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Abstract

Here we report the isolation, Kinetic characterization, and X-ray structure determination of a
cooperative E. coli aspartate transcarbamoylase (ATCase) without regulatory subunits. The native
ATCase holoenzyme consists of six catalytic chains organized as two trimers bridged non-
covalently by six regulatory chains organized as three dimers, cgrg. Dissociation of the native
holoenzyme produces catalytically active trimers, c3, and nucleotide-binding regulatory dimers, r,.
By introducing specific disulfide bonds linking the catalytic chains from the upper trimer site
specifically to their corresponding chains in the lower trimer prior to dissociation, a new catalytic
unit, cg, was isolated consisting of two catalytic trimers linked by disulfide bonds. Not only does
the cg species display enhanced enzymatic activity compared to the wild-type enzyme, but the
disulfide bonds also impart homotropic cooperativity, never observed in the wild-type c3. The cg
ATCase was crystallized in the presence of phosphate and its X-ray structure determined to 2.10 A
resolution. The structure of cg ATCase liganded with phosphate exists in a nearly identical
conformation as other R-state structures with similar values calculated for the vertical separation
and planar angles. The disulfide bonds linking upper and lower catalytic trimers predispose the
active site into a more active conformation by locking the 240’s loop into the position
characteristic of the high-affinity R state. Furthermore, the elimination of the structural constraints
imposed by the regulatory subunits within the holoenzyme provides increased flexibility to the cg
enzyme enhancing its activity over the wild-type holoenzyme (cgrg) and c3. The covalent linkage
between upper and lower catalytic trimers restores homotropic cooperativity so that a binding
event at one or so active sites stimulates binding at the other sites. Reduction of the disulfide
bonds in the cg ATCase results in c3 catalytic subunits that display similar kinetic parameters to
wild-type cs. This is the first report of an active cg catalytic unit that displays enhanced activity
and homotropic cooperativity.

Escherichia coli aspartate transcarbamoylase (ATCase, EC 2.1.3.2) catalyzes the committed
step of the pyrimidine nucleotide biosynthesis pathway: the condensation of carbamoyl
phosphate (CP) and L-aspartate (Asp) to form N-carbamoyl-L-aspartate (CA) and phosphate
(P;). The end products of the pyrimidine biosynthetic pathway, CTP and UTP in the
presence of CTP, allosterically inhibit the enzyme (1,2). Conversely ATP, an end product of
the purine biosynthetic pathway, allosterically activates the enzyme (1).

The quaternary structure of the E. coli enzyme is a dodecamer composed of two trimeric
catalytic subunits (M, = 34,000/chain) and three dimeric regulatory subunits (M, = 17,000/
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chain). The six active sites are located at the interface between adjacent catalytic chains and
six allosteric sites are located on each of the regulatory chains (3-6). The two catalytic
trimers are bridged non-covalently by the three regulatory dimers. The enzyme exists in two
different structural and functional states that have been characterized (7); the low-activity,
low-affinity T state, and the high-activity, high-affinity R state (8-10). The conversion of
the enzyme from the T to R state occurs upon Asp binding to the holoenzyme in the
presence of CP. Upon the allosteric transition, several tertiary changes occur such as the
reorganization of the 80’s and 240’s loops of the catalytic chains. Specific interchain
interactions of the side chains of the 240’s loop in the T and R states have been identified as
important contributors to stabilizing the T and R states (11).

The complex quaternary structure of the E. coli enzyme has previously been manipulated to
study its catalytic properties. Treatment of the holoenzyme with heat or mercurials, such as
p-hydroxymercuribenzoate or nechydrin, results in the dissociation of the catalytic and
regulatory subunits (12—-16). The isolated regulatory dimer binds nucleotide effectors, but is
catalytically inactive. The isolated trimeric catalytic subunit is approximately 50% (16,17)
more active than the native enzyme, but is noncooperative and does not exhibit heterotropic
effects (1). A complex of a single catalytic trimer, c3, and three regulatory dimers, 3r,, can
be formed by mixing a very dilute solution of c3 with a large excess of rp (18). The carg
complex displays Michaelis-Menten kinetics similar to c3, but it shows a much lower Ky, for
aspartate, a significantly lower Vhax, much stronger substrate inhibition (19), and it is not
activated by the substrate analog, succinate, in the presence of a saturating concentration of
CP (20). These results suggest that the active sites in the cs3rg complex exist in only one
functional state. A similar complex was formed between a catalytic trimer and the zinc-
binding domain of the regulatory chain, which consists of 70 amino acids. This complex
displayed properties similar to the R functional state of the holoenzyme, increased thermal
stability compared to c3, hyperbolic dependence of initial velocity on aspartate
concentration, and 50% increase in aspartate affinity indicating that substantial changes
occur at the active site of the catalytic trimer when it interacts with the zinc-containing
polypeptide of the regulatory chain (21-23). The native enzyme exists in two forms with the
low-affinity, low-activity T state being due to constraints imposed by quaternary structure
that must be overcome, upon ligand binding, by conformational changes to the R state. The
carg and the c3-(zn)3 complexes do not have these same constraints and therefore ligand
binding is more favorable. Furthermore, it was suggested that the two c3 subunits of the
native enzyme, while not in direct contact, are both required for the observed homotropic
effects of the native enzyme because the homotropic interactions arise from substrate
binding at sites on different c3 subunits (13,24-26). However, cooperativity has been
observed in a relatively inactive c3 subunit with the active site mutation R105A.

