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Abstract
Modeling of the tetrahedral intermediate within the active site of Escherichia coli aspartate
transcarbamoylase revealed a specific interaction with the side chain of Gln137, an interaction not
previously observed in the structure of the X-ray enzyme in the presence of N-phosphonacetyl-L-
aspartate (PALA). Previous site-specific mutagenesis experiments showed that when Gln137 was
replaced by alanine, the resulting mutant enzyme (Q137A) exhibited approximately 50-fold less
activity than the wild-type enzyme, exhibited no homotropic cooperativity, and the binding of both
carbamoyl phosphate and aspartate were extremely compromised. To elucidate the structural
alterations in the mutant enzyme that might lead to such pronounced changes in kinetic and binding
properties, the Q137A enzyme was studied by time-resolved small-angle X-ray scattering and its
structure was determined in the presence of PALA to 2.7Å resolution. Time-resolved small-angle
X-ray scattering established that the natural substrates, carbamoyl phosphate and L-aspartate, do not
induce in the Q137A enzyme the same conformational changes as observed for the wild-type enzyme,
although the scattering pattern of the Q137A and wild-type enzymes in the presence of PALA were
identical. The overall structure of the Q137A enzyme is similar to that of the R-state structure of
wild-type enzyme with PALA bound. However, there are differences in the manner by which the
Q137A enzyme coordinates PALA, especially in the side chain positions of Arg105 and His134. The
replacement of Gln137 by Ala also has a dramatic effect on the electrostatics of the active site. These
data taken together suggest that the side chain of Gln137 in the wild-type enzyme is required for the
binding of carbamoyl phosphate in the proper orientation so as to induce conformational changes
required for the creation of the high-affinity aspartate binding site. The inability of carbamoyl
phosphate to create the high-affinity binding site in the Q137A enzyme results in an enzyme locked
in the low activity low affinity T state. These results emphasize the absolute requirement of the
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binding of carbamoyl phosphate for the creation of the high-affinity aspartate binding site and for
inducing the homotropic cooperativity in aspartate transcarbamoylase.

Keywords
allosteric enzyme; polar contacts; electrostatics; Poisson-Boltzmann equation; small-angle X-ray
scattering; domain closure; allosteric transition; intersubunit interactions

Introduction
Escherichia coli aspartate transcarbamoylase (EC 2.1.3.2) catalyzes the committed step of the
pyrimidine biosynthesis pathway, the formation of N-carbamoyl-L-aspartate from CP and L-
aspartate via a tetrahedral intermediate (see Scheme I).

The E. coli enzyme is composed of two trimeric catalytic subunits (Mr 34,000/chain) and three
dimeric regulatory subunits (Mr 17,000/chain).1 The enzyme is inhibited allosterically by CTP,
2 and UTP in the presence of CTP,3 and it is activated allosterically by ATP.2 Consequently,
when the concentration of pyrimidines is high, the activity of the enzyme is reduced and when
the concentration of purines is high the activity of the enzyme is enhanced. Regulation is
achieved by a switch in the structure of the enzyme from an “off” or T state to an “on” or R
state. The three-dimensional structures of the aspartate transcarbamoylase in both the T and R
states are available and provide detailed structural information concerning the two extreme
states of this enzyme.4–6 The T to R transition involves an expansion of the enzyme by 11Å
along the 3-fold axis, with rotations of the catalytic subunits about the 3-fold axis, and rotations
of the regulatory subunits about their respective 2-fold axes. The change in quaternary structure
is accompanied by alterations in the tertiary structure, the most significant of which involves
movements of domains and reorientations of loops,7–9 resulting in the formation of the R state
and the catalytically competent active sites.

The binding of aspartate to the enzyme-CP complex induces the transition from the T to R
state. This transition can also be induced by succinate, an analog of aspartate, binding to the
enzyme-CP complex or by the binding of the bisubstrate analog N-phosphonacetyl-L-aspartate
(PALA) to the unligated enzyme.10

A high resolution structure of the enzyme in the presence of PALA6 has defined the active site
and many of the interactions that specifically stabilize the binding of PALA. Using the structure
of the enzyme-PALA complex, it was possible to model the structure of the tetrahedral
intermediate into the active site.6 This modeling required essentially no alterations in the side
change positions observed in the PALA structure. Close examination of the model of the
enzyme-tetrahedral intermediate revealed three additional interactions toward the tetrahedral
intermediate, not observed in the PALA structure. One of these entailed the side chain of
Gln137 which interacted with the amino group, derived from CP, connected to the tetrahedral
carbon of the intermediate (see Figure 1).

