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Abstract The role of residues of the ornithine activator site is
probed by mutagenesis in Escherichia coli carbamoyl phosphate
synthetase (CPS). Mutations E783A, E783L, E892A and
E892L abolish ornithine binding, E783D and T1042V decrease
2-3 orders of magnitude and E892D decreased 10-fold apparent
affinity for ornithine. None of the mutations inactivates CPS.
E783 mutations hamper carbamate phosphorylation and in-
crease K™ and MgATP requirements, possibly by perturbing the
K" -loop near the carbamate phosphorylation site. Mutation
E892A activates the enzyme similarly to ornithine, possibly by
altering the position of K891 at the opening of the tunnel that
delivers the carbamate to its phosphorylation site. T1042V also
influences modulation by IMP and UMP, supporting signal
transmission from the nucleotide effector to the ornithine site
mediated by a hydrogen bond network involving T1042.
Ornithine activation of CPS may be mediated by K™-loop and
tunnel gating changes. © 2002 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Carbamoyl phosphate synthetase (CPS), an o heterodimer
of 40 and 120 kDa subunits, catalyzes in Escherichia coli the
reaction 2ATP+glutamine+HCO; — P; + 2ADP + glutamate
+NH,CO,PO%~ (carbamoyl phosphate, CP) that is the first
step of the routes of pyrimidine and arginine biosynthesis [1].
The small subunit hydrolyzes glutamine and transfers the am-
monia to the large subunit, which uses it to synthesize CP in
three steps: (1) ATP+HCO;3 —>ADP+HOC02PO§’ (carboxy-
phosphate); (2) HOCOzPO§_+NH3 —P;+NH,CO; (carba-
mate); and (3) NH,CO; +ATP—ADP+NH,CO,PO3~ [l].
There is internal homology between the N- and C-terminal
halves of the large subunit [2], and each homologous half
consists of an N-terminal domain of 40 kDa and a C-terminal
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domain of 20 kDa. The 40-kDa domain of the N- and of the
C-half phosphorylates bicarbonate and carbamate, respec-
tively, and each hosts a separate ATP site [3]. A tunnel con-
necting these domains and the small subunit delivers the am-
monia and allows the intramolecular migration of carbamate
between the phosphorylation centers [3].

The enzyme is feedback inhibited by UMP and activated by
ornithine and IMP [1]. IMP and UMP share the same site in
the C-terminal 20-kDa domain of the large subunit, called the
allosteric domain [4], and ornithine binds between this domain
and the carbamate phosphorylation domain [3]. The nature of
the allosteric signal or the mechanism of signal transmission
to the catalytic machinery has not been clarified. CPS hetero-
dimers associate into oligomers, in part through interactions
mediated by the allosteric domain [3], but the possibility that
the modulatory signals were transmitted between different
CPS molecules was excluded recently using mutations that
prevented association [5,6]. Thus, the regulatory signals
emerging from the allosteric domain must be transmitted
through the interface between this domain and the carbamate
phosphorylating domain, which are adjacent in the enzyme
structure [3]. As ornithine binds at the interdomain interface,
its site may play a key role not only in triggering the changes
associated with ornithine modulation, but also, as previously
proposed [7], in the transmission of the signals elicited by the
binding of the nucleotide effector in the allosteric domain. The
present work probes the role of ornithine site residues, by
mutating three such residues shown by X-ray crystallography
to interact with bound ornithine [3]. The results provide ex-
perimental proof of the importance of these residues for orni-
thine binding and shed light on the mechanism of allosteric
control of the activity of the enzyme.

2. Materials and methods

Site-directed mutagenesis using appropriate mutagenic primers, mu-
tation corroboration by DNA sequencing, and expression and purifi-
cation of wild type and mutant forms of CPS were carried out as
described [6,8]. CPS activity was assayed at 37°C in a solution con-
taining 0.1 M Tris—-HCI pH 8.0, 0.1 M KCl, 20 mM KHCO3;, 10 mM
glutamine, 5 mM ATP, 5 mM MgSO,, and the indicated concentra-
tions of the effectors, determining after 10 min the amount of CP or
ADP produced [8]. When MgATP (as an equimolar mixture of ATP
and MgSOy) or bicarbonate (as NaHCO;) were varied, other compo-
nents were fixed at the concentrations of the standard assay. When
K* (as KCl), was varied, ATP and bicarbonate were added as Na
salts. The HCOj3 -dependent partial ATPase activity was assayed by
omitting glutamine from the standard CPS assay, determining ADP
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production [8]. The partial reaction of ATP synthesis from ADP and
CP was assayed at 37°C in a solution containing 0.1 M Tris-HCI pH
8.0, 0.1 M KCl, 5 mM MgSO4, 5 mM CP, and 5 mM ADP. After 10
min the amount of ATP produced was determined with hexokinase
and glucose-6-phosphate dehydrogenase [8]. One enzyme unit is the
amount of enzyme producing 1 umol product (CP, ADP or ATP, for
the CPS, ATPase and ATP synthesis activities, respectively)/min. The
program GraphPadPrism was used for curve fitting and estimation of
the values of kinetic constants. Protein was determined by the method
of Bradford [9], using bovine serum albumin as standard.

