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ABSTRACT In order to isolate functional Escherichia coli
aspartate carbamoyltransferase (carbamoylphosphate:L-as-
partate carbamoyltransferase, EC 2.1.3.2) with single amino acid
replacements, a series of pyrB nonsense mutants has been iso-
lated. These nonsense mutants were induced by 2-aminopurine
mutagenesis and selected by a combination of antibiotic
treatments, direct enzyme assays, and suppressibility tests.
Suppression of the pyrB nonsense mutation with various sup-
pressors, which insert different amino acids, has resulted in the
formation of a series of mutant as~artate carbamoyltransferases,
each differing in one amino acid from the wildtype enzyme.
After partial purification, kinetic studies revealed that some of
the mutant enzymes had altered homotropic and heterotropic
interactions. The mutants that had a tyrosine insert showed the
most pronounced changes, followed by those with a serine in-
sert. The mutants having a glutamine insert, however, were
indistinguishable from the wild-type enzyme, supporting the
conclusion that, because of the specificity of the mutagen, the
glutamine insert had regenerated the wi d-type enzyme.
In the study of the interrelationship between the structure and
function of a protein, the most instrumental development has
been the advances in x-ray crystallography which permitted
the determination of protein structures to atomic, or near
atomic, resolution. However, even the information obtained
from x-ray crystallographic analysis is not sufficient to fully
understand how a particular protein or enzyme functions. For
example, in order to propose a molecular mechanism for he-
moglobin's allosteric interactions (1) it was necessary to combine
the x-ray structures of the oxy- and deoxy- forms of the protein
with information obtained from mutant hemoglobin molecules
containing single amino acid replacements (2). For hemoglobin
the isolation of these naturally occurring single amino acid
substitution mutants was straightforward. However, in order
to determine similar structure-function relationships for other
proteins and enzymes a simple method must be available for
the production of these single amino acid substitution mu-
tants.
Of particular interest are mutants in which the function of

an enzyme has been modified but not obliterated. Because these
mutants still retain enzymatic activity, their isolation from
bacterial sources has been difficult or impossible by standard
bacteriological techniques. However, Miller and his associates
have been able to produce a series of Escherichia coil lac re-
pressor proteins with specific amino acid substitutions at se-
lected points by using a combination of nonsense mutations and
nonsense suppressors (3, 4). We have now used this method to
produce mutant enzymes that retain enzymatic activity but that
contain different amino acids substituted at a single location
in the enzyme's primary structure.

With the availability of the x-ray structure of E. coil aspartate
carbamoyltransferase (carbamoylphosphate:L-aspartate car-
bamoyltransferase, EC 2.1.3.2) (5), the production and char-
acterization of single amino acid substitution mutants is a logical
next step for promoting the understanding of this important
enzyme. This allosteric enzyme catalyzes the committed step
in pyrimidine biosynthesis: the reaction between carbamoyl-
phosphate and L-aspartate to form carbamoylaspartate and
phosphate (6, 7). The 300,000-dalton aspartate carbamoyl-
transferase dodecamer is made up of two 100,000-dalton cat-
alytic subunits, each composed of three identical catalytic
chains, and three 33,000dalton regulatory subunits, each
composed of two regulatory chains (8-10). The saturation
curves for both substrates are sigmoidal (11, 12), a manifestation
of cooperative interactions between the enzyme's subunits. This
enzyme is controlled via feedback inhibition by CTP and is
allosterically activated by ATP, the product of the parallel
purine biosynthesis pathway (11, 13). The regulatory dimer
binds the heterotropic effectors but possesses no enzymatic
activity, whereas the catalytic subunit has three active sites but
is insensitive to the allosteric effectors. These various features
have led aspartate carbamoyltransferase to become one of the
most studied allosteric enzymes (14, 15).
Here we report a method for the production of aspartate

carbamoyltransferase molecules with single amino acid sub-
stitutions. These mutant enzymes have been obtained from E.
coil that have had a nonsense mutation in the pyrB gene, the
gene coding for aspartate carbamoyltransferase, suppressed by
a series of nonsense suppressors. The mutant aspartate carba-
moyltransferase molecules have been characterized in terms
of their kinetic properties and compared to the native en-
zyme.

