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ABSTRACT: Glutamate transporters play an important role in the regulation
of extracellular glutamate concentrations in the mammalian brain and are,
thus, promising targets for therapeutics. Despite this importance, the
development of pharmacological tools has mainly focused on the synthesis
of competitive inhibitors, which are amino acid analogues that bind to the
substrate binding site. In this report, we describe the characterization of the
mechanism of glutamate transporter inhibition by a constrained, cyclic
glutamate analogue, (+)-3-hydroxy-4,5,6,6a-tetrahydro-3aH-pyrrolo|3,4-d]-
isoxazole-6-carboxylic acid [(+)-(3aS,6S,6aS)-HIP-B]. Our results show that
(+)-HIP-B is a nontransportable amino acid that inhibits glutamate transporter
function in a mixed mechanism. Although (+)-HIP-B inhibits the glutamate-
associated anion conductance, it has no effect on the leak anion conductance,
in contrast to competitive inhibitors. Furthermore, (+)-HIP-B is unable to
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alleviate the effect of the competitive inhibitor pL-threo-f-benzyloxyaspartic acid (TBOA), which binds to the substrate binding
site. (+)-HIP-B is more potent in inhibiting forward transport compared to reverse transport. In a mutant transporter, which is
activated by glutamine, but not glutamate, (+)-HIP-B still acts as an inhibitor, although this mutant transporter is insensitive to
TBOA. Finally, we analyzed the effect of (+)-HIP-B on the pre-steady-state kinetics of the glutamate transporter. The results can
be explained with a mixed mechanism at a site that may be distinct from the substrate binding site, with a preference for the
inward-facing configuration of the transporter and slow inhibitor binding. (+)-HIP-B may represent a new paradigm of glutamate
transporter inhibition that is based on targeting of a regulatory site.

lutamate is the major excitatory neurotransmitter in the

mammalian brain (reviewed in ref 1). It mediates synaptic
signal transmission by binding to and activating postsynaptic
ionotropic and metabotropic glutamate receptors. After
completion of the signal transmission process, glutamate is
removed from the synapse by (i) passive diffusion® and (ii)
active transport into neurons and adjacent glial cells.” Reuptake
of glutamate is mediated by high affinity transporters that reside
in the plasma membrane, and it is energetically driven by the
concentration gradients for sodium and potassium across the
membrane.*”’

The pharmacology of glutamate transporters has been
studied in significant detail.*™'® A large number of amino
acid analogues have been identified that displace glutamate
from its binding site, acting as competitive inhibitors.>™*°
Among the more frequently used compounds is DL-threo-f-
benzyloxyaspartic acid (TBOA), which is a nontransportable
aspartate analogue and inhibits glutamate transoport with high
apparent affinity in the sub-micromolar range.' Based on the
identified pharmacophore, which contains a large, hydrophobic
group attached to the oxygen of hydroxyaspartate, several other
blockers were designed with even higher inhibitory potency.''
Another glutamate analogue with a constrained bicyclic
conformation is (+)-HIP-B.'”*"* As compared to TBOA,
which is neurotoxic, (+)-HIP-B displays very little neuro-
toxicity under physiological conditions.'®> Subsequently, the
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preparation of the enantiopure forms of (+)-HIP-B was
accomplished through an efficient synthetic procedure.'* The
pair of enantiomers (+)-HIP-B/(—)-HIP-B were investigated
for their ability to inhibit [*H]p-aspartate uptake; (+)-HIP-B,
characterized by the (S)-configuration at the amino acid
stereogenic center, turned out to be the eutomer with an
eudismic ratio equal to 10."* When compared to other EAAT
blockers, HIP-B resembles a restricted conformation of both
AMPA (2-amino-3-(5-methyl-3-oxo-1,2-0xazol-4-yl)propanoic
acid) and kainic acid. Interestingly, initial inhibition studies
suggested that HIP-B action is based on a noncompetitive
inhibition mechanism.">'* This finding is surprising because
the structure of the compound would suggest interaction with
the substrate binding site. However, detailed investigations of
the inhibition mechanism have not been carried out.

