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Aspartate carbamoyltransferase (ATCase) is a paradigm for allosteric regulation of enzyme activity. B-
class ATCases display very similar homotropic allosteric behaviour, but differ extensively in their hetero-
tropic patterns. The ATCase from the thermoacidophilic archaeon Sulfolobus acidocaldarius, for example, is
strongly activated by its metabolic pathway0s end product CTP, in contrast with Escherichia coli ATCase
which is inhibited by CTP. To investigate the structural basis of this property, we have solved the crystal
structure of the S. acidocaldarius enzyme in complex with CTP. Structure comparison reveals that effector
binding does not induce similar large-scale conformational changes as observed for the E. coli ATCase.
However, shifts in sedimentation coefficients upon binding of the bi-substrate analogue PALA show
the existence of structurally distinct allosteric states. This suggests that the so-called ‘‘Nucleotide-Pertur-
bation model” for explaining heterotropic allosteric behaviour, which is based on global conformational
strain, is not a general mechanism of B-class ATCases.

� 2008 Published by Elsevier Inc.
Aspartate carbamoyltransferase (ATCase; E.C. 2.1.3.2) is a model
enzyme in the study of allosteric regulation of enzymes. ATCase
catalyzes the carbamoylation of the a-amino group of L-aspartate
by carbamoyl phosphate (CP) to yield N-carbamoyl-L-aspartate
and orthophosphate in the first step of de novo pyrimidine biosyn-
thesis. The ATCase from Escherichia coli (EcATC) has been the sub-
ject of extensive structural and biochemical studies (reviewed in
[1–3]). The EcATC consists of catalytic chains, encoded by the pyrB
gene, and regulatory chains, encoded by the pyrI gene. The catalytic
chains, organized into trimers (c3), and the regulatory chains, orga-
nized into dimers (r2), combine to form a dodecameric complex
with the subunit composition 2(c3):3(r2) (which is typical for B-
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class ATCases). Both chain types consist of two domains, carbamoyl
phosphate and aspartate binding domains in the case of the cata-
lytic chains, and allosteric and zinc binding domains in the case
of the regulatory chains. The catalytic sites are located at the inter-
face between two catalytic chains belonging to the same trimer.
The allosteric domain contains the binding site for nucleotide
effectors (located at more than 60 Å from the active site) and the
zinc binding domain makes contact with the catalytic subunits.
The holoenzyme manifests the quintessential properties of an allo-
steric enzyme: it displays positive homotropic cooperativity, inhi-
bition by CTP (end product of its metabolic pathway) and
activation by ATP. In addition, UTP and CTP synergistically inhibit
the enzyme more than either effector alone [4].

The X-ray structure of the dodecameric enzyme from E. coli has
been determined in both the absence and presence of substrates/
inhibitors/products [5–12]. Recently, we reported the first struc-
tures of the intact (unliganded) dodecameric ATCase from the
hyperthermophilic archaeon Sulfolobus acidocaldarius [13] and
from the psychrophilic bacterium Moritella profunda [14].

Whereas similar in homotropic behaviour S. acidocaldarius AT-
Case (SaATC, catalytic and regulatory chains have 43% and 30% se-
quence identity with the E. coli enzyme) exhibits unusual
differences in regulatory behaviour compared to the E. coli model
enzyme. In contrast to E. coli ATCase, the S. acidocaldarius enzyme
is strongly activated by CTP [15]. Whereas activation by CTP seems
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to violate the metabolic logic, it has been previously reported for
other B-class ATCases (e.g. from Serratia marcescens and Proteus
vulgaris) [16]. To investigate whether this aberrant nucleotide re-
sponse is reflected in structural differences, we determined the
effector complex of the S. acidocaldarius ATCase with CTP (desig-
nated as SaATCT:CTP).

Materials and methods

Crystallization, data collection and processing. Crystals of
SaATCT:CTP were obtained by transferring crystals, grown as de-
scribed [13], into equilibrated droplets of mother liquor with grad-
ually increasing concentrations of CTP and over a period of 72 h.
Crystals obtained at a different pH (Bicine buffer at pH 9.0 instead
of acetate at pH 4.0) were also used for soaking. The final CTP soak-
ing concentration was 10 mM. Crystals were soaked in a mixture of
25% glycerol and 75% mother liquor for cryoprotection and flash-
cooled prior to diffraction experiments. Diffraction data were col-
lected from single crystals on a MARCCD detector (MarResearch)
using 0.80 Å synchrotron radiation at the X13 beamline at the
EMBL/DESY in Hamburg. Intensity data were indexed, integrated,
and scaled with the HKL suite of programs [17], and reduced to
structure factor amplitudes using TRUNCATE [18]. The diffraction
data of the crystals obtained at pH 9.0 reached a resolution of max-
imally 3.5 Å (data statistics not shown), the crystals at pH 4
reached 2.6 Å (data collection statistics shown in Table 1).