EXPERIMENTAL PROCEDURES
Materials. ATP, CTP, carbamoylphosphate, succinate, L-

aspartate, and cycloserine were purchased from Sigma. Ul-
trapure, enzyme-grade ammonium sulfate and 2-aminopurine
were purchased from Schwarz/Mann and Vega Biochemicals
(Tucson, AZ), respectively. Ampicillin hydrate was a gift of
Bristol Laboratories (Syracuse, NY). Carbamoylphosphate was
purified as described (I1).
Enzyme Activity. Two methods were used for measuring

transferase activity. The first was a pH-stat assay (16) and the
second was a colorimetric assay based on the "Method II"
procedure of Prescott and Jones (17) with modifications similar
to those described (18). All assays were carried out at 250C.
Standard pH-stat assays were performed at 4.8 mM carba-
moylphosphate and 30 mM L-aspartate.

Bacterial Strains. The various bacterial strains used in this
work are listed in Table 1. Strains were either constructed in
this laboratory or obtained through the E. colh Genetic Stock
Center, Yale University.
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Table 1. Bacterial strains used
Strain* Sex Genetic markerst Sourcet

KL185 F- thi,pyrD,his,trpgalKmtl,xyl,malA,rpsL,Xr,X K. B. Low/CGSC 4222
EK012 F- "Wild-type" CGSC 5073
EK017 F- thi,his,trpgalKmtl,xyl,malA,rpsL,Xr,X- P1 transduction with EK012 as donor
EK1lO F- thi,pyrBllOhis,trpgalKmtl,xylmalA,rspL,Xr,X- This work
EK117 F- thi,pyrBll7,his,trpgalKmtl,xyl,malA,rpsL,XrX- This work
CA165 Hfr thi,relA,supB S. Brenner/CGSC 4980
CA167 Hfr thi,relA,supC S. Brenner/CGSC 5401
WH-1 F' his,trp,phoA,recA,rpsL,ValrIF'his+,supD Wilhelm & Hoffman/CGSC 4612
AB3590 F- thi,his,trpilv,mtl,malA,rpsL,ton,tsx,Xr D. Duggan/CGSC 3590
EK045 F- thi,his,trp,Ailv,mtl,malA,rpsL,ton,tsx,Nalr,Xr This work
EK046 F' thi,his,trp,Ailv,mtl,malA,rpsL,ton,tsx,Nalr,XrJF'his+supD EK045 X WH-1
EKllOB F- thi,pyrBllO,supB,hisgalKmtl,xyl,malA,rpsL,Xr,X- EKllO X CA165
EKllOC F- thipyrBllO,supChisgalKmtl,xyl,malA,rpsL,Xr,X- EKllO X CA167
EKllOD F' thi,pyrBllOhis,trpgalKmtl,xyl,malA,rpsL,Xr,X-fF'his+supD EKllO X EK046
EK117B F- thi,pyrBll7,supB,hisgalKmtl,xyl,malA,rpsL,Xr,X- EK117 X CA165
EK117C F- thispyrBll7,supChisgalKmtl,xyl,malA,rpsL,Xr,X- EK117 X CA167
EK117D F' thi,pyrBll7,his,trpgalKmtl,xyl,malA,rpsL,Xr,X-F'his+supD EK117 X ED046

* All strains are E. coli K-12.
t See ref. 19.
t CGSC is the E. coli Genetic Stock Center, Yale University.