The interaction between Gln137 and CP was observed in the 2.6Å structure of the ternary
complex of the enzyme with CP and succinate, an analog of aspartate.11. In addition a similar
interaction was observed in the 2.8Å structure of the ternary complex of the enzyme with
phosphonacetamide, an analog of CP, and malonate, an analog of aspartate.4

To determine the structural and functional effects of specific residues at the CP binding site of
aspartate transcarbamoylase, a set of mutations was constructed, each eliminating an
interaction between the enzyme and CP. Gln137 was selected for replacement to Ala/Asn by
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site-directed mutagenesis. The Q137N enzyme exhibited only small changes in activity,
whereas the Q137A enzyme was approximately 50-fold less active than the wild-type enzyme.
12 In addition, the binding of CP was so compromised in the Q137A enzyme, that extremely
high concentrations of substrates were required to attain maximal activity such that only
estimates of [Asp]0.5 and [CP]0.5 could be obtained.12 In the case of the Q137A enzyme, the
lack of cooperativity and the low affinity for substrates and low catalytic activity suggested
that the binding of the substrates could not convert the enzyme into the R state. To understand
the structural alterations in the enzyme that could lead to changes in kinetic and binding
properties relative to wild-type enzyme, the Q137A enzyme was studied by time-resolved
small-angle X-ray scattering and its crystal structure was determined in the presence of PALA.

Results
Three-dimensional structure of the PALA bound Q137A enzyme

The unit cell dimensions of the Q137A crystals in the P321 space group (a = b = 122.12Å, c
= 155.93Å) are similar to the unit cell dimensions of the R state of the wild-type enzyme (a =
b = 122.24Å, c = 156.36Å) in the same space group.6 For crystals of aspartate
transcarbamoylase in this space group, the c-axis unit cell dimension is indicative of the
quaternary state. The T-state of the unligated wild-type enzyme has a c-axis dimension of 142Å,
while the a and b axes dimensions are approximately the same in the T and R states.5 The
length of the c-axis of the Q137A crystals suggests that the mutant enzyme is in the R quaternary
structure in the presence of PALA. Therefore, the initial model used for the refinement of the
Q137A structure was the structure of the wild-type enzyme in the presence of PALA (PDB
code: 1D09).6 The data were refined to a Rfactor and Rfree of 17.0% and 22.4 % respectively
with 250 water molecules in the asymmetric unit.

In order to evaluate the conformational states of specific structures of aspartate
transcarbamoylase, the vertical separation between the upper and lower catalytic subunits
(vertical separation along the three-fold axis) can be compared.13 The vertical separation for
the wild-type enzyme in the T and R states is 45.6Å and 56.6Å respectively. The difference
between the R- and T-state vertical separations corresponds to the vertical expansion of the
enzyme observed during in the T to R transition (56.6 – 45.6 = 11Å). For the Q137A structure,
the vertical separation was 56.3 Å, which is 0.3 Å different from the vertical separation of the
R state of the wild-type enzyme.

Analysis of active site of the Q137A structure
The overall structure of the Q137A enzyme is similar to that of the wild-type enzyme with
PALA bound (PDB code: 1D09). The RMS deviation of the backbone between the two
structures was only 0.23Å. Shown in Figure 2 is the active site of the Q137A structure showing
PALA bound. Overlaid onto this are the active site residues and PALA as determined for the
wild-type enzyme.6 The occupancy of PALA is 100% with an average B-factor of 23 Å2.

As shown in Table 1, PALA has almost all the same interactions with the Q137A enzyme that
it has with the wild-type enzyme. However, there are differences in the manner by which the
Q137A enzyme coordinates PALA compared to the wild-type enzyme. The NE2 of His134
interacts with the β-carboxylate of PALA in the wild-type structure, whereas there is no
interaction between His134 and PALA in the Q137A structure. Ser80 loses one of its
interactions with a phosphonate oxygen in the Q137A structure. However, the major change
that occurs in the interaction of the Q137A enzyme with PALA involves the side chain of
Arg105. Five new interactions are observed between the side chain of Arg105 and PALA in
the Q137A structure that are not observed in the wild-type structure with PALA, and two
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interactions involving Arg105 with PALA in the wild-type structure are not observed in the
Q137A structure (see Table 1).

