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The x-ray crystal structure of the heterodimeric car-
bamoyl phosphate synthetase from Escherichia coli has
identified an intermolecular tunnel that connects the
glutamine binding site within the small amidotrans-
ferase subunit to the two phosphorylation sites within
the large synthetase subunit. The tunneling of the am-
monia intermediate through the interior of the protein
has been proposed as a mechanism for the delivery of
the ammonia from the small subunit to the large sub-
unit. A series of mutants created within the ammonia
tunnel were prepared by the placement of a constriction
via site-directed mutagenesis. The degree of constric-
tion within the ammonia tunnel of these enzymes was
found to correlate to the extent of the uncoupling of the
partial reactions, the diminution of carbamoyl phos-
phate formation, and the percentage of the internally
derived ammonia that is channeled through the ammo-
nia tunnel. NMR spectroscopy and a radiolabeled probe
were used to detect and identify the enzymatic synthesis
of N-amino carbamoyl phosphate and N-hydroxy car-
bamoyl phosphate from hydroxylamine and hydrazine.
The kinetic results indicate that hydroxylamine, de-
rived from the hydrolysis of y-glutamyl hydroxamate, is
channeled through the ammonia tunnel to the large sub-
unit. Discrimination between the passage of ammonia
and hydroxylamine was observed among some of these
tunnel-impaired enzymes. The overall results provide
biochemical evidence for the tunneling of ammonia
within the native carbamoyl phosphate synthetase.

Carbamoyl phosphate synthetase (CPS)! from Escherichia
coli catalyzes the formation of carbamoyl phosphate from bi-
carbonate, glutamine, and two molecules of ATP (Equation 1)
(1). When one or more of these substrates are not present, CPS
catalyzes three partial reactions: (a) the hydrolysis of gluta-
mine, (b) the bicarbonate-dependent hydrolysis of ATP, and (c)
the formation of ATP from carbamoyl phosphate and ADP
(Equations 2—4) (2). Ammonia can substitute for glutamine in
the overall reaction as an alternative source of nitrogen (Equa-
tion 5). The enzyme is composed of a small amidotransferase
subunit and a large synthetase subunit (1, 3, 4). The synthesis
of carbamoyl phosphate has been postulated to occur via four
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distinct chemical steps within the active sites of CPS (Scheme
1) (2). The x-ray structure of CPS from E. coli has confirmed
that the binding site for glutamine is contained within the
small subunit, whereas the catalytic sites for the phosphoryl-
ation of bicarbonate and carbamate are located within the large
subunit (5, 6). However, the most intriguing feature of the CPS
structure is that the three active sites located within the small
and large subunits are physically separated in three-dimen-
sional space by nearly 100 A (5, 6). The channeling of ammonia
and carbamate through the interior of the protein has been
proposed as a mechanism to deliver these two labile interme-
diates from one active site to the next (7-9). For recent reviews
on substrate channeling, see Refs. 10-12.

2 MgATP + HCO; + Gln + H,0 — 2 MgADP + P; + Glu

+ carbamoyl-P  (Eq. 1)

Gln + H,O — Glu + NH; (Eq. 2)

MgATP + H,O — MgADP + P; (Eq. 3)

MgADP + carbamoyl-P — MgATP + NH,CO, (Eq. 4)

2 MgATP + HCO; + NH3; — 2 MgADP + P; + carbamoyl-P  (Eq. 5)

Utilizing a visual inspection of the CPS model and a compu-
tational search with the software package GRASP, Thoden et
al. (5, 6) identified a molecular tunnel within the interior of the
heterodimeric protein, which leads from the glutamine binding
site within the small subunit toward the two phosphorylation
sites within the large subunit. Consequently, the ammonia
produced within the active site of the small subunit must
transverse the first half of this molecular tunnel in order to
react with the carboxy phosphate intermediate formed at the
site of bicarbonate phosphorylation within the large subunit.
The carbamate intermediate must then diffuse through the
second half of the molecular tunnel to be phosphorylated by the
ATP bound to the other phosphorylation site of the large sub-
unit. A ribbon representation of CPS with the relative locations
of the three active sites and the intermolecular tunnel is shown
in Fig. 1 (5).

Biochemical results are fully consistent with the tunneling of
the ammonia and carbamate intermediates. Isotope competi-
tion experiments with >NH, and unlabeled glutamine have
demonstrated that the internal ammonia, derived directly from
the hydrolysis of glutamine, does not dissociate from the small
subunit and then reassociate to the large subunit (13). The pH
activity profiles also confirm that the enzyme-bound NH; must
be sequestered from the bulk solvent because NHj is not a
substrate for the synthetase reaction (14, 15). These results are
thus consistent with a mechanism that requires the direct
tunneling of ammonia between the two subunits. The lack of an
180 isotope exchange reaction between solvent water and bi-
carbonate during the overall synthesis of carbamoyl phosphate
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Fic. 1. An a-carbon trace of the three-dimensional structure of
CPS from E. coli (taken from Ref. 5). The binding sites for gluta-
mine, ATP/bicarbonate, and carbamoyl phosphate are highlighted. The
molecular tunnel connecting the three binding sites is outlined in red.

suggests that all of the carbon-containing intermediates (car-
boxy phosphate and carbamate) are fully committed to the
formation of carbamoyl phosphate and not subjected to hydrol-
ysis (16). Moreover, the half-life of 70 ms for carbamate at
neutral pH (17) renders it highly improbable that carbamate
would be able to dissociate from the first phosphorylation site
and then reassociate to the second phosphorylation site within
the large subunit. These results thus support the tunneling of
carbamate between the two active sites contained within the
large subunit.

