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ABSTRACT. Na"-Dependent transmembrane transport of small neutral amino acids, such as glutamine and
alanine, is mediated, among others, by the neutral amino acid transporters of the solute carrier 1 [SLC1,
alanine serine cysteine transporter 1 (ASCT1), and ASCT2] and SLC38 families [sodium-coupled neutral
amino acid transporter 1 (SNAT1), SNAT2, and SNAT4]. Many mechanistic aspects of amino acid transport
by these systems are not well-understood. Here, we describe a new photolabile alanine derivative based
on protection of alanine with the 4-methoxy-7-nitroindolinyl (MNI) caging group, which we use for pre-
steady-state kinetic analysis of alanine transport by ASCT2, SNAT1, and SNAT2. MNI-alanine has
favorable photochemical properties and is stable in agueous solution. It is also inert with respect to the
transport systems studied. Photolytic release of free alanine results in the generation of significant transient
current components in HEK293 cells expressing the ASCT2, SNAT1, and SNAT2 proteins. In ASCT2,
these currents show biphasic decay with time constants, the 1-30 ms time range. They are fully
inhibited in the absence of extracellularNa@emonstrating that Neabinding to the transporter is necessary

for induction of the alanine-mediated current. For SNATL, these transient currents differ in their time
course £ = 1.6 ms) from previously described pre-steady-state currents generated by applying steps in
the membrane potentiat (- 4—5 ms), indicating that they are associated with a fast, previously undetected,
electrogenic partial reaction in the SNAT1 transport cycle. The implications of these results for the
mechanisms of transmembrane transport of alanine are discussed. The new caged alanine derivative will
provide a useful tool for future, more detailed studies of neutral amino acid transport.

Neutral amino acids are transported across cell membranesontrast, system ASC transporters belong to the SLC1 family
by a variety of transport systems (reviewed in IfSome of transport proteins, and the cloned members alanine serine
of these systems, which actively transport neutral amino acidscysteine transporter 1 (ASCT1) and ASCT2 have a high
against a concentration gradient, are powered by the co-degree of sequence similarity with glutamate transporfers (
transport of Na down its own transmembrane concentration 9).
gradient. For small neutral amino acids, these systems include Pre-steady-state kinetic techniques have been used in the
system N, system A, and system ASC. System N and systemy st to study details of the transport mechanism of ion pumps
A belong to the same solute carrier (Sll(o)ot(_em famlly (10, 11) and secondary transporterk2¢-14). One way to
(SLC38), and the known cloned members of this family have gpain pre-steady-state kinetic data is to disturb an existing
collectively been termed sodium-coupled neutral gmmo_amd transporter steady state by the application of step changes
transporters (SNATsPJ. Members 1, 2, and 4 of this family i, the membrane potential and to monitor the relaxation to
are thought to belong to the system A cla8s4), whereas 5 new steady statel®). This technique has been widely
members 3 and 5 belong to the system N cl&&). In applied to many types of secondary transporters, including
SNAT1 (16). A second method is based on applying
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reviations: , alanine serine cysteine transporter; , . .
butoxycarbonyl; BzISer, benzylserine; DMAP, 4-dimethylaminopyri- rapid reactions of these sgpondary tran;porters V\,Iere found
dine; EGTA, ethylene glycol-bis(2-aminoethyleth&t)N,N',N'-tetra- to take place on the sub-millisecond to millisecond time scale

acetic acid; GABA, y-aminobutyric acid; HEK, human embryonic  (14), which makes substrate concentration jumps difficult

kidney; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; i i i i ; i
MNI, 4-methoxy.7-nitroindolinyl: NMG, N-methylglucaming; SLC, to achieve with rapid mixing techniques. The technique of