The replacement of Gln137 by Ala also has a dramatic effect on the electrostatics of the active
site. Shown in Figure 3 is a comparison of the electrostatic potential maps of the active site
area for the wild-type6 and the Q137A enzymes. These calculations were performed first by
removing PALA from the structure. There is a striking difference in the electrostatic
environment of the active site between the Q137A and wild-type enzymes. The presence of an
anionic “hole” over the carbamoyl phosphate domain in the Q137A structure helps to explain
the compromised binding of CP to the Q137A enzyme.

Comparison of the subunit interfaces of the Q137A and wild type PALA-ligated structures
Since the Q137A mutation occurs near the interface of the CP and aspartate domains, planar
angles between these adjacent domains were calculated. This calculation was performed in
order to compare the relative positions of the domains in the mutant structure compared to the
values previously reported for wild-type enzyme in the R state (PDB code: 1D09).6 The angle
between these two domains of the catalytic chain was 126.8° in C1# and 127.2° in C6,
approximately 1° less than what was observed in wild-type R structure at 127.7° and 128.4°
for both C1 and C6 chains (PDB code: 1D09).6 This decrease in the planar angle means that
the domains are slightly more closed in the Q137A structure. There is an increase in the angle
between the carbamoyl phosphate and zinc domains in both C1 and C6. In the wild-type R
structure (PDB code; 1D09) the angles between the carbamoyl phosphate domain of the
catalytic chain and adjacent zinc domain of the regulatory chain are 111.2° and 110.8° degrees
for C1–R1 and C6–R6. In the Q137A structure, these values increase to 112.9° and 111.9°,
indicating that these adjacent domains are more open. The angle between the R1-R6 allosteric
domains for in the Q137A structure is 154.9°, 1° less than the wild-type R structure (155.8°)
(PDB code; 1D09). These observations indicate that the Q137A mutation in the active site of
the catalytic chains causes a subtle but important adjustment in the overall structure of the
enzyme.

Small-Angle X-ray Scattering
The X-ray structure of the Q137A enzyme in the presence of PALA shows the enzyme to be
in the R state. However, the original kinetic data on the Q137A enzyme12 suggested that the
enzyme could not attain the R state. The enzyme exhibited no cooperativity, with extremely
high [Asp]0.5 and [CP]0.5 values. Here we employed stopped flow X-ray scattering to determine
the quaternary conformational changes of the Q137A enzyme induced either by the addition
of PALA, or by the natural substrates CP and aspartate.

Shown in Figure 4 are the results of the stopped-flow X-ray scattering experiments with wild-
type and the Q137A enzymes. For these experiments, the wild-type or the Q137A enzyme (~80
mg/ml) was mixed with an equal volume of 10 mM PALA at 5°C. Upon mixing the final
concentration of enzyme and PALA was ~40 mg/ml and 5 mM respectively. The differential
integrated intensity over the subsidiary scattering peak (h = 0.085 Å−1 to h = 0.152 Å−1) shows
the kinetics of the quaternary structural change most clearly because of the large changes that
occur in this region. In order for the curves in Figure 4A to start at zero, the integrated intensity
of the enzyme in the absence of PALA was subtracted. The rate of change of the quaternary

#Within the E. coli holoenzyme, the catalytic chains of the upper catalytic trimer are numbered C1, C2 and C3, whereas the catalytic
chains of the lower catalytic trimer are numbered C4, C5 and C6, with C4 under C1. The regulatory dimers contain chains R1-R6, R2-
R4, and R3-R5. A regulatory chain is in direct contact with the catalytic chain, carrying the same number. In the crystal the asymmetric
unit is composed of one catalytic chain from the upper trimer, the regulatory dimer connected to it and one catalytic chain from the lower
catalytic trimer (e.g. C1-R1-R6-C6). These four polypeptide chains are labeled A, B, D, C respectively in the coordinate data file.
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structure for both the wild-type and Q137A enzymes was virtually identical, as was the extent
of the structural transition.

Using time-resolved small-angle X-ray scattering it was also possible to determine whether
the natural substrates, CP and L-aspartate could induce the same conformational changes in
the Q137A enzyme as are observed for the wild-type. Shown in Figure 4B are the results
observed upon addition of CP and L-aspartate to the wild-type and Q137A enzymes. In contrast
to the behavior seen with the wild-type enzyme, the natural substrates do not cause a structural
transition for the Q137A as they do for the wild-type enzyme. Repeating the experiment with
higher concentrations of substrates did not induce a change in the Q137A structure to the R
state.