We have previously altered some of the residues that define
the interior walls of the ammonia tunnel within the small
subunit with the intention of providing more direct experimen-
tal support for the functional significance of the molecular
tunnel within CPS (18). Two mutant proteins (G359Y and
G359F) displayed kinetic properties consistent with a constric-

Tunneling of Ammonia within CPS

tion or blockage of the ammonia tunnel. With the wild-type
CPS, the hydrolysis of ATP and glutamine is fully coupled to
one another such that one equivalent of carbamoyl phosphate
is formed when two equivalents of ATP and one equivalent of
glutamine are hydrolyzed. However, with both of these mu-
tants, the hydrolysis of ATP and glutamine became uncoupled
from the synthesis of carbamoyl phosphate. However, these
mutants were fully functional when external ammonia was
utilized as the nitrogen source, even though these proteins
were unable to use glutamine for the synthesis of carbamoyl
phosphate. These results also suggested the existence of an
alternate route to the bicarbonate phosphorylation site when
ammonia is provided as an external nitrogen source (18).

In order to more fully substantiate the direct tunneling of the
ammonia intermediate as a mechanistic link within the CPS
heterodimer, we have now made further refinements to the
architecture of the ammonia tunnel. In the first approach, we
modulated the size of the physical constriction within the am-
monia tunnel located in the small subunit of carbamoyl phos-
phate synthetase. This was attempted through the placement
of hydrophobic side chains of varying sizes within the walls of
the ammonia tunnel. In the second approach, hydroxylamine
and hydrazine were utilized as alternative nitrogen sources of
greater bulk. If hydroxylamine and hydrazine are able to be
transported through the ammonia tunnel of the wild-type CPS,
then the variable physical constrictions within the ammonia
tunnel may differentially affect the transport rate from one
active site to the next.

EXPERIMENTAL PROCEDURES

Materials—All chemicals and coupling enzymes used for kinetic
measurements were purchased from either Sigma or Aldrich unless
otherwise stated. Ammonium chloride (**N, =98%), sodium bicarbonate
(13C, =99%), hydroxylamine HCI1 (**N, 98%+) and hydrazine sulfate
(**N,, =98%) were purchased from Cambridge Isotope Laboratories.
Sodium [**C]bicarbonate was purchased from Amersham Pharmacia
Biotech. Restriction enzymes, Vent® DNA polymerase, and Pfu DNA
polymerase were purchased from Promega. Oligonucleotide synthesis
and DNA sequencing were performed by the Gene Technologies Labo-
ratory, Texas A&M University. The E. coli RC50 cell line, which does
not express CPS (21), was a generous gift of Dr. Carol J. Lusty.

Mutagenesis, Expression, and Purification of the Mutant Proteins—
Site-directed mutagenesis was performed as described previously (22)
using the polymerase chain reaction and the overlap extension method
of Ho et al. (23). The mutant plasmids were transformed in the E. coli
RC50 cell line for the expression of the modified proteins. The wild-type
and mutant proteins were purified as described by Mareya and Raushel
(24).

Kinetic Measurements—The synthesis of carbamoyl phosphate was
determined by measuring the rate of citrulline formation in a coupled
assay containing ornithine transcarbamoylase and ornithine (25). The
rate of ATP hydrolysis was determined by assaying the formation of
MgADP using a pyruvate kinase/lactate dehydrogenase coupling sys-
tem (24). The rates of hydrolysis of glutamine, y-glutamyl hydroxamate,
and y-glutamyl hydrazide were determined by coupling the formation of
glutamate to the production of a-ketoglutarate with L-glutamate dehy-
drogenase and 3-acetylpyridine adenine dinucleotide (24).

Statistical Analysis of Kinetic Data—The kinetic parameters, V..
and K,,, were determined by fitting the experimental data to Equation
6, where v is the initial velocity, V., is the maximal velocity, K,, is the
Michaelis constant, and A is the substrate concentration. The data for
the enhancement of ATP hydrolysis in the presence of a nitrogen source
were fitted to Equation 7 (26). In this equation, V is the initial enzyme
velocity in the absence of a nitrogen source () (ammonia or glutamine),
K, is the apparent activation constant, and « is the ratio of the velocities
at saturating and zero concentration of the nitrogen source. In this case,
V max 1S expressed as oV,

V= Vi (K, + A) (Eq. 6)

v="V,K, + aD/(K, + I) (Eq.7)

Detection of Carbamoyl Phosphate Analogs—The formation of car-
bamoyl phosphate analogs from the nonnatural nitrogen sources, hy-
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TABLE I
Kinetic parameters for the ATPase reactions of the wild-type and mutant enzymes

Shown are kinetic constants for ADP formation monitored for the bicarbonate-dependent ATPase (Equation 3), ammonia-dependent ATPase

(Equation 5), or glutamine-dependent ATPase reactions (Equation 1).