Structure determination and refinement. The crystal lattices of the
complexes at both pH values are isomorphous with that of the
unliganded structure. We therefore used this structure (pdb code
1PG5) as a starting point, and refined it against the new data, using
rigid body refinement, followed by maximum-likelihood refine-
ment using REFMAC 5 [19]. Inspection of electron density maps
and model refinement were carried out with TURBO-FRODO
Table 1
Diffraction data processing and refinement statistics for the CTP-liganded T-state
S. acidocaldarius ATCase

Resolution (Å) 20–2.6 (2.69–2.60)
Space group P6322
Unit cell parameters a = 131.9

b = 131.9
c = 139.1

No. Reflections
Total 120,254
Unique 22,175
Rmerge

a (%) 7.9 (51.3)
I/r (I) 17.2 (2.2)
Completeness (%) 98.4 (97.2)

Refinement
Rwork/Rfree (%) 22.3/27.1
Rms bond length deviations (Å) 0.011
Rms bond angle deviations (�) 1.44

No. atoms
Protein (catalytic/regulatory) 2351/1144
Solvent 77
Sulphate 5
CTP 29

Average B-factor (Å2)
Protein (catalytic/regulatory) 44.4/50.7
Solvent 43.4
Sulphate 52.0
CTP 73.2

Ramachandran plot
% Most favoured regions 88.4
% Additional allowed 11.6
% Disallowed 0.0

a Rmerge ¼
P

h
P

ijIðh; iÞ� < IðhÞ > j=
P

h
P

iIðh; iÞ, where I(h,i) is the intensity of the
ith measurement of reflection h and <I(h)> is the average value over multiple
measurements.
(http://www.afmb.univ-mrs.fr/-TURBO-). Side chains with missing
electron density were not modeled. The residues that are (com-
pletely or partially) missing are the same as for 1PG5. Structure
validation was performed with the program PROCHECK [20]. As
there are no significant structural differences between refined
structures at pH 4 and pH 9, further analysis was restricted to
the low pH-high resolution structure.

Statistics of refinement and validation are shown in Table 1.
Atomic coordinates and related structure factors have been depos-
ited in the RCSB Protein Data Bank (http://www.rcsb.org/) with
identification code 2BE9. For comparative structural analysis the
reference structures used were EcATC in the T- and R- (poshonac-
etamide and malonate liganded) state in complex with CTP with
pdb codes 5AT1 and 8AT1 resp., and in complex with ATP with
pdb codes 4AT1 and 7AT1, resp.

Analytical ultracentrifugation. Sedimentation velocity experi-
ments were performed in a Beckman Optima XLA analytical ultra-
centrifuge, equipped with an AN-60 Ti analytical rotor (Analis, NV,
Belgium). The protein was at a concentration of 2 mg ml�1 in
50 mM Tris–HCl, pH 7.5, 150 mM NaCl. The concentration along
the cell was measured with an optical absorption detection system
at 280 nm. The experiments were performed in duplicate. The first
run was carried out at an angular speed of 30,000 rpm. at 20 �C; the
second run at 35,000 rpm and 20 �C. Sedimentation coefficients
were determined with Beckman software based on a nonlinear
least squares fit, using the SedFit program for Windows from
Schuck and Rossmanith [21] and the time derivative sedimentation
velocity analysis program from Stafford [22]. The calculated sedi-
mentation coefficients were corrected for density, viscosity of the
solvent, and the presence of PALA.

Results and discussion

Overall structure

A superposition of the complete dodecameric complex of unli-
ganded and CTP-liganded T-state SaATC indicates no large differ-
ences in quaternary structural organization. Within the catalytic
subunits, the carbamoyl phosphate and aspartate binding domains
are rotated slightly relative towards one another, whereas the
effector-binding and Zn-binding domains in the regulatory do-
mains are slightly compressed relatively to one another.

