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ABSTRACT: Carbamoyl phosphate synthetase (CPS) is a member of the amidotransferase family of enzymes
that uses the hydrolysis of glutamine as a localized source of ammonia for biosynthetic transformations.
Molecular dynamics simulations for the transfer of ammonia and ammonium through a tunnel in the
small subunit of CPS resulted in five successful trajectories for ammonia transfer, while ammonium was
immobilized in a water pocket inside the small subunit of the heterodimeric protein. The observed molecular
tunnel for ammonia transport is consistent with that suggested by earlier X-ray crystallography and site-
directed mutation studies. His-353, Ser-47, and Lys-202, around the active site center in the small subunit,
function cooperatively to deliver ammonia from the site of formation to the interface with the large subunit,
via the exchange of hydrogen bonds with a critical water cluster within the tunnel. The NH3 forms and
breaks hydrogen bonds to Gly-292, Ser-35, Pro-358, Gly-293, and Thr-37 in a stepwise fashion
“macroscopically” as it travels through the hydrophilic passage toward the subunit interface. The potential
of mean force calculations along the ammonia transfer pathway indicates a low free-energy path for the
translocation of ammonia with two barriers of 3.9 and 5.5 kcal/mol, respectively. These low free-energy
barriers are consistent with the delivery of ammonia from the site of formation into a water reservoir
toward the exit of the tunnel and migration through the hydrophilic leaving passage, respectively. The
high overall free-energy barrier of 22.4 kcal/mol for the transport of ammonium additionally substantiates
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that the tunnel in the small subunit of CPS is not an ammonium but an ammonia channel.

Carbamoyl phosphate synthetase (CPS)' plays a critical
role in the biosynthesis of pyrimidine nucleotides and the
detoxification of ammonia. The enzyme from Escherichia
coli catalyzes the synthesis of carbamoyl phosphate from
bicarbonate, glutamine, and two molecules of ATP via a
chemical mechanism that involves four separate reactions
and three unstable intermediates (7). In the first step, ATP
is used to phosphorylate bicarbonate to generate a carboxy
phosphate intermediate. Glutamine is hydrolyzed to glutamate
and ammonia, and then the ammonia subsequently reacts
with carboxy phosphate to produce the third intermediate,
carbamate. In the final step, the second ATP phosphorylates
carbamate to form the ultimate product, carbamoyl phos-
phate. The reaction mechanism is summarized in Scheme
Scheme 1.

The E. coli enzyme is comprised of two subunits of
molecular weight ~40 and ~118 (2). The smaller of the two
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subunits contains the binding site for the hydrolysis of
glutamine, whereas the large subunit catalyzes the formation
of carbamoyl phosphate (3). The three-dimensional X-ray
structure of CPS has revealed the location of three spatially
distinct active sites (4). The small subunit contains the active
site for the hydrolysis of glutamine, and the N-terminal
domain of the large subunit possesses the active site for the
formation of carboxy phosphate and carbamate. The third
active site is located within the C-terminal domain of the
large subunit, and it catalyzes the phosphorylation of
carbamate. The three active sites are connected by two
intramolecular tunnels that extend nearly 100 A from one
end of the protein to the other (4). The “ammonia tunnel”
starts at the active site in the small subunit and leads to the
active site in the N-terminal domain of the large subunit.
This tunnel functions to facilitate the migration of ammonia
from the site of production to the site of use. The “carbamate
tunnel” connects the two active sites within the large subunit

UJ 2008 American Chemical Society

Published on Web 01/26/2008



2936 Biochemistry, Vol. 47, No. 9, 2008

FIGURE 1: Active site for the hydrolysis of glutamine in the small
subunit of CPS and the proposed tunnel for the translocation of
ammonia. Cys-269 was computationally modified as a y-glutamyl
thioester intermediate. Nitrogen, oxygen, hydrogen, and carbon
atoms are shown in blue, red, white, and cyan, respectively. The
white spheres illustrate the approximate boundaries for the ammonia
tunnel (4). The image was constructed from PDB file 1C30.

to one another and guides the unstable carbamate intermedi-
ate to the site of phosphorylation.

The existence of intramolecular tunnels has been found
in all members of the amidotransferase family of enzymes
for which structural information is available (5). From these
X-ray structures, it is apparent that the catalytic machinery
for the hydrolysis of glutamine to ammonia has been
conserved. However, the structural architecture for the tunnel
that facilitates the movement of ammonia from one active
site to the next has apparently evolved independently in each
case. Isotopic labeling studies have demonstrated that the
ammonia produced from the hydrolysis of glutamine in CPS
does not exchange with unlabeled ammonia in the bulk
solution (6). Therefore, the wild-type enzyme is not leaky,
and the reactions are highly coupled with one another. The
functional significance of the ammonia tunnel in CPS has
been demonstrated by the construction of mutant enzymes
that result in the leakage of ammonia directly into the bulk
solution through a perforation in the tunnel wall (7, §). In
the G359F mutant of the small subunit of CPS, the molecular
hole has been verified by X-ray crystallography.

