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Abstract

Synthesis of carbamoyl phosphate by carbamoyl phosphate synthetase (CPS) requires the coordinated
utilization of two molecules of ATP per reaction cycle on duplicated nucleotide-binding sites (N and C). To
clarify the contributions of sites N and C to the overall reaction, we carried out site-directed mutagenesis
aimed at changing the substrate specificity of either of the two sites from ATP to GTP. Mutant design was
based in part on an analysis of the nucleotide-binding sites of succinyl-CoA synthetases, which share
membership in the ATP-grasp family with CPS and occur as GTP- and ATP-specific isoforms. We con-
structed and analyzed Escherichia coli CPS single mutations A144Q, D207A, D207N, S209A, 12118,
P690Q, D753A, D753N, and F755A, as well as combinations thereof. All of the mutants retained ATP
specificity, arguing for a lack of plasticity of the ATP sites of CPS with respect to nucleotide recognition.
GTP-specific ATP-grasp proteins appear to accommodate this substrate by a displacement of the base
relative to the ATP-bound state, an interaction that is precluded by the architecture of the potassium-binding
loop in CPS. Analysis of the ATP-dependent kinetic parameters revealed that mutation of several residues
conserved in ATP-grasp proteins and CPSs had surprisingly small effects, whereas constructs containing
either A144Q or P690Q exerted the strongest effects on ATP utilization. We propose that these mutations
affect proper movement of the lids covering the active sites of CPS, and interfere with access of substrate.
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Carbamoyl phosphate (CP) is a metabolite of central im-
portance to life. It is a precursor in both pyrimidine and
arginine biosynthesis, and, in ureotelic vertebrates, serves
as the first reservoir for excess nitrogen in ammonia de-
toxification via the urea cycle (Powers-Lee and Meister
1988). The metabolic importance of CP is matched by the
elegance of its structure, being composed of one moiety,
each derived from three of life’s most important inorganic
molecules: ammonia, bicarbonate, and phosphate. Given the
central role of CP, it is not surprising that carbamoyl phos-
phate synthetases (CPSs) are found in most living organ-
isms.
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The small size of the CP molecule belies the complexities
involved in its synthesis. Carbamoyl phosphate synthetases
are large enzymes with a molecular mass of ~160 kD, are
subject to regulation by a variety of different allosteric ef-
fectors, depending on the metabolic context, and can occur
as part of even larger multienzyme complexes in which CP
synthesis is coupled to subsequent steps in the biosynthetic
pathway (Anderson 1995). Additionally, although some or-
ganisms possess only one CPS, in other cases, multiple CPSs
provide CP for different metabolic needs and have distinct
subcellular localizations and tissue distributions as well as dif-
ferent requirements for the nitrogen-donating substrate. In
those CPSs that derive the amino moiety of CP from gluta-
mine, catalysis involves three active sites that have been
shown to be separated by considerable distances in the enzyme
from Escherichia coli (Thoden et al. 1997, 1999a). The indi-
vidual activities at these sites are synchronized through com-
munication of the substrate-loaded state between sites in such
a way that significant activity is observed only in the presence
of all substrates (Meister 1989; Miles and Raushel 2000).
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Synthesis of CP requires the coordinated utilization of
two molecules of ATP per reaction cycle, as well as one
molecule each of bicarbonate and ammonia (free or derived
from glutamine through reaction on the glutamine amido-
transferase domain of CPS) to form one molecule of CP,
two molecules of ADP, and one molecule of P; (Meister
1989). The ATP molecules react at two domains (termed N
for the one closest to the amino terminus and C for the one
closest to the carboxyl terminus) that share sequence iden-
tity and appear to have resulted from an ancestral gene
duplication event (Nyunoya and Lusty 1983). The X-ray
structure of E. coli CPS demonstrated that the domains are
superimposable, with an rmsd of 1.1 A for 255 equivalent o
carbons (Thoden et al. 1997), and that both are members of
the ATP-grasp fold (Fan et al. 1995; Artymiuk et al. 1996;
Galperin and Koonin 1997).

The presence in CPS of duplicated ATP sites complicates
the analysis of experiments investigating its mechanism, in
particular, the interplay of the reactions occurring at both
sites. For example, the dual ATP sites of CPS make it dif-
ficult to test distinguishing features of a nucleotide switch
mechanism that we proposed for CPS (Kothe et al. 1997). In
both this mechanism and the sequential one, carboxy phos-
phate and ADP are formed at ATPy from bicarbonate and
ATP, and nucleophilic ammonia reacts with the activated
carbonyl group to yield a tetrahedral intermediate. In the
sequential mechanism, the intermediate collapses to carba-
mate with phosphate as the leaving group, and at ATP, the
carbamate reacts with ATP to yield ADP and CP. In the
switch mechanism, the intermediate collapses directly to CP
on domain N, with water as the leaving group, and with
domain C acting as an ATP-driven molecular switch that
allows the energetically unfavorable reaction to proceed on
domain N. This scheme is analogous to mechanisms pro-
posed for nicotinate phosphoribosyltransferase (Vinitsky
and Grubmeyer 1993) and ATP sulfurylase (Wei and Leyh
1998).

To allow for a more detailed investigation of the interplay
between the two nucleotide-binding sites, as well as to be
able to clearly distinguish between the two proposed mecha-
nisms for CPS, we aimed to change the specificity of either
one of the two sites of the E. coli enzyme from ATP to GTP.
To achieve this goal, we mutated corresponding residues in
the adenine-binding pockets of the two ATP-grasp folds that
have been implicated in nucleotide recognition. In addition
to achieving changed substrate specificity, we also expected
to gain insight into the individual contributions of the mu-
tated residues to ATP utilization in CPS.