HCO;- ¢
Enzymes depen dgnt" NH,-dependent® Gln-dependent
kecat Eecat K, (NH{) Reat K, (Gln)
s71 s1 mu s1 mm
Wild-type 0.39 = 0.01 7.0+ 0.6 250 + 32 58+ 0.1 0.098 + 0.004
S35F 0.49 = 0.02 54+0.2 231 + 25 5.7+0.1 0.46 = 0.01
G359S 1.2 +£0.1 12 = 0.2 34 +2 3.2+03 20+ 6
G359L 1.2 +0.1 10.5 £ 0.3 31+3 1.5¢ NA°
G359F/ 1.2 +£0.1 12 = 0.2 34+1 1.5¢ NA

¢ Reaction conditions for the bicarbonate-dependent ATPase reaction: pH 7.6, 25 °C, 5.0 mMm ATP, 40 mM bicarbonate, 20 mMm MgCl,, 100 mm KCl,

and 10 mM ornithine.

® Reaction conditions: the same as above except for variable amounts of NH,Cl.
¢ Reaction conditions: the same as above except for variable amounts of glutamine.

< Rate constant at a glutamine concentration of 40 mm.
¢ NA, not applicable.
’Data from Ref. 15.

droxylamine and hydrazine, was probed using [**C]bicarbonate. Each
reaction mixture contained 50 mm HEPES (pH 7.6), 10 mM ornithine, 40
mM MgCl,, 100 mm KCI, 30 mm ATP, 5 mM [**Clbicarbonate (specific
activity of 24 uCi/umol), and 16 um CPS. The concentration of the
nitrogen sources were 300 mum for NH,Cl, NH,OH or NH,NH,. A control
reaction, which contained no CPS, was carried out in parallel. Aliquots
of the reaction mixture were quenched after 5 and 10 min with 2
volumes of 5% trichloroacetic acid. The quenched samples were incu-
bated on ice for 5 min and then centrifuged at 14,000 rpm for 3 min to
remove precipitated protein. Powered dry ice was added to the super-
natant solutions to remove the unreacted bicarbonate. The amount of
the nonvolatile products was determined by liquid scintillation count-
ing. The same experiments were repeated using 20 mm glutamine, 20
mM y-glutamyl hydroxamate, or 20 mm y-glutamyl hydrazide as the
nitrogen source.

Identification of Carbamoyl Phosphate Analogs by °C and *'P
NMR—The synthesis of the carbamoyl phosphate analogs using hy-
droxylamine or hydrazine as nitrogen sources was investigated by NMR
spectroscopy. The reactions were buffered by 100 mm HEPES (pH 7.6)
or 100 mm CHES (pH 9.0). Each reaction mixture contained 10 mm
ornithine, 20 mm ATP, 40 mm MgCl,, 100 mm KCl, 20 mm [*2C]bicar-
bonate or ['*C]bicarbonate, 30 mM phosphoenolpyruvate, 120 units
pyruvate kinase, 30 uM CPS, and 10% D,O. For the synthesis of car-
bamoyl phosphate, 300 mm NH,Cl (or **NH,C]) was included as the
nitrogen source. For the formation of the two carbamoyl phosphate
analogs, 200 mM NH,OH (or "NH,0H) or 200 mm NH,NH, (or
15NH,'’NH,) was utilized as the sole nitrogen source. A reaction con-
taining no CPS was used as a control. >'P and **C NMR experiments
were conducted on a Unity Plus-300 NMR spectrometer. *'P spectra
were obtained at a frequency of 121.4 MHz. Typical acquisition param-
eters were 10,000 Hz sweep width, 2 us acquisition time, no delay
between pulses, and 6 us (or 37.2°) pulse width. The *'P spectra were
internally referenced to phosphate. '*C spectra were obtained at a
frequency of 75.4 MHz. Typical acquisition parameters were 16,000 Hz
sweep width, 2 us acquisition time, no delay between pulses, and 2.8 us
(or 30.5°) pulse width.

RESULTS

The previous investigation of the ammonia tunnel of CPS
demonstrated that the passage of ammonia could be restricted
within the tunnel via the substitution of specific residues,
which constitute part of the tunnel wall, with bulkier hydro-
phobic residues (18). In order to more fully substantiate the
tunneling of the ammonia intermediate within CPS, a new
series of mutants with different degrees of potential constric-
tion within the ammonia tunnel was created. Three mutants,
G359S, G359L, and S35F, were constructed and purified in
addition to the wild-type CPS and the previously prepared
G359F. The wild-type and mutant enzymes were expressed and
purified to greater than 95% homogeneity, as judged by SDS-
polyacrylamide gel electrophoresis. The effects of these modi-
fications on the catalytic properties of CPS were determined for
each mutant by measuring the rate of carbamoyl phosphate

synthesis and the rates of the partial reactions. The kinetic
parameters, K,, and k., obtained for the wild-type and the
mutant enzymes, are summarized in Tables I-III.

Kinetic Properties of S35F—The substitution of Ser-35 with a
bulky phenylalanine was intended to block or constrict the
passage of ammonia to the large subunit within the ammonia
tunnel. The catalytic properties of the S35F mutant are very
similar to the wild-type enzyme, with two notable exceptions.
During the overall synthesis of carbamoyl phosphate with glu-
tamine as the nitrogen source, the K,, values for glutamine are
elevated by 5-6-fold (Tables I-III), and the maximal rate of
glutamine hydrolysis is about twice the wild-type value (Table
II). Consequently, the partial reactions within the heterodimer
of S35F are mildly uncoupled from one another. An estimate of
reaction stoichiometry is obtained from the ratio of the maxi-
mal rate of the formation of ADP (Table I), glutamine (Table
II), and carbamoyl phosphate (Table III). For the synthesis of
one equivalent of carbamoyl phosphate, 2.4 equivalents of ATP
and 2.3 equivalents of glutamine are consumed.

