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Structural basis for ordered substrate binding and
cooperativity in aspartate transcarbamoylase
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X-ray structures of aspartate transcarbamoylase in the absence and
presence of the first substrate carbamoyl phosphate are reported.
These two structures in conjunction with in silico docking experi-
ments provide snapshots of critical events in the function of the
enzyme. The ordered substrate binding, observed experimentally,
can now be structurally explained by a conformational change
induced upon the binding of carbamoyl phosphate. This induced fit
dramatically alters the electrostatics of the active site, creating a
binding pocket for aspartate. Upon aspartate binding, a further
change in electrostatics causes a second induced fit, the domain
closure. This domain closure acts as a clamp that both facilitates
catalysis by approximation and also initiates the global conforma-
tional change that manifests homotropic cooperativity.

allosteric transition | induced fit | homotropic cooperativity

E nzymes that exhibit positive cooperativity play a vital role in
the regulation of the rates of key metabolic pathways by
amplifying the response of a pathway to an effector molecule. In
the case of aspartate transcarbamoylase (ATCase), substrate-
induced domain closure triggers a quaternary conformational
change that results in the observed homotropic cooperativity,
one mechanism by which this enzyme controls the rate of de novo
pyrimidine biosynthesis. Understanding the molecular features
of domain closure not only provides insights into the mechanism
of homotropic cooperativity but also demonstrates how ligand-
induced domain closure can be used as part of catalytic mech-
anism of many enzymes (1, 2).

The Escherichia coli ATCase is composed of six chains (M;
34,000 each) grouped into two trimeric catalytic subunits and six
chains (M, 17,000 each) grouped into three dimeric regulatory
subunits. The three active sites in the catalytic subunit are shared
across the interface between adjacent chains (3, 4), whereas the
regulatory subunits contain the binding sites for the heterotropic
activator, ATP, as well as the heterotropic inhibitors, CTP and
UTP. Each catalytic chain is composed of two structural do-
mains, the carbamoyl phosphate (CP) domain (residues 1-135
and 292-310) and the L-aspartate (Asp) domain (residues 136—
291), which contain the binding sites for CP and Asp, respec-
tively. Each regulatory chain is also composed of two structural
domains, the AL domain (residues 1-100) and the Zn domain
(residues 101-153), which contain the binding sites for the
allosteric effectors and the structural Zn, respectively. In mam-
mals ATCase exists as a component of the multienzyme complex
CAD (carbamoyl phosphate synthetase, aspartate transcar-
bamoylase, and dihydroorotase) (5), and in humans, CAD has
become a target for the development of antiproliferation drugs
(6). The E. coli enzyme and the ATCase portion of CAD are 44%
conserved, and all residues known to be involved in substrate
binding and catalysis are conserved.

Domain closure is triggered by the ordered binding of the
substrates (7), with CP binding before Asp, and N-carbamoyl-
L-aspartate leaving before phosphate (P;). In the E. coli enzyme,
domain closure induces a dramatic quaternary structural change,
from the tense (T) to the relaxed (R) structure, involving an
elongation of the molecule by 11 A as well as rotations of the
catalytic and regulatory subunits (8). This domain closure pro-
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motes catalysis by correctly orientating many of the side chains
of the active site that are thought to be necessary for high affinity
substrate binding and catalysis. Because of structural constraints,
the closure of the domains of the catalytic chains cannot occur
without the global quaternary conformational change, which
allows domain closure without steric interference. The quater-
nary conformational change can be triggered by the binding of
a single molecule of a bisubstrate analog to just one of the six
active sites (9).

The binding of substrates to ATCase is ordered with CP
binding before Asp (10, 11). Small-angle x-ray scattering (12) and
sedimentation velocity (13) studies have shown that CP does not
cause significant global quaternary changes, whereas local
changes are observed by circular dichroism in the aromatic
region (14). These data suggest that upon CP binding, local
conformational changes occur that create a viable Asp-binding
site. Here, we report the high-resolution x-ray structures of E.
coli ATCase in the absence and presence of the first substrate,
CP. A comparison of these two structures in conjunction with in
silico docking experiments not only establishes a molecular
mechanism for ordered substrate binding but also describes the
manner by which the binding of Asp induces the domain closure
that initiates the concerted quaternary conformational change.

Methods

Enzyme Preparation. The wild-type ATCase was overexpressed by
using E. coli strain EK1104 (15) containing plasmid pEK152
(16). The isolation and purification were as described in ref. 15.
The concentration of purified enzyme was determined by ab-
sorption at 280 nm with an extinction coefficient of 0.59 (mg/
ml)~!cm~!. The purity of the enzyme was checked by SDS/
PAGE (17) and nondenaturing PAGE (18, 19).