solute carrier; SNAT, sodium-coupled neutral amino acid transporter; flash photolysis of a phOt(?'abi!e (“cagegi”) precursor can
TFA, trifluoroacetic acid. produce faster concentration jumps, with the release of
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substrates in less than 108 being achievable in some cases  1-[2S-2-Aminopropanoyl]-4-methoxy-7-nitroindoling.(
(19). Obviously, this requires the availability of a suitable Claycop [1.28 g, prepared as previously descrit#8)] (vas
reagent, and hitherto, there have been no reports of theadded to a solution a2 (0.84 g, 2 mmol) in a mixture of
synthesis and development of caged neutral amino acids ascetic anhydride (6 mL) and C£12 mL), and the mixture
potential caged substrates for SNATs and ASCTs. was stirred at room temperature for 6 h. The solid was filtered
Here, we report the synthesis and characterization of a©ff and washed thoroughly with EtOAc, and the filtrate was
new caged alanine derivative [4-methoxy-7-nitroindolinyl €vaporated. The residue was taken up with EtOAc (50 mL),
(MNI)-alanine, 4] that is based on protection with the Washed with saturated aqueous NaHG®d brine, dried,
4-methoxy-7-nitroindolinyl caging group. The MNI and and evaporated to a brown, viscous oil (765 mg). This was
related nitroindoline caging groups have been used previouslydissolved in CHCl; (20 mL), treated with dilute trifluoro-
to generate caged derivatives of glutamate and gly@de ( acetic acid (TFA1 M solution in CHCl;; 3 mL, 3 mmol),
21), and the mechanism and kinetics of product release fromand stirred at room temperature for 20 h. The solvent was
these caging groups have been studied. The rate constangvaporated, and the residue was dissolved in EtOAc (40 mL),
for amino acid release is & 10° s (22). We tested MNI- ~ Washed with saturated aqueous NaHG@d brine, dried,
alanine with three neutral amino acid transporters, namely, and evaporated. Flash chromatography [EtOAc/hexanes (3:
ASCT2, SNAT1, and SNAT2, and found that the compound 7)] gave 1-[5-2-(tert-butoxycarbonylamino)propanoyl]-4-
is biologically inactive with respect to these transport Methoxy-7-nitroindoline §) as a yellow viscous oil (0.47
systems. Photolysis of MNI-alanine results in the release of 9). slightly contaminated with the 5-nitro isomer. This
free alanine, which activates specific currents in cells material (327 mg, 0.89 mmol) was dissolved in neat TFA
expressing ASCT2, SNAT1, or SNAT2. These currents have (10 mL), stirred at room temperature for 1 h, and concen-
significant pre-steady-state components, which have not beeriratedin vacua The residue was dissolved in water (89 mL),
observed in the past, by using slower transport assays. ~ adjusted to pH 7.0 wit 1 M aqueous NaOH, washed with
ether, and analyzed by reverse-phase high-performance liquid
MATERIALS AND METHODS chromatography (HPLC) [mobile phase of 25 mM Na
phosphate at pH 6.0/MeOH (10:7, v/v) at 1.5 mL/min], with
Synthesis of MNI-Alanine: 1-[2S-2-(tert-Butoxycarbony- t; = 7.2 min. A small peak withizg = 9.2 min appeared to
lamino)propanoyl]-4-methoxyindolinel). A solution of be the 5-nitro isomer but was not characterized further. The
crude 4-methoxyindoline (1.04 g, 7 mmol), prepared as solution was lyophilized, dissolved in 25 mM Na phosphate
previously described@), in dry MeCN (40 mL) was treated  at pH 6.0 (120 mL), and pumped at 2 mL/min onto a
with N-tertbutoxycarbonyl (Boc)-alanine (1.46 g, 7.7 mmol) preparative HPLC column (% 30 cm, filled with Waters
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimit€l (1.88  C,4 packing, catalog number 20594) that was equilibrated
g, 9.8 mmol) and stirred at room temperature for 18 h. The in the same phosphate buffer. The column was first eluted
solvent was evaporated, and the residue was dissolved inyith 10 mM Na phosphate at pH 6.0rfa@ h and then with
EtOAc (80 mL), washed with 0.5 M aqueous HCI, saturated water for 2 h, and the product was eluted with 10 mM Na
aqueous NaHC®) and brine, dried, and evaporated to give phosphate at pH 6.0/MeOH (10:4, v/v) (all flow rates2
1 as white crystals (1.57 g, 70%), with nmp 156-158°C mL/min). Fractions were analyzed as above, and those
(EtOAc/hexanesfH NMR (500 MHz, CDC}) 6: 7.83 (1H,  containing only the main peak (i.e., with= 7.2 min) were
d,J = 8.1 Hz, H-7), 7.18 (1H, tJ = 8.1 Hz, H-6), 6.61  combined and concentrated vacua The residue was
(1H, d,J = 8.1 Hz, H-5), 5.45 (1H, dJ = 7.8 Hz, NH), dissolved in water (42 mL) and quantified by UV spectros-
4.54-4.56 (1H, m, CH), 4.264.34 (1H, m, H-2), 4.06 copy (usingesz; = 4800 M~ cmi%; 464 umol). The aqueous
4.12 (1H, m, H-2), 3.84 (3H, s, OMe), 3.33.16 (2H, m,  solution was carefully basified to pH 10.5 Wil M aqueous
H-3), 1.44 (9H, s, CMg, 1.39 (3H, d,J = 6.9 Hz, Me).  NaOH and extracted with CHE{3 x 50 mL). The combined
Anal. Calcd for G/H24N20,: C, 63.73; H, 7.55; N, 8.74.  organic phases were dried and evaporated, and the residue
Found: C, 63.56; H, 7.72; N, 8.69. was dissolved in EtOH (4 mL) and diluted with water (38
1-[2S-2-(Di-tert-butoxycarbonylamino)propanoyl]-4-meth- mL). The pH was carefully lowered to 6.9 Wil M aqueous
oxyindoline ). A solution of1 (0.96 g, 3 mmol) in a mixture ~ HCI, and the solution was quantified by UV spectroscopy
of dry CH,Cl, (12 mL) and E4N (18 mL) was treated with (433 umol). The solution was lyophilized, and the residual
di-tert-butyl dicarbonate (1.64 g, 7.5 mmol) and 4-dimethyl- powder was dissolved in water (20 mL), passed through a
aminopyridine (DMAP, 37 mg, 0.3 mmol) and refluxed 0.2um membrane filter, and lyophilized again. Finally, the
under nitrogen for 6 h. The solvents were evaporated, andsolid was dissolved in water (14 mL) and quantified by UV
the residue was diluted with EtOAc (50 mL), washed with spectroscopy to givéd (30.1 mM, 421umol, 47%) as its
1 M KHSO,, saturated aqueous NaHg@nd brine, dried, chloride salt'H NMR (500 MHz, D:O, with acetone as the
and evaporated. Flash chromatography [EtOAc/hexanes (1:reference): 7.85 (1H, d,J = 9.2 Hz, H-6), 6.97 (1H, t)
4)] followed by trituration with EfO/hexanes gaveas white = 9.2 Hz, H-5), 4.43-4.46 (1H, m, CH), 4.364.43 (1H,
crystals (1.04 g, 82%), with mg 56—58 °C (hexanes):H m, H-2), 4.23-4.29 (1H, m, H-2), 3.97 (3H, s, OMe), 3.68
NMR (500 MHz, CDC}) o: 7.79 (1H, dJ = 8.1 Hz, H-7), 3.22 (2H, m, H-3), 1.51 (3H, d] = 6.7 Hz, Me). HR-MS
7.16 (1H, t,J = 8.1 Hz, H-6), 6.60 (1H, dJ = 8.1 Hz, (FAB): calcd for (GoH1eN3O4) ™, 266.1141; found, 266.1138.

