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Abstract: The transfer of ammonia in carbamoyl phosphate synthetase (CPS) was investigated by molecular
dynamics simulations and experimental characterization of mutations within the ammonia tunnel. In CPS,
ammonia is derived from the hydrolysis of glutamine and this intermediate must travel ~45 A from the site
of formation in the small subunit to the site of utilization in the large subunit. In this investigation, the migration
of ammonia was analyzed from the exit of the small subunit through the large subunit where it ultimately
reacts with the carboxy phosphate intermediate. Potential of mean force calculations along the transfer
pathway for ammonia indicate a relatively low free-energy barrier for the translocation of ammonia. The
highest barrier of 7.2 kcal/mol is found at a narrow turning gate surrounded by the side chains of Cys-232,
Ala-251, and Ala-314 in the large subunit. The environment of the ammonia tunnel from the exit of the
small subunit to the turning gate in the tunnel is filled with clusters of water molecules and the ammonia
is able to travel through this area easily. After ammonia passes through the turning gate, it enters a
hydrophobic passage. A hydrogen bond then forms between the ammonia and Thr-249, which facilitates
the delivery to a more hydrophilic environment near the active site for the reaction with the carboxy phosphate
intermediate. The transport process from the turning gate to the end of the tunnel is favored by an overall
downhill free-energy potential and no free-energy barrier higher than 3 kcal/mol. A conformational change
of the turning gate, caused by formation of the carboxy phosphate intermediate, is consistent with a
mechanism in which the reaction between ATP and bicarbonate triggers the transport of ammonia and
consequently accelerates the rate of glutamine hydrolysis in the small subunit. A blockage in the turning
gate passageway was introduced by the triple mutant C232V/A251V/A314V. This mutant is unable to

synthesize carbamoyl phosphate using glutamine as a nitrogen source.

Introduction

Carbamoyl phosphate synthetase (CPS) from Escherichia coli
catalyzes one of the most complex reactions in biological
chemistry. The product of this enzymatic transformation,
carbamoyl phosphate, is utilized in the biosynthesis of arginine
and pyrimidine nucleotides.' > Carbamoyl phosphate is formed
from glutamine, bicarbonate, and two molecules of MgATP
through a series of four separate reactions.* The generally
accepted reaction mechanism is summarized in Scheme 1. In
the initial reaction, the first molecule of ATP is used to
phosphorylate bicarbonate to generate the reactive intermediate,
carboxy phosphate. Glutamine is hydrolyzed to glutamate and
ammonia, followed by the reaction of ammonia with the carboxy
phosphate intermediate to form carbamate. Finally, a second
molecule of ATP is used to phosphorylate carbamate to form
the ultimate product, carbamoyl phosphate. There are thus four
separate reactions and three discrete, reactive, and unstable
intermediates involved in this reaction mechanism: carboxy
phosphate, ammonia, and carbamate.>®
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The protein isolated from E. coli is a heterodimer composed
of a small (42 kDa) and a large (118 kDa) subunit. Structural
data has confirmed the presence of three spatially distinct active
sites that are linked by two long molecular tunnels that extend
approximately 100 A from one end of the protein to the other
(Figure 1). The small subunit contains the active site for the
hydrolysis of glutamine, which is hydrolyzed to glutamate and
ammonia via a thioester intermediate.”® The ammonia derived
from this reaction travels ~45 A to the active site for the
synthesis of the carboxy phosphate intermediate, located in the
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Figure 1. The structure of carbamoyl phosphate synthetase. The small
subunit that contains the active site for the hydrolysis of glutamine is shown
in green. The N-terminal domain of the large subunit that contains the active
site for the synthesis of carboxy phosphate and carbamate is shown in red.
The C-terminal domain of the large subunit that contains the active site for
the synthesis of carbamoyl phosphate is shown in blue. The two molecular
tunnels for the translocation of ammonia and carbamate are shown in yellow
dotted lines. The image was constructed from PDB file: 1C30.

N-terminal half of the large subunit. The carbamate intermediate,
formed by the reaction of ammonia with carboxy phosphate, is
subsequently channeled ~45 A to the active site for the synthesis
of carbamoyl phosphate. This active site is located within the
C-terminal half of the large subunit where carbamate is
phosphorylated by the second molecule of MgATP to form the
ultimate product, carbamoyl phosphate.®'° CPS thus contains
two long molecular tunnels for the transport of ammonia and
carbamate.

Intramolecular protein tunnels have been found in a number
of enzymes where it is necessary to shelter unstable and reactive
intermediates from bulk solution. Tunnels for the translocation
of ammonia have been found in all members of the amidot-
ransferase family for which structural data is available.'' ~2° All
of these enzymes utilize ammonia derived from the hydrolysis
of glutamine.?'"** Isotopic labeling studies have demonstrated
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that the ammonia derived from the hydrolysis of glutamine in
CPS does not exchange with added ammonia present in the bulk
solution.® These data demonstrate that the wild-type enzyme
is not leaky and that there is a strong coupling between the
reactions at the separate active sites. Unfortunately, there are
significant difficulties in experimentally tracking the migration
of ammonia from one active site to the next.

