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ABSTRACT: Structures of the R-state &scherichia coliATCase maintained with carbamyl phosphate
and succinate, phosphonoacetamide and malondtepbosphonacetyl-aspartate (PALA) have previously

been made in the space groBf21, in which the two independent r (regulatory) and two independent ¢
(catalytic) chains are repeated by crystallographic symmetry to yield the holoenzun€@).(r2)s).

The exploration of a new crystalline R-st&2,2,;2; was undertaken to examine thg-ec; expansion of

11 A'in the T-to-R transition, and to further test whether intermolecular contacts influence the binding of
PALA. The results show that the expansion along the 3-fold axis is 10 A, and that the binding modes of
the six crystallographic independent PALA molecules are virtually identical to one another, and to modes
described previously. As further test, the PALA, a bisubstrate analogue, was displaced by citrate and
phosphate, where citrate is an analogue of product carbamylaspartate. The results support the conclusions
about the binding of the three previously studied analogues, and further support, within about 0.5 A, the
structure proposed for the transition state [Gouaux, J. E., Krause, K. L., and Lipscomb, W. N. (1987)
Biochem. Biophys. Res. Commua#d2 893—-897; Jin, L., Stec, B., Lipscomb, W. N., and Kantrowitz, E.

R. (1999)Proteins: Struct., Funct., Genet. 3729-742].

The first step in many prokaryotes, includiggcherichia The dodecameric structurgrgof theE. coli ATCase was
coli, is the catalytic reaction of carbamyl phosphate and proved starting from the sequence of the regulatory chain
L-aspartate to yield carbamylaspartate and inorganic phos-(5) and independently from crystallographic symmetry
phate. The catalyst is the allosteric enzyme, aspartate transdeterminationsg), thus correcting the earliegrg model. The
carbamylase (ATCasei-C 2.1.3.2). Homotropic regulation  dodecamer consists of two catalytic trimers required by the
is controlled by the aspartate concentration, whereas hetero<crystallographic 3-fold axis, and three regulatory dimers
tropic activation occurs by ATPL] and heterotropic inhibi-  related to one another also by this 3-fold axis. Structures of
tion occurs by CTP or by CTP and UTP togeth®x Thus, a the T form (7, 8) and R form @, 10) revealed the domain
balance is favored between pyrimidine triphosphates and purinestructures: the allosteric (Al) and zinc (Zn) domains of the
triphosphates in biosynthesis of nucleic acid molecules.  r chain, and the carbamyl phosphate (CP) and aspartate (Asp)

All known ATCases, including also the multienzyme domains of the ¢ chain. In the T-to-R transition the CP/Asp
complexes of eukaryotic cells, are inhibited Ryphospho- domains close around the substrates (or their analogues, or
nacetylt-aspartate (PALA), which combines most of the PALA), as the Al/Zn domains open. Most striking is the
structural features of the substrates carbamyl phosphate an@longation of the enzyme along the 3-fold axis such that the
aspartate (Figure 1), and bind3) (with a K; of 27 nM. ca*++C3 distance increases from 45.3 8) o 56.1 A (L0), an
Following an early study4) showing blocking of prolitera-  elongation by 11 A, accompanied by a rotation of oge ¢
tion of mammalian cells in cultures, many studies have beenrelative to the other by T2 and a rotation of each of the
made of the use of PALA by itself or along with other three p's by about 18 around the three nonexact 2-fold axes

compounds in clinical trials of various cancers. of the dodecamer. These changes are even larger in studies
of the low angle X-ray scattering in solutiodl, 12).
lg‘is ‘;Vor'fc‘j"’ét‘s SUpp%r_teO{ bth'H EradeMoigSO"th brotein Data |1 (€ present study, ATCase bound to six PALA
ructural data: coordinates have been aeposited wi rotein Data . . . . .
Bank as 1Q95 and 1ROB. molecules is described in a new crystalline form in the space

* To whom correspondence should be addressed. Department ofgroupP2:2:2;. The whole molecule is in the asymmetric unit
Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, such that the six PALA sites are independent of crystal