Results

Mutant design

A number of changes in the nucleotide specificity of pro-
teins have been reported in the literature, including those

from cGMP to cAMP (Turko et al. 1998), cAMP to cGMP
(Shabb et al. 1990), GTP to ATP (Sunahara et al. 1998), and
ATP to GTP (Wang and Kemp 1999), with mutations tar-
geted to residues whose side chains interact with, or are in
the immediate vicinity of the nucleotide base. In the ATP-
grasp fold, ATP is bound between two o+ subdomains,
with one subdomain forming a lid over the active site (Ar-
tymiuk et al. 1996; Thoden et al. 1999a). Whereas sequence
similarities between ATP-grasp members are relatively low,
a number of residues involved in ATP binding and catalysis
are conserved at structurally equivalent positions (Fan et al.
1995; Artymiuk et al. 1996). Both sides of the adenine make
nonpolar contacts with the protein, whereas a residue seg-
ment connecting the two ATP-grasp subdomains (residues
207-211 and 753-757 in CPS domains N and C, respec-
tively; Fig. 1) interacts with the edge of the six-membered
ring of adenine. Two well-conserved hydrogen bonds are
made between residues of this segment and the bound ad-
enine, one between the backbone carbonyl oxygen of the
second residue (E208/H754 in domains N/C in CPS) and the
N6 of adenine, and the other between the backbone amide of
L210/L756 and the N1 of adenine. One residue of this seg-
ment (D207/D753 in CPS) is generally positioned to allow
a hydrogen bond with the N6 of adenine. This hydrogen
bond is observed in most ATP-grasp protein structures and
in the crystal structure of CPS for D753, but not for D207.
However, D207 is positioned (distance between side-chain
carboxyl and adenine N of 4.2 A instead of 3.05 A in do-
main C) so that only a slight movement of the side chain
would bring it into hydrogen-bonding range. The residue at
position 207/753 represents an obvious candidate for muta-
genesis, as it can be argued that a change at this position
from aspartate to asparagine should favor binding of GTP
over ATP via positive interaction of the asparagine side
chain with the C6 oxo group of GTP. However, this residue
represents the only obvious target for mutagenesis, as the
other interactions of the protein with the adenine moiety of
ATP are either nonspecific or mediated through main-chain
atoms.

Whereas the binding-site architecture of the CPS ATP
sites seems to limit the choices available for rational muta-
genesis with the aim of changing nucleotide specificity,
there is a precedent for the ability to use and discriminate
between ATP and GTP within the constraints of the ATP-
grasp fold. Succinyl-CoA synthetases (SCSs) all contain the
ATP-grasp fold, yet either exclusively use ATP or GTP, or
have dual substrate specificity (Johnson et al. 1998). This
allows insight into the mechanism of nucleotide recognition
in ATP-grasp enzymes. The three-dimensional structures
have been solved for the dual specificity E. coli SCS in the
presence of ADP (Joyce et al. 2000) and for the GTP-
specific pig heart enzyme in the absence of nucleotide (Fra-
ser et al. 2000). In an analysis of E. coli SCS (Fraser et al.
1999), the authors identify three residues that they suggest
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Figure 1. Escherichia coli CPS ATP-binding sites. Selected residues in the vicinity of the bound nucleotide are shown. Hydrogen
bonds made with the six-membered ring of adenine are represented by broken lines. Residues involved in these bonds are Glu 208
(main chain O) and Leu 210 (main chain N) in domain N and Asp 753 (side chain O), His 754 (main chain O), and Leu 756 (main
chain N) in domain C. Created from PDB file IBXR (Thoden et al. 1999b) using Swiss Pdb-Viewer (Guex and Peitsch 1997) and

rendered with POV-Ray (www.povray.org).

might be responsible for nucleotide recognition in SCSs.
Comparison of the solved structures of CPS, SCSs, and
other ATP-grasp proteins allows the identification of struc-
turally equivalent residues in the nucleotide-binding sites.
Table 1 lists residues that are at equivalent positions of the
CPS and SCS nucleotide-binding sites, including those that
are implicated in nucleotide discrimination in SCS. The
residue equivalent to D207/D753 in CPS is a glutamate
(E99) in E. coli SCS and forms the side-chain hydrogen
bond with the N6 of adenine that is also observed in other
ATP-grasp enzymes. In the ATP-specific SCSs, the equiva-
lent residue is a cysteine, whereas it is substituted by alanine
in the GTP-specific SCSs. The second residue is at the
position corresponding to A144/P690 in CPS. This residue
is positioned directly above the C6 of the base and is either
alanine or proline (P20 in E. coli SCS) in those SCSs that
are capable of binding ATP. In the GTP-specific SCSs, the

equivalent residue is a glutamine. Together, substitutions at
these two positions should result in an environment that can
interact favorably with the C6 oxo group of GTP in analogy
to the interaction that could be achieved with an aspartate-
to-asparagine substitution at position 207/753 as outlined
above. In addition to differences at these two positions,
those SCSs that can interact with GTP have an alanine
(A101 and A108 in E. coli and pig heart SCS, respectively)
at a position that in ATP-grasp enzymes is usually occupied
by a bulky hydrophobic residue, which is positioned near
the C2 of the base in such a way that it could sterically block
the C2 amino moiety of GTP. The equivalent residue is
F755 in domain C of CPS, arginine in ATP-specific SCSs,
and usually tryptophan or tyrosine in other members of the
ATP-grasp fold. An exception is domain N of CPS, in
which the equivalent residue is S209, a small polar residue
that could be expected to interact favorably with the C2