This study focuses on the mechanism of inhibition of the
excitatory amino acid carrier 1 (EAAC1) by (+)-HIP-B at
steady state as well as using rapid application of substrates by
laser photolysis of caged glutamate to analyze the pre-steady-
state kinetics. The effect of glutamate concentration on the
inhibition constant, K;, was consistent with a mixed inhibition
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mechanism. Furthermore, (+)-HIP-B was unable to alleviate
the effect of the competitive inhibitor TBOA. Finally, (+)-HIP-
B was able to inhibit a mutant glutamate transporter that binds
glutamine rather than glutamate, while the competitive
inhibitor TBOA was not able to inhibit this transporter. Pre-
steady-state kinetic analysis suggested that substrate displace-
ment is not necessary to explain the effects on transport current
kinetics. Together, our results indicate that (+)-HIP-B is a
slowly dissociating inhibitor of glutamate transport by EAACI
that operates through a mixed mechanism. We propose a
detailed inhibitory mechanism that explains the experimental
data. The structures of glutamate, glutamine, TBOA, and
(+)-HIP-B are shown in Scheme 1.
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B EXPERIMENTAL PROCEDURES

Materials. Amino acid (+)-HIP-B was prepared following
the previously reported procedure.'* The chemical purity of
(+)-HIP-B was secured by HPLC while the enantiomeric
excess, evaluated by chiral HPLC under the following
conditions—column, CHIROBIOTIC TAG, Astec; eluent, 50
mM NH,OAc in (EtOH—MeOH 3:2)/water 4:1 (v/v) with
0.1% acetic acid; flow rate, 1.00 mL/min—turned out to be e.e.
>99.5%.

Cell Culture and Expression of EAAC1. HEK 293T cells
(ATCC No. CRL 1573) were transfected using the JetPRIME
DNA transfection reagent (PolyPlus Transfection) at a
concentration of 0.25 ug of plasmid DNA and 0.25 ug of
Red Fluorescent Protein DNA for 3.0 uL of JetPRIME. The
incubation period post-transfection was at least 24 h before
experiments were performed. Cells were cultured as previously
described.'

Electrophysiology. Whole-cell current recording experi-
ments were performed using an Adams and List patch clamp
amplifier L/M-EPC?7. Solution exchange and voltage protocols
were implemented using Clampex 7 software (Axon Instru-
ments).

For experiments under forward transport conditions, the
extracellular solution contained 140 mM NaMES (MES =
methanesulfonic acid), 2 mM MgCl,, 2 mM CaCl,, and 10 mM
HEPES (pH 7.35); the pipet solution contained 140 mM
KMES, 2 mM MgCl,, 10 mM EGTA, and 10 mM HEPES (pH
7.4). For reverse transport, KMES was used extracellularly and
NaMES in the pipet solution. In both forward and reverse
transport experiments, L-glutamate was applied extracellularly.
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For homoexchange conditions, an extracellular solution
containing 140 mM NaCl and a saturating concentration of 1
mM L-glutamate was used.'® The pipet solution contained 140
mM NaSCN and 10 mM L-glutamate.

Laser Pulse Photolysis. Laser pulse photolysis was
accomplished using the high-energy Q-switched Nd:YAG
laser MiniLite II (Continuum Electro-Optics, Inc.). Energy
density was ~300 mJ/cm® An optical fiber was used to transmit
laser light to the patch clamp setup. Neutral density filters with
absorption of 0.10 and 0.35 were placed in the optical path to
control the energy transmitted, and correspondingly, the
concentration of L-glutamate released during the experiment.
4-Methoxy-7-nitroindolinyl-caged-L-glutamate, MNI gluta-
mate,'” was obtained from Tocris (Cat. No. 1490) and
prepared at 1—2 mM concentrations. Once triggered, the ~5 ns
laser pulse at 355 nm photolyzed the caged compound and free
L-glutamate was released with a half-time of about 200 ns."”
The 0.10 and 0.35 filters correspond to approximately 100 and
60 uM of released L-glutamate, respectively. The specific
Clampex 7 laser protocol used consisted of a 4 s preincubation
period with MNI-caged-L-glutamate followed by the 5 ns laser
pulse and finally 160 ms of pre-steady-state data sampled at 50
kHz.