3. Results

3.1. Influence of the mutations on enzyme activity in the
absence of effectors

Glu783 and Glu892, belonging to the carbamate phosphor-
ylation domain, interact through their Of groups with the
d-amino group of ornithine [3] (Fig. 1), and were mutated
to either Ala, Asp or Leu. Thr1042, belonging to the allosteric
domain [3], which is hydrogen bonded through its O to a
carboxylate O atom of ornithine [3] (Fig. 1), was replaced
by valine (T1042V), a residue that cannot form this hydrogen
bond. Wild type and mutant proteins, overexpressed in E. coli
(20-40% of the soluble bacterial protein), were purified to
homogeneity (checked by sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis, SDS-PAGE) [8]. Mutation rever-
sion always restored the wild type properties (data not
shown).

Mutation E892A activates CPS to a similar degree as orni-
thine (Table 1). All other mutations reduce the activity to 1/3—
2/3 of normal, or even to 1/10 (E783L; Table 1, first column).
The mutations of Glu783 lower the activity more than those
of Glu892 or Thr1042, and for both Glu783 and Glu892 the
activity decreases with the amino acid series Ala, Asp, Leu.
The stoichiometry of the reaction was normal (2 mol ADP per
mol CP) [1] for all mutations (data not shown). The mutations
of Glu783 and E892L decrease the CPS activity and the par-
tial reaction of ATP synthesis (a reaction that reflects the
reversal of the step of carbamate phosphorylation) [1] to a
similar degree (Fig. 2), but not the ATPase partial activity
(a partial reaction that reflects the step of bicarbonate phos-
phorylation) [1]. Thus, the step of carbamate phosphorylation
may be selectively hampered by these mutations. Parallel in-
creases in overall and partial ATPase activities are observed
with the mutation E892A (Fig. 2).

At equimolar Mg and ATP, the plot of CPS activity versus
MgATP concentration is sigmoidal, and ornithine lowers the
So.s value (Fig. 3B,C). Mutations E783A, E783D and E783L
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Fig. 1. Ornithine site, K*-loop and nucleotide site of the carbamate
phosphorylation domain of CPS. Drawn using MOLSCRIPT [17]
and Raster3D [18] and the coordinates deposited for CPS (PDB
1ce8) [16].

increase substantially the Sps for both K+ (approximately to
2.5-, three- and five-fold, respectively) and MgATP (approx-
imately to 1.5-, two- and three-fold, respectively), and the
activity extrapolated at either K+ saturation or MgATP sat-
uration is substantially lower for these mutants (particularly
for E783L) than for wild type CPS (Fig. 3A,B). However,
their activity at saturation of both MgATP and K™ might
be comparable to that of wild type CPS. Other mutations
increase little (E892L, approximately to 1.5- and two-fold),
do not increase (E892D and T1042V) or even decrease
(E892A; approximately to 1/3) the Sps for K™ and MgATP,
yielding extrapolated activities at either Kt saturation or
MgATP saturation that only for the mutants E892D and
T1042V are substantially lower than those of wild type CPS
under the same conditions (Fig. 3A,C). Since the mutations
E892D and T1042V do not change substantially the Sy s val-
ues for K™ or MgATP, and none of the mutations changes
the requirement for bicarbonate (KEf°=1 mM, data not

Table 1

Influence of the mutations on the CPS activity of the enzyme and on its modulation by ornithine, IMP and UMP*
Effector None +6 mM Orn +6 mM IMP +0.5 mM UMP

v ,0m L0/, yIMP JIMP JUMP JUMP/,

Wild type 3.15 7.18 2.28 5.73 1.82 0.65 0.21
E783A 1.40 1.40 1.00 3.63 2.59 0.35 0.25
E783D 1.00 1.24 1.24 2.36 2.36 0.65 0.65
E783L 0.32 0.31 0.98 0.83° 2.60° 0.25 0.79
E892A 6.08 6.38 1.05 8.15 1.34 4.20 0.69
E892D 1.89 3.65 1.93 3.89 2.06 0.70 0.37
E892L 1.56 1.56 1.00 6.33 4.06 0.58 0.37
T1042V 2.19 2.30 1.16 3.64 1.66 0.92 0.42

v, velocity (U/mg) of the CPS reaction, either in the absence of effectors, or in the presence of the indicated concentration of the effector de-
noted by the superindex. v/ yields the activity at the indicated concentration of the effector, relative to the activity without effectors.

