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ABSTRACT The allosteric enzyme, aspartate trans-
carbamoylase (EC 2.1.3.2), has previously been shown in
our x-ray diffraction studies to have D;-32 symmetry.
There are six catalytic (C) and six regulatory (R) chains in

the molecular complex (R¢Cs). Our three-dimensional )

x-ray dif.’fraction .study of this enzyme (R32, a = 131 A,
¢ = 200 A) at 5.5 A resolution shows a spatial arrangement
of the two catalytic trimers C; above and below an equa-
torial belt of three regulatory dimers R;. The molecule is
about 110 X 110 X 90 A in largest dimensions, and is shown
here to contain a large central aqueous cavity about 50 X
50 X 25 A in size. Location of the single sulfhydryl of each
catalytic chain, and correlation of its reactivity with
enzymatic activity in the molecule, suggests that the
nearby active sites are most probably accessible from the
central cavity, but probably not directly from the external
solutiori. The miost obvious access to the central cavity
consists of six channels, eacli about 15 A in diameter,
near the regulatory region. A component of the regulatory
mechanism may be modulation of access of substrates
through these chiannels.

Regulation of enzyme activity is an important biochemical
process within living cells. A number of mechanisms have
been considered: (a) steric and conformational effects asso-
ciated with the direct binding of small inhibitors at or near
the active site, (b) the direct covering of the active site by
another protein, (c) change of conformation at the active site
upon binding of an effector in another region of the enzyme
molecule, and (d) a conformational change transmitted from
one protein molecule to griother in an enzyme complex. We
present here a 5.5 A resolution structure of aspartate trans-
carbamoylase, features of which suggest a new possible com-
ponent to general mechanisms of regulation: namely, the
direct steric regulation of substrate access to the active site
in a central cavity of the molecular complex.

Aspartate transcarbamoylase (ATCase) catalyzes the first
committed step in pyrimidine bigsynthesis (1, 2), the reaction
of carbamoylphosphate with aspartate to yield carbamoyl-
aspartate and phosphate. The activity of AT Case is modulated
by allosteric effectors. Cytidine triphosphate, an end-product
of the pyrimidine pathway, is a feedback inhibitor (3, 4),
while ATP stimulates AT Case. These effectors thus provide
one mechanism for achieving balance between pyrimidines
and purines for biosynthesis of nucleic acids.

The catalytic and regulatory functions of AT Case (molec-
ular weight 310,000, ref. 5) are associated with different poly-
peptide chains C and R, respectively (4, 5). The hexameric
nature of ATCase (R¢Cs) was established by (a) the presence
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of elements of both 2-fold and 3-fold molecular symmetry
in the x-ray study (6) and (b) the molecular weights of C and
R, along with sequence analysis of the R chain (7). Dissocia-
tion of ATCase by reaction of the R-chain thiols with mer-
curials (5) has been interpreted (6, 7) to yield catalytic tri-
mers C; and regulatory dimers R.. The relative positions of
the C; units above and below a wider equatorial belt of three
regulatory dimers were established in the x-ray study (8),
which also indicated the presence of a large solvent-filled
region in the center of the ATCase molecule. We describe
here a more detailed view of this.and other features of the
electron density of AT Case at 5.5-A resolution from a greatly
improved map.

