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ABSTRACT: Glutamine 50-phosphoribosylpyrophosphate amidotransferase (GPATase) catalyzes the synthesis
of 50-phosphoribosylamine in a reaction that involves the translocation of ammonia along an intramolecular
tunnel linking the two active sites of the enzyme. We now report a locally enhanced sampling (LES) strategy
for modeling ammonia transfer between the active sites of Escherichia coli GPATase in its active
conformation. Our calculations demonstrate that the ammonia channel in GPATase is best regarded as a
“pipe” through which ammonia travels in the absence of an external “driving” potential. This combined
LES/PMF computational approach, which offers a straightforward alternative to steeredmolecular dynamics
simulations in studies of substrate channeling, also provides new insights into the molecular basis of the
reduced ammonia transfer efficiency exhibited by the L415A GPATase mutant.

Glutamine-dependent amidotransferases transfer nitrogen
from the side chain of L-glutamine to various electrophilic
acceptors (1, 2). These enzymes play a critical role in the
biosynthesis of cofactors (3-5), purines (6), pyrimidines (7),
amino acids (8-11), and amino sugars (12). High-resolution
crystal structures are now available for 10 amidotransferases,
which all show, or at least suggest, the presence of intramolecular
tunnels linking multiple active sites in each enzyme (13-22).
Although it is generally accepted that ammonia is translocated
through the protein during catalytic turnover, questions con-
cerning structure-function relationships in these structurally
disparate tunnels and the molecular mechanisms that coordinate
catalytic activity in the separate active sites of each amidotrans-
ferase remain (23-25).

To date, experimental assays have provided relatively limited
answers to questions about the relationship between molecular
structure and tunnel function (26-30). Several groups have
therefore turned to computational simulation as a strategy for
elucidating the dynamic and energetic details of ammonia
translocation (31-34). For example, work employing “steered”
molecular dynamics (SMD)1 protocols gave valuable insights
into how the tunnel in imidazole glycerol phosphate synthase

might discriminate among ammonia, ammonium ion, and water
in the translocation process (31). These studies also resulted in
new hypotheses concerning the molecular interactions involved
in coordinating active site chemistry, which were subsequently
confirmed by experimental measurements (35, 36). More re-
cently, SMD studies have identified the role of interdomain
orientation and substrate binding in tunnel formation and
ammonia translocation in Escherichia coli glucosamine-6-phos-
phate synthase (33). The use of long time scale, unconstrained
molecular dynamics (MD) simulations for modeling the move-
ment of ammonia through the small subunit of carbamoyl
phosphate synthase has also been reported (34). On the other
hand, both of these approaches have some limitations, such as the
need to generate sufficient trajectories when using SMD calcula-
tions to determine free energies (37). Perhaps more importantly,
the ammonia molecule may become “trapped” in local energy
minima that preclude its motion through the protein over easily
accessible time scaleswhenMDsimulations are employed that do
not include a biasing potential.

As an alternative to existing methods for studying the ener-
getics of ammonia transfer in glutamine-dependent amidotrans-
ferases, we now report a computational strategy that combines
locally enhanced sampling (LES) (38, 39) and potential of mean
force (PMF) calculations (40, 41), which is similar to that used
to model ligand dissociation from proteins, such as nuclear
hormone receptors (42, 43). In the LES method, N copies of
ammonia are placed within the protein, which interact with the
protein as amean field even though they do not interact with each
other. As explained elsewhere (44), LES has two advantages in
simulating small molecule diffusion in proteins; more ligands
explore their accessible conformational space, and conforma-
tional barriers to ligand diffusion are lowered by a factor of 1/N.
The LES protocol therefore provides a straightforward method
for generating an “unbiased” trajectory for ammonia transloca-
tion within the tunnel, which can then be used with subsequent
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PMF calculations to provide quantitative information about the
free energy of ammonia as it moves through the amidotrans-
ferase.

Our initial application of the LES/PMF strategy has been in
studying ammonia transfer in glutamine 50-phosphoribosylpyro-
phosphate amidotransferase (GPATase), the enzyme that cata-
lyzes the conversion of 50-phosphoribosylpyrophosphate (PRPP)
1 into 50-phosphoribosylamine 2 (Scheme 1) (14, 45). There is a
substantial amount of structural and kinetic data for wild-type
(WT) GPATase, and a series of site-directed GPATase mutants
have been prepared in which ammonia translocation takes place
with altered efficiency (28, 47). A number of questions remain,
however, concerning the details of ammonia channeling in the
active conformation of GPATase that have not been addressed
by experiment or computation. These include whether tunnel
residues create a potential that “drives” enzyme-bound ammonia
from the N- to C-terminal active site, the nature of dynamical
motions in the protein during ammonia channeling, and the
structural features that coordinate active site activities. Our LES/
PMF simulations not only demonstrate that the 20 Å long
channel linking the two active sites in GPATase (14) is best
regarded as a “pipe” throughwhich ammonia travelswithout any
external electrostatic or steric driving force but also provide a
dynamical explanation for the observed behavior of a GPATase
mutant in which ammonia leaks from the protein into aqueous
solution (28).