In the active site of the small subunit, there is a constel-
lation of three amino acid residues that are critical for the
hydrolysis of glutamine (9). A thioester intermediate is
formed through the nucleophilic attack of Cys-269 on the
carboxamide moiety of glutamine. This cysteine residue is
activated via a proton transfer from the thiol group to the
imidazole side chain of His-353. The tetrahedral intermediate
is stabilized through a hydrogen-bonding interaction with the
side-chain hydroxyl of Ser-47. The collapse of the tetrahedral
intermediate is facilitated by a proton transfer from His-353
to the —NH, substituent to generate ammonia in the active
site. Ammonia is apparently injected into the tunnel, and the
thioester intermediate is subsequently hydrolyzed. Experi-
mental support for the putative tetrahedral intermediate has
come from the X-ray structure of the enzyme in the presence
of a glutamate y-semialdehyde inhibitor (/0). The thioester
intermediate has been trapped in the H353N mutant in the
presence of added glutamine (/0). The structure of the
thioester intermediate and the other active site residues are
highlighted in Figure 1.

The ubiquitous existence of intramolecular protein tunnels
connecting spatially distinct active sites in enzymes has been
revealed via high-resolution X-ray crystallography and
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further confirmed by site-directed mutations. Some of the
key residues for the chemical transformations in these
enzymes have been identified, but the dynamics and mech-
anism for the transfer of reaction intermediates through these
molecular tunnels have not been observed directly. Therefore,
in this investigation, molecular dynamics (MD) simulations
were conducted to articulate the interactions between the
substrate and protein environment within the molecular
tunnel at the atomic level and to obtain the free-energy profile
for the transport of ammonia. MD simulations have previ-
ously been applied to the problem of ammonia transport in
proteins. For example, the transfer of NH; in imidazole
glycerol phosphate synthase (IGPS) was studied using steered
MD (11, 12). The free-energy profile for NHj; transfer in
AmtB was calculated with the umbrella sampling technique
(13, 14), and this system was also investigated using
conventional MD simulations at a temperature of 323 K (15).
In particular, the free-energy profiles for the transfer of NH;
and NH,' through the AmtB membrane protein indicated
that NH; travels through this tunnel quite easily with an
overall barrier of about 6 kcal/mol, while NH, " is prevented
from passing by a barrier of at least 25 kcal/mol (/3). The
dehydration of NH4" is much less favored than that for NH;
when they are transported through the relatively narrow
tunnel (/3). However, to the best of our knowledge, the
spontaneous transport of NHj3 has not been observed previ-
ously by normal MD simulations at room temperature. In
all of the earlier studies, artificial forces were introduced to
accelerate the transport of NH; and NH,". These forces
include steered MD, umbrella sampling techniques, and
simulating the transport at higher temperatures.

Here, we report the mechanism for the transport of NHj
through the small subunit of CPS as determined by MD
simulations without introducing any artificial forces. A
mechanism is given for the translocation of NH; through
the small subunit portion of the molecular tunnel, which
connects the active site for the hydrolysis of glutamine to
the active site for the synthesis of two reactive intermediates,
carboxyphosphate and carbamate. In addition, free-energy
profiles for ammonia and ammonium transport were obtained
using the umbrella sampling technique. These studies
demonstrated that NH; but not NH," is the actual species
that migrates through the tunnel. These calculations also
revealed the functional significance of water molecules in
the ammonia tunnel and a conformational rotation of the
imidazole side chain of His-353 that initiates the injection
of ammonia into the molecular tunnel.

MATERIALS AND METHODS

Construction of Models for the Thioester Intermediate.
Chain B in the X-ray crystal structures of CPS (PDB codes
1C30 and 1CS0) was taken as the starting point for the
simulations of NHj transfer in the small subunit of CPS (10).
The residues Met-1, Ala-381, and Lys-382 are missing in
these X-ray structures, and they were not included in the
simulations. A molecule of glutamine is bound in the active
site of the small subunit of CPS for the mutant C269S
(1C30). The replacement of Cys-269 with a serine residue
results in a protein that is able to bind glutamine but unable
to hydrolyze the amide bond. In this mutant, His-353 is
apparently unable to activate the hydroxyl group of the serine,
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so that the glutamine is bound within the active site instead
of being hydrolyzed. In the PDB file 1CSO0, the wild-type
CPS is bound with a glutamate y-semialdehyde inhibitor in
the active site of the small subunit. In this structure, the thiol
group of Cys-269 has formed a covalent bond with the side-
chain aldehyde group to generate a tetrahedral addition
complex that mimics the proposed tetrahedral intermediate
that occurs during amide bond hydrolysis. In the simulations
reported here, Ser-269 with the bound glutamine in the
C269S mutant (1C30) and the covalently bonded inhibitor
with Cys-269 in the wild-type CPS (1CS0) were replaced
with a y-glutamyl cysteine residue (Cyg). The geometry of
the Cyg group was optimized to a local minimum, and the
conformation was kept consistent with the substituted Cys-
269 of the wild-type CPS (1CSO0).

