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ABSTRACT: The crystal structure of Escherichia coli aspartate carbamoyltransferase complexed with adenosine
5’-triphosphate (ATP) has been solved by molecular replacement and has been refined to a crystallographic
residual of 0.17 at 2.6-A resolution by using the computer program x-PLOR. The unit cell dimensions of
this crystal form are @ = b = 122.2 A and ¢ = 143.3 A and the space group is P321. Although the c-axis
unit cell dimension is ~1 A longer than the corresponding dimension of the CTP-ligated P321 crystal form
(c = 142.2 A), the ATP-ligated enzyme adopts a T-like quaternary structure. The base moiety of ATP
interacts with residues Glul0, Ile12, and Lys60 while the ribose is near Aspl9 and Lys60; the triphosphate
entity is bound to Lys94, although His20 and Arg96 are nearby. We observe a higher occupancy for ATP
in the allosteric site of the R1 regulatory chain in comparison to the occupancy of the R6 allosteric site.
These crystallographically independent sites are related by a molecular 2-fold axis. There are other violations
of the noncrystallographic symmetry that are similar to those observed in the refined CTP-ligated aspartate
carbamoyltransferase structure. These infringements on the molecular symmetry might be the result of
intermolecular interactions in the crystal. To ensure the most meaningful comparison with the ATP-ligated
structure, we refined the previously reported CTP-bound and unligated structures to crystallographic residuals
between 0.17 and 0.18 using X-PLOR. These X-PLOR refined structures are not significantly different from
the initial structures that had been crystallographically refined by a restrained least-squares method. After
making all possible comparisons between the CTP- and ATP-ligated and the unligated T-state structures,
we find that the most significant differences are located at the allosteric sites and in small changes in the
quaternary structures. At the allosteric site, the binding of CTP and ATP successively enlarges the nucleotide
binding cavity, particularly in the vicinity of the base. The changes in the quaternary structure can be
characterized by an increase in the separation of the catalytic trimers by ~0.5 A as ATP binds to the unligated
T structure. On the basis of these structural studies, we discuss the relationships between the conformational
differences in the allosteric site and the small changes in the quaternary structure within the T form to the

possible mechanisms for CTP inhibition and ATP activation.

A large part of the biochemical and crystallographic work
on allosteric enzymes is focused on aspartate carbamoyl-
transferase from Escherichia coli (also called aspartate
transcarbamylase, ATCase; EC 2.1.3.2; Creighton, 1983).
ATCase exhibits positive cooperativity toward both substrates
in its catalysis of the reaction between carbamoyl phosphate
and L-aspartate to give phosphate and N-carbamoyl-L-as-
partate where the latter product is a precursor in the synthesis
of pyrimidines (Jones et al., 1955; Reichard & HanshofTf,
1956). The enzyme, susceptible to feedback regulation, is
inhibited by cytidine 5’-triphosphate (CTP), a product of the
pyrimidine pathway. Conversely, a product of the parallel
purine pathway, adenosine 5'-triphosphate (ATP), stimulates
the enzymatic activity. ATCase is a hexamer in both catalytic
and regulatory chains (Weber, 1968; Wiley & Lipscomb,
1968); the structure of the holoenzyme consists of two catalytic
trimers (2¢,) and three regulatory dimers (3r,). Functionally,
the catalytic trimers and the regulatory dimers are distinct.
The catalytic trimer facilitates the carbamoylation of aspartate

' This work was supported by National Institutes of Health Grant
GMO06920 (W.N.L.) and a National Institutes of Health postdoctoral
fellowship (R.C.S.).

!The coordinates for the structures have been deposited in the
Brookhaven Protein Data Bank under entry names 4AT1, 5ATI, 6ATI,
7ATI, and 8ATI.

by carbamoyl phosphate while the regulatory dimer binds CTP
and ATP, but is catalytically inert.

Recent structural studies of ATCase have concentrated on
the T! — R transition and the catalytic mechanism (Gouaux
et al., 1987; Gouaux & Lipscomb, 1988, 1989, 1990).
Crystallographic studies on the T-state enzyme ligated with
a variety of nucleoside triphosphate molecules proved that ATP
and CTP bind to the same site on the regulatory dimer
(Honzatko & Lipscomb, 1982), approximately 60 A from the
catalytic active site (Figure 1). However, since the time of
those studies, data collection and crystallographic refinement
can be carried out more accurately and more rapidly, and we
report here the results of such studies.

The apparent separation of the homotropic cooperativity
induced by the substrates from the allosteric inhibition and

1T is an abbreviation for tense and is used here to indicate the con-
formational state of the enzyme that has unit cell dimensions of a = 122
A and ¢ = 142 A in the space group P321; R, an abbreviation for relaxed,
indicates the conformational state of the enzyme that has unit cell di-
mensions of @ = 122 A and ¢ = 156 A also in the space group P321.
Functionally, the T form usually shows low activity and low aspartate
affinity while the R form has a high activity and a high affinity for
aspartate. See Monod et al. (1965) for a discussion on a theory of
allosteric transitions in proteins and for an explanation of the nomen-
clature.
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FIGURE |: View of one catalytic-regulatory pair illustrating the 60-A pathway between the allosteric domain (left) and the active site (right).
The asymmetric unit is composed of two of these catalytic-regulatory pairs.