MATERIALS AND METHODS

Constructing aModel of Catalytically Active GPATase.
The crystal structure of E. coliGPATase (PDB entry 1ECC) in a
complex with cPRPP 3 (Figure 1) (14), a nonhydrolyzable
analogue of PRPP substrate 1 (48, 49), was used as the starting
point for our computational studies. In this crystal structure, the
side chain of Cys-1 is covalently modified by 6-diazo-5-oxo-L-
norleucine 4, a reactive analogue of L-glutamine (Figure 1) (50).
The presence of these ligands allowed us tomodel the active form
of GPATase containing both the γ-glutamylthioester (NTNG) 5
and bound PRPP 1 that are present when ammonia is released
from glutamine and travels through the channel to react with
PRPP in the synthase site. Importantly, functional groups on the
γ-glutamylthioester were positioned to make noncovalent inter-
actions with residues that are conserved throughout the
glutaminase domains of the class II amidohydrolase domain
(Figure 2) (51, 52), as observed for the C1A mutant of E. coli
asparagine synthetase B complexed with glutamine and
AMP (15). Hydrogen atoms were added to the initial thioes-
ter-PRPP-GPATase model and crystallographic waters using
the HBUILD module of the CHARMM software package (53),
and the initial structure was energy minimized in vacuo using an
adopted-basis Newton-Raphson algorithm, with positional
restraints (1 kcal mol-1 Å-2) imposed on heavy atoms defining
the enzyme main chain, PRPP, and the γ-glutamylthioester
intermediate.

Force Field Parametrization. All energy minimization,
LES, and PMF calculations were performed using the
CHARMM force field (PARAM27). Standard proce-
dures (54-56) were employed to obtain empirical parameters
for γ-glutamylthioester intermediate 5 and PRPP 1 (Tables
S1-S5 of the Supporting Information) using calculations on
model compounds S-methyl thioacetate (SMTA) 6 and tetrahy-
drofuran phosphoric acid (THFP) 7, respectively (Figure 1).
LES Simulations. In the initial set of gas-phase LES

simulations, 50 (N) copies of NH3 molecules or ammonium ions
(H4N

þ) were initially positioned at the N-terminal end of the
channel in the geometry-optimized thioester-PRPP-GPATase
model using the REPLICA facility in CHARMM. The nitrogen
atoms of all copies were placed 1.48 Å from the thioester carbon
along the vector defined by the C-N bond of the likely
tetrahedral precursor to the thioester (40, 44, 57). Although all
ammonia molecules occupy the same point in coordinate space,
no interactions between copies are included in the potential
energy function describing the system (58), and partial charges
and Lennard-Jones parameters for atoms in each ammonia or
ammonium ion are scaled by a factor of 1/N.

The LES protocol was initially employed to obtain an
equilibrium distribution of ammonia within the thioes-
ter-PRPP-GPATase model in the absence of a solvation
potential. Thus, the initial structure was gradually heated to
300 K (reassignment of atomic velocities rather than by coupling
to a temperature bath) over a period of 6 ps while the same
restraints were maintained as employed in the energy minimiza-
tion. AnNVTMD simulation was then performed to equilibrate
the thioester-PRPP-GPATase model at 300 K for a period of
20 ps, during which time the harmonic constraints (initially 1 kcal
mol-1 Å-1) were gradually eliminated. Subsequent production
LES calculations at 300 K were performed for times of up to
200 ps in the same NVT ensemble, using the Nos�e-Hoover
method for temperature scaling (qref = 100.0) (59, 60). Atomic
coordinates and velocities were updated by the Verlet method
(dt = 2 fs); covalent bonds to hydrogen were fixed by the
SHAKE algorithm (61), and a distance-dependent dielectric
constant (ε= r) was used in calculating the electrostatic energies.
Nonbonded cutoffs of 13 and 9-13 Å were employed for electro-
static and dispersion interactions, respectively.