The charge distributions on all atoms in Cyg, NH;, and
NH,* were obtained using the RESP-fit method (16, 17)
based on B3LYP/cc-pVTZ calculations (/8-21) with the
solvent effect (¢ = 4) included using the polarizable
continuum model (22-24). The geometries for NH; and NH,*
were fully optimized in the gas phase at the same level as
that for the charge distribution calculations and positioned
between the sulfur in Cyg-269 and His-353. The charges on
the nitrogen atom in NH; and NH;* are —0.9882 and
—0.8022, respectively. All crystalline waters in the small
subunit or on the protein exterior were kept, and all ions
(K* and CI") around the subunit were removed. The net
negative charge was neutralized by added Na* ions. Explicit
TIP3P waters (25) were added as a truncated octahedral water
box with an 8 A buffer. All operations were processed using
AMBER Leap module (26, 27), which led to four basic
systems: 1C30 plus NH;, 1CSO plus NH;, 1C30 plus NH, ™,
and 1CSO plus NH4" with 38 106, 39 066, 37 308, and
38 310 atoms, respectively. In addition, the side chain of His-
353 has two potential orientations, where either Ny or N,
pointing toward Cyg-269. Because either Ny or N, can be
protonated, there are thus four candidates for the conforma-
tion and protonation state of His-353 in the MD simulations.
The four structures, in which N, is protonated with N,
pointing toward Cyg-269, N is protonated with Ny pointing
toward Cyg-269, N is protonated with Ny pointing toward
Cyg-269, and Ny is protonated with N, pointing toward Cyg-
2609, are defined as E1, D1, E2, and D2, respectively. Besides
El (two systems for the NH; transfer mentioned above),
structures with a NH; added to the active site were also
created for D1 and D2 with 39 066 and 39 066 atoms,
respectively. The systems were further extended using the
periodic boundary condition. The Amber force field 99 (28),
with the parameters for the peptide backbone reoptimized
(29), was used for all standard amino acid residues, NHs,
and NH,", while the general AMBER force field (30) was
used for the sulfur-related bonds, bond angles, and torsional
angles in the y-glutamyl thioester (Cyg). MD simulations
were conducted in the isothermal—isobaric ensemble at 300
K and 1 atm. The SHAKE algorithm was used to constrain
all bonds involving hydrogens (3/). A 10.0 A cutoff was
applied for nonbonding interactions. The particle mesh Ewald
method was employed to treat the long-range electrostatic
interactions (32, 33).

MD trajectories were obtained on these structures using
the AMBER suite of programs (26, 27). Before the MD
simulations, in which the trajectories were collected every
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0.5 ps, two steps of minimization were conducted. During
the minimization, the systems were first optimized for 1000
cycles, while the backbone of the protein was frozen with
a force constant of 500.0 kcal/mol. The systems were then
further optimized for 2500 cycles without constraints,
followed by a 20 ps MD simulation for heating the system
from 0 to 300 K, with a force constant of 10.0 kcal/mol upon
all 379 amino acid residues. Two successful trajectories of
14 (1C30) and 9.5 (1CS0) ns, in which NHj transfers out
of the small subunit in 12.8 and 7.3 ns, respectively, were
obtained for the El structure, while NH4" was trapped in
the protein in two 40 ns trajectories (from 1C30 and 1CSO0).

Free-Energy Calculations. The reaction coordinate for the
free-energy simulations was defined from the carbonyl carbon
of the thioester intermediate in Cyg-269 to the hydroxyl
oxygen of Thr-37, which is positioned at the interface
between the small and large subunits of CPS. The free-energy
profiles or potentials of mean force (PMF) were computed
along the translocation trajectories using the umbrella
sampling technique with a biasing harmonic potential involv-
ing a force constant of 20 kcal/mol (34-38). The PMF for
NH; transfer was calculated with 71 windows chosen from
the 14 ns trajectory, while the PMF for NH,* was performed
with 38 windows referring to the former trajectory. For each
window, a 10 ps equilibration simulation was performed first
and a subsequent 400 ps simulation generated dynamics data
for the weighted histogram analysis method (WHAM)
analyses (35-37).

RESULTS AND DISCUSSION

Translocation of NH; in the Small Subunit. In the
simulation of the wild-type CPS, a net movement of about
13 A was observed for the transfer of NH; in the two
successful trajectories for the E1 structure, lasting 14 and
9.5 ns, respectively. This is apparently the first time that a
tunnel for the transfer of NHj3 in an enzyme has been
confirmed by MD simulations at room temperature without
applying any artificial forces. The protein tunnel originally
observed in the X-ray crystal structure of CPS is apparently
the lowest free-energy path for the translocation of NH3. In
the two trajectories, the NHj translocates out of the protein
and solvates with the bulk water at 12.8 and 8.9 ns,
respectively. The movement of NH; in these simulations
occurs in approximately three stages. In the first stage, the
NHj; is directed away from the thioester intermediate and
into the tunnel by the combined action of His-353 and Lys-
202. The NHj; then travels toward the large subunit through
positional exchange with multiple water molecules located
in the tunnel, and finally, the NHj exits the small subunit
through a hydrophilic passage at the subunit—subunit
interface.