Molecular dynamics (MD) simulations can serve as a useful
tool to investigate the kinetic and dynamic details of the
mechanism for ammonia migration at the atomic level. For
example, the transfer of NH; in imidazole glycerol phosphate
synthase and glucosamine-6-phosphate synthase has been
studied using steered MD. The free-energy profile for NH;
transport in AmtB was calculated by an umbrella sampling
technique and it was also investigated at an elevated temperature
of 323 K utilizing conventional MD simulations. These simula-
tions have led to a better understanding of the transport
mechanisms for ammonia and helped to explain the conforma-
tional changes of key residues in these proteins.?*

We have previously examined the mechanism for the migra-
tion of ammonia by MD simulations from the site of synthesis
in the small subunit to the interface between the small and large
subunits.”> The simulations revealed a two-step mechanism in
which ammonia is solvated into a water pocket containing 5—7
waters by overcoming a low barrier of 3.7 kcal/mol. A
stabilization of more than 7 kcal/mol in free energy is gained
in the first step and then the ammonia travels through a relatively
narrow passage leading to the exit of the small subunit by
overcoming a barrier of 5.7 kcal/mol in the second step. These
conclusions were supported by multiple trajectories for ammonia
transport over a distance of ~13 A without introducing any
biasing forces.

In this paper, we calculate the free-energy profile for the
remainder of the ammonia tunnel within CPS using the umbrella
sampling technique. From these studies and earlier studies, it
is found that the transport of ammonia through the entire tunnel
is composed roughly of three steps. First, the ammonia is
injected into the tunnel with a free-energy drop of more than 7
kcal/mol and this is followed by an energy-flat region between
His-353 and Ser-35 in the small subunit.”® Second, after passing
through the relatively narrow portion of the tunnel near Ser-35
and Thr-37 in the small subunit, the ammonia enters the large
subunit. In this region, two large water clusters are separated
by Tyr-261 and the ammonia moves back and forth fairly freely
between these two clusters. Finally, after overcoming a narrow
turning gate surrounded by the side chains from Cys-232, Ala-
251, and Ala-314 in the large subunit, the ammonia passes
through a hydrophobic corridor with the help of a strong
hydrogen bond to Thr-249. The ammonia then travels through
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a free energy-downhill region without any barrier higher than
3 kcal/mol to the site of synthesis for carboxy phosphate and
carbamate.

Materials and Methods

Construction of Models for the Thioester Intermediate. The
X-ray crystal structure of CPS (PDB code: 1cs0) was taken as the
starting point for the simulations of NHj transfer in this enzyme.?®
The residues Met-1, Ala-381, and Lys-382 from the small subunit
of CPS are missing in this X-ray structure and they were added
manually with extended conformations during the simulations. The
two missing loops, 717—723 and 742—749, in the large subunit of
CPS were inserted using SWISS-MODEL.?’~?° These two loops
are part of the binding site for ATP in the carbamoyl phosphate
synthesis domain. This binding site is ~45 A away from the other
ATP binding site that is utilized for the synthesis of carboxy
phosphate and carbamate. In this structure, the wild-type CPS is
bound with a glutamate y-semialdehyde inhibitor in the active site
of the small subunit. The thiol group of Cys-269 forms a covalent
bond with the side chain aldehyde group to generate a tetrahedral
addition complex that mimics the proposed tetrahedral intermediate
for amide bond hydrolysis. In the simulations reported here, the
inhibitor covalently bonded with Cys-269 was replaced with a
y-glutamyl cysteine residue (Cyg). The geometry of the Cyg group
was optimized to a local minimum and the conformation of the
side chain was kept the same as the substituted Cys-269 of the
wild-type enzyme.

The charge distributions on all atoms in Cyg and NH; were
obtained using the RESP-fit method®*~*" based on B3LYP/cc-pVTZ
calculations®> 3> with the solvent effect (¢ = 4) taken into account
using the polarizable continuum model (PCM).**~3® The geometry
for NH; was fully optimized in the gas phase at the same level as
that for the charge distribution calculations. The charge on the
nitrogen atom in NH; was —0.9882. All of the crystalline waters
within the enzyme or on the protein exterior, including Mn?*, K*,
and Cl™, were utilized for the simulations. It is important to point
out that K* and C1~ move freely during these simulations while
Mn?" ions are tightly bound to ADP and/or phosphate. The
protonation states of all histidine residues were adjusted based on
the local environments. For example, N of His-353 from the small
subunit is protonated because this nitrogen atom is within H-bonding
distance of the side chain carboxylate of Glu-355. The net negative
charge in the protein was neutralized by added Na™ ions. Explicit
TIP3P waters were added as a truncated octahedral water box with
an 8 A buffer.>® All operations were processed using the AMBER
Leap module, which led to models containing ~120 000 atoms,
including ~39 000 waters.*>*' These models were further extended
using the periodic boundary condition. The AMBER force field
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Figure 2. The molecular tunnel for the transport of ammonia from the
site of the glutamine hydrolysis to the site of the carbamate formation. The
entire tunnel is separated into two parts, illustrated by the two arrows that
are separated by the triangular gate formed by Cys-232, Ala-251, and Ala-
314. The black dashed line divides the tunnel at the interface of the small
and large subunits. Ser-35 and Thr-37 are the connecting points. Cys-269
is at the beginning of the ammonia tunnel, while ADP, P;, and Arg-306 are
at the end.

