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Abstract
The pathway of product release from the R state of aspartate transcarbamoylase has been
determined here by solving the crystal structure of Escherichia coli aspartate transcarbamoylase
(ATCase) locked in the R-quaternary structure by specific introduction of disulfide bonds.
ATCase displays ordered substrate binding and product release, remaining in the R state until
substrates are exhausted. The structure reported here represents ATCase in the R state bound to the
final product molecule, phosphate. This structure has been difficult to obtain previously because
the enzyme relaxes back to the T state after the substrates are exhausted. Hence cocrystallizing the
wild-type enzyme with phosphate results in a T-state structure. In this structure of the enzyme
trapped in the R state with specific disulfide bonds, we observe two phosphate molecules per
active site. The position of the first phosphate corresponds to the position of the phosphate of
carbamoyl phosphate and the position of the phosphonate of N-phosphonacetyl-L-aspartate.
However, the second, more weakly bound phosphate, is bound in a positively charged pocket
more accessible to the surface than the other phosphate. The second phosphate appears to be on
the path that phosphate would have to take to exit the active site. Our results suggest that
phosphate dissociation and carbamoyl phosphate binding can occur simultaneously and the
dissociation of phosphate may actually promote the binding of carbamoyl phosphate for more
efficient catalysis.
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Introduction
Escherichia coli aspartate transcarbamoylase (ATCase) is an allosteric enzyme that
catalyzes the committed step of pyrimidine nucleotide biosynthesis, the carbamoylation of L-
aspartate (Asp) by carbamoyl phosphate (CP) to form N-carbamoyl-L-aspartate (CA) and
phosphate (Pi).1 ATCase activity is exquisitely regulated through homotropic cooperativity
for Asp as well as heterotropic regulation by the allosteric effectors ATP, CTP1, and UTP in
the presence of CTP.2 The quaternary structure is composed of six catalytic chains arranged
as two trimeric subunits and six regulatory chains arranged as three dimeric subunits.3,4 The
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upper catalytic trimer consists of chains C1, C2, and C3 while the lower catalytic trimer
consists of chains C4, C5, and C6 positioned directly below C1, C2, and C3 respectively.
The three regulatory dimers consist of chains R1/R6, R2/R4, and R3/R5. Each regulatory
chain interacts with the corresponding-numbered catalytic chain.

ATCase exists in two different structural and functional states; the low-activity, low-affinity
T state, and the high-activity, high-affinity R state.5-7 The conversion of the enzyme from
the T to R state occurs upon Asp binding to the holoenzyme in the presence of CP. The
allosteric transition involves an 11 Å expansion and 10° rotation of the molecule along its
three-fold axis as well as a 15° rotation of the regulatory dimers relative to their respective
two-fold axis.8 In additon to the quaternary conformational change, the allosteric transition
also involves several tertiary changes such as the reorganization of the 80s and 240's loops
of the catalytic chains. Specific interchain interactions of the side chains of the 240's loop
have been identified as important contributors to stabilizing the R state.9

Small-angle X-ray scattering experiments have shown that upon Asp binding to the
ATCase·CP complex, the enzyme undergoes the allosteric transition from the T state to the
R state. ATCase remains in the R state until all substrates are exhausted before transitioning
back to the T state.10,11 These results suggest that, in the presence of additional substrates,
the enzyme releases the products CA and Pi without reverting back to the T state. Therefore,
in order to observe the enzyme·product complex in the active form, it requires a crystal
structure of the R state bound to products, but crystallization of the wild-type enzyme with
product molecules or analogs yields T-state structures.12 Stabilization of the R-state
quaternary state of the holoenzyme has been made possible by means of specifically
introduced interchain disulfide bonds that hold the molecule in its expanded form.13

