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Abstract

A recent study reports on five different mutations as sources of Dopamine transporter (DAT)
deficiency syndrome (DTDS). One of these mutations, R445C, is believed to be located on the
intracellular side of DAT distant to the primary (S1) or secondary (S2) sites to which substrate
binding is understood to occur. Thus, the molecular mechanism by which the R445C mutation
results in DAT transport deficiency has eluded explanation. However, the recently reported X-ray
structures of the endogenous amine transporters for dDAT and hSERT revealed the presence of a
putative salt bridge between R445 and E428 suggesting a possible mechanism. To evaluate
whether the R445C effect is a result of a salt bridge interaction, the mutants R445E, E428R, and
the double mutant E428R/R445E were generated. The single mutants R445E and E428R displayed
loss of binding and transport properties of the substrate [3H]DA and inhibitor [3H]CFT at the cell
surface while the double mutant E428R/R445E, although nonfunctional, restored [3H]DA and
[3H]CFT binding affinity to that of WT. Structure based analyses of these results led to a model
wherein R445 plays a dual role in normal DAT function. R445 acts as a component of a /afchin its
formation of a salt bridge with E428 which holds the primary substrate binding site (S1) in place
and helps enforce the inward closed protein state. When this salt bridge is broken, R445 acts as a
triggerwhich disrupts a local polar network and leads to the release of the N-terminus from its
position inducing the inward closed state to one allowing the inward open state. In this manner,
both the loss of binding and transport properties of the R445C variant are explained.
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Introduction

A key protein in the control of optimal dopamine levels, the dopamine transporter protein
(DAT), operates through reuptake of extracellular dopamine. DAT is a Na*/CI~ dependent
neurotransmitter sodium symporter comprised of 12 transmembrane spanning helices
connected by extracellular and intracellular (ECL and ICL) loops. The primary binding site
of the substrate is centrally located. This primary binding site (S1) was detailed by the first
X-ray structures of the bacterial homolog of DAT, LeuT?: 2. Computational studies of the
migration of substrate through LeuT suggested a number of more weakly bound “stopover”
sites on the EC side of the protein® 4. One of these sites more proximal to S1, the S2 site,
was found to be occupied by tricyclic antidepressants in other X-ray structures of LeuT? 4.
These models have now been validated by an X-ray structure of hRSERT which showed that
two molecules of the SSRI S-citalopram (SCIT) were bound to the protein, specifically, one
at each of the S1 and S2 sites. Computational studies using the X-ray structure of hSERT
supported a similar pathway for the endogenous substrate 5-HT migration through SERT®
including the presence of the S2 stopover site, also referred to as the vestibule. Based on
these findings and others, the emerging model for the overall protein conformations
associated with substrate migration considers 3 protein conformational states; 1) outward
open (inward closed) 2) outward open and ligand occluded (inward closed) and 3) outward
closed (inward open)®: 4. 6-13,

Defects in the binding and transport of DA have been shown to have severe effects as
evidenced by patients diagnosed with dopamine transporter deficiency syndrome
(DTDS)14-16, The DTDS symptomology is characterized by hyperkinetic movement
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disorder which progresses to parkinsonism-dystonia. In our recent study, we reported on a
cohort of patients whose onset of DTDS ranges from infancy to adolescence and whose DAT
deficiency is attributed to various identified mutations in DAT6. In order to better
understand the molecular basis of DTDS, we had embarked on structural investigations of
DAT and related transporter proteins. Using comparative modeling methods based on the X-
ray crystal structure of LeuT14-16, we examined the location of five independent mutations1®
heretofore ascribed to DTDS patients. Four of these mutations were in the extracellular
vestibule (S2) region of DAT suggesting an adverse effect on initial substrate binding at this
site. A fifth mutation, R445C, was located well towards the intracellular side of the protein
distal to the S1 primary and S2 secondary substrate binding sites and thus confounding
rationalization of its role. Subsequent X-ray structures of dDAT and hSERT17-20 indicated a
possible mechanism which led us to investigate the molecular basis of R445C DAT
deficiency as well as to reassess the four previously examined mutations.