99,*? with the parameters for the peptide backbone reoptimized,
was utilized for all standard amino acid residues and NH;, while
the general AMBER force field was used for the sulfur-related
bonds, bond angles, and torsional angles in the y-glutamyl thioester
intermediate.*> The force field for ADP,** P,** and Mn>™ are
contributed by Richard Bryce at the University of Manchester. MD
simulations were conducted in the isothermal—isobaric (NPT)
ensemble at 300 K and 1 atm. The SHAKE algorithm was used to
constrain all bonds involving hydrogens.*® A 10.0 A cutoff was
applied for nonbonding interactions. The Particle Mesh Ewald
method was employed to treat the long-range electrostatic
interactions.*’-

MD trajectories were obtained on these structures using the
AMBER suite of programs.*®*' Before the MD simulations, in
which the trajectories were collected every 0.5 ps, two steps of
minimization were conducted. During minimization, the systems
were first optimized for 1000 cycles while the backbone of the
protein was frozen with a force constant of 500.0 keal/(mol-A?).
The systems were further optimized for 2500 cycles without
constraints, followed by a 20-ps MD simulation which heats the
system from 0 to 300 K, with a force constant of 10.0 kcal/(mol -A?)
added upon the protein backbone. A 200-ps simulation under 1
atm and 300 K was performed to reach equilibrium with the
constraints on the protein removed. All data were collected from
the MD simulations.

Free-Energy Calculations. For the convenience of choosing an
appropriate reaction coordinate, the ammonia tunnel in the large subunit
of CPS was separated into two approximately linear sections during
the free-energy calculations. As shown in Figure 2, the reaction
coordinate in the first part (shown by the red arrow) of the free-energy
calculations is defined as the distance between the nitrogen atom of
the ammonia and the carbonyl carbon of the thioester intermediate in
Cyg-269. In the second part, the reaction coordinate is defined as the
distance between the ammonia nitrogen and one of the Mn”" ions in
the active site for the formation of carbamate (shown by the blue
arrow). The first half of the ammonia tunnel in the large subunit extents
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from the exit of the ammonia tunnel near residues Ser-35 and Thr-37
of the small subunit to a turning gate, constricted by the side chains
of Cys-232, Ala-251, and Ala-314 from the large subunit. The second
portion of the tunnel extends from this constriction to the end of the
ammonia tunnel. The free-energy profiles or potentials of mean force
(PMF) along the tunnel were computed using the umbrella sampling
technique with a biasing harmonic potential involving a force constant
of 40 keal/(mol/A2).**~>3 The PMF for the first segment was calculated
using 104 windows chosen from the trajectories with NH; positioned
at discrete sites of the tunnel, while that for the second portion of the
tunnel was sampled using 45 windows. For each window, a 10-ps
equilibration simulation was performed and a subsequent 400-ps
simulation was used to generate dynamics data for the WHAM
(Weighted Histogram Analysis Method) analyses.>*~>*

Bacterial Strains and Plasmids. Site-directed mutagenesis of
CPS was performed as described previously.’*>> The RC50 strain
used for protein expression was a generous gift from Dr. Carol J.
Lusty. All plasmids used in this project were derived from pMS03.>*
Oligonucleotide synthesis and DNA sequencing reactions were
performed by the Gene Technology Laboratory, Texas A&M
University.

Construction and Purification of Mutant Proteins. Site-directed
mutagenesis was performed using the Quick Change protocol from
Stratagene. All of the site-directed changes made to the wild-type
CPS were confirmed by DNA sequencing of the modified plasmids.
The plasmids containing the carAB genes were transformed in the
RC50 cell line of E. coli for expression of the wild-type and mutant
forms of CPS. The wild-type and mutant variants of CPS were
purified as previously described.’® The mutants S35Y, C232V/
A251V/A314V, C232G/A251G/A314G, A251C, A314C, A311L,
I352F, and T249V in the ammonia tunnel were expressed and
purified to greater than 95% homogeneity, as judged by SDS-
polyacrylamide gel electrophoresis.

Circular Dichroism Measurements. The secondary structure
of all mutant proteins was determined using circular dichroism
measurements. All measurements were made on an Aviv 62DS
spectropolarimeter. Each sample contained 450 nM protein in 5
mM phosphate buffer, pH 7.6. Measurements were made using
quartz cuvettes with a 1-cm path length.

Kinetic Measurements. The rate of glutamine hydrolysis was
determined by coupling the formation of glutamate to the production
of o-ketoglutarate with L-glutamate dehydrogenase and 3-acetylpy-
ridine adenine dinucleotide (APAD).>* The reaction mixtures
contained 50 mM Hepes (pH 7.6), 20 mM MgCl,, 100 mM KCl,
40 mM KHCO;, 5.0 mM ATP, 10 mM ornithine, 1.0 mM APAD,
30 U L-glutamate dehydrogenase, and varying amounts of glutamine.
The rate of ADP formation was measured using a pyruvate kinase/
lactate dehydrogenase coupling system.>® The reaction mixtures
for the glutamine-dependent assay contained 50 mM Hepes, pH
7.6, 20 mM MgCl,, 100 mM KCI, 40 mM KHCO;, 10 mM
glutamine, 10 mM ornithine, 1.0 mM phosphoenolpyruvate, 0.2
mM NADH, 2 units of pyruvate kinase, 3 units of lactate
dehydrogenase, and varying amounts of ATP. Glutamine was
excluded from the bicarbonate-dependent and NH4"-dependent
ATPase assays. Varying amounts of NH4Cl and 5 mM ATP were
used for the NH,"-dependent ATPase assay. Both of these assays
were followed by the decrease in absorbance at 340 nm using a
Molecular Devices SpectraMax Plus 96-well plate reader. The
synthesis of carbamoyl phosphate was determined by measuring
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Figure 3. Potentials of mean force from Thr-37 in the small subunit to
the narrow turn surrounded by Cys-232, Ala-251 and Ala-314. The reaction
coordinate is defined as the distance from the nitrogen atom in the ammonia
to the carbonyl carbon of the thioester intermediate in Cys-269.

the rate of citrulline formation in a coupled assay containing
ornithine transcarbamoylase (OTCase) and ornithine.”” The assay
mixture contained 50 mM Hepes, pH 7.6, 20 mM MgCl,, 100 mM
KCl, 40 mM KHCO3;, 5.0 mM ATP, 10 mM ornithine, 12 units of
OTCase, and 10 mM glutamine. The rate of ATP synthesis was
measured with a hexokinase/glucose-6-phosphate dehydrogenase
(G6PDH) coupling system.>* The assay mixture for the ADP-
dependent assay included 50 mM Hepes, pH 7.6, 20 mM MgCl,,
100 mM KCl, 10 mM ornithine, 0.75 mM NAD, 2 units of
hexokinase, 1.0 mM glucose, 1 unit of GOPDH, 1.0 mM carbamoyl
phosphate, and varying amounts of ADP.

