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ABSTRACT: Molecular tunnels in enzyme systems possess variable architecture
and are therefore difficult to predict. In this work, we design and apply an algorithm
to resolve the pathway followed by ammonia using the bifunctional enzyme
formylglycinamide ribonucleotide amidotransferase (FGAR-AT) as a model
system. Though its crystal structure has been determined, an ammonia pathway
connecting the glutaminase domain to the 30 Å distal FGAR/ATP binding site
remains elusive. Crystallography suggested two purported paths: an N-terminal-
adjacent path (path 1) and an auxiliary ADP-adjacent path (path 2). The algorithm
presented here, RismPath, which enables fast and accurate determination of solvent
distribution inside a protein channel, predicted path 2 as the preferred mode of
ammonia transfer. Supporting experimental studies validate the identity of the path,
and results lead to the conclusion that the residues in the middle of the channel do
not partake in catalytic coupling and serve only as channel walls facilitating
ammonia transfer.

When two active sites that carry diverse reactions are
connected via a tunnel or channel by which the product

produced in one active center is transferred to the other active
site for subsequent catalysis, substrate channelling occurs.1−4

Substrate channelling happens when the products require (a)
protection from decomposition by the aqueous external
environment,2 (b) enhanced catalysis,3 (c) reduced transient
time, etc.3 Since ammonia is a reactive intermediate and can
readily get protonated in an aqueous environment, yielding
ammonium ions, in most cases it is transferred via an internal
tunnel to a second catalytic domain or subunit, where it can
perform a nucleophilic attack on a substrate.5 The ammonia
produced in these enzyme systems is derived from the amide
moiety of glutamine and generated by amidotransferase (AT)
domains.5,6 The AT superfamily is widespread and participates
in several metabolic pathways. It encompasses two major types
of glutaminases: type I employs a N-terminal cysteine residue
for hydrolysis of glutamine,7 whereas in type II, this cysteine is
a part of a catalytic triad.4,7 Unlike enzyme active sites,
molecular tunnels have variable architecture, and residues lining
them are generally not conserved even among enzymes
catalyzing the same set of reactions. Some of the enzymes
like phosphoribosyl pyrophosphate amidotransferase (PurF)
represent dynamic ones,8 and others like carbamoyl phosphate
synthetase (CPS) possess permanent channels.2,9 In several of
these cases, both catalytic coupling and intramolecular signaling
are observed during the transfer of the unstable intermediate
between the two physically separated active centers. This

ensures that no wasteful production of ammonia occurs in the
absence of the corresponding substrate.2,6,10−13

The nature of the residues lining the ammonia varies
dramatically from system to system. For example, the
intramolecular tunnel of PurF, is hydrophobic in nature,14

whereas in CPS, it is hydrophilic in nature.1 Therefore, it is
difficult to utilize the information obtained from various well
characterized ammonia channelling systems to design a
common strategy for pathway elucidation. In such circum-
stances, a combination of computational and experimental
methods can be utilized to identify these tunnels. A key benefit
of computational methods is the ability to offer spatial
resolution that experimental methods cannot. But computa-
tional methods can be prone to significant errors, including in
modeling, force fields, and sampling. For the computation of
solvent, two classes of computational solvation are commonly
employed: implicit and explicit. Implicit solvent models yield
instantaneous relaxation of the solvent, but since they
inherently lack microscopic detail, they can lose significant
accuracy. Conversely, explicit solvent models may include a
microscopic picture, but the added terms in the calculation
greatly increase the sampling load. This load must be overcome
by extensive molecular dynamics (MD) or grand canonical
Monte Carlo (GCMC) calculations. For systems where the
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solvent configurational space is strictly limited or uniform
(bulk-like), or if the channel structure is relatively simple, these
explicit solvent sampling schemes work well, but for more
complicated cases, such as inside the complex interior of a
protein, the sampling is severely frustrated. The problem
becomes even more difficult when one has to handle a liquid
mixture or solution as in the case of an ammonia channel, in
which the affinity of ammonia to the channel pore is
determined not just by ammonia itself but also by competing
effect with water.
One way to simplify the system is to simply treat the solvent