Crystallization and Freezing of Crystals. ATCase was crystallized by
microdialysis, using 50-ul wells. The enzyme solution, at ~18
mg/ml, was dialyzed against a solution of 40 mM citric acid/3
mM sodium azide/1 mM 2-mercaptoethanol/1 mM cytidine
5'-triphosphate/0.2 mM EDTA (pH 5.7). Crystals grew to
average dimensions of 0.5 X 0.5 X 0.1 mm within 2 weeks. For
the structure determination in the presence of CP, the crystals
in the microdialysis chambers were dialyzed over 2 h against
crystallization buffer to which 10 mM CP had been added. This
procedure was repeated a second time before the crystals were
used. Crystals were transferred into a freezing solution contain-

Abbreviations: ATCase, aspartate transcarbamoylase (EC 2.1.3.2, aspartate carbamoyl-
transferase); CP, carbamoyl phosphate; Asp, L-aspartate; T structure, the tense structure of
ATCase in which the vertical separation between catalytic subunits is approximately 46 A;
R structure, the relaxed structure of ATCase in which the vertical separation between
catalytic subunits is approximately 57 A; PALA, N-(phosphonoacetyl)-L-aspartate; 80's loop,
aloop in the catalytic chain of ATCase composed of residues 73-88; 50s loop, a loop in the
catalytic chain of ATCase composed of residues 50-56; 240's loop, a loop in the catalytic
chain of ATCase composed of residues 230-245.

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.pdb.org (PDB ID codes 1ZA1 and 1ZA2).
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Table 1. Data collection and refinement statistics

ATCase without CP

ATCase with CP

Data collection
Space group
Cell dimensions

P321

P321

a b, cA 120.56, 120.56, 142.42 121.44, 121.44, 142.55
a By ° 90, 90, 120 90, 90, 120
Resolution, A 30-2.0 (2.07-2.00) 50-2.50 (2.59-2.50)
Rmerge,* % 6.3 (44.4) 6.8 (44.7)
Average, I/o 14.7 (3.8) 36.7 (3.8)
Completeness, % 99.5 (99.0) 99.9 (99.0)
Total reflections 435,580 381,778
Unique reflections 80,778 42,642
Redundancy 5.35 (5.23) 9.0 (8.1)
Refinement
Resolution, A 30-2.15 50-2.50
o cutoff 0 0
Reflections 74,750 40,371
R factor/Rfree 0.205/0.252 0.197/0.251
rms deviations
Bonds, A 0.012 0.006
Angles, ° 1.58 1.40
Dihedrals, ° 23.8 23.8
Total number waters 590 381
Average temperature factors
Catalytic chain
CP domain, A2 35.3 39.8
Asp domain, A2 38.6 49.6
Regulatory chain
AL domain, A2t 71.4 79.3
Zn domain, A2 46.4 52.1

Values in parentheses are for the highest-resolution shell.

*Rmerge= Zhki Zillihkl) — (IChk)|/Zkni Zilbkr-
TFirst 10 residues omitted from calculation.

ing 30% (vol/vol) 2-methyl-2,4-pentanediol in crystallization
buffer for ~1 min before freezing in liquid nitrogen.

X-Ray Data Collection and Processing. The data for the structure in
the absence of CP were collected by using a Rigaku/MSC (The
Woodlands, TX) R-axis IV++ detector, whereas x-rays were
generated by using a Rigaku RU-200 rotating anode generator
operating at 50 kV and 100 mA. All data were collected at the
Crystallographic Facility in the Chemistry Department of Bos-
ton College. The diffraction data were integrated, scaled, and
averaged by using d*TREK (Rigaku/MSC) (20).

The data for the structure in the presence of CP were collected
at the National Synchrotron Light Source (Beamline X29) at
Brookhaven National Laboratory (Upton, New York). The
diffraction data were integrated, scaled, and averaged with
HKL2000 (21).