Cambridge, MA 02138, USA. Phone: 617-495-4098. Fax: 617-495- ; oA
3330, E-mail: lipscomb@chemistry. harvard.edu. symmetry. It is shown that binding of PALA to each of these

L Abbreviations: ATCase, aspartate transcarbamylase; PAA,  SiX Sites closely resembles that of the two independent PALA
phosphonacetyl-aspartate; ATP, adenosing-tiiphosphate; CTP, sites of theP321 crystalline form g, 10). Moreover, the

cytidine S-triphosphate; UTP, uridine $riphosphate; PDB, Brookhaven  ¢...c; distance is 55.4 A along the molecular 3-fold axis
Protein Data Bank; 1D09, the R-state structure of aspartate transcar- . . ’
bamylase with PALA bound deposited in the Protein Data Bank and thus the T-to-R elongation is 10 A.

determinated to 2.1 A resolution; 6AT1, the T-state structure of aspartate  |n addition, crystals were obtained of an analogue of

transcarbamylase deposited in the Protein Data Bank determinated t i i
2.6 A resolution; CP, carbamoyl phosphate; AL, allosteric; Cit, citrate; OprOdUCts prepared upon displacement of PALA by citrate

Pi, phosphate; NAC, near attack configuration; CHESS, Cornell High (an analogue of carbamylaspartate) and phosphate. The idea
Energy Synchrotron Source. was to explore whether the product analogues were bound
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Table 1: Data Collection and Refinement Summary

wild-type
wild-type ATCase with
ATCase citrate and
description with PALA phosphate
data collection location CHESS CHESS
space group P2,212; P2:12:2;
cell dimensions (A) a=1255 a=120.7
b=153.5 b=155.4
c=185.7 c=195.0
a=B=1=90 a=f=1=90C
resolution limits (A) 56-2.46 50-2.9
measured reflections 151,033 184,724
unique reflections 115,470 61,088
Rierge 0.077 0.077
Oo 8.7 14.9
completeness (%) 88.5 72.5
Rvalue 0.23 0.24
RireevValue 0.27 0.30
Luzzati coordinate error (A) 0.38 0.47
bond lengths rms deviations (&) 0.009 0.015
bond angles rms deviations (deg) 1.40 1.66
Cs++Cs distance (A) 55.4 55.2
conformation R-state R-state

covered with a SPECTRUM (Spectra/Por) molecularporous
dialysis membrane (MW cut off 120614000), and then
completely immersed in 2 mL of buffer consisting of 10 mM
NaHPO/10 mM sodium citrate/50 mNK-ethylmorpholine/

pH 5.8. The buffer was changed once every 24 h for 14 days.
Preliminary X-ray diffraction results showed that citrate and
phosphate had displaced PALA. At pH 5.8, the predominant
species of citrate are citrdte(69.3%) and monoprotonated
citrate (28.2%); the predominant species of phosphate is
H.PO,~ (96.2%). Porter et al.16) observed that thé;
(apparent) for an inhibitor of ATCase shows a linear
relationship with the reciprocal of the concentration of. H
Thus, the enzymeinhibitor complex will be less stable when
pH increases. In addition, the inhibition of ATCase by citrate
is weaker than that of other intermediates of the Krebs cycle,
such as succinate and fumarai&)( Therefore, the pH of
5.8 will be more helpful than a higher pH to stabilize the

FiGURE 1: The chemical structures of the substrates, products, and €nzyme-citrate-phosphate complex.

their analogues.

Data Collection and Structure Refinemefihe X-ray data
for ATCase with PALA, and for ATCase with citrate and

close to the regions where substrate analogues are boundy,,sphate were collected to 2.46 A resolution for the former

or close to a product-leaving binding mode.