®Only 3 mM IMP was used.
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Fig. 2. Influence of the mutations on the velocity of the full CPS re-
action (filled bars) and of the bicarbonate-dependent ATPase (open
bars) and ATP synthesis (stripped bars) partial reactions.

shown), the lower activity of the E§92D and T1042V mutants
(Table 1) may indicate that these mutations render CPS in-
trinsically slower. Mutation E892A mimics the effect of orni-
thine on both the K* and MgATP requirement (Fig. 3A,C).
Thus, the increased activity of this mutant in the standard
assay at 5 mM MgATP in the absence of effectors (Table 1)
is accounted fully by its increased apparent affinity for
MgATP, compared with wild type CPS.

3.2. Influence of the mutations on effector modulation

Most mutations abolish ornithine activation (Table 1 and
Fig. 4). High ornithine concentrations were found to be in-
hibitory (Fig. 4B,C), but p-ornithine, which was not an acti-
vator at low concentrations, was also inhibitory (data not
shown), and thus the inhibition appears non-specific. Only
the mutants E892D, E783D and T1042V are activated by
L-ornithine, (Table 1, Fig. 4A,B), although with Kfl)m values
increased approximately 10-fold for E892D and 2-3 orders
of magnitude for E783D and T1042V. The proportion by
which the velocity was increased by saturating ornithine was
normal for the E892D mutant, but the absolute activity of
both the non-activated and the ornithine-saturated enzyme
was lower than the corresponding activity of wild type CPS
(Table 1, Fig. 4A), supporting the proposal (see above) that
the E892D mutation intrinsically decreases the velocity of
CPS. The high K9™ and the inhibition at high ornithine con-
centrations (Fig. 4B) prevented accurate estimation of the
velocity of the mutants E783D and T1042V at saturation of
ornithine.

Similarly to the wild type enzyme, all the mutants are acti-
vated by IMP and inhibited by UMP (Table 1). In most cases
the apparent affinities for these effectors are similar to those of
wild type CPS, although the mutations E783D and T1042V
increase KIMP approximately 6.5- and 2.2-fold and KMP ap-
proximately 4.5- and 10-fold, respectively, and the mutations
E783L and E892A increase K"MF approximately 10- and 4.5-
fold, respectively (Fig. 5A,B). The magnitude of the activation
by IMP or of the inhibition by UMP differs substantially
between the various mutants and the wild type enzyme
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Fig. 3. Dependency of CPS activity on the concentrations of K*
(A) or MgATP (B and C). (A) gives the key to the symbols used
throughout. The lines are sigmoids (v= Viax[S]"/(K+[S]")) corre-
sponding to the following Viax (U/mg), Sps (mM) and » (Hill num-
ber): (A) WT (wild type), 3.42, 61 and 2; WT in the presence of
5 mM ornithine, 7.36, 13 and 1.69; E783A, 2.16, 151 and 1.54;
E783D, 1.87, 181 and 1.62; E783L, 1.38, 300 and 1.39; E892A,
6.11, 22 and 2.6; E892D, 2.12, 67 and 2.52; E892L, 3.19, 91 and
2.68; T1042V, 2.82, 57 and 1.96. (B) Wild type, 7.5, 5.3 and 2;
E783A, 4.94, 8.1 and 2.3; E783D, 3.97, 9.5 and 2.44; E783L, 2.31,
17.3 and 1.92. (C) Wild type in the presence of 5 mM ornithine,
7.2, 0.95 and 2.2; E892A, 6.72, 1.7 and 2.09; wild type, same as for
(B); E892D, 4.46, 6.2 and 2.12; E892L, 7.97, 10.7 and 1.95;
T1042V, 4.44, 5.5 and 1.95.