Since we were unable to obtain crystals of the R-state, we per-
formed sedimentation velocity ultracentrifugation experiments to
address whether there are large structural changes such as ob-
served for the E. coli T–R transition. The bi-substrate analogue PALA
(N-phosponacetyl-L-asparate) is known to induce the allosteric T-
to R-state transition in the E. coli enzyme, and reduces the sedi-
mentation coefficient by 0.3 S. For SaATC, PALA induces a change
of 0.4 S, suggesting that a similar conformational change occurs
Table 2
Effect of PALA on the sedimentation coefficients of S. acidocaldarius and E. coli ATCase

PALA (lM) s, sedimentation
coefficient (S)

Ds/s0, fractional change
in sedimentation velocity (%)

S. acidocaldarius ATCase
0 10.9
2.5 10.7 -2
1000 10.5 -4
E. coli ATCase
0 11.2
300 10.9 -3

s0 is the sedimentation coefficient of the unliganded enzyme. Ds is the difference
between the sedimentation coefficients of the unliganded and PALA-liganded
enzyme. The standard errors are smaller than the precision of the method which is
approximately 0.05 S, and are therefore not indicated. The values for EcATC were
taken from [34].
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Fig. 2. Stereoview of the CTP molecule (atom labels included) bound at the effector-
binding sites of SaATCT (coloured black), of the EcATCT R6-chain (green) and of the
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upon T–R transition (Table 2). Despite of the existence of distinct
structural states, we have not found a change in the distance sep-
arating the catalytic trimers for SaATCT:CTP. This is not in accor-
dance with the so-called ‘‘Nucleotide-Perturbation model” [23].
In this model it is proposed that activator (ATP in the case of
EcATC) binding slightly increases the separation of catalytic tri-
mers, thereby influencing the C1–C4 interfaces and reorienting
key residues in the 240 s loop and the active sites. These effects
perturb the T-state slightly towards the R-state, in a sense destabi-
lizing the T-state. Our observations strongly suggest that the CTP
activation effect is not (even partly) mediated by some form of glo-
bal conformational strain. It remains to be discovered whether ATP
would have a stronger effect on destabilization of the SaATC T-
state.

Effector binding site

Inspection of the electron density maps of the CTP complex re-
vealed well-defined contours at the expected effector binding site
(Fig. 1). One molecule of cytidine-triphosphate was built into the
electron density maps. Superpositions of the regulatory chains of
SaATCT:CTP with the deposited nucleotide complexes of EcATC re-
vealed the best fit for the nucleoside part of the effector molecule
with that of the (R6-) regulatory chain of the EcATCT:CTP, and the
best fit for the triphosphate moiety with that of the R6-chain of
EcATCR:CTP (Fig. 2). The protein–ligand interactions show a higher
degree of similarity with the T-state than with the R-state
EcATC:CTP complex (Fig. 3). Seven out of eight of the polar CTP-
effector binding site interactions found in EcATCT:CTP are con-
Fig. 1. The 2Fo–Fc electron density map for CTP bound at the regulatory chain of
SaATCT (colour-coded according to atom type), contoured at 1.0r. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this paper.)

EcATCR R6-chain (red), obtained after superposing the respective regulatory chains.
served in SaATCT:CTP (cf. Table 1 of Supplementary Material)
[10]. More specifically, the EcATC b-phosphate O1B atom-
K94(NZ) interaction is no longer below the 3.5 Å cut-off. In con-
trast, only seven out of 13 of the previously identified polar inter-
actions of the EcATCR:CTP complex [9] are also found in
SaATCT:CTP, with the following interactions missing: nucleotide
base-atom N4-I12(N), ribose atom O2*-V9(O), ribose atom O5*-
K94(NZ), b-phosphate atom O3B-K94(NZ), c-phosphate atom
O2G-H20(NE2), and finally c-phosphate atom O2G-D19(OD2) (all
in E. coli numbering). An interaction specific for EcATCT:CTP,
namely ribose O3*-D22(OD2), as well as a specific EcATCR:CTP
interaction was found in SaATCT:CTP, namely base atom N3-
I15(N). This confirms the fact that the structure observed is for
CTP bound to the T-state of SaATC. One interaction [between nucle-
otide base atom O2 and I15(N)] was previously not found in nei-
ther T- nor R-state EcATC:CTP. Because CTP activates SaATC, we
anticipated similarities with the EcATC bound to ATP. However,
the absence of binding interactions typical of complexes of EcATC
with ATP implies that CTP activation does not result from mimick-
ing ATP binding to EcATC.

Heterotropic signal transmission pathways

Despite the high overall similarity between the tertiary struc-
tures of the unliganded and CTP-liganded forms (expressed by an
rmsd of 0.33 Å for the catalytic-regulatory chain dimer), we have
observed a number of local differences. We have mapped these
schematically on the regulatory chain backbone structure in Fig.
4 and we discuss the most important ones in terms of two signal
transmission paths that have been previously proposed within
the framework of the so-called Effector-Modulated Transition
model. This model considers the catalytic-regulatory subunit inter-
faces as the prime targets for (de-)stabilizing the main allosteric
states of EcATC [24–26]. Because we obtained the complex by



Fig. 3. Polar CTP binding site interactions in SaATCT:CTP and superposition with the corresponding residues of EcATCT:CTP (chain R6; dark grey) and EcATCR:CTP (chain R6;
light grey). SaATC residues and the ligand CTP are colour-coded according to atom-type. Polar interactions are indicated by dotted lines (distance in Å included). The polar
interaction coloured red is typical for SaATCT:CTP.

