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ASPARTATE transcarbamylase (ATCasc). a regulatory
onzyme, catalyses the first unique reaction in the pathway
of pyrimidine biosynthesis’, Tt exhibits co.operative
effects® and is subject to feedback inhibition by eytidine
triphosphate {CTP), an end preduct of the pathway.

Gerhart and Schachman?® have shown that the molecule
can be dissociated into two kinds of sub-units. One type
binds substrate and catalyses the reaction while the other
i8 inactive ag enzyme but binds the feedback inhibitor
CTP. It has further been shown that the catalytic moiety
is composed of 8 number of identical catalytic polypeptide
chains (C} and the regulatory moiety is composed
of a number of identical regulatory polypeptide chains
(R).

The number of copies of each protein chain and the
spatial srrangement of these chains in the ATCase mole-
cule have been studied to gain an understanding of the

Studies of trigonal and tetragonal crystalline forms of aspartate
transcarbamylase show that the molecule has a three-fold and a
two-fold symmetry axis.

regulatory behaviour of the enzymet-¢. Previous studies
on the number of binding sites for CTP and substrate’,
the aminc-acid analysis and an end group anslysis®, and
“fingerprint™ analysis® of ATCase and its catalytic and
regulatory chains are all consistent with a tentative model
of the structure in which there are four regulatory and
four catalytic chains (RCY, (ref. 4).

We report here studies of two crystalline species which
require that the molecule is wituated on one or another
symietry axis in different crystalline forms. Determina-
tion of the space group, water content and density of a
trigonal erystal form of the CTP-ATCase complex shows
that ATCase lies on a three-fold axis in the crystal. Thus
the molecule has at least three.fold aymmetry. Similar
investigation on a tetragonal crystal form of ATCase
shows that the moleeule s situated on a cryvstallographie
two-fold svmmetry axis.



1120

The first result means that the number of identical
sub-units must be a multiple of three, while the second
result means the number must be a multiple of twao.
The munber of equivalent sub-units must therefore be g
multiple of six. Using the molecular weights of the cata-
Iytic ehain and the regulatory chain determined by Weber?
(see preceding article) we must conelude that the number
of RC pairs is six aud that the molecular formula is {(RCj},.
Furthermore, if we assume that the symmetry of the
ATCasge moleeule is the same in the trigonal CTP-ATCase
crystal as it is in the tetragonal ATCase crystal. the point
group symmetry of the molecule must be D,~32,

Properties of Crystalline Forms

Octahedral. Three crystal forms of ATCase have been
prepared and studied. The first is an octahedrally rhaped
erystal which was obtained by dialysis from 004 M
potassiumn phosphate. 2x 10-2 M S-mercaptoethanol, and
2x 107" M ethylenediamine tetraacetate at pH 5-8. The
preparation of this crystal form has been discussed
previously®?.  Unfortunately, X.ray patterns show that
these crystals have a high degree of disorder and they
have not been thoroughly characterized.

Trigonal. The second form is a trigonal crystal which was
prepared in the same way except that 5 x 10-* M CTP was
added to the dialysate'. The space group of this form is
P32]1 with a=1221+005 A and ¢=143+0.05 A. and the
unit cell volume is 1-83 x 10% A3 (ref, 4). Crystals of this
form have also been grown at pH 7-0 from frozen solutions
of ATCase at —20° C. and from supernatants which con-
tain the octahedral erystals and whieh had remained
undisturbed for 3 months. The space group of this trigonal
form has three special positions on which molecules could
be situated. If there are three molecules per unit cell
(n=3) the molecule would be situated on a two-fold axis.
On the other hand. two molecules {n=2) per unit cell
would require a molecular three-fold axis, and one molecule
per unit cell (n=1) would require that the molecule be
at a position of 32 symmetry.

The number of molecules per unit eell ecan easily be
calculated from the unit cell volume, molecular weight
of the protein. crystal density and percentage water
content of the erystal. Previously® we assumed a water
content of 40 per cent and mistakenly calculated that
N is 3. and we assigned a two-fold axis to the CTP-ATCase
complex. In fact, the calculation was done incorrectly,
assumning 40 per cent by weight of protein rather than the
correct 40 per cent by weight of crystal.

We have now measured the water content of the trigonal
erystals by the method of Low and Richards™ in which
wet crystals are weighed, dried at 100° € over PO, in
vacue to constant weight. and reweighed. Because our
erystals are small {05 x 0-5 x -2 mm), a number of them
were placed in the weighing pan in order to bring the total
weight to about 300 ug. Such air dried proteins commonly
retain from 5 to 10 per cent of their weight in water!l,
8o that an additional 7-5 per cent!* was subtracted from
the apparent weight of the protein. A measurement of
the salt content of the mother liquor (0-82 + 0-02 per cent)
indicated that no correction was needed for salt which
remained on the dried crystals. The results of nine
mensurements gave a water content of 50-0+ 6-6 per cent,
in which the error is due both to the use of small crystals,
which dry rapidly during the initial weighings, and to the
assumption of the amount of bound water.