METHODS -

The crystal form has space group R32, and hexagonal axes
a = 131 & and ¢ = 200 A. The molecule is situated at the
intersection of a 3-fold and three 2-fold symmetry axes in the
crystal. Hence, one-sixth of the molecule is in the crystallo-
graphic asymmetric unit: , '
Following our initial attempts to solve for thé multiple
heavy-atom positions in CTP-ATCase (6), we decided on a
careful chemical program which would yield only one heavy
atom on each RC unit-of ATCase. This procedure was ex-
pected to yield a solvable difference Patterson furiction, from
which these heavy-atom positions could be located. The
phases of structure amplitudes froin this derivative would
then be employed to solve the more complicated multiple-
site heavy-atom derivatives. Preparation of the 2-chloro-
mercuri-4-nitrophenol derivative of the single relstively un-
reactive sulfhydryl group on each of the six catalytic sites
has been described (9). This single-site derivative was pre-
pared by reaction with ATCase in solution, and was subse-
quently crystallized. The three other derivatives were pre-
pared by soaking ctystals of ATCase in the following solu-
tions: Au (8), 6.2 mM KAu(CN),, for 24 days, buffer of
0.05 M Tris-0.05 M imidazole (pH 6.35); Ir, saturated (10
mM) IrBr; for 6 days, buffer of Tris-imidazole (pH 6.35);
Pt, 1 mM K,PtCl,, for 2-4 days, buffer of 0.1 M triethdnol-
amine-HCl (pH 6.35). o
Procedures for the collection of three dimensional x-ray
diffraction data have been described (8). Multiple films were
taken by screened precession photography using an Elliott
rotating anode x-ray generator. Intensities were read by an
Optronics P-1000 film scanner on-line to a PDP-11 computer
(Digital Equipment Corp.). The value of R = h2|1h ~Ll/

"1, for all symmetry-related reflections k was 0.053, where I
% v
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TaBLE 1. Statistics of phasing*®

Deriv- RMSFe, RMSE,
ative elec.t elec.t Rc§ Rx!
Hg 476 216 0.44 0.062
Au 351 219 0. 46 0.062
Pt 688 336 0.53 0.095

Ir 451 299 0.53 0.081

* The figure of merit (mean value of the cosine of the phase
angle error) is M = 0.77 for this refinement in which scale
factors were refined for each reciprocal lattice level (photograph)
for the protein and derivative.

t RMS F¢ = [Zf;.;’/n] /2 where f3; is the heavy-atom scat-
n

tering amplitude for reflection h of derivative j, and n is the
number of reflections. The RMS structure factor of the native
protein is 2870 elec.
t RMS E = [Y e;?/n]"? where es; is the lack of closure for
3

reflection & of derivative 7, and n'is the number of reflections.
§Rc = 2.|[Foa — Fy| — fa|/Z|Fsu — F,| caleulated for
h 3

centric reflections only, where Fyg is the structure factor of the
derivative, F; for the protein, and fu for the heavy atoms.

TRx = | |Fen| — [F, + fa| |/ 2 |Fpul, calculated for all reflec-
- h . h

tions h.

is the average on a given film. For different films, 7 and j, the
value of Rgp = D |Ine — Inj|/Z|Ine + Iny| was 0.065 for the
A

R

1

T L

F1e. 1. Schematic view of the ATCase molecule expanded
along the 3-fold axis. The central region is mostly regulatory,
although some parts at the ends of dotted lines may belong to
the catalytic trimers, most of which occur above and below this
central region. The assembled molecule, 90 & along 3 and 110 &
along 2 axes, has a central cavity (shaded) in overall dimensions
about 25 & along 3 and 50 & along 2 axes. The Hg sites within
C; units (dots) are presumed to be near the active site, which has
direct access (solid lines) towards the central cavity. Six 15-2
openings (not shown) to the central cavity occur near the equa-
torial region.
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TaBLE 2. Heavy-atom parameters*

X Occu- Fractional coordinates
Site pancy
Compound no. (%) z y z
2-Chloromercuri-4-
nitrophenol (9) 1 95 0.089 0.100 0.104
KAu(CN). 1 64 0.082 0.133 0.097
6.2 mMt 2 20 0.275 0.126 0.028
3 10 0.121 0.201 0.052
4 13 0.728 0.251 0.155
5 11 0.056 0.267 0.009
IrBr; 1 79 0.008 0.153 0.071
10 mMt 2 38 0.040 0.130 0.074
3 27 0.272 0.069 0.093
4 18 0.124 0.069 0.125
5 9 0.333 0.091 0.100
K.PtCl, 1 96 0.329 0.078 0.102
1 mMi 2 37 0.0 0.0 0.157
3 55 0.840 0.468 0.010
4 31 0.333 0.006 0.112
5 24 0.053 0.105 0.075
6 16 0.905 0.294 0.163
7 15 0.024 0.312 0.015

* The absolute hand of the entire heavy-atom constellation,
and thus of the protein map, has not yet been determined.

t Buffer, 0.05 M imidazole-0.05 M Tris- HCI (pH 6.35).