Other quaternary structures of ATCase have been investigated also. A quaternary structure
in which the holoenzyme is lacking a single regulatory dimer (cgr4) was isolated as a less
stable component observed as an intermediate in the assembly and dissociation of the native
enzyme. The cgry complex exhibits characteristic sigmoidal saturation behavior and CTP
inhibition, but the allosteric effects are reduced by about one-third in comparison to the
wild-type enzyme suggesting that the allosteric regulation does not require the intact cgrg
structure (13,24-26).

Stabilization of the quaternary state of the holoenzyme has also been achieved with cross-
linking reagents. Tartryl diazide was used to react with the side chains of lysine residues
within subunits to form amide bonds. When this reaction is performed in the absence of
ligands, the T-functional state of the enzyme is stabilized, whereas in the presence of
substrate analogs, the R-functional state of the enzyme is stabilized (27,28). The results of
the cross-linking showed that the derivatives obtained in the presence or absence of substrate
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analogs differed greatly in substrate affinity by up to 20-fold (28). These cross-linking
studies however used a nonspecific bifunctional reagent. The R state of ATCase has also
been specifically stabilized via formation of disulfide bonds after introduction of Cys
residues at positions in the 240°s loop of the catalytic chains (29). The T- to the R- state
transition involves a reorientation of 240’s loop. In the T state the 240’s loops of one upper
and lower catalytic chain are far apart, but become stacked and close together in the R state.
This conformational change facilitates the domain closure in the catalytic chains, forming
the high-activity and high-affinity active sites characteristic of the R state. A mutation at
position 241 in the 240’s loop from Ala to Cys, as well as a mutation at position 47 from a
Cys to an Ala provided the possibility to selectively form disulfide bonds between Cys241
from the upper and lower catalytic chains which would lock the 240°s loop into the position
characteristic for the R-quaternary state (29). The aspartate saturation curve (performed
under non-reducing conditions) of the C47A/A241C holoenzyme is hyperbolic and
exhibited high activity, and the enzyme activity was not affected by CTP or ATP (29)
indicating that the enzyme is held in the R-functional state.

The results from the experiments presented here describe the properties of a new quaternary
structure of E. coli ATCase produced by treatment of the disulfide-linked C47A/A241C
holoenzyme with p-hydroxymercuribenzoate. This procedure resulted in the dissociation of
catalytic and regulatory subunits, producing a disulfide linked cg catalytic unit and r,
regulatory subunits. This disulfide linked cg catalytic species provides a means to investigate
a hexameric ATCase without any regulatory subunits to impose quaternary structure
constraints, thus allowing the investigation of the enzyme’s homotropic cooperativity.
Furthermore, the X-ray structure of the cg ATCase was determined providing structural
evidence to explain the enhanced catalytic activity and restoration of homotropic
cooperativity observed for this species.

EXPERIMENTAL PROCEDURES

Materials

L-aspartate ATP, CTP, carbamoyl phosphate dilithium salt, N-carbamoyl-L-aspartate, 2-
mercaptoethanol, potassium dihydrogen phosphate, sodium EDTA, uracil, and DEAE
Sephadex A50 were purchased from Sigma-Aldrich. Carbamoyl phosphate dilithium salt
was purified before use by precipitation from 50% (v/v) ethanol and was stored dessicated at
—20°C. Enzyme grade ammonium sulfate, Tris, and electrophoresis grade acrylamide were
from ICN Biomedicals (Costa Mesa, CA). Antipyrine and diacetylmonoxime were obtained
from Fisher.

Overexpression and Purification of the C47A/A241C Holoenzyme and Catalytic Subunits

The C47A/A241C holoenzyme was overexpressed from plasmid pEK613 (29) and purified
to homogeneity as described previously (30) under non-reducing conditions. The purity of
the enzyme was checked by SDS PAGE (31), non-reducing SDS PAGE (in which 2-
mercaptoethanol is omitted from the sample buffer), and nondenaturing PAGE (32,33).

The C47A/A241C holoenzyme was dissociated into catalytic and regulatory subunits with
pHMB as described previously described (34). The C47A/A241C cg was isolated from the
mixture by anion-exchange chromatography employing DEAE Sephadex A50. The r,
dimers eluted with 0.23 M KCI, and the C47A/A241C cg eluted with 0.5 M KCI. The C47A/
A241C cg was dialyzed extensively against 0.1 M Tris-acetate pH 8.3 to remove KCI and
pHMB before kinetic tests were performed.
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The disulfide bonds in the C47A/A241C cg were reduced with 20 mM 2-mercaptoethanol to
form C47A/A241C c3. The complete reduction from C47A/A241C cg to CA7TA/A241C c3
was verified by non-reducing SDS PAGE and non-denaturing PAGE.

The concentrations of the wild-type holoenzyme and catalytic subunit were determined
using extinction coefficients of 0.59 and 0.72 cm? mg ™! respectively (16). The concentration
of the C47A/A241C cg and c3 were determined by the BioRad version of the Bradford dye
binding assay using wild-type holoenzyme and catalytic subunit as standard (35).