Data Analysis. Experimental data were fit using a standard
exponential function in Clampfit 9.2 (Axon Instruments) and
graphed using Origin 7 software (OriginLab). For the transport
current, the data were fit using a three-term exponential
function. The one rise and two decay time constants were then
converted into relaxation rate constants. The two decay
relaxation rate constants were identified with distinct fast and
slow decay processes, as described previously."®

B RESULTS

(+)-HIP-B Is Not Transported by the Glutamate
Transporter and Does Not Activate the Anion Con-
ductance. Since the (+)-HIP-B structure contains elements of
the glutamate scaffold, it is possible that it can be transported
by the glutamate transporter EAACI. To test this possibility,
we measured whole cell currents in the presence of (+)-HIP-B.
As shown in Figure 1A, application of 100 yM glutamate to
EAACI induced inward current in the presence of intracellular
SCNT, due to the activation of SCN™ outflow. Under the same
conditions, the competitive inhibitor TBOA generated outward
current (Figure 1B), caused by the well-established inhibition
of the tonic leak anion conductance."® Surprisingly, (+)-HIP-B
did not induce or inhibit anion current (Figure 1C). In the
absence of permeable intracellular anion, the transport
component of the current can be observed. Consistent with
previous reports,">'¢ glutamate, as a transported substrate,
induced inward transport current when applied to EAACI at a
concentration of 100 uM (Figure 1D). In contrast, (+)-HIP-B
did not elicit transport current (Figure 1E), indicating that it is
not a transportable substrate for EAACI or that its transport
rate is so low that it cannot be detected in our current
recording assay. The data are quantified in Figure 1F.

(+)-HIP-B Inhibits EAAC1 Based on a Mixed Inhibition
Mechanism. (+)-HIP-B inhibited glutamate-induced anion
currents in a concentration-dependent manner (Figure 2A).
These currents were recorded in the forward mode of transport,
in which glutamate is transported into the cell. Upon reversing
the ionic concentration gradient, the effect of (+)-HIP-B on the
reverse transport mode was studied, in which glutamate is
released from the cell. As shown in Figure 2B, (+)-HIP-B also
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Figure 1. (+)-HIP-B is not transported by the glutamate transporter and does not activate the anion conductance. (A) Original current trace with
100 1M L-glutamate applied in the anion conducting mode. (B) Original anion current trace induced by 100 M TBOA. (C) 100 M (+)-HIP-B did
not induce or inhibit anion current. For (A—C) the extracellular solution contained 140 mM NaMES. The pipet solution contained 140 mM KSCN.
The membrane potential was held at 0 mV. (D) Original current trace with 100 yM L-glutamate applied in the transport mode and 100 yM
(+)-HIP-B applied (E). Transport conditions were created using 140 mM NaMES in the extracellular solution and 140 mM KMES in the pipet
solution. The membrane potential was held at 0 mV. (F) Average cell responses under ionic conditions favoring transport or anion current.

inhibited reverse transport current in the micromolar
concentration range.

To identify the mechanism of inhibition, we determined the
inhibition constant, K;, at three different glutamate concen-
trations. Here, and throughout the article, we will discuss
results mainly by comparison with a competitive mechanism,
which is the expected mechanism based on the structural
similarities between transported substrates and HIP-B. As
shown in Figure 2C, the inhibition constant of 8.7 + 1.5 uM (n
= 3) at 20 uM glutamate increased only slightly to 9.2 + 1.2
UM (n = 3) when [glutamate] was increased to 100 uM,
indicating that inhibition is not purely competitive. The
expected [glutamate] dependence for simple competitive
inhibition is shown in Figure 2D, calculated according to eq 1:

K, = K,(0)[1 + [Glu]/K,.] (1)
Here, K;(0) is the inhibition constant of (+)-HIP-B in the
absence of glutamate and K, is the apparent affinity of the
transporter for glutamate. The experimental K; under transport
conditions (not shown in Figure.2D) mirrors the K; under
anionic conditions (shown in Figure 2D), albeit at a lower
concentration. The results demonstrate that the inhibition data
cannot be explained with a purelz competitive mechanism, in
agreement with previous results."

Next, we determined the K, for (+)-HIP-B in the Na*/
glutamate exchange mode as well as in the reverse transport
mode. In the exchange mode, the transporter is restricted to
states in the transport cycle that are associated with glutamate
translocation.'® Anion currents associated with exchange were
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inhibited with a K; of 19.0 + 3.3 uM (n = 3) at 20 uM
glutamate (Figure 2E). Like in the forward transport mode, the
inhibition constant increased only slightly with increasing
glutamate concentrations, suggesting mixed inhibition. The
inhibition constant in the reverse transport mode, in which the
transporter binding sites should be mainly facing the
extracellular solution, was higher with a value of 232 + 2.5
UM (n = 3) at 20 uM glutamate (Figure 2E). Together, these
data suggest that (+)-HIP-B preferentially interacts with the
inward-facing configuration of the transporter, which is mainly
populated in the forward transport mode.