Several typical structures along the 14 ns trajectory for
the E1 structure are shown in parts A—F of Figure 2. At the
beginning of the trajectory, the NHj oscillates between the
thioester intermediate and His-353 by exchanging hydrogen
bonds with His-353, Ser-47, and several water molecules.
The NH; is constrained within the active site by two
hydrogen bonds to His-353 and Ser-47 as shown in Figure
2A. The hydrogen bond to His-353 appears to be important
because the NH3 would not be delivered into the tunnel if
this hydrogen bond is not formed. The NHj is initially placed
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FIGURE 2: Snapshots of NHj and nearby residues in the 14 ns MD trajectory for the El structure (A—F) and the first-step section of the
trajectory for the D2 structure (G—I). The dashed lines represent hydrogen bonds. R = 4.58 A (A), 4.55 A (B), 7.88 A (C), 10.64 A (D),
12.75 A (E), and 15.71 A (F). R represents the distance between the nitrogen atom of NH; and the carbonyl carbon of the thioester intermediate
in Cyg-269. R = 3.27 A at 75.5 ps (G), 6.12 A at 0.29 ns (H), and 11.46 A at 0.57 ns (I) for the D2 trajectory.

between Cyg-269 and His-353, and the initial distance
between the nitrogen atom of NHj and either of the nitrogen
atoms in the imidazole group of His-353 is longer than 3.5
A. Thus, in the initial setup, the NH; could migrate to other
residues instead of His-353 or be lost to the solvent at the
beginning of the trajectory if the hydrogen bond between
the NH; and His-353 does not form (data not shown). A
hydrogen bond between ammonia and the side chain of His-
353 was observed in all of the successful trajectories
whatever the initial structure, such as D1 and D2 described
in the computational details. However, this hydrogen bond
must occur when the NH; is initially formed from the
tetrahedral intermediate because one of the three protons in
the NHj is delivered directly from the side-chain imidazole
of His-353. Consequently, the amino group of the tetrahedral
intermediate and the imidazole group of His-353 switch
between a N—H covalent bond and a hydrogen bond during
the proton transfer. Furthermore, this hydrogen bond is
unable to break easily because Ser-47 forms an additional
hydrogen bond with the NHj after the collapse of the
tetrahedral intermediate during the hydrolysis of glutamine.
To be precise, even if His-353 changes its conformation or
protonation state of the side chain, the ammonia is still
detained around it by Ser-47. The hydrogen bond easily
forms again between the ammonia and His-353. The situation
that the hydrogen bond to His-353 breaks while that to Ser-
47 remains was observed in all trajectories of D1, D2, El,

and E2 configurations, although the probability for the
ammonia forming two hydrogen bonds to His-353 and Ser-
47 is much higher in the sections before the ammonia moves
into the water pocket in the middle. These hydrogen bonds
constrain the space for the NH; and thus enforce the binding
of the NHj3 to His-353 and prevent the NH; from escaping
to anywhere other than the molecular tunnel.

The movement of the ammonia into the tunnel is initiated
by the hydrogen bond with the imidazole group of His-353
with the attachment of NHj;. A new hydrogen bond forms
between NH3 and Lys-202 with the breaking of the original
hydrogen bond between the NH; and His-353, while the
interaction with Ser-47 remains intact (Figure 2B). The
cluster of water molecules in the tunnel begins to interact
with the NH3, while the hydrogen bond to Ser-47 weakens
and finally breaks (Figure 2C). Additional waters from the
cluster begin to attract the NHj, resulting in the ultimate
liberation of the NH3 from the hydrogen bond with Lys-202
(Figure 2D). The flexibility of the Lys-202 side chain allows
for the delivery of NH; deep into the water cluster and
completes the hydration of NH3;. The NH; moves gradually
toward the hydrophilic exit within the interior pocket
containing a cluster of water molecules, by exchanging
hydrogen bonds with successive water molecules and the
surrounding residues. Ultimately, the NHj; reaches the distal
side of the pocket and binds to the hydroxyl side chain of
Ser-35 and the backbone carbonyl groups of Gly-292 and
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FIGURE 3: Distance (R) between the nitrogen of NH; and the carbonyl carbon of the thioester intermediate in Cyg-269 (A) and rmsd of the
CPS small subunit backbone (B) in the 14 ns trajectory and the distance (R) (C) and rmsd (D) in the 9.5 ns trajectory.