1 Buffer, 0.1 M triethanolamine- HCI (pH 6.35).

intensities of native ATCase ‘crystals, and 0.078, 0.074,
0.096, and 0.082 for the intensities of the Hg, Au, Ir, and Pt
derivatives, respectively.

Instead of proceeding with these five merged data sets for
ATCase and four derivatives, refinement of phases and heavy
atom parameters was done level-by-level (10), allowing the
scale factor for each film (level) and the heavy-atom param-
eters to shift in the refinement. Merged three-dimensional
sets of data were then prepared using these individual film
scale factors. The final phases were calculated using these
merged sets and the heavy-atom parameters without further
refinements. In this way the statistics of phasing (Table 1)
can be compared with published values. These phases were
used to compute the electron-density map.

We also obtained phases after the “level-by-level” refine-
ment by averaging the phases (weighted by figure of merit) for
reflections determined on more than one film. Sections of the
electron-density map of AT Case calculated using these phases
were nearly identical to the corresponding sections of the
map which we present here.

As an alternative to the level-by-level refinement we also
obtained phases by carrying out the refinement on data sets
prepared by the more usual procedure of merging films prior
to refinement. The heavy-atom occupancies were similar, and
the protein electron-density map was nearly identical, to
results from level-by-level refinement, but the phasing statis-
tics were somewhat worse (e.g., M is 0.74) as compared with
the value of 0.77 shown in Table 1.

Occupancies and coordinates of heavy atoms are shown in
Table 2. Because the resolution is only 5.5 A in this study, we
fixed the thermal parameter at 30 A2 for each heavy atom.
Minor sites were dropped from the refinement if the occu-
pancy fell below 99, or if a site already present in the phases
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failed to appear in a subsequent difference electron-density peared. Of course, we cannot be sure whether the smallest
map. The minor Au site in our previous study (8) disappeared sites are real, due to conformational changes, or due to errors
in these refinements, while four other minor sites have ap- in phases or intensities. All of the heavy-atom sites which
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Fi1a. 2. Composites of the three-dimensional electron-density map of ATCase. (a) z = 0.1925-0.1050 (11 sections), the “top’’ of the

" C; units showing intermolecular contacts at the upper right and left, and prominent helical regions end-on near the center and at an in-
clined angle towards the outer parts of these units. These helical features are straight rods about 6 A in diameter, and several are more
than 20 A in length. We now believe that access to the central cavity along the 3-fold axis is blocked or very greatly restricted by protein.
(b) z = 0.1400-0.0612 (10 sections), near the central cross section of a C; unit. Densest features are helix regions, and the three faint
dots 22 A apart are Hg positions. (c) z = 0.1050-0 (13 sections), showing both catalytic (near center) and regulatory (outer) regions. The
three dots are the Hg positions in section z = 0.1050. (d) z = 0-0.1050 (13 sections), showing the view from the molecular center (solid
triangle at z = 0), looking toward the active sites (faint dots). (¢) z = —0.0437-0.0437 (11 sections), spanning the center of the molecule
give an excellent view of the central cavity. Most of the regulatory protein lies nearest the outer corners of this large central triangle of
electron density. (f) z = —0.0525 to —0.0175 (5 sections), showing channels (arrows) about 15 A in diameter leading from the outer solu-
tion to the central cavity and portions of the R and C chain shown enclosed in solid lines. Dotted arrows indicate the symmetry-related

channels in the sections 0.0525-0.0175 not included here.
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Fic. 3. A balsa wood model of ATCase, viewed down the 3-
fold axis. Half of the molecule, i.e., z > 0, is shown. The C chain
trimer is outlined in white.

satisfied these criteria are in regions of electron density of the
protein, not in the extensive solvent regions in the crystal.