Table 1. Structurally equivalent residues in the nucleotide-binding pockets of ATP-grasp enzymes

CPS SCS (B subunit) DD ligase
Domain N Domain C Pigeon E. coli Pig heart E. coli
ATP ATP ATP ATP/GTP GTP ATP
Al44 P690 P22 P20 Q20 Al12
D207 D753 C108 E99 A106 E180
E208 H754 E109 A100 E107 K181
S209 F755 R110 A101 A108 w182
L210 L756 RI11 T102 L109 L183
1211 D757 Y112 D103 D110 S184

The indicated PDB files were used to determine structurally equivalent residues for both domains of CPS (IBXR), E. coli SCS (1CQI), pig heart SCS
(1EUC), and D-alanine:D-alanine ligase (2DLN). Because the structure of the ATP-specific pigeon SCS has not been determined, residues for this protein
are listed on the basis of a sequence alignment of SCSs (Johnson et al. 1998). The nucleotide specificity for each enzyme is also listed. D-alanine:D-alanine

ligase is included as a typical representative of the ATP-grasp fold.
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amino group of GTP. In this domain, the function analogous
to F755 could potentially be fulfilled by 1211, whose posi-
tion with respect to the adenine ring might sterically impede
GTP binding.

On the basis of the analysis of the CPS and SCS nucleo-
tide-binding sites, we anticipated that mutations of residues
Al44, D207, S209, and 1211 in domain N of CPS or resi-
dues P690, D753, and F755 in domain C could allow GTP
to interact with the CPS active sites, even in the continued
presence of the conserved backbone interactions with ATP
that have been described above. We constructed the follow-
ing mutants: A144Q, D207A, S209A, A144Q/D207A,
A144Q/D207A/S209A (ADS), 12118, and D207N in do-
main N, and P690Q, D753A, F755A, P690Q/D753A/
F755A (PDF), and D753N in domain C. We then charac-
terized these constructs to (1) test for the ability to utilize
GTP, and (2) determine the effect of these mutations on
ATP utilization by CPS.

CP formation assays

In the first experiment, we monitored CP synthesis by cou-
pling CPS activity to that of ornithine transcarbamoylase
and measuring the resulting citrulline. All CPS mutants dis-
played significant ATP-dependent CP synthesis activity
(Table 2). This indicates that none of the mutations elimi-
nated the ability of CPS to utilize ATP. Four mutants had

Table 2. Glutamine-dependent CP synthesis activities for
wild-type and mutant CPSs

CP formation

(pmoles - min™" - mg™")
ATP ATP + GTP
WT 0.64 0.81
Al144Q 0.81 0.85
D207A 0.24 0.35
S209A 0.32 0.30
ADS 0.06* 0.07*
D207N 0.26 0.38
A144Q/D207A 0.37 0.40%*
12118 0.57 0.56
P690Q 0.71 0.78
D753A 0.06* 0.08
F755A 0.58 0.62
PDF 0.08 0.07
D753N 0.08 0.08

CP formation was measured by coupling to the reaction of ornithine trans-
carbamoylase in the presence of ornithine and determining the resulting
citrulline. Assay mixtures included 50 mM HEPES, 100 mM KCl, 20 mM
MgSO,, 40 mM NaHCO;, 10 mM glutamine, 1 mM DTT, 5 u/mL orni-
thine transcarbamoylase, 10 mM ornithine, and 5 mM each indicated
nucleotide, final pH 7.6. CPS (5-10 pg) was incubated at 37°C for 5-60
min, depending on the activity of the particular mutant. Citrulline was
determined by reaction with diacetyl monoxime (Guthohrlein and Knappe
1968). SEM for all values was less than 1%, except * = less than 5%.

activities of only 10% of that for wild-type CPS. These were
ADS and PDF (those constructs in which all three mutations
suggested by comparison of the SCS-binding sites have
been combined in either domain N or C of CPS), as well as
both mutations at position 753 in domain C (D753A and
D753N). The remaining mutants showed only modest ef-
fects on the overall CPS activity, with values ranging from
30% to 100% of wild-type activity. The fact that the mutants
were able to synthesize CP with glutamine as the nitrogen
donor indicates that the mutations did not introduce large-
scale structural changes in the protein, as this activity re-
quires the coordinated utilization of substrates at three ac-
tive sites that are separated by considerable distances in the
folded protein. Nonspecific structural changes would likely
interfere with proper coordination and communication be-
tween the different active sites.

To test whether the mutants were able to utilize GTP, we
also performed the coupled CP-formation assay in the pres-
ence of both ATP and GTP (Table 2). The rationale was that
a mutant that successfully uses GTP in one domain will
show an increased activity in the presence of both nucleo-
tides compared with the activity observed with ATP alone.
However, the additional presence of GTP resulted in little
change in activity for any of the mutants.

We also performed a CP formation assay, in which en-
zyme was incubated in the presence of all substrates and
either radiolabeled ATP or GTP, with subsequent separation
of the reaction products by paper chromatography in a sol-
vent system that is capable of separating nucleoside triphos-
phate, CP, and P; (Wood 1961). This assay allows direct
detection of nucleotide usage through visualization of the
labeled products CP and P;, as well as determination of the
stoichiometry of product formation by comparison of the
relative amounts of CP and P;.