Results and Discussion

Translocation of NH; into the Large Subunit. Ammonia is
generated as a reactive intermediate in CPS as a result of
glutamine hydrolysis in an active site located in the small
subunit. The MD simulations for the passage of ammonia
through the small subunit of CPS have been described previ-
ously.25 In these studies, it was found that as the ammonia
approaches the interface between the large and small subunits
of CPS it is largely desolvated from a water cluster and passes
by Ser-35 and Thr-37.2° The PMF along the ammonia tunnel
from the exit of the small subunit near residue Thr-37 to a
narrow turning point in the tunnel that is gated by a constriction
formed by the side chains of Cys-232, Ala-251, and Ala-314 is
shown in Figure 3. This portion of the free-energy profile is
roughly characterized by two maxima. The first peak is located
near Tyr-261 at a distance of approximately 22 A from Cys-
269. The second maximum occurs at a distance of approximately
30 A where the tunnel makes a sharp bend at a turning point
that leads to the next active site at the end of the ammonia
tunnel. The barrier here is 7.2 kcal/mol. Between Thr-37 in the
small subunit and Tyr-261 in the large subunit the relative free
energy for the translocation of ammonia is generally flat. The
lowest free-energy well occurs in a region after Tyr-261 at a
distance of approximately 24 A. The side chain of Tyr-261
extends into this water reservoir and partitions it into two pockets
of water. These two water clusters can exchange water fairly
freely with each other because of the flexibility of the Tyr-261
side chain, which does not form a hydrogen bond to any other
residues and thus is able to interact strongly with the waters in
either cluster.
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Figure 4. The solvated ammonia (waters are not shown) in the water
pockets at the interface between the small and large subunits: (a) and (b)
are the two halves of the ammonia tunnel when ammonia is in the first
pocket between Thr-37 and Tyr-261; (c) and (d) when ammonia is in the
second pocket between Tyr-261 and the turning gate surrounded by Cys-
232, Ala-251, and Ala-314. The surface model is used to depict the
impenetrable and well-shaped pocket wall. The arrows stand for the direction
of the ammonia transport.

The first water pocket is well-formed by the surrounding
residues as shown in the connected surface model in Figure 4,
panels a and b. This segment of the ammonia tunnel corresponds
to the fairly flat region of the PMF plot presented in Figure 3
at a distance of 15—21 A from the thioester intermediate in the
small subunit. Thr-37 from the small subunit and Tyr-261 from
the large subunit narrow the tunnel, and as a result, the water
cluster is effectively dissected into two parts. A 16-ns trajectory
of conventional MD simulation, started with the ammonia
positioned in the first water pocket, reveals the stability for
ammonia solvation in the water cluster and the flexibility of
Tyr-261, as illustrated in Figure 5a. On the basis of the
calculated distribution function of the distance between the
ammonia and the hydroxyl oxygen of Thr-37, the ammonia is
completely solvated in the water cluster (the major peak at ~6
A of curve II in Figure 5a), while Thr-37 can still form a
hydrogen bond with ammonia (the small peak at about 2.8 A).
Solvation in the next water pocket is responsible for the
relatively low but even distribution at 7—10 A (curve II in Figure
5a).

The second water pocket is located between Tyr-261 and the
turning point gated formed by Cys-232, Ala-251, and Ala-314
as illustrated in Figure 4, panels ¢ and d. This pocket is enclosed
by the residues forming the tunnel wall and is only open to
Tyr-261 and the gate. The side chain of Tyr-354 is constrained
due to a hydrogen bond to the carbonyl oxygen of Ala-314 in
the protein backbone. Because this spacious pocket is capable
of accommodating a large water cluster, ammonia can be
efficiently solvated in this pocket. Consequently, a deep free-
energy well is observed at about 24 A in Figure 3. The free-
energy profile is much simpler for the second water pocket
because it lacks nearby hydrophilic residues except for Ser-
233. The intermolecular interactions in the first water pocket is
made complex as a result of the exchange of hydrogen bonds
between ammonia and the hydrophilic residues, Tyr-255 and
Tyr-257 from the large subunit, and Thr-37 in the small subunit.
On the basis of the distance distribution between the ammonia
and Cp of Cys-232, calculated from a 5-ns trajectory of
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Figure 5. Probability distribution of the distances from the nitrogen atom
in ammonia to (a) the Cf in Cys-232 (black); (b) the oxygen atom of the
side chain hydroxyl in Thr-37 (red). The probability distributions obtained
from the 5-ns trajectory started with the ammonia positioned between Thr-
37 and Tyr-261 are labeled by (I), while the ones from the 16-ns trajectory
started with the ammonia positioned between Tyr-261 and Cys-232 are
labeled by (II).

conventional MD simulation that started with ammonia placed
between Cys-232 and Tyr-261, a single large peak at about 5
A (see curve I in Figure 5b) is identified. This confirms that
ammonia is adequately solvated and significantly stabilized in
this water pocket. Furthermore, the low probability distribution
in the range from 9 to 18 A indicates that Tyr-261 only partly
ruptures the connection between this pocket and the first one,
again indicating that the free-energy barrier separating these two
pockets is not very high. The barriers for the forward and reverse
ammonia transport are about 1.9 and 3.9 kcal/mol in free energy,
respectively. In addition, the excellent solvation of ammonia
in the pocket between Tyr-261 and the gate is confirmed by
the major peak at about 10 A of curve II in Figure 5b, while a
hydrogen bond between the ammonia and the side chain
hydroxyl of Thr-37 from the small subunit was observed (see
the small peak at about 2.8 A).