Aspartate Transcarbamoylase Assay

The ATCase activity was measured at 25 °C colorimetrically by reaction of the carbamoy!l-
L-aspartate formed employing a solution composed of a mixture of 50 mL 0.5% (w/v)
antipyrine in 50% (v/v) sulfuric acid and 25 mL 0.4% (w/v) in 5% acetic acid, as previous
described (36). Aspartate and PALA saturation curves were performed in duplicate. Assays
were performed in 50 mM Tris-acetate buffer, pH 8.3 in the presence of a saturating
concentration of CP (4.8 mM). For the PALA activation curve, the Asp concentration was
held constant at 7 mM. Data analysis of the steady-state kinetics was carried out as
described previously (37). Fitting of the experimental data to theoretical equations was
accomplished by non-linear regression. The data were analyzed using an extension of the
Hill equation that included a term for substrate inhibition. If the fit to the Hill equation gave
a Hill coefficient of 1 or less, the experimental data were fit to the Michaelis-Menten
equation with an additional term for substrate inhibition (38).

Crystallization, data collection, and structure refinement

A sample of purified C47A/A241C cg at a concentration of 10 mg/mL was sent to the
Hauptman Woodward Institute for high-throughput crystallization screening (39). The
results of the screen of 1536 under-oil conditions indicated buffer conditions in which the
C47A/A241C c6 enzyme formed well-defined crystals. Crystals of C47A/A241C cg were
obtained by the hanging-drop vapor diffusion method under conditions suggested by the
HWI crystal screen. Single crystals were obtained by mixing 10 mg/mL of C47A/A241C cg
in 100 mM Tris-acetate pH 8.3, in a 1:1 ratio (v/v), with crystallization buffer and suspended
over a well containing 1 mL of the same buffer. Crystallization buffer consisted of 40%
PEG 1000, 100 mM NH4H,PO4, and 100 mM HEPES pH 7.5. The crystals grew over one
week at 20 °C and were approximately 0.2 x 0.2 x 0.2 mm?,

The crystals were soaked in a cryoprotectent solution containing 20% PEG 400 and 80%
crystallization well buffer before freezing in liquid nitrogen. X-ray diffraction data were
collected at Brookhaven National Synchrotron Light Source (Brookhaven National
Laboratory, New York), beamline X29. C47A/A241C cg crystallized in space group P4332
with unit cell dimensions a = b = ¢ = 142.5 A and diffracted to 2.10 A resolution.

The initial model for the C47A/A241C cg structure was derived from the coordinates of the
RpaLa structure with all of the water molecules, ligands, and regulatory chains removed
(40). Molecular replacement was performed utilizing Phaser within the CCP4 Suite (41).
The structure was solved with one catalytic chain in the asymmetric unit, which gives a
Matthew’s coefficient of 3.55 and 65% solvent.

The coordinates from the molecular replacement were subjected to rigid-body refinement
and simulated annealing within PHENIX, reducing the Reactor/Rfree t0 0.228/0.242. Further
model rebuilding and structure refinement was performed using COOT (42) and PHENIX
(43), respectively. Two molecules of phosphate were fit into the difference density in the
active site. Water molecules were added to the structure using PHENIX (43) on the basis of
the Fo—F; electron density maps at or above the 3.0 o level. After completion of the
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refinement the final Reactor/Rree Was 0.177/0.205. The model was checked for errors using
PROCHECK (44). The details of data processing and refinement statistics are given in Table
2.

Protein Data Bank Deposition

The coordinate and structure factors for the C47A/A241C cg complex with phosphate have
been deposited in the RCSB Protein Data Bank under accession code 3NPM.

RESULTS AND DISCUSSION

Isolation of C47A/A241C cg from the C47A/A241C Holoenzyme

Under non-reducing conditions the C47A/A241C holoenzyme can be isolated with three sets
of disulfide bridges between the Cys241 residues in the upper and lower catalytic subunits
(29). In this cross-linked form, the enzyme did not exhibit cooperativity for aspartate,
displayed a slightly higher maximal velocity than the wild-type enzyme and was almost
insensitive to the allosteric effectors (29). The unliganded C47A/A241C holoenzyme was
determined to be in the R-quaternary structure by small-angle X-ray scattering (29). Thus,
the loss of cooperativity and lack of allosteric effector response can be attributed to the
stabilization of the R-quaternary structure of the C47A/A241C holoenzyme by the formation
of the interchain disulfide bridges.

The regulatory and catalytic subunits of ATCase interact only by noncovalent interactions,
which can be disturbed in a variety of ways such as by heat treatment (1) as well as by
treatment of the holoenzyme with certain mercurials (1,14,16). In principle, treatment of the
C47A/A241C holoenzyme with a mercurial, such as pHMB, should dissociate the regulatory
subunits and produce an ATCase species containing six catalytic chains organized in two
trimers linked by disulfide bridges, the C47A/A241C cg enzyme.

When the C47A/A241C holoenzyme was treated with pHMB the cgrg species disappears
(see Figure 1A, compare Lanes 3 and 4), yet by non-reducing SDS PAGE no detectable
alteration occurred (see Figure 1B, compare Lanes 3 and 4). After treatment of the C47A/
A241C holoenzyme with pHMB, the mixture was separated by anion-exchange
chromatography utilizing DEAE Sephadex A50. The separation yielded regulatory subunits
(r2) and a species that did not migrate as either cgrg or cz on non-denaturating PAGE (see
Figure 1A, compare Lanes 5 and 6). This species migrated at the same position as the C47A/
A241C c, species observed on the non-reducing SDS PAGE (see Figure 1B, compare Lanes
5 and 6 to the upper band of Lane 3), with an estimated molecular mass of 68 KDa. In this
species disulfide bonds linked the two catalytic subunits together to form a hexamer, cg.

