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ABSTRACT: Escherichia coli aspartate transcarbamoylase
is feedback inhibited by CTP and UTP in the presence of
CTP. Here, we show by X-ray crystallography that UTP
binds to a unique site on each regulatory chain of the
enzyme that is near but not overlapping with the known
CTP site. These results bring into question all of the
previously proposed mechanisms of allosteric regulation in
aspartate transcarbamoylase.

Escherichia coli aspartate transcarbamoylase (EC 2.1.3.2,
aspartate carbamoyltransferase, ATCase) is a model for
allosteric regulation.1 The enzyme catalyzes the committed
step in pyrimidine nucleotide biosynthesis, the formation of N-
carbamoyl-L-aspartate and phosphate from carbamoyl phos-
phate and L-aspartate.2 N-Carbamoyl-L-aspartate then continues
through the pathway to form UTP and CTP. ATCase is
regulated homotropically by L-aspartate and heterotropically by
nucleotide effectors. ATP, the end product of the purine
biosynthetic pathway, is an activator of ATCase, while CTP, as
one of the end products of the pyrimidine pathway, is an
inhibitor. The pyrimidine nucleotide UTP does not inhibit the
enzyme alone, but it synergistically inhibits the enzyme in the
presence of CTP.3

E. coli ATCase is a dodecamer composed of six regulatory
chains (Mr = 17000) and six catalytic chains (Mr = 33000),
organized into two catalytic trimers and three regulatory
dimers. The substrate binding sites, responsible for enzyme
activity, are located in the catalytic chains, whereas the
nucleotide effectors bind in the regulatory chains.4 There are
two states of the enzyme characterized by large changes in
quaternary structure: the low-activity, low affinity for the
substrate T state and the high-activity, high affinity for the
substrate R state. The substrates and allosteric effectors
influence the equilibrium between the T state and the R state
structure.5

Structural and kinetic analyses have shown that ATP and
CTP, which exhibit opposing effects on ATCase activity,
compete for and bind to the same sites on the regulatory
chains,6 with one binding site per chain. Similarly, other studies
have indicated that UTP and ATP bind competitively.7 Binding
experiments have shown that for both CTP and ATP there are
three high-affinity sites and three low-affinity sites per
holoenzyme,8 suggesting that each regulatory dimer contains
one high-affinity site and one low-affinity site. Binding
experiments using the isolated regulatory dimer confirm the
two classes of sites with high and low affinities.8 To explain the

synergistic inhibition by UTP in the presence of CTP, it has
been proposed that CTP binds to the high-affinity sites while
UTP binds to the low-affinity sites, because addition of UTP to
ATCase with CTP bound results in a decrease in the number of
CTP binding sites from six to three.9

The binding of nucleotides to the regulatory sites was further
investigated using an unnatural fluorescent amino acid [L-(7-
hydroxycoumarin-4-yl)ethylglycine] in place of Glu52, located
near the nucleotide binding site.10 Fluorescence measurements
showed that CTP and UTP do not bind competitively,
consistent with the notion of a functional asymmetry between
the two allosteric sites of the regulatory dimer. This study also
indicated that ATP, CTP, GTP, and UTP bind with similar
affinities and have two classes of binding sites, one with high
affinity and one with low affinity. However, other studies have
shown that UTP has a much lower binding affinity than
CTP.11−13

