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In Escherichia coli, the mechanism for regulatory control of aspartate transcarbamoylase is clear; CTP
allosterically inhibits catalysis in direct competition with ATP. However, both CTP and ATP may be activators
or may have no effect on aspartate transcarbamoylases from other enteric bacteria. A common regulatory logic
observed was that the ATP-activated enzymes were rendered less active as the result of competition with CTP,
regardless of the independent effects.

The de novo biosynthesis of pyrimidine nucleotides is
regulated by a series of enzymatic, genetic, and physiologi-
cal control systems which integrate production with intra-
cellular nucleotide pool levels (4, 12, 15). These metabolic
controls coordinate the synthesis and utilization of carba-
moyl phosphate by arginine and pyrimidine biosynthetic
pathways. The integrated regulatory logic of purine, pyrim-
idine, and arginine biosyntheses in Escherichia coli and
Salmonella typhimurium revolves around the allosteric con-
trol of aspartate transcarbamoylase (EC 2.1.3.2; ATCase),
the first enzyme unique to pyrimidine biosynthesis (8, 11,
14). In those bacteria, ATCase is feedback inhibited by CTP
and activated by ATP (8, 15). However, the ATCases from
other enteric bacteria may be activated by CTP or ATP or
both (5, 7, 18, 19) or may have no apparent heterotropic
response to CTP or ATP whatsoever (2, 7, 19). The enzymes
from members of various tribes of the family Enterobac-
teriaceae are similar in molecular architecture in that they
are synthesized as distinct regulatory and catalytic subunits
which are assembled into dodecameric holoenzymes in vivo
(5, 9, 16). The dodecamer is organized such that two
independently functional catalytic trimers are associated
through three regulatory dimers, 2(c3):3(r2), to establish
homotropic communications between active sites (9, 11).
The architectural similarities have made it possible to form
hybrid enzymes from regulatory subunits of one species and
catalytic subunits of another (5, 14, 16). These hybrids
suggest that the regulatory subunits prescribe the allosteric
responses of the holoenzyme (5). Despite the structural
similarities, the various "class B" ATCases (2) are dramat-
ically different in catalytic and regulatory properties. While
all the enzymes are characterized by homotropic kinetics
toward aspartate, the concentration required for half-max-
imal activity can vary from 3 to 30 mM (5, 7, 18, 19). It has
been possible to identify seven regulatory classes of these
enzymes on the basis of allosteric and substrate require-
ments, and these classes generally conform to tribal classi-
fications of the bacteria (5, 7, 19). The enzymatic character-
istics of the ATCases from the bacterial strains used in these
studies are summarized in Table 1.
The ailosteric effector responses of selected ATCases

were compared with those of enzymes overproduced in E.
coli EK1104 (13) transformed with pyrBI operons from
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selected members of the family Enterobacteriaceae
(pPBhlO5-Ec, E. coli; pPBh101-Sm, Serratia marcescens;
pPBhlO3-Pv, Proteus vulgaris; pPBhlO3-Eh, Erwinia herbi-
cola) (13). Holoenzyme forms of ATCase were separated
from independent catalytic trimers by chromatography over
Sephadex DEAE A-50 according to the procedures of Yang
et al. (20). The saturation kinetics of the allosteric effector
responses were measured in the presence of 0 to 5 mM
nucleotide at aspartate concentrations approximating one-
half of the SO5 for each enzyme (Table 1). A saturating
concentration of carbamoyl phosphate (5 mM) was used.
Enzyme assays were performed in 10 mM Tris, bis-Tris, and
CAPS [3-(cyclohexylamino)-1-propanesulfonic acid] buffer
(pH 7.0) to avoid nonspecific phosphate effects (see Fig. 1 to
3) as described previously (6, 19). The allosteric responses of
the ATCases to CTP and ATP are shown in Fig. 1 and 2.
From these data, it was possible to estimate the relative
binding of the allosteric effectors to each enzyme. The CTP
concentrations required to provide 50% inhibition were
similar for each affected enzyme (0.1, 0.3, and 0.1 mM for
enzymes produced by E. coli, P. vulgaris, and S. marces-
cens, respectively) and demonstrated a relatively tight bind-
ing for CTP (Fig. 1). The analogous evaluation of saturation
by ATP (Fig. 2) revealed that ATP did not bind as tightly to
the enzyme, and the relative saturation varied from 0.6 to 0.8