activation caused by CTP and ATP has been illustrated in a
number of instances. In the presence of the aspartate ana-
logues L-cysteinesulfinate (Foote & Lipscomb, 1985) or L-
alanosine (Baillon et al., 1985), the activity of the native
enzyme can be stimulated by ATP and inhibited by CTP.
These substrate analogues do not elicit homotropic coopera-
tivity, and the dominant part of the catalysis probably occurs
on enzyme molecules that are in a T-like state. Nevertheless,
CTP and ATP can still modulate the enzyme’s activity. One
interpretation of these results is that ATP and CTP do not
directly perturb the T = R equilibrium but rather they alter
the enzyme’s affinity for aspartate, which then may change
the equilibrium between the T and R states. However,
equilibrium dialysis experiments indicate that the effects of
ATP or CTP binding to the native enzyme are strictly coupled
to the T and R equilibrium (Newall et al., 1989). In order
to provide a structural basis for the mechanism of ATP ac-
tivation and CTP inhibition on enzyme molecules in the T
state, we have determined the structure of aspartate carba-
moyltransferase ligated with ATP. We have also compared
this structure with the T-state structures of the unligated and
CTP-complexed enzymes. On the basis of the structural
differences between these enzyme models and on the results
from kinetic, thermodynamic, and biochemical experiments,
we suggest mechanistic hypotheses for the heterotropic co-
operativity of ATCase.

MATERIALS AND METHODS

Materials. Maleic acid (MCB Reagents), Tris-HCI (BRL),
2-mercaptoethanol, ATP (Sigma), EDTA (J. T. Baker), so-
dium azide (Kodak), sodium hydroxide (Fisher), and poly-
(ethylene glycol) 8000 (Fluka) were all used without further
purification. Wild-type aspartate carbamoyltransferase was
isolated as described (Nowlan & Kantrowitz, 1985) from the
EK1104 strain of E. coli, which contained the plasmid pEK2
carrying the entire native pyrBI operon, in the laboratory of
E. R. Kantrowitz at Boston College.

(@) T*? Crystallization, Data Collection, and Refinement.

Crystallization was effected by dialyzing the enzyme solution
at room temperature against a buffer of 100 mM maleic acid,
10 mM Tris-HC], 1 mM 2-mercaptoethanol, 0.2 mM EDTA,
and 0.3 mM NaN,, pH 5.7, with NaOH. The protein con-
centration was 6 mg/mL, as determined at 4,5, with an ex-
tinction coefficient of 0.59 cm?/mg (Gerhart & Holoubek,
1967) for the holoenzyme. Typically, hexagonal plates in the
space group P321 (a=b = 1222 A, c = 142.2 A) grew in
1-2 weeks. Crystals were then soaked in the above buffer with
an additional 2.5 mM ATP and 10% poly(ethylene glycol)
8000. When higher concentrations of effector were employed
or when the pH was increased, the crystals dissolved or
cracked. It has been shown by Gouaux and Lipscomb (1990)
that substrate-analogue-complexed ATCase obtained via
soaking or cocrystallization and pH 5.8 or pH 7.0 yields similar
structures.

Data were collected to 2.5-A resolution on the multiwire
proportion chamber at the University of Virginia (Sabottka
et al., 1984). Three T?'P crystals were used in the data col-
lection; all three displayed a slightly longer c-axis (¢ = 143.3
A) in comparison to the same crystals (c = 142.2 A) before
treatment with the ATP soaking buffer and in comparison with
results in earlier reports of the T-state crystals (¢ = 142.2 A)
(Kim et al., 1987). The crystal to detector distance of 112.0
cm was chosen to maximize the density of reflections measured
on each detector and to minimize the number of overlapping
reflections. Helium boxes were placed between the crystal and
detector to minimize signal attenuation due to scattering from
air. The asymmetric unit of reciprocal space was measured
by fixing ¢ and x and sweeping w through values determined
with the program LATTICEPATCH (Klinger & Kretsinger, 1989)
on a Silicon Graphics IRIS Series 3000 computer.

2 To signify that a structure contains a ligand bound at the active site,
we will add an abbreviation of the ligand name as a subscript to either
T or R. Alternatively, if the ligand is bound to the regulatory site, then
an abbreviation for that ligand will be added as a superscript. For
example, the abbreviation for the T-state enzyme ligated with ATP would
be T,



ATP/CTP/Unligated Crystal Structures of ATCase

FIGURE 2: Electron density of CTP (top) and ATP (bottom) in the
upper allosteric domain. Electron density is at approximately 3¢ for
each map. The electron density for the lower allosteric domains is
much weaker (approximately 1.5¢).

In this manner, 74 676 reflections were measured on three
crystals with an average exposure time of 20 h for each crystal.
The intensities were integrated and then corrected for Lorentz
and polarization factors. According to the method of Fox and
Holmes (1966), the data were reduced to 25297 independent
reflections yielding an Rmerge [Rmerge = th!(ZilI— 7'/211)]
of 4.6%. Crystallographic refinement proceeded by using data
between 10 and 2.6 A with 23826 unique reflections.

