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Abstract

The dopamine transporter (DAT) operates via facilitated diffusion, harnessing an inward Na*
gradient to drive dopamine from the extracellular synaptic cleft to the neuron interior. The DAT is
relevant to central nervous system disorders such as Parkinson disease and attention-deficit
hyperactivity disorder and is the primary site of action for the abused psychostimulants cocaine
and amphetamines. Crystallization of a DAT homolog, the bacterial leucine transporter LeuT,
provided the first reliable 3-D DAT template. Here, the LeuT crystal structure and the DAT
molecular model have been combined with their respective substrates, leucine and dopamine, in
lipid bilayer molecular dynamics simulations toward tracking substrate movement along the
protein’s substrate/ion permeation pathway. Specifically, movement of residue pairs that comprise
the “external gate” was followed as a function of substrate presence. The transmembrane (TM) 1
arginine-TM 10 aspartate strut formed less readily in DAT compared with LeuT, with or without
substrate present. For LeuT but not DAT, the addition of substrate enhanced the chances of
forming the TM 1-10 bridge. Also, movement of the fourth extracellular loop EL-4 in the
presence of substrate was more pronounced for DAT, the EL-4 unwinding to a degree. The overall
similarity between the LeuT and DAT molecular dynamics simulations indicated that LeuT was a
legitimate model to guide DAT structure-function predictions. There were, nevertheless,
differences significant enough to allow for DAT-unique insights, which may include how cocaine,
methylphenidate (Ritalin, NIDA Drug Supply, Rockville, MD), and other DAT blockers are not
recognized as substrates even though they can access the primary substrate binding pocket.
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INTRODUCTION

Neurotransmitter transporter proteins play a crucial role in governing temporal aspects of
interneuron communication by regulating synaptic neurotransmitter levels. These integral
plasma membrane proteins are conduits for relocating the neurotransmitter from synapse to
presynaptic cell, quenching the message sent by this cell. The monoamine transporters
(MATSs) are of especial relevance regarding diseases of the central nervous system.
Dopamine transporter (DAT) dysfunction has been associated with Parkinson’s disease,
schizophrenia, and attention-deficit hyperactivity disorder.! Dysfunction of the serotonin
transporter (SERT) may be linked to alcoholism,2 Parkinson’s disease,3 and depression.
Norepinephrine transporters (NETS) have been reported to be deficient in cases of affective
and autonomic disorders.> Additionally, all three transporters are substrates for
amphetamines, drugs of abuse that trigger the release of monoamines from storage vesicles
into the synapse.®7 The psychostimulant cocaine is a nonsubstrate MAT blocker, allowing
dopamine to pool in the synapses of the nucleus accumbens, the brain’s “pleasure center.”8
MATS are also therapeutic targets for antidepressant and anxiolytic drugs as well as
medications to combat attention-deficit hyperactivity disorder.®

The plasma membrane MATSs are members of the 12 transmembrane domain (TM)
neurotransmitter:sodium symporter (NSS), or SLC6, family in which electrogenic transport
of a neurotransmitter substrate across the cell membrane is driven by the naturally occurring
neuronal Na* gradient. Cotransport of CI~ is also required for the DAT, NET, and SERT; the
SERT additionally transports a K* ion but in an antiport fashion.19 Prior to 2005, most of
what was known about MAT structure and function was provided by pharmacologic
characterization of hundreds of site-directed and chimeric mutants (reviewed by Surratt ef a/.
9). The mutagenesis was, in turn, guided by amino acid sequence alignments of NSS/SLC6
family members.1! Still, three-dimensional information on MAT structure was essentially
limited to the innovative Zn2*-engineered DAT studies of Gether and colleagues that
revealed juxtapositions of selected TM domains.12

Publication of a crystal structure for a NSS/SLC6 homolog, the bacterial leucine transporter
LeuT,13 provided the first reasonable template for 3-D MAT analysis. LeuT was crystallized
as a dimer, but the monomer is likely to fully encompass the transport function.14 Like the
MATSs, LeuT appears to transport two Na* ions for every substrate molecule; unlike the
MATS, LeuT has no CI~ requirement. A TM 7 glutamate residue in LeuT (replaced by serine
in the MATS) plays the role of the MAT CI™ cofactor, providing the negative charge that
stabilizes Na* binding and translocation of substrate.1>-17 The LeuT crystal contained a
molecule of its leucine substrate tethered midway through the TM domains spanning the
lipid bilayer. Docking of substrate to SERT and DAT molecular models using LeuT as a
template also places the monoamine at this TM midpoint,18-22 considered the primary
substrate binding pocket. A secondary (or tertiary) substrate pocket that appears to serve as a
staging area for access to the primary pocket is located in the “extracellular vestibule,”
several Angstroms above the primary pocket.2223 For LeuT, this vestibule can be closed off
from the primary binding pocket by an external gate comprised of a TM 1 arginine-TM 10
aspartate salt bridge and a TM 3 tyrosine-TM 8 phenylalanine aromatic interaction.13 When
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the gate is open, a low-affinity substrate binding site is formed by leucine itself bridging the
arginine-aspartate interaction.?4

Regarding nonsubstrate inhibitor binding sites, antidepressant and cocaine binding pockets
have been proposed that thoroughly overlap, partially overlap, or are extracellular to the
substrate pocket.19-21.25.26 | eyT crystals containing tricyclic antidepressant drugs position
the inhibitor in the extracellular vestibule,27:28 although the relevance of these crystals to
MAT inhibitor function has been questioned.2? By introducing DAT mutations that created
intramolecular disulfide bonds or a Zn2* binding site, cocaine and a cocaine-like analog
were trapped in the primary substrate pocket; this was the first compelling structural
evidence that inhibitors could access this site.26 Finally, Singh et a/2* proposed a “locked-
occluded” conformation for LeuT through the binding of a noncompetitive inhibitor. The
noncompetitive inhibitor binding pocket is near the extracellular vestibule.24

Comparative molecular dynamics (MD) simulations of the crystallized LeuT transporter and
the homologous DAT transporter were performed in a lipid bilayer facsimile to gain insight
into the overall dynamics of the proteins in a physiologically relevant environment. To assess
the dynamics of the primary substrate-binding pocket and other key segments thought to
have pharmacologic or physiologic relevance, and to determine the DAT homology model’s
stability and reliability through the course of MD simulation, MD simulations both with and
without substrate were conducted for both LeuT and DAT. MD LeuT simulations in the
presence of leucine but lacking the more proximal sodium ion were also conducted to
address the role of this ion in substrate binding and translocation.