In a second series of simulations, aimed at evaluating the
effects of solvent on the LES calculations, a sphere of equilibrated
TIP3P water molecules (radius of 24 Å) (62), centered about the
middle of the ammonia tunnel, was placed around the energy-
minimized thioester-PRPP-GPATase-NH3 model structure.
Solventmolecules within 2.5 Å of non-hydrogen protein atoms or
crystallographic waters were removed, and the resulting system
was modeled as three concentric spherical shells. In the central
region (radius of 20 Å), all atoms were allowed to move in the
LES simulation without any restraints, while the motions of
protein atoms and water molecules in the central “buffer” region
(outer radius of 24 Å) were governed by Langevin equations of

Scheme 1: Reaction Catalyzed by GPATase
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motion, with friction coefficients of 80 and 62 ps-1, respec-
tively (63). Protein atoms in this buffer region were also con-
strained by a harmonic restoring force (1 kcal mol-1 Å-2).
Finally, protein atoms located in the outer, reservoir boundary
shell (more than 24 Å from the system center) were fixed at their
initial positions and retained in the potential energy function to
provide a static reaction field about the dynamic region. Water
molecules were held within the outer simulation sphere using a
deformable stochastic boundary potential (64). The LES proto-
col used for studying the distribution of ammonia copies within
the intramolecular tunnel was identical to that described above
for the gas-phase modeling study.

Control simulations were also performed for the two systems,
using protocols identical to those outlined above, by placing 50
ammonia copies (i) in the synthase site or (ii) at the center of the
tunnel. In additional control studies, 10 ammonia copies were
initially placed in the glutaminase site, with partial charges and
Lennard-Jones parameters for atoms in each ammonia molecule
being scaled by 1/10 in the resulting LES simulations. Calculations
on (i) the behavior of ammonium ions in the tunnel of the
thioester-PRPP-GPATase complex and (ii) the motions of
ammonia molecules in the L415A GPATase mutant employed
equilibration and simulation protocols identical to those de-
scribed above.
Umbrella Sampling Calculations. Starting coordinates for

these simulations were derived from the structure obtained after
28 ps of the solvated LES trajectory in which the ammonia copies

were distributed throughout the length of the intramolecular
tunnel (Figure 3A). Then a series of structures were generated for
use in subsequent free energy calculations via deletion of all but
one of the ammonia (or ammonium ion) copies in the reference
thioester-PRPP-GPATase snapshot. The free energy difference
for the single bound ligand at adjacent locations in the LES
trajectory snapshot was computed by “umbrella sampling” using
a harmonic biasing potential [U(δ) = K(δ - δo)

2] to hold the
ammonia nitrogen atom at a specific location in the protein
during each MD simulation (41, 65). Here, K and δ are a biasing
force constant and a “translation coordinate” (defined as the
distance between the ammonia nitrogen and the carbonyl carbon
of the thioester bonded to the Cys-1 side chain), respectively.
Prior to umbrella sampling simulations, the thioester-
PRPP-GPATase-NH3 structure at each “window” was energy
minimized using a distance restraint to maintain the distance δ at
the appropriate value relative to the carbonyl carbon of the
thioester. The systemwas equilibrated at 300K (10 ps) before the
umbrella sampling was performed using MD simulation para-
meters identical to those used in the LES calculations. The
minimum of the biasing potential was shifted along δ by 0.5 Å
in each window, and the distribution of δ values, F(δ), for each
trajectory was determined using bins 0.1 Å in width. Calculations
of the potential of mean force, W(δ), employed the following
expression:

WðδÞ ¼ -kBT ln½FðδÞ�-UðδÞþCi

where kB is the Boltzmann constant,T is the temperature,U(δ) is
the biasing potential, andCi is a constant that is different for each
window. The (Nþ1)th window began from the far end of the
previous (Nth) window along the translational coordinate δ, but
with an overlap of 32.5% in the distance coverage (65). To ensure
complete sampling across the entire reaction coordinate, espe-
cially at overlapping regions, the value of biasing constantK (10.0
kcal mol-1 Å-2) was optimized for individual windows on the
basis of (i) the plot of free energy and (ii) the variation in dynamic
δo versus time. The final set of PMF energies was calculated using
the Weighted Histogram Analysis Method (WHAM) (66), as
implemented in WHAM version 2.0.2.
Analysis of Tunnel Structure and Properties. Cavities

within the initial model of E. coli GPATase (PDB entry 1ECC)
and “snapshot structures” formed during the LES simulations
were identified using VOIDOO (67). The accessible volume was
computed using a probe radius of 1.4 Å and an atomic “fatten-
ing” factor of 1.1, with a grid shrink factor of 0.9 being employed
in cavity refinement procedures. The cavities were visually
rendered in O (68), and plot files were created using MAP-
MAN (69). The electrostatic potentials at the surface of the
intramolecular tunnel were computed from the Poisson-
Boltzmann equation, using the algorithms implemented within
GRASP (70) and partial charges on all atoms as assigned in the
CHARMM force field (54). The molecular surface of the tunnel
was constructed from the van derWaals radii of atoms in residues
Tyr-74, Thr-76, Arg-188, Phe-254, Glu-255, Tyr-258, Phe-259,
Phe-334, Ile-335, Gly-406, and Ile-407.