The crystal structure was solved by using the molecular
replacement method, employing the T¢'P structure of Kim et
al. (1987) as the initial model, with a beginning R-factor of
0.28. After several cycles of rigid body refinement, simulated
annealing was employed followed by Powell minimization
using the program X-PLOR (Briinger et al., 1987) on the Cray
YMP computer at the Pittsburgh Supercomputer Center.
Electron density maps were calculated by using coefficients
of (F, ~ F,) and (2F, — F.). These maps were carefully
compared with the refined protein structure by utilizing the
computer program FRODO (Jones, 1982) in a modified form
(Pflugrath et al., 1984) on an Evans and Sutherland PS300
graphics system interface toa VAX 11/780 computer. Ini-
tially, only one ATP molecule was clearly located in the (F,
- F,) map at the 30 level (Figure 2); a second ATP molecule
was later located in the lower regulatory chain (R6) at the
1.3¢ level. The model of ATP derived from a small-molecule
structure determination (Kennard et al., 1971) was then built
into both regions of the electron density assigned to ATP. Only
minor changes to the torsion angles were required to fit the
models to the electron density. In Figure 3 we illustrate the
atomic nomenclature for both ATP and CTP. At the active
site, which cannot accommodate the entire nucleoside tri-
phosphate molecule, we observe a few electron density peaks
near the center of the active site at the 20 level. These peaks
appear in both catalytic sites of the crystallographic asym-
metric unit, and we suspect that they are due either to the
v-phosphate groups of mostly disordered ATP and CTP or
more probably to solvent molecules. No solvent molecules have
been included in the refinment.

The following criteria were used to assess the accuracy of
the protein coordinates. (i) The standard deviations of the
electron density were calculated for all of the electron density
maps. (ii) The most well ordered elements of the secondary
structure were selected for comparison with the electron density
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FIGURE 3: Molecular structure and numbering scheme of CTP (top)
and ATP (bottom).

Table I: Secondary Structural Definitions for Aspartate
Carbamoyltransferase

secondary  residue span secondary  residue span
element® of element element? of element
Carbamoyl Phosphate Domain
S1 7-9 S4 101-106
T1 11-14 H4 111-119
HI 17-32 85 123-127
S2 42-48 T2 129-132
H2 53-66 HSs? 135-149
S3 68-74 Hi2t 285-305
H3 88-98
Aspartate Domain
Hst 135-149 S9 224-230
S6 155-160 H9 237-242
Hé6 167-179 Hi10 251-256
S7 182-188 S10 262-265
T3 189-192 H1l 275279
H7 196-205 S11 281-283
S8 208-212 H126 285-305
H8 215-220
Allosteric Domain
Sy 14-19 H2 69-77
HV” 25-33 sS4/ 82-87
Sy 41-46 S§ 93-97
S3’ 55-62
Zinc Domain
S¢’ 102-104 S9/ 143-146
S7 123-129 H¥ 147-150
Sg’ 135-138

4H, a-helix; S, 8-strand; T, reverse turn. *HS and H12 connect the
carbamoy] phosphate domain to the aspartate domain.

maps (Table I). For both main-chain and side-chain atoms,
the height of the associated electron density peaks was de-
termined by the number of standard deviations above back-
ground. (iii) The overall structure was analyzed, and electron
density regions below that of the “ordered™ regions were noted
as disordered. (iv) Those areas that were in “weak” density
were carefully examined and a best fit was made of the atoms
of the protein to the electron density.

Disorder at particular sites acts as an excellent indicator
of flexibility within the protein structure. The determination
of information regarding disorder can yield valuable infor-
mation relating to activity and allosteric regulation. Specif-
ically, residues 75-86 (80s loop) and 239-247 (240s loop) in
the catalytic chains were found to be disordered; both are
flexible regions of the protein. Of course, nonfunctional
disorder may also be present. In the regulatory chain the
electron density is of lower quality in the regions 8-11, 49-55,
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Table II: Data Collection Parameters for ATCase—Effector
Crystallographic Studies

unit cell resolution reflections  unique  Rperge
structure? (A) (A) collected reflections (%)
unligated a = 122.2, 2.6 78896 26912 ~6.0
¢ =142.2
Taw a=1222, 2.6 74676 25297 4.6
c=1433
Tew a=1222, 2.6 ~113912 23334 ~6.0
c=1422

9 All structures are in the space group P321, No. 150. meerse =3 pr
(XA - 7]/2.”)-

Table I11: Refinement Parameters for ATCase—Effector
Crystallographic Studies®

root mean noncrystallographic
square symmetry?
structure  Rpeior’ deviation® (A)
unligated 0.18 0.016 A, 3.5° 05C, 1.3R
Taw 0.17 0.014 A, 3.4° 05C,1.2R
TP 0.17 0.015 A, 3.5° 05C, 1.2R

4Solvent molecules have not been included in the refinement.
b Rescior = Zaut(IFo| = VFl|/)Fol)- € The rms deviations of bond lengths
and three atom bond angles from the corresponding parameters con-
tained in version 1.5 of X-PLOR. 9¢C, catalytic chain; R, regulatory
chain, all non-hydrogen atoms.

87-90, and 130-133. These regions of electron density were
definitely traceable but were not as strong as density in the
other parts of the structure. Refinement was considered
complete once no further movement in the regions could be
detected when compared to a standard structure, initially
unligated ATCase. This refinement required approximately
500 cycles of Powell minimization. Toward the end of the
refinement, simulated annealing was employed to locate
possible alternate conformations within the structure. Final
data collection and refinement statistics are given in Tables
IT and II1, respectively.

(b) T Refinement. The results of the T2 refinement were
used in the T°P analysis with the original 23 334 reflections
(Kim et al., 1987). We used the program X-PLOR (Briinger
et al., 1987) and compared the results to those of the earlier
study which employed the program pPROLSQ (Konnert &
Hendrickson, 1985). Data collection statistics and refinement
factors are given in Tables Il and I1I. The refinement pro-
ceeded smoothly, except for regions 76-83 and 243-245 in the
catalytic chains and residues 8~10, 50-54, 87-91, and 130-133
in the regulatory chain. In agreement with the original report
of this structure (Kim et al., 1987), we find the first CTP
molecule to be approximately 3¢ above background and the
second CTP molecule at the 1.3 level. The refined structure
was not significantly different from that reported by Kim et
al. (1987). Simulated annealing was employed to locate
possible alternate conformations. At the active site, a few
peaks were observed which we suspect to be water molecules
similar to the peaks located in the T®'P structure.