METHODS

Creation and merging of transporter protein and lipid bilayer molecular models

LeuT structure—LeuT structure coordinates were obtained from Protein Data Bank entry
2AB65 (www.rcsh.org; MMDB accession no. 34395), corresponding to the bacterial (Aquifex
aeolicus) leucine transporter protein LeuT a. This Protein Data Bank entry lacks the four
most N- and C-terminal residues plus N133 and A134. Because the latter two residues are
expected to be relevant to TM domain disposition, these residues were reintroduced using
the model building module in Molecular Operating Environment 2008.10.30 The addition of
hydrogen atoms and a C-terminal carboxyl group was affected with CHARMM ¢35b1.31:32
Afterwards, the structure was energy minimized while holding the crystal coordinates fixed
using CHARMM c35b1. This allowed for the correction of any unnatural strain created by
the addition of the missing atoms. A protonation state representative of free amino acids in
water at a pH of 7 was used. The resulting protein had a net overall charge of +3, adjusted to
+4 with the addition of the two sodium ions and one chloride ion found in the crystal
structure. This positive charge was compensated for by adjusting the balance between
sodium and chloride ions later added to the solvated protein and lipid bilayer, creating an
overall neutral system. In the simulation with a sodium ion removed from the binding
pocket, the extra charge was compensated for by replacing a solvent molecule with an
additional sodium ion.
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DAT structure—Construction of the DAT molecular model has been thoroughly described
elsewhere.?2 Briefly, the FASTA sequence of the rat DAT protein (SwissProt locus
SC6A3_RAT; accession number £23977, NCBI accession number AAB21099) was used as
the query for three independent sequence alignments: via the Robetta server, the 3D-
JIGSAW server, and the original LeuT alignment found in the study by Yamashita et a/13
Models derived from the three distinct alignments were essentially superimposable.22
However, the one obtained from the Robetta server was used because it yielded the best
docking energies for dopamine and amphetamine. DAT homology modeling using the LeuT
coordinates as a template and the sequence alignment retrieved by the Robetta server with
the FASTA hDAT sequence were performed using the Molecular Operating Environment
2007.0902 program.30 The resulting DAT models were free of atomic clashes and energy
minimized using the AMBER99 all-atom force field.33 This field was used to add hydrogen
atoms and assign partial charges to the DAT homology models. The newly added hydrogen
atoms were relaxed via several cycles of energy minimization performed using a conjugated
gradient/truncated Newton optimization algorithm to convergence criteria of 0.05 kcal/mol
and with a dielectric constant (€) of 3 using a solvation distance-dependent dielectric
potential energy form. All nonhydrogen atoms were held fixed during the energy
minimization. The AMBER99 all atom force field was further used for a refinement of the
backbones and side chains (convergence criteria = 0.1 kcal/mol, e = 3, with a solvation
distance-dependent dielectric potential energy form). An optimal Ramachandran plot and
spatial fit with the LeuT crystal structure were the selection criteria used to determine the
best DAT homology model to use for experimental work.

Membrane composition

A 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) membrane was selected
in order to model the LeuT protein in a lipid environment similar to that in which the protein
was crystallized. The LeuT structure was solved through x-ray crystallography of protein
expressed in Escherichia coli CA1 cells.13 Biochemical analysis of £. coli lipids indicates
75% to 85% phosphatidylethanolamine, 10% to 20% phosphatidylglycerol, and 5% to 15%
cardiolipid. At 37°C, the fatty acid composition is 25% to 40% palmitic, 25% to 40%
palmitoleic, and 25% to 35% cis-vaccenic acid, with lauric, myristic, stearic, lactobacillic,
and cis-9-10-methylene-hexadecanoic acid found at much lower concentrations.3* The fatty
acid composition of the POPE lipid membrane does not precisely match that of £. coli, but
palmitic acid is a major component of both. Because a POPE lipid membrane also provides
a mixed fatty acid environment, this scaffold was considered to be the more reasonable
choice among the lipid membranes readily available for computational study. This choice is
also compatible with the phosphatidylethanolamine-predominant MAT protein milieu.

Lipid construction and protein insertion

The 110A x 110A POPE membrane was built using the Visual Molecular Dynamics (VMD)
membrane plugin 1.1.3% The algorithm used to construct the membrane places individual
lipids in two layers of two-dimensional hexagonal lattices. The distance between the two
layers was set to fit the actual membrane thickness, and the lattice period was set to fit the
actual surface density of lipid molecules. Each lipid was placed in a random orientation in
the lipid plane, and a truncated Gaussian spread was used in the perpendicular direction. A

Proteins. Author manuscript; available in PMC 2020 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gedeon et al.

Page 5

1-picosecond (ps) equilibration /n vacuo was performed to eliminate steric collisions among
the lipid atoms. A more detailed description of the algorithm used to construct the
membrane can be found at http://www.ks.uiuc.edu/Research/vmd/plugins/membrane/.

The prepared LeuT structure was placed in the center of the membrane of orientation similar
to that of Yamashita et a/13 The protein was oriented so that the largely hydrophobic TM
residues were positioned within the lipid bilayer; hydrophilic residue stretches in the outer
shell of the protein were positioned above and below the membrane. Overlapping lipids and
those within 2.4A of any nonhydrogen atom of the protein were deleted; 298 lipids remained
in the simulation. In addition to the protein, the crystallographic structure contained 210
water molecules, 2 Na* ions, 1 CI~ ion, and 5 B-octylglucoside residues (the latter omitted
for the purposes of this study). Next, the system was TIP3 solvated and ions were added,
beginning 3A above and below the lipid layers and 3A away from the outer shell of the
intracellular and extracellular protein coordinates. Water residues with oxygen atoms within
2.4A of any nonhydrogen protein atom were deleted. Additionally, 244 randomly selected
water molecules were deleted. The coordinates for the oxygen atom of each of these deleted
water molecules were used to seat 120 Na* and 124 CI~ ions, creating an overall neutral
system in approximately 0.2/ NaCl. The ions were equally distributed above and below the
lipid bilayer; the final system contained approximately 32,000 water molecules.