Specifically, an Ala to Cys mutation at position 241 in the 240's loop, as well as a Cys to
Ala mutation at position 47, provide the possibility to selectively form disulfide bonds
between Cys241 in each upper catalytic chain to its neighbor in the lower catalytic chain,
thereby locking the 240's loop into the position characteristic for the R quaternary structure.
13 When the disulfide bonds are intact, the C47A/A241C holoenzyme does not exhibit
cooperativity for Asp, is not influenced by the allosteric effectors, and is not activated by
PALA. When the disulfide linkages are reduced, the enzyme displays wild-type activity and
is activated by ATP and inhibited by CTP.13 Utilizing the disulfide linked C47A/A241C
holoenzyme, a structure of the enzyme in the R state with the final product phosphate bound
was obtained, which corresponds to the R-state structure of the enzyme after the dissociation
of product carbamoyl aspartate from the active site.

Results and Discussion
The allosteric transition of ATCase

Over the past few years work in this laboratory has focused on obtaining structural
snapshots of ATCase at each step in the chemical mechanism and the allosteric transition
leading to product formation. Utilizing substrates, products, or structural analogs, significant
progress has been made towards this goal. The structures of the steps leading to the
allosteric transition include the T-state enzyme in the absence of ligands (1ZA1),14 and the
T-state enzyme in the presence of the first substrate to bind, CP, (1ZA2).14 Following the
allosteric transition to the R state, known structures include the R-state enzyme in the
absence of ligands (2A0F),15 the R-state enzyme in the presence of the CP analog
phosphonacetamide (2A0F),15 in the presence of phosphonacetamide and Asp (2HSE),16

and in the presence of the bisubstrate analog PALA (1D09)17. Following the chemical
reaction, the R-state enzyme with products CA and Pi bound as well as immediately after
CA dissociates from the active site, have yet to be determined. The only analogous
structures are ATCase in the R-state with product analogs citrate and phosphate RCit_Pi
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(1R0B),18 and in the T state with the product molecules TCA_Pi (1R0C).12 To understand the
mechanism by which ATCase releases products and binds the next round of substrates
without reverting back to the T state, an R-state structure with the last product molecule, Pi,
is crucial.

To obtain a structure of ATCase in the R state bound to Pi, the T-state destabilized mutants
such as D236A19 or E239Q20 were considered, but have been shown to display a small-
angle X-ray scatter pattern intermediate between the T and R state. Instead the C47A/A241C
holoenzyme was utilized as a model of the R-state. The 240's loop of ATCase has
significantly different conformations in the T and R states. In the R-quaternary structure,
residues from the 240's loop from the two catalytic subunits are close together, but they are
far apart in the T state. Saturation with substrate completes the movement of the 240's loop
into its final closed position.21 The disulfide bonds between Cys241 from C1 and C4
predispose the active site into the high-affinity, high-activity form by locking this loop into
the final R-state position without substrates. Utilizing a species that is locked by disulfide
bonds in the active conformation ensures that crystallization in the presence of the last
remaining product, Pi, will result in an ATCase molecule in the R-quaternary structure.

R-state stabilization by disulfide-linkages
To obtain a crystal structure of the R state of ATCase with Pi bound, the C47A/A241C
holoenzyme purified for crystallography must be locked in the R state. The kinetics of the
purified C47A/A241C holoenzyme were compared to wild-type ATCase to ensure that the
enzyme displayed characteristic R-state properties. Wild-type ATCase displays homotropic
cooperativity with respect to the second substrate, Asp, due a shift from the low-activity,
low-affinity T state to the high-activity high-affinity R state. Thus, the wild-type enzyme
displays a sigmoidal Asp saturation curve, but ATCase locked in the R state should produce
a hyperbolic saturation curve. The C47A/A241C holoenzyme with disulfides intact
displayed a hyperbolic Asp saturation curve confirming the loss of homotropic cooperativity
as reported previously.13

Not only does the natural substrate Asp, in the presence of a saturating concentration of CP,
induce the T to R transition, but the transition can also be induced by substrate analogs such
as PALA. At low concentrations of Asp, much less than the [Asp]0.5, the wild-type enzyme
is essentially all in the T state, however the binding of PALA to one or more active sites
shifts the entire enzyme to the R state. Thus, under these conditions PALA can activate the
wild-type enzyme. The response of freshly purified disulfide-linked C47A/A241C
holoenzyme to PALA was tested to demonstrate the loss of homotropic cooperativity. When
the disulfide bonds were intact, the enzyme did not show PALA activation. Instead, the
enzyme was inhibited by PALA at all concentrations suggesting that PALA was unable to
promote the T to R transition because the enzyme was locked in the R state (Fig. 1).