(¢) T (Unligated) Refinement. The structure derived from
the T?'? and T refinements was used in the refinement of
the unligated enzyme employing the original 26 912 reflections
(Ke et al., 1984). Data collection statistics and refinement
factors are given in Tables II and III. The refinement pro-
ceeded smoothly, except for regions 76—83 and 243-245 in the
catalytic chains and residues 8-10, 50-54, and 87-91 in the
regulatory chain. The active site of the unligated enzyme
showed nonprotein peaks at positions noted above in the T
and T structures. Simulated annealing was again employed
to locate possible alternate conformations.

All three structures were refined by using Powell mini-
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FIGURE 4: Plot of average B-factor (A2) vs residue number for both
catalytic and regulatory chains. The top graph is the upper C1,R1
chains of the asymmetric unit and the bottom graph the C6,R6 chains.
Unligated structure is represented by a solid line, T®' by a dashed
line, and T by a dotted line.

mization, followed by model building, simulated annealing,
and, finally, several cycles of Powell minimization and B-factor
refinement. Stereochemical restraints consisted of the default
bond, angle, torsion, improper, and van der Waals energy
functions as defined in version 1.5 of X-PLOR (Briinger, 1988).
Bond lengths and angles for the zinc—sulfur interactions in the
regulatory chain were derived from the crystal structure of
a small molecule (Swenson et al., 1978). These values for the
zinc—sulfur bond lengths are in agreement with the average
values as determined from EXAFS experiments on aspartate
carbamoyltransferase (Philips et al., 1982). The force con-
stants on the bond and angle terms were empirically adjusted
to maintain an appropriate tetrahedral geometry. To avoid
biasing the model by including Coulombic energy functions,
all charges on the ligand atoms and side-chain groups of Asp,
Glu, Arg, Lys, and His were turned off during the refinement.

RESULTS

(a) Comparison of Electron Density. All three structures
display similar regions of strong and weak density and average
B-factors for each of the four polypeptide chains (unligated,
22.0, 37.4,15.7, and 35.9 A% TP, 24.6, 39.6, 19.3, and 39.6
A2 Te, 21,9, 36.0, 16.3, and 35.9 A? for CIR1-C6R6 chains,
respectively, which define the asymmetric unit). The average
B-factors are plotted against the residue numbers in Figure
4. These B-factors are known to indicate errors in atomic
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FIGURE 5: (Top) Effector binding cavity (C, trace) where both ATP
and CTP are observed to bind in identical locations. (Bottom) Zinc
binding site in the regulatory chain bound by four cysteine residues
(residues 109, 114, 138, and 141).

positions as well as regions of high mobility (Kuriyan et al.,
1987).

Both catalytic chains are observed to have particularly high
B-factors for the 80s loop (residues 75-85), a general increase
in average B-values between residues 140-280 (aspartate
domain), and a strong increase in the 240s (235-245) loop
which is crucial in the T to R transition (Kantrowitz & Lip-
scomb, 1988, 1990). The 80s loop was found in extremely
weak density. However, the trace of the protein structure is
not in doubt in this region because this 80s loop is well-defined
in the electron density of the R state (Ke et al., 1988). The
general increase of B-values for residues 140-280 in the as-
partate domain (Figure 1) occurs for residues at an interface
to the zinc domain of the corresponding regulatory chain,
between neighboring catalytic chains, or on the surface of the
hexameric structure. These results are in contrast to the
B-values of the carbamoyl phosphate domain, which is buried
within the hexamer. The upper catalytic chain (C1) has a
slightly higher average B-factor (by approximately 6 A?) than
its noncrystallographically related lower catalytic chain (C6)
in all three structures. This differential effect did not occur
in the noncrystallographically related regulatory chains.

Within the regulatory chain, residues 1-7 have been omitted
as in earlier studies (Kim et al., 1987; Ke et al., 1988) of the
T and R forms due to a lack of density, even though the
effectors ATP and CTP are located in close proximity to the
plausible locations for these residues. The effector and zinc
binding sites within the allosteric and zinc domains are shown
in Figure 5. The average B-factor of the regulatory chain
is much higher than that of the catalytic chain. Moreover,
the allosteric domain has a higher average B-factor than the
zinc domain. Some regions are exceptions, for example, the
130s loop of the zinc domain. Within the allosteric domain
high values are seen in residues 8-20. A complete rebuilding
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of this region, however, yielded confirmation of the original
trace of the polypeptide chain. The other regions with high
B-factors in the regulatory chain are the 50s, 90s, and 130s
loops. The former two loops are found to connect 8-strands
which define the 8-sheet composed of S1/-S5 of the allosteric
domain, in close proximity to the effector binding site. the
130s loop makes an intermolecular interaction with the 90s
loop of a neighboring allosteric domain in an adjacent molecule
in the crystal structure. This interaction is stronger in the T*
and TP structures than in the unligated structure. Addi-
tionally, Arg130 is found to interact with an oxygen from the
v-phosphate of ATP. The latter interaction occurs only in the
upper regulatory chain and may be sensitive to pH.

The estimate of the coordinate error of ~0.5 A was based
on the multiple refinements of the initial coordinates and on
Luzzati plots (Luzzati, 1952). This value agrees well with
previous reports on the accuracy of the coordinates for ATCase
(Kim et al., 1987; Ke et al., 1988).