To detect GTP utilization, the wild-type and mutant CPSs
were incubated in reactions containing ATP (to react on the
wild-type domain) and [y->’P]GTP. We carried out various
permutations of this experiment, with protein concentration
from 5 M to 10 nM, incubation times from 10 min to 2 h,
varying ATP:GTP ratios (5:5 mM, 0.5:5 mM, 0.1:10 mM,
0.05:10 mM, 0.001:10 mM, 0.02 nM:10 mM), and different
exposure times to either quantitate abundant products or try
and detect faint signals. Under no condition did we observe
any utilization of GTP by wild-type or mutant CPSs. Incu-
bation in the presence of labeled GTP did not result in any
detectable signal over the background P; level observed in
the minus CPS control, confirming the inability of these
mutants to utilize GTP in an appreciable manner.

We also tested product formation from ATP alone. In the
presence of labeled ATP, production of labeled CP and P;
generally mirrored the results of Table 2. Approximately
equal signals were detected for CP and P, for wild-type and
the domain N mutants A144Q, D207A, D207N, and 12118S.
This is in keeping with productive utilization of ATP on
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both domains in the overall reaction. The constructs ADS,
P690Q, D753N, and PDF produced an excess of P; over CP,
indicating a partial uncoupling of the reactions on the two
ATP sites with a resulting stoichiometry of more than two
ATP consumed per CP formed.

Inhibition screen for GTP binding

Because it appeared that none of the mutant CPSs could
utilize GTP, we determined whether GTP or its analog ITP
could at least bind to the active site, causing inhibition of the
glutamine-dependent ATPase activity (Table 3). Only mod-
est changes in activity were seen for most mutants, with the
strongest decrease in activity in the presence of GTP seen
for ADS (from 0.24 to 0.14 wmoles - min~' - mg™") and
PDF (from 0.75 to 0.55 wmoles - min~' - mg™"). Similar re-
sults were seen in the presence of ITP. It is possible that this
reduced activity is caused by binding of GTP and ITP to the
mutated active sites, especially as the mutants involved
combine more than one mutation, which would be more
likely to adequately change the environment of the sites.
However, all of the changes were relatively minor, and with
the exception of PDF, the activities in the absence of GTP
and ITP were already quite low. Thus, the finding of this
possible GTP inhibition did not provide additional insight
into the design of mutants that would utilize GTP.

ATP-dependent kinetic parameters

Next, we analyzed the effects of the mutations on ATP
interaction by determining kinetic parameters for (1) gluta-

Table 3. Inhibition of the glutamine-dependent ATPase activity
of CPS by GTP and ITP

Specific activity

(wmoles - min™' - mg™") Relative activity
ATP +GTP +ITP +GTP +ITP
WT 1.53 1.64 1.82 1.07 1.19
Al144Q 2.06 2.31 2.19 1.12 1.06
D207A 0.42 0.46 0.48 1.08 1.15
S209A 0.79 0.89 0.85 1.14 1.09
ADS 0.24 0.14 0.17 0.60 0.74
D207N 0.44 0.38 0.41 0.91 1.12
A144Q/D207A 0.48 0.31 nd 0.65 nd
12118 1.49 1.50 1.68 1.01 0.82
P690Q 2.54 3.09 2.96 1.22 1.17
D753A 0.45 0.46 0.49 1.03 1.10
F755A 1.56 1.49 1.73 0.96 1.11
PDF 0.75 0.55 0.63 0.74 0.84
D753N 1.42 1.43 1.56 1.01 1.10

Glutamine-dependent ATPase assays were performed with ATP levels at ~
10-fold K, for the particular construct (5, 0.5, or 0.05 mM) and either 5
mM GTP or ITP. Absolute rates observed and fold change relative to
reactions omitting GTP or ITP are given. Blank reactions for this assay
consisted of samples without ATP but containing CPS and 5 mM GTP or
ITP. ITP inhibition for A144Q/D207A was not determined (nd). SEM for
all values is <6%.
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mine-dependent ATPase activity, which requires utilization
of both sites, (2) bicarbonate-dependent ATPase activity,
which monitors ATPy, and (3) CP-dependent ATP synthe-
sis, which occurs on ATP (Table 4). The mutations mostly
affected the K, rather than the k_,, of the monitored reac-
tions, a finding that is consistent with the fact that the mu-
tations in this study target interactions with the adenine ring,
rather than parts of the catalytic machinery of CPS.

Mutations at positions that are conserved
in the ATP-grasp fold

As outlined above, residues D207 and S209 in domain N
and the corresponding D753 and F755 in domain C of CPS
are at positions that have been identified as part of a con-
served fingerprint of residues in ATP-grasp proteins, and
their mutation might therefore be expected to have strong
effects on ATP utilization. Of these residues, only S209
does not conform to the observed consensus at its position
(large hydrophobic residue), and we have targeted 1211 as a
possible functional substitute. All of the single mutations at
these positions had surprisingly small effects on ATP utili-
zation (Table 4).

Residues D207 and D753 are positioned to allow side-
chain interactions with the N6 of the bound ATP. This
interaction is generally conserved in ATP-grasp enzymes,
but is not observed for D207 in domain N of CPS. Mutation
of these residues to either alanine or asparagine had only
modest effects on ATP utilization, arguing against a strong
contribution of the aspartate side chain to nucleotide bind-
ing. It should be noted that D207A and D753A were sub-
jected to previous study in which also only modest effects
were observed (Javid-Majd et al. 1996; Stapleton et al.
1996).