H-5), 5.01 (1H, gq,J = 6.5 Hz, CH), 4.01 (2H, tJ = 8.3 Expression of Transporters in Human Embryonic Kidney
Hz, H-2), 3.83 (3H, s, OMe), 3.06 (2H,3,= 8.3 Hz, H-3), (HEK)293 Cells.The cDNA coding for the rat ASCT2 was
1.52 (3H,dJ=6.7 Hz, Me), 1.48 (18H, s,22 CMe3). Anal. kindly provided by S. Bier and was subcloned into the

Calcd for GoHzN,06-Y,H,0: C, 61.52; H, 7.75; N, 6.52.  EcdRl site of the pBK-CMV vector (Stratagene) for mam-
Found: C, 61.69; H, 7.71; N, 6.48. malian expression. The coding sequences of rat SNAT1 and
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SNAT2 were kindly provided by H. Varoqui and were OMe OMe
subcloned into pBK-CMV (Stratagene). The ASCT2, SNAT1, a

and SNAT2 cDNA constructs were used for transient N
transfection of subconfluent HEK293 cells (ATCC number )\_/Me )\/Me
CGL 1573) using the calcium phosphate-mediated transfec- O NHBoc O N(Boo),
tion method as described?) or the commercially available 1 2

Fugene reagent (Roche) according to the protocol provided ‘ b.c

by the supplier. Electrophysiological recordings were per-

formed between days 1 and 3 post-transfection. QMe QMe
Whole-Cell Current Recordind.ransporter currents were B

measured at room temperature in the whole-cell current- N Ve N e

recording configuration24) as described earlied®). For NO, o)\é NO, O)\{

experiments with ASCT2, the intracellular solution contained 4 NHj3 3 NHBoc

140 mM NaSCN, 10 mM alanine, 1 mM Mg£I110 mM .
+ 5-nitro isomer

ethylene glycol-bis(2-aminoethylethed)N,N',N'-tetraacetic . . . o

acid (EGTA), and 10 mM 4-(2-hydroxyethyl)piperazine-1- Fé%%i%&éﬁ?gﬂ:;ﬂ%ﬂ%g EB)e é‘fg;,‘é‘&iigg"_'\'éaf’(“c')‘? @)
ethanesulfonic acid (HEPES) (pH 7.3) for experiments with M TFA—CH,CI,, and (d) neat TFA.

ASCT2 (exchange conditions). We used NaSCN because

ASCT2 is a neutral amino acid exchanger and does notconcentration of photolytically released alanine and to test
catalyze steady-state transport current. However, underthe cell for damage by the laser pulse, as described previously
exchange conditions, a permanent anion current, carried by(18, 21, 26). Briefly, photolysis-induced steady-state currents
SCN, is catalyzed by this transporte&t). For SNAT1 and (after decay of the transient components) at subsaturating
SNAT2, a solution containing 140 mM KCI, 2 mM Mg£l alanine concentrations were compared with the steady-state
10 mM EGTA, and 10 mM HEPES (pH 7.3) was used in current evoked by 1 mM free alanine and calibrated using
the recording pipette. The extracellular solution contained an appropriate alanine doseesponse curve for each trans-
140 mM NacCl, 2 mM MgC4, 2 mM CaC}, and 16-30 mM porter, as illustrated for ASTC2 in parts-AC of Figure 4.
HEPES (pH 7.3 for ASCT2 and pH 8.0 for SNAT1 and Alanine dose-response curves were obtained by applying
SNAT2). The typical resistance of the recording electrode alanine at various concentrations to the transporter-expressing
was 2-3 MQ; the series resistance was@ MQ. Because  cells with a rapid solution exchange device and measuring
of the small whole-cell currents (less than 100 pA), series the alanine-evoked steady-state current at each concentration.
resistance compensation was not necessary. The current¥he dashed line in Figure 4 represents the current used for
were amplified with an Adams and List EPC-7 amplifier, scaling the doseresponse curve to the 1 mM free alanine
low-pass-filtered at +10 kHz (Krohn-Hite 3322), and response, and the dotted line represents the current used to
digitized with a digitizer board (Axon, Digidata 1200) at a determine the concentration of the photolytically liberated
sampling rate of 1850 kHz, which was controlled by alanine. We estimate the error for this determination of the
software (Axon PClamp). alanine concentration ak20%.