The SAXS patterns of the wild-type and Q137A enzyme were also compared in the absence
and presence of either substrates or PALA. For the wild-type enzyme, shown in Figure 5A,
there is a significant change in the SAXS pattern upon addition of the PALA, corresponding
to both a change in the peak position and an increase in relative intensity,14 as compared to a
control with CP and D-aspartate. For the wild-type enzyme, the curve observed in the presence
of PALA was essentially identical to one obtained in the presence of CP and L-aspartate
averaged between 0.6 and 1.3 sec after mixing (see Fig. 3B).

The SAXS pattern for the Q137A enzyme (see Figure 5B) in the absence of ligands is almost
identical to that observed for the unligated wild-type enzyme. However, in the presence of CP
and L-aspartate, averaged between 0.6 and 1.3 sec after mixing, the quaternary structure of the
enzyme has not changed when compared to a control using the same concentrations of CP and
D-aspartate. The similarity of the structures of the wild-type and Q137A enzymes in the
presence of PALA as determined by small-angle X-ray scattering agrees with the
crystallographic data, which also show that in the presence of PALA the two enzymes have
the same quaternary structure.

Discussion
The Q137A enzyme is in the R quaternary structure in the presence of PALA

The loss of cooperativity and low activity along with the extremely low affinity of the Q137A
enzyme for both CP and aspartate,12 suggested that this mutation resulted in a enzyme that
was stabilized in the T state. In order to understand the role of Gln-137 for substrate binding
and catalysis, the X-ray structure of the Q137A enzyme was determined in the presence of
PALA, the bisubstrate analog known to convert the wild-type enzyme to the R state.6,10 The
X-ray structure of the Q137A enzyme in the presence of PALA, reported here, conclusively
shows that the Q137A enzyme is in the R quaternary structure. The vertical separation between
the upper and lower catalytic subunits is almost identical for the Q137A (56.3Å) and the wild-
type R-state (56.6Å) structures. In the wild-type enzyme, Gln137 hydrogen bonds to the amino
group of CP.11 No corresponding functional group is available in PALA, and no interaction
between Glu137 and PALA is observed in the wild-type structure.6 For this reason, the
replacement of Gln137 by Ala does not have a significant influence on the free energy of PALA
binding, and thus PALA is able to induce the T to R transition in the Q137A enzyme.

The PALA bound active site of the Q137A and wild-type enzymes are similar
As shown in Figure 2, the active site of the Q137A mutant is quite similar to the wild-type
PALA bound R-state (PDB code: 1D09).6 A comparison of the active site structures of the
Q137A and wild-type enzymes does not provide an explanation for the extremely low activity
and low affinity of the mutant enzyme. One possible explanation is that PALA is able to induce
the T to R transition in the Q137A enzyme, while the combination of the natural substates, CP
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and aspartate, cannot. This exact situation has been observed previously with the T-state
stabilized E50A aspartate transcarbamoylase. In this case, stopped-flow X-ray scattering
revealed that PALA could convert this enzyme to the R structure, whereas the natural substrates
can only convert the enzyme partially to the R structure.15 In the E50A enzyme, the R state is
destabilized by the loss of interdomain bridging interactions caused by the E50A mutation.
However, PALA was able to bridge the carbamoyl phosphate and aspartate domains and cause
domain closure resulting in the R quaternary structure, whereas CP and aspartate could not.15

CP and aspartate cannot convert the Q137A enzyme to the R state
Time-resolved X-ray scattering experiments performed on the Q137A enzyme showed
conclusively that the natural substrates were unable to induce the structural transition from the
T to the R state (see Figure 4). No structural change was observed even in the presence of 100
mM concentrations of both CP and aspartate. The SAXS experiments indicate that in the
absence of ligands the Q137A enzyme has a T-like quaternary structure, and in the presence
of PALA the Q137A enzyme has a R-like quaternary structure. In the absence of ligands and
in the presence of PALA, the SAXS curves for the Q137A enzyme are very similar to those
observed for the wild-type enzyme (see Figure 5). In the presence of PALA, the crystal structure
and the SAXS data for the Q137A are in agreement, both indicating a R structural state. A
comparison of the time-evolution of the structural transition for the wild-type and the Q137A
enzymes induced by PALA binding further reveals that both enzymes not only reach the same
final structure, but also that the rate of the T to R transition for both enzymes is identical. These
results indicate that the Q137A mutation has no influence on the ability of PALA to convert
the enzyme from the T to the R state, proving that under the proper conditions the Q137A
enzyme can attain the R structure.