The residue pair S209/F7535, representing the second con-
served position examined in our study, also showed only
very small effects on ATP utilization. Mutation of either
residue to alanine resulted in only a modest increase in ATP
Ky, an effect that was slightly stronger in the F755A mu-
tation, in which the wild-type residue conforms to the con-
sensus observed in ATP-grasp proteins. The mutant 12118,
in which we examined the role of this residue as a potential
functional analog to F755 in domain N, also exhibited be-
havior similar to wild-type CPS.

Constructs containing mutations at positions 144/690

The strongest effects were displayed by constructs contain-
ing the glutamine mutations at positions 144 in domain N or
the equivalent 690 in domain C (Table 4). The A144Q and
P690Q single mutants both showed an ~10-fold increase in
ATP K, in the overall reaction and in the respective partial
reaction. The A144Q mutant is also present in the ADS
construct, the only other mutant with large K, changes.
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Table 4. ATP-dependent kinetic parameters for wild-type and mutant CPS

Glutamine-dependent ATPase

HCO; -dependent ATPase

CP-dependent ATP synthesis

kcal/Km kcaI/Km kcal/Km

K Ko (mM™! K Ko (mM™! K Ky (mM~!
(mM) ™ s7h (mM) ™ s (mM) ™ s7h
WT 0.029+0.002 4.04+0.1 1375 0.005+3.10-10* 0.09£29-10> 179  0.006+0.001 0.36 £ 0.01 65.3
Al44Q  0285+0.056 394051 139  0.034%0.007 0.10 £0.01 29  0.005+39-10° 028+8.0-10% 564
D207A  0.015+0.002 151+0.11 1009  0.006 +0.001 0.11 +0.01 18.9  0.006 = 0.001 0.26 + 0.02 44.6
S209A 0.031 £0.004 243+0.13 780 0.016 = 0.001 0.35 £0.01 227 0.011+0.001 0.59 £ 0.01 51.4
ADS 0.571 £0.083  0.66 + 0.04 1.1 0319£0.012 0.33 £0.01 1.0 0.008 +0.001 0.28 £0.01 36.3
D207N  0.020+0.018 1.65+0.02 842  0.009 = 0.003 0.06 + 0.01 72 0.004 = 0.002 0.14 +0.01 36.6

A144Q/

D207A  0.154+0.001 1.70+0.08  11.0  0.021 +0.002 0.12 +0.01 58 0011+4.0-10* 0.37+0.04 33.9
2118 0.072 £0.009 4.77+026 664  0.020+0.002 0.29 +0.01 144 0.011+0.002 0.48 +0.02 44.0
P690Q 0.383+0.061 9.01+0.79 235  0.009 = 0.002 0.09 £0.01 104 0.039 +0.005 0.28 +0.01 7.1
D753A  0.064+0.010 1.71+0.13 268 0.007+4.0-10* 0.14£29-10> 194 0002£2.0-10% 0.07+24-10 412
F755A 0.135+0.011 5.18+0.17 383  0.004 +0.001 007+24-102 148  0.031%0.004 0.28  0.01 9.0
PDF 0.199 £0.015 290+0.11 146  0.022 +0.005 0.34 +0.03 156  0.027 +0.004 0.06 +3.5- 1073 2.3
D753N 0121 £0.026 5.60+0.59 462  0.008 = 0.001 0.13 £0.01 169  0.005+3.0-10% 0.15+£24-10°  31.1

ATPase reactions contained 50 mM HEPES, 100 mM KCl, 20 mM MgSO,, 40 mM NaHCOj;, 10 mM ornithine, ] mM DTT, 10 mM phosphoenolpyruvate,
0.2 mM NADH, 18 u/mL pyruvate kinase, and 24 u/mL lactate dehydrogenase in the presence or absence of 10 mM glutamine. ATP synthesis reactions
included 50 mM HEPES, 100 mM KCl, 20 mM MgSO,, 10 mM CP, 10 mM ornithine, ] mM NADP, 20 mM glucose, 10 u/mL hexokinase, and 5 u/mL
glucose-6-phosphate dehydrogenase. All reactions were performed with 5 or 50 pg CPS in 500 pL final volume at 25°C, final pH 7.6. Standard error of
the kinetic parameters was determined from nonlinear regression curve fitting (GraFit, version 5.01) and was within +6.1%.

These findings confirm the important role of a small, un-
charged residue at this position, and are consistent with a
steric and/or electrostatic clash of the glutamine side chain
with the N6 of adenine.

Combination of A144Q with the D207A mutation led to
a slight lowering of K, compared with the A144Q mutant.
The removal of the aspartate side chain that would be in
close proximity to the newly introduced bulk of the gluta-
mine could reduce the steric clash with ATP by allowing the
glutamine side chain to adopt a different conformation com-
pared with that in the A144Q mutant. Introduction of the
S209A mutation into the A144Q/D207 double mutant led to
a large increase in ATP K, especially in the bicarbonate-
dependent reaction. The serine-to-alanine change is a size
neutral substitution that eliminates the hydroxyl group and,
therefore, the polar character of the serine side chain. Be-
cause the kinetic parameters for the S209A single mutant
did not differ significantly from those of wild type, the large
change in ATP K, between A144Q/D207A and ADS, two
mutants that differ only by one oxygen atom, is intriguing.
Serine 209 is quite well conserved in domain N of CPSs (in
55 of 61 compared sequences; Cammarano et al. 2002),
suggesting an important function that is distinct from that of
the corresponding residue in domain C and most other ATP-
grasp enzymes in which this position is conserved as a
bulky hydrophobic side chain that is involved in nonpolar
interactions with the adenine ring. Obviously, this nonpolar
function cannot be fulfilled by S209, but it is unclear why
this residue is so conserved in domain N, especially as the

isolated mutation of this residue to alanine had only modest
effects.