To move further along the tunnel, the ammonia has to
overcome a barrier of 7.2 kcal/mol at a gate composed of Cys-
232, Ala-251, and Ala-314. This transition corresponds to the
peak at ~30 A in Figure 3. The dimension of the gate is barely
enough for a single ammonia to pass because the radius for the
largest contact sphere in this triangle of residues ranges from
0.3 to 2.9 A (based on the triangle shown in Figure 6 and the
van der Waals radii for the atoms involved in the triangle.).
This width is very close to the van der Waals radius of 1.824
A for ammonia. Apparently, the requirement for dehydration
of ammonia impedes the passage through the gate and none of

J. AM. CHEM. SOC. = VOL. 131, NO. 29, 2009 10215



ARTICLES

Fan et al.

Figure 6. The triangular gate surrounded by Cys-232, Ala-251, and Ala-
314 leading to the site of carbamate formation. The van der Waals spheres
for the sulfur atom of Cys-232 and C, atoms of Ala-251 and Ala-314 are
shown in transparency. The distances are in A.

the three surrounding residues are able to form a hydrogen bond
to compensate for the loss of water solvation. The tunnel makes
a turn of about 90° after the gate (see Figure 2).

Translocation of NH; from the Turning Gate to the Site of
Carbamate Formation. After overcoming the barrier at the
turning gate formed by the intersection of Cys-232, Ala-251,
and Ala-314, the free-energy profile for the ammonia transport
has an overall downhill trend. This is illustrated in Figure 7a.
The ammonia reaches the end of the tunnel and the global free
energy minimum at about 8 A from the bound Mn>**, where
the ammonia interacts with the phosphate (during catalysis
carboxy phosphate would react with the ammonia) and Arg-
306 by forming hydrogen bonds. The passage leading to the
active site is confined by an o-helix and a 3-strand as shown in
Figure 7b. The local minimum between 15 and 18 A in Figure
7a corresponds to the space between the gate triad and another
triad formed from the side chains of Ile-234, Thr-249, and Leu-
310. In the MD trajectories, neither water nor amino acid
residues form hydrogen bonds to the ammonia except for the
side chain hydroxyl of Thr-249, which remains intact until the
ammonia is delivered to the site for the binding of ATP. Even
more striking, no water is located in any trajectory computed
using conventional MD even when the ammonia is not in this
region. Apparently, ammonia must be completely desolvated
when it is transported through this extremely hydrophobic
passage, the length of which (from Cys-232 to Thr-249) is at
least 9 A.

Because of the loss of stabilization by solvation, it is not
favorable for ammonia to move through the turning gate. The
free-energy profile in this region is higher than that before am-
monia passes the gate by about 3 kcal/mol (see the free energy
at 24 and 32 A in Figure 3). Desolvation consumes more than
6 kcal/mol when the ammonia passes through the gate, but the
hydrogen bond to Thr-249 contributes about 3 kcal/mol after
the passing. The barrier of ~3.6 kcal/mol, located at 14.6 A,
corresponds to the narrow passage surrounded by Ile-234, Thr-
249, and Leu-310. When ammonia passes through this region,
there are strong steric effects from Ile-234 and Leu-310 due to
the rigidity of the hydrogen bond between the ammonia and
Thr-249. The ammonia is subsequently delivered from the side
chain of Thr-249 to the next hydrophilic area filled with at least
26 waters. These water molecules are in the region between
Thr-249 and the bound phosphate, and are surrounded by Glu-
217, Thr-244, Thr-249, Arg-206, and Ser-307. This water cluster
directly extends and connects to the exceptionally hydrophilic
binding site for ATP (ADP and P; in the simulation), which is
surrounded by water. The hydrogen bond between the ammonia
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Figure 7. (a) Potentials of mean force (PMF) vs the distance from the
nitrogen atom in ammonia to one of the manganese ions at the site of
carbamate formation (see panel b); (b) the tunnel structure from the gate
surrounded by Cys-232, Ala-251, and Ala-314 to the site of carbamate
formation. The reaction coordinate is shown in magenta as a dotted line.
The three barriers shown in panel a correspond to the relatively narrow
parts formed by the triads, C232-A251-A314, 1234-T249-L.310 and E217-
T244-S307, respectively. In panel b, the ammonia is positioned between
the second and third triads.

and the hydroxyl from the side chain of Thr-249 is formed after
the ammonia passes the turning gate and persists until the
ammonia is sufficiently solvated by the water cluster in the next
hydrophilic region. This hydrogen bond is kept in the reaction
coordinate range of 18—12 A as shown in Figure 7a.

A barrier of about 3 kcal/mol in free energy is located in the
area surrounded by Glu-217, Thr-244, and Ser-307 when the
ammonia approaches the active site for carbamate formation.
This barrier is responsible for breaking of the strong hydrogen
bond network formed by Glu-217, Arg-306, and Ser-307,
especially the salt bridge between Glu-217 and Arg-306 when
the ammonia moves toward the phosphate.