Mutagenesis and Selection for Uracil-Requiring Mutants.
EK017, a suppressor-free strain, was the parent of all uracil-
requiring mutants prepared in this study. Strain EK017 was
mutagenized with 2-aminopurine as follows. Dilutions of
overnight cultures containing 100 cells per ml were innoculated
into separate tubes containing 600 ,ug of 2-aminopurine per ml
(20). More than 600 cultures were prepared. These were grown
to saturation at 37°C in uracil-containing medium. The cultures
then underwent two successive ampicillin/cycloserine selections
(20), after which samples of the cultures were plated out on
miniimal M9 medium plates (20) containing 0.6 ,ug of uracil per
ml. On these plates uracil-requiring colonies grew very slowly.
The slowly growing colonies were tested for their uracil re-
quirement, purified, and tested again. Only those colonies that
showed no growth whatsoever on uracil-negative plates were
saved. Uracil-negative colonies were grown to saturation in
minimal medium plus uracil and stored at -20°C in 40%
(vol/vol) glycerol. To ensure that each mutant was of inde-
pendent origin, we saved only one mutant from any one original
2-aminopurine culture.

Segregation of pyrB Mutants. Each uracil-requiring mutant
was tested to determine if functional aspartate carbamoyl-
transferase was present. Five-milliliter cultures of the various
mutants were grown in medium containing 12,ug of uracil per
ml. Under these conditions derepression of the pyrimidine
pathway occurred after about 12 hr. The cultures were allowed
to grow for a full 24 hr before they were sonicated, centrifuged
to remove cell debris, and assayed for aspartate carbamoyl-
transferase activity. Cultures that showed no detectable as-
partate carbamoyltransferase activity were considered pyrB
mutants.

Isolation of pyrB Nonsense Strains and Suppression of
Nonsense Codon. pyrB nonsense strains were selected and
nonsense suppressed strains were created by Hfr crosses with
various nonsense suppressor strains or by episome transfers (see
Table 1).
Growth of Cells and Partial Purification of Aspartate

Carbamoyltransferase. E. coli strain EK017 and nonsense
suppressed versions of EK017 were grown in M9 medium (20)
supplemented with thiamine, tryptophan, and 1.5% Casamino
acids. Cultures were grown to a density of about 8 X 108 cells
per ml at 37°C with aeration in 0.5- to 6-liter batches. Cells were
pelleted by centrifugation at 10,000 X g for 15 min and the

pellet was then suspended in 0.1 M Tris acetate buffer (pH 9.2)
and lysed by sonication. Debris was removed by centrifugation
at 10,000 X g for 15 min. Aspartate carbamoyltransferase was
partially purified by the combination of a heat step and am-
monium sulfate fractionation (21). The partially purified en-
zyme was exhaustively dialyzed into 0.1 M Tris acetate/I mM
2-mercaptoethanol, pH 8.3. No loss of activity was observed
over the course of 1 month.

RESULTS AND DISCUSSION
Aspartate carbamoyltransferase with a single amino acid sub-
stitution was produced by suppression of a nonsense codon in
the E. coli pyrB gene. The pyrB nonsense strains were produced
by mutagenesis of the E. coli K-12 strain EK017 by use of 2-
aminopurine. This mutagen was selected because of its speci-
ficity in causing only A-T=G-C base transitions (22), which
will result only in the generation of a nonsense codon from ei-
ther a tryptophan or a glutamine codon. The parent strain,
EK017, was derived from the suppressor-free strain KL185 by
phage P1 generalized transduction by using a lysate of wild-
type E. col K-12.

After mutagenesis with 2-aminopurine, uracil-requiring
pyrimidine pathway mutants were selected by two successive
ampicillin/cycloserine treatments, followed by direct aspartate
carbamoyltransferase assays to segregate the pyrB mutants.
pyrB nonsense mutants were detected by replica plate mating
(23) with CA167 or replica plating onto a lawn of phage 480
carrying supF (or both). The actual construction of the sup-
pressed pyrB nonsense strains was accomplished by appropriate
matings or Hfr crosses in liquid culture (see Table 1).

These mutant aspartate carbamoyltransferase enzymes were
initially characterized by comparison of their kinetic behavior
to that of the wild-type enzyme. Aspartate carbamoyltrans-
ferase prepared in parallel from the parent strain EK017 was
therefore used as control for evaluation of kinetic data obtained
for the mutant enzymes. With the suppression of the nonsense
codon in the pyrB gene, the newly formed strains no longer
required pyrimidines for growth. Under these circumstances,
the normal procedure (21) for production of large quantities
of enzyme by a derepression mechanism was impossible. We
therefore chose to perform initial characterizations of the
mutants with partially purified enzyme.