West et al.13 reported that non-reducing SDS PAGE of the C47A/A241C holoenzyme
resulted in two bands at 17 and 70 kDa. The 17 kDa band corresponds to the wild-type
regulatory chain, while the 70 kDa band corresponds to two catalytic chains linked by a
disulfide bond. After reducing the disulfide bonds by boiling in SDS PAGE loading dye
buffer, two bands were observed at 17 and 35 kDa, identical to the bands for wild-type
ATCase. After characterizing the C47A/A241C holoenzyme by reducing and non-reducing
SDS PAGE to confirm that the freshly purified C47A/A241C holoenzyme displayed bands
identical to those previously reported, the enzyme was concentrated for crystallography.
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Structure of C47A/A241C holoenzyme in the presence of Pi
The catalytic mechanism of ATCase follows an ordered-sequential mechanism with CP
binding before Asp and CA leaving before Pi

22,23 as outlined in Fig. 2. To understand how
the final product, Pi, is released from the active site while ATCase remains in the R-
quaternary state, X-ray crystallography was employed. R-state crystals were obtained with
the product Pi bound by utilizing the C47A/A241C holoenzyme. Crystals were obtained
with Pi bound that diffracted to a maximal resolution of 2.85 Å in the H32 space group
(Table 1). The unit cell dimensions (a = b = 120.7 Å, c = 692.5 Å) were not similar to those
observed for any previous ATCase crystals. Molecular replacement utilizing Phaser (CCP4)
and AutoMR (PHENIX) was used to solve the structure. The asymmetric unit consisted of
three catalytic-regulatory chain dimers. Two of these dimers are part of one ATCase
molecule, while the other is part of an independent ATCase molecule. The RS-S_Pi structure
was refined to an Rfactor/Rfree of 17.5%/24.1% using PHENIX.24

Allosteric state
The allosteric transition from the T state to the R state is characterized by an 11 Å expansion
along the three-fold axis. To evaluate the quaternary structure of RS-S_Pi, 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: 45.6 Å25 and 56.4 Å17

respectively. The vertical separation for RS-S_Pi was determined to be 56.4 Å, indicating that
the global conformation of RS-S_Pi is identical to that of the R state (Table 2).

In order to evaluate the differences of the RS-S_Pi active site as compared to other R-state
structures, the planar angle between the CP and Asp domains26 were compared (Table 2).
The planar angle is the angle formed between the centers of gravity of the CP and Asp
domains and a hinge point.17 The planar angle of the active site of ATCase is different
depending upon the allosteric state, with the T-state existing in a more open form with a
planar angle of approximately 135° and the R-state existing in a more closed form with a
planar angle of approximately 127° promoting catalysis by approximation. The average
planar angle for the three catalytic chains of the RS-S_Pi structure was calculated to be 128.0
± 0.5°, a value that is characteristic of other R-state structures (Table 2).

In addition to vertical separation and planar angle values consistent with typical R-state
conformations, a structural alignment of the RS-S_Pi and RPALA structures was prepared.
PALA is a bi-substrate analog that induces the T to R transition, so the RPALA structure is
representative of the R quaternary structure. The structural alignment showed an overall
RMS deviation of 2.17 Å between the two structures, and a RMS deviation of 0.84 Å for the
alignment of a single catalytic chain from both structures. Fig. 3a shows the backbone RMS
deviation of the holoenzyme, while Fig. 3b shows a single C1 catalytic chain between the
RPALA and RS-S_Pi structures. The greatest deviation in the structures was observed in the
regulatory chains, while the a comparison of a single catalytic chain of the RPALA and
RS-S_Pi structures are nearly identical. The only significant shift in the backbone of the
catalytic chain occurs at the N terminus shown in pink. All other residues display an RMS
deviation of less than 1.0 Å.