Structural Refinement. The initial model for the structure in the
absence of CP was derived from the coordinates of the published
T-state structure in ref. 22 (PDB ID code 1NBE). Before
refinement, all of the waters and ligands were removed. The
refinement was carried out by using Crystallography & NMR
System (CNS) (23). After initial rigid body, simulated annealing,
minimization, and B-factor refinement, initial maps were in-
spected. The N terminus of the regulatory chain was disordered;
for this reason, the first 15 aa were removed from the model, then
replaced through several rounds of manual rebuilding using
XTALVIEW (24). Corrections were also made to the catalytic
chains. After rebuilding of the N terminus of the regulatory
chains, the CTP was fit into the difference density in the
allosteric binding pocket.
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The initial model for the structure in the presence of CP was
the T-state structure of the ES0A catalytic chain mutant with
phosphonoacetamide bound (PDB ID code 1TUO) (25). After
initial rigid body, simulated annealing, minimization, and B-
factor refinement, inspection of initial maps and the value of the
R factor indicated that model building was necessary. The
regulatory chains of the INBE structure (22) were overlaid and
incorporated into the model. Another round of refinement was
performed before CTP and CP were introduced into the struc-
ture. Several rounds of manual rebuilding of both catalytic chains
and regulatory chains were performed to improve the quality of
the electron density maps, particularly for residues 77-85 of the
catalytic chains and 50-54 of regulatory chains.

Waters were added to both structures by using CNS and
XTALVIEW on the basis of F, — F, electron density maps at or
above the 2.5 o level and were checked and retained only when
they could be justified by hydrogen bonds. Both models were
checked for correctness by using PROCHECK (26). The details of
data processing and refinement statistics for both structures are
given in Table 1.

Automated Docking Procedure. The program AUTODOCK (27) was
used for the automated docking of ligands to the active site of the
structures. To have one complete active site, two adjacent
catalytic chains were used for the docking procedure. The
charges on CP and Asp were set at —2. The grid box was set at
30 A3 centered at the middle of the active site, with a grid spacing
of 0.275 A between grid points. In each case, 25 docking runs
were performed by using the Genetic Algorithm with a maxi-
mum of 500,000 energy evaluations.

Wang et al.
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Graphics. The figures were prepared with POVSCRIPT+ (28) and
CHIMERA (29). The electrostatic potential maps were calculated
with GRASsP (30).

Results and Discussion

Structure of ATCase in the Absence and Presence of CP. CP is a
relatively unstable metabolic intermediate with a #1, of 5 min for
decomposition in solution at 37°C and 2 sec at 100°C. We have
found that when CP is bound to ATCase, the CP is protected
from thermal decomposition. The stabilization of CP by ATCase
has allowed us to prepare crystals of the ATCase-CP complex
suitable for x-ray diffraction. Crystals without CP diffracted to
2.0 A, significantly better than determined in ref. 31. However,
the crystals soaked with CP diffracted to lower resolution.
Therefore, data for these crystals were collected on Beamline
X29 at the National Synchrotron Light Source at Brookhaven
National Laboratory, yleldlng data to 2.5-A resolution. The
structures of the enzyme in the absence and presence of CP were
refined to an R factor/Ryee of 20.5%/25.5% and 19.7%/25.1%
respectively, by using CNs (23).

To evaluate whether the binding of CP altered the quaternary
structure of the enzyme, the vertical separation between the upper
and lower catalytic subunits was compared. The vertical separation
for the wild-type enzyme in the T and R states is 45.6 A and 56.6
A, respectively. The difference between the R- and T-state vertical
separations corresponds to the vertical expansion of the enzyme
observed during the T-to-R transition (56.6 — 45.6 = 11 A). For the
wild-type enzyme in the presence of CP, the vertical separation was
45.9 A, indicating that the binding of CP does not significantly alter
the quaternary structure of the enzyme.

Fig. 1a shows the backbone changes that occur when CP binds
to the active site of ATCase. The portion of the active site
contributed by the 80’s loop, a loop in the catalytic chain of
ATCase composed of residues 73-88, of the adjacent chain is
also shown. This comparison shows considerable changes in the
tertiary structure of the catalytic chains induced upon CP
binding in the 50’s loop, a loop of residues in the catalytic chain
from 50-56; the 80’s loop; and smaller changes in the 240’s loop,
a loop of residues in the catalytic chain from 230-245. The
largest differences between the two structures occur in the 80’s
loop from residues 76-84.

A comparison of the active site region of the structures in the
absence and presence of CP is shown in Fig. 1 ¢ and d. When CP
binds, a number of residues, such as Ser-52, Thr-53, Arg-54,
Thr-55, Arg-105, and Leu-267, along with Ser-80 from the
adjacent chain, reorient to create the CP-binding pocket. A
superposition of the active site with and without CP is shown in
Fig. 1b. There are ~15 hydrogen bonding interactions between
CP and side chain or backbone atoms in the active site along with
a smaller number of hydrophobic interactions. In total, these
interactions explain the micromolar affinity of CP (32). The
significance of this structural change is that the 80’s loop from
the adjacent chain provides critical residues involved in the
stabilization of the tetrahedral intermediate (33). The binding of
CP causes local alterations in the 50’s loop, which draws side
chains such as Ser-80 and Lys-84 of the adjacent 80’s loop toward
the active site. This movement induced upon CP binding is the
first critical step in the preparation of the active site for domain
closure and the allosteric transition.