Steady-state Kinetics

Shown in Figure 2 are the Asp saturation curves for the wild-type holoenzyme and C47A/
A241C cg and Table 1 provides a complete summary of the kinetic parameters. Most notable
was the almost 3-fold enhanced activity of the C47A/A241C cg as compared to the wild-
type holoenzyme, with maximal velocities of 55.6 and 19.3 mmolsh~1emg~1 respectively.
The [Asp]o 5 values were similar, 17.9 mM for the C47A/A241C cg as compared to 13.5
mM for the wild-type holoenzyme. The higher [Asp]g 5 value for the C47A/A241C cg was
unexpected since the [Asp]o.5 value for the wild-type and C47A/A241C c3 are 10.4 mM and
8.7 mM respectively. Even more unexpected was that the C47A/A241C cg exhibited
substantial cooperativity for aspartate (ny = 1.7) even in the absence of the regulatory
subunits. The higher specific activity of the C47A/A241C cg cannot be accounted for by the
mutations themselves since the C47A/A241C cgrg and the C47A/A241C c3 have specific
activities of 25.6 and 21.5 mmolsh~temg™1, respectively. Thus, the disulfide bridges holding
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the two catalytic trimers together in the C47A/A241C cg impart not only a higher specific
activity onto the C47A/A241C cg, but also homotropic cooperativity. Previous to this study
the only catalytic chain based species of ATCase that exhibited Asp cooperativity was the
catalytic subunit (c3) of the R105A mutant enzyme. This relatively inactive mutant exhibited
a Hill coefficient of 2.0 (17).

Tests of Homotropic Cooperativity

Homotropic cooperativity in ATCase is due to a shift from a low-activity low-affinity T
state to a high-activity high-affinity R state. Not only does the natural substrate Asp, in the
presence of a saturating concentration of CP induce the T to R transition, but also substrate
analogs such as succinate, in the presence of a saturating concentration of CP, or the
bisubstrate analog PALA. At low Asp concentrations, much less than the [Asp]g s, the
enzyme is essentially in the T state and the binding of succinate or PALA to one or more
active sites shifts the entire enzyme to the R state. Thus under these conditions these
inhibitors can activate the enzyme. To test the homotropic cooperativity of the C47A/A241C
Ce, the activity of the enzyme was measured as a function of the PALA concentration at 7
mM Asp.

As seen in Figure 3, PALA did not activate the C47A/A241C holoenzyme but did activate
the C47A/A241C cg species, suggesting that the sigmoidal Asp saturation curve (see Figure
2) was indeed the result of homotropic cooperativity. The extent of the activation is not
large, but is what would be expected for an enzyme with a relatively low Hill coefficient.
These data confirm that the disulfide bridges between the two catalytic subunits of the
CATAIA241C cg are directly responsible for the homotropic linkage between the six active
sites in this enzyme. Furthermore, the reduction of the disulfide bonds of the C47A/A241C
Cg to produce catalytic subunits (c3), eliminated the homotropic cooperativity and reduced
the specific activity and [Asp]o.5 (Table 1).

Overall Description of the Structure

The catalytic subunit of wild-type ATCase, c3, does not display homotropic cooperativity
due to the lack of constraints imposed by the regulatory subunits in the transition from the T
to R state. It has been postulated that in order to observe homotropic cooperativity, both
catalytic trimers must be present (45-47). The steady-state kinetic results of the C47A/
A241C cg displayed homotropic cooperativity and enhanced enzymatic activity. To
understand how these disulfide bonds restore the homotropic cooperativity and enhance the
activity of the C47A/A241C cg, X-ray crystallography was employed. Data quality crystals
were obtained of the C47A/A241C cg with P; bound that diffracted to a maximal resolution
of 2.10 A.

To evaluate the quaternary conformation of the cg pj structure, the vertical separation
between the upper and lower catalytic subunits was computed and compared to the vertical
separations of known T- and R-state structures. The vertical separation for the T-state
holoenzyme is approximately 45.6 A (48) and for the R-state holoenzyme is approximately
56.4 A (40). The difference between the T- and R-state vertical separations corresponds to
the 11 A vertical expansion of the enzyme during the T to R transition. For the cg p;
structure, the vertical separation was computed as 56.0 A, similar to R-state structures. Thus,
even in the absence of regulatory subunits, the disulfide bonds in the cg pj structure stabilize
the expanded R-state quaternary structure. In addition, the planar angle of the CP and Asp
domains was computed. The planar angle is defined as the angle formed between the centers
of gravity of the CP and Asp domains and a hinge point (49). The T-state holoenzyme active
site is more open with a planar angle of approximately 135° and the R-state holoenzyme
active site is more closed with a planar angle of approximately 127°. The planar angle
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computed for the catalytic chain of the cg_pj structure was 127.7°, comparable to other R-
state structures and the c3 paia structure.

Disulfide Bonds

In order to verify the presence of the disulfide bonds between catalytic subunits in the
crystal, one of the crystals was washed with well buffer, dissolved in 50 mM Tris pH 8.3,
and the protein solution was characterized by non-reducing SDS PAGE. As seen in Figure 4
(Lanes 2 and 3), the band corresponding to the C47A/A241C cg before and after
crystallization was essentially the same, and indicates that the disulfide bridge linking the
two catalytic chains was intact within the crystal.