TABLE 1. Selected enterobacterial strains and their ATCases

Species Straina Allosteric response'

E. coli K-12 CGSC 4255 CTP-, ATP+ (5 mM)
E. herbicola TAMU 177 CTP°, ATP° (3 mM)
P. vulgaris ATCC 13315 CTP+, ATP+ (30 mM)
S. marcescens HY ATCC 8195 CTP+, ATP+ (20 mM)
Y. enterocolitica CDC 175 CTP°, ATP° (5 mM)
Y. fredriksenii CDC 867 CTPO, ATPO (5 mM)
Y. intermedia CDC 48 CTP-, ATP+ (5 mM)c
Y. kristensenii CDC 1475 CTPO, ATPO (5 mM)

a CGSC, E. coli Genetic Stock Center, Yale University, New Haven,
Conn.; TAMU, Texas A & M University (strain supplied by Bill Foster);
ATCC, American Type Culture Collection, Rockville, Md.; CDC, Centers for
Disease Control, Atlanta, Ga.

b CTP-, Inhibition by 2 mM CTP; CTPS, slight inhibition by CTP; CTP' or
ATP+, stimulation by CTP or ATP, respectively; CTPO or ATPO, no effect by
CTP or ATP, respectively. The aspartate concentration used for allosteric-
response determination is indicated parenthetically; each value represents
approximate SO.5 values estimated from previous studies (5, 8, 19).

' UTP inhibition was observed with this enzyme.
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FIG. 1. Effect of CTP on activity of ATCases from selected
bacterial sources. Standard assay conditions involved the use of a
saturating concentration of carbamoyl phosphate (2 mM) and con-
centrations of aspartate which approximated the SO5 of each en-
zyme: 2.5 mM for the E. coli enzyme (U); 15 mM for the P. vulgaris
enzyme (0); 3 mM for the S. marcescens enzyme (0); and 1.5 mM
for the E. herbicola enzyme (O).

mM (four- to fivefold higher than that for CTP). The ATCase
of E. herbicola did not respond to ATP and showed a low
level of inhibition by CTP (15 to 20%).
When the effects of CTP were determined for the various

ATCases in the presence of a saturating concentration of
ATP (2 mM), it was found that CTP induced a significant
reduction of activity regardless of the independent effect of
CTP on the native enzymes (Fig. 3). For example, the
ATCase of P. vulgaris was able to use CTP as an inhibitor
(45%) of the ATP-activated enzyme, even though CTP
activated the enzyme by itself. The concentrations of CTP
required to produce the maximal effect were higher in the
presence of ATP than they were in its absence (0.8, 1.2, and
1.2 mM for the enzymes produced by E. coli, S. marcescens,

and P. vulgaris, respectively). Although the inhibition of the
ATCase of E. herbicola did not change overall, two- to
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FIG. 2. Effect of ATP on activity of ATCases from selected

bacterial sources. Assay conditions were identical to those de-
scribed in the legend to Fig. 2. The enzymes were from E. coli (N),
P. vulgaris (0), S. marrescens (0), and E. herbicola (0).
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FIG. 3. Effect of CTP on activity of ATP-activated ATCases
from selected bacterial sources. The catalytic activities of several
ATCases were determined under conditions in which the enzyme
was preincubated with 2 mM ATP and assayed in the presence of
various concentrations of CTP (O to 5 mM). The enzymes were from
E. coli (U), P. vulgaris (0), S. marcescens (0), and E. herbicola
(O).

threefold-higher concentrations of CTP were required to
develop maximal effects in the presence of ATP. With all the
enzymes examined, lowering the aspartate concentration
accentuated the differences between the ATP- and the CTP-
activated enzymes (data not shown).
To evaluate the physiological significance of these obser-

vations, nucleotide pools were measured by the method of
Chen et al. (3) and quantitated by comparative integration
with known standard samples (Table 2). The various enteric
strains differred slightly in the levels of endogenous nucleo-
tide pools and could be divided into three groups: (i) E. coli
and Yersinia intermedia 48 had equivalent pool levels; (ii)
Yersinia fredriksenii pools were approximately 50% higher
than those of E. coli; and (iii) the nucleotide pools of P.
vulgaris, S. marcescens, E. herbicola, Yersinia enteroco-
litica, and Yersinia kristensenii were 30 to 70% lower than
those of E. coli. Nonetheless, these relative pool sizes were
in the millimolar range, and they remained relatively con-