Even though the combination of CP and aspartate (or the aspartate analog succinate) convert
the wild-type enzyme into the R structure, no such conformational change is observed for the
Q137A enzyme. For aspartate transcarbamoylase the binding of the two substrates is ordered
with the binding of CP required for the binding of aspartate.16 CP alone promotes only a subtle
change in the quaternary structure of the enzyme,17 however the binding of CP can be detected
in the aromatic region by circular dichroism.18 These results taken together suggest that CP
does not induce a quaternary conformational change from the T state, but does cause local
structural changes in the active site that create the aspartate binding site.

The structure of the aspartate transcarbamoylase in the presence of phosphonoacetamide
indicates a number of interactions between the enzyme and this non-reactive analog of CP,
including an interaction between Gln137 and the amide.4 The severe effect that the Q137A
mutation causes on catalytic activity and substrate affinity indicates that the Gln137 side chain
must play a critical role in correctly orienting CP in the binding site. The properties of the
Q137A enzyme are mimicked when the wild-type enzyme utilizes acetyl phosphate as
substrate. The interaction between the side chain of Gln137 and the nitrogen of the carbamoyl
group is lost when acetyl phosphate replaces CP as substrate. For the wild-type enzyme, the
dissociation constant of acetyl phosphate is 35-fold higher than for CP.19 However, the affinity
of the wild-type and the Q137A enzymes for acetyl phosphate are almost identical.12 Evidence
from ultraviolet difference spectroscopy also shows that acetyl phosphate and succinate do not
produce the same change as does CP and succinate suggesting that acetyl phosphate and
aspartate do not cause the structural transition to the R state.20 We have verified by SAXS
experiments that the combination of acetyl phosphate and succinate does not shift the structure
of the wild-type enzyme from the T to the R state (data not shown). Thus, when the interaction
between the enzyme and the carbamoyl nitrogen is removed either by the mutation of Gln137
or by the substitution of acetyl phosphate for CP, the enzyme is unable to undergo the allosteric
transition to the R structure.
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An intriguing question remains, how does this relatively benign substitution have such a large
impact on the function of the enzyme? The low affinity of aspartate observed for the Q137A
enzyme must be related to the inability of the bound CP to induce the necessary conformational
changes required to form the high affinity aspartate binding site. The poor binding of CP alone
is an insufficient explanation, since at high concentrations of CP, where the CP site should be
saturated, aspartate still binds weakly. This suggests that the orientation of CP in its binding
site is altered by the replacement of Gln137 by Ala in such a way that the aspartate binding
site does not form correctly. Therefore, when CP binds to the Q137A enzyme, it does not induce
the conformational changes required for its own tight binding, and therefore cannot preorganize
the enzyme correctly for aspartate binding. The incorrect binding of CP prevents the enzyme
from undergoing the T to R transition upon aspartate binding. The kinetic characteristics of
the Q137A enzyme are what would be expected for an enzyme unable to transit to the R state.

The side chain of Arg105 coordinates PALA differently in the wild-type and the Q137A R-
state structures. In the wild-type R-state structure the NH1 and NH2 of Arg105 coordinate O1
and O1P of PALA (Table 1). These interactions are very similar to the way Arg105 coordinates
phosphonacetamide, a CP analogue.4 In contrast, new interactions are formed between Arg105
and PALA in the Q137A structure reported here. In the C1 catalytic chain, NH1 coordinates
O1P, O3P, and O3 of PALA, while NH2 coordinates O3P and O1 (Table 1). This additional
“bridging” of Arg105 in the Q137A structure is not analogous to what is seen in the T state
phosphonoacetamide ligated structure.4 This difference in coordination suggests that the
orientation of CP bound to the Q137A enzyme is different from that in the wild-type enzyme.
This altered orientation has reduced affinity and prevents the proper formation of the high
affinity aspartate binding site.

An explanation for the dramatic alteration in the binding of CP to the Q137A enzyme was
suggested by studying the changes in the electrostatics of the active site induced by the
mutation, which results in the formation of an anionic “hole” (see Figure 3). This anionic “hole”
in the CP binding site is most likely due to shift in the positions of several residues near the
site of the mutation, resulting in the elimination of some polar contacts in the CP binding site.
Using DELHPI21 the protonation states of charged active site residues were calculated. In the
Q137A enzyme, arginine side chains of both the CP and ASP domains as well as His134 were
more deprotonated then in the wild-type active site. This can be explained in part by positional
changes of the supporting networks of hydrophobic and ionic interactions disrupted by the
Q137A mutation. Disruption of local interactions in the active site has a “ripple” or “domino”
effect throughout the entire catalytic chain and outward to the interfaces between domains. The
alteration in the planar angles between domains in the structure of the Q137A enzyme supports
this hypothesis.

