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ABSTRACT. Carbamoyl phosphate synthetase (CPS) fEsuherichia coliconsists of a small subunit-42

kDa) and a large subunit{118 kDa) and catalyzes the biosynthesis of carbamoyl phosphate from MgATP,
bicarbonate, and glutamine. The enzyme is able to utilize external ammonia as an alternative nitrogen
source when glutamine is absent. CPS contains an internal molecular tunnel, which has been proposed to
facilitate the translocation of reaction intermediates from one active site to another. Ammonia, the product
from the hydrolysis of glutamine in the small subunit, is apparently transported to the next active site in
the large subunit of CPS over a distance of about 45 A. The ammonia tunnel that connects these two
active sites provides a direct path for the guided diffusion of ammonia and protection from protonation.
Molecular damage to the ammonia tunnel was conducted in an attempt to induce leakage of ammonia
directly to the protein exterior by the creation of a perforation in the tunnel wall. A hole in the tunnel wall
was made by mutation of integral amino acid residues with alanine residues. The triple oRRB&HOA/
oH361A/fR265A was unable to utilize glutamine for the synthesis of carbamoyl phosphate. However,
the mutant enzyme retained full catalytic activity when external ammonia was used as the nitrogen source.
The synchronization of the partial reactions occurring at the three active sites observed with the wild-type
CPS was seriously disrupted with the mutant enzyme when glutamine was used as a nitrogen source.
Overall, the catalytic constants of the mutant were consistent with the model where the channeling of
ammonia has been disrupted due to the leakage from the ammonia tunnel to the protein exterior.

Carbamoyl phosphate synthetase (CP&talyzes the located in the N-terminal synthetase domain of the large
formation of carbamoyl phosphate (eq 1), which functions subunit. The unstable product, carboxy phosphate, is then
hydrolyzed by water to yield phosphate and bicarbonate.
2MgATP + HCO; + glutamine— When glutamine or ammonia is present, carboxy phosphate
2MgADP + glutamatet P, + carbamoyl-P (1) reacts with ammonia to produce carbamate and phosphate.
The carbamate intermediate is phosphorylated by the ATP
as the initial building block in the biosynthesis of pyrimidine bound to the C-terminal domain of the large subunit to
nucleotides and argining), CPS is a heterodimeric enzyme generate the final product, carbamoyl phosphate. Therefore,
(a8) composed of small and large subunits of molecular two molecules of ADP are formed per every turnover when
masses 42 and 118 kDa, respectively (Figure 1). The smalla nitrogen source is provided. In wild-type CPS, the net rate
subunit contains the active site for the hydrolysis of of ADP formation is accelerated by about an order of
glutamine while the large subunit contains two separate ATP magnitude when glutamine or ammonia is present. The
binding sites where the phosphorylation of bicarbonate and partial ATP synthesis reaction from carbamoyl phosphate
carbamate occurs. and ADP occurs at the carbamoyl phosphate binding site in
CPS also catalyzes the three partial reactions shown inthe C-terminal domain of the large subunit. This reaction is

egs 2-4 (2). In the absence of a nitrogen source, CPS essentially the reverse of the last phosphorylation step during
the formation of carbamoyl phosphate. The generally ac-

glutamine+ H,O — glutamatet NH; (2) cepted reaction mechanism for CPS is summarized in
Scheme 1.
MgATP + H,O —~ MgADP + P, (3) The X-ray crystal structure of CPS unveiled the existence

of a molecular tunnel for the transport of reaction intermedi-

MgADP + carbamoyl-P—~ MgATP + NH,CO,  (4) ates between remotely located active si@s Ammonia is
an intermediate during the biosynthesis of carbamoyl phos-
catalyzes a bicarbonate-dependent ATPase reaction, wher@hate, which is produced upon the hydrolysis of glutamine
bicarbonate is phosphorylated by ATP at the active site jn the small subunit of the enzyme. The intermediate is
delivered to the next active site in the large subunit, which
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! structure of theaG359F mutant revealed a structural
reorganization of the protein backbone which apparently
allows ammonia to escape from the molecular tunnel into
the surrounding milieud). The mutation resulted in a change
in the conformation of a random coil region betwee@lu-
355 and aAla-364, and the structural integrity of the
ammonia tunnel was compromised.