Simulation overview

Each of the LeuT MD simulations was performed with the LeuT structure in the membrane
surrogate described previously. A cross-section of the prepared LeuT system without
substrate after 14 nanoseconds of MD simulation is shown (Fig. 1). The first MD simulation
was performed with no substrate but in the presence of the two sodium ions and one chloride
ion found in the crystal structure. A second MD simulation was performed with the substrate
in its crystallized position within the binding pocket in the presence of the crystallized ions.
Finally, an MD simulation was constructed in the presence of the substrate but without the
sodium ion crystallized closest to the carboxyl group of the substrate, leaving one
crystallized sodium ion and one crystallized chloride ion. This scheme is depicted in Table I.
To provide a direct comparison to the LeuT simulations, identical MD simulations were
performed with the DAT homology model. Simulations with and without substrate were
performed in the presence of binding pocket ions (Table I).

Simulation procedure

MD simulation was performed by using NAMD 2.636 optimized for a Cray-XT3 computer
(Pittsburgh Supercomputing Center). The NPT ensemble was used to perform MD
calculations. Periodic boundary conditions were applied to the system in the three coordinate
directions. A pressure of 1 atm was maintained using the modified Nose-Hoover method
provided by NAMD. In this method, Langevin dynamics is used to control fluctuations in
the barostat. The Langevin piston period was set to 200 femtoseconds (fs) with a decay
period of 100 fs. Constant temperature constraints were implemented in conjunction with the
Nose-Hoover pressure control in order to simulate the NPT ensemble. After warming the
system with small increases in temperature, a constant temperature of 310 K was
maintained. In order to warm the system, the velocity of atoms was initially assigned based
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on a random distribution representing an overall system temperature of 10 K. MD
calculations were performed at this temperature for 20 ps, after which the temperature
constraint was raised to 20 K. The temperature constraint of the system was then raised in
20-K intervals after each 20 ps of simulation time. After 20 ps of simulation at 300 K, the
temperature constraint for the system was set to 310 K. Heating the system in this manner
required 320 ps of simulation time. The PME technique was used to calculate electrostatic
interactions. The CHARMM27 parameters for proteins and lipids were used.37:38

In order to obtain a reasonable starting point, all coordinates were initially held fixed except
for the water molecules and ions above and below the lipid membrane. This allowed the
water molecules and ions to fill the void above and below the lipid membrane and to more
naturally solvate the LeuT protein. The water and ions were only allowed to move for a very
short period of time (1ps) so that the void would begin to close without water and ions
migrating into the region surrounding the protein in the bilayer. After equilibrating the water
and ions surrounding the lipids, the coordinates for the lipids were released for the
simulation. This allowed the lipids to fill the void surrounding the protein and to assume a
more relaxed conformation. After the water molecules, ions, and lipids were sufficiently
equilibrated as determined by water density, ion distribution, and membrane thickness and
density, the coordinates for the protein, water molecules, and ions from the crystal structure
were released, the system was heated according to the method described earlier, and the
simulation time was reset to 0 fs.

RESULTS AND DISCUSSION

For each of the simulation setups (Table 1), 30 nansoseconds of all-atom MD calculations
were performed to comparatively study the dynamics of LeuT and DAT. Simulations 1 and 2
were designed to study the equilibrium dynamics of the crystallized structure of LeuT in the
presence or absence of substrate. Overall protein dynamics, interactions between key
residues of the extracellular gate, and dynamics of the EL4 loop, a segment that appears to
play a crucial role in LeuT function and pharmacology (see later) were assessed. Simulation
3 further investigated the dynamics of the LeuT primary binding pocket residues by instead
removing Nal, the sodium ion closest to the leucine carboxylate in the crystal structure.13
DAT MD studies were conducted largely as described earlier for the LeuT work.
Simulations 4 and 5 involved the DAT in the presence or absence of the dopamine substrate,
respectively.

LeuT protein stability

The starting coordinates for the LeuT protein were identical to those of the crystal structure,
representative of the protein in the occluded state; the substrate is present in the primary
substrate binding pocket (S1), and both the extracellular and intracellular gates are closed.13
No major conformational changes were observed in the LeuT protein backbone during the
30-nanosecond simulations; however, minor differences were observed in the RMSD of the
protein backbone for each of the three simulations (Fig. 2). The average RMSD of the LeuT
protein backbone was the lowest and fluctuated the least for Simulation 1 over the 10- to 30-
nansecond window (1.19 + 0.08A). This was expected given that this scenario included the
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same substrate and ion combination as the crystal structure. Simulation 2 (lacking substrate)
yielded a similar average and fluctuation of RMSD during the same window (1.32 + 0.09A).
Simulation 3 (lacking Nal) produced the largest average RMSD and greatest RMSD
fluctuation (1.53 + 0.13A). Thus, removal of the substrate-proximal Na* atom produced
more change in the protein backbone and created a less stable structure than did removal of
the substrate itself, consistent with the importance of sodium ions in protein infrastructure
and stability.

Toward elucidating the LeuT residues responsible for these RMSD shifts, the average
RMSD for the C-a atom of each residue was examined for each simulation. A comparison
of these average RMSD results for the three simulations reveals discrete residues sensitive to
the presence of leucine or Na* (Table 11). Such an analysis indicates which residues are more
likely to provide direct or indirect support to binding of substrate or Nal. Furthermore, for
each of the three LeuT simulations, average root mean square fluctuation (RMSF) values for
the C-a atom of each residue were assessed in the context of the experimentally obtained B
factors (Fig. 3). RMSF values were calculated because this allows for a direct comparison to
B factors, which are determined through crystallography in the context of RMSF. A direct
relationship between the average RMSF and the experimental B factor held for most, but not
all, residues, with only minor differences between the three simulations observed (Fig. 3). To
highlight the more sensitive residues, B factors were scaled by a factor of 30 in order to
make a better comparison to the RMSF values of the three simulations (Fig. 4). Although
most residues had average C-a atom RMSF values that closely parallel the scaled B factors,
readily identifiable in Figure 4 are select residues that had average C-a atom RMSF values
that diverge more than 1.0 A from the scaled B factors: residues 129-137 (in the
extracellular region just downstream of TM3), residues 234-240 (in the extracellular region
just upstream of TM6), and residues 467—476 (in the furthest downstream third of TM-11).
The presence of only minor differences between the three LeuT simulations in this regard is
further shown in Figure 4.