(Table 1). The latter, under the present assay conditions, is
activated nearly two-fold by 6 mM IMP and is inhibited ap-
proximately 80% by 0.5 mM UMP, whereas the constitutively
activated E892A mutant is activated only 30% by IMP and is
inhibited 30% by UMP, and the subactive E892L mutant is
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Fig. 4. Dependency of CPS activity on the concentration of orni-
thine. v is expressed relative to the velocity for the same enzyme
form in the absence of ornithine. The symbols used are those of
Fig. 3. The lines are the hyperbolae (v = 1+(Amax[Orn]/(KO™ +[Orn]))
corresponding to the following An.x and Kg)m (mM) values: WT,
1.27, and 0.14; E892D, 1.16 and 1.64 mM; E783D and T1042V,
3 and 75.

activated approximately four-fold by IMP and inhibited ap-
proximately 60% by UMP. As a consequence of the abnormal
degree of activation, mutants E892A and E892L exhibit at
saturation of IMP similar activity as the IMP or ornithine-
activated wild type CPS (Table 1). In contrast, the mutations
E892D, T1042V and the three mutations affecting E783, de-
crease the absolute activity of the enzyme both in the absence
of effectors and at saturation of IMP (and, in the case of
E892D, at saturation of ornithine). The absolute activity of
the different enzyme forms at saturation of the inhibitor UMP
(Table 1) resembles that of the wild type enzyme, except for
the constitutively activated mutant E892A, which has an ac-
tivity at 0.5 mM UMP (essentially at UMP saturation) nearly
seven-fold higher than wild type CPS.

3.3. Influence of the mutations on limited proteolysis of CPS
Limited tryptic digestion nicks CPS at Arg912 of the large
subunit [10], and any of the three effectors, ornithine, UMP or
IMP, protects the enzyme from this cleavage ([11] and Fig. 6,
wild type). Mutation E892A protects the enzyme from tryptic
cleavage, and thus this mutation mimics the effect of ornithine
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also in this assay. None of the other mutations prevents tryp-
tic cleavage. Mutation E783L decreases CPS activity to a
similar degree as UMP (Table 1), but its failure to protect
CPS from tryptic cleavage indicates that mutation E783L
does not trigger the same conformational changes as UMP.
In agreement with the large decrease or null apparent affinity
for ornithine, all of the mutations except E§92D abolished the
protection by 4 mM ornithine. With the mutation E892D,
which increases approximately 10-fold the K9™ (see above),
there was slight ornithine protection. The specificity of the
effect of the mutations on the allosteric effects of ornithine
was confirmed by the preservation of the protection against
tryptic cleavage effected by UMP and IMP on the different
enzyme mutants. Only in two mutant forms exhibiting an
increased K"MP and K!™MP, E783D and T1042V, the protection
by UMP and by IMP was less than that observed for the same
effectors with the wild type enzyme.

3.4. Influence of the mutations on ornithine binding

The abolition by the mutations of ornithine activation or of
ornithine protection against tryptic digestion may result from
lack or decreased binding affinity for ornithine or from lack of
transmission of the allosteric signal, with normal ornithine
binding. Given the localization of the groups mutated [3],
lack of binding is the most straightforward explanation.
Nevertheless, ultracentrifugal [12] single point binding assays
were carried out, using a mixture of 20 uM enzyme (wild type
or mutant) and 1 uM [2,3->H]ornithine (170000 cpm/ml) in

activation
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Fig. 5. Dependency of the change in CPS activity on the concentra-
tion of (A) IMP or (B) UMP. The change in activity is expressed as
a fraction of the maximal change for a given enzyme form and ef-
fector. Symbols are those used in Fig. 3. The lines drawn in (A) are
the hyperbolae (v=[IMPJ/(KIMP+[IMP]) for the following KMP val-
ues: E783D, 0.98 mM; T1042V, 0.33 mM; WT and other mutants,
0.15 mM. Similar hyperbolac are drawn in (B) for the following
KUMP values: E783L and T1042V, 49 puM; E783D and E892A,
19 uM; wild type and other mutants, 4 uM.
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Fig. 6. Influence of the mutations and of UMP, IMP and ornithine
on limited tryptic cleavage of CPS. Digestion of 1.2 mg/ml wild
type or mutant CPS with 2 pg/ml trypsin in 0.1 M pH 7.6 phos-
phate buffer in the presence of the indicated type and concentration
of effector was carried out as described [10]. After the indicated pe-
riods, samples were boiled in SDS and subjected to SDS-PAGE in
7.5% gels. The Coomassie-stained CPS large subunit and derived
large cleavage product are shown.