Influence of Carboxy Phosphate Formation on the Turning
Gate. Ala-314 of the turning gate and Arg-306, which binds
the phosphate in the X-ray crystal (or the y-phosphoryl group
of ATP), are located at opposite ends of the same a-helix.
Therefore, changing the ligands to Arg-306 upon carboxy
phosphate formation is expected to alter the protein conforma-
tion near the gate. Thus, the opening and closing of the turning
gate at Ala-314 could be controlled by the reaction occurring
at the site that is mediated by Arg-306. To test this possibility,
two separate umbrella sampling simulations were performed for
P;-bound and carboxy phosphate-bound CPS and the free-energy
profiles are shown in Figure 8. For both calculations, the distance
from the ammonia to Ser-307 on the o-helix was defined as
the reaction coordinate (see Figure 8, panels b and c¢) and the
PMFs were calculated using 46 windows. In the case of carboxy
phosphate, the phosphate moiety occupies the same position as
P;, while the carboxylate moiety binds between the phosphate
and Arg-306 and interacts with the arginine by forming
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Figure 8. (a) Potentials of mean force (PMF) vs the distance from the
nitrogen atom in ammonia to the C, of Ser-307 in the large subunit; (b)
the reaction coordinate (dotted line in magenta) for the umbrella sampling
and the structure with bound P;; (c) the reaction coordinate (dotted line in
magenta) for the umbrella sampling and the structure of the bound carboxy
phosphate intermediate.

hydrogen bonds. As shown in Figure 8a, the barrier near the
turning gate with carboxy phosphate-bound is about 1.8 kcal/
mol lower than that with P;-bound (see the barriers at 6.3 and
7.5 A for the blue and red curves, respectively). Moreover,
compared to the case with P-bound, the stable water pocket
shown in Figure 4b is about 1 A closer to Ser-307 in the carboxy
phosphate-bound structure. That is to say, the carboxy phosphate
pushes the o-helix and the subsequent movement of Ala-314
expands the gate and thus makes it easier for ammonia to enter.
As shown in Figure 8c, the carboxyl group in the carboxy
phosphate interacts directly with Arg-306, while the phosphate
group is still bound in the original position (see Figure 8b).
The strong ion—ion and hydrogen bond interactions push the
a-helix (residues 306 to 315 in the large subunit), and as a result,
the gate circled by Cys-232, Ala-251, and Ala-314 is expanded.
These results are qualitatively in agreement with the experi-
mental observation that the hydrolysis of glutamine is 30-fold
faster in the presence of bicarbonate and ATP compared to that
in the absence of these substrates.

Rate-Limiting Step for Ammonia Transfer. The narrow gate,
which is created by the conjunction of Cys-232, Ala-251, and
Ala-314, results in a barrier of 7.2 kcal/mol. In this study, we
used Kramers’ reaction rate theory in solution (eq 1), assuming
that the dynamics can be described by a one-dimensional
diffusion along a reaction coordinate in which both the reactant

well and the barrier top are parabolic, to estimate the rates in
complex environments.’* "% In eq 1, Wnn and wy,, are
frequencies that characterize the curvature of the free-energy
profile at the minimum and the barrier top, respectively; kg is
Boltzmann’s constant, 7 is the absolute temperature; A is
Planck’s constant; AG* is the height of the free-energy barrier,
R is universal gas constant; and D,y;, and D,y are the diffusion
constants at the minimum and the barrier top, respectively,
shown in Figure 3. D, for ammonia and w.;, were fit to
0.00418 A%ps and 1.013 s~!, respectively. Thus, from eq 1, 7
= 101 us, which means that it takes ammonia ~100 us to
traverse the free-energy barrier imposed by the narrow gate
surrounded by Cys-232, Ala-251, and Ala-314 shown in Figure
3. The diffusion through the rest of the tunnel is fast and the
estimated rate constant for this step is 9.9 ms™!, which is ~200-
fold faster than the rate constant for the overall synthesis of
carbamoyl phosphate. Therefore, the overall barrier for the
transport of ammonia through the protein interior is too low to
be the rate-determining step for this enzyme.

B 2mkyT AG* 2mkgT AG* :
' o _w D ”Xp(RT)Nwzp ”Xp(RT) M

min~" maxT max min™ min

Mutation of Tunnel Residues. Amino acid residues within
the ammonia tunnel, both in the large and small subunits, were
mutated in an attempt to better evaluate their role in the transport
of NHj. All of the mutants, with the exception of C232G/
A251G/A314G were meant to engineer blockages along the path
for the migration of ammonia to the second active site in CPS.
These residues are fully conserved in CPS from other organisms.
The residues for mutagenesis were selected based on their
participation in the shuttling of ammonia to the active site for
carboxy phosphate formation as determined by the MD simula-
tions. Ser-35 was mutated to a tyrosine in an attempt to position
the phenolic side chain across the ammonia tunnel and
potentially form hydrogen bonds with GIn-262 and Asp-258.
In the MD simulations, this mutation nearly blocked the tunnel
by forming hydrogen bonds with GIn-262 and Asp-258 across
the ammonia tunnel, while the relative distances between the
C, atoms of the residues involved were not significantly changed
(shifts <0.5 A).

The C232V/A251V/A314V mutant in the large subunit was
designed to block the ammonia tunnel by introducing a
hydrophobic barrier. The valine residues in this mutant enzyme
were predicted to come together in the middle of the tunnel
through a hydrophobic collapse. This “greasy” plug inside the
tunnel would diminish the size of the tunnel diameter. These
residues were also mutated to glycine in an effort to remove
any steric hindrance that may have been the cause of the rela-
tively large energy barrier (Figure 3).