as a van der Waals probe such as is used in the pathway
determination algorithms CAVER15 and MOLE.16 Another
faster algorithim that also utilizes geometric criteria represent-
ing molecular channels via construction of corridor trees,
MolAxis17 has also been tested on several membrane channels
and enzyme cavities. However, this simplified approximation
ignores many important effects such as solvent geometry,
electrostatic effects, and solvent−solvent interaction and thus
cannot possibly produce a realistic equilibrium distribution. It
may be the reason why no successful study has been reported
based on the computational methods listed above to identify
the ammonia channel under concern. In several cases,
molecular dynamics (MD) simulations either alone or in
conjunction with other methods have been employed.18 In
particular, ammonia channels in CPS and HisHF have been

mapped using MD;19,20 however due to the high computational
expense during MD runs, only a small part of the channel was
investigated. Therefore, in the present study, we have decided
to apply the 3D-RISM/RISM method to this problem.
The 3D-RISM/RISM is an integral equation method for

resolving the solvent distribution, correlations, and related
properties in the presence of a solute.21,22 Analogous to implicit
solvation models, a single calculation yields equilibrium results.
Similar to explicit solvent simulations, the calculation explicitly
includes microscopic effects of water as characterized by atomic
solvent models (such as TIP3P or SPC/e).23,24 Thus, for
systems with a complex solvation landscape, 3D-RISM can be
ideal for rapidly obtaining converged, detailed solvent data.
In this work to identify a molecular pathway through which

ammonia is channelled, we developed a method utilizing 3D-
RISM/RISM calculations of the 140 kDa FGAR-AT protein
from Salmonella typhimurium (also known as StPurL). StPurL
catalyzes the fourth step of the purine biosynthetic pathway
where FGAR is converted into FGAM in an ATP assisted
reaction (Scheme 1). The crystal structure of StPurL was
instrumental in deciphering the domain organization of this
class of proteins.25 In all the reported structures of StPurL, the
enzyme was found to be trapped in an inactive state with the
thioester intermediate bound to the glutaminase active site, and
the two active centers were found to be separated by 30 Å.25

Scheme 1. Conversion of FGAR to FGAM

Figure 1. Ammonia channel in StPurL. (a) Two predicted pathway for ammonia channel in StPurL shown in red and blue color mesh for path 1 and
path 2, respectively. StPurL structure is depicted as a cartoon with the N-terminal domain in blue, linker domain in yellow, glutaminase domain in
red, and FGAM synthetase domain in green color. Ligands are shown in stick representation. (b) Results of RismPath calculations on PurL WT
trajectory. Crystallography purported path 1 (red) and path 2 (blue) are shown as tubes inside PurL (cartoon, translucent).
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Previous attempts have been made to find the path traversed
by ammonia; however no paths that were completely
connecting the two were found.25 Two plausible pathways
were proposed based on the available space in the protein
designated as path 1 and path 2 (Figure 1a). Path 1 is
sandwiched between the N-terminal and the FGAM synthetase
domain interface and is more hydrophilic and shorter in length.
However, path 2 is more hydrophobic and passes through the
central barrel formed by the two gene-duplicated halves of the
FGAM synthetase domain and is near the auxiliary ADP
binding site. Recent studies revealed that binding of FGAR is
most likely the trigger,26 which induces the conformational
switch necessary for catalysis and formation of the tunnel. In
addition, xenon binding studies have shown that in the
crystallographically trapped conformation both the proposed
paths are inaccessible to external hydrophobic moieties.27 For
the computational study, the crystal structure was taken as an
initial model for a MD cascade to introduce fluctuations in the
protein. Snapshots from the MD were then analyzed by 3D-
RISM, and a path-searching algorithm to identify which of the
two proposed paths, path 1 or path 2, is preferred was
determined. Further computational blocking mutations were
performed along the resulting hypothetical path to evaluate the
effectiveness of these mutations. Supporting experimental
mutations were designed to validate these results by either
constricting or widening the proposed path. Together,
investigation of the variant forms of the protein generated via
crystallographic, biochemical, and thermal stability studies was
utilized to provide critical insights into the path followed by
ammonia.
In short, the 3D-RISM and 1D-RISM are based on the site-