Although only minor differences between the three LeuT simulations were observed when
comparing average RMSF values for the C-a atom of each residue (Fig. 3), significant
differences between the three LeuT simulations were observed when comparing average
RMSD values for the C-a atom of each residue (Table I1). Additionally, in each of the three
simulations, the average RMSF values for the C-a atom of each residue closely correlated to
the experimentally derived B factors determined for the LeuT crystal structure with substrate
bound (Fig 4). Accordingly, although discernable changes in discrete residues were observed
by altering the presence of leucine or sodium ions, these changes resulted in new stable
structures with average residue fluctuations closely correlated to experimentally derived B
factors.

DAT protein stability

As was the case for LeuT, no major conformational changes were observed in the DAT
protein backbone during the 30-nanosecond simulations. The starting coordinates for the
DAT protein were provided by a LeuT-guided three-dimensional homology model that
presumably represents the occluded state of the DAT (extracellular-facing gate closed to
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substrate passage).22 Minor differences were observed in the RMSD of the protein backbone
for Simulations 4 and 5 (Fig. 5). In accordance with other MD studies that use homology
models built from crystallized proteins,39 the average RMSD values for the DAT simulations
were slightly higher than those for LeuT. The average RMSD for the DAT protein backbone
during Simulation 4 over the 10- to 30-nanosecond window was 4.74 + 0.38A. RMSD
values actually decreased and fluctuated less (3.70 + 0.28A) during the same window in the
absence of substrate (Simulation 5), a result opposite of that found with LeuT. This could be
partially caused by a stabilizing role of the carboxylate portion of D79 not present in LeuT.
In the latter, the carboxylate complex with sodium is achieved when the substrate is
introduced. In the DAT, the carboxylate functional group is intrinsic to the protein, and,
accordingly, the carboxylate complex with sodium is not substrate dependent. The pre-
equilibration DAT homology model was subject to more movement during the simulation
when dopamine was present. The RMSD for the C-a atom of each DAT residue was
examined for each simulation, and, as seen with LeuT, the DAT pattern was altered by the
presence of substrate (Fig. 6). The molecular dynamics of a handful of DAT residues were
especially dependent on the presence of dopamine (Table I11).

The “external gate” in the LeuT and DAT

The initial coordinates used for the LeuT and DAT MD equilibrations are representative of
the occluded “substrate/ion-bound” state. The putative external and internal gates are closed
in this conformation such that the substrate is trapped within the permeation pore, facing
barriers to both intracellular and extracellular directed transport. TM 1 arginine (R30) and
TM 10 aspartate (D404) residues contribute to the LeuT external gate that prohibits
extracellular access to the substrate binding pocket. The LeuT crystal structure indicates that
a pair of water molecules bridge these charged side chains in the presence of leucinel3;
interestingly, crystals that additionally contained transport inhibitor ligands revealed a direct
R30-D404 salt bridge.27:28 To test the role of this residue pair during MD simulation, the
distance between the residues was monitored as a function of substrate over 30
nansoseconds. Two pairs of nitrogen-oxygen atomic interactions were examined: NH1
(R30)-OD2 (D404) and NH2 (R30)-OD1 (D404). Interactions between both sets of atoms
were apparent from the simulations (Fig. 7). The alternate pairs were considered in a
separate calculation (not shown), and the results provided no new insights. After 10
nanoseconds of initial equilibration in the presence of leucine, the average distance of the
R30 NH1-D404 OD?2 interaction was 3.09A, the standard deviation was 0.44A, and the
range varied from 2.47 to 4.38A. More specifically, this distance alternated between an
average of 3.37A over the 10- to 14-nanosecond interval, 2.74A over the 14- to 24-
nanosecond interval, and back to 3.45A over the 24- to 30-nanosecond interval. In the
absence of substrate, however, the average distance of this interaction was an Angstrom
longer (4.02A), and the fluctuation was much larger (standard deviation of 0.95A and 2.51—
7.57A range) [Fig. 7(A)]. Unlike the simulation with substrate, the interaction appears to
form and break, possibly providing a mechanism that allows extracellular leucine to access
the primary binding pocket. The substrate-induced transition is not as crisp for the R30
NH2-D404 OD1 interaction but otherwise mimics the NH1-OD2 pattern [Fig. 7(B)]. In the
presence of substrate, the average distance of 3.13A fluctuated between 2.48 and 5.25A with
a standard deviation of 0.42A. In the absence of leucine, the average interaction distance of
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3.32A ranged from 2.45 to 6.24A with a standard deviation of 0.76A. For both interactions
studied, in the presence of substrate, the salt bridge was formed more frequently, the average
atom distance was lower, and there was less fluctuation in atom distance. These results are
supportive of recent experimental work indicating that sodium binding contributes to the
formation of an “outward-facing” state in which the substrate permeation pathway is
exposed and that substrate binding constricts the extracellular pathway leading to the
occluded state observed in the LeuT crystal structure.0

In order to further elucidate the variations in distance between LeuT salt bridge—forming
atoms of R30 and D404, results from the two sets of atom interactions during MD
simulation were compared with the distances between the same atoms in 3 crystal structures
(Fig. 7). The three crystal structures hypothetically represent the occluded “substrate/ion-
bound” state (LeuT + L-leucine + sodium), the “locked-occluded” state (LeuT + sodium +
the transport inhibitor desipramine), and the “locked-open” state (LeuT + sodium + the
competitive inhibitor L-tryptophan).24 Despite having begun MD calculations with the
crystal structure representing the occluded state, the distance between the R30-D404 salt
bridge atoms for simulations with and without substrate was reduced to that seen in the
locked-occluded state. In the simulation with substrate, the atom distances remained reduced
at a distance equivalent to that seen in the crystal locked-occluded state. In the absence of
substrate, significantly larger fluctuation in atom distances produced a trajectory in which
R30-D404 salt bridge atoms alternated regularly between distances observed in the original
occluded state and the locked-occluded state. This suggests that in the absence of substrate,
a sampling of the two states occurs for atoms of R30-D404, whereas in the presence of
substrate, atom distances are more consistently held at the distance observed in the locked-
occluded structure. For both simulations, larger R30-D404 atom distances such as those for
in the locked-open state were not seen, implying that this conformation was not sampled
through the course of MD simulation.

