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

wduosnue Joyiny vd-HIN

" NIH Public Access
éf};‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Acc Chem Res. 2012 March 20; 45(3): 444-453. doi:10.1021/ar200166p.

Structure and Mechanisms of Escherichia coli Aspartate
Transcarbamoylase

William N. Lipscomb* and Evan R. Kantrowitz8"

*Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street,
Cambridge, MA 02138

SDepartment of Chemistry, Boston College, Merkert Chemistry Center, Chestnut Hill, MA
02467-3860

CONSPECTUS

Enzymes catalyze a particular reaction in cells, but only a few control the rate of this
reaction and the metabolic pathway that follows. One specific mechanism for such
enzymatic control of a metabolic pathway involves molecular feedback, whereby a
metabolite further down the pathway acts at a unique site on the control enzyme to alter its
activity allosterically. This regulation may be positive or negative (or both), depending upon
the particular system. Another method of enzymatic control involves the cooperative
binding of the substrate, which allows a large change in enzyme activity to emanate from
only a small change in substrate concentration. Allosteric regulation and homotropic
cooperativity are often known to involve significant conformational changes in the structure
of the protein.

Escherichia coli aspartate transcarbamoylase (ATCase) is the textbook example of an
enzyme that regulates a metabolic pathway—namely, pyrimidine nucleotide biosynthesis—
by feedback control and by the cooperative binding of the substrate, .-aspartate. The
catalytic and regulatory mechanisms of this enzyme have been extensively studied. A series
of X-ray crystal structures of the enzyme in the presence and absence of substrates,
products, and analogs have provided details, at the molecular level, of the conformational
changes that the enzyme undergoes as it shifts between its low-activity, low-affinity form (T
state) to its high-activity, high-affinity form (R state). These structural data provide insights
into how this enzyme not only catalyzes the reaction between .-aspartate and carbamoyl
phosphate to form N-carbamoyl-.-aspartate and inorganic phosphate, but also how the
allosteric effectors modulate this activity.

In this Account, we summarize studies on the structure of the enzyme and describe how
these structural data provide insights into the catalytic and regulatory mechanisms of the
enzyme. The ATCase-catalyzed reaction is regulated by nucleotide binding some 60 A from
the active site, inducing structural alterations that modulate catalytic activity. The
delineation of the structure and function in this particular model system will help in
understanding the molecular basis of cooperativity and allosteric regulation in other systems
as well.

“To whom correspondence should be addressed. evan.kantrowitz@bc.edu.
This paper is dedicated to all our current and former students who worked with us to determine the structures of ATCase and to
deduce the mechanisms of catalysis and regulation based on these three-dimensional structures.
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Early History

Biosynthetic control by a feedback inhibition mechanism was established in 1956 by Yates
and Pardee! for pyrimidine nucleotides, and by Umbarger? for isoleucine. Specifically for
pyrimidine nucleotide biosynthesis, Yates and Pardeel showed that the formation of N-
carbamoyl-L-aspartate was feedback-inhibited by the end product of the pathway, CTP, in a
specific and potent manner.

The enzyme responsible for the formation of N-carbamoyl-L-aspartate is aspartate
transcarbamoylase (E.C.2.1.3.2, aspartate carbamoyltransferase, ATCase), first purified and
crystallized in 1960 by Shepherdson and Pardee.3 Although the catalytic reaction was
actually deduced in 1955-195645 (Fig. 1). Shepherdson and Pardee? estimated the
molecular weight of the E. coli enzyme to be approximately 220,000 + 40,000 Da, based
upon sedimentation velocity measurements. Heating the enzyme at 60°C for 4 min was
sufficient to render the enzyme insensitive to feedback inhibition without loss of catalytic
activity.” Then, in 1964, Gerhart and Pardee8 reported that the catalytic and regulatory sites
were distinct. In a 1963 summary, Gerhart and Pardee® described CTP inhibition and ATP
activation, and correctly suggested that these nucleotides affected substrate affinity in an
indirect manner.

A more exact molecular weight of 310,000 Da was determined in 1965.10:11 Gerhart and
Schachman!! demonstrated that the ATCase holoenzyme could be dissociated into two
types of subunits, one with a molecular weight of ~96,000 Da and the other with a molecular
weight of ~30,000 Da. Furthermore, the larger subunit retained catalytic activity (the
catalytic subunit) while the smaller subunit exhibited no activity while it contained the
nucleotide binding sites (regulatory subunit). However these same studies!! incorrectly
proposed that the holoenzyme was composed of two catalytic subunits and four regulatory
subunits.