based interpretation of the molecular Ornstein−Zernike
equation.28

∫ρ= +
Ω

h c c h(12) (12) (12) (32) d(3)

Here, h and c are the total and direct correlation functions,
respectively. 1 and 2 represent the coordinates of molecules 1
and 2, and 3 represents a third molecule integrated over all
space ∫ d(3). ρ represents the solvent density, and Ω is the
normalization constant for the angular space. Both 1D and 3D-
RISM utilize classical atomic interaction potentials and closure
approximations such as the KH closure used here.29,30 1D-
RISM often utilizes rigid solvent structure, orientational
averaging, and dielectric constraints for expedited conver-
gence.31,32 To model a solvated biomolecular system with 3D-
RISM, first 1D-RISM must be performed on the solvent
mixture to obtain the solvent correlation functions. These
solvent data, in combination with the solute biomolecular
structure and parameters, are then input into the 3D-RISM
calculation which is then iterated until convergence. The result
of this calculation is the 3D equilibrium solvent distributions in
the presence of a static solute. While the quick convergence of
solvent distributions of 3D-RISM is advantageous over explicit
solvent sampling methods,33 this advantage is increased orders
of magnitude when dilute co-solvents are concerned, such as
ammonia in the present study. It is this huge advantage of 3D-
RISM/RISM that we seek to exploit with the pathway
determination method presented here.
The RismPath algorithm constructed (details of algorithm are

in the Methods section) was first validated by determining the
water path for TrpCage, a fast-folding engineered microprotein
that is often used as a test system in computational studies due

to its small size but protein-like topology. For this system
RismPath was used to calculate the most likely path water could
traverse from a cavity inside the mini-protein to a point on the
exterior near the N-terminal asparagine. The calculation
revealed a resultant path of the 11-node RismPath calculation
which is 17.61 Å in length and neatly traverses the perimeter of
the excluded volume of the solute (Supporting Information
Figure S2). The path appears qualitatively to traverse the
minimum distance between the two end points without
violating the solvent accessible surface. But since it is based
on 3D-RISM/RISM data, it relies not on a geometrically
defined surface area but rather on converged solvent−solute
and solvent−solvent interactions.
Subsequently, the algorithm was validated for CPS

synthetase, where the ammonia pathway has been elaborated
via crystallography studies and later rigorously explored with
both long classical MD and umbrella sampling simulations.
Here, without utilizing prior knowledge of the pathway,
RismPath was run on CPS using only the crystal structure
with the end points as the small subunit active site and the
carboxy phosphate intermediate active site. The calculation
yielded a path length of 46.3 Å. The pathway, shown in
Supporting Information Figure S3, is in qualitative agreement
with the simulation studies that showed a multistep path. The
success of RismPath on CPS suggests that it can determine
pathways for systems with long, convoluted ammonia pathways
such as in our target for this study, PurL. Finally, RismPath was
used to identify the NH3 pathway within WT PurL and to
suggest validation experiments. Initially, RismPath was run on
the crystal structure to determine a path between the gate
formed by Phe1094 and Phe1165 in the glutaminase domain
and the FGAR/ATP binding site. Unlike in the validation
calculations for TrpCage and CPS, the algorithm failed to
determine any pathway (after 500 trials). This suggests that the
crystal structure, as-is, does not contain a complete, continuous
pathway. However, it had already been suggested34 that the
introduction of fluctuations into the structure might be
necessary to reveal the pathway.
To introduce fluctuations, the crystal structure was taken as