More specifically, an example of how alteration in the salt bridge network can change the
charge gradient can be seen in the Q137A structure near the crucial interdomain bridging
interactions that involve Glu50. A network of interactions between Glu50c1‡, Lys83c2,
Asp129c1 and Arg167c1 is not present in wild-type R-state structure (PDB code: 1D09)6
mainly because Lys83c2 points toward the active site and Asp129c1 is “free” to draw charge
from Arg167c1. In addition, Arg54 which exhibits the largest differences in the electrostatic
calculations is more deprotonated in the Q137A enzyme because Glu86c2 is not “neutralized
“ by Ser80c2 as observed in R-state structure (PDB code: 1D09).6

‡To distinguish amino acids in the catalytic and regulatory chains of aspartate transcarbamoylase a c (catalytic) or r (regulatory) is
appended to the residue number (e.g. Asp236c and Lys143r). To clarify a particular catalytic or regulatory chain, the chain number is
also appended to the residue number (e.g. Asp236c4 and Lys143r1).
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The loss of Gln137 disrupts a salt bridge network between Asp141-Gln137 and His134. This
network is present in both the wild-type R-state structure (PDB code: 1D09) and the T-state
structure with phosphonacetamide (PDB code: 3AT1). In the absence of Q137, His134 turns
out of position such that it no longer interacts with the substrate or substrate analogs. The
disruption in the Asp141-Gln137-His134 salt-bridge network may in part be responsible for
the anionic hole in the active site observed in the Q137A enzyme. This alteration in the
electrostatics of the active site prevents proper neutralization of substrates. This underscores
the importance of Gln137 in the wild-type enzyme for the proper neutralization and positioning
the substrates for the induction of the allosteric transition.

In summary, the Q137A enzyme can undergo the transition between the T and R structural
states. However, this transition can be induced by the bisubstrate analog PALA, but not the
natural substrates. Therefore, the low activity and low substrate affinity of the Q137A enzyme
is not due to the inability of the enzyme to be transformed to the R state, but rather the inability
of the natural substrates, CP and L-aspartate to induce the transition. The reorientation of
several amino acid side chains in the active site observed in the structure of the Q137A enzyme
in the presence of PALA, along with the reduced changes in ellipticity when CP binds to the
Q137A enzyme,12 as measured by circular dichroism, suggests that CP does not bind in the
same orientation to the Q137A enzyme as it does to the wild-type enzyme. Thus, the
interactions between the side chain of Gln137 and CP in the active site of aspartate
transcarbamoylase are not only critical for the formation of the high affinity binding of CP,
but also for CP to bind in the proper orientation to create the aspartate binding site. When CP
binds incorrectly, aspartate affinity and enzymatic activity are reduced dramatically, and
homotropic cooperativity is lost because the mutant enzyme is unable to transit from the T to
the R state. The Q137A enzyme demonstrates the novelty of an active site residue whose role
appears to be directed towards the proper orientation of the substrate upon binding and in the
stabilization of the tetrahedral intermediate of the reaction.

Materials and Methods
Materials

Agar, L-aspartate, ampicillin, carbamoyl phosphate, N-carbamoyl-L-aspartate, 2-
mercaptoethanol, polyethyleneglycol 1450, potassium dihydrogen phosphate, Bis Tris, sodium
ethylenediaminetetracetic acid, sodium acetate, sodium azide, uracil, and cholesterol myristate
were obtained from Sigma. Q-Sepharose Fast Flow resin was obtained from Amersham
Pharmacia Biosciences. Casamino acids, yeast extract and tryptone were obtained from Difco
(Detroit, MI). Sodium dodecyl sulfate and Protein Assay Dye was purchased from Bio-Rad
Laboratories. Enzyme grade ammonium sulfate, Tris, electrophoresis grade acrylamide and
agarose were purchased from ICN Biomedicals (Costa Mesa, CA). Carbamoyl phosphate
dilithium salt was purified before use by precipitation from 50% (v/v) ethanol and was stored
dessicated at −20°C. Crystal cryo-mounting loops and microdialysis buttons were obtained
from Hampton Research (Laguna Niguel, CA).