Kinetic Properties of G359S—The replacement of Gly-359
with a serine residue yields a mutant of CPS with properties
somewhat between the wild-type protein and G359F. With
G359F, the hydrolysis of ATP and glutamine became almost
completely uncoupled from the synthesis of carbamoyl phos-
phate (18). With G359S, it is apparent that these two partial
reactions are still coupled to one another to a significant extent,
as evidenced by the formation of carbamoyl phosphate and the
mutual stimulation of the bicarbonate-dependent ATPase and
glutaminase reactions. In all of the glutamine-dependent reac-
tions, the K,, values for glutamine are elevated by 200-400-
fold (Tables I-III). During the synthesis of carbamoyl phos-
phate, the rate of glutamine hydrolysis is enhanced by 150-fold
(Table II) relative to the absence of ATP and bicarbonate. The
mutant also has an elevated bicarbonate-dependent ATPase
activity, which is further stimulated about 3-fold in the pres-
ence of glutamine (Table I). When glutamine is used as the
nitrogen source, the maximal rate of carbamoyl phosphate
formation is one-third of the wild-type value (Table III), and 3
equivalents of ATP and 5 equivalents of glutamine are utilized
for the production of one equivalent of carbamoyl phosphate.

Kinetic Properties of G359L—Gly-359 was also mutated to a
leucine residue. Although G359L retains the ability to enhance
the basal glutaminase activity in the presence of ATP and
bicarbonate (88-fold), it no longer stimulates the bicarbonate-
dependent hydrolysis of ATP in the presence of glutamine
(Tables I and II). This uncoupling between the partial reactions
is also reflected in the inability to produce significant amounts
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TaBLE II

Kinetic parameters for the glutaminase reaction of the wild-type and mutant enzymes
Shown are kinetic constants for glutamate formation in the absence (Equation 2) or presence (Equation 1) of ATP and bicarbonate.

Partial reaction®

Overall reaction®

Enzymes
Eeat K, (Gln) Reat K,, (Gln)
s1 mm st mm
Wild-type 0.0040 = 0.0001 0.083 £ 0.006 29+0.1 0.069 £ 0.007
S35F 0.0015 = 0.0001 0.084 = 0.013 56*+0.1 0.44 = 0.03
G3598 0.033 = 0.001 22 * 2 5.0 = 0.2 29 + 2
G359L 0.028 = 0.001 24 £ 2 25=*0.1 24 = 2
G359F¢ 0.028¢ >40 2.4¢ >40

“ Reaction conditions:

pH 7.6, 25 °C, variable amounts of glutamine, 100 mm KCI.

® Reaction conditions: pH 7.6, 25 °C, variable amounts of glutamine, 5.0 mm ATP, 40 mM bicarbonate, 20 mm MgCl,, 100 mm KCl, and 10 mMm

ornithine.
¢ Data from Ref. 15.
< Rate constant at 40 mm glutamine.

TasLE III
Kinetic parameters for carbamoyl phosphate synthesis by the wild-type and mutant enzymes

Shown are kinetic constants for carbamoyl phosphate formation (Equations 5 and 1).

NH;-dependent®

Gln-dependent?

Enzymes
Foous K,, (NH,C) Foows K, (Gln)
st mu st mm
Wild-type 29 +0.1 211 = 23 3.2+0.1 0.075 = 0.003
S35F 3.2=*+02 265 *+ 29 24+0.1 0.43 = 0.02
G359S 6.3 £0.2 28 £ 2 1.1 = 0.1 27+ 6
G359L 56 *=0.1 25 +2 0.14 = 0.02 30 =10
G359F¢ 4.8 £ 0.2 27+ 3 0.049¢ >40

“ Reaction conditions: pH 7.6, 25 °C, variable amounts of NH,CI, 5 mm ATP, 40 mM bicarbonate, 20 mm, MgCl,, 100 mm, KCl, 10 mM ornithine.
® Reaction conditions: pH 7.6, 25 °C, variable amounts of glutamine, 5.0 mm ATP, 40 mM bicarbonate, 20 mm MgCl,, 100 mm KCl, and 10 mm

ornithine.
¢ Data from Ref. 15.
< Rate constant at 40 mM glutamine.

of carbamoyl phosphate. The rate of carbamoyl phosphate for-
mation with G359L is less than 5% that of the wild-type CPS
(Table III), and 11 equivalents of ATP and 18 equivalents of
glutamine are required for the synthesis of one equivalent of
carbamoyl phosphate. The overall reaction stoichiometry of
this series of tunnel mutants is summarized in Fig. 2. The
mutants at position-359 are fully functional when external
ammonia is provided as the alternate nitrogen source. It is
unclear why the %, values are slightly higher than the wild-
type value. Moreover, the K,, values for NH;/NH; are reduced
by 8-11-fold, whereas the wild-type reaction stoichiometry is
preserved (Table III).