an initial structure for an MD cascade with a 5 ns production
run. RismPath was then run on 100 snapshots from the 5 ns run
(every 50 ps) with otherwise identical parameters as for the
crystal structure. Of the 100 snapshots, RismPath successfully
determined a path for only 23. Comparing the nodes of the
successful paths to the two possible purported pathways (path
1 or path 2), all 23 matched path 2. This suggests though the
path is often obstructed, path 2 is the apparent viable path.
Figure 1b shows the two purported paths from crystallography
and the 23 RismPath pathways. To enable experimental testing
of the “path 2” hypothesis, we designed several mutations
which could potentially block it: S312W, S312V, S312I, S312L,
S312F, A384F, A384I, A384L, A384V, V333F, V333I, and
V333L.
We tested these mutations computationally based on the

same procedure as the WT calculations. The mutations were
performed in tleap, which were preceded by the identical MD
cascade and RismPath parameters as the WT. Supporting
Information Figure S4 shows the designed mutants in the
context of the purported and apparent paths. According to the
RismPath calculations on the MD snapshots, none of the
mutants completely block path 2. Some, however, partially
inhibit the path. Specifically, A384F and A384I only allowed 8%
and 9% success of RismPath, respectively (compared to 23% in
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the WT) Table 1. Surprisingly, some mutations apparently
induce a completely different path than both path 1 and path 2.

For about half the mutants, a minority of the successful paths
lied along a third path (Path 3). Path 3 lies on the same side of

the two helices as path 1, but is separated on average by about 9
Å. No calculations resulted in a path along purported path 1. As
can be clearly seen (Supporting Information Figure S5), a third
path clearly deviates from both initial purported paths. This
result perturbs the initial hypothesis that path 2 is the “correct”
path. Rather, it suggests that while path 2 may be the primary
path, path 3 can serve as an auxiliary path when path 2 is
blocked. Table 1 shows the path identity of calculations on the
WT and mutants. The identity of the “apparent” path for each
calculation was determined by the closest approach of each
determined path and a central reference point unique to each of
the three paths. For path 3, this reference point was taken
directly from an arbitrary RismPath calculation result that was
visually determined to be clearly distinct from paths 1 and 2.
To validate and develop insights, based on theoretical

predictions, complementary experimental mutations were
performed. The mutations in this region were made only
along path 2, as that was the only path predicted to be
permissible for ammonia passage. The flow of the ammonia was
determined by calculating leakage of ammonia and by
measuring FGAM synthetase activity following procedures
detailed in the Supporting Information. The three positions
where mutations were designed in accord with computational

Table 1. Apparent Paths Determined by RismPath
Calculations on PurL WT and Mutants

% path success path 1 path 2 path 3

WT 23 0 23 0
S312W 55 0 55 0
S312V 12 0 10 2
S312I 13 0 10 3
S312L 11 0 11 0
S312F 90 0 88 2
A384F 8 0 7 1
A384I 9 0 6 3
A384L 16 0 15 1
A384V 17 0 16 1
V333F 28 0 28 0
V333I 12 0 12 0
V333L 13 0 13 0

Figure 2. Mutations along path 2. (a) WT and (b) modeled S312F mutation showing greater path accessibility. (c) WT and (d) crystal structure of
V333I mutant demonstrating path constriction (Fo − Fc density is contoured at 3.0σ). (e) Data of FGAM synthetase activity and (f) percentage
ammonia leakage of mutant proteins as compared to WT.