Comparisons between mutant and wild-type enzyme kinetics
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were made by aspartate saturation curves in the presence and
absence of a fixed concentration of the allosteric activator ATP
or the allosteric inhibitor CTP. Additional comparisons included
determination of the maximal activation or inhibition of the
allosteric effectors by means of effector concentration depen-
dence data. With the partially purified enzymes, their re-
spective specific activities could not be compared. These
comparisons must await the purification of milligram quantities
of these mutant aspartate carbamoyltransferases.

In order to verify that the partially purified enzyme prepa-
rations exhibited the same kinetic behavior as the pure enzyme,
aspartate saturation curves were determined in the presence
and absence of the allosteric effectors for the partially purified
enzyme isolated from EK017, the wild-type parent of all sup-
pressed pyrB nonsense strains. Fig. 1 shows the sigmoidal as-
partate saturation curve of partially purified EK017 aspartate
carbamoyltransferase along with the saturation curves in the
presence of the allosteric activator ATP and the allosteric in-
hibitor CTP. As expected, ATP shifts the saturation curve to
lowerKm whereas CTP shifts the saturation curve to higher Km.
These curves are almost identical to curves obtained for the
purified enzyme.
The insertion of a single tyrosine residue into a position

previously occupied by a tryptophan or glutamine residue re-
sults in drastic changes in the enzyme's kinetic properties. For
example, when the pyrB nonsense codon of strain EK117 is
suppressed with supC (tyrosine insert), a functionally active
aspartate carbamoyltransferase is formed. Kinetic data for this
mutant enzyme (EK117C) are shown in Fig. 2. The enzyme's
homotropic interactions were markedly reduced and the Km
shifted from 12 to 20 mM; in addition, both the activation by
ATP and the inhibition by CTP were substantially reduced at
the same concentrations of effectors as used for the control (see
Fig. 1).
Enzyme isolated from strain EKllOC again shows the effect

that a single tyrosine insertion can have on the kinetic properties
of aspartate carbamoyltransferase (Fig. 3). If the nonsense
codon in EKIlO is suppressed with supB (glutamine insert) or
supD (serine insert), the mutant enzymes are much less altered
kinetically (Fig. 3). In the primary sequence of the catalytic
chain of aspartate carbamoyltransferase there are 15 glutamine
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FIG. 1. Aspartate saturation curves of aspartate carbamoyl-
transferase partially purified from strain EK017. The enzymatic ac-
tivity was determined by the colorimetric assay in 0.1 M Tris acetate
buffer (pH 8.3) in the presence of 4.8 mM carbamoylphosphate.
Relative velocities are normalized to the highest measured velocity
obtained without effectors. *, EK017 aspartate carbamoyltransferase
alone; *, with 4 mM ATP; A, with 0.3 mM CTP.
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FIG. 2. Aspartate saturation curves of aspartate carbamoyl-
transferase partially purified from strain EK117C. This strain was
obtained by suppression of the pyrB117 nonsense mutation with
supC, which inserts tyrosine. Velocities were determined and reported
as for Fig. 1. 0, EK117C aspartate carbamoyltransferase alone; *,
with 4 mM ATP; A, with 0.3 mM CTP.

residues and 2 tryptophan residues; hence a nonsense mutation
has an 88% chance of arising from a glutamine codon. We
would expect that suppression of a pyrB nonsense mutant with
a glutamine suppressor should have a high probability of re-
storing the enzyme to its wild-type form. Enzyme from strain
EKilOB, which has a pyrB nonsense codon suppressed with
supB, exhibits kinetic properties identical to wild-type enzyme
(see Fig. 4). As seen in Fig. 3, when this same nonsense codon
is suppressed with supD there is a shift in the partially purified
enzyme's Km, although the extent of homotropic cooperativity
is about the same as for the wild-type enzyme. Likewise, when
the pyrB nonsense codon of strain EK117 is suppressed with
supB, the kinetic properties are restored to that observed for
the wild-type enzyme (Fig. 4). Suppression of EK117 with supD
shifts the aspartate saturation curve only slightly, to a higher
Km (Fig. 5). The aspartate saturation curves for mutant en-
zymes EKllOC and EK11OD are significantly different from
those of EK117C and EK117D, respectively (compare Figs. 3