Disulfide linkages
The disulfide bonds between Cys241 of the catalytic chain from the upper and lower trimers
are critical to stabilize the R state by positioning the 240's loop in its active conformation.
The electron density maps confirmed the presence of disulfide linkages in the RS-S_Pi
structure. Fig. 4 shows the electron density generated from a composite omit map
surrounding the Cys241 of the 240's loops from C1 and C4 subunits and clearly indicates the
presence of a disulfide bond. The geometry of the disulfide bond in this structure differs
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from ideality. The dihedral angle between the Cβ-Sγ-Sγ′-Cβ′ which is generally
approximately 90° was measured for the Cys241 residues involved in the disulfide bonds,
giving an average value of 160 ± 13°. The geometry of this disulfide may differ from
ideality because the Cys residues involved are not native to ATCase and therefore the
resulting disulfide-linked holoenzyme represents an unnatural, manipulated structure rather
than one that has evolved over time to serve a specific function. The distance of the disulfide
bond was 2.04 Å close to the ideal.

The disulfide bonds in this structure predispose the active site into the high-affinity form
characteristic of the R state. This is clear from the tube diagram in Fig. 3b, which compares
the catalytic chains of the RS-S_Pi and RPALA structures. When substrates, or the substrate
analog PALA, are bound to ATCase, the 240's loop is in its final closed conformation. The
tube diagram in Fig. 3 indicates that the 240's loop of the PALA-liganded structure is nearly
identical to the position of the 240's loop in the disulfide-linked structure (less than 1.0 Å
RMS deviation).

Active site ligands
In the H32 space group, the asymmetric unit contains three catalytic chains and three
regulatory chains. The C47A/A241C holoenzyme was crystallized in the presence of 100
mM KH2PO4 and two molecules of phosphate were observed in each active site at 100%
occupancy. In the catalytic cycle, phosphate is the final product to dissociate from the active
site prior to the beginning of a new catalytic cycle with the binding of CP followed by Asp.
While only one Pi molecule is produced per catalytic cycle, it is not surprising to observe
two Pi molecules in the active site in the absence of additional ligands, because the R-state
active site consists of many positively charged residues resulting in high affinity for its
negatively-charged substrates. There are approximately 12 hydrogen-bonding interactions
between the enzyme and the first phosphate molecule (Pi1) and approximately four
hydrogen-bonding interactions between the enzyme and the second phosphate molecule
(Pi2). These interactions are outlined in Table 2 and shown in Fig. 5.

The crystal structure of ATCase has been solved in the presence of a number substrates and
analogs that contain either a phosphate or phosphonate functional group such as RPALA,17

RPAM
,15 RPAM_MAL

,27 RCit_Pi
,18 and TCP.14 This negatively charged group binds

specifically into a positively charged pocket of the active site and shares a common position
and similar hydrogen-binding interactions among these structures. For instance when the
active sites of the above-mentioned structures are overlaid, the phosphate or phosphonate
moiety binds in a common position. Notably, the position of Pi1 in the RS-S_Pi structure
binds in the same position and makes similar hydrogen-bonding interactions as the
previously solved structures. When the active site from RPALA is overlaid with the RS-S_Pi
structure, the phosphonate group of PALA is in the identical position as Pi1 and displays
identical hydrogen bonding interactions with active site residues. Fig. 6 shows the overlay of
active sites from the RPALA and RS-S_Pi structures to clearly indicate the similar positions of
Pi1 and the phosphonate group of PALA.17