(+)-HIP-B Does Not Alleviate the Effects of the
Competitive Inhibitor TBOA. TBOA is a well-known,
nontransportable, and competitive inhibitor of glutamate
transport.'® It binds at the glutamate binding site and also
inhibits the leak anion current.'® In contrast to TBOA,
(+)-HIP-B is unable to inhibit leak anion current (Figure 1).
If displacement occurs, TBOA inhibition of leak anion current
would be alleviated by (+)-HIP-B, indicating that (+)-HIP-B
binds to the TBOA binding site. As expected, TBOA inhibited
the leak anion current, which is manifested as an outward
current due to inhibition of the persistent inward anion current
in the presence of intracellular SCN™."® Application of 30 uM
(+)-HIP-B alone elicited no response (Figure 3A, middle
panel). When TBOA (1 uM) was applied in the presence of
(+)-HIP-B, the TBOA-induced outward current was not
inhibited (Figure 3A, right panel). 1 yuM TBOA is a
concentration that is 2-fold K.''® (+)-HIP-B seems unable
to alleviate the TBOA effect at any concentration tested (up to
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Figure 2. (+)-HIP-B inhibits EAAC1 based on a mixed inhibition mechanism. (A) Three original traces recorded from EAAC1yyy showing (+)-HIP-
B’s effects on L-glutamate-induced currents: 100 4M L-glutamate control (left), 100 4M L-glutamate + 10 uM (+)-HIP-B (middle), and 100 uM L-
glutamate + 500 #M (+)-HIP-B (right). The extracellular solution contained 140 mM NaCl. The pipet solution contained 140 mM KSCN. The
membrane potential is held at 0 mV. The small, transient currents at the time of solution exchange in the right panel are unspecific responses related
to mechanical movement of the cell from switching of the pinch valves. (B) Two original current traces in the reverse transport mode with 100 yuM
TBOA in the absence and presence of 10 uM (+)-HIP-B. The conditions for reverse transport mode were 140 mM KSCN in the external solution
and 140 mM NaCl + 10 mM L-Glu in the pipet solution. The 100 uM TBOA is applied externally. (C) Dose—response curves for (+)-HIP-B
inhibition of EAAC1,yy anion currents at glutamate concentrations of 20 #M (squares), SO uM (circles), and 100 uM (triangles). The conditions are
the same as in (A). The solid lines represent a fit to eq 5. (D) The apparent K, for (+)-HIP-B in the forward transport mode as a function of the L-
glutamate concentration. As (+)-HIP-B alone does not elicit a response, the K is extrapolated from the fit to zero L-glutamate concentration. The
expected K; was calculated using the competitive inhibition equation I(S) = K;(0) + (K;(0)/K,,)[L-glu], where K, is the apparent binding affinity for
L-glutamate, K;(0) is the apparent K; for (+)-HIP-B, and I is the current. (E) Apparent K| as a function of [glutamate] for (+)-HIP-B in the three
EAACI transport modes: forward (square), reverse (circle), and homoexchange (triangle). The conditions for the forward mode are the same as in

(A). The conditions for reverse and homoexchange modes are explained in the Experimental Procedures section.

70 uM, which is well beyond the K; of EAACI for (+)-HIP-B,
Figure 2). Together, these results indicate that TBOA and
(+)-HIP-B are not competing for the same binding site on
EAACL.