RESULTS AND DISCUSSION

Delineating the Ammonia Translocation Pathway inWT
GPATase Using Locally Enhanced Sampling Simulations.
To investigate the nature of ammonia translocation between the
two active sites in GPATase, including the role played by the

FIGURE 1: Chemical structures for compoundsmentioned in the text,
including γ-glutamylthioester intermediate 5.

FIGURE 2: Model of γ-glutamylthioester intermediate 5 in the
N-terminal, glutaminase active site of the thioester-PRPP-GPA-
Tase complex, showing hydrogen bonding interactions (blue lines)
with conserved residues Arg-26, Gly-27, Arg-73, Thr-76, Asn-101,
Gly-102, and Asp-127. The isolated blue sphere indicates the initial
position of the nitrogen atom of the ammonia copies in the
N-terminal site. Atom coloring: C, black; H, white; N, blue; O, red;
S, yellow. This structure was visualized using CAChe Worksystem
Pro version 6.5 (Fujitsu America Inc., Beaverton, OR).
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enzyme residues defining the surface of the observed tunnel, we
first needed to identify the path along which ammonia might
move through the protein. We were also interested in examining
whether the tunnel structure was formed as a consequence of
ammonia dynamics within the protein, especially given current
interest in the functional role of dynamical motions in
enzymes (71-73).

We therefore built a model of the GPATase-thioester-
PRPP-NH3 complex, based on the crystal structure of the
DON-modified E. coli enzyme complexed with cPRPP 3 (14),
in which 50 ammonia copies were placed at the same initial
position within the N-terminal, glutaminase site. The behavior of
this system was first evaluated using a gas-phase LES simula-
tion with the putative ammonia tunnel being devoid of water

FIGURE 3: Visualizations of the distribution of ammonia or ammonium ion copies as a function of time during the LES simulations. (A) Gas-
phase LES simulation for 50 ammonia copies starting in the glutaminase site (top). (B) Stochastic boundary LES simulation for 50 ammonia
copies with an initial position identical to that shown in panel A. (C) Stochastic boundary LES simulation for 50 ammonia copies starting in the
synthase site (bottom). (D) Stochastic boundary LES simulation for 50 ammonia copies initially placed midway between the active sites. (E)
Stochastic boundary LES simulation for 10 ammonia copies with the initial position identical to that of the LES simulation shown in panel A. (F)
Stochastic boundaryLES simulation for 50ammonium ion (NH4

þ) copieswitha startingposition identical to that of theLES simulation shown in
panel A. In all images, the protein is oriented so that the glutaminase site in the N-terminal domain is at the top, and the isolated blue spheres
represent the location of the center of mass for the ammonia copies in the tunnel at various times (picoseconds) as indicated by the adjacent
number. Atom coloring: C, green; H, white; N, blue; O, red; P, pink; S, yellow.
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molecules. Even though no external forces were applied, the 50
ammonia copies moved away from their original location and
became evenly distributed within the protein throughout the
tunnel cavity proposed on the basis of X-ray crystallography (see
below). The time dependence of this distribution could be
visualized by plotting the location of the center of mass for the
50 nitrogen atoms in the ammonia molecules (Figure 3A). At
times longer than 25 ps, the ammonia copies completely occupied
the tunnel (Figure 4A). Longer simulation times (>100 ps) were
precluded by the fact that ammonia molecules leaked from the
C-terminal domain as a result of nonproductive collisions with
the bound substrate. A series of “control” calculations were then
performed to evaluate the effect of changing the initial conditions
on the observed distribution of ammonia copies throughout the
tunnel. For example, placing the 50 copies at initial locations (i)
within the C-terminal synthase site or (ii) at the approximate
midpoint of the tunnel gave distributions of ammonia copies
essentially identical to that observed when the copies were placed
initially in theN-terminal, glutaminase site (data not shown). The
observation that the ammonia copies become distributed evenly
through the intramolecular space, in a manner independent of
their initial position, suggests the absence of a free energy
gradient along the tunnel, which might arise from either local
electrostatic properties or asymmetry in the tunnel radius, to
promotemigrationof ammonia from theN-terminal glutaminase
domain to the C-terminal synthase site of the enzyme. This
conclusion also appears consistent with the calculated electro-
static potential of the van der Waals surface of the residue side
chains within the interior of the tunnel (Figure 5).