The role of the comparable ammonia tunnel in phospho-
ribosylpyrophosphate amidotransferase (PRTase) was inves-
tigated by mutant enzymes which contain a leaky ammonia
tunnel @). The channeling efficiency of the mutant F334A
was less than 1% of the wild-type levels, and tig of
bicarbonate glutamine was increased 40-fold. This residue is located in
binding site a flexible loop (residues 326350) which covers the am-
monia tunnel in PRTase. Structural ordering of this flexible
loop is necessary for the formation of the ammonia tunnel,
which is initiated by the binding of substrates. The ammonia
tunnel in PRTase is the only example known thus far which
requires substrate binding to organize the structure of the
molecular tunnel. Other enzymes recognized to translocate
ammonia apparently contain a permanent molecular tunnel
(9—12).

In the present study, the functional properties of the
ammonia tunnel in CPS have been further investigated by
the construction of leaky tunnel mutants, which contain a
FiGURE 1: Ribbon representation of the three-dimensional structure rationally designed hole in the ammonia tunnel by site-
of CPS fromE. coli. The three active sites are indicated by the directed mutagenesis. The leaky ammonia tunnel mutants
black circles. The ammonia and the carbamate tunnel are displayedyere intended to comprise an outlet for ammonia to exit

in blue. The small subunit is presented in yellow, and the large : : : :
subunit is displayed in green. The coordinate file for this structure before it reaches the subsequent active site. The primary

carbamoyl-P
binding site

was obtained from Thoden et aB)( objective of the present investigation is to provide further
experimental support for the mechanism where the internally
Scheme 1 generated ammonia diffuses directly through the ammonia
0 ATP o 0 tunnel within CPS. This has been attempted by replacing
P - P - selected amino acids within the walls of the ammonia tunnel
H,O o aop 9O c'>'o with alanine in order to generate a hole in the ammonia
bicarbonate carboxy phosphate tunnel that leads directly to the protein surface. These
L-Glu alterations are expected to impede the delivery of ammonia
NH; L-Gln from the site of generation in the small subunit to the site of
H,0 utilization in the large subunit.
Q o ADP Q
_ P )J\ ~ )]\ MATERIALS AND METHODS
O0Z1°0” "NH, ATP 07 "NH,
0 Materials All chemicals and coupling enzymes were
carbamoyl-P carbamate

purchased from either Sigma or Aldrich, unless otherwise

is about 45 A away from the site of glutamine hydrolysis. Stated. Restriction enzymes were purchased from New
The direct channeling of ammonia has been experimentally England Biolabs, angfu DNA polymerase was acquired
supported by measuring the competition between the am-from Promega. The gene for qrnlthlne transcarbamoylase
monia derived from the hydrolysis of glutamine and exog- (OTCase) was a generous gift from the laboratory of
enous'sNH; added to the bulk solvent). The preferential ~ Professor N. Allewell.
incorporation of the ammonia derived from glutamine is ~ Bacterial Strains and PlasmidSite-directed mutagenesis
consistent with a mechanism where the internally produced of CPS was performed as described previous8 {4). The
ammonia is transferred directly through a molecular tunnel, Escherichia colistrains used for this study were RC5a(
rather than through a dissociatiereassociation mechanism. A50, thi-1, malA1, xyl-7, rspL135, 1", -, andtsx237) and
Confirmatory evidence for the direct diffusion of ammonia XL1-Blue. The RC50 strain used for protein expression was
through a molecular tunnel within CPS was achieved by & generous gift from Dr. Carol J. Lusty. All plasmids used
measurement of the kinetic properties of channeling-impaired in this project were derived from pMS033). Oligonucleo-
mutant enzymes5( 6). A portion of the amino acids that tide synthesis and DNA sequencing reactions were performed
form the interior walls of the ammonia tunnel were replaced by the Gene Technology Laboratory, Texas A&M University.
by ones with bulkier side chains in an attempt to block the  Construction of Mutant PlasmidSite-directed mutagen-
passage of ammonia. Some of these mutants displayed kinetie@sis was performed using the polymerase chain reaction and
properties that were consistent with a model whereby the the overlap extension method of Ho et d5). All of the
transport of ammonia is restricted. However, a crystal site-directed changes made to the wild-type CPS were
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confirmed by DNA sequencing of the modified plasmids.
Amplified DNA fragments containing the desired sequence
changes for the construction @fQ262A, SR265A, and
SN266A were introduced into pMS03 through tBadl and
Bsiwl restriction sites in thearB gene of CPS. The&flml
and Apad sites were used for the construction of P360A/
H361A and D362A in thecarA gene. Pro-360
Expression and Purification of Mutant Proteinghe il
plasmids containing thearAB genes were transformed in WAL — = — = =
the RC50 cell line ok. coli for expression of the wild-type Ay
and mutant forms of CPS. The wild type and mutant variants /e 41A
of CPS were purified as previously describetb)( The \
mutantsaD362A, SR265A, aD362ABR265A, fQ262A/
BR265A,5Q262ABR265AN266A, 0P360AHH361A, and
aP360AHH361A/FR265A were expressed and purified to
greater than 95% homogeneity, as judged by Sp&y-
acrylamide gel electrophoresis. :
Kinetic Measurements and AnalysiBhe rate of ADP s Ef}