While CTP and UTP are structurally very similar, they have
very different effects on ATCase activity. To further elucidate
the mechanism of UTP action, specifically the synergistic
inhibition in the presence of CTP and the lack of inhibition by
UTP alone, X-ray crystallography was used here to determine
the structure of ATCase in the presence of UTP. R state
crystals of ATCase were obtained by microdialysis in 50 μL
wells using previously reported conditions.14 The crystals were
then dialyzed overnight in crystallization buffer with 10 mM
UTP. Before being flash-frozen in liquid nitrogen, the crystals
were dipped into UTP crystallization buffer with 20% (v/v) 2-
methyl-2,4-pentanediol. These crystals diffracted to a maximal
resolution of 2.3 Å in space group P321 (Table S1 of the
Supporting Information). The 2.1 Å R state structure of
ATCase [Protein Data Bank (PDB) entry 1D09]15 was used as
the initial model. After a number of rounds of refinement,
model building, and water placement, the final Rfactor and Rfree
values were 0.173 and 0.207, respectively. As an indication of
the quality of the refinement, Figure S1 of the Supporting
Information shows a portion of the electron density map
corresponding to a portion of the regulatory chain. Residues 1−
10 of the regulatory chains were omitted from the final model,
because of weak electron density. Complete experimental
details, including data collection and refinement, are provided
in the Supporting Information. Coordinates and structure
factors for the structure have been deposited as PDB entry
4F04.
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The main-chain root-mean-square deviation (rmsd) between
the 1D09 and UTP-bound structures was 0.42 Å, indicating
that the binding of UTP had little overall influence on the
structure of the enzyme. For the regulatory chain and its
allosteric domain, the main-chain rmsds between the structure
with and without UTP were 0.43 and 0.47 Å, respectively,
suggesting that UTP binding may result in localized conforma-
tional changes near its binding site. Figure 1 shows a

representation of the conformational changes that occur in
the r6 regulatory chain due to the binding of UTP. Besides
motions near the N- and C-termini, the major conformational
change is restricted to the 50s loop (residues 48−58), with
smaller motions in the 70s helix (residues 68−77) and the 130s
loop (residues 129−134).
The binding site of UTP is located adjacent to, but not

overlapping with, the site canonically occupied by CTP and
ATP.6 In the P321 space group, the asymmetric unit is
composed of chains c1, r1, r6, c6, or one-third of the
holoenzyme. The electron density for UTP is not as strong as
the density for the protein overall. In addition, the electron
density for UTP is weaker in the r1 chain than in the r6 chain.
Still, the data clearly show that UTP binds in this unique
location on the regulatory chain.
The relatively weak electron density observed for UTP is

reflected in the high B factors of the UTP atoms, 173 and 140
Å2 for UTP in the r1 and r6 chains, respectively. These values
are considerably higher than the B factors for the atoms of the
r1 (76 Å2) and r6 (94 Å2) chains. The weaker electron density
of UTP in the r1 versus r6 regulatory chains suggests that these
two sites have different affinities for UTP. This supposition is
supported by the data, which show that the UTP in the r6 chain
forms more interactions with the protein than the UTP in the
r1 chain. Figure 2 shows the interactions between UTP and the
r6 chain, and stereoviews of UTP bound in the r1 and r6 chains
are shown in Figure S2 of the Supporting Information. Of
particular note is the stretch of residues Leu48, Pro49, Ser50,
Gly51, Glu52, Lys56, Leu58, and Lys60, which all interact with
UTP in the r6 chain. These residues comprise the 50s loop that
undergoes the largest structural alteration upon UTP binding

(see Figure 1). In addition to these residues, Glu10, His20, and
Arg41 also interact with UTP. The interaction between UTP
and Arg41 is between UTP bound to the r6 chain and Arg41 of
the r1 chain. A complete list of the interactions with UTP in the
r1 and r6 chains is provided in Table S2 of the Supporting
Information. The smaller number of interactions between
residues in the r1 chain and UTP reinforces the asymmetric
nature of the r1 and r6 chains and provides support for the
previously proposed hypothesis that there are two classes of
UTP binding sites having different affinities for the
nucleotide.10

To show the spatial relationship between the new nucleotide-
binding site and the canonical site, the surfaces of the regulatory
chain with CTP (PDB entry 8AT1)16 and UTP bound are
shown in panels a and b of Figure 3, respectively. To

distinguish between the two nucleotide binding sites in each
regulatory chain, the canonical site where ATP and CTP bind
will be called the A site while the newly discovered, UTP-
binding site will be termed the B site. Thus, each of the six
regulatory chains of ATCase has two, A and B, nucleotide sites.
Some of the residues that make direct interactions with UTP

have been previously studied by site-specific mutagenesis. The
H20A17 or K56A18 mutation resulted in the complete loss of
synergistic inhibition by UTP. These two residues make direct
contacts with UTP in the B site, as shown in Figure 2,
explaining the loss of synergistic inhibition. In the case of the
K56A mutant, previous studies could not explain the loss of

Figure 1. Structural changes upon the binding of UTP to a regulatory
chain of ATCase. The structures of ATCase in the absence and
presence of UTP (PDB entry 1D09) are shown with blue and red
highlights, respectively. Thirty structures are shown, calculated linearly
between the two determined X-ray structures. The portions of the
structures with a main-chain rmsd of >1.5 Å are spectrally colored.