The aspartate saturation curve for E. coli ATCase is not hyperbolic as expected for an
enzyme that obeys Michaelis-Menten kinetics; rather the saturation curve is cooperative’
exhibiting a pH dependent Hill coefficient.812 In 1965, the first model for the cooperative
kinetic properties of ATCase was proposed by Monod, Wyman and Changeux,3 which
required that the enzyme be in a dynamic equilibrium between a low-activity, low-affinity T
state and a high-activity, high-affinity R state. The existence of such a dynamic equilibrium
was demonstrated for a mutant ATCase in 2007.14

In 1971 Collins and Stark!® synthesized a specific and potent inhibitor of ATCase, N-
phosphonacetyl-L-aspartate (PALA). A comparison of the molecular formulas of carbamoyl
phosphate (CP) plus L-aspartate (Asp) with the bisubstrate “transition state analogue” PALA
is shown in Fig. 2. The ability of PALA to enhance the activity of ATCase at low
concentrations of aspartate, in the presence of a saturating concentration of CP, indicates
that PALA is able to shift the equilibrium from the T to the R state, a finding that will be
important for the determination of the structure of the R state of the enzyme.

The Quaternary Structure of ATCase

Structural studies in the Lipscomb Laboratory began on the E. coli enzyme in 1967
following a colloquium by J. C. Gerhart, during which the details of a new purification
procedure for the holoenzyme as well as the catalytic and regulatory subunits® was
presented. In 1968 K. Weber determined the amino acid sequence of the regulatory
subunit!” and used this information to calculate a molecular weight of ~17,000 Da. These
data implied that the holoenzyme was composed of six regulatory chains. This fact was
combined with the subunit molecular weights, 1911 and crystallographic studies of two
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crystal forms18 to deduce the quaternary structure of ATCase. One of the crystal forms
requires a molecular three-fold axis whereas the other requires at least one non-coincident
two-fold axis in the molecule, thus necessitating a cgrg quaternary structure for the
holoenzyme.18 The relative arrangement of the c3 and r, units in cgrg was found in the
(idealized) R32 T-state crystal form at 5.5A resolution.1® The symmetry of cgrg is D3 (Fig.
3, one three-fold axis and three two-fold axes) or the slightly lower C3 (one three-fold axis)
in the presence of the allosteric inhibitor CTP or CTP plus UTP.20

The Three-dimensional Structure of ATCase

The resolution of the structure of the unliganded E. coli ATCase improved to 2.6A.21:22
Simultaneously, structural studies were pursued of the T-state enzyme in the presence of
ATP or CTP,22 the R-state enzyme in the presence of PALA (Fig. 2) at 2.1 A resolution,23
and the R-state enzyme with ATP or CTP bound,?* along with additional studies of the T
and R states with a variety of substrates and substrate analogues bound.

The secondary structural elements of one catalytic and one regulatory chain are shown in
Fig. 4. Each catalytic chain is composed of two folding domains; the Asp domain, primarily
involved in the binding of aspartate and the CP domain, primarily involved in the binding of
carbamoy! phosphate. Each regulatory chain is also composed of two folding domains: the
Zn domain, primarily involved in the binding of the zinc cofactor, and the Al domain,
primarily involved in the binding of allosteric effectors. The Asp and CP domains of the
catalytic chain, as well as the Al domain of the regulatory chain, are each classified as a/p.2
The Zn domain of the regulatory chain is classified as rubredoxin-like with a metal (zinc or
iron) bound that contains usually two CX(n)C motifs.2>

The Structure of the ATCase in the T and R States

When both substrates are present at physiological concentrations they convert ATCase from
the T form to the R form (Fig 5).21.26:27 The same change in quaternary structure can also be
induced by the binding of PALA. The changes in the molecular structure between the T and
R states include an elongation of 11A along the molecular three-fold axis. In this
transformation there is a rotation of one catalytic trimer c3 relative to the other c3 by 12°,
and a rotation of each of the three regulatory dimers about the approximate two-fold axes by
15°. Thus the molecular expansion occurs only along the three-fold axis, with no elongation
along the three molecular two-fold directions. The positions of the domains of the catalytic
and regulatory chains undergo structural alterations relative to each other. The two domains
of the catalytic chain close by 6.8° while the two domains of the regulatory chain open by
1.7° between the T and R states (Fig. 6).