—— s T

0.1 M Tris-HCI pH 8.0, 0.1 M KCIl, containing 2 mg/ml
Dextran T10, and 10 mM MgADP and 7% glycerol (MgADP
and glycerol decrease, respectively, the K4 and K, values for
ornithine [13,14]). The decrease in the radioactivity in the top
of the tube upon ultracentrifugation reflects the ornithine car-
ried down bound to the protein. With the wild type enzyme,
the decrease in the radioactivity was 53 9% (three replicate
assays), consistent with a K§™ of 18 uM, assuming a single
binding site for ornithine per enzyme heterodimer. With the
mutants no significant decrease in the radioactivity was found,
indicating an increase in the K™ of at least 10-fold (a detec-
tion limit corresponding to a radioactive decrease of 10%
would represent a K?m of 0.18 mM). Thus, the ultracentrifu-
gation assays confirm the lack or drastically decreased binding
of ornithine.

4. Discussion

The removal of the interacting y-COO™ explains the lack of
detectable ornithine effects in mutants E783A, E783L, E892A
and E892L, since simply the loss of one typical hydrogen
bond, by removing 5 kcal/mol [15] from the energy of orni-
thine binding, should increase K{™ approximately 5000-fold
(calculated from A(AG?)=—RTIn(K{™(mutant)/K9™(wild
type)). The increase of 2-3 orders of magnitude in K9™ for
mutations T1042V and E783D, corresponding to a decrease of
3-4 kcal/mol in ornithine binding energy, is still compatible
with the loss of a weaker hydrogen bond [15]. However, mu-
tation E783D and also mutation E892D are more likely to
weaken rather than to abolish the normal interactions with
ornithine, since the interacting side-chain —-COO~ is pre-
served, although with altered geometry. This would explain
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the relatively small increase (10-fold) in K™ for the E892D
mutation, corresponding to the loss of only < 1.5 kcal/mol
from the energy of binding of ornithine, much too little even
for the loss of a weak hydrogen bond [15].

The increases in KIMP and/or K"MF caused by mutations
T1042V, E783D, E783L and E892A, although small (=10-
fold) when compared with the corresponding increases in
KO™_indicate that changes in the ornithine site can propagate
to the nucleotide effector site. Previously the mutation T10421,
identified in E. coli having altered regulation of arginine bio-
synthesis, was shown to induce in CPS very similar effects to
those found here for mutation T1042V, including the trigger-
ing of substantial changes in IMP and UMP modulation [7].
In addition, the mutations S948F [7] and T974A [8], affecting
the nucleotide effector site and having major effects on UMP
and IMP binding and modulation, were shown to affect also
ornithine modulation. Thus, the present evidence provides
additional support to the proposal [7] of coupling effects be-
tween the ornithine and the nucleotide effector sites. This
coupling may be mediated by hydrogen bond networks link-
ing these sites, such as the network identified already that
involves centrally Thr1042 [16] and that extends through
bound ornithine to Glu783. The functionality of this network
is supported by the effects of the T1042I [7] and T1042V
(present work) mutations.

Glu783 is coordinated through its backbone O atom with a
bound K ion in the neighborhood of the site for the ATP
that phosphorylates carbamate, being a part of the K-loop
that coordinates the K* (Fig. 1) [3]. This flexible loop con-
tours bound ATP, and the K' is coordinated also with
Glu761, a residue making hydrogen bonds through its
v-COO~ with the 2’- and 3’-OH groups of the ribose [3]. It
is therefore understandable that both ornithine, by binding to
Glu783, and the mutations at this residue, by perhaps altering
the conformation of the K*-loop as an indirect consequence
of aberrant contacts of the mutated side-chain, may affect the
K*-dependency of CPS activity and the requirement of the
enzyme for ATP, as observed here.

Mutations E892A and E892L may affect the allosteric equi-
librium of CPS. E892L is less active than wild type CPS but
can be activated fully by IMP, whereas E§92A resembles or-
nithine-activated CPS in having high activity and high appar-
ent affinities for K™ and MgATP, in being little inhibited by
UMP, and in being refractory to tryptic cleavage. Thus,
Glu892 may be highly involved in the conformational changes
that trigger allosteric activation of CPS. Lys891, the residue
adjacent in the sequence to Glu892, is at the opening at the
carbamate phosphorylation site of the intramolecular tunnel
that delivers the carbamate [3]. Changes in the geometry of
Glu892 caused by ornithine binding or by mutation may in-
fluence the position of Lys891 and the patency of the tunnel
and have an important effect on enzyme activity. Thus, con-
formational changes affecting this tunnel, and changes in the
K*-loop, at the carbamate phosphorylation site, are likely to
be the main effector mechanisms of allosteric control of E. coli
CPS activity.
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