Thr-249, which is the residue responsible for forming a
hydrogen bond with ammonia after it passes through the turning
gate, was mutated to a valine in order to remove this hydrogen
bond. Without this interaction in place, it may be more difficult
for ammonia to enter the water pocket immediately after exiting
the turning gate composed of Cys-232, Ala-251, and Ala-314.
It was anticipated that this mutant would exhibit a low rate of

(58) Kramers, H. A. Phys. 1940, 7, 284-304.

(59) Berne, B. J.; Borkovec, M.; Straub, J. E. J. Phys. Chem. 1988, 92,
3711-3725.

(60) Socci, N. D.; Onuchic, J. N.; Wolynes, P. G. J. Chem. Phys. 1996,
104, 5860-5868.
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Table 1. Kinetic Characterization of the Wild-Type and Mutant forms of CPS?

GIn-dependent ATPase

HCO;~-dependent ATPase”

ATP-dependent Glutaminase

enzyme Keat (87) Kn (MM ATP) Keat (877) Kn(mM ATP) Keat (877) Kn (MM GIn)
WT 3.6 +0.1 0.24 +0.04 0.17 +0.01 0.051 4 0.008 2240.1 0.15 +0.01
S35Y 3.7+0.1 0.43 +0.04 0.079 & 0.002 0.18 +0.03 2.7+0.1 0.27 +0.05
C232V/A251V/A314V 0.020 £ 0.001 1.6 £0.3 0.011 4 0.002 29409 45+0.1 0.19 +0.03
C232G/A251G/A314G 2.0+0.1 0.06 £+ 0.01 0.26 +0.01 0.13 + 0.01 1.5+0.1 0.15 + 0.01
A251C 2.4 4+0.1 0.07 £+ 0.01 0.30 + 0.01 0.036 + 0.007 1.6 £ 0.1 0.25 +0.05
A314C 2340.1 0.08 £+ 0.01 0.35 +0.01 0.014 £+ 0.002 0.93 +0.03 0.18 +0.02
A311L 0.78 + 0.01 0.15 +0.02 0.18 +0.01 0.13 4+ 0.002 1.6 £ 0.1 0.45 + 0.06
1352F 34+02 0.32 + 0.09 0.15 £ 0.01 0.08 + 0.01 1.1 +£0.1 0.19 +0.02
T249V 1.8 £0.1 0.07 £ 0.01 0.45 +£0.01 0.035 £+ 0.004 1.4 +0.1 0.06 £+ 0.01

“ All mutations with the exception of S35Y were made in the large subunit. ® HCO; -dependent ATPase activity was measured in the absence

glutamine.

Table 2. Kinetic Characterization of ATP and Carbamoyl
Phosphate (CP) Synthesis Activities

ATP-synthesis® CP synthesis
enzyme Kear (s77) Kn (MM ADP) Keat (s7") ATP/CP

WT 0.13£0.01 0.13 +£0.03 1.9+ 0.01 1.9
S35Y 0.17+£0.01 0.14+£0.02 1.0£0.01 3.7
C232V/A251V/A314V  0.28 £0.01 0.12+0.02 ND ND
C232G/A251G/A314G  0.09 £0.01 0.054 £ 0.006 0.89 +0.01 2.2
A251C 0.10 £0.01 0.044 +0.009 0.81 £ 0.01 3.0
A314C 0.10 £0.05 0.045£0.006 0.73 £0.02 3.1

A311L 0.10 £ 0.01 0.15£0.02 0.29 +£0.01 2.7
1352F 0.24 £0.01 0.154+0.02 1.08 £0.01 3.1

T249V 0.22 £0.01 0.056 £ 0.005 0.90 £ 0.01 2.0

“ From ADP and carbamoyl phosphate.

carbamoyl phosphate synthesis as well as a lower rate for the
glutamine-dependent ATPase reaction.

Several other approaches were used to assess the energy
barrier created by the C232/A251/A314 triad. Ala-251 and Ala-
314 were mutated to cysteine to initiate the formation of an
internal disulfide bond with Cys-232. In addition, the A311L
and [352F mutations in the ammonia tunnel took advantage of
the inward pointing side chains of the alanine and isoleucine
residues directly behind the triad. The alanine side chain was
mutated to a much larger leucine side chain to create a barrier
that would be directly behind the narrowest part of the tunnel,
thus, inhibiting the passage of ammonia to the active site for
carboxy phosphate formation. The isoleucine side chain was
mutated to a phenylalanine in a similar attempt to create a larger
hydrophobic barrier.

Characterization of Mutants. All of the mutants were
analyzed by circular dichroism. The single and triple mutations
did not have any effect on the overall structure of the protein
(see Supporting Information). The kinetic data in Tables 1 and
2 show that the S35Y mutation did not have a significant effect
in blocking the ammonia tunnel. This was most evident from
the wild type-like kinetic constants for the glutamine-dependent
ATPase reaction. However, this mutation did cause a 10-fold
drop in k¢ and a 10-fold increase in the K, for ATP in the
bicarbonate-dependent ATPase reaction. The ATP-dependent
glutaminase reaction catalyzed by the small subunit remained
unaffected by this mutation. The substitution of a tyrosine in
place of serine apparently did not promote the formation of a
hydrogen bonding network across the tunnel. Since this residue
also has a hydroxyl group, but on a larger side chain, it may be
that this group can still participate in hydrogen bonding with
NH; or is unable to slow down the hydrogen bond exchange
between ammonia and water clusters in the tunnel.