TABLE 2. Nucleotide pools in selected members
of the Enterobacteriaceaea

Average nucleotide poolsb
Species

CTP UTP ATP GTP UTP/CTPC

E. coli 1.09 1.43 3.00 1.84 1.3
E. herbicola 0.55 1.21 1.73 1.24 2.2
P. vulgaris 0.63 0.95 2.65 1.63 1.5
S. marcescens 0.92 1.07 1.64 1.02 1.2
Y. enterocolitica 0.33 0.53 1.16 0.41 1.6
Y. fredriksenii 1.53 3.25 5.62 3.10 2.1
Y. intermedia 1.15 2.08 3.53 1.48 1.8
Y. kristensenii 0.64 1.05 2.19 1.25 1.6

a Grown in minimal medium plus 0.1% Casamino Acids.
b Measured as micromoles of nucleotide per gram (dry weight). Values are

averages of three to five independent culture measurements. Standard devi-
ations were approximately 5 to 20% of determined pool values.

c Ratios calculated from nucleotide pool averages.
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stant regardless of the type of medium in which the strains
were grown (J. L. Johnson, M.S. thesis, Texas A & M
University, College Station, 1984). Despite the variation in
the absolute levels of nucleotide pools, a remarkable con-
sistency was observed in the ratios of the nucleotide pools.
Each of the bacterial species maintained a UTP/CTP ratio
between 1.3 and 2.2, which increased 20 to 60% upon growth
in defined medium supplemented with 50 ,ug of uracil per ml
(unpublished observation).
An evaluation of alternate regulatory parameters was

undertaken by examining the expression and apparent allo-
steric control of carbamoyl phosphate synthetase (EC
6.3.5.5). Each of the carbamoyl phosphate synthetases ex-
amined (strains listed in Fig. 1) were inhibited 60 to 70% by
UMP, while ornithine stimulated activities 100 to 300%.
These characteristics are comparable to the regulatory con-
trols observed for E. coli (1, 4). Similarly, there were no
apparent differences between the various ornithine transcar-
bamoylases and their E. coli counterpart. The ornithine
transcarbamoylases were not subject to allosteric control by
purine or pyrimidine nucleotides. Therefore, it appears that
the regulatory differences in the ATCases are not corrected
or accommodated by changes in carbamoyl phosphate syn-
thetase or ornithine transcarbamoylase.

In E. coli, the levels of intracellular pools of aspartate are
estimated to be between 2 and 5 mM, approximating the
concentrations required for half-maximal activity of its AT-
Case (8, 11, 15). Since catalytic activity is most sensitive to
allosteric effectors at substrate concentrations below their
S05s, nucleotide effectors would be expected to have their
greatest impact at those lower substrate ranges. Further-
more, the nucleotide effectors, ATP and CTP, produce their
maximal allosteric controls at concentrations approximating
intracellular pool levels (Fig. 1 to 3; Table 2). To understand
the regulatory logic of ATCase, one must always consider
the competition of ATP and CTP for the same allosteric
binding sites (10, 11, 17), whether the two nucleotides
produce different heterotropic responses (8, 17) or not (2, 7,
19). As observed in these studies, ATP-activated catalysis
was reduced in the presence of CTP regardless of whether
CTP functioned independently as an inhibitor or as an
activator or had no effect on the enzyme. It is not clear why
other oligomeric ATCases (e.g., the ATCase of Y. enteroco-
litica) (7) do not appear to respond to the presence of any
purine and pyrimidine nucleotides. These enzymes have
regulatory polypeptides and possess homotropic kinetics
relative to aspartate concentrations, yet their regulatory
logic remains cryptic (5, 7, 19; Wild et al., unpublished
observations).
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