The effect of protein solvation on the equilibrium distribution
of ammonia copies within the tunnel was next investigated using
a stochastic boundary potential in which a shell of water
molecules, centered on the tunnel, was placed about the GPA-
Tase-thioester-PRPP-NH3 complex. A series of LES simula-
tions were performed on this system with the ammonia copies
identically placed to the cognate gas-phase calculations. As
before, when started in the glutaminase site, the ammonia

molecules became distributed throughout the tunnel region,
albeit after a longer time (40 ps) (Figure 3B). Placing the
ammonia copies initially in the synthase site and at the tunnel
midpoint also resulted in the “center of mass” for the ligands
becoming located at the center of the tunnel at times of up to
100 ps (panels C and D of Figure 3, respectively). The extended
times required for equilibration of the ammonia copies in these
stochastic boundary simulations result from both the presence of
the solvent and the constraints imposed on atoms in the buffer
region, which slow protein motions relative to those in the gas-
phase simulation. In addition, energy flow throughout the system
might have been less efficient when the Langevin oscillators in the
buffer region acted as the heat bath, with a consequent delay in
the transfer of kinetic energy to the ammonia copies. In another
set of control calculations, the sensitivity of the LES simulations
to the number of copies was investigated by placing 10 ammonia
molecules in the glutaminase site. As expected, and even in gas-
phase calculations, the ligand copies moved through the protein
at a rate much slower than that observed in the simulations
employing 50 ammonia molecules, with the center of mass of
these ligands remaining in the glutaminase site even after 500 ps
(Figure 3E). As in previous LES simulations employing 50
copies, however, no ammonia molecules in the interfacial region
of the two domains were observed to “leak” into bulk solvent
over the period of this simulation. These observations support
our initial choice of 50 ammonia copies for obtaining a qualita-
tive picture of the equilibrium distribution within the tunnel with
good computational efficiency.
The Ammonia Channel in GPATase Is a Transient

Structural Element. X-ray crystallography has revealed a
large-scale loop reorganization that takes place after PRPP
binding to form the intramolecular tunnel linking the two
active sites of the enzyme (14). Whether the ammonia tunnel is
permanently present in this active conformation is, however, an
open question, especially in light of recent calculations that show
the importance of side chain dynamics for ammonia translo-
cation in glutamine fructose-5-phosphate amidotransferase

FIGURE 4: Distribution of ammonia copies within the tunnel linking the two active sites. (A) Snapshot of the wild-type E. coli GPAT-
ase-thioester-PRPP complex after 28 ps in the stochastic boundary LES simulation. Note that the ammonia copies are distributed along the
complete extent of the tunnel. (B) Snapshot of the L415A GPATase mutant-thioester-PRPP complex after 39 ps, showing the leakage of
ammonia into bulk solution. In the cartoon of the protein,R-helices and β-strands are colored yellow and red, respectively. The glutaminase site is
located at the top of the image. Ammonia copies, γ-glutamylthioester intermediate 5, and PRPP are shown as “ball-and-stick” representations.
Atom coloring: C, gray; H, white; N, blue; O, red; P, orange; S, yellow.
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(GFAT) (33). Snapshots of the LES simulation on the thioes-
ter-PRPP-GPATase-NH3 complex were therefore analyzed
to identify intramolecular cavities within the protein using the
VOIDOO package (Figure 6) (67). These showed that although
no contiguous ammonia tunnel was present in the energy-
minimized crystal structure (Figure 6A), small cavities (11, 5,
and 2 Å3) were observed close to the glutaminase site and the side
chains of Ile-335 and Ile-407, respectively.As ammoniamolecules
became distributed within the putative tunnel during the LES
simulation after 25 ps, however, an almost continuous cavity
between the glutaminase and synthase active sites was formed
(Figure 6D). Similar results were obtained, albeit for snapshots at
longer times, for LES calculations on the thioester-PRPP-G-
PATase-NH3 complex in a water sphere. Hence, it seems likely
that an “open” intramolecular cavity linking the active sites does
not exist in the active conformation of GPATase prior to the
release of ammonia from glutamine, and local dynamical mo-
tions in the protein seem to be required for ammonia to move
through the tunnel, which while potentially constituting a
significant free energy barrier to ammonia translocation are
thermally accessible over short time scales. This finding is
consistent with the results of SMD simulations on the motion
of ammonia between the two active sites inE. coli glucosamine-6-
phosphate synthase (33), which also showed that local side chain
movements, albeit of a small number of residues, were an
essential element in permitting the access of ammonia to the
synthase site. Recent PMF calculations for movement of ammo-
nia within the large subunit of CPS (74) also demonstrate the
importance of local side chain motions for reducing relatively

high potential energy barriers (7.2 kcal/mol) to intramolecular
translocation.
The Ammonia Tunnel in GPATase Discriminates

against Ammonium Ion (NH4
þ). In common with other class

II amidotransferases (24), the GPATase tunnel is lined by side
chains that have significant hydrophobic character (Phe-254,
Tyr-258, Phe-259, Phe-334, Ile-335, Gly-406, and Ile-407), sug-
gesting that ammonia forms hydrogen bonds with carbonyl
groups in the protein backbone (14). To determine whether
ammonium ion might be transported through the tunnel during
catalytic turnover, a stochastic boundary LES calculation was
conducted on the GPATase-thioester-PRPP-NH3 complex,
containing 50 copies of NH4