In addition to R30 and D404, the LeuT extracellular gate is composed of two aromatic
residues: the TM 3 tyrosine residue Y108 and the TM 8 phenylalanine residue F253. To test
the dynamic opening and closing of this aromatic portion of the extracellular gate, the
distance between the geometric centers of the side chain rings was examined over MD
simulation time for LeuT simulations with and without substrate. Differences in distances
between the centers of the Y108-F253 aromatic side chain rings as a function of substrate
presence, 6.53 + 0.26 A with and 6.28 + 0.31 A without, were not statistically significant,
although a trend toward greater distances in the presence of substrate was apparent (Fig. 8).
Similar to that exhibited by the R30-D404 extracellular gate salt bridge, there is a trend
toward greater fluctuation in distance between the centers of the Y108 and F253 aromatic
side chain rings in the simulation without substrate, although the greater fluctuation is not as
pronounced as that for the R30-D404 atom pairs. Significant differences between the
substrate/no substrate simulations were not observed in the distance between the centers of
the aromatic portion of the extracellular gate.

Essentially identical distances between the centers of the Y108-F253 aromatic rings were
obtained for the crystal structures of the occluded and locked-occluded states (6.41A vs
6.41A, respectively). A greater distance between these side chain ring centers was observed
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for the locked-open state (8.71A) (Fig. 8). For LeuT simulations with and without substrate,
distances for the two aromatic side chains fluctuated closely around the distances observed
in the occluded substrate/ion-bound and locked-occluded states. For simulations with and
without substrate, larger distances such as those for the locked-open state were not observed.
Taken together with the previously mentioned data, it is suggested that extracellular gate
conformations similar to both the occluded substrate/ion-bound and locked-occluded states
are being obtained in LeuT simulations without substrate. Both salt bridge distances were
obtained via large fluctuation, whereas both aromatic gate conformations were obtained via
slight fluctuation around the equivalent crystal structure distances. In simulations with
substrate, however, although the extracellular gate salt bridge distances are more
representative of those seen in the locked-occluded state, the aromatic portion of the
extracellular gate mimics the equivalent distances seen in the occluded and locked-occluded
states.

To compare LeuT and DAT, we have assessed the distance between R85 and D476, the
eukaryotic DAT atom pair homologous to the LeuT R30-D404 ion pair, over the course of
10- to 30-ns MD trajectories with and without the dopamine substrate (Fig. 9). In the
presence of dopamine, the average distance between atom CZ of R85 and atom CG of D476
was 6.19A, with a minimum distance of 3.91A and a maximum distance of 7.44A. In the
simulation lacking substrate, analysis of the atom trajectory for the same time period yielded
an average atom distance of 6.13A, with a minimum distance of 3.75A and a maximum
distance of 8.32A. Although the average atom distance was similar irrespective of substrate
presence, notable differences were observed. In the DAT simulation with substrate, the atom
distance was held more constant, there was a lower maximum atom distance, and atom
proximity in the vicinity of distance minima was obtained less frequently (less salt bridge
formation).

The DAT differences in distance fluctuation and maximum atomic distances are reminiscent
of the differences seen for LeuT calculations with and without substrate. In the absence of
substrate, increased fluctuation and greater maximum atomic distances may be a conserved
mechanism by which extracellular substrate is allowed access to the primary binding pocket
when it is unoccupied by substrate. Unlike LeuT, understanding the increased DAT salt
bridge formation in the absence of substrate is more complex. Salt bridge formation
occurred less frequently in the DAT simulations. Because the atom pair does not form a salt
bridge during the vast majority of the present DAT-substrate and DAT-no substrate
simulations, the approximately fourfold increase in salt bridge formation in the absence of
substrate may be irrelevant. This, however, highlights an important distinction between the
LeuT and DAT simulations: salt bridge formation occurred much less frequently with DAT,
irrespective of substrate presence in the primary binding pocket. Additional factors, such as
substrate binding in the vestibular substrate binding site,23 may be necessary for proper
closing of the DAT extracellular gate.

Of interest is a similar study of a LeuT-based DAT homology model that espoused a stable
R85-D476 bridge only in the presence of substrate.4! Possible reasons for this discrepancy
with the present results are the shorter equilibration time (2.4 nanoseconds vs the present
work’s 30 nanoseconds) or differences in the homology model, among other factors. This
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may be especially relevant for EL2, a DAT model region in which uncertainty is relatively
high; the loop is larger than its LeuT counterpart (Fig. 10). Regardless, there is agreement on
a larger maximum intervening distance between the atoms with no substrate and an
increased fluctuation of distance between the atoms with no substrate. Furthermore, both
laboratories support that the surrounding environment mediates formation and breakage of a
salt bridge between DAT residues R85 and D476, a phenomenon that can provide an
obstacle to substrate entry to the primary binding pocket. The LeuT findings additionally
suggest the possibility that a second molecule of dopamine may connect R85 and D476
when the gate is open.24

DAT loop modeling

Loop modeling and prediction of native conformations represent a complex matter that can
be resolved through extensive computational efforts. Comparative modeling packages
usually build a starting model of the loop in an “open” conformation (in which one end of
the loop is not connected to its succeeding residue) and then close the loop using various
algorithms.#2 This process is repeated several times using different random starting
conformations for the loop. The closed loop is then evaluated by using a score or energy
function. Additionally, loops are created in random orders to further evaluate them in the
entire model context. For each loop, a contact energy function analyzes a list of loop
candidates collected in the segment searching stage, taking into account all atoms already
modeled and any atoms specified by the user as belonging to the model environment (e.g., a
ligand bound to the template or structural water molecules). These energies are used to make
a Boltzmann-weighted choice from the candidates, the coordinates of which are then copied
to the model. Once all of the loops have been chosen, the side chains are modeled. Side
chain data are assembled from an extensive rotamer library generated by systematic
clustering of high-resolution PDB data. These steps render models that are geometrically
and stereochemically reliable from a building standpoint (poor alignments cannot be fully
overcome by these steps).

The final model selection was based on geometrical similarity between DAT and LeuT as
well as Ramachandran plots and other protein health checks. However, because there is a
wide region of the EL2 that cannot be modeled based on LeuT, one must rely on models that
possess energetically favorable loops following the steps described earlier and that
additionally are stereochemically consistent with and geometrically similar to LeuT. Overall,
the relatively low average RMSD for DAT and the similarity between the average RMSDs
for DAT and LeuT after MD simulation (see earlier) suggest that the DAT loops and model
chosen were optimal. Still, it is possible that the equilibrated conformations achieved for
both DAT and LeuT during the course of MD simulation are not true equilibria but instead
conformations trapped in local energy wells. Future work will further assess this and attempt
to explore the possibility of determining different equilibrated conformations following
passage through high-energy barriers.