Results and Discussion

Mutations in the extracellular a.k.a. vestibule region of DAT

In the Ng et al. study®, we used a homology model for DAT based on the X-ray structure of
LeuT to examine the 4 extracellular region mutants associated heretofore with DTDS, i.e.,
A314V, G386R, Y470S and R85L. Here we reassessed these variants using the subsequently
published X-ray structures of dDAT and hSERT which inherently provide more relevant
structures. Figure 1 shows an X-ray structure of dDAT (PDB entry 4XP120 highlighting the
various residues associated with DTDS occurrence. For visual reference purposes we show
the position of the SCIT molecule occupying the S2 position in SERT (Figure 1B, D) based
on a superposition of the X-ray structures of dDAT and hSERT. In support of our previous
findings, the mutant variants are located in the upper, vestibule region near the S2 site
suggesting interference with substrate binding. For instance, A314 sits on the outer surface
of dDAT pointing away from the S2 pocket which is consistent with the relatively smaller
effect of the A314V mutant on DA function and, consequently, the extent of DTDS
phenotype. Conversely, R85, which is fairly close to A314 points directly into the vestibule
and overlaps with the position at which SCIT binds to SERT. This is consistent with the
more deleterious effect of the R85L mutation on DA binding (vida infra) and thus the
severity of disease.

The R445C mutation

In agreement with our earlier report, R445 is located on the intracellular side of TM9 distant
from S2 and S1 sites (Figure 1). It has thus been unclear as to how the R445C mutation
linked to cases of DTDS can have the reported adverse effects on DA binding and uptake.
Inspection of the dDAT X-ray structure reveals that R445 forms a salt bridge with E428 on
TM8. While E428 is not in contact with DA at S1, we note that in the EC direction, TM8 is
one of the helices surrounding DA at S1 (Figure 1C). We therefore postulated that this salt
bridge between R445 and E428 holds TM8 in a position optimal for DA binding at S1 and
may therefore play a role in DA binding and/or transport, thereby explaining the effect of the
R445C mutation. This would suggest that mutation at E428 which precludes the salt bridge
would also have a similar effect as the R445C mutant. Furthermore, replacing the E428-
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R445 salt bridge with a similar salt bridge at these sites, e.g., by interchanging the residues
at these positions, may restore DA binding and/or transport. To test these hypotheses we
have made the following mutants R445E, E428R and the double mutant E428R/R445E,
predicted to re-establish the salt bridge interaction, and report herein the effects of these
mutations on substrate binding as compared to the native WT protein.

Substrate binding and transport

Transient expression of the DAT constructs was somewhat suppressed compared with WT,
except for that of E428R, both in total protein and in cell surface protein (Figure 2 left
panel). In stably expressing LLCK-PKZ1 cells, total and surface DAT expression appeared
somewhat decreased for the double mutant (Figure 2 right panel). The latter pattern was
mimicked by the apparent average By« Values of cocaine analog [3H]CFT binding in stable
cell lines (Table 1), although the only statistically significant Byax €ffect was an increase in
E428R. More important than the modest changes in DAT expression along with changes in
[3BH]CFT By for the constructs were the observed changes in CFT and DA recognition
(Table 1). The Kq value for [3H]CFT binding was increased 3- to 5-fold in the single
mutants R445E and E428R, and restored to WT level in the double mutant R445E/E428R.
The same phenomenon occurred for DA binding as measured via its inhibitory effect on
[3H]CFT binding. DA K; was increased (i.e., affinity decreased) ~ 6-fold in the single
mutants and restored back to normal in the double mutant. The fact that both the CFT Ky
and DA K; are restored in the double mutant, suggests the residues E and R can be in either
position (428 or 445) for enabling the formation of the salt bridge. If DA affinity (K;) would
be the only property that is changing in the single mutants, a 6-fold increase in DA K; would
be expected to cause a ~ 6-fold decrease in DA uptake measured at [DA] far below its Ky,.
Indeed, the ability of the single constructs to take up [3H]DA was virtually collapsed with
uptake levels at only 2 -4 % of WT uptake (Figure 3). This indicates that additional factors,
other than DA recognition, underlie the greatly reduced DA uptake of the single mutants. In
support, while the R445E/E428R double mutant exhibited restored CFT and DA affinity/
recognition, DAT function/DA uptake was still notably debilitated. Thus, the specific
residues are likely critical for the conformational transitions in DAT that allow for DA
transport. Figure 2. Immunoblotting studies of mutant hDAT. LLC-PK1 cells transiently (left
panel) or stably (right panel) transfected with indicated hDAT constructs were subjected to
cell surface biotinylation. Biotinylated proteins (“Surface™) and whole cell lysates (“Total”)
were analyzed with antibodies against DAT and actin as indicated. Equal amounts of total
lysate protein were loaded for each mutated hDAT as for wild-type (WT).