(+)-HIP-B Inhibits a Mutant Glutamate Transporter
That Does Not Bind Glutamate. Substrate binding by
EAACI,y requires negative charge of the y-carboxylate group
of the transported substrate, glutamate.”**" Once bound, the
negative charge of the y-carboxylate is presumably ion-paired
with a positively charged guanidinium group of arginine 446,
which is highly conserved in glutamate transporters. Therefore,
we examined if (+)-HIP-B could inhibit the function of EAAC1
with the R446Q mutation, which binds neutral amino acids
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instead of acidic amino acids.”> If the mechanism of inhibition
is competitive, it would be expected that HIP-B would not bind
to the mutant transporter due to its inability to establish salt
bridge interaction with R446Q. As controls, we compared the
currents induced by L-glutamine to those induced by L-
glutamate and TBOA (Figures 4A,D,E). While glutamine
elicited significant anion current, insignificant currents of <5 pA
were observed upon application of glutamate and TBOA.
According to the pK, of (+)-HIP-B (5.1, ref 12), the 3-
hydroxyl-A*-isoxazoline group should also be negatively
charged, suggesting that (+)-HIP-B would be unable to interact
with the R446Q mutant transporter. In contrast to this
expectation, the application of successive amounts of

dx.doi.org/10.1021/bi3006048 | Biochemistry 2012, 51, 5486—5495
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Figure 3. (+)-HIP-B does not alleviate the effects of the competitive
inhibitor TBOA. (A) Original traces of outward anion currents elicited
by the application of TBOA alone (left trace) (+)-HIP-B alone
(middle trace) and TBOA and (+)-HIP-B together (right trace) to
EAAClyr. The timing and concentration are indicated by the gray
bar. The membrane potential was 0 mV and the intracellular solution
contained 120 mM KSCN. The extracellular solution contained 140
mM NaMes. (B) Application of (+)-HIP-B in increasing concen-
trations, in the presence of 1 uM TBOA. The results show no
inhibition of the TBOA response by (+)-HIP-B. The experimental
conditions are the same as in (A).

(+)-HIP-B (10 and SO0 M in the presence of S0 uM L-
glutamine) showed increasing inhibition, indicating that
(+)-HIP-B does not interact with the substrate binding site,
as was shown for the wild-type transporter (Figure 4A). The
apparent K; for of EAAClyy44q inhibition by (+)-HIP-B was
determined by extrapolating the linear dependence of the K; as
a function of the concentration to 0 mM (+)-HIP-B as K, = 2.8
+ 1.6 uM (Figure 4B). These data indicate that (+)-HIP-B
inhibits the mutant transporter with a higher apparent affinity
than wild-type EAAC1 (Figure 4C).

(+)-HIP-B Dissociates Slowly from Its Binding Site. The
next question was whether (+)-HIP-B interaction with its
transporter binding site is slow or fast. To answer this question,
we performed preincubation experiments, in which (+)-HIP-B
was applied to the transporter by solution exchange for 2 s,
followed by rapid washout and application of a supersaturating
glutamate concentration at the same time (Figure 5). We used
a supersaturating glutamate concentration to allow for the
detection of fast activation kinetics under conditions of solution
exchange with a 10 ms time resolution. As shown in Figure 5A,
left panel, the time constant for activation of anion current by
glutamate was 7 & 2 ms. The intrinsic time constant for this
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activation process is in the 1 ms range, suggesting that solution
exchange is rate limiting with a time constant in the 10 ms
range. When 1 mM glutamate was applied after preincubation
with 20 uM (+)-HIP-B (Figure SA, middle panel), activation of
the anion current was significantly slowed, with a time constant
of 55 + 1 ms. This time constant is S-fold slower than the
solution exchange time, indicating that it reflects the kinetics of
(+)-HIP-B dissociation from its EAAC1 binding site.
Furthermore, this time constant was not significantly affected
by the preapplied (+)-HIP-B concentration (Figures SA, right
panel, and SC). The (+)-HIP-B effect was completely
reversible, as shown in Figure 5B. Slowing of glutamate-
induced anion current activation can be explained by a rate-
limiting (+)-HIP-B dissociation process. Here, (+)-HIP-B has
to dissociate from the transporter first, before current is
observed. This phenomenon can be described by the following
equation for the observed relaxation rate constant, kg,

kobs = kd + kf[I] (2)

Here, k; is the rate constant for (+)-HIP-B dissociation and k; is
the rate constant for (+)-HIP-B binding. In the case of
(+)-HIP-B concentration [I] = 0 used in the washout
experiment, this equation reduces to kg, = kg. Therefore, the
observed dissociation rate constant is expected to be
independent of the preapplied [(+)-HIP-B], consistent with
the experimental data (Figure SC). Together, these data
suggest that (+)-HIP-B dissociation from its binding site is
slow, occurring on a time scale of 50—60 ms.