(b) Movement of Domains. On the basis of our previous
X-ray diffraction results and on the previous reports from
X-ray solution scattering (Hervé et al., 1985) and sedimen-
tation velocity (Werner & Schachman, 1989), large move-
ments of polypeptide chains (catalytic and regulatory) and
domains (carbamoyl phosphate, aspartate, allosteric, zinc; see
Figure 1) were not expected within the T quaternary structure.
To analyze the movement in domains, the C,R, units were
superimposed upon one another, then each polypeptide chain
was superimposed, and finally each domain was superimposed.
We remind the reader that in the T — R structural transition,
the two C; units move apart by 12 A and reorient about the
molecular 3-fold axis by £5°, and the regulatory dimers re-
orient about the molecular axes by 15° in a way that preserves
the CRRC interactions. These superpositions show, upon
comparison of the T?P to the unligated structure, an increase
in the C, trimer separation of 0.5 A. This separation distance
is small but significant. Owing to the large number of atoms
involved, the estimated standard error is roughly 0.01 Al

(¢) Movement of Residues. The general procedure in the
analysis of the movement of residues was initiated by super-
imposing the C,, trace of the complete C,R,; unit in two ho-
loenzyme structures being compared, followed by the calcu-
lation of a root mean square (rms) deviation between coor-
dinates of these two structures. All three structures were found
to be similar, with an overall average rms displacement of 0.4
A (non-hydrogen atoms) for the catalytic chains and 1.2 A
(non-hydrogen atoms) for the regulatory chains. When su-
perposition was applied to individual domains, the differences
decreased. This decrease may be partly associated with the
intrinsic or crystallization-induced asymmetry of the C;R, unit
(Kim et al., 1987). In order to maximize information at the
domain level, we superimpose the C,R, unit in our comparison
and also superimpose separately the individual domains.

As expected, movements in the side chains in these com-
parisons of the T®P and TP structures to the unligated
structure were larger than for the backbone. The average rms
displacement values are 0.4 A for the catalytic chains and 1.4
A for the regulatory chains. These differences may be at-
tributed to several factors including multiple conformations,
weak electron density, and movement of residues due to ef-
fector binding. No obvious movement of residues that could
be attributed to the effector binding was observed, although

3 Standard error of the mean = o/+/n for large n, where n = 1860 C,
atoms and ¢ = 0.5 A (based on the Luzatti plot and comparison between
similar structures). The standard error is correlated with the c-axis unit
cell dimension.
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Table IV: ATP Binding Site Interactions®

ligand protein distance’  ligand protein distance®
atom atom® (A) atom atom? (A)
C, Va9 O 3.0/4.1 O, Lys60 NZ  2.7/3.2
Oy Va9 o 29/2.7 N, Lys60 CE 3.4/3.0
N; GluloO 3.8/2.9 N, Lys60 NZ  3.0/2.2
C, GliocC 3.4/3.2 OPA, Asn84 OD1 3.5/4.1
C, GluloO 3.3/3.0 Ny, Tyr890 2.6/3.0

N, AlallCA 24/28 OPA, Val91CGl 3.2/4.5

N, AlallC  29/3.1 OPA, Valol CG2 2.9/4.0
C, llel2N 33/3.2  PB Lys94NZ  3.2/42
N,  llel2N 26/2.6 OPB, Lys94aNZ  2.7/4.5
Ny, 1lel20 34/34 OPB, Lys94CE  2.5/35
Oy Asplo9ODI 26/49 OPB, Lys94NZ  3.1/33
Oy LeuS8 CD1 3.5/3.5 OPA, Lys94NZ  3.6/2.4

?The atoms are designated according to the labels given in Figure 3.
Interactions are defined as contacts less than 3.8 A. Nonpolar inter-
actions are included that may be responsible for steric effects. 2The
protein atoms are those of standard convention in version 1.5 of X-PLOR
(Briinger, 1988). <Upper regulatory chain/lower regulatory chain
ATP interactions.

Table V: CTP Binding Site Interactions®

ligand protein distance ligand protein distance
atom atom (A) atom atom (A)

N, llel2 O 3.0/2.0 OC, Lys6ONZ 2.7/22
O,  Vall7CGl 28/4.9 Oy Asn84 OD1  3.5/3.6
OC, Vall7CG2 29/35 N, Tyr89 O 3.3/3.9
Cy Aspl9 OD2 3.4/3.7 PA Val91 CG2 3.4/3.9
Oy  Aspl9CG  3.2/37 OPA, Val91 CG2 3.0/3.9
O,  Aspl9 OD2 3.0/2.6 Oy Val91 CG2 3.1/3.1
0O, Lys60 NZ  2.5/3.3 OPB, Lys%4 CE 3.2/5.8
C, Lys60 NZ  3.7/3.2 OPB, Lys94 NZ 3.2/52
OC, Lys60CD 3.1/3.7 OPA, Lys%4 CE 24/3.2
OC, Lys60CE  3.2/25 OPA, Lys94 NZ 2.7/22

aConventions identical with those employed in Table IV are used in
this table.

the Ci-C4 interface contacts were found to be longer in the
T2 structure as compared with the TP and unligated
structures. These longer contacts could facilitate the move-
ment of the 240s loop when the second substrate (Asp) binds
and may increase the affinity for aspartate.