Structural basis for binding and transport effects of R445 and ancillary mutations

Our previous studies have shown that the R445C mutation linked to DTDS adversely affects
both binding and transport of DA when compared with WT. These findings mirror the
quantitative effects observed with the R445E mutant as presented above which is consistent
with the hypothesis that the intact E428-R445 salt bridge is needed for efficacious substrate
binding and transport. Similarly, the E428R mutant undergoes an analogous loss of DA
binding and transport. Thus, while R445 is distal from the substrate binding site, it’s role in
forming the salt bridge with E428 on TM8 which lines the DA S1 binding site can be
important in maintaining the structure of the S1 site required for effective DA binding. This
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would explain the loss of DA affinity, and in turn transport, upon disruption of this salt
bridge by any of the mutations above. Indeed, evidence to support a role of the native salt
bridge in maintaining the correct structure at S1 was shown with the finding that restoration
of DA and CFT binding occurred with the E428R/R445E double mutant. However, the
inability of the double mutant to maintain substrate transport suggests more complex
mechanisms. Based on available structural and mechanistic information, binding and
transport of substrate involves dynamic shifts between inward and outward facing states of
DAT. Precluding substrate egress from DAT, the transporter is in the outward open or
outward open occluded state while the intracellular gates are closed (inward closed). To
achieve final substrate egress and concomitant transport into the intracellular milieu, DAT
must reconfigure to an outward closed and inward open protein conformation. To date, one
such outward closed (inward open) X-ray structure has been reported. This structure is for
LeuT and is shown in Figure 4 in comparison with an outward open (inward closed) X-ray
structure of LeuT. As viewed from the IC side of the proteins, there is an opening of the IC
region of the protein which is most evident by the dramatic outward shift of TM1a in the
inward open (magenta) versus closed (green) structures (Figures 4a and 4b). This shift is
connected to a release of the N-terminus. This N-terminus in the inward closed form is held
in its position largely by a network of hydrogen bonds and polar interactions involving
residues on TM8. The N-terminus is thus covering the exit of the substrate and inducing a
more closed form of the protein in that region. Closer inspection of this region in the inward
closed state reveals a network of polar interactions which involve the N-terminal residues
(Figure 4c and 4d). Disruption of these interactions would accompany dissociation of the N-
terminus when adopting the inward open conformation. While no X-ray structure is
available for an inward open state of any of the endogenous amine transporters, the dDAT X-
ray structures of the inward closed form indicate a similar mechanism is at play. As a shown
in the example in Figure 5, the inward closed form of dDAT has a similar tertiary
conformation to that of LeuT in the IC region, including a similar positioning of the N-
terminus and TM1a. This conformation utilizes a similar polar interaction network as
described for LeuT. Indeed, the X-ray structures of hNSERT (inward closed forms) have such
a network as well. We note that the salt bridge in dDAT between R27 on TM1b and D435 on
the N-terminus is associated with this closed conformation (R27 and D435 in dDAT are
equivalent to R60 and D436, respectively, in hDAT). Disruption of the R444-E427 salt
bridge (equivalent to R445-E428 in hDAT) would allow R444 to associate with D435
thereby replacing the D435 interaction with R27; R27 and the N-terminus would then be
free to swing out in order to adopt the inward open conformation (see red arrows in Figure
5b). These results are consistent with earlier analyses of the polar network in X-ray
structures and through examination via molecular dynamics studies?2. This mechanistic
model provides an explanation for the findings herein for the various mutations as follows.
For the DTDS associated R445C (or R445E) hDAT mutation, disruption of the E428-R445
salt bridge disrupts the local structure around the S1 site as described earlier. However, the
Cys residue now at position 445 cannot form the salt bridge with D436 necessary for
initiating the N-terminus release. Thus, both binding and transport of the substrate are
hindered. (Of course, lack of S1 binding alone would preclude transport.) The double mutant
reversal of the E428-R445 members of the salt bridge holds the S1 binding site intact, but
when this salt bridge is disrupted there is no longer an Arg at position 445 to form a salt
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bridge with D436 as it has been replaced by a Glu and therefore cannot initiate the N-
terminus release. The E428R single mutant would be similar to the natural R445C mutant in
its deleterious effect on the structure at S1 and therefore on substrate binding. Thus, the
availability of an Arg at position 445 could lead to the inward open form but would be
rendered ineffective by the diminishing of the prerequisite substrate binding at S1. The
mechanistic model described herein is closely related to earlier reports including molecular
dynamics simulations on DAT models. The role of the R60-D436 (corresponding to R27-
D435 in dDAT as described above) salt bridge in stabilizing the inward closed conformation
has been pointed out?2-25, It has been proposed that the breaking of the R60-D436 salt
bridge can be compensated by the formation of an alternate E61-K260 salt bridge?5. The
coordinated movement of R445 from proximity to E428 towards D436 along with the
separation of R60 from D436 was shown by MD simulations of DAT22, Along with changes
a hydrogen bond between E428 and Y335 was also broken.