Figure 2. UTP bound to the r6 regulatory chain of ATCase. Residues
making polar interactions (---) are shown with gray carbons, while
those making hydrophobic interactions are shown with white carbons.
The asterisk after Arg41 indicates that it is donated from the r1 chain.

Figure 3. Comparison of the A and B nucleotide-binding sites using
PDB entry 8AT1 to show the CTP binding location. The identical
orientation is shown for (a) CTP (green carbons) bound in the A site
and (b) UTP (teal carbons) bound in the B site.
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synergistic inhibition as Lys56 did not show any interactions
with CTP.
The X-ray structure reported here shows that UTP binds to

the B site, a site different from that normally occupied by CTP
or ATP (A site). The lack of any evidence of binding of UTP in
the A site suggests that UTP has a significantly higher affinity
for the B site than the A site. The difference in UTP affinity
between the A and B sites can be explained by electrostatic
interactions between the UTP and Lys60. The 4-keto group of
UTP has a more favorable electrostatic interaction with the ε-
amino group of Lys60 than with the main-chain oxygen atoms
of Ile12 and Tyr89 in the A site. The oxygen atoms of Ile12 and
Tyr89 as well as the 4-keto group of UTP bear partial negative
charges because of the resonance, leading to charge repulsion
between the protein and UTP in the A site. This also explains
why previous crystallographic studies have not observed CTP
in the B site because positive charge−charge repulsion would
occur between the ε-amino group of Lys60 and the 4-amino
group of CTP.
With the discovery that UTP binds to a unique site on the

regulatory chain, we propose a revised mechanism of UTP
action that is consistent with the structural data. The X-ray
structure of ATCase in the presence of UTP reported here
provides an explanation for the lack of inhibition of the enzyme
by UTP alone, and the ability of UTP to synergistically inhibit
ATCase in the presence of CTP. As seen in panels a and b of
Figure 3, the binding sites of CTP and UTP on one regulatory
chain of ATCase are in the proximity of each other but do not
overlap. When UTP alone is present, binding occurs exclusively
at the B site, because of the stabilizing interactions between
Lys60 and the 4-keto group of uracil mentioned above. This
same interaction prevents or weakens binding of CTP at the B
site. This is supported by the fact that even at relatively high
concentrations of CTP, no CTP is observed in the B site by X-
ray crystallography.16 However, when UTP binds to the B site
no allosteric inhibition is observed.
When CTP is present in the A site (see Figure 3a), there is

sufficient space for UTP to bind to the B site. Previous studies
have indicated that the affinity of CTP is enhanced in the
presence of UTP, and the binding of UTP is enhanced upon
the binding of CTP.11 These data suggest that the two
nucleotides act together in the combined AB allosteric site to
synergistically enhance the binding of the other and induce
conformational changes that shift the T to R equilibrium
further toward the T state than CTP alone can induce. Thus,
the binding of UTP to the B site functions to amplify the effect
of the nucleotide bound in the A site. The molecular basis of
the synergistic inhibition could be via interactions with the 50s
loop, the N-terminus, and/or the r1−r6 interface, all of which
are close to the B site.
The structure of ATCase in the presence of UTP reported

here shows that the previously hypothesized CTP−UTP
binding pattern is incorrect. It agrees with the notion that
there is a functional asymmetry between the nucleotide sites of
a regulatory dimer and indicates that there are four distinct
nucleotide binding sites per dimer. With the discovery of this
new allosteric site in E. coli ATCase, the previously proposed
mechanisms for allosteric regulation based on two asymmetric
nucleotide binding sites per regulatory dimer must be revised.
More crystallographic studies are needed to determine
conclusively the mechanism of the synergistic effect, although
this study provides insights into the likely binding pattern.
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