LeuT and DAT extracellular loop 4 (EL4) dynamics

In the crystal structure of LeuT, the EL4 segment consists of two short helices separated by
an acute bend and is located between TM 7 and TM 8, positioned across from EL2.13 The
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EL4 segment has been the focus of investigation because of its location at the mouth of the
substrate permeation pore and potential interaction with ligands?4 (Fig. 5). In a crystal
structure of the LeuT protein containing the substrate leucine and the tricyclic antidepressant
(TCA) drug and transport inhibitor desipramine, residues of the EL4 segment hold the
inhibitor in place, allowing for desipramine salt bridging with R30 (TM 1) and D404 (TM
10) and locking the extracellular gate.28 Cocrystal structures have shown that other TCAs
bind LeuT in the same fashion, about 11A to the extracellular side of the primary substrate
pocket, again showing that interaction with EL4 is crucial for proper TCA-mediated locking
of the extracellular gate.2” In DAT, the EL4 segment carries an endogenous Zn%* binding
site.43 Based on the finding that Zn2* binding at EL4 opens an abnormal ion conductance,
the EL4 segment is suggested to have a profound effect on the overall conformation of the
transporter.** Furthermore, mutagenesis studies on human DAT indicate that the EL4-
desipramine—binding mechanism is conserved.28 Given the apparent importance of the EL4
region to the substrate bound state, the dynamics of the EL4 region have been assessed by
using MD trajectories for both LeuT and DAT in the substrate-bound state.

In MD simulation of LeuT with substrate present, the EL4 region is relatively stable. Little
change was observed for any EL4 residues when compared with the analogous residues in
the crystallized substrate-bound structure (Fig. 11). Throughout 12 to 30 nanoseconds of
simulation, the average RMSD of the EL4 region was 1.55A + 0.17A with a maximum
RMSD of 1.82A. Furthermore, all portions of the EL4 segment (i.e., EL4a, the hairpin, and
EL4b) were equally stable. In comparison to LeuT, MD simulation of DAT with substrate
present yielded different results for the dynamics of the EL4 region. The average RMSD of
the DAT EL4 region as a whole during the 12- to 30-nanosecond time period was 2.68A +
0.39A. Although the slightly higher average RMSD for the EL4 region of the DAT
homology model was expected, an analysis of the subsegments of the EL4 region reveals
interesting results. The average RMSD for the EL44a, EL4b, and EL4 turn regions during the
12- to 30-nanosecond interval was 3.54A + 0.62A, 1.48A + 0.35A, and 1.18A + 0.34A,
respectively. Thus, although the EL4b region and the EL4 turn region remain close to their
homology model-assigned helix-turn conformation, the EL4a helix appears to unwind
during the course of MD equilibration of DAT with substrate (Fig. 12).

In summary, 30 nanoseconds of MD simulation for LeuT with substrate showed relatively
stable EL4 dynamics as compared with the crystal structure, whereas the DAT plus substrate
simulation yielded relatively stable EL4b and EL4 turn dynamics but unwinding of the EL4a
helix. The unwinding of the EL4a helix in DAT but not LeuT suggests that although the
experimental pharmacodynamics of TCA binding to the EL4 region may appear equivalent
in LeuT and DAT, the precise mechanism by which TCAs interact with LeuT and DAT may
differ on the atomic level.

Dynamics of the LeuT primary binding pocket

In order to further elucidate the mechanism responsible for the transport of leucine through
LeuT, comparative MD simulations of the LeuT protein have been performed. By altering

the presence of the substrate leucine in the primary binding pocket and the presence of the
Na* ion crystallized closest to the carboxylate group of leucine (Nal), the effects of both
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substrate and ions on the dynamics of the LeuT primary binding pocket residues were
examined. An initial simulation (Table I, Setup 1) contained the substrate bound in the
primary binding pocket (S1) and both sodium ions bound in the primary binding pocket
(Nal and Na2) representative of the occluded state in which the transporter was crystallized.
13 In order to assess the effect that leucine has on the dynamics of the primary binding
pocket, a replica equilibration was designed except with leucine removed from the binding
pocket (Table I, Setup 2). Next, the effect of Nal on primary binding pocket dynamics was
assessed in a third simulation in which Nal was removed, leaving S1 and Na2 intact. The
dynamics of the primary binding pocket residues were nearly identical for the three
scenarios (Fig. 13). This finding is consistent with the proposed models of leucine
translocation through LeuT.23 In brief, this model proposes that the binding of Nal and Na2
in the primary binding site positions the transporter in the outward-facing state, creating a
higher affinity binding site for extracellular leucine. After leucine occupies the primary
binding site, the extracellular gate closes, trapping S1 and Nal but not Na2. S1 and Nal
remain trapped as such until a second leucine molecule binds to the secondary binding
pocket (S2), only then allowing for the release of S1 and Nal to the intracellular region. The
significance of S2 binding has also been shown for DAT via a steered molecular dynamics
technique that has identified a potential translocation pathway for dopamine. This pathway
requires S2 binding in addition to S1 and is supported by the finding that residues key to the
translocation mechanism are shown experimentally to be necessary for substrate uptake or
efflux.#> Similar work with SERT has likewise successfully explored the translocation
pathway after S2 binding.%6 The results found here (detailed later) are in accordance with the
proposed mechanism of S2 binding necessary for substrate translocation.

Here, the +S1+Nal+Na2 simulation shows that S1 does indeed remain trapped in the
absence of S2 binding. Over the 20- to 30-nanosecond simulation interval, the leucine
substrate in the S1 position has an average RMSD of only 0.46A + 0.15A after a fit of LeuT
to the x-ray structure. Furthermore, Nal remains in proximity to the carboxylate group of
leucine. Na2 shows greater deviation from its start position. Accordingly, the presence of
Nal in the primary binding site may allow for a nearby high-affinity binding site for leucine.
However, the presence of Nal alone is insufficient for S1 translocation. Instead, additional
driving forces such as the proposed S2 binding (see earlier) are likely required. Although
Na2 did not leave the primary binding pocket after 30 nanoseconds of equilibration, its
relative position indicates that it is likely to have a free energy similar to that of free Na* in
water. Longer simulation time and a stronger concentration gradient would likely reveal the
translocation of Na2 without Nal or S1 translocation.