The interactions between the R-state enzyme and PALA are shown in Fig. 7. Ser80 and
Lys84 from an adjacent catalytic chain interact with PALA,23 thus each active site is
composed of residues from two adjacent chains. Site-specific mutagenesis?® and hybrid
experiments2? confirm that the residues from the adjacent catalytic chain are required for
catalytic activity.

The R-state structure with bound CP and succinate, an analogue of the substrate Asp, is
shown in Fig. 8.3% The interactions between the enzyme and the natural substrate CP are
virtually identical to those between the enzyme and the phosphonate portion of PALA.
However the amide of CP interacts with the side chain of GIn137 and the oxygen between
the phosphorus and the carbonyl carbon interacts with Arg54. Using molecular modeling
Asp was docked into the enzymesCP complex. The lowest energy pose has the amino group
of Asp within 2.8 A of the carbonyl carbon of CP, positioned correctly for the nucleophilic
attack, which would lead to the formation of the proposed tetrahedral intermediate.3!
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Structural studies of the enzymesPALA, enzymeeCPesuccinate and enzymesP;ecitrate
complexes were used to model the tetrahedral intermediate and the transition state of the
reaction.32 The model of the tetrahedral intermediate bound in the active site of ATCase
shows three additional interactions than are observed between the enzyme and PALA (Fig.
9). In addition the model of the tetrahedral intermediate shows significantly more
interactions than the summation of interactions between the enzyme and the various
combinations of substrates and substrate analogues. Based on the tetrahedral intermediate
model the enzyme binds the tetrahedral intermediate, and thus the transition state,
significantly more strongly than the substrates or products.

In order to approximate and thereby observe the conformation of the R-state enzyme active
site in the presence of products, the structure of the enzyme in the presence of citrate, an
analogue of N-carbamoyl-L-aspartate (Fig. 2), plus the product phosphate was determined
after displacement of PALA from R-state crystals.33 The carboxylate groups of citrate
interact with His134, Arg167, GIn231 and Arg229 (Fig. 10). Lys84, from the adjacent chain,
interacts with both citrate and phosphate acting as a bridge between the two molecules. A
phosphate oxygen is 3A away from the carbon in citrate that would correspond to the o-
carbon in carbamoyl aspartate. These results imply that this complex represents a reasonable
model for the products bound in the active site.33

After the collapse of the oxyanion formed in the transition state, the products carbamoyl
aspartate and phosphate become separate as seen in the model structure with citrate and
phosphate bound (Fig. 10). The weaker-binding carbamoy! aspartate departs the active site
releasing Lys84, which may coincide with the opening of the 240’s loop. The opening of the
240’s loop is necessary to provide a path for the release of carbamoyl aspartate followed by
phosphate from the R-state active site, as the active site in the presence of the tetrahedral
intermediate shows no opening to the solvent. After phosphate is released the catalytic cycle
can begin again with the binding of CP. Time-resolved X-ray scattering studies have shown
that as long as substrates are available the enzyme remains in the R state, and only returns to
the T state after the substrates are exhausted.3*

The Active Site and Mechanistic Aspects

The catalytic mechanism is ordered: CP binds before aspartate; and carbamoyl aspartate
leaves before phosphate.3® When CP,31 or CP analogues such as PAM (Fig. 2) bind,36 the
enzyme remains in the T state and only tertiary-level conformational changes occur. The
largest conformational change that occurs upon the binding of CP involves a reorganization
of the 80’s loop that positions Ser80 and Lys84 into the active site. (Fig. 11). In addition,
there are some smaller conformational changes involving motions of the 50’s and 240’s
loops. The conformational changes induced by the binding of CP create a binding site for
aspartate, not only structurally but electrostatically as well (Fig. 12). These conformational
changes dramatically alter the electrostatic properties of the active site; they essentially
create a positively charged binding pocket for aspartate, the studies of which have provided
a mechanism to account for the ordered binding of the substrates.3!

The three additional interactions observed in the model of the tetrahedral intermediate bound
to the enzyme (Fig. 9) compared to the structure of the enzymesPALA complex involves
interactions between the side chain of GIn137 and the backbone carbonyl oxygen of Pro266
to the amino group on the tetrahedral carbon and the side chain of Arg54 with the ester
oxygen between the phosphorus and the tetrahedral carbon. When either GIn137 or Arg54 is
replaced by Ala the consequences are extraordinary.3” For the Q137A enzyme, the
concentration of CP required to attain one-half of the maximal activity increases by 210-
fold. Although GIn137 is not involved directly in binding aspartate the corresponding value
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for aspartate increases by 76-fold. The extremely reduced affinity for CP of the Q137A
enzyme along with the near abolition of aspartate binding points to the critical role that CP
plays in preparing the active site for the binding of Asp. The R54A mutation results in a
17,000-fold loss in activity without major influence on the substrate affinity,3” suggesting a
role of this residue in transition state stabilization.