Conclusions

The R445C mutation in DAT has been found to be responsible for cases of DTDS. The
location of the R445 residue on the intracellular region, far removed from both the primary
and secondary DA binding sites have confounded earlier attempts at explaining the
molecular basis for the deleterious effects of the R445C mutation. The studies herein suggest
that R445 has a dual role in DA transport by DAT. R445 forms a salt bridge with E428
which is part of a network of polar interactions on the intracellular side of DAT. As part of
the intact salt bridge with E428, R445 serves as a /atch holding TM8 in place thereby
maintaining the structure needed for DA binding at S1 as well as the closed state of DAT.
Upon release of R445 from the salt bridge, it then serves as a triggerwhich has a cascading
effect through the local polar network leading to the disruption of the E428-R445 salt bridge
freeing the N-terminal and opening the I1C region to allow DA egress. The DTDS condition
characterized by the R445C mutation is thus a consequence of the loss of these two (latch
and trigger) capabilities at the 445 position of DAT. From the perspective of therapeutic
possibilities, the understanding provided herein suggests that approaches aimed at
restoration of the deficient DAT functioning of the R445C mutant, such as gene therapy to
restore residue 445 to the native Arg be sought. Finally, it is noteworthy that the 5 mutants
hitherto identified as associated with DTDS operate via 2 different apparent molecular
mechanisms. R445C as described herein results in a loss of function of DAT residing in a
region not directly involved with substrate binding whereas the other four mutations appear
to play a role in diminishing substrate binding at the vestibule entranceway site.

Materials and Methods

Site-directed mutagenesis and heterologous expression of hDAT mutant constructs

The mutants were generated (WT-hDAT cDNA is from Dr. Jonathan Javitch at Columbia
University) with the Quick-change site-directed mutagenesis kit (Agilent Technologies)
according to the manufacturer’s protocol and confirmed by DNA sequencing. The following
primers were used: R445E sense 5'- GCTCCTGCACCGGCATGAGGAGCTGTTCAC-3’
and antisense 5'- GTGAACAGCTCCTCATGCCGGTGCAGGAGC-3" and E428R sense
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5'-GCTATGGGAGGCATGAGGAGCGTCATCACCGG-3" and antisense 5’-
CCGGTGATGACGCTCCTCATGCCTCCCATAGC-3".

E428R plasmid was used as template for the generation of E428R/R445E double
mutant.Culturing and stable transfection of Lewis Lung Carcinoma-Porcine Kidney (LLC-
PK) cells (gift from Dr. Roxanne Vaughan at University of North Dakota) with hDAT
constructs by Lipofectamine 2000 (Invitrogen) was carried out as in our previous work?’.

[3H]CFT binding assay and [3H]dopamine uptake assay

Binding of [3H]CFT?2” and [3H]DA uptake assaysi® 28 to stably transfected LLC-PK cells
were studied as described previously. Briefly, intact cell suspensions were incubated with
[BH]CFT (4 nM final concentration) and varying concentrations of non-labelled CFT
spanning its 1Cgq value for 20 minutes at 21°C. For uptake measurements with intact
adhering cells, 3H]DA (10 nM final concentration) was added into 24-well cell culture plates
and incubation continued for 5 min at 21°C as described by us previously?28.

Immunoblotting studies

Surface DAT was assessed with sulfo-NHS-SS-biotin as described by us previously6. Total
lysates and biotinylated proteins were separated by 7.5% SDS-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane. Membranes were probed using
goat-anti DAT (Santa Cruz, sc-1433; 1:500) and anti-rabbit p-actin antibody (Sigma;
1:5000). Secondary antibodies conjugated to horseradish peroxidase were obtained from
Pierce (Rockford, IL; 1:5000). Immunoblots were developed with Supersignal West Pico
Chemiluminescent Substrate (Thermo Scientific) using a film developer.
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Figure 1.
Positions of residues mutated in previous DTDS studies. The protein is shown in ribbon