Methods
Overexpression and Purification of the Mutant Holoenzymes—The wild-type and
Q137A enzymes were overexpressed utilizing E. coli strain EK110422 containing plasmids
pEK15223 and pEK89,12 respectively and purified as previously described.22 After
concentration, the purity of the enzymes was checked by SDS-PAGE 24 and nondenaturing
PAGE.25,26

Determination of Enzyme Concentration—The concentration of pure wild-type enzyme
was determined by absorbance measurements at 280 nm with an extinction coefficient of 0.59
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cm2 • mg−1.27 The protein concentration of the Q137A enzyme was determined by the Bio-
Rad version of Bradford’s dye-binding assay using the wild-type enzyme as standard.28

Solution X-ray Scattering—Solution x-ray scattering experiments were conducted at the
Beam Line 4-2, the Stanford Synchrotron Radiation Laboratory, Menlo Park, CA. Synchrotron
Radiation from a 20-pole 2 Tesla wiggler was focused by a bent cylinder mirror and
monochromatized (x-ray wavelength 1.38Å) by a pair of synthetic Mo/B4C multilayer
diffraction elements. A stopped-flow mixer injected 0.1 ml of enzyme solution and an equal
volume of another solution, typically containing substrates or substrate analogs, into an
observation cell via a mixing chamber within ~10 ms. The observation cell was kept at 5±0.5°
C. A series of successive measurements of two-dimensional scattering data and corresponding
beam intensities was synchronized with the completion of sample mixing. The scattering data
were recorded by an image-intensified interline CCD x-ray detector system (Hamamatsu
Photonics C4880-80-14A & V5445P), 29 located at ~85 cm from the observation cell. The
beam intensities incident on sample were integrated during a series of CCD exposures by the
EMBL data collection system.29 The detector pixels were converted to Q=2π·sinθ/λ, where
2θ is a scattering angle and λ is the x-ray wavelength, by recording the position of (100)
reflection of a cholesterol myristate power sample placed at the sample position. Image
distortion correction and radial integration of 2D data were performed using the program Fit2D.
30 Intensity scaling, background subtraction and correction for non-uniformity of detector
response were done by a program developed in-house.

Crystallization—Crystals of the Q137A enzyme were grown in 50 μL microdialysis buttons.
Prior to crystallization 15 mg/ml of protein stock was dialyzed into 40 mM KH2PO4, 0.2 mM
EDTA, 2 mM 2-mercaptoethanol pH 7.0. The microdialysis buttons were equilibrated against
crystallization buffer containing 50 mM maleic acid, 3 mM sodium azide and 1 mM PALA at
20° C.7 Typically, crystals (~0.6 x 0.3 x 1.5 mm) grew in approximately one week.

Data Collection and Structure Refinement—Crystals of the Q137A enzyme were
mounted in glass capillaries in preparation for data collection. The crystallographic data for
the Q137A enzyme were collected at room temperature at the Crystallographic Facility in the
Chemistry Department of Boston College on two multiwire area detectors from Area Detector
Systems mounted on a Rigaku RU-200 rotating anode generator operated at 50 kV and 150
mA. A DEC-Alpha 3300 computer controlled the data collection. Diffraction data were
processed using software provided by Area Detector Systems.

The initial model for the Q137A structure was derived from the coordinates of the wild-type
enzyme crystallized in the presence of PALA (R-state structure) (PDB code: 1D09) to 2.1 Å
6 with all of the waters, PALA and Zn removed. The refinement was carried out using CNS.
31 After initial rigid body, simulated annealing, minimization and B-factor refinement a round
of manual rebuilding was performed in XtalView.32 Waters added in CNS, were checked and
retained when they could be justified by hydrogen bonds and Fo–Fc electron density at or above
the 2.5σ level. The details of data processing and refinement statistics for the Q137A structure
are given in Table I. The model was checked for correctness using the program PROCHECK.
33
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Figure 1.
Stereoview of the active site of aspartate transcarbamoylase based upon the structure of the
enzyme in the presence of PALA.6 In place of PALA the tetrahedral intermediate has been
modeled into the active site.6 All the interactions observed between the enzyme and PALA
are also observed between the enzyme and the tetrahedral intermediate. Three new interactions
are observed between the enzyme and the tetrahedral intermediate including an interaction,
shown in red, between the Gln137 and the amino group on the tetrahedral carbon derived from
CP. The asterisk after the residue number indicates that the side chain is donated into the active
site from the adjacent chain.
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Figure 2.
Stereoview of the active site of the Q137A enzyme. The 2Fo-Fc electron density map was
contoured at 2.0σ. Both the mutant residue 137 and PALA have been omitted from the map
calculation. Overlaid onto the electron density map is the refined positions of the residues in
the Q137A structure shown as thick lines. Also overlaid is the structure of the wild-type enzyme
in the presence of PALA (PDB code: 1D09) shown with thin lines. The active site is oriented
so that the carbamoyl phosphate domain is on the left and aspartate domain is on the right. The
asterisk after the residue number indicates that the side chain is donated into the active site
from the adjacent chain.
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Figure 3.
GRASP34 surface electrostatic map of overlay of the 1D09 and Q137A structures with catalytic
chain C1. In (A) the surface and map are calculated from 1D09 and PALA in the active site is
docked after the electrostatics are calculated. In (B) the surface and map are calculated from
Q137A.
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Figure 4.
Time-resolved X-ray scattering of the wild-type and the Q137A enzymes. (A) Reaction of
PALA (5 mM final) with the Q137A and wild type enzymes, and (B) reaction the Q137A and
wild-type enzymes with CP (50 mM final) mixed with L-aspartate (50 mM final). The data were
fit to a first order reaction.
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Figure 5.
X-ray scattering patterns of the wild-type and Q137A enzymes. (A) The wild-type enzyme in
the absence and presence of 5 mM PALA, and (B) the Q137A enzyme in the absence and
presence of 5 mM PALA, and in the presence of 50 mM CP and L-aspartate. The curves were
obtained by averaging 10 frames of the time-solved data starting at 1.68 sec.
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Scheme I.
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Table 1
Interactions to PALA in the active site of the wild-type and the Q137A enzymes