Laser-Pulse Photolysis and Rapid Solution Exchange. petermination of the Quantum Yield of PhotolysTa
Laser-pulse photolysis experiments were performed asgstimate the quantum yield, we used MNI-glutamate with
described previously 1¢, 26). Briefly, the cells were 5 known photolysis quantum vyield of 0.0829 as an
equilibrated with neutral amino acids or MNI-alanine using 5ctinometer. Separate solutions of MNI-alanine and MNI-
a fast solution exchange device. MNI-alanine was typically gytamate (each-1 mM in extracellular buffer at pH 7.3)
applied to the cells 23 s before photolysis to ensure full - \yere placed in 1.5 3 mm cuvettes of 1.5 mm path length,
equilibration of the cells with the caged compound. All jagiated with consecutive flashes of laser light at 351 nm
compounds were dissolved in extracellular solution. MNI- 5 4 energy density of 0.27 mJ/irRroduct formation after
alanine was stored at80 °C as a 30 mM aqueous Stock  gach Jaser flash was determined by measuring the absorbance
solution, which was diluted with extracellular buffer to the a1 404 nm (Thermoelectron Genesys 6 spectrophotometer)
working concentration (maximally 3 mM) prior to the ntjl complete photolysis was achieved. The extent of product
experiment. The velocity of the solution emerging from the formation was extrapolated to the first laser flash, and the
porthole of the device was 5 cm/s, and the time resolution y5)yes obtained were almost identical for both compounds.
was 20-30 ms (16-90% rise time with whole cells). At the energy density used in these experiments, 6% of
Photolysis was initiated with a light flash generated by an \iNj-alanine was photolyzed after the first laser flash. When
excimer laser (Lambda Physik, MINEX), pumped by a thjs value was extrapolated to the energy density of 1.2 mJ/
homemade dye laser usimgterphenyl as the laser dye (5 mnp and assuming the absence of nonlinear effects, a single-
mM solution in dioxan,lem = 340 Nm, tyz = 15 ns), @ flash conversion efficiency of 26% can be estimated for the
described in ref.2. The laser light was delivered to the cell - conditions used in the cell photolysis experiments. This value

with an optical fiber (35:m diameter), and its energy was  compares well with the 27% conversion efficiency deter-
adjusted with neutral density filters (Andover Corporation). mined from the current calibration experiments.

Typical laser energies, measured at the emitting end of the

optical fiber using an energy meter (Gentec), were in the ReSULTS

range of 56-400 mJ/cm. A standard alanine concentration

of 1 mM was applied to the cell by rapid solution exchange  Synthesis and Photochemical Properties of MNI-Alanine
before and after laser-pulse photolysis to estimate the4. The synthetic route, outlined in Figure 1, followed
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Ficure 2: Photolysis reaction of MNI-alanine.

E

procedures previously established for optimal preparation of
MNI-caged amino acids. Thus, the conjugateas protected

as its di-Boc derivative2, which minimizes unwanted
nitration reactions at the amino nitroge2vy. Nitration of 2

(28) and treatment with dilute TFA to remove the second Dy I R e e ey
Boc group 27) gave predominantly the 7-nitro ison@gfter 02 00 02 04 06 08  -02 00 02 04 06 08
silica gel chromatography. This material, without full Time (s) Time (s)
purification, was treated with neat TFA to remove the last c

Boc group. Preparative reverse-phase HPLC then gave pure 7
4, free of any contamination by the 5-nitro isomer. Unlike 1.0
previous syntheses of MNI-protected amino acids, the present

compound could be freed of buffer salts after the preparative 0.8 -
HPLC procedure by careful basification that allowed extrac- ;
tion of the uncharged compound into the organic solvent. 0.6 -
Evaporation of this solvent and adjustment of an aqueous 1
suspension to pH 7 gavkas its chloride salt that was readily 0.4
water-soluble.

MNI-alanine showed a broad peak in its YVis
spectrum Amax = 327 nm) that was red-shifted by5 nm
from that of the referencé&l-acetyl compound previously -
described 29). Nevertheless, we used the extinction coef- N J 2 3 ]
ficient of 4800 M* cm! determined for the reference MNl-ala (mM)

compound to quantify aqueous solutions. Photolysis followed T o )
Ficure 3: MNI-alanine is biologically inactive with respect to

the expected course (data not shown) as indicated by theASCTZ. (A) Typical anion current induced by the application of 1

appearance of a new absorption Withax = 404 nm, mM alanine by rapid solution exchange, as indicated by the gray
consistent with the previously identified 4-methoxy-7- bar. (B) Application of 3 mM MNI-alanine to the same cell as in
nitrosoindole byproduct. The quantum yield for photolysis A did not result in any measurable current. (C) Co-application of
was determined as 0.084, essentially identical to the vaIueg’l'aNA;géatno'rfsfétéogiger?é’t'arg%’lﬁeOIh‘éPa;?og gwe‘é"t“the ?gquf:ﬁgm
previously determined for MNI_-qutamgtEQ): The reaction brane potential was 0 mV,is the current evoked by rapid solution
spectrum showed three clean isosbestic points at wavelengthgxchange with 1 mM alanine in the absence of MNI-alanine.