Lack of Effect of (+)-HIP-B on Pre-Steady-State
Kinetics. The analysis of transient kinetics provides a powerful
tool for the determination of the mechanism of inhibition of
membrane proteins.”>** In order to obtain data with a
submillisecond time resolution, we applied glutamate through
photolysis of a caged precursor, MNI-caged glutamate. It was
shown 1previously that photolysis occurs with a time constant of
0.2 ps."” Both forward anion conducting (Figures 6C,D) and
transport modes (Figures 6A,B) were studied. When glutamate
was applied in the forward transport mode, a rapidly decaying
transient current was observed, which precedes steady-state
transport (Figure 6A). Consistent with previous reports,ls’18
this transient current decayed with two exponential compo-
nents. The two phases are linked to the glutamate translocation
process."”'® In the presence of (+)-HIP-B, the peak current
was inhibited (Figure 6B). However, the two time constants,
T and 7y, representing the two-component decay to steady
state, were virtually unaffected by the presence of the inhibitor
(Figure 6). Furthermore, the rate constant for the rise of the
transport current, which was previously associated with
glutamate binding, was not dependent on [(+)-HIP-B]. If
inhibition was rapid and competitive, it would be expected that
increasing (+)-HIP-B concentrations would successively slow
glutamate binding, according to the following equation for the
observed binding rate constant, k,(Glu binding):

k.,s(Glu binding) = k, X K;/(K; + [I]) (3)

Here, k;, is the bimolecular rate constant for glutamate binding
and [I] is the (+)-HIP-B concentration. Therefore, it is unlikely
that HIP-B slows glutamate binding through a rapid,
competitive displacement process.

In the case of the anion current, we observed that time
constants 7, and 7, which represent activation of the anion
conductance and the single-exponential decay to steady state,
were also independent of [(+)-HIP-B], within experimental

dx.doi.org/10.1021/bi3006048 | Biochemistry 2012, 51, 5486—5495
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error. Consistent with our observations for the transport
component of the current, the peak of the transient current was
inhibited strongly by (+)-HIP-B (Figure 6).

The lack of an effect of (+)-HIP-B on the rate constant
associated with relaxation of the pre-steady-state current was
surprising but can be explained assuming that the interaction of
the inhibitor with EAACI is slow compared to the relaxation of
the transient current, according to the kinetic Scheme 2.

Scheme 2
TAGIUH 2oe T GluH — s
fast
slow || K; slow | K;
IT,+ Glu Ko IT,Glu AI)»
fast fast

According to this concept, the inhibitor-bound forms of the
transporter, IT, and IT,Glu, interconvert with the non-
inhibitor-bound forms (T, and T,Glu) on a slower time scale
compared to translocation (characterized by k, in the absence
and k,(I) in the presence of (+)-HIP-B). The relaxation will
then consist of two exponential components. However, since

k(I) is expected to be much smaller than k, only the
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noninhibited component is observed, which decays with the
native observed time constant that is the same as in the absence
of (+)-HIP-B. However, the peak current is inhibited, as the
inclusion of the inhibitor has essentially the same effect as a
reduction of the number of active transporters under
observation:

[Glu] K;
‘[Glu] + K, [1] + K,
(1]

_fen]
[Glu] + K,

k(1)

(1] + K; (4)
This equation reduces to
K;
Ak [Glu] L fork,>> k(1)
[Glu] + K,, [I] + K, (3)

in case of slow translocation in the inhibitor-bound state.
Equation 4 represents the observed inhibition data at steady
state well (Figures 2 and 6).

B DISCUSSION

This report identifies mechanistic aspects of the inhibition of
the neuronal glutamate transporter subtype EAACI by the
conformationally restrained glutamate analogue (+)-HIP-B.

dx.doi.org/10.1021/bi3006048 | Biochemistry 2012, 51, 5486—5495



Biochemistry

The pK, value of the 3-hydroxyl-A*isoxazoline group of
(+)-HIP-B is 5.1."* Thus, this group should be predominantly
deprotonated at physiological pH, indicating it is negatively
charged. Therefore, it was expected that (+)-HIP-B would be
isosteric to glutamate, binding to the glutamate binding site and
behaving as a competitive inhibitor, despite the contrary
preliminary evidence reported by Funicello et al."?