Fig. 4. Ribbon diagram of SaATCT:CTP regulatory chain regions shifted relative to
the unliganded SaATCT and potentially involved in effector-signal transmission. The
allosteric (ALLO) and zinc-binding (ZN) domains are indicated, the position of the
R1:C4 interface and important secondary structure elements (a-helices H10 , H20 and
the C-terminal helix H30 and b-strands S10 to S50). The regions potentially involved
in signal transmission via the S50 strand and H20 helix versus via the H10 helix are
coloured yellow and red, resp. These two proposed 0paths0 are also schematically
indicated by two arrows. The CTP ligand is depicted in black.
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soaking unliganded crystals, these differences are not due to differ-
ences in crystal packing, and therefore represent true structural
rearrangements due to ligand binding.
In the first proposed path (in red colour in Fig. 4) the effector
signal is transmitted via helix H10(residues 29–35, cf. Fig. 1 of
Supplementary Material) towards the C-terminus, finally influenc-
ing the R1–C4 interface. We have found that the S10 strand (resi-
dues 18–25), which interacts directly with CTP, moves as a
whole. The movement of residue D22, which interacts with ri-
bose-atom O3*, seems to be coupled to that of K60 (maximum shift
1.0 Å). This signal may be subsequently passed on via the flexible
50s loop region [27] towards helix H10. Furthermore, D22 interacts
with residue H23 and the movement of that residue is further cou-
pled to that of K56 and T86. Interestingly, mutating the corre-
sponding four residues in EcATC has been shown to drastically
alter heterotropic behaviour [27–30]. Residue I15 is also shifted
in response to CTP binding, more specifically by steric interaction
with the nucleotide base moiety. This apparently serves to trans-
mit the binding of the nucleotide onto the beta sheet (that, indeed,
is shifted towards the Zn-binding domain). Interestingly, binding
of CTP to EcATCR induces a substantial reorientation (0.5–0.8 Å)
of the corresponding residue I12 [9]. Moreover, mutating I12 in
EcATC almost eliminates its heterotropic properties [31].

The second proposed path (in yellow colour in Fig. 4) is more
diffuse. The effector signal is transmitted via helix H20 (residues
72–78) and other residues of the allosteric-Zn binding domain
interface. A region previously shown to be important in determin-
ing heterotropic regulation in ATCases is b-strand S50 together with
the nearby loop regions (residues 91–104) [32,33]. This region is
likely to be important in determining the stability of the interface
between the allosteric and zinc binding domains and its disruption
by mutations may influence allosteric behaviour by altering the
relative stability of the T- and R-states in a similar way as for
EcATC. In the SaATCT:CTP complex, residues I87 and K98 transmit
the CTP signal towards the 100s region. From the 100s region these
movements also seem to be transmitted towards residues 135–139
(shift of up to 0.8 Å at P137), which are located near the C termi-
nus. It has been proposed for EcATC that helix H10 (first proposed
path) might be specifically involved in transmitting the CTP effec-
tor signal whereas the second path would be used for the ATP sig-
nal [25]. For SaATC we have observed changes in the H20 helix, but
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how this would couple CTP binding to activation is unclear. Fur-
thermore, we found a more prominent role for the H10 helix.

Changes were also observed at various types of subunit inter-
faces at considerable distances from the effector binding sites, for
example at the allosterically important R1:C4 and C1:R1 type
interfaces. Noteworthy are the following changes at the C1:R1 type
interface. The salt links between residues R89(C1) and E125(R1)
are shortened (from 3.1 Å to 2.6 Å and 2.7 Å, respectively). Interest-
ingly, this interaction is part of an extensive ion pair network at the
small C1-R2 interface which is unique for SaATCT. The R109(C1)-
E143(R1) interaction consists of two salt links instead of one in
the unliganded state. The contact between residues D123(R1)
and N83(C1) is weakened (an H-bond is lost here), which may be
important in signal transmission towards the allosterically impor-
tant 80s loop. As the whole 80s region is slightly shifted, signal
pathways indeed appear to reach as far as the active site. However,
at the active site the side chain displacements of residues K126 and
Q223 are not suggestive of a long-distance activatory effect by CTP.

In short, our analysis indicates that the role of CTP as an activa-
tor does not result from differences in effector binding, but resides
in subtle structural differences that affect transmission of the
effector binding towards interfaces that determine stability of the
distinct structural states, or even towards the active site. Clearly,
further studies are required to elucidate the structural basis for
the intriguing diversity in regulatory behaviour found in B-class
ATCases.
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