of 262, 308, and 363 nm, as expected from previously

published results of a MNI-acetate model compou?g).( Table 1: Steady-State Kinetic Parameters of the Current Activation
The photolysis reaction is shown in Figure 2. We did not by Alanine of the Amino Acid Transporters Studied (0 mV

directly determine the rate of product release upon laser flashTransmembrane Potential)

Whole-cell current (pA)
g g
1

Flmigeednitby

ref

1l

0.2 4

irradiation of MNI-alanine, but this rate is expected to be Km (alanine) M) Imax (PA)

similar to that previously determined for a nitroindoline- ASCT?2 415+ 30 —140+ 31 (0= 10)
caged acetate model compound in a detailed study of SNAT1 5204 80 —75+15(=7)
nitroindoline photolysis, where the time constant for product = SNAT2 2004 17 —107+27 (h=11)

release was found to be 200 r&2). As shown below, the
fastest reaction observed in the transporters studied herdn contrast, the application of 1 mM free alanine elicited an
occurs with a time constant of about 106, which is 500- inwardly directed anion current 6f140 + 31 pA (Figure
fold slower than the time constant of alanine release expected3A, n = 10) in the same cells. This concentration of alanine
from the previous study. It is highly unlikely that a change saturates about 75% of the ASCT2 substrate-binding sites
in the leaving group from acetate to alanine could result in (the apparent,, values of the transporters for alanine
such a large change in the photolysis rate, given the otherwisedetermined in this work are listed in Table 1). Similarly, the
identical photochemical behavior of the two compounds. application of 2 mM MNI-alanine to SNAT1-expressing
Therefore, we assume that photolytic alanine release is notcells elicited no detectable current response (3), whereas
rate-limiting for the transporter processes studied here.  the application of 4 mM alanine (a saturating concentration)
Characterization of Biological Properties of MNI-Alanine  induced—75 =+ 15 pA (n = 7, data not shown). Similar data
with Respect to Amino Acid Transportei&/e first tested were obtained for SNAT2 (not shown). Together, these data
whether MNI-alanine is a transported substrate or inhibitor indicate that MNI-alanine is not transported by these three
of ASCT2, SNAT1, and SNAT2. When MNI-alanine was amino acid transporters at the concentrations tested. Fur-
applied to an ASCT2-expressing cell at a concentration of 3 thermore, the results suggest that the background concentra-
mM, no current response was observed (Figurer8s,4). tion of free alanine in the caged compound is very low, as
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Ficure 4: Photolysis of MNI-alanine generates anion currents in ASCT2 expressing HEK293 cells. (A) Steady-state current induced by
the application of 1 mM alanine by rapid solution exchange, as indicated by the gray bar. The intracellular solution contained 140 mM
SCN. (B) Typical pre-steady-state anion current recorded from ASCT2 in the same cell as in A upon photolytic release from 3 mM
MNI-alanine at time 0, as indicated by the arrow. Pre-equilibration with MNI-alanin fe prior to the laser flash is indicated by the

white bar. The transmembrane potential was 0 mV. The two curves represent traces at two different concentrations of alanine (0.55, upper
trace; 0.85 mM, lower trace) obtained by varying the laser intensity. (C) Alanine-tlesponse curve of ASCT2 anion current used for

the calibration procedure to estimate the concentration of amino acid released by photolysis. (D) Statistical analysis of the relaxation rate
constants obtained at two alanine concentratidhs-(0 mV). The slowly decaying phase was absent at the lower alanine concentration.

expected from previous data on the stability of nitroindoline- of the solution exchange system (280 ms) and thus does
caged compounds3(). not contain any kinetic information on the transporter. In