formation was measured using a pyruvate klnase/IactateHGURE 2. Molecular tunnel of CPS. Amino acids at the edges of

dehydrogenase coupling systetit). The reaction mixtures  the molecular tunnel from the small subunit and the large subunit
for the glutamine/ammonia-dependent assay contained 5Qare labeled in blue and black, respectively. The dashed line indicates

mM Hepes (pH 7.6), 20 mM MgG| 100 mM KCI, 40 mM the interface between the small and the large subunit.
KHCOs, 5.0 mM ATP, 10 mM ornithine, 1.0 mM phospho-
enolpyruvate, 0.2 mM NADH, 20 units of pyruvate kinase, RESULTS AND DISCUSSION
30 units of lactate dehydrogenase, and varying amounts of Amino acid residues surrounding the ammonia tunnel of
glutamine or ammonium chloride. The rate of ATP synthesis CPS were mutated in an attempt to derail the passage of
was measured with a hexokinase/glucose-6-phosphate deammonia during the journey from the site of generation to
hydrogenase coupling systerh3}. The assay solution for  the site of utilization by creating a shunt to the external
the ADP-dependent assay included 50 mM Hepes (pH 7.6), protein surface. The three-dimensional crystal structure of
15 mM MgCh, 100 mM KCI, 10 mM ornithine, 0.75 mM  CPS was dimensionally probed to determine which region
NAD, 0.04 mg/mL hexokinase, 10 mM glucose, 0.0016 mg/ of the protein is the most vulnerable for the creation of a
mL G6DPH, 2.0 mM carbamoyl phosphate, and varying detour for the migration of ammonia. The protein matrix of
amounts of ADP. The synthesis of carbamoyl phosphate wasthe enzyme was arbitrarily divided m6 A thick slices that
determined by measuring the rate of citrulline formation in were perpendicular to the long axis of the ammonia tunnel
a coupled assay containing ornithine transcarbamoylase anchnd extended from the active site cysteine in the small
ornithine (L7). The assay mixture contained 50 mM Hepes subunit to the termination of the ammonia tunnel within the
(pH 7.6), 20 mM MgC}, 100 mM KCI, 40 mM KHCQ, large subunit. Each layer contained the amino acids indicated
5.0 mM ATP, 10 mM ornithine, 12 units of OTCase, and in Figure 2. The distance from the inside wall of the
10 mM glutamine. The rate of glutamine hydrolysis was molecular tunnel to the outer protein surface was measured
determined by coupling the formation of glutamate to the in each slab, and the distances varied from 8 to 22 A. The
production ofa-ketoglutarate with.-glutamate dehydroge-  shortest gap was measured from thearbons of Asp-362
nase and 3-acetylpyridine adenine dinucleotid6).( The and His-361 of the small subunit to the nearest point within
reaction mixture contained 50 mM Hepes (pH 7.6), 20 mM the interior surface of the ammonia tunnel. This region of
MgCl,, 100 mM KCI, 40 mM KHCQ, 5.0 mM ATP, 10 the protein is at the interface between the large and small
mM ornithine, 1.0 mM APAD, 56 units of-glutamate  subunits of CPS. The outer contour of the protein surface,
dehydrogenase, and varying amounts of glutamine. relative to the position of the ammonia tunnel at the interface
The kinetic parameters were determined by fitting the between the large and small subunits, is illustrated in Figure
experimental data to eq 5 using Sigma Plot, whejgs the 3. An alternative view of the subunit interface is presented

in Figure 4.
UE = K N(K, T A) (5) At the subunit interface, amino acid residugBro-360,
alle-307, fGIn-262, andfArg-265 comprise part of the
turnover numberK, is the Michaelis constant, amdis the interior wall of the ammonia tunnel. Located directly behind

substrate concentration. The data for the enhancement of ATRhese residues acHis-361,aAsp-362,5Asn-266, angBGlu-

hydrolysis in the presence of a nitrogen source were fitted 349, which constitute the exterior layer of the ammonia

to eq 6 (8), whereVy is the initial enzyme velocity in the  tunnel.SArg-265 interacts witttAsp-362 angbGlu-349 by
ion pairing at distances of 3.0 and 2.7 A, respectively.