In addition, the disulfide bonds were clearly observed in the electron density maps generated
for the cg pj structure. The initial model for refinement contained Ala at position 241, but
the positive density observed in the F,—F electron density map indicated the presence of a
Cys residue at this position. COOT (42) was used to mutate and auto-fit a Cys residue into
the positive density at position 241. Following refinement utilizing PHENIX (43), the
resulting Fo—F electron density map showed positive density extending from the CB atom
of Cys241 in the opposite direction of the refined SG atom suggesting that this residue exists
in two alternate conformations. The alternate conformation was added to the coordinate files
using COOT (42) and the resulting residue fit into the density appropriately. When
symmetry atoms are generated, Cys241 from a catalytic chain in the upper catalytic trimer
forms a disulfide bond with Cys241 from the corresponding chain in the lower catalytic
trimer. The asymmetric unit of the cg pj structure contains a single C47A/A241C catalytic
chain, and the cg species is generated by the symmetry operations of space group P4332.
There are three disulfide bonds in the C47A/A241C cg species linking Cys241 from the
240’s loop of C1, C2, and C3 from the upper catalytic timer to Cys241 from the 240’s loop
of C4, C5, and C6 from the lower catalytic trimer respectively. The dihedral angle between
the CP-SY-SY'-CP" was measured as 71.6° which is slightly less than the ideal disulfide bond
angle of 90°. The disulfide bond distance was measured as 2.2 A, also close to the ideal
value. Figure 5 shows the location, geometry, and electron density for a disulfide bond
between the C1 and C4 catalytic chains.

Active Site Ligands

The C47A/A241C cg sample that was sent for high-throughput crystallization was in 50 mM
Tris buffer at pH 8.3. This very simple buffer was utilized to attempt to crystallize the
enzyme in the absence of active site ligands. However, the crystallization screen produced
well-defined crystals only in buffers containing phosphate at high concentrations,
specifically 0.10 M NH4H,PO4. Analysis of the 2F,—F. electron density map indicated two
Pij molecules in the area of the active site at 100% occupancy. The interactions of these P;
molecules with the active site residues are shown in Figure 6 overlaid on the 2F,—F; electron
density map. As in the Rg.g pj Structure, one Pj is positioned in the active site in a similar
position as the phosphate group of CP, or phosphonate group of PALA binds and makes
identical interactions with active site residues. The second P; is approximately 4.3 A away
and makes fewer hydrogen-bonding interactions with active site residues. When the active
sites of the cg pj and Rg_g pj Structures are superimposed, as shown in Figure 7, both P;
molecules occupy identical positions and suggests the path that P; takes as it dissociates
from the active site (50).

Comparisons to Other ATCase Structures

The cg_pj structure reported here was compared to other R-state structures to determine the
structural basis for enhanced enzyme activity and homotropic cooperativity. Table 3 shows
the values for the computed planar angles and vertical separations of the compared
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structures. First, the vertical separations were compared and indicated that the cg p;j Structure
has a slightly smaller vertical separation, which may be explained by the covalent bond
holding the catalytic trimers slightly closer together than other R-state structures. The planar
angle for the cg pj structure is slightly more closed than the PALA-liganded R-state structure
even though there are only two P; molecules bound at the active site. The Rozg pam
structure contains two catalytic chains in the asymmetric unit, one liganded with PAM and
the other unliganded, providing a glimpse into the unliganded R-state active sites. Notably
the active site bound to PAM is more open than that of the cg p; Structure, with a computed
planar angle of 128.4° which may be more appropriate for Asp binding and to promote
catalysis. The unliganded active site is more closed than that of the cg pj Structure, with a
computed planar angle of 125.7° representing the active site immediately before substrate
binding or immediately after product release. The two different conformations of the active
site suggest that in the R state, the active site can open and close to bind substrates, promote
catalysis, and release products without reverting back to the T state. The planar angle of the
Cg pj structure falls between that of the PAM-bound and unliganded R-state active sites.
These results suggest that in the absence of regulatory subunits C47A/A241C cg can bind
substrates and release products without full closure of the active sites between reactions,
enhancing catalytic efficiency. A crystal structure of C47A/A241C cg in the unliganded
form would provide decisive details concerning how fully the active site closes between
each catalytic cycle, however the cg pj structure displays the active site in the process of
product release. -