Residue Atom PALA atoma C1 distanceb

(Å) Wild-typec
C6 distanceb

(Å) Wild-typec
C1 distanceb
(Å) Q137A

C6 distanceb
(Å) Q137A

Ser52 OG O3P 2.47 2.46 2.71 2.80
Thr53 N O2P 2.88 3.01 3.22 3.08
Arg54 N O2P 3.14 2.75 2.96 2.79
Arg54 NE O2P --- 3.06 --- 2.84
Arg54 NH1 O2P 3.12 --- 3.10 ---
Arg54 NH2 O2P --- 2.89 --- 3.09
Thr55 N O3P 2.82 2.76 3.09 2.55
Thr55 OG1 O3P 2.82 2.63 2.78 2.65

OG1 O1 --- --- 3.34 3.23
Arg105 NH1 O1 2.64 2.98 --- ---

NH1 O1P --- --- 2.73 2.78
NH1 O3P --- --- 2.87 ---
NH1 O3 --- --- 2.91 ---

Arg105 NH2 O1P 2.63 3.35 ---
NH2 O3P --- --- 2.95 ---
NH2 O1 --- --- 2.54 2.85

His134 NE2 O1 2.57 2.90 --- ---
Arg167 NE O2 2.73 2.75 2.60 2.70
Arg167 NH2 O3 2.97 3.16 3.23 3.09
Arg229 NE O5 2.71 2.86 2.87 2.82
Arg229 NH2 O4 2.87 2.94 2.88 3.10
Gln231 NE2 O5 3.12 --- 3.12 3.27
Leu267 O N2 3.06 2.93 2.97 2.61
Ser80d OG O1P 3.30 2.97 2.92 3.12
Ser80d OG O2P 2.77 3.16 --- ---
Lys84d NZ O3 3.02 2.91 2.75 2.78
Lys84d NZ 04 2.67 2.99 2.82 2.62
Lys84d NZ O1P 2.90 2.77 2.52 3.26

a
The notation used for the atoms in the PALA molecule are:

Scheme II.
b
C1 and C6 refer to the two independent catalytic chains in the asymmetric unit.

c
The data for the wild-type structure determined in the presence of PALA to 2.1Å resolution (PDB code: 1D09).

d
Ser80 and Lys84 are contributed into the active site from the adjacent catalytic chain.
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Table 2
Data collection and Refinement Summary of the Q137A Structure

Data collection
 Space Group P321
 dmin (Å) 2.70
 Total Reflections 100,265
 Unique reflections 35,809
 Redundancy 2.80
 Completeness (%) (All/outer shell) 89.0/85.0
 Unit cell (Å)
  a = b 122.116
  c 155.928
 Angles α = β = 90°, γ= 120°
 Rmerge

a % (All/outer shell) 8.75/32.9
Refinement
 Resolution range (Å) 7.00 - 2.70
 Sigma cutoff () 0
 Reflections 35,200
 Average (I/sigma) 10.5
 Working R-factor
  Beginning 0.280
  End 0.170
 Free R-factor
  Beginning 0.320
  End 0.224
Statistics (RMS deviations)
 Bonds (Å) 0.007
 Angles (degrees) 1.310
 Impropers (degrees) 1.150
 Dihedrals (degrees) 24.38

a
 Rmerge =

∑
hkl

∑
i
| Imean − Ii |
∑
hkl

∑
i
Ii
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