MATERIALS AND METHODS

Enzyme Purification and Crystallizatiomhe holoenzyme

and 2.9 A for the latter, both in the space groep2:2;

(Table 1). The crystals were flash frozen to 100 K for data
collection. For both structures, a catalytic trimer, which was
constructed from PDB 1D09 with the PALA removed, was

of aspartate transcarbamylase was isolated by the methodghosen as the search model. Then molecular replacement was

of Nowlan and Kantrowitz 13) from the E. coli strain
EK1104 containing the plasmid pEK544). Crystals of
PALA ligated enzyme were grown by hanging drop vapor
diffusion: 2uL of enzyme at 16 mg/mL in buffer (40 mM
KH,POy/0.2 mM EDTA/2 mM-mercaptoethanol, pH 7.0)
were mixed with 7% (vol/vol) poly(ethylene glycol) methyl
ether 2000 (PEG-mmes-2K)/0.16 M,Ei0/3 mM NaNs;, and
then equilibrated against 1 mL of 7% PEG-mmes-2K/0.16
M Li»SO/3 mM NaNs.

performed by using AMOREL(). The initial structure model

was built from the molecular replacement solution by adding

the regulatory chains. Following rigid-body refinement of
the holoenzyme, PALA, or citrate and phosphate were built
into the simulated annealing omit map. The PALA model

was taken from PDB 1D09, and citrate and phosphate models
were from HIC-UP 18). Refinement of both structures was

made using the CNS_SOLVE packad®); and visualized
and modified againstR2, — F. maps and~, — F. maps using

To displace PALA by citrate and phosphate for the second the program O Z0). Finally, the stereochemical properties

part of this study, the following procedure was started two
weeks before collection of diffraction data. A single crystal
of the PALA ligated enzyme was transferred along with
mother liquid into a 1Q«L microdialysis chamber, and then

of intermediate and final structures were examined by
PROCHECK 21). Protein-protein interface interactions

were calculated by ProteitProtein Interaction ServeR®),

and checked with O and Luzzati plot&3]. Figures were
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Ficure 2: The F, — Fc) omit electron density (& around PALA of the six active sites (AF); Lys84* is from the adjacent catalytic
chain. The literature contains many doubts about the one previously available R-state—RACAse structure, which has two
crystallographically independent PALA sites. The present study adds six independent sites, which confirm theAFSlase binding
mode. This mode is close to the binding modes of substrate analogues.

prepared using PyMOL2d), MOLSCRIPT @5), and BOB- The consensus binding mode of PALA in tf2,2,2;

SCRIPT @6). structure is very much like that reported previously for the
P321 structure. Interactions occur with Ser52, Thr53, Arg54,

RESULTS Thr55, Arg105, His134, GIn137, Argl167, Arg229, GIn231,

and Ser80*, and Lys84* from an adjacent catalytic chain as
designated by the asterisks. Only Leu267 was not found here
to show a backbone carbonyl group interacting with the NH
of PALA. The interaction of the amide NH of Glu137 with
the backbone O of PALA showed weak interactions in the
3.5-4.0 range in thd2,2,2; structure but not in th&321

The Enzyme Structure in the PALA Compléx.the
P2,2,2, space group, there are no crystallographic constraints
other than the crystal packing. Nevertheless, the monomers
within the g trimers are related by a rotation of 1200.4°,
and the trimers can be superimposed with a standard
deviation of 2.8. The relative rotation of one trimer (fixed)

to the other is 15 and the distance between the two trimers struciure. However, Glul37 does show interactions to
is increased by 10 A over the distance in the T stR@2( substrate carbamyl phosphat@7y, substrate analogue

form, PDB code 6AT1). Whereas the 3-fold molecular axis phosphonqac;etamid?&), and product analogue cit'rate (see
is well retained, the three 2-fold axes of the approxinige below). This interaction of Glu137_ was not seen in the 2.1
symmetry are less exact. The comparison of regulatoryA structure of theP321 complex with PALA.

dimers shows high rms deviations of £3.1 A. In the Among the six sites (Figure 2) of the present study the
catalytic chains the X-planar anglel) defining the opening  side chains of Arg229 and Lys84* did not interact with O5
between the Asp and CP domains are®1229, 130, 1371°, of PALA at site E, but the main chain carbonyl oxygen of
129, and 129 for the six sites involving binding of PALA,  Pro266 was found at this position. However, the many other
about 1.2 to 3.6 larger than those in the 2.1 B321 PALA interactions at site E were very similar to those at the other

ligated structure (PDB code 1D09). sites A, B, C, D, and F.
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positions of the 80’s loops do not change the PALA binding
mode. This movement of the 80’s loops may be caused by
the crystal packing.