Local Conformational Changes Associated with the Allosteric Transition

The allosteric transition of ATCase from the low-activity, low-affinity T state to the high-
activity, high-affinity R state involves both global and local changes in structure. It has been
shown that the binding of PALA to just one of the active sites of the ATCase holoenzyme is
sufficient to induce the global structural transition from the T to the R state (51). Once the
global transformation has occurred, there remain local conformational changes, such as the
repositioning of the 240’s loop in the catalytic chains, that do not take place until substrates
bind to each of the high-affinity active sites created by the quaternary structure change (52).
Forming disulfide bonds between Cys241 of the upper and lower catalytic chains stabilize
the 240’s loop in the position characteristic of its final, closed position. The X-ray structure
of the C47A/A241C holoenzyme in the presence of P;j is in the R structure and shows that
the 240’s loop is in an identical conformation as the 240’s loop from the Rpa_ a Structure
indicating that the disulfide bonds position this loop in its final, closed conformation. After
the regulatory chains are dissociated from the holoenzyme to yield C47A/A241C cg, the
240’s loop remains in the same conformation, as shown in the tube diagram in Figure 8.
Figure 8 compares a catalytic chain from the upper and lower catalytic trimers of the cg pj
and Rpay_a structures. These structures are nearly identical with an overall RMS deviation of
0.71 A. The width of the tube is proportional to the RMS deviation of the a-carbon
backbone between the cg p; and Rpay_a structures, with RMS deviations exceeding 1.0 A
highlighted in blue. The only regions highlighted in blue represent the flexible N and C-
termini. The 240’s loops of both structures are nearly identical indicating that the disulfide
bonds of the cg p;j structure predispose the active site into a more active conformation
identical to that of the Rpay_a Structure.

Influence of Structure on Enzyme Activity

The C47A/A241C cg enzyme displays enhanced activity compared to the wild-type
holoenzyme and its catalytic subunit c3. Wild-type c3 displays enhanced activity compared
the wild-type holoenzyme that can be attributed to the lack of structural constraints imposed
by the bridging regulatory subunits. C47A/A241C cg is not associated with regulatory
subunits, but displays enhanced activity compared to wild-type c3. The X-ray structure
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reveals that the cg pj structure is in the R-quaternary structure with disulfide bonds locking
the 240’s loop into the position that has been shown to facilitate domain closure to form the
high-activity and high-affinity active sites. Hence, the increase in activity of the C47A/
A241C cg over wild-type c3 may be explained by the disulfide bonds stabilizing the position
of the 240’s loop in such a way that predisposes the active site into its high-activity form
even in the absence of substrates. The c3 apo and €3 para structures revealed the major
differences between the unliganded and liganded forms of c3 respectively (53,54). The
binding of substrates facilitates the conformational changes in wild-type c3 to form the R-
like active sites comparable to those of the Rpaa structure. If the disulfide bonds of the
C47AIA241C cg predispose the active sites in their high-activity form in the absence of
substrates, this can explain the observed increase in activity over wild-type c3. Additional
structural evidence is necessary to explain the nearly 3-fold increase in activity compared to
the wild-type holoenzyme. Although the disulfide bonds in the C47A/A241C holoenzyme
also stabilize the 240’s loops in the positions characteristic of high-affinity R-state, this
species does not display the same enhanced activity because there are structural constraints
imposed by the bridging regulatory subunits that stiffen the structure and impede catalytic
turnover. In the holoenzyme (cgrg) form, the disulfide bonds stabilize the R-allosteric state
but do not increase the specific activity. Dissociation of the regulatory subunits relieves
these structural constraints, resulting in a more flexible molecule capable of increased
catalytic activity compared to the wild-type holoenzyme.

Cooperativity without Regulatory Subunits

The unregulated wild-type catalytic subunit, c3, does not exhibit homotropic cooperativity
for Asp, yet it is known to exist in two different conformations resembling the catalytic
trimers of either the T or R state of the holoenzyme depending on the absence or presence of
PALA (53,54). Prior to the determination of the c3, c3_apo (53) and c3 papa (54) structures,
it was assumed that, because wild-type cg displays a higher specific activity than cgrg and
lacks cooperativity, that the unliganded c3 would resemble the high-activity, high-affinity
catalytic subunits of the R-state holoenzyme. Instead the results suggest that c3 behaves
similarly to the holoenzyme with respect to the existence of both low-affinity and high-
affinity active sites dependent upon the binding of ligands. Yet, wild-type c3 does not
display homotropic cooperativity, even when associated with regulatory chains. The
association of wild-type c3 with full-length regulatory chains (carg) (19) or the zinc-binding
domain of the regulatory chain (c3(zn)s) (21-23) influences substrate affinity, but does not
restore homotropic cooperativity. These results suggest that both catalytic trimers are
required for homotropic effects because homotropic interactions arise from substrate binding
at sites on different c3 subunits (45-47). The interactions of the catalytic and regulatory
subunits do not impart cooperativity unless both catalytic trimers are present in the same
molecule.

However, there is an example of a cooperative catalytic subunit of ATCase, the R105A c3
enzyme, which is relatively inactive. The side chain of Arg105 makes important interactions
with active site ligands, particularly with the phosphate group and carbonyl oxygen of CP
(55), so when this residue is mutated to Ala, the R105A c3 displays a substantial reduction in
CP affinity (17). The binding of CP to the wild-type holoenzyme induces conformational
changes that create the binding pocket for Asp, yet the enzyme remains in the T-quaternary
structure. It is the binding of Asp that induces the transition to the R state and cooperativity
is observed. However, when interactions are weakened between catalytic and regulatory
subunits, such as in the D236A holoenzyme, the binding of CP alone is sufficient to induce
the allosteric transition, and thus the D236A holoenzyme does not display cooperativity for
Asp. If we consider ATCase c3 to behave similarly to the holoenzyme, yet without the same
structural constraints, then the binding of CP to wild-type c3 may induce the conformational
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change in the active sites to resemble those in the c3 paia Or Rpapa Structures. As yet a X-
ray structure of cz bound to CP has not been reported. This proposal predicts that the
ATCase c3 displays the same activity before and after Asp binds, resulting in no Asp
cooperativity and hyperbolic kinetics as is observed experimentally. However, when the
binding of CP is impinged, such as in the R105A c3, CP binds incorrectly and it is not until
Asp binds, that the active site is transformed into the R-like conformation comparable to the
C3 pALA active sites. Therefore the homotropic cooperativity of the R105A c3 is actually a
result of poor substrate binding.