rendering and atoms which are displayed are rendered as space filling structures. Protein
carbon atoms are aqua colored and dopamine carbon atoms are depicted in magenta. The X-
ray structure is that of dDAT20 [PDB entry 4XP1] and the residues which were mutated are
indicated using the hDAT numbering. A) All mutated residues, with the exception of R445,
are in the upper region of the protein. None of the mutated residues are in close contact with
the dopamine substrate in the primary binding site. B) Based on a superposition of dDAT
and the recently published X-ray structure of SERTY7 with SCIT occupying both the primary
binding site (S1) as well as the vestibule binding site on the intracellular entryway to SERT
(S2) it can be seen that the 4 mutated residues in the upper portion of the protein are in the
vestibule region and could potentially interfere with the substrate binding at this stopover
site. Only the SCIT ligand of the hSERT X-ray structure is shown. C) Closeup view of the
primary substrate binding site in dDAT showing the residues close to the DA substrate in
stick models. Nearby helices H1, H3, H6 and H8 are indicated. D) Closeup view of the
“vestibule” region in dDAT in A). For reference, the residues of dDAT corresponding to the
dDAT mutants observed in DTDS are shown as aqua ball and stick structures. Nearby
helices H1, H6 and H10 and extracellular loop EL4 are indicated. Molecular graphics were
generated with Maestro?1,
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Figure 2.
Immunoblotting studies of mutant hDAT. LLC-PK1 cells transiently (left panel) or stably

(right panel) transfected with indicated hDAT constructs were subjected to cell surface
biotinylation. Biotinylated proteins (“Surface”) and whole cell lysates (“Total™) were
analyzed with antibodies against DAT and actin as indicated. Equal amounts of total lysate
protein were loaded for each mutated hDAT as for wild-type (WT).
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Figure 3.
Dopamine transport by wild-type (WT) and mutant hDAT. Uptake was measured with

[3H]dopamine in the assay. Control [3H]dopamine uptake activity was ~ 0.11 pmol/mg
protein/min. Results shown are mean with error bar depicting SE. * P < 0.001 compared
with wild-type (WT) (one-sample Student’s t-test, with WT set at 100%, Bonferroni-
corrected for multiple comparisons; n = 5 for each expression condition).
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R375/TM8

Figure 4.
Comparison via superposition of the outward open (in green, PDB entry 3TT1) and inward

open (magenta, PDB entry 3TT3) X-ray structures of LeuT2 viewed from the intracellular
side of the proteins. A) Ribbon representation of the full proteins. B) Close-up view of the
region encircled in A. Major differences between the 2 protein structures are indicated by
orange arrows. Most notably, the N-terminus of the LeuT which is held near the core of the
protein through multiple polar interactions in the outward open form (green) is, in the
inward-open form, removed from that region (not resolved in the X-ray structure) and TM1a
concomitantly swings outward. C) and D) depict the key polar residues comprising the
network in the outward open form, in ribbon and stick figures respectively. Molecular
graphics were generated with Maestro?L,
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Figure 5.

X-ray structure of dDAT1® [PDB entry 4XP1] in the same orientation and from the same
view as in Figure 4. A) Close-up view of the protein in the region discussed using ribbon
representation of the protein and depicting key polar interactions in stick figures. B) Stick
figure representation of key polar interactions in the extracellular side responsible for
maintaining the closed-inward (open-outward) protein form in the region shown. Numbering
of residues is based on dDAT, as in the X-ray structure. The corresponding hDAT numbering
for the residues mutated in the current study are depicted with quotes. Red arrows indicate
the proposed structural rearrangements which would occur if the salt bridge between E427
and R444 were broken. Specifically, R444 could alternatively form a salt bridge with D435,
thereby disrupting the salt bridge between D435 and R27 and, in turn releasing the N-
terminus to form the inward open structure. Molecular graphics were generated with
Maestro?1,
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Table 1

[ICFT binding to WT, R445E, E428R, and R445E-E428R DAT and its inhibition by DA

[BHICFT binding

WT R445E E428R R445E-E428R

Ky (nM)
Bmax (pmol/mg)
DA K; (uM)

131+262 674+726° 352+214% 483083
104014 327063 250+030°  0.56+0.11

383+0579 224+47°F 218+102%° 3.66+053

Values are mean + SE; n = 4 for [3H]CFT Kd and Bmax values and n = 5-6 for DA Kj values.

*
P<0.05,

Ak
P<0.01 compared with wild-type (WT) (one-way ANOVA followed by Dunnett multiple comparisons with WT).
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