The asymmetry among the catalytic and regulatory chains
Leu81*) can also be reflected from the different interactions between
catalytic and regulatory chains. The interactions of Asri3c
Lys137r, Thr87e-Glu119r, GIn108e Asn113r, Glul09¢e
Lys143r,*Gly110c-Tyr140r, Arg113e-Lys139r, Glull7e
Lys139r, Ser131eLys143r, Asn132-Cysl141lr, Asp200e
Arg128r, Asp200e-Arg130r are found only at some of the
six catalytic (c) and the six regulatory (r) chains. Asn%3c
Lys137r, Thr87e¢-Glull9r, Glul09¢eLys143r are new
interactions, but the interactions of GIn168eCys114r,
Glul09c-Asn111lr, Argl13e-Glul42r, Asn132e*Tyr140r,
GIn133c-Glul42r, Glu196e-Arg130r, Tyrl97e-Lys143r,
Asp200c-Glul44r, Glu204e-Argl28r in previous PALA
ligated aspartate transcarbamylase are missing in the new
structure. The symbat indicates a backbone interaction.

FIGURE 3: The superposition of the enzymPALA complex in The ATCase Complex with Citrate and Phosphatehe
P212:2, (black-blue-red, new) and iR321 (cyan, 1D09). asymmetric unit of the”2,2;2; unit cell, there is one s
Other interactions are as follows. New polar interactions molecule. Noncrystallographic symmetry among the six
between Arg229 and Lys84* from the adjacent catalytic catalytic chains of the twosdrimers has standard deviations
chain are found in the new structure. Compared to the R-stateof 0.26-0.35 A, and the approximate 3-fold axis has a
PALA—aspartate transcarbamylase complex at 2.1 A resolu-rotation angle of 120+ 0.4°. The relative rotation of one
tion (Figure 3), it is clear that the flexible 80’s loop moves trimer relative to the other is 23and the R-state crystal
to a new position in the new structure. This movement places shows an expansion of the-ec; distance of 10 A relative
the side chain of Lys84* close to the side chain of Arg229: to the T-state along the molecular 3-fold axis. The six
distances are between 3.6 and 3.9 A for the sitesFA regulatory chains in the three units show rms deviations
Although the 80’s loops are around the active sites, the newof 1.1-3.1 A, and unequal rotations about the approximate

Thr55
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Gln231

Argl05

GIn137

His134

Ficure 4: Binding of phosphate and citrate at the active site.
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Ficure 5: The F, — F¢) omit electron density (&) around the phosphate and citrate of the six active sitesH)ALys84* is from the
adjacent catalytic chain.

2-fold axes of 20, 17°, and 10, although the average of from the 11 A increase when tiR821 R-state is compared
16° is consistent with previous studies of the T-to-R with the T state. A modeling study of the small-angle X-ray
transition. scattering experiments suggest in solution a further increment
The phosphate interacts with main chain NH units of over 11 A for the g--c; distance of 2.8 A (total 13.8 A)
Thr53, Arg54, and Thr55, and with side chains of Ser52, when PALA is bound, and of 4.4 A (total 15.4 A) when
Arg54, Thr55, Argl05, Ser80*, and Lys84*. (The asterisk PALA + MgATP is bound to maintain a super R-stald,(
indicates an adjacent catalytic chain of theéromer.) These 12). Further attempts to obtain yet another R-state crystalline
and other interactions with citrate are summarized in Figure form are desirable to probe the structures of these elongated
4, including the 1-position carboxylate oxygen with Arg229 R-states.
and GIn231, the 5-position carboxylate with Thr55, GIn137,  The binding modes of PALA at the six crystallographic
His134 and phosphate, the 6-position carboxylate with independent sites of the present study in space gp@u2;
Argl67 and Lys84* (adjacent chain), and the citrate OH with are very similar to the two independent modes in the earlier
Lys84* and to an oxygen of phosphate. The distance betweenstudies 9, 10). These modes are also very similar to those
the carbon of the 5-carboxylate and the nearest phosphaten crystallographic studies of carbamyl phosphate (a sub-
oxygen averages to 3.3 A: the six individual values are 2.9, strate) plus succinate (an analogue of asparta®)and of
2.9, 3.1, 3.4, 3.6, and 4.0 A. The six sites are shown at the phosphonoacetamide (an analogue of carbamyl phosphate)
contour level of & in theF, — F electron density in Figure plus malonate (an analogue of aspartags).(