A comparison of the 30-nanosecond trajectory for the +S1+Nal+Na2 equilibration and the
+S1-Nal+Naz2 equilibration yielded nearly identical results for the primary binding pocket
residues [Fig. 13(A,B)] but different results for the substrate. In the +S1-Nal+Na2
equilibration, the leucine position fluctuates substantially, whereas in the +S1+Nal+Na2
equilibration the substrate position remains stable (see earlier). Over the 20- to 30-
nanosecond simulation interval for the +S1-Nal+Na2 system, the leucine substrate has an
average RMSD of 0.72A + 0.18A in the reference frame of the x-ray structure for the
transporter, nearly twice that for the simulation that included Nal. This implies that the
presence of Nal is necessary in the binding pocket to ensure substrate stability. Because Nal
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is necessary to stabilize the substrate in the binding pocket, it is possible that Nal plays a
role in proper substrate binding pocket entry and subsequent translocation after Nal
displacement.

Analysis of the —S1+Nal+Na2 system in comparison with the +S1+Nal+Na2 and +S1-
Nal+Na2 systems again reveals similar primary binding pocket residue dynamics. This
further supports the proposed role of Nal in creating a high-affinity binding site for S1. In
the +S1-Nal+Na2 simulation, the substrate itself may force maintenance of position for the
primary binding pocket residue side chains. In the simulation lacking substrate, however, the
binding pocket residues adopt an identical conformation to that of both simulations
containing substrate. This is in accordance with the idea that Nal supports the formation of a
high-affinity binding site for leucine. The formation of this high-affinity binding site may in
part be caused by ion-mediated primary binding pocket residue conformational changes as
well as direct electrostatic forces between the substrate and ions.

SUMMARY

Movement of both the salt bridge portion and the aromatic portion of the “external gate” was
assessed as a function of the presence of substrate and ion cofactors. For both proteins,
substrate presence leads to a closure of the gap between the walls of the gate and less
fluctuation in the distance between the walls of the gate. Our results for the LeuT MD
simulations are in agreement with the results of Celik et a/*” who carried out comparable
LeuT MD simulations for an equivalent timeframe.

In the presence of substrate, the LeuT TM 1-TM 10 salt bridge formed more frequently
compared with the simulation without substrate. This may help to ensure that the
extracellular gate remains closed when substrate is present in the primary binding pocket,
preventing possible backflow of substrate to the extracellular region. In the absence of
substrate, the formation of the salt bridge is much less regular, with larger intervening
distances between the atoms when the salt bridge breaks. The more regular breakage of the
salt bridge and larger distances between the atoms when the salt bridge is broken may aid in
the opening of the extracellular gate and subsequent entry of substrate. In the DAT, however,
salt bridge formation occurs much less frequently as compared with the LeuT and appears to
occur irrespective of substrate presence. This may imply that additional factors, such as S2
binding, are necessary for full closure of the DAT extracellular gate.

The MD simulations also show that the dynamics of the aromatic portion of the extracellular
gate do not depend on the presence or absence of a bound substrate. Distances between the
centers of the aromatic rings were comparable in both simulations with and without
substrate. Still, in the absence of substrate, there was a slightly increased fluctuation in
distance. The distances between the aromatic walls of the extracellular gate are similar to
those found in the “lock-occluded” and “occluded” transporter conformations identified by
Singh et al>* However, we do not see the larger distances between the gate residues as one
observes in the “locked-open” conformation. The DAT simulations produced similar results
to LeuT; it is anticipated that the DAT will behave similarly in the presence of TCAs as well
as competitive inhibitors.
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MD simulations of the LeuT transporter have provided a model that can be used effectively
for comparison to MD simulations of homologous transporters. Ultimately, this assists in

further validation of such homology models. Despite minor atomistic differences in the
dynamics of the LeuT and DAT proteins in the present work, there is good overall agreement
between the results of simulations with the two proteins, an outcome that is supportive of the
validity of the results obtained for the DAT simulations. Accordingly, use of the crystallized
LeuT protein to create a homology model as described above for DAT can yield /n silico
structures that may provide clinically significant results when analyzed and interpreted in
conjunction with molecular pharmacologic studies.
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Figure 1.
A graphic representation of the DAT/substrate system. Cross-section through the POPE

membrane showing DAT protein, dopamine substrate (carbon, green; oxygen, red; nitrogen,
blue; hydrogen, white) surrounding lipids (green) and water molecules (cyan) after 30
nanoseconds of MD simulation using NAMD 2.6. The 12 DAT transmembrane helices are
illustrated as colored cylinders: TM1, red; TM2, dark orange; TM3, light orange; TM4,
yellow; TM5, green; TM6, green-cyan; TM7, dark green; TM8, cyan; TM9, navy-blue;
TM10, blue; TM11, purple; TM12, pink.
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Figure 2.
The RMSD for LeuT backbone in the absence of leucine (blue) or with the leucine substrate

in the presence (red) or absence (green) of Nal. Data points represent each 0.01 nanosecond
of MD simulation.
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Figure 3.
Residue-by-residue C-a RMSF of LeuT in the absence of leucine (blue) or with the leucine

substrate in the presence (red) or absence (green) of Nal. The associated B factor obtained
from x-ray crystallography is indicated (black; y-axis on right). The left y-axis represents an
RMSF average calculated for each 0.01-nanosecond time step between the 15- and 20-
nanosecond points of the MD simulation.
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Figure 4.
The relationship of scaled B factor and average RMSF for each LeuT residue. The average

RMSF was calculated from values for each 0.01-nanosecond time step between the 15- and
20-nanosecond points of the MD simulation. LeuT was studied in the absence of leucine
(blue) or with the leucine substrate in the presence (red) or absence (green) of Nal. The B
factor was uniformly scaled (scale factor = 30) to detect differences between the three
simulations.
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Figure 5.
The RMSD for DAT backbone in the absence (gray) or presence (black) of dopamine. Data

points represent each 0.01 nanosecond of MD simulation using NAMD 2.6.
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Figure 6.
The residue-by-residue C-a RMSD for DAT in the absence (gray) or presence (black) of the

substrate dopamine. The y-axis represents an RMSD average calculated for each 0.01-
nanosecond time step between the 15- and 20-nanosecond points of the MD simulation. The
RMSD was calculated in reference to the original DAT homology model.
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Figure 7.
A: MD simulations as a function of LeuT R30 NH1-D404 OD?2 distances in the absence