v=Vy(Ky+ al)/(K,+ 1) (6) ResiduesaPro-360,aAsp-362, 3GIn-262, fArg-265, and
BGlu-349 are highly conserved among other CPS enzymes,
absence of a nitrogen sourégammonia or glutamineX, whereasfAsn-266 andoHis-361 are not. The long side

is the apparent activation constant, ané the ratio of the chains offGIn-262, fArg-265, andfAsn-266 in the large
velocities in the presence and absence of a nitrogen sourcesubunit orient toward the small subunit and are therefore
In this casekca is expressed agVy/E:. logical targets for the introduction of physical defects within
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FicURe 3: 5 A cross-sectional layer of CPS at the interface between
the large and small subunits viewed from the small subunit toward
the large subunit. The positioning of the ammonia tunnel is shown
in red. Amino acidsaP360,aH361, 3Q262,5R265,3N266, and
BS351 are shown in green.

\

Ficure 4: Positioning of amino acids targeted for mutagenesis.
The amino acids from the small subunit are presented in yellow,
and the amino acids from the large subunit are depicted in green.
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an ion pair (Figure 4), it was selected for mutation in an
attempt to enlarge the putative outlet for ammonia in
conjunction with the initial mutantfR265A. The single
mutant,aD362A, displays kinetic properties almost identical
to those of the wild-type enzyme (Table 1). When this
mutation was combined witfiR265A, the double mutant
behaves similarly to the single mutghlR265A. Therefore,
the mutation ofa Asp-362 does not affect significantly the
catalytic function of the enzyme.

Residug3GIn-262 is located next {8Arg-265 in the three-
dimensional framework of the enzyme and appeared to be
an alternative site for mutation to enlarge the gap created
by the initial mutation offArg-265. However, the kinetic
data of the double mutan{fQ262ABR265A, are not
significantly different from those gf{R265A. ResidugAsn-

266 is a second-sphere residue and is located directly behind
PArg-265. However8Asn-266 does not block completely
the region covered by the side chainf#Arg-265 in wild-
type CPS. Therefore, the presence of this residue may
account for the failure of the single mutant to form a pore
large enough to allow for the leakage of ammonia. The
residue3Asn-266 was mutated to alanine in conjunction with
the previous mutations #GIn-262 and5Arg-265 with the
intention of generating a hole large enough to induce the
seepage of ammonia. However, this design feature failed
since the triple mutarQ262AR265A5N266A exhibited
kinetic properties similar to those of the oth8R265A
mutants (Table 1).

ResiduenPro-360 is one of the amino acids that constitute
the interior wall of the ammonia tunnel, whereadis-361
is a second sphere residue. The double mu@aRB60A/
oH361A, was constructed, and the kinetic properties were
analyzed. The overall kinetic behavior closely resembles that
of the wild-type enzyme, indicating that changes to these
two residues by themselves do not affect the local structure
of the protein significantly. These mutations were combined
with the alanine alteration @Arg-265 and the triple mutant,
oP360AB6H361A/8R265A, was constructed. The Michaelis
constant for glutamine with this mutant¥s300-fold higher

the ammonia tunnel. The bulky side chains of these residuesthan for the wild-type enzyme. The triple mutaxd®360A/

were mutated to alanine to create a series of mutants with
the potential for the functional disruption of the ammonia
tunnel. Residues that define the internal surface of the
ammonia tunnel were selected first for modification, includ-
ing a.Pro-360,5GIn-262, ang3Arg-265. These residues are
protected from the outside surface dlis-361,aAsp-362,

aH361A/BR265A exhibited no activation of ATP hydrolysis
in the presence of glutamine up to 40 mM, whereas there
was an 8.4-fold activation ik.y:in the presence of ammonia.
The lack of activation of the glutamine-dependent ATPase
reaction may have resulted from the reduced rate of attack
on the carboxy phosphate intermediate due to the impeded

andfAsn-266. These capping residues were also considereddelivery of ammonia. This mutant was also able to utilize

for mutation in tandem with the interior wall residues to
enable the formation of a direct link to the exterior protein
surface.