Pi2 is bound approximately 4.3 Å away from Pi1 in the active site and thus does not occupy
the common position described above. There are far less hydrogen-bonding interactions of
Pi2 with active site residues than Pi1 (Table 2) indicating that this Pi is not as tightly bound,
but Pi2 is bound in a positively charged pocket more accessible to the surface. The data
suggest that Pi2 may occupy a stabilized position in the pathway that the product molecule
follows as it is guided out of the active site. This notion is further supported by the fact that
the Pi1 cannot leave the active site pocket without moving towards the Pi2 site. This is not
the first instance where two identical ligand molecules have been observed at the active site
of an ATCase structure. The TCP structure contains two identical substrate molecules at the
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active site, whereas the RS-S_Pi structure contains two identical product molecules at the
active site. In the TCP structure, one CP molecule is bound in the position comparable to the
analogous moiety of PALA from the RPALA structure, and forms many hydrogen-bonding
interactions with active site residues. The other CP molecule is far from the PALA position,
approximately 9 Å from the first CP molecule, and makes fewer interactions with active site
residues suggesting that this position is on the path that CP takes when binding to the active
site. Similarly, Pi1 from the RS-S_Pi structure is bound in the identical position of the
phosphate of the tightly bound CP from the TCP structure and makes many hydrogen-
binding interactions with active site residues. Pi2 is positioned 4.3 Å from Pi1 and makes
very few interactions with active site residues, suggesting that this position is on the path
that Pi makes when dissociating from the active site. Furthermore, when the RS-S_Pi and TCP
active sites are overlaid, Pi1 is bound in the identical position of the phosphate of the tightly
bound CP, and Pi2 is positioned between the two CP molecules without any clashes. If CP
follows the same path as it binds to the active site in T and R states, then this may indicate
that the active site can accommodate Pi dissociation while leaving enough space for CP to
bind simultaneously and Pi dissociation my help lead CP into the active site.

By locking ATCase in the active conformation through the introduction of specific disulfide
bonds, crystallizing the enzyme and determining its structure, an R-state model of the
enzyme has been generated that can be used to complete the X-ray crystallographic
snapshots of each step in the catalytic cycle. Thus far we have observed the R-state active
site with the final product molecule Pi bound; a structure that could not be obtained utilizing
the wild-type enzyme. Furthermore, no mutations near the active site were necessary, so all
the important protein-ligand interactions are maintained. We look forward to utilizing
ATCase locked in the R state to solve the structures of the R state of ATCase at each of the
remaining steps of the catalytic cycle.

Materials and Methods
Materials

Chemicals—L-aspartate, N-carbamoyl-L-aspartate, potassium dihydrogen phosphate, and
uracil were obtained from Sigma. PALA was obtained from the NCI, National Institutes of
Health. Sodium dodecyl sulfate and the protein assay dye were purchased from Bio-Rad.
Carbamoyl phosphate dilithium salt obtained from Sigma was purified before use by
precipitation from 50% (v/v) ethanol and was stored desiccated at -20 °C.1 50 μl dialysis
buttons were obtained from Hampton Research. Dialysis tubing was obtained from
BioDesign Inc. of New York.

Methods
Overexpression and purification of the mutant enzyme—The mutant holoenzyme
was overexpressed from plasmid pEK613 and purified to homogeneity as described
previously.28 After concentration, the purity of the enzyme was checked by SDS-PAGE,29

non-reducing SDS-PAGE (in which 2-mercaptoethanol is omitted from the sample buffer),
and nondenaturing PAGE.30,31 The concentration of the mutant enzyme was determined by
the Bio-Rad version of the Bradford dye binding assay.32

Aspartate transcarbamoylase assay—The aspartate transcarbamoylase activity was
measured at 25 °C by the colorimetric method.33 Aspartate saturation curves were
performed in duplicate. Assays were performed in 50 mM Tris-acetate buffer, pH 8.3, in the
presence of saturating carbamoyl phosphate (4.8 mM). Data analysis of the steady-state
kinetics was carried out as described previously.34 Fitting of the experimental data to
theoretical equations was accomplished by non-linear regression. The data were analyzed
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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.35