Pro-358. Three new hydrogen bonds are formed in this
process as shown in Figure 2E. The side chain of Ser-35
subsequently rotates about the C—C bond by ~150° and tilts
away from the exit to deliver the NH; further into the tunnel.
The hydrogen bond between NH; and Ser-35 breaks as a
new hydrogen bond begins to form with the hydroxyl group
of Thr-37 (Figure 2F). Then, the NH; frequently forms and
breaks hydrogen bonds with the backbone substituents of
Pro-358, Gly-293, and Thr-37 and ultimately approaches the
end of the tunnel in the small subunit. Actually, it is observed
that the ammonia hydrogen bonds to P358, G293, and T37
simultaneously in the successful trajectories, and this hydrogen-
bond network is very likely the initial force for the traveling
of NHj through the hydrophilic exit. At the interface between
the large and small subunits of CPS, the NH; has traveled
about 13 A through the tunnel during this simulation.

The 14 ns trajectory described above exhibits a three-stage
transport of NH; that is quantified by the distance (R)
between the nitrogen atom of NH; and the carbonyl carbon
of the thioester intermediate in Cyg-269 as a function of the
simulation time (Figure 3). During the simulation, the protein
conformation of the small subunit of CPS is quite stable and
the root-mean-square deviation (rmsd) of its backbone atoms
is 1.18 A on average with a 1.80 A maximum as shown in
Figure 3B. The first stage, lasting about 2.7 ns, corresponds
to the oscillation of NH3 within the region surrounded by
Cyg-269, His-353, and Ser-47. After 2.72 ns, the NHj3 shifts
with the rotational assistance of the His-353 side chain and
the distance R increases by about 4 A (step one). After a
“quiet” period of about 2.5 ns, R fluctuates at around 8 A.
During this period of time, the NHj is trapped in the region
encircled by His-353, Ser-47, and Lys-202. A subsequent
shift of 4 A in R (step two) is then observed at 5.18 ns. This
change in R is the direct result of NH; dissolving within the

water cluster and migration to the inner portion of the
hydrophilic passage. In the next stage, lasting more than 10
ns, the water cluster stabilizes and pulls the NH; back to the
middle of the water pocket. At 12.74 ns, the NHj3 finally
accesses the passage and traverses through it in 10 ps by
covering a distance of about 6 A. Finally, the NH3 leaves
the small subunit and solvates into the bulk water solution.

In general, the movement of NHj3 in the 9.5 ns trajectory
is similar to that in the 14 ns trajectory. However, the distance
R changes in a more complicated fashion in this trajectory
(Figure 3C). In the beginning of this trajectory, the NHj
passes His-353 at 0.34 ns and then oscillates in the region
between His-353 and Lys-202. NH; gradually travels to the
water pocket with a hydrogen bond to Lys-202 in the time
period from 0.35 to 0.85 ns. Analogous to the 14 ns
trajectory, the NHj then travels quickly to the inner portion
of the hydrophilic passage during the next 0.1 ns. However,
the water cluster again withdraws the NH3 back to the pocket
because of the considerable stabilization by solvation. The
NH; moves back toward His-353 and Lys-202 and oscillates
between these two residues from 1.1 to 1.7 ns. The NH;
then re-enters the water pocket but frequently moves back
and forth and oscillates between Ser-35 and His-353,
especially in the time period of 3.6—4.4 ns. This motion lasts
for about 8.5 ns in total until the NHj finally infiltrates the
hydrophilic passage at 8.88 ns. The protein conformation is
stable during this simulation. The rmsd of the backbone is
1.42 A on average with a 1.85 A maximum as shown in
Figure 3D.

Effects of Water Molecules. From the structures obtained
in the two successful trajectories, it is found that the cluster
of water molecules is crucial for the effective transfer of
NHj; within the tunnel. The sites vacated by NH3 with broken
hydrogen bonds are refilled by water molecules in the tunnel,
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FIGURE 4: NH; surrounded by a water cluster at 2 ns (R = 3.68 A) (A), 4 ns (R =8.64 A) (B), 8 ns (R =11.39 A) (C), and 12 ns (R =

11.59 A) (D) in the 14 ns trajectory.

FIGURE 5: NH4* surrounded by a water cluster at 2 ns (R = 6.96 A) (A) and 15 ns (R = 8.50 A) (B) in the 40 ns trajectory.

so that the original hydrogen bonds are unable to form again.
In this sense, the water molecules in this cluster catalyze
the breaking of the hydrogen bonds between NHj and the
side chains of His-353, Lys-202, and Ser-47, and thus, the
NH; is able to move progressively forward instead of
oscillating back and forth and remaining perpetually stuck
within the small subunit. The NH; travels from the active
site to the final exit passage in the small subunit of CPS,
and the typical water-surrounding structures are shown in
Figure 4. The NHj is bound first by His-353 and Ser-47 with
two hydrogen bonds, while it starts to interact with the cluster
of five waters (Figure 4A). The NHj is then solvated by the
water cluster (Figure 4B) and subsequently migrates to the
other side of the water pocket (Figure 4C). The ammonia
finally passes through the hydrophilic exit with a hydrogen
bond to Ser-35 (Figure 4D). The immobilization of the NHj
between His-353 and Ser-47 in another trajectory lasting
10.15 ns (not shown and similar to Figure 4A) indicates
that the hydrogen-bond network is considerably stable, so
that the NHj; is unable to travel into the water pocket without
the exchange of hydrogen bonds within the water cluster.