RESULTS AND DISCUSSION

The electron density was computed from all reflections be-
tween 5.5 A and 15 A, provided that they had been measured
on the enzyme and at least three derivatives. Centroid phases
(11) were used. Scaling was established by assuming nearly
1009, occupancy for the Hg derivative (9), inasmuch as mer-
cury analysis, spectrophotometric titration, and inactivation
of the enzyme observed kinetically (9) indicate that the C-
chain thiol has reacted quantitatively in this derivative.

s
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Fic. 4. Projection along the ¢ axis of the heavy-atom positions
within one ATCase molecule in its complex with CTP. The Hg
positions on the six catalytic subunits are indicated by solid
dots, and the Hg atoms replacing Zn are indicated by open
circles. The plus and minus refer to z coordinates relative to the
molecular center. Also, the position of one of the noncrystal-
lographic (molecular) 2-fold axes is given as a dashed line. Mercury
at the C-chain thiol is located %21 & in z from the molecular
center. Hg at the Zn site is located +=11 A in z from the molecular
center.
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Fia. 5. z = —0.0525 to —0.0175. Five sections of electron
density of R32 crystals. The tentative locations of the zinc ions
are marked “Zn,” at z = —0.0525. These positions are uncertain
because they were located in the P321 crystals, in which the
enzyme may have another conformation.

Contour levels were drawn at intervals of 0.07 eA— starting
from the lowest contour at 0.14 eh—3 (Fooo omitted). The
highest density was about 0.5 eA~3. Errors, as judged from
the solvent region, appear in general to be limited to features
less than 6 A long at the lowest contour level.

The molecular boundary and central cavity are very clearly
shown (Figs. 1-3). Regions previously assigned to the C;
units are close to the 3-fold axis (Figs. 1 and 2a—c), while the
major parts of the regulatory chains are near the z = 0
plane and mostly on the outer periphery of the equatorial re-
gion of the molecule (Figs. 1 and 2¢). These basic structural
features are in agreement with our earlier x-ray results (8),
and with the later results from electron microscopy (12).

One important revision of our earlier interpretation (8)
eliminates the funnel-like channel down the 3-fold axis to-
wards the central cavity. In our improved map this channel
has filled with electron density of the protein, blocking access
from the top of the molecule to the central cavity. Reexamina-
tion of our earlier electron-density map, based upon only
two heavy atom derivatives, shows that this new electron
density was indeed present in the old map as very low con-
tours, at about the same level as the noise.

Rod-hke regions are attributed to a-helix, provided that
they have a central density above 0.34 eA*“ are at least 6 A
in diameter, and are at least 10 A from any other rod. These
rods are especially clear in the catalytic trimers, which are
presently estimated to, contain about 359, of helix. The
longest rod is over 20 Ain length, parallel to the molecular
3-fold axis and only 10 A from this axis. On the other hand,
the helix content is estimated as only about 109, for the R
units. At 5.5 A resolution it is difficult to see short regions of
helix, and we are uncertain about assignment of protein to
C or to R in the inner parts of the equatorial region of the
molecule. Hence, these percentages may be slightly low, and
may need a small redistribution between types of subumts

The molecular cavity (Fig. 2e and f) is about 25 A in total
extension along the 3-fold direction, and 50 A in diameter in
the plane of the 2-fold axes. The molecular center is halfway
along these dimensions. Access to this central cavity is largest
at six channels just above or below the equatorial plane, and
in a region which certainly involves the R units and may also
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be near the C units (Fig. 2f). Each channel is about 15 Ain
diameter.

The Hg atoms on the catalytic subunits, believed to be
near the active site (9), are 22 A from each other, and at z =
+21 A from the equatorial plane of the ATCase molecule
(Figs. 1 and 2). The Hg sites are readily accessible from the
internal cavity of the molecule, but appear not to be directly
accessible from the outer surface of the enzyme molecule.
This Hg derivative, prepared by reaction of ATCase with 2-
chloromercuri-4-nitrophenol, is enzymatically inactive (9)
and no longer binds succinate, an analogue of aspartate.
Hence, it seems probable that the active site is also accessible
from the central cavity. Location of this binding site in a
difference electron density map is required in order to provide
additional evidence that these results are not due to transmis-
sion of conformational effects associated with a more distant
location of the active site external to the central cavity.