Despite the similar effect of the A144Q and P690Q mu-
tations, the three combined SCS-based mutations in con-
structs ADS and PDF differed significantly, with PDF ex-
hibiting a much smaller effect than its domain N counter-
part. In the overall reaction, the K, increase for the PDF
mutant was less than half of that of the ADS construct, and
this was even more pronounced when comparing the effect
on the respective partial reactions, in which there was an
~10-fold difference in the K, increase for ADS (bicarbon-
ate-dependent reaction) and PDF (ATP synthesis reaction).
Also, as opposed to the K, increase that was observed in
ADS relative to A144Q, combination of all three mutations
in domain C resulted in a decrease of ATP K, relative to
P690Q. This differential effect of the ADS and PDF mutants
might be a manifestation of the fact that fewer constraints
are imposed on domain C compared with domain N, or it
might be due to the difference in side-chain character at
positions S209 and F755 in the two domains.

Discussion

Structural basis for inability of CPS to utilize GTP

The fact that all of our CPS mutants retained specificity for
ATP demonstrates that the active sites of CPS are very
resistant to changes with respect to nucleotide base recog-
nition. Although this might not come as a surprise, given the
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nature of the ATP-grasp fold with its heavy reliance on
backbone interactions for interaction with the adenine base,
it is nonetheless confounding, as SCSs are able to utilize
both ATP and GTP either exclusively or with dual speci-
ficity. This demonstrates a flexibility within the ATP-grasp
fold of SCSs that is in stark contrast to the rigidity that is
encountered in the case of CPS. Unfortunately, the structure
of the GTP-specific SCS was solved in the absence of
nucleotide (Fraser et al. 2000), leaving the details of how an
ATP-grasp fold can effectively interact with GTP open to
speculation. A precedent for a protein with dual ATP/GTP
specificity with known structures for both substrate com-
plexes exists, however, in protein kinase CK2 (Niefind et al.
1999), a member of the serine/threonine kinase family. This
family belongs to the protein kinase-like fold (SCOP clas-
sification), and has been shown recently to possess struc-

tural similarities to enzymes of the ATP-grasp fold (Ko-
bayashi and Go 1997; Denessiouk and Johnson 2000) and to
display some analogous residue interactions with the bound
nucleotide, including residues corresponding to D207-L210
and D753-L756 in domain N and C of CPS, respectively. In
CK2, the adenine ring makes interactions with the protein in
a manner analogous to that observed in CPS (Fig. 2A),
including the conserved backbone-mediated hydrogen
bonds, in this case, between the carbonyl of E114 and amide
of V116 and the N6 and N1 of adenine, respectively. The
difference in hydrogen-bonding character at these positions
in guanine is satisfied in the GTP-bound state of CK2 by
displacement of the base in such a way that the O6 of
guanine superimposes with the N1 of adenine and can there-
fore make the analogous interaction with the backbone am-
ide of V116 (Fig. 2B,C). At the position of the N6 in the

Figure 2. Nucleotide binding in protein kinase CK2, SCS, and CPS. (A) ATP-bound state of CK2 (PDB file IDAW; Niefind et al.
1999). Only the backbone atoms are shown for residues 114—117, whereas backbone and side-chain atoms are shown for Asn 118.
Water molecules are represented as red spheres. Hydrogen bonds are shown as broken lines. (B) GTP-bound state of CK2 (PDB file
1DAY; Niefind et al. 1999). (C) Superposition of ATP- and GTP-bound states of CK2 with the GTP shown semitransparent. Note the
displacement of GTP relative to ATP and differences in water structure that allow analogous hydrogen bonding for both substrates.
(D) CPS segment interacting with N3 of adenine, and SCS counterpart. Cartoon representations of CPS residues 228-250 (in domain
N, green), 773-795 (in domain C, orange), and the corresponding segment in E. coli SCS (121-144, blue) are superimposed. CPS
residues 240-241 and 785-786 (shown in stick representation in Fig. 1) are colored red. These residues make van der Waals contacts
with the N3 of the bound nucleotide and could prevent binding of GTP in a manner analogous to that in protein kinase CK2. A
potassium ion that is present in both domains N and C of CPS is shown as a pink sphere. PDB files IBXR (Thoden et al. 1999b) and
1CQI (Joyce et al. 2000) were used, respectively, for the CPS and SCS structures. All panels were created with Swiss Pdb-Viewer

(Guex and Peitsch 1997) and rendered with POV-Ray.
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ATP-bound state of CK2, there is a water molecule in the
GTP-bound state that is hydrogen bonded to both the E114
carbonyl and the O6 of guanine. The N1 of guanine is
hydrogen bonded to the backbone carbonyl of V116. Some-
what surprisingly, no specific interactions are made with the
C2 amino group of guanine. As a result of the displacement
relative to one another, the bases of both ATP and GTP
make two direct hydrogen bonds with the protein, a fact that
is reflected in similar K, values for both substrates in pro-
tein kinase CK2 (Niefind et al. 1999).