The most vulnerable point for the disruption of the
ammonia tunnel appears to fArg-265. The side chain of
this residue can be partially viewed from the outside of the

external ammonia as a nitrogen source in the synthesis of
carbamoyl phosphate. However, the mutant was not initially
able to synthesize carbamoyl phosphate with glutamine at a
comparable rate as an alternative source of nitrogen (Table
1). A reasonably high rate of glutaminase activity demon-

strates that the function of the active site was not seriously

protein and thus forms a single amino acid layer between affected by this mutation. Therefore, the largely attenuated
the inside and outside of the ammonia tunnel. WAAng- rate of carbamoyl phosphate synthesis with glutamine as a
265 was mutated to alanine, the kinetic constants for nitrogen source must originate from a significant loss of
glutamine hydrolysis, ammonia-dependent ATPase, andammonia during the delivery to the bicarbonate binding site
carbamoyl phosphate synthesis are only modestly changedhrough the ammonia tunnel. The elution profiles from size-
from the wild-type enzyme (Table 1). However, a 50-fold exclusion chromatography during the purification of the wild-
higher K, for glutamine is observed in the glutamine- type CPS and all of the mutants constructed for this
dependent hydrolysis of ATP and synthesis of carbamoyl investigation were identical (data not shown). Therefore, the
phosphate. SinceAsp-362 interacts wit{$Arg-265 through mutations created at the interface of the large and small
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Table 1: Kinetic Parameters for the Glutaminase, ATPase, and Carbamoyl Phosphate Synthesis Reactions of the Wild-Type and Mutant
Enzymes

NH4"-dependent GlIn-dependent NH,"-dependent GIn-dependent
glutaminase ATPasé ATPasé CP synthesks CP synthesks
enzyme Keat (571 Km (MM) Keat(SH)  Km(MM)  Kear(s™) Km (MM) Keat(s™D) Km(mMM)  Keat(s™1) Km (MM)

WT 20£0.1 0.14+ 0.01 3.9£0.1 130+13 3.8+0.1 0.10£ 0.01 1.9+ 0.1 130+20 1.4+0.1 0.11+ 0.01
aD362A 21+ 01 0.092+0.02 9.5+1.0 120+17 4.7+0.5 0.0664+ 0.007 3.8+0.1 24+3 244+0.2 0.19+ 0.04
BR265A 3.7£0.1 0.36+ 0.04 5.7+ 0.3 41+7 28+0.1 6.4+ 1.4 25+ 0.3 26+ 4 1.1+ 0.04 7.6+£0.9
aD362ABR265A 3.2+ 0.1 0.38£0.04 10.3+0.3 55£8 2.3£0.1 5.5+ 0.8 5.8+ 0.1 59+ 4 1.2+0.1 78+1.4
PQ262APR265A 2.6+ 0.1 6.4+ 0.9 5.0+ 0.3 58+ 11 29+0.1 4.1+ 0.6 3.6+ 0.1 26+3 1.0+£0.1 47+0.8
PQ262APR265A/ 1.7+ 0.1 55+ 0.8 6.7+ 0.5 56+ 11 1.94+0.1 1.9+ 0.2 NDA ND 0.88+0.05 14.9+1.8

BN266A
aP360A6H361A 3.4+ 0.1 0.39+ .03 4.6 >300 6.0+ 0.2 0.40+ 0.05 2.6 >300 2.3+0.1 0.36+ 0.04
oP360AHH361A/ 1.4 >40 4.7+ 0.3 59+ 11 0.74 >40 25+0.1 12+2 0.00% >40

BR265A

@ The reaction mixture contained 50 mM Hepes (pH 7.6), 20 mM Mg@0 mM KCI, 40 mM KHCQ, 5.0 mM ATP, 10 mM ornithine, 1.0
mM APAD, 56 units ofL-glutamate dehydrogenase, and varying amounts of glutarhiftee reaction mixture contained 50 mM Hepes (pH 7.6),
20 mM MgChk, 100 mM KCI, 40 mM KHCQ, 5.0 mM ATP, 10 mM ornithine, 1.0 mM phosphoenolpyruvate, 0.2 mM NADH, 20 units of
pyruvate kinase, 30 units of lactate dehydrogenase, and varying amounts of glutamine or ammonium effifegideaction mixture contained 50
mM Hepes (pH 7.6), 20 mM Mgg| 100 mM KCI, 40 mM KHCQ, 5.0 mM ATP, 10 mM ornithine, 12 units of OTCase, and varying amounts
of glutamine or ammonium chloridé€Not determined® Specific activity measured at 300 mM NEI. f Specific activity measured at 40 mM
glutamine.