Enzymatic Formation of N-Hydroxy Carbamoyl Phosphate
and N-Amino Carbamoyl Phosphate—An alternative approach
to the placement of a constriction within the ammonia tunnel of
CPS is the utilization of nucleophiles other than ammonia as
the nitrogen source. Both hydroxylamine and hydrazine are
bulkier than ammonia. Attempts were made to detect the for-
mation of carbamoyl phosphate analogs from these two alter-
native nitrogen sources. Hydroxylamine, hydrazine, or ammo-
nia was incubated with MgATP, [**C]bicarbonate, and CPS.
The reactions were quenched at various times, and the unre-
acted bicarbonate was removed. The amount of nonvolatile
14C-containing product(s) was estimated by liquid scintillation
counting (Table IV). For the reaction with ammonia, this
method provides a quantitative assay for carbamoyl phosphate
(27). The results here are thus consistent with the formation of
a carbamoyl phosphate-like product in the enzymatic reaction
using hydroxylamine or hydrazine as the nitrogen source. Sim-
ilar results were also obtained when y-glutamyl hydroxamate
or y-glutamyl hydrazide was provided as the nitrogen source
(Table IV). These carbamoyl phosphate-like products have been
identified as N-hydroxy carbamoyl phosphate (Scheme 2, panel
2) and N-amino carbamoyl phosphate (Scheme 2, panel 3) by
NMR spectroscopy using hydroxylamine and hydrazine as ni-

50 F —

40 |

Product Ratio

10

0 | Bcooo .nﬁ .HH I Ao A=
WT S35F G359S G359L G359F

Fic. 2. The reaction stoichiometry of the wild-type and mutant
enzymes. The products, ADP, glutamate, and carbamoyl phosphate,
are represented by the black, white, and gray bars, respectively. The
amount of carbamoyl phosphate is normalized as 1 for each enzyme.
The reaction stoichiometry is obtained from the ratio of the maximal
rate of the formation of ADP (Table I), glutamine (Table II), and car-
bamoyl phosphate (Table III). The reaction stoichiometry of the wild-
type (WT) CPS is 2 ATP:1 glutamine:1 carbamoyl phosphate.

trogen sources. The 13C and 2!P NMR spectra of these two
carbamoyl phosphate analogs are very similar to those of car-
bamoyl phosphate (Fig. 3). For all three compounds, the cou-
pling constants between the carbonyl carbon and the phospho-
rus atom are close to 5 Hz, and the coupling constants between
the carbonyl carbon and the amide nitrogen are about 25-26
Hz (Fig. 3). In every case, the phosphorus atom did not appear
coupled to the amide nitrogen. For N-amino carbamoyl phos-
phate (3), no coupling between the carbonyl carbon and the
terminal amino group was observed. It has been reported that
the coupling constant between the methyl carbon and the ter-
minal amino nitrogen in N,N—[lsc]dimethyl[15N]hydrazine is
less than 1 Hz (28). Attempts to obtain the >N NMR spectra of
the two carbamoyl phosphate analogs were unsuccessful be-
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TABLE IV
Enzymatic formation of nonvolatile **C-containing products from
various nitrogen sources, ['*CJbicarbonate, and ATP

The formation of carbamoyl phosphate or analogs from various nitro-
gen sources was probed using [**Clbicarbonate. Each reaction mixture
contained 30 mm ATP, 5 mMm [**Clbicarbonate (specific activity of 24
uCi/umol) and 16 uMm CPS. The nitrogen sources were 300 mm NH,Cl,
300 mm NH,OH, 300 mm NH,NH,, 20 mM glutamine, 20 mM y-glutamyl
hydroxamate, or 20 mM y-glutamyl hydrazide. A control reaction con-
taining 300 mm NH,CI, which contained no CPS, was carried out in
parallel. Aliquots of the reaction mixtures were acid quenched after 5
and 10 min. The unreacted bicarbonate was removed by the addition of
powered dry ice. The amount of the nonvolatile product was determined
by liquid scintillation counting.

Product

Nitrogen source

5 min incubation 10 min incubation

M
Control 0.4 0.5
NH,CI 1194 1851
NH,OH 49.8 76.8
NH,NH, 23.3 51.7
Glutamine 2410 2550
y-glutamyl hydroxamate 41.6 48.9
y-Glutamyl hydrazide 15.7 23.9
0o o) [}
0 o) 9
NHz/U\O—EI"—O HO—-NH/U\O—II'-’I—O NHZ—NHJ\O“F,"O’
[} o o
1 2 3
SCHEME 2

cause of the negative nuclear Overhauser effects, proton ex-
change, and pH fluctuations during the data acquisition. The
13C and 3P signals of the two carbamoyl phosphate analogs
were not due to contamination by ammonia in the hydroxyla-
mine or hydrazine. Although carbamoyl phosphate was fully
converted to citrulline by ornithine transcarbamoylase accord-
ing to the '*C and ®'P NMR spectra, N-hydroxyl carbamoyl
phosphate and N-amino carbamoyl phosphate were not sub-
strates for ornithine transcarbamoylase. Second, although car-
bamoyl phosphate was more stable at neutral pH than alkaline
pH, both analogs of carbamoyl phosphate appeared more stable
at alkaline pH.

v-Glutamyl Hydroxamate and y-Glutamyl Hydrazide as Sub-
strates of Wild-type CPS—The hydrolysis of y-glutamyl hydrox-
amate and y-glutamyl hydrazide by CPS has been reported (14,
19). In the absence of ATP and bicarbonate, the kinetic param-
eters for the hydrolysis of y-glutamyl hydroxamate and y-glu-
tamyl hydrazide are very similar to that for glutamine except
that the K, value for the hydrazide is 5-fold higher than the K,,,
for glutamine (Table V). In the presence of saturating levels of
ATP and bicarbonate, the maximal rate for the hydrolysis of
v-glutamyl hydroxamate is enhanced 2700-fold, whereas the
K,, value for y-glutamyl hydroxamate is increased 13-fold rel-
ative to the absence of ATP and bicarbonate (Table V). For
comparison, the enhancement in the % ., value with glutamine
is about 700-fold, whereas the K, value for glutamine is un-
changed (Table II). For the hydrolysis of y-glutamyl hydrazide
in the presence of ATP and bicarbonate, the % ,, value is en-
hanced by more than 100-fold relative to the absence of ATP
and bicarbonate. However, there is little net enhancement in
k.o / K, because the K,, value for y-glutamyl hydrazide is also
increased by the same extent.