Next, we determined whether the MNI-caged compound contrast, photolytic release of alanine (8a01, estimated
inhibits transporter function. To test this, we co-applied MNI- from the photolysis-induced steady-state current relative to
alanine and free alanine to the transporters and comparedhe steady-state current generated by 1 mM alanine and the
the current amplitude with that generated in the same cell Km for alanine, Table 1, as shown in Figure 4C) from the
by the application of alanine in the absence of the cagedcaged precursor (3 mM) generates a transient current
compound. Figure 3C shows that co-application of up to 3 component that precedes the steady-state anion current. This
mM MNI-alanine (the maximum concentration used in the transient current component shows a double-exponential
photolysis experiments) with 1 mM free alanine to cells decay, with time constants of 34 0.2 and 35+ 7 ms {0
expressing ASTC2 did not result in a significant reduction = 4). The rapidly decaying component has a relative
of the alanine-induced anion current. Similarly, no inhibition amplitude twice that of the slowly decaying phase. The rise
was observed with SNAT1 and SNAT2, where co-application Of the anion current is extremely rapid and occurs with a
of 2 mM MNI-alanine together with 0.5 mM free alanine time constant of 0.2 0.1 ms (1= 4). The combined results
(0.2 mM for SNAT?2) elicited 1.05+ 0.38 times ( = 4; demonstrate that activation of the anion current by alanine
SNAT1) and 0.99 0.14 times § = 4; SNAT2) the current  in ASCT2 is associated with rapid processes, occurring on
response to the application of the same concentration of freea sub-millisecond to millisecond time scale. The pre-steady-
alanine alone. For these inhibition experiments, the concen-state kinetics of the ASCT2 anion current were dependent
trations of free alanine were chosen to saturate approximatelyupon the alanine concentration (parts B and D of Figure 4).
half of the binding sites of the respective transporter The amplitude of the transient phase of the current decreased
population with alanine (see Table 1 #, values of SNAT1 when the alanine concentration was lowered to &80 The
and SNAT?2 for alanine), to maximize potential inhibitory relaxation rate constants for the current rise and the rapidly
effects of MNI-alanine. The maximum MNI-alanine con- decaying phase also decreased at lower alanine concentra-
centration tested in photolysis experiments with SNAT1 and tions (Figure 4D), as expected for an alanine-dependent
SNAT2 was 2 mM. Together, these data suggest that MNI- transport process. The slowly decaying phase was absent at
alanine is biologically inert toward the transporters ASCT2, 550uM alanine (Figure 4B).

SNAT1, and SNAT2 and, thus, can be used in laser Pphotolysis of caged compounds by a 15 ns laser pulse can
photolysis experiments to determine the kinetics of neutral |ead to artifacts in current recordings, owing to the high peak
amino acid transport by these systems. power of the laser radiation. To control for possible artifacts

ASCT?2 Pre-steady-State Kinetid$e time dependencies and to check the specificity of the photolysis-induced current
of the current responses of an ASCT2-expressing cell to thesignal, we performed control experiments in the absence of
application of alanine by rapid solution exchange (Figure extracellular Na. Because ASCT2 is a Necoupled amino
4A) or photolysis of MNI-alanine (Figure 4B) are distinctly acid exchanger7; 9, 31), it is expected that the absence of
different from each other. The anion current induced by 1 Na* will lead to a reduction or elimination of the alanine-
mM alanine applied by rapid solution exchange rises to a induced anion current. In agreement with this expectation,
maximum without showing any overshoot current compo- photolysis of MNI-alanine did not induce any currents
nent. The rise of this current is limited by the time resolution (Figure 5B, control in the presence of Nia shown in Figure
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Ficure 5: ASCT?2 anion currents induced by photolysis of MNI-alanine are specifically carried by the transporter. (A) Pre-steady-state
anion current recorded from ASCT2 after photolytic release from 3 mM MNI-alanine in the presence of 140 mM extraceliul@)Na

Same experiment as in A but in the absence of extracellular (@& Current recording from the same cell in the absence of caged alanine.
The laser was flashed at time= 0 s. (D) Steady-state anion currents generated by photolytic release of alanine from 3 mM MNI-alanine
are inhibited by the co-application of the competitive ASCT?2 inhibitor BzlSer (2 mM) or 2 mM free alanine. In the experiment with free

2 mM free alanine, only the photolysis-induced current is shown, which is in addition to the steady-state current elicited by the free alanine.
Tlhe transmembrane potential was 0 m¥: is the current evoked by photolysis of 3 mM MNI-alanine in the absence of the inhibitor or
alanine.

5A) when extracellular Nawas replaced wittN-methyl- A B

glucaming (NMGM), a cation that does not interact with 50 -
the ASCT2 Nd-binding site(s) 25). Evidently, alanine | amMAla | [ 2mMMNIala |
cannot mediate an anion current in ASCT2 without"Na
being present, in line with observations previously made for
the homologous glutamate transporters of the SLC1 family
(13, 14). Further control experiments are shown in parts C
and D of Figure 5. A laser flash applied to an ASCT2-
expressing cell in the absence of MNI-alanine did not elicit
any current response, eliminating the possibility of nonspe- ¢ o, :

cific currents caused by the laser light. When photolysis was 8 y [
performed in the presence of 2 mM benzylserine (BzISer), s l /
a competitive inhibitor of ASCT225), the anion current -150
was reduced to 53 16% ( = 5) of that in the absence of

the inhibitor. Photolysis was also performed in the presence 05 00 05 10 2000 0 5 10 15 20
of 2 mM free alanine, a concentration that should fully pre-
activate the ASCT2 anion current. Under these conditions, . .
photolysis of MNI-alanine induced little further transient and F/GURE 6: Photolysis of MNI-alanine generates transport currents

- . in SNAT1-expressing HEK293 cells. (A) Steady-state current
steady-state anion current above that already activated by, ced by tlfe appl?cation of 4 mM a(lal)wine byyrapid solution

the fl’ee alanine (Figure 5D) ThIS I‘esul'[ iS expected becaus%xchangel as indicated by the gray bar. (B) Typ|ca| pre.steady.
85% of the binding sites of ASCT2 should already be state current recorded from SNAT1 in the same cell as in A upon
Occupied by free alanine before phot0|yis was initiated. photolytic release from .2 mM MN.I-aIanine at t.ime 0, as i.ndicated
Together, these results indicate that the steady-state andy the arrow. Pre-equilibration with MNI-alaninerf@ s prior to

. . g e photolysis is indicated by the white bar. The transmembrane
transient anion currents shown in Figure 4 were specifically potential was 0 mV.
generated by ASCT2.