The C232V/A251V/A314V mutant was unable to synthesize
carbamoyl phosphate using glutamine as the nitrogen source.
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Table 3. ATP-Free Glutaminase Activity

enzyme Keat (877) Kn (MM GIn)
Wild Type 0.072 £ 0.006 0.32 £ 0.08
C232V/A251V/A314V 1.5+£0.19 0.50 £0.16

However, the rate of glutamine hydrolysis in the presence of
ATP is slightly elevated and significantly increased in the
absence of ATP, relative to the wild-type enzyme (Table 3).
This increase in activity may be due to the larger residues
mimicking the movement of the o-helix that expands the gate
in the presence of carboxy phosphate. This movement may be
part of the signal transduction network between the active sites
for carboxy phosphate and glutamine. The formation of carboxy
phosphate is decoupled from the hydrolysis of glutamine.>

Even though the rate of glutamine hydrolysis was increased,
no carbamoyl phosphate was synthesized by this mutant. The
ability of the triple mutant to utilize ammonia from solvent was
comparable to its ability to utilize glutamine. The rate constant
for the NH,"-dependent ATPase reaction with this mutant was
0.072 £ 0.002 s~ and the K,, was 5.0 & 0.8 mM. These values
are significantly different from the wild-type values for the
NH,"-dpendent ATPase reaction (ke = 3.9 & 0.1 s7!, K, =
130 + 13 mM>°), but similar to those measured with this mutant
for the Gln-dependent ATPase reaction (Tables 1 and 2). The
only partial reaction not affected by this mutation was the ATP
synthesis reaction. This result is consistent with a physical
blockage created in the tunnel that only affects the transport of
ammonia.

The triple glycine mutant was constructed with the intent to
lower the energy barrier observed at the C232/A251/A314 triad.
However, the kinetic constants for this mutant were not
kinetically different from the wild-type enzyme. No enhance-
ments in the rate constants for any of the reactions were
observed. The mutation itself may have created a larger opening
for ammonia to pass through the tunnel, but it was not possible
to observe this experimentally, since the transport of ammonia
is apparently not rate-limiting.

The single mutants used to study the narrow portion of the
tunnel, C251A, A314C, I352F, T249V, and A311L (with the
exception of A311L), only slightly interfere with the passage
of ammonia through the tunnel. The two cysteine mutants
exhibited wild-type-like kinetic constants in all of the reactions
tested. These data suggest that an internal disulfide bond was
not formed. Likewise, the mutant enzymes [352F and T249V
possessed wild-type-like kinetic constants that suggest that the
phenylalanine was not large enough to “plug” the tunnel and
that the removal of the hydrogen bond interaction between NHj
and Thr-249 was insufficient to prevent ammonia from trans-
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locating through the tunnel. There was an uncoupling of
reactions observed between the glutaminase and carboxy
phosphate active sites in the A311L mutant. This is exemplified
by the 10-fold decrease in the rate of the glutamine-dependent
ATPase reaction. The effectiveness of this single mutation can
also be seen in the lowered rate for the carbamoyl phosphate
synthesis reaction. These data suggest that A311L may interfere
with the passage of ammonia.

Conclusion

The MD simulations reported here provide strong evidence
for the existence and function of a sealed molecular tunnel for
the transport of ammonia from the site of formation to the site
of utilization. Conventional MD simulations for each section
of the nearly 60-A tunnel indicate that the passageway is tightly
sealed since leakage of ammonia is never observed. The transfer
of ammonia through this tunnel is a rapid process with a free-
energy barrier of 7.2 kcal/mol at a gate that is formed by the
convergence of Cys-232, Ala-251, and Ala-314. The initial
injection of the ammonia into the tunnel is favored with a large
free-energy drop of at least 7 kcal/mol. When ammonia passes
the tunnel exit from the small subunit near Thr-37, it enters an
area filled with approximately 27 waters, which associate
together by forming hydrogen bonds. Tyr-261 from the large
subunit splits these water molecules into two clusters. The
transfer of the ammonia is favored by a free-energy potential
from Thr-37 to a gate enclosed by the side chains of Cys-232,
Ala-251 and Ala-314. The remaining part of tunnel is enclosed
by an a-helix and a fS-strand, which form an extremely
hydrophobic environment. Most strikingly, the ammonia is
desolvated when it passes through the triangular gate. Thr-249
from the S-strand is responsible for the delivery of the ammonia
from the gate to the hydrophilic region of the ATP binding site.
The side chains of Ile-234 and Leu-310 narrow the path and

create a barrier of about 3 kcal/mol before the ammonia reaches
the end of the tunnel. These calculations indicate that the rate-
determining step for the migration of ammonia is localized to
the gate formed by the intersection of C232-A251-A314. A triple
mutant, C232V/A251V/A314V, was designed to virtually block
or impede the migration of ammonia through this narrow
passage. The rate of ATP hydrolysis is decreased by a factor of
180 and the synthesis of carbamoyl phosphate is not observed.
However, the functional properties at the site of carbamoyl
phosphate synthesis (as measured by the synthesis of ATP from
carbamoyl phosphate and ADP) are not damaged. Furthermore,
based on PMF calculations for different ligands binding to the
site for carbamate formation, it appears that the synthesis of
carboxy phosphate lowers the barrier at the narrowest gate by
about 2 kcal/mol. Therefore, the formation of the carboxy
phosphate intermediate may enhance the transport of ammonia
through the tunnel and serve as an allosteric regulator.
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