The bicarbonate-dependent ATPase activity is enhanced 15-
fold when glutamine or ammonia is present in the assay solu-
tion. This bicarbonate-dependent ATPase activity can also be
stimulated by y-glutamyl hydroxamate (6-fold) or hydroxyla-
mine (5-fold) (Table VI). The stimulation by y-glutamyl hydra-
zide or hydrazine is significantly smaller (1.3- and 2.2-fold,
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respectively) (data not shown).

v-Glutamyl Hydroxamate as a Substrate of Ammonia Tunnel
Mutants—The kinetic parameters for the hydrolysis of y-glu-
tamyl hydroxamate by S35F are very similar to the wild-type
enzyme. In the presence of ATP and bicarbonate, the %, value
is enhanced 4600-fold relative to the absence of ATP and bicar-
bonate (Table V). The bicarbonate-dependent ATPase activity
is mutually enhanced 3.8-fold when y-glutamyl hydroxamate is
hydrolyzed within the small subunit (Table VI). For compari-
son, the rate increase with the wild-type enzyme is 6.2-fold. For
G359S and G359L, the %, values for the hydrolysis of y-glu-
tamyl hydroxamate in the presence of ATP and bicarbonate are
3- and 20-fold lower than the wild-type value, whereas the K,
values are elevated substantially. With both enzymes, the abil-
ity to stimulate the bicarbonate-dependent ATPase by y-glu-
tamyl hydroxamate has been lost. However, when hydroxyla-
mine is provided as the direct nitrogen source, the stimulation
of the bicarbonate-dependent ATPase activity is observed with
both wild-type and the three mutant enzymes (4—8-fold) (Table
VI). An overall comparison of the ATPase activation within this
series of mutants by different nitrogen sources is summarized
in Fig. 4.

DISCUSSION

The most remarkable feature of the x-ray crystal structure of
carbamoyl phosphate synthetase is the presence of an extended
intermolecular tunnel, which connects the glutaminase active
site within the small subunit and the two ATP binding sites
within the large subunit of CPS (5, 6). The overall synthesis of
carbamoyl phosphate requires three reactive intermediates,
ammonia, carboxy phosphate, and carbamate (29, 30). How-
ever, contemporary biochemical results provide only indirect
support for the tunneling of the two intermediates. An earlier
investigation has demonstrated that a constricted ammonia
tunnel impedes the passage of ammonia from the small subunit
to the large subunit (18). By expanding on this earlier theme,
we attempt to provide more direct biochemical evidence for the
functional significance of the tunneling of ammonia within
CPS.

Gly-359 is one of the amino acid residues within the small
subunit of CPS that defines the interior walls of the ammonia
tunnel. Previous substitutions with phenylalanine and tyro-
sine at this position produced two mutant enzymes the kinetic
properties of which were consistent with an ammonia tunnel
that was almost fully clogged. With G359F and G359Y, the
formation of carbamoyl phosphate using glutamine as the ni-
trogen source was almost completely inhibited, whereas the
partial reactions occurring on the small and large subunits
were largely uncoupled from one another. In the current study,
three additional mutants, G359S, G359L, and S35F, were pre-
pared. G359S and G359L displayed kinetic properties that
were intermediate in scope between the wild-type CPS and
G359F (Tables I-III). With the wild-type CPS, the hydrolysis of
ATP and glutamine is fully coupled such that one equivalent of
carbamoyl phosphate is synthesized when two equivalents of
ATP and one equivalent of glutamine are consumed. As the
side chain of residue 359 is switched from a hydrogen atom to
a hydroxymethyl group, an isobutyl group, or a benzyl group,
the catalytic properties of the enzyme deviate from full cou-
pling to almost complete uncoupling of the two partial reactions
(Tables I-IIT and Fig. 2). The size of the side chain at position
359 correlates very well with the extent of the diminution of
carbamoyl phosphate formation (Table III). It thus appears
that with this series of tunnel mutants, the percentage of the
internal ammonia, derived from the hydrolysis of glutamine,
that is able to traverse the full length of the ammonia tunnel is
determined by the degree of constriction within this tunnel.
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Fic. 3. NMR spectra of carbamoyl
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phosphate and analogs. The '*C and Al B1 c1
3P NMR spectra for the control (1), car-
bamoyl phosphate (2), N-hydroxy carbam-
oyl phosphate (3), and N-amino carbamoyl
phosphate (4) are shown. A and B present A2 B2 c2
the '3C NMR spectra, and C presents the
3P NMR spectra. For A and C, [**C]bicar-
bonate and ['*N]nitrogen sources were
used. For B, [*3C]bicarbonate and '°N-en-
riched nitrogen sources were used. The 'P A3 B3 c3
NMR spectra of the doubly enriched prod-
ucts were identical to those shown in panel
C. Carbamoyl phosphate: § (**C NMR,
D,0) 156.85, 8 (*'P NMR, D,0) —4.35, J »
= 4.7 Hz, Jonpzco = 25.7 Hz; N-hydroxy A4 B4 c4
carbamoyl phosphate: 8§ (**C NMR, D,0)
156.90, 8 (*'P NMR, D,0) -4.50, J p = 5.0
Hz, J¢, nmco = 25.2 Hz; N-amino carbam-
oyl phosphate: § (**C NMR, D,0) 156.72, §
('P NMR, D,0) —4.12, J.p, = 4.7 Hz, J¢, 157.6 156.8 ppm 157.6 156.8 ppm -3.8 -4.2 -4.6 ppm
NHCO = 26.3 Hz.
TABLE V
Kinetic parameters for the hydrolysis of y-glutamyl hydroxamate and y-glutamyl hydrazide by the wild-type and mutant enzymes
Shown are kinetic constants for glutamate formation in the absence or presence of ATP and bicarbonate.
y-Glutamyl hydroxamate y-Glutamyl hydrazide
Partial reaction® Overall reaction® Partial reaction” Overall reaction®
keat K, Eeat K, keat K, eat K,
st mu s! mu st mm st mu
Wild-type 0.0030 0.10 7.9 1.3 0.0020 0.45 0.19¢ >40
S35F 0.0014 0.096 6.7 2.1 0.0018 0.60 0.15¢ >40
G3598 0.022° >40 2.6° >40 ND? ND ND ND
G359L 0.012¢ >40 0.37 29 ND ND ND ND