(d) Comparison of Effector Binding Sites. Listed in Tables
1V and V are the ATP and CTP binding site interactions,
respectively. All polar and nonpolar contacts less than 3.5 A
are listed. Figures 6-8 display the similarities in binding site
for ATP and CTP. In agreement with past crystallographic
studies (Honzatko et al.,, 1979; Honzatko & Lipscomb,
1982a,b), ATP and CTP bind in the same location of the
allosteric domain (Figure 6) and they are bound by similar
residues. Both effectors also display similar occupancies in
the upper and lower chains of 0.7 and 0.3 A3, respectively,
based on a comparison with well-defined residue occupancies.
Incorporation of ATP or CTP into the unligated structure
shows an expansion of the effector binding site upon binding
of the nucleotides. Moreover, ATP expands the cavity slightly
more than does CTP. The most apparent movements within
the cavity are residues Alal1 and Ilel2, which are located near
the beginning of the S1’ 3-strand, and Glu90, which does not
directly interact with the nucleoside triphosphates but moves
more than 2 A as shown in Figures 7 and 8. Movements of
residues, particularly Lys94, near the triphosphate moiety of
the effectors are also observed. Unacceptably close interactions
were observed when ATP was modeled in place of CTP in the
Te'? structure. The triphosphate moieties for the ATP and
CTP molecules are found to be in slightly different confor-
mations, however; both triphosphate moieties are slightly
disordered, particularly the v-phosphate. Studies of the effects
of pH on this disorder may be useful.
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FIGURE 6: ATP and CTP are found to bind in almost identical sites
as illustrated above in which the molecules were plotted after su-
perpositioning of the C, trace of the CR dimer.

DiscussioN

Our present study concerns the heterotropic cooperativity
of E. coli aspartate carbamoyltransferase. Functionally, ATP
and CTP manifest their effects by shifting the position of the
[S]gs for aspartate to lower and higher concentrations of
aspartate, respectively. Several models have been proposed
to account for the effects of ATP and CTP. Proponents of
one model state that the nucleoside triphosphates simply shift
the equilibrium between the T and the R states (Monod et al.,
1965; Schachman, 1988). Advocates of another model pos-
tulated that ATP and CTP do not directly influence the T and
R equilibrium but rather that they exert a primary effect which
changes the enzyme’s affinity for aspartate, regardless of the
quaternary state; the change in the strength of aspartate
binding can then perturb the balance between the different
quaternary states, giving rise to a secondary effect (Hervg,
1989). A third model, developed by Wedler and co-workers,
is based on equilibrium isotope-exchange studies. Their hy-
pothesis is that ATP and CTP do not act on the T to R state
transition but rather they change the rate of aspartate asso-
ciation (Hsuanyu & Wedler, 1988). In this and the following
paper we provide a structural basis for a discussion of the
different allosteric mechanisms of aspartate carbamoyl-
transferase.

There are several circumstances in which the homotropic
cooperativity evoked by the substrates apparently can be
“disconnected” from the heterotropic effects caused by ATP
and CTP (Foote et al., 1985; Baillon et al., 1985), although
this conclusion has been contested (Schachman, 1988). These
results and conclusions, in part, provide a motivation for ex-
periments to determine the structural consequences of ATP
and CTP binding to the T-state enzyme. From our analysis
of the structures of the T-state enzyme in the absence of
substrates or substrate analogues, we observe that ATP alters
the quaternary structure; ATP shifts the structure in the di-
rection of the R state, increasing the separation of the catalytic
trimers. Coupled to the small quaternary conformational
changes are slight differences in the C1:C6 interfaces; however,
there are no large conformational changes at any interfaces.
Consistent with previous studies on the effect of ATP and CTP
to the enzyme in the absence of active-site ligands, we find
that ligation of the enzyme with ATP is not sufficient to
promote large movements of the catalytic trimers and regu-
latory dimers or the T — R transition. Nevertheless, how
might the binding of ATP and CTP to the allosteric site
produce small but significant changes in the quaternary
structure?

Four main areas were focused on in comparing the three
structures: (i) differences within the effector binding site, (ii)
movement of residues, (iii) differences between interface
contacts, and (iv) movement of domains. QOur detailed de-
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FIGURE 7: CPK model with backbone atoms of the effector binding clefts. The side chain of Ile12 has been removed from each figure for
clarity; it is observed to bind over the top of the base for each nucleotide. Unligated (top), ATP (middle), and CTP (bottom) effector binding

sites.

scription of binding of nucleotides is consistent with the
schematic model suggested by London and Schmidt (1972),
modified to omit metal ion in the nucleotide—enzyme inter-
action in agreement with conclusions of Rosenbusch and
Weber (1971). We see no evidence for binding of nucleotides
at the active site. Our observation of three higher and three
lower occupancy sites in the six regulatory chains is consistent
with negative cooperativity of nucleotide binding (Matsumoto
& Hammes, 1973). Unfortunately, because of the intermo-
lecular interaction of the three strong sites, we are not able
to offer our evidence in support of this negative cooperativity,
although our results are at least consistent with this conclusion.
Moreover, we are not able to distinguish between the preex-
istence of two classes of sites before nucleotide binding as

compared with the creation of a second class of sites by the
binding of the nucleotides to the first three sites (Tondre &
Hammes, 1974).