ACS Chemical Biology Letters

DOI: 10.1021/cb501015r
ACS Chem. Biol. 2015, 10, 698−704

701

http://dx.doi.org/10.1021/cb501015r


data were Ser312, Val333, and Ala384. The computational
studies predicted that mutations in position Ala384 with bulkier
residues result in a maximum decrease in path accessibility and
should affect ammonia channelling to the greatest extent.
Experimental results show that replacing Ala384 with either
phenylalanine residue, A384F, or by an isoleucine residue,
A384I, was extremely deleterious to the protein and resulted in
the protein going into inclusion bodies. It appears that this
position is very sensitive to perturbation, and most likely these
path blocking mutations severely constrict the path, causing
serious clashes within the protein, thereby leading to protein
instability.
Unlike the Ala384 position, mutations in Ser312 to bulkier

residues like S312F and S312W were proposed by 3D-RISM/
RISM calculations to exhibit a dramatic 90% path success rather
than the 23% observed for the wild-type (Table 1). In silico
mutation of S312F on the available structure revealed that
replacement of a serine residue by a phenylalanine residue is
well accommodated. The preferred phenylalanine rotamer,
however, adopts a conformation that resides outside the
channel, thereby increasing channel size (Figure 2a,b).
Experimentally, the S312F and S312L mutants were stable
(Supporting Information Figure S6) and possess FGAM
synthetase activity at power with the wild type (Table 2).

This is most likely because the current existing path is able to
deliver the ammonia produced without widening it. Even
though the path is more accessible, the production of ammonia
at the glutaminase active center or its consumption is
independent of the path. Additionally, CD studies on S312F
exhibited overall structural perturbations as signified by a lower
ellipticity value compared to the wild type. The peak at 222 nm
in the S312F mutant is also not properly curved, signifying a
slight loss of α-helical structure (Supporting Information Figure
S7a). Moreover, the thermal denaturation profile of S312F
lacks the first transition, which is always observed in the wild
type27 (Supporting Information Figure S7b). Previously, the
first transition was attributed to the unfolding of the N-terminal
domain.27 Hence, it appears that the mutation of S312F causes
conformational frustration of phenylalanine residue, forcing it
to adopt a rotamer that pushes the N-terminal domain outward,
resulting in partial unfolding of this region, thereby yielding a
lower ellipticity value. The slight rearrangement of the N-
terminal domain may also lead to opening of path 3, and
catalysis is therefore unaffected. On the other hand,
experimentally constricting the path by carrying out a V333I
mutation, predicted to reduce the path success rate by 50%,
results in an analogous reduction of catalytic efficiency by 50%
(Table2). The X-ray structure of the V333I mutant also shows
that path 2 is now constricted by 1.2 Å (Table S2, Figure 2d).
It can be concluded that ammonia passage is now restricted

due to the tunnel being partially blocked by a bulkier isoleucine
residue (Figure 2c,d). Direct measurement of the ammonia
released into the medium also asserts this claim as greater than
10% increase in ammonia leakage, compared to wild-type is
observed in the V333I mutant protein (Figure 2f). It appears

because of the constriction introduced that the ammonia
(although being produced at the same rate as in wild-type
(Supporting Information Figure S8)) is reaching the FGAM
synthetase site at a slower rate, hence causing part of it to
diffuse out of the protein.
In conclusion, here, we designed a computational solution to

molecular path determination for PurL, where crystallographic
data yielded two ambiguous pathways; “path 1” and “path 2.” A
computational algorithm, RismPath, was proposed, which
exploits the 3D distribution of solvent and cosolvents in a
channel, obtained from the 3D-RISM/RISM. The algorithm
was validated by a benchmark-type calculation concerning the
water pathway in the tryptophan cage. The new algorithm
predicted “path 2” as the preferred mode of ammonia transfer
and suggested a third, auxiliary path. The 3D-RISM/RISM
calculation combined with the MD simulation reveals that the
structural fluctuation is essential to open up a dominant “ADP”
adjacent pathway. Supporting experimental studies validate the
identity of the path and demonstrate that constricting the path
in the central portion, far from the active centers, results in
reduction of FGAM synthetase catalytic efficiency by 50%.
Whereas, widening the path has no effect on function. This
signifies that the residues in the middle of the channel do not
partake in catalytic coupling and serve only as channel walls
facilitating ammonia transfer.