800

of carbamoyl phosphate (Figure 5B). It is likely that the
formation of carbamoyl phosphate with glutamine as a
nitrogen source is due to the dissociation of free ammonia
(produced from the hydrolysis of glutamine) into the medium
and then reassociation with the protein. The rate of formation
of ammonia can be calculated from the valuegffor the
glutaminase assay (1.4'sat 40 mM glutamine) and the total
enzyme concentration (0.42M) to be 35uM NHgz/min.
Therefore, the concentration of ammonia will increase
linearly from O to 49QuM after 14 min. Since the concentra-
tion of ammonia will not approach the Michaelis constant
0 2 4 6 8 10 12 14 16 18 for NHs, thenkea/Km (0.01254M -1 min~t) can be used to

Time (minutes) estimate the rate of formation of carbamoyl phosphate from
the concentration of free ammonia at any tinfeom eq 7.

[carbamoyl phosphateF [NH 3] [k /K l[Elt/2 (7)

The predicted time course for the formation of carbamoyl
phosphate under these conditions is presented in Figure 5B.
The production of carbamoyl phosphate accelerates as
ammonia steadily accumulates in the bulk solution. The
experimental time course for the glutamine-dependent car-
bamoyl phosphate synthesis fits well with the model where
ammonia diffuses freely from the ammonia tunnel into the
L bulk solution and accumulates before it reenters the active
0 2 4 6 8 10 12 14 16 18 site.

Time (minutes) The channeling of an intermediate through a molecular
FiIGUrRe 5: Time courses for the production of carbamoyl phosphate tunnel will affect the cooperativity between sequential active
by aP360AbH361A/3R265A from ammonium chloride) and sites. In the wild-type CPS, the reactions catalyzed at each
glutamine @) (panel A). Panel B displays the time course of the active site are highly coupled with one another with an
glutamine-dependent carbamoy! phosphate synth@$isie solid overall stoichiometry of 1:2:1 for the formation of glutamate,
I7|r.1e in panel B is the calculated synthesis of carbamoyl-P from eq ADP, and carbamoy! phosphate, respectively. The stoichio-
metric coupling of product formation is likely modulated

subunits did not cause the dissociation of the two subunitsthrough conformational changes that are driven by binding
from one another. and chemical events at the individual active sites. In CPS

The time courses for the synthesis of carbamoyl phosphatethe conduits for the communication and signaling of infor-
in the presence of ammonia and glutamine after the additionmation from one active site to another are unknown. It is
of the mutantaP360Ab6H361A/SR265A are illustrated in  likely that portions of the molecular tunnels that connect the
Figure 5A. The enzyme works quite well with ammonia as active sites in CPS to one another are part of this signaling
a nitrogen source but not nearly at all with the addition of process. In the wild-type enzyme tkg;for the glutaminase
glutamine. Expansion of the vertical axis for the time course reaction is stimulated from a basal level of 0.0016 ®
with glutamine reveals a lag phase for the limited formation 2.0 s in the presence of ATP/HGO. With the aP360A/
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Table 2: Relative Rates of Glutaminase, ATPase, and Carbamoyl
Phosphate Synthesis of the Wild-Type and Mutant Enzymes

glutamate  ADP GlIn-dependent

enzyme formation formation CP synthesis
wild type 1.0 1.9 0.70
aD362A 1.0 2.2 1.1
BR265A 1.0 0.76 0.30
aD362A/8R265A 1.0 0.72 0.38
BQ262ABR265A 1.0 1.1 0.38
BQ262ABR265ABN266A 1.0 1.1 0.52
aP360A0H361A 1.0 1.8 0.68
aP360ALH361A/8R265A 1.0 0.53
aH361A/fR265A triple mutant, the basal level for glutamine 361 a
hydrolysis is higher than for the wild-type enzyme (0.023 50
s 1) and enhanced te-1.4 st in the presence of ATP/ D3 26
HCO;™. These results indicate that the conduit for allosteric N266
communication between the active site for glutamine hy- E349
drolysis and that for the phosphorylation of bicarbonate are
largely intact. The observed ratios for the mutant enzymes 65
are listed in Table 2, which illustrates the quantitative degree )