The number of molecules per unit cell caleulated from
this value is two, and therefore the molecule must possess
a three-fold axis in the trigonal crystals. If the number of
molecules is taken to be either three or one, the water
content would have to be 26 per cont or 74 per cent
respectively, in disagreement with our measarement
(Table ).

Inasmuch as no X-ray diffraction patterns were observ-
able from the dry erystals, these results eould not be
checked by that method.
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Table 1. WATER COXTEXT OF TRIGONAL CRYSTALS
Assumied No. olmole-  Njte symnetry Calenlated per-
cuies per uni celd of molecule ventage of watep
o] 32 T4
w=32 3 50
n=3 2 26

The measured water content of the frigonal crystiis ia 50 per cent. There-
fore n is 2 and the moiecule has a three-fold axis in the trigonal form. The
density of the crystal was asaumed 10 be 1-10 1o 120 gfml,

As an independent check. however. the densities
which would be expected for the trigonal ervstal from
the partial specific volume and number of molecules per
unit cell were caleculated, and the crystal density was then
determined by the use of a bromobenzene-xylene gradient
column'®. The partial specific volume was calculated to
be 0-737 ml.jg from the specific volumes of amino-acids!d
and the amino-acid composition of ATCase?. Assuming
that this partial specific volume is the same as that in the
crystal and using the density of the buffer (1-004 g/ml.)
as the density of the water in the erystal, we calculate the
erystal densities which are given in Table 2, for n=1, 2
or 3. The result of eight density measurements is 1-154 +
0-002 g/ml. Comparison of this value with the calculated
densities in Table 2 indicates that there must be two
molecules per unit cell in the trigonal erystals, and there-
fore a three-fold axis in the ATCase molecule {Table 2).

Table 3, DENSITY OF TRIGONAL CRYSTALS
Assumed No. of mole- Caleulated dengity®

cules per unit cell (zfml.)
n=1] 1-077
n= 1150
w=3 1223

The measured density of the trigonal ervstais is 1-154 £ 0-002 giml. There-
fore n =2 and the molecule has a three-fold axis,

* The density was caleulated from V= 0-737 mb /e, p (buffer)=1-004 g'ml,
and T (unit cell) = 1-32 x 19¢ 42

Tetragonal. The third ervstal form is similar to that re-
ported by S8hepherdson and Pardee!s, It was ohtained by
dialysing 6 mg/ml. solutions of ATCase in 0-04 M potassium
Phosphate against ¢-64 M potassium phosphate, 2 x 104 M
ethylenediamine tetraacetate, 2x 10-5 M B-mercaptoeth-
anol, and 1-45 M (NH,),80, at pH 7-0. The crystals are
large (1 x 1 x 0-2mm) square plates exhibiting birefringence
through their edges but not through their flat face. The
reciprocal lattice symmetry of Dy, and extinetions on the
¢* axis (I observed only for I even) establish the space
group ae either P,22 or P4,2,2. The extinction on the a*
axis cannot be decided because of weakness of the pattern
in this region due to the molecular transform. A four degree
precession photograph of the tetragonal 0kl zone taken
for us by Stephen Harrison with the aid of a double mirror
focusing camera is shown in Fig. 1. This camera allows
quantitative data collection on erystals with very large
unit cells’*.  The symmetries are C,; for hk0, Cy for Ok,
and Cy; for hhl zones. TUnit cell dimensions are a = 100+
1 A and ¢=337+3 A. The unit cell volums is 3417 x
10¢ A2 In the unit cell of either of the tetragonal space
groups the number of molecules could be either two. four
or eight giving 222 symmetry, a two-fold axis or no
syminetry, respectively.

The water content of one tetragonal crystal, measured
by the method described here, vields 40 per cent. If we
add 7-5 per cent for bound water, we obtain 475 per cent
water. The salt content of the buffer was measured as
18-0+ 0-1 per cent so that a correction was necessary for
this crystalline form. Following the work on haemo-
globin", we assume that 70 per cent of the water in the
cryatal is available to salt. Thus 63 per cent of the weight
of the dry crystal is salt. The percentage of buffer by
weight is therefore 53-8. Oniy ore determination was
possible heesuse of a ehortage of materinl. From this
figure of 53-8 per cent we find that there are four mole-
cules per unit eell. Thus ATCase has a two-fold axis
in the tetragonal erystal. If there were as few as two
molecules per unit cell, & water content of 75 per cent
would be required (Table 3).



NATURE., VOL, 218, JUNE 22, 1268
BT
B .
A i i1 i t T -
. ' ) " ‘ :
L . « ¥ i H
¢ ) ]
+ . ’ '
’ Lo ) ]
.o I ., ! i
+ -t I I ’ L. ¥
; te, e - ;
. . i . f N v -
. P ’ i Y oa . ! P . ;
4 ‘ * r Ll
L T .
> Loy ' e X :
- A ’ i i £ f oy ]
e oy .
f ‘ i ’ B ..
.o . . ’ ‘ =
' D S O S S §
o £, "™ '

Fig. 1. Four degrec precessing photonraph of the Ok zone of o tetragonal
erystal taken on a focusing camera without o tayer line screen.