þ in the glutaminase domain
(Figure 3F). In contrast to the cognate simulationwith ammonia,
ammonium ions were not observed to access the interior of the
tunnel but leaked from the protein into bulk solvent after a few
picoseconds, with the consequence that no copies remained in
the protein after 200 ps. This leakage took place through a hole at
the interface of the N- and C-terminal domains defined by the
side chains of Thr-76, Asp-408, and Arg-482, and the backbone
atoms of Ile-407 and Asp-408 (Figure 4B). Examination of the
electrostatic potential on the van der Waals surface of GPATase
at the entrance of the tunnel (computed using CHARMMpartial
atomic charges on the protein atoms) suggests that the barrier
arises from a positive potential associated with residues Arg-342,
Arg-371, and Arg-482 (Figure 5), which are located a substantial
distance from the tunnel entrance.
Free Energy Calculations of Ammonia Translocation in

GPATase.Although the LES simulations provided a number of

FIGURE 5: Surface representation of the electrostatic potential (MEP) associated with the C-terminal (left) and N-terminal (right) regions of the
ammonia tunnel in the thioester-PRPP-GPATase model structure. Note that the interior surface of the tunnel has no significant electrostatic
potential, whereas the surfaces in each active site have regions of positive (blue) or negative (red) potential.Atoms inPRPP 3 and theDONadduct
are rendered as “stick figures”, and residues forming the molecular surface are labeled. Atom coloring: C, white; H, purple; N, blue; O, red;
P, yellow; S, green.
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qualitative insights into the movement of ammonia between the
two active sites in GPATase, we sought to obtain a quantitative
picture of (i) the free energy of ammonia when within the tunnel
and (ii) the barrier preventing access to ammonium ion. We
therefore constructed a series of GPATase-thioester-PRPP-
NH3 structures, containing only a single ammonia molecule (see
Materials and Methods), at one of the positions in the final
distribution of ammonia copies in the stochastic boundary LES
simulation after 28 ps. Each structure was then subjected to an
umbrella sampling MD simulation (65, 75) to yield the potential
of mean force for ammonia as it moved through the tunnel in the
stochastic boundary solvation model. WHAM analysis of the
resulting trajectories showed that there is a free energy barrier to
ammonia movement of approximately 11 kcal/mol at a distance,
δ, of 7 Å from its initial position in the glutaminase site (Figure 7).
This barrier appears to be associated with the loss of hydrogen

bonds as ammoniamoves through the tunnel. For example, when
δ = 3.5 Å, ammonia forms a hydrogen bond to the N-terminal
amino group of Cys-1, presumably after thismoiety has acted as a
general base to promote formation of γ-glutamylthioester inter-
mediate 5 (51). Moreover, when δ = 4.0 Å, ammonia forms
strong hydrogen bonds with the backbone carbonyl oxygens of
Tyr-74 andGly-406, which are located on the opposite sides of the
tunnel, thereby “clamping” the small molecule at the entrance.
Both of these interactions are absent, however, when δ > 7.0 Å,
and the PMF free energy curve becomes relatively flat with small
fluctuationswithin theδ region of 12.0-14.0 Å. Themagnitude of
the computed free energy barrier for ammonia movement, which
is primarily associated with breaking the hydrogen bonds in the
glutaminase site, is perhaps surprising if it is believed that tunnels
are essentially devices for promoting one-dimensional ligand
diffusion (25). Our calculated barrier to ammonia translocation,

FIGURE 6: (A)Cavities in the geometry-optimized crystal structure of cPRPP 3bound toDON-modifiedE. coliGPATase (PDBentry 1ECC) and
(B-D) development of the ammonia tunnel in the thioester-PRPP-GPATase-NH3 model complex during the gas-phase LES simulations.
Structural snapshots were taken at 5 (B), 10 (C), and 25 ps (D). All intramolecular cavities (indicated by the maroon-colored surface) were
calculated using VOIDOO (65) and rendered inO (66). The glutaminase and synthetase sites in the fourGPATase structures, located at each end
of the putative ammonia tunnel, are indicated by the white and yellow boxes, respectively. Atom coloring: C, yellow; N, blue; O, red.
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however, is lower than the activation energy calculated from the
steady-state turnover number of E. coli GPATase. Thus, kcat is
approximately 60 s-1 at 37 �C (28, 47), which corresponds to an
energy of 15.5 kcal/mol assuming a value of 5 � 1012 s-1 for the
pre-exponential factor (76). Furthermore, the ammonia molecule
is likely to possess kinetic energy as a result of C-N bond
cleavage, which can also be used to overcome the barrier to
motion through the tunnel. A second interesting feature of the
WHAM calculation is that the free energy of the protein-bound
ammonia is higher in the synthetase site (Figure 7). It should be
noted, however, that these calculations do not include contribu-
tions from the energy released by displacement of pyrophosphate
from PRPP and formation of the C-N bond to give 50-phos-
phoribosylamine.
Modeling the “Leakiness” of the L415A GPATase