Alterations in the Shape and Electrostatics of the Active Site upon CP
Binding. The number of positively charged residues that are
involved in the interactions with CP strongly suggests that
electrostatic neutralization is important for binding. Fig. 1 e and
f show the shape and electrostatic environment of the active site
structure of the enzyme in the absence and presence of CP. A
comparison of these two electrostatic potential maps reveals that
the binding of CP has two critical effects on the active site. First,
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the volume of the active site is reduced because of both the
binding of CP and conformational changes induced by its
binding. Second, there is a dramatic increase in the electropos-
itive nature of the active site. These changes taken together
suggest that CP has a profound influence on preparing the active
site for Asp binding. Electrostatic differences are caused mainly
by the alterations in the 50’s and 80’s loops as well as smaller
scale side-chain repositioning in the Asp domain, and a shift in
interactions at the interface between the CP and Asp domains.
For example, in the CP ligated structure, the T-state stabilizing
interaction between Arg-54 and Leu-267 (backbone interaction)
is lost (34). The loss of this interaction has the effect of
repositioning the Arg-54 side chain toward the active site,
contributing to the increased electropositive nature of the active
site (compare Fig. 1 e and f).

In the Absence of Ligands, Asp and CP Bind to the Same Site. Because
substrate binding to ATCase is ordered, with CP binding before
Asp, it has been hypothesized that the binding of CP induces
conformational changes that allow Asp to bind. To further
investigate the precise mechanism of ordered-substrate binding
to ATCase we carried out in silico docking experiments with
AUTODOCK (27). The use of AUTODOCK was validated by testing
the ability of the program to dock the bisubstrate analog
N-phosphonacetyl-L-aspartate (PALA) into the x-ray structure
of PALA bound to ATCase (PDB ID code 1D09) (33) and by
docking CP into the x-ray structure of the ATCase-CP complex
as reported here. The ligand (PALA or CP) was removed from
the active site of the respective structure. The coordinates of the
ligand were translated away from the protein, and its confor-
mation was energy minimized before AUTODOCK (27) was used
to redock the ligand. The docked positions of PALA and CP into
their respective active sites were excellent, with a rms deviation
of 0.95 A for PALA and 0.73 A for CP.

In separate experiments, CP and Asp were docked into the
active site of the unligated structure. As seen in Fig. 2a, the
docked positions of CP and Asp overlap in the active site,
suggesting that, in this form of the enzyme, there is only one
primary binding site, which can bind either CP or Asp.

The results of these AUTODOCK experiments in conjunction
with the electrostatic calculations provide an explanation for the
experimental observation that the binding of the substrates to
ATCase is ordered, with CP binding before Asp. When the active
site of the enzyme is devoid of substrates, the position of the side
chains is such that there is essentially one positively charged
binding pocket (see Fig. 2a) that can bind either CP or Asp.
However, the binding of CP alone not only induces local
conformational changes in the active site that enhance its own
binding but also brings about a significant alteration in the
electrostatic environment of the active site (compare Fig. 1 ¢ and
f), creating the Asp-binding site. The lack of a functional
Asp-binding site in the absence of CP binding provides a direct
structural explanation for the required ordered binding of
substrates to ATCase.

Asp Bound to the ATCase-CP Complex Is Positioned Correctly for the
Nucleophilic Attack. To evaluate the interaction of Asp with the
ATCase-CP complex AUTODOCK (27) was also used. The results
show that the docked Asp was oriented in the exact position
expected immediately before the nucleophilic attack. As seen in
Fig. 2b, the nitrogen of the a-amino group of Asp is only 2.8 A
from the carbonyl carbon of CP. Thus, the formation of the
ATCase-CP complex both creates a binding site for Asp and
makes the electrostatic environment of the active site more
electropositive (compare Fig. 1 e and f). This increase in the
electropositive nature of the active site would effectively lower
the pK, of the a-amino group of Asp, thereby promoting
catalysis.