(gray) or presence (black) of leucine. B: MD simulation of LeuT R30 NH2-D404 OD1
distances in the absence (gray) or presence (black) of leucine. The first 10 nanoseconds of
each 30-nanosecond simulation was a pre-equilibration phase. For each panel, distances for
identical atoms are also indicated for the crystal structure of LeuT with L-tryptophan and
sodium (PDB entry 3F3A), representing the “locked-open” state (gray circles); for the
crystal structure of LeuT with L-leucine, sodium, and desipramine (PDB entry 2QB4),
representing the “locked-occluded” state (black squares); and for the crystal structure of
LeuT with L-leucine and sodium (PDB entry 2A65), representing the occluded “substrate/
ion-bound” state (white triangles).
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Figure 8.
MD simulations as a function of LeuT Y108-F253 distances in the absence (gray) or

presence (black) of leucine. Distances are taken from the center of each aromatic ring. The
average distance between the center of the Y108 and F253 aromatic rings in the simulation
with substrate was 6.53A (standard deviation = 0.26A). In the simulation without substrate,
the average distance between the centers of the same two aromatic rings was 6.28A
(standard deviation = 0.31A). The first 10 nanoseconds of each 30-nanosecond simulation
was a pre-equilibration phase. Distances between the centers of the identical aromatic rings
are also indicated for the crystal structure of LeuT with L-tryptophan and sodium (PDB
entry 3F3A), representing the “locked-open” state (grey circles); for the crystal structure of
LeuT with L-leucine, sodium, and desipramine (PDB entry 2QB4), representing the
“locked-occluded” state (black squares); and for the crystal structure of LeuT with L-leucine
and sodium (PDB entry 2A65), representing the occluded “substrate/ion-bound” state (white
triangles).
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Figure 9.
The formation of a salt bridge between DAT residues R85 and D476. The graph reflects the

distance between arginine carbon atom CZ and aspartate carbon atom CG during MD
simulation in the absence (gray) or presence (black) of the dopamine substrate.
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Figure 10.
The sequence alignment of LeuT and DAT (consensus strength) highlighting the differences

in EL2 for both proteins (bold letters).
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Figure 11.
A stereo image showing overlay of the MD trajectory for the LeuT EL4 region in simulation

setup with substrate. Different colors represent 3-nanosecond intervals from 12 to 30
nanoseconds (12 nanoseconds, red; 15 nanoseconds, orange; 18 nanoseconds, yellow; 21
nanoseconds, green; 24 nanoseconds, blue; 27 nanoseconds, cyan; and 30 nanoseconds,
violet). The background protein (transparent purple) represents LeuT after 30 nanoseconds
of equilibration. Leucine substrate (carbon, cyan; oxygen, red; nitrogen, blue) and binding
pocket ion (green) are also shown.
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Figure 12.
A stereo image showing overlay of the MD trajectory for the DAT EL4 region in simulation

setup with substrate. Different colors represent 3-nanosecond intervals from 12 to 30
nanoseconds (12 nanoseconds, red; 15 nanoseconds, orange; 18 nanoseconds, yellow; 21
nanoseconds, green; 24 nanoseconds, blue; 27 nanoseconds, cyan; and 30 nanoseconds,
violet). The background protein (transparent purple) represents DAT following 30 ns of
equilibration. Dopamine substrate (carbon, cyan; oxygen, red; nitrogen, blue) and binding
pocket sodium ions (green) are also shown.
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Figure 13.
A stereo image of LeuT binding pocket at different intervals of MD simulation. Residues

pictured contain at least one atom crystallized within 4.50A of a nonhydrogen atom found in
the coordinates for the crystallized leucine substrate (black). Clockwise from top, the LeuT
binding pocket is defined by F259, S256, L255, T254, F253, A22, N27, G26, L25, Y108,
and 1359. The binding pocket is pictured at O (red), 10 (orange), 15 (yellow), and 20 (green)
nanoseconds of simulation time. A: MD simulation in the presence of substrate. B: MD
simulation in the absence of substrate. C: MD simulation in the presence of substrate but
without the sodium ion crystallized closest to the carboxyl group of the substrate.
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Table |

Overview of MD Simulations Performed for LeuT and DAT

Setup Transporter S1 Nal Na2 Lipid Membrane Simulation Time
1 LeuT + + + POPE 30 ns
2 LeuT - + + POPE 30 ns
3 LeuT + - + POPE 30 ns
4 DAT + + + POPE 30 ns
5 DAT - + + POPE 30 ns

Page 31

The presence or absence of either the substrate or sodium ions is indicated by + or —, respectively. S1, substrate; Nal, sodium ion in position 1;

Na2, sodium ion in position 2.
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LeuT Residues in Which the Average RMSD of a C-a. Atom During 15 to 20 Nanoseconds of MD

Table Il

Equilibration Differed by 1A or Greater Between Simulations

LeuT Residue  +S1+NAL1+NA2 RMSD/A  -S1+Nal+Na2 RMSD/A  +S1-Nal+Na2 RMSD/A
Leu 123 1.08 171 0.65
Gly 125 0.90 2.34 0.71
Leu 126 0.85 2.31 0.89
Val 127 0.71 2.90 0.93
Pro 128 0.68 1.74 0.68
Pro 155 0.97 2.12 1.37
Gly 157 148 1.90 2.87
Asp 158 1.49 1.99 3.45
Pro 160 1.17 1.18 2.23
Pro 233 1.63 1.08 0.62
Asp 234 178 0.98 0.78
Glu 477 2.30 1.39 1.23
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DAT Residues in Which the Average RMSD of a C-a Atom During 15 to 20 Nanoseconds of MD
Equilibration Differed by 5A or Greater Between Simulations

Table Il

DAT Residue  +S1+Nal+Na2 RMSD/A  -S1+Nal+Na2 RMSD/A
Ser 186 13.37 8.08
Pro 187 15.91 9.52
Asn 188 17.62 10.50
Cys 189 18.79 11.52
Ser 190 20.29 11.80
Asp 191 22.95 14.62
Ala 192 24.19 16.37
His 193 24.37 15.87
Ala 194 27.53 16.06
Ser 195 25.22 13.20
Asn 196 26.57 12.82
Ser 197 25.67 12.39
Ser 198 24.72 11.79
Asp 199 20.26 7.78
Gly 200 17.93 6.16
Leu 201 18.03 5.37
Gly 202 13.87 4.65
Leu 203 12.06 4.03
Ser 226 5.44 14.34
Arg 227 6.82 12,51
Gly 512 321 9.04
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