SNAT1 Pre-steady-State Kineti€hotolytic release from  of the recording system imposed by the 3 kHz filtering
2 mM MNI-alanine induced transport currents in SNAT1- frequency (i.e., 10@s range) after photorelease of alanine.
expressing HEK293 cells (Figure 6B). Under zérans It remains to be determined whether the onset of the transient
conditions (quasi-zero concentrations of the substrates on thecurrent is really instantaneous or whether it is preceded by
intracellular transside of the membrane), these currents were a fast electroneutral reaction that delays the electrogenic
inwardly directed. An inward current is expected for elec- current component. Better time resolution of the recording
trogenic operation of SNAT1 because it co-transports the system would be necessary to investigate this point.
neutral amino acid substrate, presumably with oné& ¥a, The concentration of alanine released from 2 mM of the
into the cell @, 16). Before the steady state was reached, a caged precursor was estimated as G0Dby a comparison
transient component of the current was observed, decayingwith data from the application of 4 mM free alanine to the
with a time constant of 1.2 0.2 ms = 3). Thus, itappears  same cell (Figure 6A) and the dosesponse curve for
that a rapid, electrogenic partial reaction of the transporter alanine activation of the SNAT1 current (tHg, for alanine
precedes steady-state turnover. The rise of the electrogeni@ctivation of the steady-state transport current was determined
transport current occurred within the time resolution limit to be 520+ 80 uM, Table 1). Thus, it is feasible to

-cell current (pA)
3 o
B
2
7
T

Time (s) Time (ms)
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A B spectroscopy, shows that MNI-alanine photolyzes efficiently
under the conditions used, liberating nearly 27% of the
T — protected alanine upon photolysis with a single laser flash.
Activation of ASCT2 anion currents occurs on a submilli-
second time scale, and the rapid photolytic release of alanine
revealed three phases of the current that were not observed
in previous solution exchange experiments on transfected
HEK293 cells 25) or ASCT2-expressingenopusoocytes
1004 (7). These phases represent rapid, substrate-induced reactions
of the transporter protein. Although the exact assignment of
. NES-= il 5000 0. |5 4plqs 50 these phases to specific partial reactions in the ASCT2
transport mechanism will require further experimentation,
several preliminary conclusions can be drawn from these

in SNAT2-expressing HEK293 cells. (A) Steady-state current results. (1).The fa§test phase observed in the.pre—steady-
induced by the application of 10 mM alanine by rapid solution State experiments is the rising phase of the anion current,
exchange, as indicated by the gray bar. (B) Typical pre-steady- which may be rate-limited by alanine binding. If this is the
state current recorded from SNAT2 in the same cell as in A upon case, we can estimate a lower limit of the bimolecular binding
photolytic release from 2 mM MNI-alanine at time 0, as indicated (ate constant of the transporter for alanine as I0f M1

by the arrow. Pre-equilibration with MNI-alaninerf@ s prior to -1 i . o

photolysis is indicated by the white bar. The transmembrane s % This binding rate is comparable to the binding rates pf
potential was 0 mV. glutamate to the glutamate transporters of the SLC1 family

[1-2 x 10" M~ s71 (12)] that are related to ASCT2. (2)

photorelease concentrations of alanine from 2 mM MNI- Two rapid processes induced by alanine binding occur on a

alanine that at least half-saturate the SNAT1 alanine-binding 3—35 ms time scale. Because Nand alanine were present

site. at high concentrations on the intracellular side of the
SNAT2 Pre-steady-State Kinetid®hotolytic release of membrane, it is unlikely that the reactions generating these

alanine was also used to determine the pre-steady-statéwo phases of the anion current arise from dissociation of
kinetics of transport currents carried by the system A isoform the substrate or Nato the cytosol. Instead, these phases
SNAT2. As shown in Figure 7A, flow application of alanine Might be caused either by Navinding to the extracellular

induced large inwardly directed currents in SNAT2-express- side of the transporter and/or the translocation reaction. At
ing HEK293 cells. Photolytic release from 2 mM MNI- present, we cannot differentiate between these two possibili-