O,f coupling among the individual reactions at the three active FiGure 6: Structure of CPS around the mutation site as viewed
sites. Except forP360A0H361ABR265A, the othefR265A from the inside of the ammonia tunnel toward the protein exterior.

mutants exhibit ratios of approximately 1:1:0.5. Therefore, The wild-type enzyme is depicted in panels A and B. The
the hydrolysis of two glutamines is required for every representation otxP360AH361A/SR265A was generated by

; ; ; replacement of the indicated amino acids with alanine with the
carbamoyl phosphate that is ultimately formed. This result program Web Lab Viewer Pro (panels C and D). In panel D a

may be interpreted to indicate that only about 50% of the 1qjecyle of ammonia is presented in a ball-and-stick format. The
ammonia produced via the hydrolysis of glutamine in the surface representations were constructed with the program SPOCK.
small subunit is delivered to the carboxy phosphate binding
site for the production of carbamate. However, with the than what is required for the full diversion of ammonia to
mutant atP360AbH361A/SR265A the reactions catalyzed the exterior. Additional mutations #0Q262A and3N266A
by the active sites within the large and small subunits are were not effective, probably for the same reason. However,
completely uncoupled from one another. modifications ablPro-360 andxHis-361 may have prevented
For most of the mutants, the failure to divert all of the the loop from collapsing or stabilized a structure with a gap
ammonia to the protein exterior may originate from a hole of sufficient size. The alteration of these two amino acids
of insufficient diameter. The importance for the modification by themselves was apparently not enough for the creation
of SR265A is illustrated in Figure 6, which may be directly of a suitably sized pore.
responsible for about 50% of the leakage-competent hole. A neighboring residueyGly-359 in the small subunit, has
Other mutations in the vicinity offArg-265 were not been previously mutated to phenylalanine, which resulted
effective in enlarging the hole, with the exception of in the formation of a structural reorganization within the
oP360AHH361A. Interestingly, the alteration atPro-360 ammonia tunnelq). The kinetic properties of this mutant
andaHis-361 alone was not sufficient to detect the leakage are similar to those of the mutamP360A6H361ASR265A.
of ammonia. The structures of various mutants were simu- The mutantaG359F was able to utilize ammonia as a
lated in order to support the generation of a pore via the nitrogen source but not glutamine in the synthesis of
replacement with alanine. Alteration AArg-265A alone carbamoyl phosphate. However, the mutant was capable of
resulted in the formation of the hole which appears to be hydrolyzing glutamine at a rate comparable to that of the
large enough to allow leakage of ammonia from the wild-type enzyme, although th&, for glutamine was
molecular tunnel. A surface rendering of the simulated elevated by at least 2 orders of magnitude. The mutant was
structure of aP360AB0H361A/fR265A suggests that the not activated significantly by the hydrolysis of glutamine in
additional modifications in the small subunit do not change the glutamine-dependent ATPase reaction but displayed a
the size of the hole significantly. The diameter of the hole normal acceleration in the presence of ammonia. The X-ray
is approximatef 4 A in Figure 6D. Other mutant enzymes, crystal structure ol G359F revealed the structural reorga-
PQ262ALR265A and3Q262AR265ASN266A, however, nization of a loop which extends fromGlu-355 toaAla-

display a larger sized hole, whereas the structureD@62A 364 (7). Since the kinetic constants of the double mutant
and aP360A0H361A do not exhibit any defect on the aP360A6H361A were essentially indistinguishable from
surface of the enzyme (data not shown). those of the wild-type enzyme, it is not likely that the

On the basis of the kinetic data and the structural alterations at these amino acids induced a similar restructur-
simulations, it appears that the mutations have caused furtheing of the loop. The bulky side chain of phenylalanine that
reorganization of the local structure. THR265A mutation replaced aGly-359 could have caused a collision with
may have resulted in the collapse of the loop in the small neighboring residues, whereas substitutions with alanine at
subunit, which containaPro-360,0His-361, andxrAsp-362, both olPro-360 andnHis-361 did not impose a significant
over the void in the large subunit induced by the alteration. structural stress on the surrounding residues in the double
The overall dimensions of the resulting hole may be smaller mutant enzyme.
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