These features of the structure of AT Case stimulate specu- °

lation as to the purpose of the central cavity, its access
channels, and the probable internal location of the active
sites. It is tempting to suggest that some type of restriction
of access of substrates to this central cavity might play a
role in regulatory processes in ATCase, or in other regulatory
complexes. For example, partial blocking of the channels may
occur by part of the R (or C) chains in the complex of AT Case
with CTP.

We therefore tentatively suggest a possible component of
the regulatory mechanism in which the diffusion of substrates
into the central cavity is the rate-limiting step. Kinetic
schemes which involve restricted diffusion of both substrate
and product through the access channels are qualitatively
consistent with the observed kinetic effects of CTP. Restric-
tion of access to the central cavity would not alter the max-
imum velocity, but would shift the position of the substrate
saturation curve and explain the substrate dependence of
maximal CTP inhibition. Furthermore, the location of the
active sites in a central cavity of the molecule may explain
the decrease in enzymatic activity relative to isolated C-sub-
unit. The observation that substrate binding at the active
site changes the conformation of the regulatory chain (13)
may indicate that substrate, as well as CTP or ATP, can
modulate access to the central cavity. Cooperative effects
may arise in this scheme if substrate binding at an active
site increases substrate access to the central cavity. More
detailed aspects of this scheme should await confirmation of
the location of the active site in the cavity and direct evi-
dence of ligand-induced changes in the size of the access
channels.

Since rate of catalysis depends on the concentration of
substrates within the central cavity, another possible mecha-
nism of regulation could be the alteration of the steady-state
concentration of substrates in the cavity. The alteration
could be imagined to result from ligand-induced changes in
the internal environment of the cavity. Whether regulation
actually does involve restriction of access to the central
cavity or change in environment in the central cavity in addi-
tion to conformational changes involving the active site will
be more apparent when biochemical and x-ray studies of
ATCase and of its complexes with effectors have been carried
to higher resolution.

As a general phenomenon central cavities in enzyme com-
plexes may be of importance where regulated diffusion of
substrates and intermediates may be advantageous. This
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situation would be particularly desirable in multienzyme
complexes if intermediates were not convalently (14) bound.
Central cavities may arise simply as a consequence of the
packing, of nearly globular subunits around positions of high
symmetry, like the D3-32 central position of AT Case.

Appendix: The crystal of ATCase with CTP

Crystals of ATCase grown in the presence of CTP have space
group P321 with ¢ = 122 A and ¢ = 143 A¢. The two molecules
per unit cell are situated on 3-fold axes, so that one-third of the
molecule is in the crystallographic asymmetric unit. We have
now been successful in preparing a mercury derivative on each
catalytic chain, by immersing a crystal in 90 uM 2-chloro-
mercuri-4-salicylaldehyde in the presence of 0.14 mM 2-mer-
captoethanol (to mask the Hg) and 0.5 mM CTP. The relation-
ship of this constellation of Hg atoms to the Hg atoms of the
crystals of ATCase itself has now been established (Fig. 5).
In fact, these Hg positions within the ATCase molecule and
within the CTP-ATCase are the same (assuming the same
absolute configuration) within about 1-2 A, the limit of our
present resolution.

We have also solved for the Hg positions in another derivative
of CTP-ATCase in which Hg replaces Zn, and have shown that
this Zn site (Fig. 4) is 24 A away from the nearest C-chain thiol
group. The location of the Zn ion has been transferred to our
electron-density map (Fig. 5), and it appears to be near the R-C
interface, as has been suggested (15, 16). However, it must be
kept in mind that the zinc position was determined in the CTP-
ATCase crystals, whereas the map is of unliganded ATCase,
and the enzyme may have different conformations in the two
crystal forms.

These two heavy-atom derivatives will be used to obtain
approximate phases in order to solve the multiple-site derivatives
obtained from UOs(NO;)s, KoPt(NO:)s, and KAu(CN ).
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