The example of protein kinase CK2 demonstrates an el-
egant solution to the problem of using the same binding-site
architecture to bind two substrates with different hydrogen-
bonding requirements, and doing so through interactions
with the protein backbone, rather than the more flexible
situation in which side chains are used to interact with the
substrate. A similar ratcheting model has been proposed for
GTP interaction in the dual-specificity E. coli SCS (Fraser
et al. 2000) and might also be necessary in CPS to satisfy
the distinct hydrogen-bonding requirements of GTP. Analy-
sis of the CPS nucleotide-binding sites reveals the presence
of a loop (containing M240 and G241 in domain N and
A785 and G786 in domain C; Fig. 2D) that is positioned
underneath the N3 of the bound adenine, and could prevent
a similar dislocation of GTP relative to ATP, thereby not
allowing CPS to accommodate this alternative substrate.
The equivalent sequence in SCS forms a helix that is posi-
tioned in such a way as to not interact with the bound
nucleotide (Fig. 2D). The N3 of the bound ADP in the E.
coli SCS is exposed to solvent, allowing for movement of
the nucleotide in a manner similar to that observed for CK2
if GTP were to bind in the active site. Residues in the loop
in both domains N and C of CPS are involved intimately in
coordinating a potassium ion that is known to be essential
for activity (Lusty 1978). It seems unlikely that this segment
can adopt the radically different conformation seen in the
SCS structure and still allow for the potassium ion to bind.
In addition, M240 in domain N makes extensive contacts
with the hydrophobic side of the adenine base (Fig. 1), and
disruption of this interaction is unlikely to be tolerated.
Thus, the occurrence of multiple backbone interactions with
the adenine rings, combined with steric interference of the
K*-loop, appears to preclude GTP utilization by CPS.

Effects of mutations on ATP-dependent CPS activity

Whereas the mutations did not allow alternative nucleotide
usage, they did provide insight into the detailed architecture
of the two ATP sites and the extent to which the targeted
residues contribute to ATP recognition by CPS.

The first interesting result was that mutation of several
residues generally conserved in ATP-grasp proteins did not
result in significant changes in kinetic parameters, as would
be expected given their suggested involvement in nucleotide
base recognition. The first residue of this category is D207

in domain N and the corresponding D753 in domain C. It is
noteworthy that a hydrogen bond between this residue and
the N6 of the bound adenine generally occurs in ATP-grasp
proteins but is not observed for D207 in domain N of CPS.
It is not clear whether the observed difference in hydrogen
bonding of the glutamate side chains at positions 207 and
753 represents a functional difference between the two
ATP-binding sites in CPS, or whether the different confor-
mation is an artifact of the crystallization and D207 has a
different conformation in solution or during the reaction
cycle that allows it to hydrogen bond to the N6 of adenine.

A possible explanation for the small effect of the aspara-
gine mutations can be obtained by examining the environ-
ment of D207 and D753 in more detail. Both side chains are
hydrogen bonded to an arginine side chain (R169 and R715,
respectively), which also interacts with the a-phosphate of
the bound nucleotide. This hydrogen bond between the two
residues involves the same carbonyl oxygen of D207 and
D753 that is also bonded to the N6 of the ATP in domain C.
If the asparagine in the D207N and D753N mutants makes
the same interaction with the arginine residue, its side chain
will be positioned for productive bonding to ATP, whereas
the part of the side chain that has hydrogen bond-donating
potential (which we hoped would interact favorably with
GTP) is pointed away from the nucleotide. In this orienta-
tion, the asparagine side chain would look very similar to
the wild-type aspartate from the perspective of the bound
nucleotide and not be expected to display radically different
kinetics. More surprising is the fact that the effect of the
alanine mutations at these positions did not differ from those of
the asparagine substitutions. Because in this case the function-
ality of the side chain is completely removed, this finding
suggests that residues D207 and D753 in CPS are not contrib-
uting significantly to ATP recognition and/or binding.

Small effects were also observed for mutations at the
second position conserved in ATP-grasp proteins, S209 and
F755. Whereas F755 conforms to the consensus observed in
ATP-grasp proteins, S209 does not, but is strongly con-
served in domain N of CPSs. An indication for the impor-
tant role of S209, despite the marginal effect of the serine-
to-alanine single mutant, can be seen in the dramatic ATP
K,, increase observed in the ADS triple mutant compared
with the A144Q/D207A double mutant. The side chain of
S209 is involved in two hydrogen bonds to the backbone
amides of neighboring L.210 and 1211, thereby stabilizing
the conformation of this residue segment that is connecting
the two subdomains of the ATP-grasp fold. It is possible
that this stabilizing effect of S209 becomes more critical in
the A144Q/D207A double mutant, in which the environ-
ment of this segment is disturbed, leading to the strong
effect observed when the serine side chain is removed in
this context. The corresponding segment in domain C seems
to be stabilized by backbone hydrogen bonds from F755 to
D753 and D757. The involvement of backbone hydrogen
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bonds in this case might explain the lack of a strong effect
in the PDF triple mutant.

In contrast to the surprisingly small effects of mutations
at the conserved ATP-grasp positions 207/209 and 753/755,
we observed strong effects on the ATP K, in mutants at
position Al144 in domain N and the corresponding P690 in
domain C. In addition to the direct steric clash of the intro-
duced glutamine side chain with the bound ATP as reasoned
above, the large effect of the A144Q and P690Q mutations
compared with the surprisingly small effects of mutations of
the conserved ATP-grasp residues can also be rationalized
by the localization of all of the targeted residues in the hinge
region connecting the two subdomains of the ATP-grasp
fold. This positions them ideally to interfere with proper
movement of the lid over the ATP site, and could therefore
limit access of the nucleotide to the active site. The rigid-
body movement of the lid (residues 141-210 in domain N
and 687-756 in domain C) has been demonstrated by X-ray
crystallography for domain C (Thoden et al. 1999b), and has
also been described for the corresponding domain in other
ATP-grasp proteins (Artymiuk et al. 1996). The domain N
lid is in a closed conformation for all solved structures of
CPS, but must open to admit substrates and release prod-
ucts. Introduction of the rather bulky glutamine side chain in
place of the small alanine and proline residues at positions
144 and 690 would be expected to have a larger negative
effect than the other substitutions in which the size of the
side chain was either maintained (D207N, S209A, D753N)
or reduced (D207A, 12118, D753A, F755A). The relatively
mild effect of PDF compared with ADS could be explained
by the fact that combined removal of the bulky D753 and
F755 side chains counteracts the effect of the P690Q mu-
tation in the hinge of domain C.