Our detailed mechanistic analysis clearly demonstrates that
(+)-HIP-B inhibition of EAAC1 cannot be explained with a
purely competitive mechanism with fast inhibitor binding and
dissociation. This conclusion is based on several experimental
findings: (1) The weak dependence of the K; for (+)-HIP-B of
the glutamate concentration (Figures 2D,E). If the mechanism
would be purely competitive, we would expect that (+)-HIP-B
inhibition should be overcome at high glutamate concen-
trations. However, this was not the case (Figure 2D). (2) The
inability of (+)-HIP-B to alleviate the effects of the competitive
blocker TBOA (Figure 3B). (3) The inhibition of EAACI with
the R446Q_ mutation, which at physiological pH binds neutral
amino acids, but not acidic amino acids, such as glutamate. If
the negatively charged (+)-HIP-B would inhibit by compet-
itively binding only to the substrate binding site, it would be
expected that EAACl,y6q function would not be inhibited by
(+)-HIP-B because the ion pair interaction of the negative side
chain group and the positively charged arginine are necessary
for binding to the transporter. This ion pair interaction is
disrupted in EAAClpyy4q, but (+)-HIP-B still binds with even
better apparent affinity as to the wild-type transporter. At least a
dramatic reduction in apparent affinity of the EAACIlgyysq
compared to the wild-type transporter would be expected, as
less than 1% of (+)-HIP-B should be in its neutral form at pH
7.3, based on its pK,. (4) Although the affinity of EAACIpyq
for (+)-HIP-B is slightly reduced at high glutamine
concentrations, interaction of (+)-HIP-B with EAACIgy44q is
not consistent with a pure competitive mechanism, as shown in
Figure 4. Taken together, these results suggest that (+)-HIP-B
inhibits EAAC1 through a mixed mechanism that is mainly
noncompetitive but also shows some aspects of competitive
inhibition due to the slight increase of the K; for (+)-HIP-B
with increasing [substrate]. Therefore, the possibility must be
considered that (+)-HIP-B binds to an allosteric site on the
glutamate transporter, despite its structural similarity with
transported substrates.

If purely competitive inhibition is not compatible with the
data, the next question has to be what type of inhibition
mechanism can account for the results. From the low
dependence of the apparent K, for (+)-HIP-B on the glutamate
concentration, it is evident that such a mechanism has to
include binding of the inhibitor to both the empty transporter
and the glutamate-bound form of EAAC1. However, a simple
mixed inhibition mechanism, in which inhibitor association is
fast compared to the conformational changes of the transporter,
is not consistent with the pre-steady-state kinetic results
(Figure 6), which show that the relaxation rates are
independent of the (+)-HIP-B concentration. For the mixed
mechanism, it would be expected that these relaxation rates
decrease with increasing inhibitor concentration. In order to
account for these data, the assumption has to be made that
inhibitor interaction with EAACL1 is slow compared to the
glutamate translocation process in the absence of (+)-HIP-B.
This assumption is supported by the experimental data,
showing that dissociation of (+)-HIP-B takes place on the 50
ms time scale. With a K; value in the 20 yM range, a
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bimolecular rate constant for (+)-HIP-B binding in the range of
10° M™" s7! can be estimated, indicating that binding at the
relevant concentration range occurs on a 20—50 ms time scale.
In contrast, the steps associated with glutamate translocation
were shown to have time constants of 8 ms and smaller.
Therefore, the assumption of slow inhibitor binding/dissocia-
tion seems to be justified.

Overall, we propose a kinetic mechanism for inhibition that
is illustrated in Figure 7. In this mechanism, (+)-HIP-B slowly

IT,+ Glu === IT.Glu
out To+ G|U

| JVTi+G|u -

T+ Glu

in
=

TGlu

Figure 7. Proposed mechanism of inhibition of the glutamate
transporter by (+)-HIP-B (I). T, and T; represent the transporter
with outward and inward-facing binding sites, respectively. Glu
denotes the transported substrate, glutamate. According to the
proposed mixed inhibition mechanism, (+)-HIP-B can interact with
all configurations of the transporter, although binding to the inward-
facing conformation is strongest.

binds to a modulatory site, altering the intrinsic rate constants
associated with cycling through the distinct states in the
transport cycle. (+)-HIP-B most likely has a predominant effect
on the rate constants for glutamate translocation, with a lesser
effect on the rate constant for relocation of the K*-bound
transporter. The reason for this conclusion is that at
intermediate concentrations (+)-HIP-B inhibits the transient
component of the transport current, which is associated with
translocation, more strongly than the steady-state component,
which is rate limited by K*-induced transporter relocation.'>**
Our results in the homoexchange and reverse transport modes
suggest that the inward facing configuration is slightly preferred
by (+)-HIP-B but that it can also interact with the outward-
facing configuration, although with slightly lower affinity.