Crystallization and data collection—The C47A/A241C holoenzyme was crystallized
by microdialysis, using 50 μl wells (Hampton Research). To crystallize in the presence of
phosphate the enzyme solution, at 10 mg/ml, was dialyzed against a solution of 100 mM
potassium dihydrogen phosphate, 3 mM sodium azide (pH 5.9). Crystals grew to average
dimensions of 0.8 mm × 0.6 mm × 0.5 mm within one week. Crystals were transferred into a
freezing solution containing 20% PEG 400 in crystallization buffer for ∼1 min prior to
freezing in liquid nitrogen.

The X-ray data were collected at Brookhaven National Synchrotron Light Source
(Brookhaven National Laboratory, New York), beamline X29. The C47A/A241C
holoenzyme crystallized in space group H32 with unit cell dimensions a = b = 120.7, c =
692.5 (Å), α = β = 90, γ = 120 (°) and diffracted to 2.85 Å resolution.

Molecular replacement and structural refinement—The initial model for the
structure was derived from the coordinates of the wild-type structure of E. coli ATCase
crystallized in the presence of PALA (PDB code 1D09) with all of the water molecules and
ligands removed.17 A Matthews coefficient of 2.43 suggested four catalytic-regulatory
dimers in the asymmetric unit. Molecular replacement was performed using Phaser within
the CCP4 Suite36 in addition to molecular replacement by AutoMR within PHENIX.24 Both
programs solved the structure with three catalytic-regulatory dimers in the asymmetric unit,
which gives a Matthews coefficient of 3.24 and 62% solvent.

The coordinates from the molecular replacement were subjected to rigid-body refinement
and simulated annealing within PHENIX, reducing the Rfactor/Rfree to 0.260/0.275. Further
structure refinement was performed using PHENIX24 bringing the final Rfactor/Rfree to
0.175/0.241. The N terminus of the regulatory chain was disordered; for this reason, the first
twelve amino acid residues were removed from the model. Two molecules of phosphate
were fit on the basis of a composite omit map generated by PHENIX.24 The initial model
contained Ala at position 241, but the disulfide linkages between Cys241 of catalytic
subunits C1 and C4 could clearly be observed in the Fo–Fc electron density maps as negative
density. COOT37 was used to mutate and auto-fit Cys residues into the negative density at
positions 241 of all catalytic chains. Following refinement in PHENIX24 each Cys241 fit
into the density appropriately. Water molecules were added to the structure using
PHENIX24 on the basis of Fo–Fc electron density maps at or above the 3.0σ level. The
model was checked for errors using PROCHECK.38 The details of data processing and
refinement statistics are given in Table I.

Protein data bank deposition—The coordinate and structure factors for the C47A/
A241C holoenzyme complex with phosphate have been deposited in the RCSB Protein Data
Bank under accession code 3MPU.
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Abbreviations used

ATCase aspartate transcarbamoylase (EC 2.1.3.2, aspartate carbamoyltransferase)

CA carbamoyl aspartate

CP carbamoyl phosphate

PALA N- phosphonacetyl-L-aspartate

[Asp]0.5 the aspartate concentration at one-half of the maximal observed specific
activity

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 C47A/A241C disulfide-linked ATCase
holoenzyme in the presence of Pi

Pi1 and Pi2 the two phosphate molecules bound at the active site of the RS-S_Pi structure

RPALA the X-ray structure of wild-type ATCase in the presence of PALA (PDB
code 1D09)

TCA_Pi the X-ray structure of wild-type ATCase in the presence of CA and Pi (PDB
code 1R0C)

TCP the X-ray structure of wild-type ATCase in the presence of two molecules
of CP (PDB code 1ZA2)