The C47A/A241C cg ATCase is the first catalytic species to exhibit homotropic
cooperativity without active-site mutations that drastically reduce the affinity for substrates.
The C47A and A241C mutations are not responsible for the observed cooperativity because
the C47A/A241C c3 subunit does not display cooperativity for aspartate. In fact, the
disulfide-linked C47A/A241C holoenzyme is locked in the R-quaternary state, does not
display cooperativity for aspartate, and is not activated by PALA. The dissociation of the
regulatory subunits from the C47A/A241C holoenzyme results in a cg catalytic unit shown
to be in the R-quaternary structure by X-ray crystallography, displays cooperativity for Asp
with a Hill coefficient of 1.7, and shows activation by PALA. Homotropic cooperativity
arises when the binding of substrates to one active site of a multimeric enzyme influences
the binding affinity of substates to the other active sites. To display cooperativity, the active
sites of C47A/A241C cg must exist in more than one conformation, corresponding to lower
and higher affinity and/or activity conformations, dependent upon ligand binding. The cg p;
structure is essentially identical to the Rpa_ a Structure, suggesting that the binding of P; is
sufficient to induce the change to the higher-affinity conformation, unlike the wild-type
holoenzyme that remains in the low-affinity T state when bound to product molecules (56).
By covalently linking the two catalytic trimers through specific disulfide bonds in the C47A/
A241C cg enzyme, the binding of Asp to the cg*CP complex induces the conformational
change to the higher-affinity active site and this transition is transmitted through the
molecule to the other active sites, increasing the affinity of the other active sites for Asp and
resulting in homotropic cooperativity.
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Abbreviations

ATCase aspartate transcarbamoylase (EC 2.1.3.2, L-aspartate
carbamoyltransferase)

CP carbamoy! phosphate

PALA N-(phosphonacetyl)-L-aspartate

PAM phosphonacetamide

pHMB p-hydroxymercury benzoic acid

C47AJIA241C the mutant ATCase in which Cys47 was replaced by Ala and Ala241

holoenzyme was replaced by Cys

C3 one catalytic subunit composed of three ATCase catalytic chains

r

one regulatory subunit composed of two ATCase regulatory chains
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two catalytic chains of the C47A/A241C ATCase containing three
disulfide linkages between Cys241 residues linking the upper and
lower catalytic subunits

the Hill coefficient

80’s loop a loop in the catalytic chain of ATCase comprised of residues 73-88

240’s loop a loop in the catalytic chain of ATCase comprised of residues

230-245

Rs_s pi the X-ray structure of the disulfide-linked C47A/A241C holoenzyme

in the presence of P; (PDB code 3PMU)

RpaLA the X-ray structure of wild-type ATCase in the presence of PALA
R236_PAM the X-ray structure of D236A ATCase in the presence of PAM (PDB

code 2A0F)

C3_Apo the X-ray structure of the unliganded wild-type c3 ATCase (PDB

code 3CSU)

C3 PALA the X-ray structure of the PALA-liganded wild-type c3 ATCase (PDB

code 1EKX)

Tctp the X-ray structure of wild-type ATCase in the T state the presence of
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Figure 1.

Characterization of cg by gel electrophoresis. Non-denaturating (A) and non-reducing SDS
PAGE (B). The two gels were composed of 7.5% and 12% acrylamide, respectively, and
only differed in that the non-reducing gel did not have 2-mercaptoethanol added to either gel
or loading buffer. Lane 1, wild-type E. coli ATCase holoenzyme; Lane 2, E. coli ATCase
catalytic subunit (c3); Lane 3, C47A/A241C holoenzyme; Lane 4, C47A/A241C after
treatment with pHMB; Lane 5-6, Pure C47A/A241C cg at a low and high concentration,
respectively.

Biochemistry. Author manuscript; available in PMC 2011 September 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Mendes and Kantrowitz Page 16

&)
o

> 40

>

E 30

O

5 20

®

o

? 10
0 1 L 1 1
0 10 20 30 40 50

[Aspartate], mM
Figure 2.

Aspartate saturation curves for the wild-type and mutant enzymes. Specific activity
(mmolehr~lemg™1) versus the concentration of Asp for the C47A/A241C cg (filled circles)
and wild-type holoenzyme (cgrg) (open circles) enzymes. The assays were performed at 25°
C at saturating concentrations of CP (4.8 mM) in 50 mM Tris-acetate buffer, pH 8.3.
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Figure 3.

Activity of the C47A/A241C cg and cgrg enzymes as a function of PALA concentration.
Assays were performed at 25° C at saturating concentrations of CP (4.8 mM) in 50 mM tris-
acetate buffer, pH 8.3 for the C47A/A241C cg (filled circles) and C47A/A241C cgrg (0pen
circles) enzymes. The Asp concentration was held constant at 8 mM for the mutant catalytic
subunit and 7 mM Asp was used for the mutant holoenzyme.
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Figure 4.
Non-reducing 12% SDS PAGE of dissolved crystals of the C47A/A241C cg enzyme. A non-

reducing SDS PAGE of a single crystal of the C47A/A241C cg enzyme washed and
dissolved in 100 mM Tris-acetate buffer pH 8.3. Lane 1, wild-type E. coli ATCase
holoenzyme; Lane 2, C47A/A241C cg solution before crystallization; Lane 3, C47A/A241C
Cg crystal dissolved in buffer.
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Figure 5.