Translocation of NH;t in the Small Subunit. The MD
simulations demonstrate that NH,™ is incapable of traveling
through the tunnel and out of the small subunit of CPS. In
two 40 ns trajectories, the NH," transfers from the active
center to the water cluster relatively quickly. During the two
initial steps of minimization, the NH4" has rapidly moved
to a position between His-353 and Lys-202, although NH,*
does not interact with Lys-202 by forming a hydrogen bond
(Figure 5A). Very likely, this movement occurs at the starting
point because of the relatively weak attraction between NH,*
and Cyg-269 and the strong solvation from the waters in
the water pocket (Figure 5B). In both trajectories, the NH4™
does not interact with Ser-35 effectively and fails to enter
the hydrophilic passage mentioned above. Although NH,*
could form hydrogen bonds with the residues in the hydro-
philic passage, this ion is likely prevented from desolvating
from the water pocket because NH4" gains a much higher
solvation energy in water relative to NHs. In the narrow
hydrophilic passage, the total number of hydrogen bonds will
be limited for both NH," and NHs. As a result, NH4" is
much more destabilized in the hydrophilic passage than NHj.
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each profile is defined as zero energy. The reaction coordinate R is

the distance between the nitrogen in NH3/NH," and the carbonyl
carbon bonding to the sulfur in Cyg-269.

Free-Energy Profiles. To understand the mechanism of
NH3/NH,4* transfer and the interactions between NH3/NH, ™
and the surroundings, the PMF along the reaction coordinate
in the tunnel was calculated using the umbrella sampling
technique. The PMF profiles are shown for NHj; transfer in
Figure 6A and indicate an approximate two-step process with
barriers of 3.9 and 5.5 kcal/mol, respectively, which appear
at the distance R, between NHj3 and Cyg-269, of 6.0 and
14.3 A, respectively. The first barrier is consistent with the
transfer of NH; from Cyg-269 to Lys-202 by the rotation of
the His-353 side chain. The second barrier is related to the
delivery of NH; from the water pocket to the exiting passage
by the rotation of Ser-35. The barrier at R of 5.8 A refers to
the breaking of the hydrogen bond between NHj3 and the
imidazole side chain of His-353, while the hydrogen bond
between NH; and Ser-47 remains intact. The small barriers
at 8.7 and 11.5 A are likely related to the breakage of the
hydrogen bond between NH; and Lys-202 when NHj3 enters
the water pocket and the exchange of hydrogen bonds
between NH; and surrounding waters or amino acid residues,
although no specific interactions were observed in the
simulations. The plateau at ~5.5 kcal/mol, at a distance R
of 14—16 A, corresponds to the desolvation of NH; from
the water cluster and movement toward the hydrophilic exit.
After Ser-35 is passed, NH3 moves quickly out of the small
subunit of CPS as a result of the steep downhill trajectory
in the free-energy profile after 15.3 A (see Figure 6A). It is
important to note that there are 1-2 water molecules bound
to the NH; when it travels through the exit passage.

As shown in Figure 6A, the driving force for the first step
is largely from the solvation energy of the ammonia in the
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water cluster in the middle of the tunnel. The barrier for
this step is fairly low, so that the ammonia is able to oscillate
back and forth, especially in the 9.5 ns trajectory (see Figure
3C). Similarly, in the second step, the larger solvation energy
and entropy in the bulk water drive the ammonia to leave
the protein and diffuse into the solvent by overcoming a 5.5
kcal/mol free-energy barrier. Technically, it is difficult to
precisely estimate the free-energy profile deep into the
solvent using the umbrella sampling technique. The restrains
used for each window do not work as efficient as they do
inside the tunnel. The end of the free-energy profile shown
in Figure 6A is referring to where the ammonia is only partly
solvated and close to the surface of the small subunit.
However, once it passes the hydrophilic exit, the ammonia
easily diffuse into the bulk water and benefits from the larger
solvation energy and entropy.