The binding of aspartate induces both tertiary and quaternary conformational changes. At
the tertiary level, the 240's loop rearranges to position the side chains necessary for catalysis
in their high-activity, high-affinity positions (Fig. 13). However, due to steric constraints the
movement of the 240's loop cannot occur without the occurrence of a quaternary
conformational change (see Fig. 5). The repositioning of the 240's loop and the closure of
the two domains of each catalytic chain provide an environment favorable for catalysis. The
attack of the amino nitrogen of aspartate on the amide carbon of CP, which forms the
tetrahedral intermediate, is enhanced by the binding of Arg105, His134 and Thr5537 to the
carbonyl oxygen. The carbonyl oxygen of carbamoyl phosphate, as indicated by the
schematic of PALA binding (see Figure 7), allows these three residues to influence
substantially the affinity of the enzyme«CP complex for aspartate.

In order for the reaction to occur, the amino group of aspartate must lose two protons
starting from —NH3 *. Because of the electropositive field microenvironment encountered by
the — NH3 * group, the first proton is lost as aspartate binds. One possibility for the fate of
the second proton is that it is captured by the leaving phosphate.32 Another possibility for
loss of the second proton involves transfer to either Arg105 or Lys84, the latter being
contributed into the active site from the adjacent catalytic chain. It would be expected, based
upon the electropositive environment of the active site, that the guanidinium group of
Arg105 or the g-amino group of Lys84 would initially be deprotonated, allowing either one
to accept a proton. The roles of Arg105 and Lys84 in the function of the enzyme has been
probed via mutagenesis. The R105A and K84N mutations result in a 1,100-fold37 and 1,200-
fold23 reduction in activity, respectively.

In models of the tetrahedral intermediate bound in the active site,23:32 Arg54 is bound to the
bridging phosphate oxygen, thus partially reducing the negative charge on the phosphate and
serving to make the phosphate a better leaving group. In support of the important role of
Arg54, when Arg54 is replaced by Ala enzymatic activity is reduced by a factor of about
17,000 fold.37:38

Cooperativity Induced by Aspartate Binding

As indicated above, the binding of CP induces small but significant tertiary conformational
changes which not only creates the binding site for aspartate but also weakens those
interactions that stabilize the enzyme in the T state.3! The binding of Asp to the enzymesCP
complex, as well, changes the electrostatics of the active site making it more electropositive.
The binding of aspartate induces additional major loop motions, particularly of the 80’s and
240’s loops. These conformational changes have two consequences: first, they force the
substrates closer together, thereby lowering the activation energy of the reaction, and
second, they further weaken the intersubunit interactions that specifically stabilize the T-
state structure. The weakening of these interactions triggers the initiation of the global
quaternary conformational change. In fact, the 240’s loops cannot attain their final domain-
closed conformation without an expansion of the enzyme along the three-fold axis, which
allow the 240’s loops from the upper and lower catalytic subunits to slide past each other.31
Thus, the binding of Asp to one or so of the active sites is sufficient to convert the enzyme
from the T to the R state.3?
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Heterotropic Effects and Structural Aspects

The allosteric site of E. coli ATCase is located in the Al domain of the regulatory chain near
the N-terminus and the five-stranded B-sheet (Fig. 4). The localization of the N-terminal
region of the regulatory chain (residues 1-7) was first modeled in the CTP-bound complex4?
near the allosteric site.38 Mutagenesis studies*! support the suggestion that this is the
regulatory region of the enzyme. Increased resolution of the X-ray data, 2.1A23 versus
2.5A,%0 yielded electron density for the independent r1 and r6 chains and allowed tracing of
the first seven residues, and remodeling residues 8r—10r. In this new model, the nucleotide
site is somewhat more open than that of a mutated T-state structure.2 In addition the trace
of residues 1-7 of the regulatory chain shows some inherent asymmetry between the rl and
ré chains. The structural asymmetry may contribute to the high- and low-affinity binding
constants for the nucleotides as determined by equilibrium dialysis*3 and fluorescence
studies.?* In summary, the N termini of the regulatory chains are involved in both nucleotide
binding and heterotropic effects.23:45