“ Reaction conditions: pH 7.6, 25 °C, 100 mM KClI, variable amounts of y-glutamyl hydroxamate, or y-glutamyl hydrazide.
® Reaction conditions: pH 7.6, 25 °C, variable amounts of y-glutamyl hydroxamate or y-glutamyl hydrazide, 5.0 mm ATP, 40 mwm bicarbonate, 20

mM MgCl,, 100 mm KC1, and 10 mM ornithine.

¢ Rate constant at 40 mM y-glutamyl hydroxamate or y-glutamyl hydrazide.

< ND, not determined.

TaBLE VI
Stimulation of the bicarbonate-dependent ATPase activity by y-glutamyl hydroxamate and hydroxylamine

Shown are kinetic constants for ADP formation.

HCOj3 -dependent® y-glutamyl hydroxamateb Hydroxylamine®
Enzymes —_—
keat keat @ K, keat « K,
st st mu st mu
Wild-type 0.39 2.4 6.2 15 2.0 5.0 68
S35F 0.49 1.9 3.8 1.7 4.0 8.2 168
G359S 1.17 1.5¢ 1.2 >40 4.3 3.7 88
G359L 1.17 1.4¢ 1.2 >40 4.8 4.1 67

“ Reaction conditions for the bicarbonate-dependent ATPase reaction: pH 7.6, 25 °C, 5.0 mM ATP, 40 mM bicarbonate, 20 mm MgCl,, 100 mm KCl,

and 10 mM ornithine.

® Reaction conditions: the same as above except for variable amounts of y-glutamyl hydroxamate.
¢ Reaction conditions: the same as above except for variable amounts of hydroxylamine.

< Rate constant at 40 mM y-glutamyl hydroxamate.

The catalytic properties of S35F differ only slightly from the
wild-type CPS (Tables I-III and Fig. 2), and the two partial
reactions are mildly uncoupled from one another. These overall
kinetic characteristics thus place S35F between the wild-type
CPS and G359S.

For each mutant within this series, the hydrolysis of gluta-
mine within the small subunit is still stimulated by the hydrol-
ysis of ATP within the large subunit (Table II). Therefore, a
similar conformational change must still be transmitted from
the large subunit to the small subunit, as observed with the
wild-type CPS. The triggering event for this conformational
change has been attributed to the formation of the carboxy
phosphate intermediate within the large subunit (27). Each of
these tunnel mutants also retains the ability to synthesize
carbamoyl phosphate when ammonia is provided as the direct
nitrogen source (Table III). This further strengthens the pre-
vious argument that ammonia can access an alternate route to

the bicarbonate phosphorylation site within the large subunit
(18).

The second approach that was undertaken to provide direct
support for the tunneling of the ammonia intermediate within
CPS was to probe the tunneling of intermediates that are
physically larger than ammonia. Hydroxylamine and hydra-
zine have an overall size that is larger than ammonia. The
utilization of a radiolabeled probe and NMR spectroscopy has
detected and identified the formation of N-hydroxy carbamoyl
phosphate and N-amino carbamoyl phosphate when hydroxyl-
amine or hydrazine substitutes for ammonia as the external
nitrogen source. Earlier, MacKinley et al. (31) reported the
likely formation of N-amino carbamoyl phosphate from hydra-
zine in a reaction catalyzed by carbamoyl phosphate synthetase
I from frog liver. The putative N-amino carbamoyl phosphate in
that study was more base-stable than carbamoyl phosphate, as
similarly observed here with N-amino carbamoyl phosphate or
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Fic. 4. Stimulation of ATP hydrolysis by the various sources of
nitrogen. The maximal rate enhancement by glutamine, ammonia,
y-glutamyl hydroxamate, and hydroxylamine is represented by the
black, white, dark gray, and light gray bars, respectively.

N-hydroxyl carbamoyl phosphate formed by the E. coli enzyme.
Increased base stability of other N-substituted derivatives of
carbamoyl phosphate has been reported (32). The formation of
carbamoyl phosphate analogs by CPS when hydroxylamine or
hydrazine is included as the external nitrogen source suggests
that the carbamate tunnel within the large subunit is flexible
enough to accommodate the passage of the two analogs of the
carbamate intermediate.