alanine at the same cell resulted in an inward current of €S- (3) The slowest process observed has a time constant
of 35 ms, suggesting that ASCT2 operates relatively slowly.
If this process was rate-limiting for amino acid exchange, it
would mean that no more than about 30 alanine molecules
d Per second could be exchanged across the membrane by
ASCT? at steady state and 0 mV transmembrane potential.
A#) No anion current signal was induced by photolytic
application of alanine in the absence of extracellular ,Na
which suggests either that alanine cannot bind to ASCT2 in
DISCUSSION the absence of Naor that it can bind without activating an
anion current. It has been shown previously that ASCT2
In this work, we have synthesized a new caged alanine requires Na to enable amino acid transpof)( Our results
derivative protected with the photolabile 4-methoxy-7- demonstrate that the presence of extracellulat aalso
nitroindolinyl caging group and characterized its biological required to generate an anion current. These results mirror
properties. MNI-alanine was synthesized according to findings obtained with the glutamate transporters of the SLC1
established procedures from readily available starting materi-family, showing that the substrate-induced anion conductance
als. The compound is stable in aqueous solution andis gated by the binding of Nato the transporteri).
photolyzes efficiently to produce free alanine. MNI-alanine  The generation of alanine concentration jumps by pho-
was found to be biologically inert with respect to three neutral tolysis of the new caged alanine derivative enabled us to
amino acid transporters, namely, ASCT2, SNAT1, and determine the pre-steady-state kinetics of two members of
SNAT2. the SLC38 family of transporters, SNAT1 and SNAT2. In
The new caged alanine derivative was used to generateboth transporter isoforms, photorelease of alanine generated
alanine concentration jumps, thereby achieving rapid activa- rapidly decaying transient currents that relaxed to a steady-
tion of transport-associated currents in ASCT2 expressed instate current within about 5 ms. Interestingly, the time
HEK293 cells. Photolysisfa 3 mM MNI-alanine solution constants of the decay of this transient current, as well as
liberates concentrations of free alanine up to about8@0 the peak current/steady-state current ratio, were similar for
(a concentration about double tKg, value of ASCT2 for SNAT1 and SNATZ2, indicating that these two transporter
alanine of 415uM, Table 1), as tested by a comparison of subtypes do not significantly differ from each other in the
photolysis-induced currents with those induced by the kinetics of alanine transport. The results obtained here for
application of a saturating concentration of alanine to ASCT2 SNAT1 can be compared with a previous study, in which
with a rapid solution exchange method. This result, together pre-steady-state currents were generated by stepping the
with our data determining photolysis efficiency by absorption transmembrane potentiall). Those transient currents

.50 |

Whole-cell current (pA)

Time (s) Time (ms)

Ficure 7: Photolysis of MNI-alanine generates transport currents

similar amplitude but also revealed a rapidly decaying
transient phase (Figure 7B). The time constant of the decay
of this transient current was 1:6 0.1 ms ( = 3). As with
SNAT1, the alanine-induced current in SNAT2 was activate
within the time resolution of the recording after photolytic
alanine release. Hence, at least one rapid, voltage-depende
reaction precedes steady-state alanine transport.
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relaxed with a time constant of-%6 ms, significantly slower 2.
than the time constant of 1.3 ms of the alanine-induced
transient current observed here. This indicates that the pre-
steady-state processes observed in the voltage jump and
concentration jump experiments are not identical. In fact,
the transient current induced by a voltage jump was proposed
to be caused by electrogenic association of Math the
alanine-free transporter form, occurring with an apparent
valence of 0.7 16). Because the proposed stoichiometry of
Na"—alanine co-transport is 1:1, a total of 1 positive charge
is moved into the cell for each transported alanine molecule.
If this stoichiometry is correct, another 30% of the total
SNAT1 charge movement would be unaccounted for by
voltage-dependent Nabinding. Thus, an additional elec-
trogenic reaction would be required in the transport cycle.
It is likely that the fast electrogenic process observed here
contributes to the remaining 30% of the total charge
movement. This process is unlikely to be rate-limiting for
the steady-state turnover of SNAT1, because it is faster than
the Na-binding reaction observed by Mackenzie and col-
leagues 16).

The “instantaneous” generation of the inward current after
the alanine concentration jump in SNAT1 and SNAT2
indicates that the electrogenic reaction associated with this
transient current is either the first step in a sequence of 1g
reactions induced by alanine or that an extremely rapid
electroneutral reaction, faster than the time resolution of our
method, precedes this electrogenic process. Because alanin
is a zwitterion at neutral pH and, therefore, has no net charge,
it is likely that the alanine-binding process itself is electro-
neutral, even if binding occurs within the membrane electric  12:
field. If this assumption is correct, then alanine binding to
SNAT1 and SNAT2 must be rapid, with a bimolecular rate
constant> 2 x 10/ Mt s,

In conclusion, we have shown that a new caged alanine
derivative, MNI-alanine, synthesized here has favorable 14
photochemical and biological properties. Concentration
jumps generated by photolytic release of alanine from this
caged precursor allowed us to observe alanine-induced pre-
steady-state currents of three different neutral amino acid
transporters belonging to two different SLC families. These 16.
pre-steady-state currents contain significant, new information
on the molecular mechanism of electrogenic and electro-
neutral transport of small, neutral amino acids. This caged
compound will also be useful for the functional investigation
of the amino acid transporters in their native brain environ-
ment. Because neutral amino acid transporters are involved 1g
in the glutamate-glutamine cycle 1, 32) and, thus, in the
recycling of synaptically released glutamate, the detailed
investigation of their molecular function at the synapse is
important.
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