The mode by which CTP and ATP bind to the regulatory site*® of the enzyme in the T state
is shown in Fig. 14. This site is about 60A away from the active site. Although ATP and
CTP bind at this regulatory site in both the T state or R state there are differences: for
example, CTP binds in a more compact form in which its ribose ring is about 1.5A deeper in
the cleft in the T and R state of the r1 chain and 0.9A deeper in the T state of the r6 chain
than the ribose ring of ATP.4°

As described above, the domain closure between the CP and the Asp domains of the
catalytic chain is caused when aspartate binds to the enzyme«CP complex. A comparison of
the active site in the T and R state reveals the change in the position of Arg229 contribute to
the affinity of the R state for aspartate compared with the lower affinity for aspartate of the
T state. However, the T to R transition is not required for movement of Arg229 into the
active site. When unliganded ATCase binds ATP, the guanidinium group of Arg229 moves
toward the vacant aspartate cavity, and when CTP binds to the unliganded enzyme, Arg229
moves away from the aspartate cavity. These changes in the T-state structures show that the
effects of ATP or CTP binding do not require the quaternary conformational transition. In
addition, the binding of CP induces a movement of the side chain of Arg229 toward the
aspartate cavity, thus preparing the aspartate region for increased aspartate affinity. The
change in the position of Arg229, influenced by the binding of either ATP or CTP some 60A
away, occurs in the C4 chain of the lower trimer, but not in the corresponding C1 chain of
the upper trimer. This observation serves as a clear example of the effects of molecular
asymmetry in the enzyme mechanism.

Conclusion

The regulation of the rates of metabolic pathways by allosteric enzymes is an extremely
important mechanism for cellular control. Allosteric enzymes, such as ATCase, play a
pivotal role in metabolism because they have three functions — they catalyze a unique
metabolic reaction, alter the rate of catalysis in response to cellular conditions and are
responsible for the rate of the larger pathway. Regulation of ATCase involves the binding of
signaling molecules to the regulatory sites, and this binding induces an alteration in the rate
of catalytic activity. Our studies of ATCase have been directed towards using the three-
dimensional structural information to understand, on the molecular level, how ATCase is
able to catalyze the reaction between aspartate and carbamoyl phosphate, how the enzyme is
able to transition between the T and R conformations, and how the binding of regulatory
nucleotides a distance of 60A from the active site induces alterations to modulate activity.
This understanding of the structure and function in this model system will help us
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understand the molecular basis of cooperativity and allosteric regulation in other systems as
well. In 2002 D. Koshland*6 emphasized the importance of these type of studies when he
said, “this type of cooperativity, which has since been shown in many enzymes, receptors,
and ion channels, is of critical importance to both evolution and the field of proteomics
because it can serve as a general model for the way in which the networks of interacting
enzymes of metabolic pathways are regulated.”

Abbreviations used

ATCase aspartate transcarbamoylase (EC 2.1.3.2, aspartate carbamoyltransferase)

c the catalytic chain of aspartate transcarbamoylase

r the regulatory chain of aspartate transcarbamoylase

C3 the catalytic subunit of aspartate transcarbamoylase composed of three
catalytic chains

r the regulatory subunit of aspartate transcarbamoylase composed of two
regulatory chains

CP carbamoy! phosphate

Asp L-aspartate

PALA N-phosphonacetyl-L-aspartate

PAM phosphonoacetamide

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

240’s loop a loop in the catalytic chain of aspartate transcarbamoylase comprised of

residues 230-245
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FIGURE 1.

Aspartate transcarbamoylase (ATCase) catalyzes the committed step, the condensation of
carbamoyl phosphate and aspartate to form carbamoyl aspartate and inorganic phosphate, in
pyrimidine nucleotide biosynthesis for E. coli. Carbamoy! aspartate continues through the
pathway leading to the formation of the nitrogenous base in pyrimidine nucleotides. ATCase
is feedback inhibited by CTP and the combination of CTP plus UTP. This figure* has been
reproduced here with permission.

Note to editor: | have obtained rights to reuse this figure via Rightslink.
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FIGURE 2.

The structures of carbamoyl phosphate (CP), L-aspartate (Asp), N-carbamoyl-L-aspartate
(CA), phosphate (P;), the bisubstrate analogue N-phosphonacetyl- L-aspartate (PALA), the
N-carbamoyl-L-aspartate analogue citrate (Cit), the CP analogue phosphonoacetamide
(PAM), and the Asp analogue succinate (SUC).
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R4 R1

FIGURE 3.

