B
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Figure 9. Alternate conformations of the N-terminal region. The
Rpara CTP-Mg?>"-UTP (A) and Rpy - ATP-Mg**-ATP (B) structures
showing the allosteric domains of the regulatory subunit. In (A), the
N-termini curl around and interact with the B subsite within their own
chain, while in (B), the N-termini of one regulatory chain penetrates
into the B subsite of the other regulatory chain. In the Rpy,-CTP-
Mg**UTP and Rps o ATP-Mg>"-ATP structures, six and three
residues were omitted from the N-termini due to weak electron
density. Figure S2 shows the relationship of the portion of the
regulatory subunit shown in this figure to the holoenzyme.

subsite is provided by hydrophobic interactions with Leu7 and
Val9. The crossover of the N-terminal region into the opposite
regulatory chain of the dimer is particularly intriguing, as this
would enhance the strength of the interface between the
regulatory chains within the regulatory dimer, providing a new
mode by which ATP can stabilize the R state of ATCase. The
position of the N-termini in the Rpy o CTP-Mg**-UTP
structure would provide no added stabilization to this interface,
thus neutralizing the effect of ATP and by inference,
destabilizing the R state.

Allosteric Regulation is Governed by Both Subsites in
Each Regulatory Chain of ATCase. Previous kinetic studies
of single amino acid substitutions have been performed on
residues identified here as involved in nucleotide binding to the
A and B subsites. In the A subsite, Lys94* is critical for
nucleotide binding. Residues that interact with the nucleotide
in both subsites include Asp19, His20, and Lys60. The K60A
mutation eliminates CTP inhibition and reduces the affinity of
ATP. The mutant enzymes D19A,* H20A,* and KS6A* lose
their ability to be inhibited synergistically by UTP in the
presence of CTP. The loss of synergistic inhibition could not
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previously be explained from a structural perspective, especially
for the KS6A mutation as the B subsite had not been
discovered. As seen in Figure 5D, Asp19, His20, and Lys56 all
provide stabilizing interactions to the ATP bound in the B
subsite and have few or no interactions with CTP bound in the
A subsite. Mutations at residues Asp4, Lys6, and Leu7 of the N-
terminal region of the regulatory chain all influence the
regulatory properties of the enzyme.*” As seen in Figure 9,
Leu7 is involved in a hydrophobic interaction with either the
purine or pyrimidine ring of bound nucleotides, and Lys6 helps
to neutralize the charge of the two triphosphates in the Rpyja-
ATP-Mg**-ATP structure (Figure SD). These site-specific
amino acid substitutions provide functional evidence that
both the A and B subsites play a role in the allosteric regulation
of ATCase.

New Model of Allosteric Regulation of ATCase
Involving a Dinucleotide Binding Site. Based upon the
kinetics and the five X-ray structures reported here, along with
the previously reported Rpy,-UTP,® T-dCTP-Mg**-UTP and
T~CTP~Mg2+~UTP structures,” a new model of allosteric
regulation of ATCase can be proposed: (1) Each regulatory
chain of ATCase can bind two nucleotides simultaneously but
only in the presence of a divalent cation such as Mg** (see
Figure SD—F). (2) Reports from the last 57 years stating that
CTP is the allosteric feedback inhibitor of ATCase are
inaccurate. Although CTP in the absence of divalent cations
can inhibit the enzyme, in the presence of M>* ions at or below
physiological concentrations, CTP does not significantly inhibit
the enzyme. Reports from the last 24 years that ATCase is
synergistically inhibited by UTP in the presence of CTP are
incorrect. In the absence of metals, the combination of CTP
and UTP does not inhibit the enzyme more than CTP alone
(see Figure 2). In the presence of a Mg*, Ca®, or Zn>' at
concentrations less than intracellular (2 mM), CTP does not
significantly inhibit ATCase (see Figure 2 and Table 1). In the
presence of Mg®", Ca’*, or Zn’" at concentrations below
physiological, the allosteric inhibitor of ATCase is the
combination of CTP-M*"-UTP with CTP binding to the A
subsite and UTP binding to the B subsite. Thus, both end
products of the pyrimidine pathway, CTP and UTP, act
together to feedback inhibit AT Case. (3) Although ATCase can
be activated by the binding of ATP in the absence of divalent
cations, the enzyme can be activated to a larger extent by ATP-
M?**. Although GTP was never thought to play a significant role
in allosteric regulation of ATCase, it can function in
conjunction with ATP-Mg** (see Figures 2 and 3). Thus,
both end products of the purine pathway, ATP and GTP, can
act together to allosterically activate ATCase. (4) The
conformation of the N-termini of the regulatory chains is
governed by the nucleotides bound in the A and B subsites.
The inhibited form of the enzyme with CTP-Mg**-UTP bound
exhibits an intrachain orientation of the N-termini, while the
activated form of the enzyme with ATP-Mg**-ATP bound
exhibits an interchain orientation of the N-termini. Thus, the
activated form of the enzyme has increased stabilization of the
interface between the two chains of the regulatory dimer,
suggesting that these interfaces are functionally important for
the stabilization of the T and R states of AT Case. This selective
stabilization of the T and R states provides an explanation for
how the nucleotides function in the activation and inhibition of
ATCase that is consistent with the model of allostery proposed
by Monod, Wyman, and Changeux.**
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