To corroborate this single measurement, the density
of the tetragonal crystals was measured as described
here. Assuming that the partial specific volume of the
protein is 0-737 cejg and that the density of the inter-
stitinl liguid in the crystal is the same as that of the mother
liquor (1-112 g/ml.), we find that the calculated densities
for n=2 n=4 and n=38 are 1-116, 1:220 and 1-330 giml,,
respreetively. The result of three ineasurements is a density
of 1-215+0-009 g/ml., so that n must equal four n the
tetragonal crystals. If it iz assumed that only 70 per cent
of the water in the crystal is accessible to salt’’, then the
ealeulated density of the tetragonal erystals for n=4 1s
1-202 g/ml. ANl of these results indieate that the ATCase
molecule has a two-fold axis in the tetragonal crystal
(Table 4).

Table 3. WATER CONTENT OF TETRAGUNAL CRYSTALY

Assumed No. of male-  Site syinmetry Calenlated per-
cules per unit cell of molecuie centiage® of water

n=2 oy 75
n=4 2 53
n=r 1 +

The measured woater coutent of the tetragoual cryetals is 53-8 per cent,
Therefore 7 18 4 and the molecule has a two-fold axis.

* The density of the ervstal was assumed to be 1:2-1-3 giml,

 This is an impoesible case, bocause il requires a protein moleculr smaller
than AT ase.

Matthews' has recently tabuluated results for a number
of proteins, not including ATCase, giving values of T,
the volume of the asymmetric unit per molecular weight of

Table 4.

Assumed No, of thole-
cutes per unit cell

DENSITY OF TETRAGONAL CRYSTALZ
Calealated
Jdensity*

n=2 1-166 g/ml,
n=4 1-220 grml.
n=Hl 1-330 g/ml,

The moeasured density of the letrugonal ¢Tystals is 1-215 «0-009 g mi,
Therefore = = 4 and the molevide s two-fold axis,

* The density was caleulated from V=737 ml.'g, g (huffer) = 1-112 e'mt..
and T {unit celly=3-417 % 10* A%,

Tabie 3.
Assumed No. of mwole- Molevular weight
eales per unit cell of asyrumeltric unit

TETEAGONAL CRYSTAL=
Vidues of Ty
(ref. 15)

n=4 39,000 /M 10-9 L/dalton
n=4 1553 = 100 g/ 27 Adidalton
n=§ E10 =100 &M 1-35 A2dalton

The volumwe of the asymmetric unit fur these fetrugonal erystals is
407 x 10" AL
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protein in the asvmmetric unit. In our tetragonal erystal
only for the case n=4 does the value of 'y fali into the
tabulated Ty range of 1-68-3-33 Aljdalton (Table 5).

New Information about Symmetry

The number of molecules per unit cell in each of two
crystal forms has heen obtained from measurements of
the percentage of buffer, and also independently from the
density of each crystalline form. These data, when coupled
with the space group of each crystal form, reveal two differ.
ent symrmetry axes of the ATCase molecule.  These
symmetry axes, in turn, restrict tlie number of regulatory
and catalytic chains in the molecule.

In the trigonal crystal, ATCase, when complexed with
the feedback inhibitor CTP. exhibits a three-fold axis of
syinmetry. This axis requires the number of R chains
and the number of C chains to be multiples of three. In the
tetragonal crystal, ATCase alone exhibits an axis of two-
fold symmetry. This two-fold axis requires the munber
of R chains and the number of C chains to be multiples
of two. The ATCase molecule must therefore contain at
least six copies of each protein chain, a result which 1s
incompatible with earlier modelst of ATCase.

If the molecule is composed of identical sub-units
{formallv RC pairs, for example), & simple way to assemble
the strueture is to put each sub-unit (protomer) in an
identical environment, Tn other words, one might expeet
the molseule to have point group synunetry. 1f we assume
that an ATCase molecule when removed from the trigenal
erystal twhich is grown in the presence of CTP, but has
also been observed by us at —20°C and 4°C in the
absence of CTP) has the same molecular syTunetry as an
ATCase molecule when removed from the tetragonal
crvstal. then the molecule must have both three-fold and
two-fold rotational symmetry. The possible point groups
would be the trigonal 32, or certain point groups of higher
symmerry. These point groups of higher symmetry
demand at least twelve copies of each polypeptide chain.
In the preceding article Weber has presented molecular
weights for the R and C chains which indicate the molecule
containz six copies of each chain. Thus the assumption
that the ATCasc molecule has the same local molecular
svmmetry elements in both crystals and the result (see
preceding article) for the molecular weights of the R and

(" chains lead to point group symmmetry of 32 for ATCase.
This svmmetry restricts the spatial arrangement of the
regulatory and catalytic chains such that each of the six
(RC) palrs is in an identical environment.
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of Healih for support.
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