A relatively low barrier of 5.7 kcal/mol (7.0-1.3 kcal/mol)
for the migration from Cyg-269 to the water pocket suggests
that NH,™ moves readily to the water pocket. However, three
consecutive barriers, with free energies of 17.6, 20.3, and
22.4 kcal/mol (relative to the most stable point in the free-
energy profile) along the hydrophilic passage, prevent NH,*
from escaping through the exit passageway (see Figure 6B).
The barrier at R of 6.9 A (more precisely, the plateau between
the distance R of 5.3 and 6.9 A) is the direct result of the
repulsion between NH,' and the positively charged side
chain of Lys-202. For NH," to enter the water pocket, this
molecule has to push away the side chain of Lys-202. Similar
to NH;, NH,*' is highly stabilized by the water cluster.
However, the minimum appears at a distance R of 8.5 A in
the water pocket for NH,*, while it is 10.5 A in the case of
NHs. The structures in the sampling trajectories indicate that
NH," interacts strongly with these waters, so that a NH,"-
bound water repulses Ser-35 and raises the energy of the
system when it is close to Ser-35 (i.e., R = 10.5 A). On the
other hand, NHj is able to switch hydrogen bonds between
water and Ser-35 more easily because of the much weaker
hydrogen bonds to water relative to those between NH, and
waters. Interestingly, the three consecutive barriers at
distances of 13.4, 14.4, and 17.5 A are also related to the
waters surrounding NH,*. The NH,* does not travel through
the hydrophilic passage alone. Instead, it moves through this
passageway with an entourage of 4—-6 water molecules. The
size and shape of the large NH;7—H,O cluster must adjust
when it passes the exit port, and thus, each of the three
barriers conforms to the breakage of specific hydrogen bonds.
Therefore, the translocation of NH; from the active site in
the small subunit of CPS to the large subunit is a spontaneous
process and overcomes a free-energy barrier of only 5.5 kcal/
mol. On the other hand, NH, is trapped in the water pocket
because the passage through the tunnel in the small subunit
consumes at least 17.6 kcal/mol.

Conformation and Protonation States of His-353. The
initial structure, E1, yielded two successful trajectories for
ammonia through the protein tunnel in 14 and 9.5 ns. The
two other starting structures, D1 and D2, also resulted in
the successful delivery of ammonia from the site of formation
from glutamine to the water pocket in the tunnel. The
ammonia moves into the water pocket at 6.25 and 0.35 ns
in the cases of D1 and D2, respectively, which indicates that
the movement of ammonia into the tunnel is not the rate-
determining step for either of these two starting points. The
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rotation of the His-353 side chain was observed together with
ammonia in the two successful trajectories from structure
El (14 and 9.5 ns), but the side chain of His-353 is basically
rigid in the trajectory of D2 because a hydrogen bond forms
with the carboxylate side chain of Glu-355 in the delivery
process. Actually, this hydrogen bond keeps the conformation
of the imidazolyl ring in His-353 unchanged in the entire
trajectory. The entrance of the tunnel leading to the large
subunit is open to the newly generated ammonia. The
ammonia is relatively easy to break the hydrogen bond to
N, of His-353 and to form a hydrogen bond to Lys-202. The
ammonia keeps changing hydrogen bonds with water mol-
ecules, and the amino acid residues around it because it
becomes a part of the water cluster in the middle of the
tunnel. However, the rotation of the side chain of His-353
was also observed in the trajectory of D1. Accordingly, the
configuration of His-353 is likely flexible as long as the
ammonia is constrained in the region surrounded by Ser-47,
His-353, and Lys-202. Apparently, the movement through
the hydrophilic passage is the rate-determining step because
the changes of the His-353 side-chain conformation and the
protonated situation do not influence the exit of the ammonia.
Successful trajectories were obtained for ammonia delivery
from the initial structures, E1, D1, and D2, to the water
pocket. Although El is also consistent with the X-ray crystal
structure and was used to calculate the PMF, D2 more likely
represents the structure consistent with the glutamine hy-
drolysis mechanism. The choice of the structures influences
the initial delivery but not the passage of ammonia through
the hydrophilic exit, which is the rate-determining step.

Mutation of Residues within the Ammonia Tunnel. Most
of the residues identified in the MD simulations as being
important for function in the translocation of ammonia have
been mutated, and the effects on the kinetic constants for
CPS have been determined. The most important of these
residues appears to be Cys-269, His-353, and Ser-47. The
mutation of Cys-269 to either serine or alanine results in a
protein that is unable to hydrolyze glutamine (39). However,
the C269S mutant is able to bind glutamine and stimulate
the hydrolysis of ATP in the large subunit (39). The mutation
of His-353 also results in a protein that is unable to hydrolyze
glutamine (40). However, an X-ray structure of the H353N
mutant in the presence of glutamine showed that the thioester
intermediate could form but not be hydrolyzed (47). Thus,
this residue seems to be more important for the hydrolysis
of the thioester intermediate than for the formation. The
hydroxyl group of Ser-47 functions as part of the oxyanion
hole during the formation and hydrolysis of the thioester
intermediate. Mutation of this residue to alanine results in a
protein that is unable to hydrolyze glutamine in the absence
of ATP/HCO;?~ (9). However, in the presence of ATP/
HCOs?", the Michaelis constant for the glutamine is elevated
by a factor of >10 but kg is largely unaffected (9).

Perturbations to the kinetic constants have also been
observed for mutations to Lys-202 and Glu-355 (9). When
Lys-202 is mutated to methionine, the k. values are
unchanged but the K, value for glutamine is elevated by a
factor of ~10. When Glu-355 is mutated to alanine, there is
no change in kc, but a significant increase in the K, for
glutamine (9). However, when this residue is mutated to
glutamine, there is no detectable hydrolysis of glutamine and
no carbamoyl phosphate formation (9).
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In preliminary experiments, we have also mutated Ser-35
and Thr-37 to alanine. Ser-35 is conserved in approximately
one-half of the bacterial CPS molecules, and in the other
half of the sequences, this residue position is substituted with
an alanine. Thr-37 is predominantly conserved, but there are
a small number of substitutions with cysteine. The kinetic
constants for the S35A and T37A mutants are essentially
the same as the wild-type enzyme. Therefore, the role that
these hydroxyl groups play in the transport of ammonia
through the tunnel may be filled by additional water
molecules that would occupy the space created by the
mutation to alanine residues.