PNAS | June 21,2005 | vol.102 | no.25 | 8883
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Fig. 1. Comparison of the x-ray structures of ATCase in the absence and presence of CP. (a) One catalytic chain (gray, red) of ATCase along with the 80’s loop of the
adjacent catalytic chain (yellow, purple, 80’s loop*). The width of the tube is proportional to the rms deviation between the a-carbon positions of the two structures.
The CP domain is on the left (with CP shown) and the Asp domain is on the right. (b) Overlay of the CP binding site in the absence and presence of CP. The two structures
were first superimposed by using sequoia (37). ATCase in the presence of CP is shown with gray side-chain carbons, whereas the structure without CP is shown with black
side-chain carbons. (c) Active site of ATCase in the absence of CP. Orientation is the same as in b. The refined coordinates of the side chains are overlayed on the 2F, —
F. electron density map shown contoured at 0.8 o. (d) Active site of ATCase in the presence of CP. Orientation is the same as in b. The refined coordinates of the side
chains are overlayed onthe 2F, — F. electron density map shown contoured at 1.2 . The CP is overlayed on the F, — F electron density map (magenta) shown contoured
at 1.6 o. (e) Electrostatic potentials mapped onto the surface of ATCase in the absence of CP. (f) Electrostatic potentials mapped onto the surface of ATCase in the
presence of CP. In e and f, the positions of Ser-80, Lys-84, Arg-234, and CP are overlaid onto the electrostatic map.

The Binding of CP Weakens Interactions That Are Required for Stabi-
lization of the Enzyme in the T State. Previous site-specific mu-
tagenesis experiments identified interactions that are necessary
to stabilize the T and R states of ATCase, such as the T-state
stabilizing interactions of Glu-239 found in the upper catalytic
subunit toward both Lys-164 and Tyr-165 in the lower catalytic
subunit (31). When the structures with and without CP are
compared and averaged over the two catalytic chains in the
asymmetric unit, the Glu-239-Lys-164 and Glu-239-Tyr-165
interactions increase in length by 0.4 and 0.7 A, respectively.
Other T-state stabilizing interactions also increase in length, but

8884 | www.pnas.org/cgi/doi/10.1073/pnas.0503742102

to a smaller extent. The lengthening of these interactions
suggests that the binding of CP alone has a destabilizing influ-
ence on the T-state of the enzyme. These results also explain the
ability of CP, in the absence of aspartate or an aspartate analog,
to convert T-state-destabilized mutants (35, 36) completely into
the R-state quaternary structure, whereas CP alone has little
influence on the quaternary structure of the wild-type enzyme.

The Binding of Aspartate Induces the Allosteric Conformational

Change. Based on the docking experiments shown in Fig. 2b, the
binding of Asp to the ATCase:CP complex not only positions

Wang et al.
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Stereoview of a portion of the active site of ATCase. (a) The side chains are from the structure of the enzyme in the absence of CP. The positions of CP

and Asp shown are from autopock (27). Interactions with CP and Asp are shown with black and red dashed lines, respectively. (b) The side chains are from the
structure of the enzyme in the presence of CP. The position of CP is from the x-ray structure and the position of Asp is from the docking of Asp to the ATCase-CP
complex with autobock (27). Interactions with CP and Asp are shown with black and green dashed lines, respectively. Red arrow shows the proposed attack of

the nitrogen of the a-amino of Asp onto the carbonyl carbon of CP.

Asp correctly for the nucleophilic attack but also makes the
electrostatic environment of the active site more electroneg-
ative. This second change in the electrostatics of the active site
would induce movements of the positively charged residues of
the 80’s and 240’s loops, such as Lys-84 and Arg-234, to
reposition closer to the substrates. Such backbone motions
correlate with the domain closure required to complete the
formation of the high-affinity high-activity active site that is
characteristic of the R-quaternary structure (33).

The Link Between Catalysis and Homotropic Cooperativity. The con-
formational changes induced by the binding of Asp cause the Asp
domain, the 240’s loop, and the 80’s loop of the adjacent chain to
close in on the two substrates. This motion has two consequences:
First, it forces the substrates closer together, thereby lowering the
activation energy of the reaction, and, second, it further weakens
the intersubunit interactions that specifically stabilize the T qua-
ternary structure. The weakening of these interactions triggers the
initiation of the global quaternary conformational change. In fact,
the 240’s loops cannot attain their final domain-closed conforma-
tion without an expansion of the enzyme along the threefold axis,
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which allows the 240’s loops from the upper and lower catalytic
subunits to slide past each other.

The Link Between Domain Closure and Homotropic Cooperativity. The
structures of ATCase reported here provide two snapshots of
critical events in the function of the enzyme. The ordered
substrate binding observed experimentally is explained by an
induced-fit conformational change upon the binding of CP. This
change dramatically transforms the electrostatics of the active
site, creating the binding site for Asp. The subsequent binding of
Asp changes the electrostatics once more, causing a second
induced fit, the domain closure, which both facilitates the
catalytic reaction and induces the quaternary conformational
change that manifests homotropic cooperativity in ATCase.
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