Disulfide linkages between upper and lower catalytic subunits. Stereoview of the 240’s loop
from a single catalytic chain from the upper catalytic trimer, maroon, and a single catalytic
chain from the lower catalytic trimer, gold. These two catalytic chains are covalently linked
via a disulfide bond formed between the side chains of Cys241 residues in the upper and
lower catalytic chains. The refined coordinates of residue Cys241 from both chains are
overlaid on the 2F,—F; electron density map (blue) contoured at 1.0 6. The Cys241 residue
exists in two alternate conformations, each with 50% occupancy. The sulfur atoms involved
in the bonds are green for one conformation and orange for the other. One position of the
disulfide bond is outlined with maroon carbons and the other position with gold carbons.

Biochemistry. Author manuscript; available in PMC 2011 September 7.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Mendes and Kantrowitz

/\Thr55

Arg105

Arg167 |

Arg16%

Figure 6.

Page 20

Active site interactions with P; ligands. Stereoview of the interactions between the active
site residues and the phosphate molecules generated by POV Script* The refined coordinates

of the backbone and side chains are overlaid on the 2F,-F; electron density map (grey)

shown contoured at 1.5¢. The two phosphate molecules are overlaid on the composite omit
map (magenta) contoured at 1.0c. Residues labeled with (*) indicate they are donated from

an adjacent catalytic chain.
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Superposition of the active sites from the cg pj and Rg_g pj Structures. Stereoview of the
active site superposition of the cg pj structure complexed with Pj; and Pj, (white carbons)
and the Rg_g pj structure complexed with Pj; and Pj, (blue carbons and P;). This figure was
drawn with PyMOL.
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Figure 8.

Comparison of the cg pj and Rpay_a structures. Comparison of one catalytic chain from the
upper catalytic trimer, C1 maroon, and the corresponding catalytic chain from the lower
catalytic trimer, C4 gold, from the cg pj and Rpaya Structures. The width of the tube is
proportional to the RMS deviation between the a-carbon positions of the cg pj and Rpai a
structures. Regions colored in blue represent a RMS deviation greater than 1.0 A. The two P;
molecules bound at the active site are shown as spheres distinguishable by the different
coloring of the oxygen atoms. This figure was drawn using PyMOL.
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Table 1

Kinetic parameters for wild-type and mutant forms of ATCase?

Enzyme Form Vinax [Asplos Ny
mmol h™t mg~* mM
Wild-type Holoenzyme 19.3+05 135+09 2602
C47A/A241COXC Holoenzyme 256 +0.9 23+0.2 lb
C47A/A24lcREDd Holoenzyme 25.4+23 10.8+0.8 1.3+0.1
C47AIA241C Cee 556+1.8 179+08 1702
Wild-type Cs 229+2.1 104+0.8 1b
CATAIA241C cf 215+19 87+19 1b

Page 23

a . . . . L . .
Data were determined from the Asp saturation curves (Figure 2), and are the average of 3 independent determinations. Colorimetric assays were

performed at 25° C, in 50 mM Tris acetate buffer, pH 8.3, and at saturating levels of CP (4.8 mM)

No cooperativity observed, data were fit to the Michaelis-Menten equation with an additional term for substrate inhibition.

CDisulfide-linked C47A/A241C holoenzyme

dReduced C47A/A241C holoenzyme

A part of catalytic subunits linked by disulfides

fcg after reduction of the disulfide linked cg.
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Table 2
X-ray Data Collection and Refinement Statistics for the ATCase Cg Structure

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Data collection
Space Group

Cell Dimensions:

P4,32

a=b=c(A)141.78
o, B,y (°) 90, 90, 90

Resolution (A) 50.00-2.10

Rmergea (%) 0.077 (0.535)

Average (l/c) 8.9

Completeness (%) 100.0 (100.0)

Total Reflections 1,221,103

Unique reflections 28,952

Redundancy 42.2 (43.0)
Refinement

Resolution (A) 30.00-2.10

Reflections 28,904

Reactor/ Riree 0.177/0.205
RMS deviations:

Bonds (A) 0.006

Angles (°) 0.916

Mean B value (A2 320

Total number waters 222

Values in parentheses are for the highest resolution shell

D Mtk = (1GakD) |

hkl i

Rmcrge =

a Zzlhkl

hkl

i
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Table 3

Comparisons of ATCase X-ray Structures

Structure  Planar Angle® (°)  Vertical Separation (A)
Co.pi 127.7 56.0
Rs.s pi 128005 56.4
ReALA 128.1+0.6 57.9
Ca pALA 128.6+0.2 -
R236 pAM 128.4b, 125.7¢ 57.4
Ter 136.4 0.3 473
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&I'he planar angle was calculated for each catalytic chain in the asymmetric unit and the average and standard deviation were calculated. For
structures containing only one catalytic chain in the asymmetric unit, a single value is reported.

b . . N
The planar angle calculated for the catalytic chain in the asymmetric unit bound to PAM

The planar angle calculated for the catalytic chain in the asymmetric unit that is unliganded
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