In summary, we show here that the active sites of CPS are
very resistant toward changes in nucleotide specificity, most
likely owing to the presence of the K*-binding loop that
prevents binding of GTP in a manner analogous to that
observed in protein kinase CK2, and that might also operate
in GTP-specific SCSs. We further show that several resi-
dues that are conserved in ATP-grasp proteins in general, or
CPSs in particular, show surprisingly small effects when
mutated, whereas another pair of residues that has so far
received little attention seems more important for ATP uti-
lization by CPS. We propose that the effect of mutations at
positions 144 and 690 is primarily due to their position in
the hinge region connecting the two subdomains of the
ATP-grasp fold, thereby interfering with proper movement
of the lid and access of substrate to the active sites.

Materials and methods

Strains, plasmids, and DNA methods

XL1-Blue and Topl0 E. coli were used for DNA manipulations.
The CPS-deficient E. coli strain L673 (Guillou et al. 1989) was
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used as an expression host for purification. The E. coli CPS ex-
pression plasmid pUCAB, encoding both carA and carB under the
control of the trc promoter, was created from pUCABI (Tuchman
et al. 1997) by excision of a BamHI-Kpnl fragment containing the
argl gene as described previously (Saeed-Kothe and Powers-Lee
2002). Site-directed mutagenesis was performed using the PCR-
based primer-extension method (Higuchi 1990) or either the
QuikChange or Chameleon kits from Stratagene, followed by sub-
cloning of the sequence-verified mutagenesis cassette. Sequencing
was done at the DNA sequencing facility of the University of
Maine. All other DNA methods were essentially as described by
Sambrook et al. (1989).

Protein purification and activity determination

Wild-type and mutant E. coli CPSs were prepared as described
previously (Saeed-Kothe and Powers-Lee 2002) with purity of
>95% indicated by SDS-PAGE. Yield and chromatographic be-
havior for all mutants was very similar to that of wild-type CPS,
indicating proper folding and assembly of the mutant enzymes and
the absence of large-scale structural changes. Protein concentra-
tions were determined either by the Bradford dye-binding assay
(Bradford 1976), or by measuring the absorbance at 280 nm (0.685
for 1 mg/mL CPS [Rubino et al. 1986], corresponding to 6.3 uM).

CP synthesis was measured as citrulline formation by coupling
CP formation to the reaction of ornithine transcarbamoylase in the
presence of ornithine (Guthohrlein and Knappe 1968). ADP for-
mation was followed at 340 nm by coupling to NADH oxidation
with pyruvate kinase and lactate dehydrogenase (Mareya and
Raushel 1994). ATP synthesis was followed by using a coupled
system of hexokinase and glucose-6-phosphate dehydrogenase and
following NAD reduction at A,,, (Mareya and Raushel 1994).
Kinetic data were collected on a Beckman DU 640 spectropho-
tometer and were fit by nonlinear regression (GraFit 5.0 software;
Leatherbarrow 2001) to the equation v = V_, . S/(K_+S), in
which v is the initial velocity, V., is the maximal velocity, S is
the substrate concentration, and K, is the Michaelis-Menten con-
stant.

Paper chromatography using Whatman 3MM chromatography
paper and the GW3 solvent system (Wood 1961) was used to
separate y->>P-labeled nucleotide, CP, and P,. The GW3 system
consists of (per 100 mL) the following: 32 mL n-butanol, 16 mL
n-propanol, 20 mL acetone, 20 mL 80% formic acid, 12 mL 30%
trichloroacetic acid, and 0.3 g EDTA. The reactions included 10
nM CPS, 50 mM HEPES, 100 mM KCl, 20 mM MgSO,, 40 mM
NaHCO;, 10 mM glutamine, 1 mM DTT, and either 0.5 mM
[y—32P]ATP (when assaying ATP utilization), or 0.5 mM ATP and
5 mM [7-32P]GTP (when assaying GTP utilization). [y-32P]ATP
and [y-**P]GTP (specific activity 6000 Ci/mmole, radiochemical
concentration 10 mCi/mL) were from Perkin Elmer Life Sciences,
Inc. The specific radioactivity in the assay was 0.2 and 0.02 nCi/
nmole for ATP and GTP, respectively. The assay volume was 50
pL and the final pH was 7.6. After 120 min incubation, 2 pL of
each reaction was spotted 2 cm from the bottom of the paper,
developed for 1-1.5 h at room temperature, and dried for 15 min
before exposure on Fuji medical X-ray film. The identity of the CP
signal was confirmed by its absence in control reactions with either
glutamine omitted or with ornithine and ornithine transcarbam-
oylase added to convert CP to citrulline and P;. Quantification of
the CP and P; signals was done using the gel analysis command of
the program Imagel, developed by Wayne Rasband at the NIH
(http://rsb.info.nih.gov/ij/).
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