■ METHODS
Theoretical Analysis. An algorithm (RismPath) is designed here

which determines the most likely pathway between two given end
points utilizing 3D-RISM distribution functions. RismPath first
generates 3D distribution functions using 3D-RISM that represent a
probability map for each effectively unique atomic site on each solvent
molecule. Only the distribution of a single representative site is utilized
to detect the pathway. The site of a central atom such as O in H2O or
N in NH3 is used. Given a set of pathway end points, the algorithm
determines the most favorable path energetically in terms of the
distribution of the target atom. RismPath (Supporting Information
Figure S1) begins by interpolating a linear path between the two end
points containing a set of discrete “nodes.” Since the site distribution
inside a biomolecule contains many obstructions, the position of these
intermediate nodes often lies within extremely unfavorable locations
(such as within the excluded volume of the protein). So the nodes are
then jiggled perpendicularly to the path vector until each lies in a
location with nonzero probability. Since, this stochastic jiggling can
overextend the path (e.g., extending outside the protein), the paths of
such cases are discarded and the process restarted. Otherwise, if the
path is not too long, it is then subjected to steepest descent
minimization using “elastic band-type” potential according to the
equations below.35

= +E E Etotal PMF band (1)

∑= −
=

−
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(3)

Here, EPMF is the sum of the potentials of mean force from probability
distribution of the solvent site at each node. Eband is a spring-like
potential used to maintain an even spacing between each node. N is
the total number of nodes on the path including the end points. d is
the distance between the nodes indicated by the subscripts, and d0̅ is
the average node−node distance. k is a tunable spring constant. After
minimization, additional interstitial nodes are interpolated linearly
between the existing nodes to increase the continuity of the path. This

Table 2. Kinetics Data for FGAM Synthetase Activity

protein Km (mM) kcat (s
−1) kcat/Km (M−1 s−1)

StPurL 0.27 ± 0.03 1.30 ± 0.08 4.9 × 103

V333I 0.48 ± 0.03 1.28 ± 0.14 2.6 × 103

S312F 0.26 ± 0.01 1.15 ± 0.03 4.4 × 103
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entire procedure is repeated a set number of trials after which the path
with the lowest Etotal is reported. Parameters for production
calculations were tuned (calculation parameters in SI) such that the
stochastic algorithm consistently yields the same result of either “path”
or “fail” for the same input systems.
To validate the RismPath algorithm on three different systems like

TrpCage, CPS, and PurL, many other system parameters and
calculation parameters of 1D-RISM and 3D-RISM are used. The
detailed descriptions of the parameters are described in the Supporting
Information.

■ EXPERIMENTAL METHODS
Cloning, Expression, and Purification. Point mutants of the

enzyme were made by site directed mutagenesis (SDM) using the
strategy employed by the Quikchange (Stratagene) kits. In cases where
this strategy failed, overlap and extension PCR followed by cloning
using KpnI and BamHI restriction enzymes was employed. All the
proteins were expressed and purified by the previously described
procedure.27

X-ray Crystallography. Diffraction data for V333I were collected
on Rigaku FR-E+ super bright microfocus rotating anode at the
National Institute of Immunology (Delhi, India). The V333I crystals
were grown by hanging drop vapor diffusion as described previously.25

Data were collected using an R AXIS IV++ detector, 1.0° oscillation, 3
min exposure time, and 240 mm crystal to detector distance at a
wavelength of 1.54 Å. The data were processed using HKL 2000.36

The structure was determined by performing molecular replacement
using the native StPurL structure (PDB ID IT3T) and refined using
CNS.37 All manual model building was performed using the program
Coot.38 The crystallographic data statistics are shown in Supporting
Information Table S2.
Biophysical Characterization. The secondary structure analysis

and thermal denaturation experiment of wild type and mutant proteins
were performed by the previously described method27 mentioned in
the Supporting Information.
Enzyme Assays. The other biochemical assays (FGAM synthetase

assay and glutamate dehydrogenase assay) to measure the activity of
proteins are clearly described in the Supporting Information.
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