Both the purine and pyrimidine rings are found to be located
in very similar locations, as are the ribose rings. The main
difference is that the T®' nucleotide binding cavity is expanded
slightly more than the T nucleotide cavity, and both are
found to be much larger than the unligated binding site. This
expanded site in the T* structure displaces the S1’ 8-strand
sufficiently that the ribose and triphosphates of the ATP and
CTP can bind in the same regions of the regulatory site of the
enzyme (induced fit). Val9r and GlulOr are found to move
inward toward ATP in the T®' structure, while in the TP
structure they are not observed to move. This result may relate
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FIGURE 8: Stereoview of the unligated (top), ATP (middle), and CTP
(bottom) effector binding sites which complements Figure 7. Note
the increase in cavity size upon complexation with the effectors ATP
and CTP. All residues listed in Tables [V and V are shown; only those
%pleractions within 3.0 A of the nucleotides are drawn with broken
ines.
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FIGURE 9: Illustration of regulatory residues Lys56 and Lys60 and
their location with respect to the nucleotides ATP (left) and CTP
(right). Both residues have been mutated to alanine. Lys56 — Ala
becomes insensitive to ATP effects and Lys60 — Ala insensitive to
CTP effects.

in part to discrimination between the two effectors. Although
our studies of the T form were made at pH 5.8, where the
detailed binding of the phosphate moieties may be different
from that at higher pH, we do not expect to see a shift in the
ring position if the pH is increased because of the limitations
of the pocket in which they bind. Although pH effects may
come in local conformations, the expansion of the molecule
along the 3-fold axis as the T to R transition occurs is not
noticeably affected by a change of pH from 5.8 to 8.5 (Altman
et al., 1982).

Mutagenic research within the regulatory chain has been
conducted on both the allosteric and zinc domains. Two
mutations within the S3’ 8-strand are of particular interest.
Lys56r, located at the beginning of the S3’ strand, is found
to be 4.8 A from the ribose hydroxy O3’ of ATP AND 5.6
A from the same ribose hydroxyl group of CTP. Mutation
of Lys56r to alanine restores its cooperative character upon
binding of CTP; however, the altered enzyme does not respond
to ATP (Corder & Wild, 1989). We find that Lys56r is close
to GIn8r, Aspl9r-Pro22r, Leud6r-Leud8r, and Ser50r, al-
though it does not bind directly to ATP or CTP. However,
Lys56r interacts with several critical residues that may in-
fluence the binding of both ATP and CTP. For instance
(Figure 8, middle), Val9r is observed to move into place for
interactions with ATP; however, this movement is not found
in the TP structure. Thus, the interaction of Lys56r with
residues near Val9r may enhance the transmission of con-
formational information upon binding of ATP. We turn now
to Lys60r, which is found to make several interactions with
the base and ribose rings of ATP and CTP; Lys60r has been
mutated to an alanine (Zhang & Kantrowitz, 1989). In this
mutant, ATP shows normal effects upon binding, but CTP has
no effect. Lys60r, which is located at the end of the S3’ strand,
interacts with several critical residues, namely, Val9r, Glul0r,
Thrlér, Vall7r, Ile42r, and Thr43r, and the effectors ATP
and CTP. Although both mutations (at 56 and 60) are similar
(Lys — Ala), they have opposite effects with respect to ATP
and CTP. A schematic diagram of residues 56 and 60 of the
regulatory chain is shown in Figure 9. Although we are not
able to present a fuller interpretation, we appreciate how subtle
the effects are which describe the allosteric control and the
intricate network in which these residues are involved. The
last mutation that we discuss within the allosteric site is Lys94r
— GlIn* (Zhang et al., 1988). We find that Lys94r interacts

* The notation we use to name a mutant enzyme consists of the
wild-type amino acid followed by its numerical location in the sequence
on the left of an arrow, and on the right of the arrow is the abbreviation
of the new amino acid. For example, Arg 54 — Ala indicates that the
arginine at position 54 was changed to an alanine.
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FIGURE 10: Overview of interface contacts listed in Table VI: (a) carbamoyl phosphate--aspartate domains; (b) allosteric-zinc domains; (c)
C1.C4 chains; (d) aspartate--zinc domains; (¢) carbamoyl phosphate--zinc domains; (f) R1-+R6 chains; (g) C1-~C2 interface. Residue numbering
is based on the sequence reported in Ke et al. (1988). The A and C chains are C1,C6 catalytic chains, respectively; B and D chains are R1,R6
regulatory chains, respectively.

very closely with the phosphates of both ATP and CTP. The CTP. The only interactions of Lys94r occur with Thr82r-
mutant enzyme is almost insensitive to ATP and shows a Asn84r. In general, caution is appropriate in interpretating
substantially reduced response to CTP. These results indicate the results of mutagenesis, especially in analyzing thermody-
that Lys94 is strongly involved in the binding of ATP and namic properties (Gao et al., 1989). The connection between
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Table VI: Domain Interface Contacts® [llustrated in Figure 8 for
T-State Aspartate Carbamoyltransferase

(a) CP-+Asp
Asn13 OD!1-+GIn174 NE2 Argl7 NE..Lys178 O
lle12 O-Lys178 NZ Argl7 NH1--Aspl53 OD1
Asnl13 O-Lys178 NZ Argl7 NH2.-Asp180 OD2
LeulS OwLys178 NZ Lys31 NZ..GIn147 OE1

(b) AllZn
Gin73 NE2..Argi02 O Gin73 OE1-+Aspi04 N
(c) clecd

Lys164 NZ--Glu239 OE2
Tyr165 OH«Glu239 OE2 Glu239 OEl.Lysl64 NZ
Ser131 OG--Asp236 OD1 Glu239 OE1--Tyr165 OH