Mutant. GPATase exhibits a very high efficiency of coupling
glutamine hydrolysis to the synthesis of 50-phosphoribosylamine
(Scheme 1), implying that ammonia is sequestered from bulk
solvent during catalytic turnover (28). In addition, the enzyme
exhibits no significant glutaminase activity in the absence of
PRPP (51), suggesting the existence of intramolecular interac-
tions that couple PRPP binding with catalysis in the N-terminal
site. In studies aimed at probing the function of residues defining
the GPATase tunnel, Bera and co-workers reported that replace-
ment of Leu-415 with an alanine residue resulted in a GPATase
mutant (L415A) for which the ammonia transfer efficiency was
only 30%of that of the wild-type enzyme (28). The reason for the
decreased efficiency of ammonia translocation was not immedi-
ately obvious on the basis of theGPATase-DON-PRPP crystal
structure, however, because Leu-415 is not a residue defining the
wall of the tunnel (Figure 8).

To investigate the molecular basis of the reduced transfer
efficiency in the L415A GPATase mutant, a model of the
L415A-thioester-PRPP structure was built using standard
graphical manipulation followed by energy minimization. A
gas-phaseLES simulationwas then performed using 50 ammonia
copies initially placed in the N-terminal, glutaminase site, with
the result that 16 copies leaked from the L415A-thioester-
PRPP complex after 50 ps compared to only four copies in the
cognate LES simulation of the wild-type enzyme. A detailed
analysis of the LES trajectory for the L415A GPATase mutant
showed that ammoniawas leaking between theN- andC-terminal

domains along a path similar to that observed for the leakage of
ammonium ions from wild-type GPATase (Figure 4B). Snap-
shots of the GPATase-thioester-PRPP-NH3 and L415A-
thioester-PRPP-NH3 models, taken between 50 and 100 ps in
the gas-phase LES simulations, were used to obtain the “average”
structure of the two complexes, which were then superimposed so
that structural changes associated with the replacement of the
Leu-415 side chain could be identified. This comparison showed
that replacing Leu-415 with alanine had disrupted the packing of
the Thr-76 and Asp-408 side chains and the Ile-407 main chain
atoms (Figure S3 of the Supporting Information), resulting in an
increase of 1.8 Å in the average CR-CR distance of Thr-76 and
Asp-408 (Figure 9). Given that Leu-415 is located close to the
PRPP binding site, it seemed likely that modification of this side
chain was affecting coupled dynamical motions in the protein
structure (72, 77, 78). Evidence for this hypothesis is provided by
comparing the root-mean-square (rms) fluctuations averaged
over the backbone atoms of each protein residue in MD
trajectories calculated for the thioester-ammonia-PRPP com-
plexes of wild-type GPATase and the L415A GPATase mutant
(Figure 10). Although many of the backbone motions appear
similar in the twomodel complexes, those of the L415AGPATase
mutant show interesting large fluctuations, i.e., values of>0.8 Å,
in regions centered on Leu-190 and Ala-412. The latter residue is
spatially adjacent to the side chain of Leu-415, suggesting that
mutation of this leucine to alanine impacts hydrophobic contacts
in this area of the structure.

Encouraged by these findings in the gas-phase trajectories, we
examined solvent effects on the leakiness of the L415AGPATase
mutant by repeating the calculations on a solvated L415A-
thioester-PRPP-NH3model complex. In this case, however, no
ammonia copieswere observed to leakout of the protein. Instead,
up to 20 copies became clustered in a pocket formed by the side
chains of Phe-254, Ile-407, Met-409, and Val-460, which was not

FIGURE 7: Potential of mean force (PMF) profile for the transloca-
tion of ammonia through the ammonia tunnel in the thioes-
ter-PRPP-GPATase model using the stochastic boundary
potential. Distances correspond to those between the nitrogen atom
of the ammonia molecule in the center of the Nth window and the
carbonyl carbon of the thioester moiety.