(+)-HIP-B has been investigated regarding its ability to
interact with glutamate transporters in synaptosomes prepared
from rat brains.">'* (+)-HIP-B was found to inhibit glutamate
uptake, consistent with the results obtained here. (+)-HIP-B
also inhibited aspartate release, which was induced by glutamate
application (exchange-mediated release'®). Consistently, we
show that (+)-HIP-B inhibits currents in the glutamate
homoexchange mode. It is not precisely known which
glutamate transporter subtypes were present in the synaptoso-
mal preparation, although the sensitivity to dihydrokainate
(DHK) suggests that EAAT2 was the predominant trans-
porter.”®> Therefore, results may vary slightly between the
Funicello et al. report'® and our results because (+)-HIP-B’s
effects may be subtype dependent. One interesting aspect is
that (+)-HIP-B was able to elicit some aspartate release in
synaptosomes, although to a much smaller extent that
glutamate.13 This suggests that (+)-HIP-B is a partial substrate
in this preparation. In contrast, we did not find any substrate
activity, assuming that (+)-HIP-B transport, if possible, would
be electrogenic. It is, however, possible that other glutamate
transporter subtypes transport (+)-HIP-B at high concen-
trations and low rates, thus promoting at least some aspartate
release through exchange.

dx.doi.org/10.1021/bi3006048 | Biochemistry 2012, 51, 5486—5495



Biochemistry

Our results clearly demonstrate that (+)-HIP-B inhibits both
transport activity and the glutamate-dependent anion con-
ductance. In contrast to all other competitive blockers
investigated so far, (+)-HIP-B has no effect on the leak anion
conductance of the transporter. This finding indicates a
different inhibition mechanism compared to other known
blockers,'*12%%7 ag also indicated by the mixed inhibition
kinetics compared to purely competitive behavior for most of
the known inhibitors. It was previously proposed for the
(+)-HIP-B analogue (—)-HIP-A that inhibition becomes
competitive when the compound is coapplied with the
transported substrate, instead of being preincubated."* Our
data for (+)-HIP-B show that even upon coapplication a mixed
or noncompetitive inhibition mechanism is observed. In
addition, our data did not show a slow effect of (+)-HIP-B in
the time scale of minutes to hours, as inhibition was fully
reversible within 500 ms.

Alteration of the glutamate transport rate through an
allosteric site has been proposed for the potentiation of
glutamate transport by a compound from spider venom,
parawixinl,”® as well as for inhibition by arachidonic acid.”’
Parawixinl enhances glutamate uptake by the subtype EAAT2
by a factor of about 1.5, by increasing the rate of K'-induced
transporter relocation.”® In contrast to (+)-HIP-B, which is
only moderately selective with respect of inhibition of the
glutamate transporter subtypes, parawixinl targets only
EAAT?2. Based on the different selectivities and inhibition
mechanisms, (+)-HIP-B and parawixinl most likely do not act
at the same site. However, the parawixinl and arachidonic acid
results demonstrate precedence for the existence of regulatory
sites on the glutamate transporter that can not only inhibit but
also enhance uptake. Therefore, allosteric modulation of the
transport rate in both directions may be possible.

B CONCLUSIONS

By using several different approaches, our data show that
(+)-HIP-B inhibition of the neuronal glutamate transporter
EAAC1 cannot be explained by a purely competitive
mechanism. A mechanism that is consistent with the
experimental data includes binding of (+)-HIP-B to both the
glutamate-bound and glutamate-free form of EAACI, with
slightly higher affinity to the empty transporter (apo state).
Furthermore, the inhibitor effect on the inward facing
conformation seems to be stronger compared to the outward-
facing configuration, a finding that also deviated from the
expectations for a simple competitive mechanism. The
possibility has to be considered that a regulatory site exists
on glutamate transporters that allows inhibition based on a
mixed mechanism. Existence of a regulatory site would open up
new avenues for the development of therapeutic agents acting
on glutamate transporters based on an allosteric mechanism.
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