In comparison to the enzymatic reaction rate of several
turnovers per second, the highest free-energy barrier of 5.5
kcal/mol, in our calculation, indicates that the transportation
of ammonia in the small subunit apparently is not the rate-
determining step. Two possibilities are raised in the S35A
and T37A mutants: first, the mutations might decrease the
transportation rate, but it was not able to be observed in the
experiment because only the rate-determining step limits
the reaction rate; second, the waters around these mutated
residues might play a similar role as they do.

Conclusion. The MD simulations reported here serve as a
direct demonstration of the functional existence of the
molecular tunnel, which connects the small and large subunits
in CPS for the transfer of NH; between multiple active sites.
The transfer of ammonia through this tunnel is a spontaneous
and fast process with a low free-energy barrier of 5.5 kcal/
mol. The results on the free-energy profiles for both NHj
and NH," transport are similar to the report by Lin et al. for
NH3/NH,4* transport in the AmtB membrane protein (13),
which concludes that NH; travels through the tunnel with a
maximum barrier of 6 kcal/mol, while NH," is completely
blocked with a barrier of at least 25 kcal/mol, although PMF
for NH4* was not calculated for the entire reaction coordi-
nate. His-353, Ser-47, and Lys-202 function cooperatively
with one another to deliver ammonia from the site of
formation in the small subunit to the interface with the large
subunit via the formation and cleavage of hydrogen bonds
with a critical cluster of water molecules that resides within
the molecular tunnel. The NH; forms and breaks hydrogen
bonds to Gly-292, Ser-35, Pro-358, Gly-293, and Thr-37
“macroscopically” in a stepwise fashion as it makes its way
toward the exit port of the tunnel at the interface with the
large subunit. The functional requirements for His-353 and
Ser-35 include the formation and breakage of hydrogen bonds
but also mandate that the side chains of these two residues
must participate in conformational changes to enable the
delivery of ammonia to the next stage of the transfer process.
The driving force for the translocation of ammonia is the
solvation energy of ammonia. In the site of formation,
ammonia only interacts with 2-3 waters, while it is sur-
rounded by a 5-7 water cluster in the tunnel based on the
crystal structures. The expulsion of ammonia from the tunnel
is induced by the complete solvation of this molecule in bulk
water in the MD simulation, while a large water cluster (more
than 15 waters) at the interface between the small and large
subunits very likely functions in this manner in wide-type
CPS. Furthermore, the chemical reaction between ammonia
and the carboxyphosphate intermediate to produce carbamate
provides the ultimate driving force for leading the ammonia
through the entire length of the tunnel. Alternatively, NH4*
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is unable to pass the narrow hydrophilic exit with 4-6
strongly bound waters, although this ion can be delivered to
the water cluster from the active site in the small subunit of
CPS. The protein in the MD simulations of the transfer of
both NH; and NH,4* is significantly stable, with rmsd values
of 1.18 and 1.42 A on average, respectively. In the transport
processes, only NHs, NH,*, and water move freely, while
all amino acid residues in the protein virtually do not change
their relative positions.

Our MD simulations resulted in five successful trajectories
for NH; transfer in the small subunit of CPS, and the
subsequent PMF calculations further confirm the existence
of a molecular tunnel for the translocation of NHs from one
active site to another in the heterodimeric enzyme. This is
the first time that a successful trajectory of NHj transport
through a real tunnel (13 A) has been obtained without
artificial perturbations or elevated temperatures. Although
molecular tunnels in different enzymes have been studied
computationally, various artificial factors were introduced
to guide the movement of NH; in these enzymes. For
example, steered MD was used for the transfer of NHj in
IGPS (11, 12), and umbrella sampling free-energy calcula-
tions were performed for NHj transfer in the transporter
AmtB (/3). Conventional MD simulations were carried out
for AmtB but at a higher temperature of 323 K (/5). In these
simulations, the ammonia was very likely stuck to either the
entrance or the terminal, which are open to the bulk water,
as long as there is an energy barrier inside. The larger
solvation energy and entropy in the bulk water could prevent
the ammonia from moving deep inside or even draw it back
to the open solvent. We anticipate that these approaches are
applicable to other enzymes that use molecular tunnels to
facilitate the movement of intermediates between multiple
active sites.

SUPPORTING INFORMATION AVAILABLE

Computational details, analysis results, and two movies
for the two successful trajectories (E1 configuration) (see
Figure 2) data. This material is available free of charge via
the Internet at http://pubs.acs.org.
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