Schematic representation of the quaternary structure of ATCase. Catalytic chains C1-C2-C3
and C4-C5-C6 correspond to the two catalytic trimers while the regulatory chains R1-R6,
R2-R4 and R3-R5 correspond to the three regulatory dimers. This figure was drawn with
Chimera.*8
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FIGURE 4.

The secondary structural elements of one catalytic and one regulatory chain of E. coli
ATCase in the T-state. The N- and C-termini of the catalytic and regulatory chains are
indicated, as well as the Zn atom in the regulatory chain that is coordinated tetrahedrally to
four cysteine residues. Each catalytic chain is composed of an aspartate (Asp) and a
carbamoyl phosphate (CP) domain. Each regulatory chain is composed of an allosteric (Al)
and a zinc (Zn) domain. This figure was drawn with MOLSCRIPT4® using data from PDB
entry 1ZA1.
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FIGURE 5.

The ATCase holoenzyme in the T (left) and R (right) structures. The catalytic chains are
shown in shades of red and the regulatory chains are shown in shades of green. The length
of the molecule along the three-fold axis is shorter in the T form than in the R form. This
figure was drawn with Chimera.*8
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FIGURE 6.

Secondary structure of a regulatory chain (left) and a catalytic chain (right) of ATCase. The
angle between the domains is measured from the center of mass of each domain (red dot)
and a hinge point (H).
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FIGURE 7.

The interactions between PALA and ATCase in the R-state.2” Dotted lines correspond to
interactions with the backbone of the protein. An asterisk after the residue number indicates
that it is donated into the active site from the adjacent chain.

Acc Chem Res. Author manuscript; available in PMC 2013 March 20.



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

1duosnuei\ Joyiny Vd-HIN

Lipscomb and Kantrowitz Page 18

His134 His134

GIn137,

[

Pro266
7

- - -
3 - -
-
P -

GIn231

Arg229
Lys84* Lys84*

FIGURE 8.

Stereoview of succinate (SUC) and CP bound in the active site of ATCase in the R state. An
asterisk after the residue number indicates that it is donated into the active site from the
adjacent chain. This figure was drawn with MOLSCRIPT.4°
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FIGURE 9.

Stereoview of the proposed tetrahedral intermediate (TET-1) bound in the active site of
ATCase in the R state. An asterisk after the residue number indicates that it is donated into
the active site from the adjacent chain. This figure was drawn with MOLSCRIPT.49
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FIGURE 10.

Stereoview of citrate (CIT) and phosphate (Pi) bound in the active site of ATCase in the R
state. An asterisk after the residue number indicates that it is donated into the active site
from the adjacent chain. This figure was drawn with MOLSCRIPT.4°
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FIGURE 11.

Stereoview comparison of the active site of E. coli ATCase in the presence of CP (green
carbons, thick) and in the absence of CP (black carbons, thin). The 80's loop from the
adjacent chain (residue numbers with asterisks] in the presence of CP (gold carbons, thick)
and in the absence of CP (gray carbons, thin) is represented as a coil with Ser80* and
Lys84* shown. This figure was drawn with MOLSCRIPT .49

Leu267 Lys84
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FIGURE 12.

(A) Electrostatic potentials mapped onto the surface of ATCase in the absence (A) and the
presence (B) of CP. The positions of Ser80*, Lys84* and Arg234 and CP are overlaid onto
the electrostatic map (white carbons, sticks). This figure3! has been reproduced here with
permission.

Note to editor [no copyright transfer needed for author to reuse figure PNAS, 102, 8881-
8886 (2005)]
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FIGURE 13.

Surface of ATCase near the active site detailing the 80's loop (green) and the 240's loop
(red) during catalysis. (A) Conformation of the enzyme before substrates are bound; the
approximate position of the active site is indicated by the magenta arrow. (B) Conformation
of the enzyme after the binding of CP, which is shown in the active site as a CPK model
(white carbon). The 80's loop (green) rearranges to help create the binding site for aspartate.
(C) Upon the binding of aspartate the 240's loop (red) undergoes a dramatic conformational
change, forcing the substrates toward each other. Solvent is not accessible to the active site
in this conformation.
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FIGURE 14.

A comparison of the interactions between CTP (top) and ATP (bottom) and the allosteric
site on the regulatory chains of E. coli ATCase. This figure is based on the ATCase*CTP
and ATCase*ATP structures in the T state.?
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