S. PALA is bound strongly, with &; of 27 nM. However,
PALA is a bisubstrate analogue, and tkeis not far from
DISCUSSION the product of similar constants for the two substrags (
The g+*czincrease of 10 A in the T-to-R transition found Of course, PALA is not a perfect analogue for carbamyl
here using thé*2,2,2; R-state is not significantly different  phosphate and aspartate, because its carbamyl carbon is not
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FiGURe 6: A Probable mechanism for catalysis by ATCase in which
the critical removal of the proton from the Nigroup of aspartate

is accomplished by the leaving phosphate dianion. The carbonyl
oxygen of the amide is bound to His134, Thr55, and Arg105.

tetrahedral, it has no amino group, and the P atom is joined
by CH;, instead of oxygen. Even so, a proposed tetrahedral
intermediate can be built within 0.5 A of the atoms of PALA
at the proposed active sit®9) and improved at 2.1 A
resolution (0). In this proposed mechanism, the leaving
phosphate accepts a proton from the Nl aspartate, as a
lone pair of this NH forms a bond to the carbon of the amide
group (Figure 6). An alternative proton acceptor is possibly
the NH; of Lys84*. The K84N 80) mutant shows more than

a 1200-fold reduction irkes: Also, Lys84* with its NH*
group may be involved in final removal of phosphate after
carbamylaspartate leaved(f. At least, the tetrahedral

intermediate mechanism is supported by isotope tracer plus

NMR studies that eliminate the formation of cyanic acid or
carbamic acid as intermediatel). This mechanism could
equally well be obtained from the binding of PALA, or from
the carbamyl phosphate plus succina2®)( or from the
phosphonoacetamide plus malonate structu?&s. Com-

parison of these two dual substrate analogue atomic positions

with those of PALA has been presented previou2ly; £8).

These structures can be regarded as “reaction coordinate

analogues” a term used for reactions of small molecud2s (
and for enzyme reaction83, 34), and similar to the near-
attack configuration (NAC)35—37).

The ATCase-citrate-phosphate structure in a difference
electron density at thecSlevel of theF, — F. map at 2.9 A
resolution shows a gap between the citrate and phosphate
A differenceF, — F. electron density (&) of ATCase-
PALA structure at 2.46 A resolution shows continuous

density between the phosphate group and the rest of the

PALA molecule; moreover, the PALA density remained
continuous when the highest resolution data were truncated
at 2.9 A (data not shown). Thus, the difference electron
density maps are consistent with the displacement of PALA
by citrate and phosphate during preparation of the crystal of
ATCase-citrate-phosphate complex.

The OH of citrate, bound to Lys84* and to an oxygen of
phosphate, is not present in PALA or in substrates or their
analogues (Figure 4). Nevertheless, the binding of the
remainder of citrate to the enzyme and to phosphate is
consistent with earlier studies of inhibitors and substrate
analogues. Yet, the binding of products can be sometimes
more closely related to product leaving than to their structures
immediately after the catalytic step. The larger gap, of 4 A,

Huang and Lipscomb

between the carbon of the 5-carboxylate and the nearest
phosphate oxygen may be an indication of slight movement
toward product leaving. In a concurrent study of the T form
of ATCase bound to products carbamylaspartate and phos-
phate, a very different mode of binding will be described in
the following paper in this issue.
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