RPAM_MAL the X-ray structure of wild-type ATCase in the presence of
phosphonoacetamide and malonate (PDB code 1AT1)

RCit_Pi the X-ray structure of wild-type ATCase in the presence of citrate and
phosphate (PDB code 1R0B)

RPAM the X-ray structure of D236A ATCase in the presence of
phosphonoacetamide (PDB code 2A0F)
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Fig. 1.
PALA saturation of the wild-type and C47A/A241C enzymes. Assays were performed in
duplicate in 50 mM Tris-acetate buffer at pH 8.3 and 25° C at a saturating concentration of
CP (4.8 mM) and at one-fifth the [Asp]0.5 concentration (0.5 mM for the C47A/A241C
holoenzyme and 2.5 mM for wild-type ATCase). The open circles represent the wild-type
ATCase which is activated then inhibited by PALA. The closed circles represent the C47A/
A241C holoenzyme displaying inhibition by PALA at all concentrations.
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Fig. 2.
Ordered-sequential mechanism of ATCase. The figure outlines the order of substrate
binding; CP binds before aspartate, and the order of product release; CA dissociates before
Pi for the ATCase reaction where E·CP indicates the enzyme bound to CP.
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Fig. 3.
Structural alignment of the RS-S_Pi and RPALA structures. (a) Structural alignment of the c6r6
holoenzyme, with an overall RMS deviation of 2.17 Å. The catalytic chains are colored blue
and the regulatory chains are colored grey. Regions with a RMS deviation greater than 1.5 Å
are colored pink. (b) Structural alignment of one catalytic chain (blue, pink) of the RS-S_Pi
structure and one catalytic chain of the RPALA structure, along with the 80's loop of the
adjacent catalytic chain (yellow). The width of the tube is proportional to the RMS deviation
between the α-carbon positions of the two structures. Regions colored in pink represent a
RMS deviation greater than 1.5 Å. This figure was drawn using Pymol.39 The two
phosphates bound to the active site are represented by sticks and colored by atom.
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Fig. 4.
Stereoview of the 240's loops of the C1 and C4 chains of the RS-S_Pi structure with a
disulfide linkage between Cys241 from the C1 and C4 chains. The refined coordinates of
residues 239-240 and 242-243 of both chains are overlaid on the 2Fo–Fc electron density
map (grey) contoured at 1.5σ. Cys241 from both chains is overlaid on the composite omit
map (magenta). Residues from C1 are labeled in blue and those from C4 are labeled in red.
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Fig. 5.
Stereoview of the active site in the C47A/A241C holoenzyme complexed with Pi. The
refined coordinates of the side-chains and backbone are overlaid on the 2Fo–Fc electron
density map (grey) shown contoured at 1.5σ. The two Pi molecules are overlaid on the
composite omit map (magenta) shown contoured at 1.5σ.
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Fig. 6.
Stereoview of the active site superposition of the RS-S_Pi structure complexed with Pi1 and
Pi2 (white carbons) and the RPALA structure complexed with PALA (blue carbons). This
figure was drawn using Pymol.39
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Table 1
Data collection and refinement statistics for the RS-S_Pi ATCase structure

Data collection

 Space Group H32

 Cell Dimensions:

  a, b, c (Å) 120.7, 120.7, 692.5

 Wavelength (Å) 1.0809

 Resolution (Å) 50.00-2.85

 Rsym(%) 0.094 (0.510)

 Average (I/σ) 10.0 (4.8)

 Completeness (%) 99.9 (100)

 Redundancy 13.9 (11.8)

Refinement

 Resolution (Å) 30.00-2.85

 Reflections 45,742

 Rwork/Rfree 0.175/0.241

 Number of atoms 11408

  Protein 10596

  Waters 724

  Phosphate 6

   Occupancy 1.0

  Zinc 3

 RMS deviations

  Bond lengths (Å) 0.011

  Angles (°) 1.20

 Mean B value (Å2) 46.0

Values in parentheses are for the highest resolution shell
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