When vy-glutamyl hydroxamate or y-glutamyl hydrazide is
provided as the nitrogen source, both compounds are hydro-
lyzed to hydroxylamine or hydrazine and to glutamate, in a
reaction analogous to glutamine hydrolysis. For this glutamin-
ase partial reaction, the two glutamine analogs display kinetic
parameters similar to glutamine. As with glutamine, the hy-
drolysis of these two glutamine analogs within the small sub-
unit is stimulated by the hydrolysis of ATP within the large
subunit. On the other hand, the hydrolysis of ATP within the
large subunit is enhanced by the hydrolysis of y-glutamyl hy-
droxamate, but not y-glutamyl hydrazide. The stimulation of
the ATPase activity by y-glutamyl hydroxamate mirrors that
by hydroxylamine. With glutamine, the elevation of the steady-
state rate of ATP hydrolysis is indicative of an enhanced rate of
attack on the carboxy phosphate intermediate by the internally
derived ammonia relative to water (27). By analogy, the stim-
ulation of the ATPase activity by y-glutamyl hydroxamate most
likely reflects the reaction between hydroxylamine and the
carboxy phosphate intermediate. It is not understood why the
hydrolysis of ATP is not stimulated by hydrazine or y-glutamyl
hydrazide. The enzymatic formation of N-amino carbamoyl
phosphate from hydrazine as the alternative nitrogen source
requires the reaction between hydrazine and the carboxy phos-
phate intermediate. However, the reactions involving hydrox-
ylamine or hydrazine are complicated by various factors. Both
of these compounds are weaker nucleophiles than ammonia
(based upon the pK, values), whereas the putative carbamate
analog intermediates are less stable than carbamate (33). Un-
like the synthesis of carbamoyl phosphate using glutamine as
the nitrogen source, the partial reactions within the small
subunit and the large subunit are not fully coupled to one
another when glutamine is substituted by y-glutamyl hydrox-
amate or y-glutamyl hydrazide.

Although hydroxylamine is bulkier than ammonia, hydrox-
ylamine derived from the hydrolysis of y-glutamyl hydroxam-
ate still appears to be able to transverse the ammonia tunnel of
the wild-type CPS. It was anticipated that some of the mutants
within the ammonia tunnel would allow the passage of the
ammonia but not the bulkier hydroxylamine. This prediction
was confirmed. Based upon the ability to stimulate the ATPase
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activity in the presence of glutamine or y-glutamyl hydroxam-
ate, G359S, which contains a partially clogged ammonia tun-
nel, seems to allow the passage of the internally derived
ammonia to a certain degree but completely prevents hydroxyl-
amine from diffusing through the interior ammonia tunnel
(Fig. 4). When the degree of constriction within the ammonia
tunnel is further increased with G359L, both the ammonia and
hydroxylamine are inefficiently channeled (Fig. 4). The overall
trend in the enhancement of the ATPase activity by y-glutamyl
hydroxamate for the wild-type CPS, S35F, G359S, and G359L
is very similar to the trend displayed by glutamine (Fig. 4).
These results are also consistent with the pattern of uncoupling
of the partial reactions among these enzymes (Fig. 2). Each of
these tunnel-impaired mutants retains the ability to activate
the ATPase activity within the large subunit when either am-
monia or hydroxylamine is provided as the direct nitrogen
source (Fig. 4). This suggests that ammonia or hydroxylamine
can bind to the large subunit via an alternative route, other
than the ammonia tunnel.

Recently, Anderson and co-workers (20, 34) have reported a
pair of “channel-impaired mutants“ of tryptophan synthase
(agBs). Tryptophan synthase, which catalyzes the formation of
L-tryptophan from indole 3-glycerol phosphate and L-serine,
also contains an intermolecular tunnel connecting the active
sites of the @ and B subunits. Pre-steady-state kinetic analysis
and computer simulations suggest that the rate of channeling
of indole in BC170F and BC170W mutants is reduced by =10-
and =5000-fold, respectively. However, the BC170F mutant
appears to be only mildly affected in terms of overall macro-
scopic rate constants (20). It is possible that some of the CPS
mutants with only slightly altered steady-state parameters
may still be significantly impaired in ammonia tunneling. The
respective advantage and disadvantage of steady-state and
pre-steady-state approaches for evaluation of substrate tunnel-
ing have been recently reviewed (12).

In summary, we have prepared a series of ammonia tunnel
mutants by the placement of a constriction inside the ammonia
tunnel. The degree of constriction within the ammonia tunnel
of these enzymes correlates nicely with the extent of the un-
coupling of the partial reactions occurring within the small and
large subunit, the extent of inhibition of carbamoyl phosphate
formation, and the percentage of the internally derived ammo-
nia that is channeled through the ammonia tunnel. By utilizing
NMR and a radiolabeled probe, we have also detected and
confirmed the enzymatic synthesis of N-amino carbamoyl phos-
phate and N-hydroxy carbamoyl phosphate from hydroxyla-
mine and hydrazine as nonnatural nitrogen sources. The ki-
netic results indicate that hydroxylamine, derived from the
hydrolysis of y-glutamyl hydroxamate, is channeled through
the ammonia tunnel to the large subunit. The combination of
these two experimental approaches, namely constricting the
ammonia tunnel and enlarging the intermediate that must
migrate from one site to the next, allows us to observe discrim-
ination between the passage of ammonia and hydroxylamine
among these tunnel-impaired enzymes. The overall results
therefore provide compelling evidence for the tunneling of am-
monia within the native structure of CPS.
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