20 30 40
[ASPARTATE], mM

FIG. 3. Aspartate saturation curves of aspartate carbamoyl-
transferase partially purified from different suppressed versions of
EKllO. Enzyme purified from EKllOB (-), EKllOC (o), and
EKllOD (0) have the pyrBllO nonsense mutation suppressed with
supB, supC, and supD, respectively. Velocities were determined as
for Fig. 1 and normalized to the highest value for each curve.
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FIG. 5. Aspartate saturation curves of as
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FIG. 6. Activation of aspartate carbamoyltransferase by ATP.

Represented is the enzyme from EK017 and different suppressed
versions of EKilO. Enzyme was partially purified from EK017 (M),
EKilOB (e), EK1lOC (o), and EK1lOD (0). The enzymatic activity
was determined by the colorimetric assay in 0.1 M Tris acetate buffer
(pH 8.3) in the presence of 4.8mM carbamoylphosphate and 15mM
L-aspartate. Velocities are reported relative to velocity observed with
no ATP present.

he single amino acid Any pyrB mutants isolated by this procedure must necessarily
response to the allo- be in the enzyme's catalytic chain because the catalytic chain
ibitor CTP (Fig. 6). of aspartate carbamoyltransferase is transcribed before the
:ially purified from regulatory chain (24). If the mutation occurred in the regulatory
cal, along with the chain, then active catalytic trimers would still be produced,
n effect. This agrees resulting in a strain that was not a uracil auxotroph and there-
hat aspartate carba- fore would not be selected for by our procedure.
shable from. that of With the availability of the high-resolution x-ray structure
10 nonsense codon of aspartate carbamoyltransferase (5), the explanation of why
egenerate the wild- a particular enzyme modification affects a particular enzyme

supC or supD the function can now be approached in a meaningful and quanti-leastp for pDIthe tative way. The genetic modification method that we havedtleast for EKilOD, outlined here has a number of important advantages over other
ed enthCTP of1th methods of protein modification. First, the amino acid re-ed wit Cts a so placement is at only one unique site on the catalytic chain of

the enzyme; second, because of the specificity of the suppressors
used, the inserted amino acid is known; third, because of the
mutagen used the site of the substitution can be only at gluta-
mine or at tryptophan sites; fourth, the inserted amino acid can
be varied to some degree; and fifth, the mutants produced are
enzymatically active, which aids in their characterization. One
disadvantage to this approach, however, is that the isolation of
the original nonsense mutants is difficult, especially in a gene
such as pyrB for which there is no direct method for mutant
selection.
The results that we report here conclusively show that it is

feasible to produce single amino acid substitution mutants of
aspartate carbamoyltransferase and, furthermore, that it is
possible to insert a number of different amino acids into the
same location in the enzyme's primary structure. For both
nonsense mutants reported here the substitution of tyrosine has

ljl a much more drastic effect on the kinetic properties of the
50 60 70C partially purified enzymes than does the insertion of serine.

However, even more interesting is that the enzyme's homo-
ipartate carbamoyl- tropic and heterotropic interactions are exceedingly sensitive
pparessversions of to changes in even a single amino acid. The complete analysis
EK117C (o), and of these mutant enzymes and the correlation of the resulting

,ion suppressed with data to the enzyme's three-dimensional structure should provide
were determined as information vital to an understanding of the allosteric inter-
)r each curve. actions of aspartate carbamoyltransferase. Only by means of
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such molecular level perturbations of the enzyme's structure
can the allosteric phenomenon of aspartate carbamoyltrans-
ferase be understood.
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