(d) AspZn
Ser238 OG-+Lys143 NZ
Asn242 OD1--Serl46 N

(e) CP-Zn

Argl13 NH2.-Glu142 OE1
Glul17 OE2.-Lys139 NZ
Glul17 OE1.-Tyr140 OH
Ser131 OG--Lys143 NZ
Asnl132 ND2--Cys141 O
Asn132 ND2--Glul42 OE]
GIn133 NE2-+Glul42 OE2

Glu234 O--Tyr165 OH

Lys232 NZ-+Sert12 OG
Ser238 OG-+Asnil11 ODI

Serl1 OG--Glul142 OE2
Leu88 N«.Glui19 OE2
Ala89 N.«Glul19 OE2
Prol07 O-+Asnl13 ND2
Glul09 OEl-+Asnll1 ND2
Glul09 N-«Asnl13 O
Glul09 O-llel15 N
Argl13 NH2--Lys139 O

(f) rleeré
lle42 O-Leud6 N
Ile44 O--lledd N
Leu46 N-.Iled2 O
Asn47 ND2.-Thr38 O
Asn47 ND2--Asp39 O
Asn47 ND2.-GIn40 O

Gin24 NE2.+Thr36 O
Gin24 NE2.-Asp39 OD!
Thr36 O--GIn24 NE2
Thr38 O-+Asn47 ND2
Asp39 O«:Asn47 ND2
Asp39 O--ArgS5 NH1
GIn40 O--Asn47 ND2

g) clwc2
Asp90 OD2.+Arg269 NH2
Tyr98 OH-+Arg54 O
Tyr98 O--Arg65 NH2
Asp100 OD2-+-Argé5 NHI1

His41 NE2--Glu37 OE2
Gly72 O«Lys56 NH!
Asn78 OD1.+Ala77 N
Ser80 OG-AlaS1 O
Glu86 OEl.+Arg54 NHI

2 Interface contacts are defined as contacts less than 3.5 A capable of
making an electron donor-acceptor pair. Key: CP, carbamoyl phos-
phate domain; Asp, aspartate domain; All, allosteric domain; Zn, zinc
domain.

structure and thermodynamic quantities can be complex.
The concept that the binding of allosteric effectors modifies
the equilibrium between the two forms of ATCase where these
forms differ both in substrate affinity and in quaternary
structure has been debated over the years (Changeaux &
Rubin, 1968; Howlett et al., 1977; Thiry & Hervé, 1978; Tauc
et al., 1982; Hervé et al., 1985). In our analysis, which was
conducted without the presence of substrates and at a less than
optimal pH, we observe that ATP alters the quaternary
structure: ATP drives the T form in the direction of the R
structural state. It has yet to be shown that these structural
changes alter the equilibrium between the T and R forms.
Mlustrated in Figure 10 and listed in Table VI are the interface
contacts between the enzyme domains, where no salt links or
hydrogen bonds were found to be broken or created, although
in the T2 structure, many of the distances were found to be
longer (0.3-0.5 A) than in the corresponding unligated and
TP structures. Again, these longer contacts could facilitate
the movement of the 240s loop when the second substrate
(Asp) binds and may increase the affinity for aspartate.
Conditions need to be established under which these ef-
fectors can alter the T to R equilibrium, in view of the strong
interactions of catalytic trimers in the T form and the strong
binding of N-(phosphonoacetyl)-L-aspartate (Hervé et al.,
1985). To this end we are examining structures in which ATP
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or CTP (or CTP/UTP) is bound to the Glu239 — GIn mutant,
which in the crystal state occurs in an intermediate quaternary
conformation (Gouaux et al., 1989); in this mutant the C1-C4
interface contacts are disrupted between Glu239 and the pair
Lys164 and Tyr165 of the crystallographically related catalytic
chain. This mutant is very sensitive to both CTP and car-
bamoyl phosphate. In preliminary structural studies, the
CTP-complexed mutant is observed to draw the enzyme back
into a structural T state as determined by unit cell determi-
nations for the mutant enzyme (¢ = 174 A) (Gouaux et al.,
1989) versus the CTP-ligated mutant (¢ = 142 A). Fur-
thermore, X-ray solution scattering studies of the GIn239
mutant indicate that carbamoyl phosphate is able to complete
the T — R transition. Furthermore, CTP returns the enzyme
to the T state in the absence of carbamoyl phosphate and part
of the way with carbamoyl phosphate (Tauc et al., 1990).
Similarly, in the pARS mutant in which residues 145-153 of
the regulatory chain have been replaced in the Cl-~R1 in-
terface, an intermediate state structure has been observed with
X-ray solution scattering (Cherfils et al., 1987). Upon addition
of PALA, charbamoyl phosphate, or ATP, the enzyme is
displaced toward the R state while CTP was found to have
little effect upon the quaternary structure.

Lastly, in order to determine the nucleotide binding effects
of the enzyme in the R state, the CTP- and ATP-ligated
structures have been determined with the weakly bound sub-
strates phosphonoacetamide/malonate in the active site. In-
dependent of the T-state effector analysis, it was observed that
ATP had little effect on the catalytic trimer separation, while
CTP perturbed the allosteric transition in the direction of the
T state by decreasing the catalytic trimer separation (0.5 A).
These results suggest that the nucleotide regulators alter the
catalytic efficiency by perturbing the allosteric transition. The
R-state enzyme with nucleoside triphosphates is presented in
the following paper, and a comparison of the T and R state
with bound effectors will be published in the near future.

ADDED IN PROOF

In reference to Figure 10b we have found that Tyr77 of the
allosteric domain is in close proximity to the zinc domain.
Therefore, this residue may be important for communication
between the allosteric and zinc domains.
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