FIGURE 8: View of the intramolecular tunnel in the E. coli GPAT-
ase-DON-cPRPP complex (PDB entry 1ECC) showing the loca-
tionof theLeu-415 (L415) side chain relative to the tunnel (defined by
residues Tyr-74, Phe-254, Tyr-258, Phe-259, Phe-334, and Ile-335).
The cartoon representations of the glutaminase and synthase do-
mains of GPATase are colored orange and blue, respectively, except
that peptide segments that undergo conformational changes on
ligand binding are colored red (residues 325-354) and green
(residues 471-492). DON, cPRPP, and selected residue side chains
are shown as sticks. Atom coloring: C, gray; O, red; N, blue; S,
yellow. The image was rendered in PYMOL (DeLano Scientific
Software LLC, Palo Alto, CA).
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populated in similar stochastic boundary LES simulations on
wild-type GPATase. It is likely that this behavior is associated
with the absence of low-frequency collective motions in the
response functions for atoms in the buffer region (79), which
are essential for modeling the relatively large conformational
changes in this region of the protein that are required for
ammonia molecules to leak through the gap between the Thr-
76 and Asp-408 side chains.

In summary, the coupling of LES simulation and PMF
methods offers a new strategy for examining the translocation
of small molecules between active sites in complex enzymes
containing multiple active sites, such as glutamine-dependent
amidotransferases (1, 2), acetyl-CoA synthase (80), and bifunc-
tional aldolase dehydrogenases (81). As well as providing quan-
titative insights into the free energy of the ligand as it moves
through the protein, the LES/PMF computational approach
provides information about the dynamical properties of the
tunnel and the molecular basis for changes in translocation
efficiency caused by the site-specific mutations.

The finding that all glutamine-dependent amidotransferases
seem to contain intramolecular tunnels linking multiple catalytic
sites in their active conformation is, at first sight, remarkable in
light of the large variation in the three-dimensional folds of the
synthase/synthetase domains in these enzymes and illustrates the
extent to which the structural “plasticity” of proteins can be
exploited by natural selection (82). As a consequence, there are
likely to be few general “rules” that govern the length and shape
of the tunnels present in amidotransferases, although, in contrast
tomembrane-bound ammonia transporters (83), ammonia trans-
location in these enzymes does not seem to be driven by
differences in electrostatic potential. This is probably because
the relatively small lengths of these intramolecular tunnels mean
that the time required for ammonia to travel between active sites
is an insignificant fraction of that required for the enzyme to
complete a single turnover (25). On the other hand, all of the
other tunnels that have been studied computationally appear to
discriminate against transporting ammonium ions between the
active sites (31, 33, 34). This ability of tunnel residues to
discriminate between ammonia and ammonium ion presumably
ensures that the nitrogen atom is translocated to the synthase/
synthetase active site in a chemically reactive form.
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SUPPORTING INFORMATION AVAILABLE

Details of parametrizationmethods and parameters, including
atom naming conventions (Figure S1) and a comparison ofMP2/
6-31G(d), RHF/6-31G(d), and CHARMM dihedral potential
energies for C1-C-S-C2 and OdC-S-C2 angles in SMTA 6
(Figure S2); full details and validation of new CHARMM27
parameters developed for this study (Tables S1-S5);
CHARMM27 force field topology file entries for the thioester

FIGURE 9: Comparison of the average side chain-side chain positions inwild-typeGPATase (blue) and the L415AGPATasemutant (red) at the
site from which ammonia leaks in the gas-phase LES simulation of the mutant enzyme. The coordinates of atoms in the enzymes correspond to
those computed for the average structure computed from snapshots taken between 50 and 100 ps in the LES trajectories of the
thioester-PRPP-GPATase-NH3 and thioester-L415A-GPATase-NH3 models. (A) Dot representation of the van der Waals surface for
atoms in the average structure ofwild-typeGPATase. (B)Dot representation of the vanderWaals surface for atoms in the average structure of the
L415A GPATase mutant.

FIGURE 10: Average rms fluctuation of residue backbone atoms
during the 50-100 ps time interval in MD simulations for models
of the thioester-ammonia-PRPP-wild-type GPATase (red) and
thioester-ammonia-PRPP-L415A GPATase mutant (blue) com-
plexes. In both simulations, the ammonia molecule was positioned at
the initial position within the glutaminase site used for the LES
simulations.
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(NTNG), 50-phosphoribosylpyrophosphate (PRPP), ammonia
(NH3), ammonium ion (NH4), and model compounds SMTA 6
and THFP 7 (Charts S1 and S2); CHARMM27 force field file
entries for NTNG, PRPP, NH3, NH4, SMTA, and THFP
(Chart S3); and time dependence of CR-CR distances between
residues defining the site of ammonia leakage in the L415A
GPATase mutant (Figure S3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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