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Cellular/Molecular
Multiple Dileucine-like Motifs Direct VGLUT1 Trafficking

Sarah M. Foss,"* Haiyan Li,' Magda S. Santos,' Robert H. Edwards,>* and Susan M. Voglmaier'
Departments of 'Psychiatry, 2Neurology, and *Physiology, and “Graduate Program in Cell Biology, School of Medicine, University of California, San
Francisco, San Francisco, California 94143-0984

The vesicular glutamate transporters (VGLUTs) package glutamate into synaptic vesicles, and the two principal isoforms VGLUT1 and
VGLUT?2 have been suggested to influence the properties of release. To understand how a VGLUT isoform might influence transmitter
release, we have studied their trafficking and previously identified a dileucine-like endocytic motif in the C terminus of VGLUT1.
Disruption of this motif impairs the activity-dependent recycling of VGLUT1, but does not eliminate its endocytosis. We now report the
identification of two additional dileucine-like motifs in the N terminus of VGLUT1 that are not well conserved in the other isoforms. In the
absence of all three motifs, rat VGLUT1 shows limited accumulation at synaptic sites and no longer responds to stimulation. In addition,
shRNA-mediated knockdown of clathrin adaptor proteins AP-1 and AP-2 shows that the C-terminal motif acts largely via AP-2, whereas
the N-terminal motifs use AP-1. Without the C-terminal motif, knockdown of AP-1 reduces the proportion of VGLUT1 that responds to
stimulation. VGLUT1 thus contains multiple sorting signals that engage distinct trafficking mechanisms. In contrast to VGLUT1, the
trafficking of VGLUT2 depends almost entirely on the conserved C-terminal dileucine-like motif: without this motif, a substantial fraction
of VGLUT2 redistributes to the plasma membrane and the transporter’s synaptic localization is disrupted. Consistent with these differ-

ences in trafficking signals, wild-type VGLUT1 and VGLUT?2 differ in their response to stimulation.

Introduction

The regulated release of neurotransmitter depends on the assem-
bly into synaptic vesicles of membrane proteins that confer reg-
ulated exocytotic release. In addition to proteins that mediate
membrane fusion, this process requires trafficking of vesicular
transporters necessary to fill synaptic vesicles with transmitter.
For glutamate, three distinct vesicular glutamate transporters
(VGLUT1,VGLUT2, and VGLUT3) have been identified (Aihara
etal., 2000; Bellocchio et al., 2000; Takamori et al., 2000, 2001; Bai
etal.,2001; Fremeau etal., 2001, 2002; Herzog et al., 2001; Gras et
al., 2002; Schifer et al., 2002; Takamori et al., 2002). The three
isoforms exhibit similar transport activity in vitro, but display
mutually exclusive expression patterns in the nervous system
(Fremeau et al., 2004a). Surprisingly, the complementary expres-
sion of VGLUT1 and VGLUT?2 correlates with the properties of
transmitter release. VGLUT1 is expressed by neurons in the hip-
pocampus, cerebral cortex, and cerebellar cortex that form syn-
apses with a low probability of vesicle release and high potential
for plasticity. In contrast, VGLUT2 is mainly expressed by neu-
rons in the thalamus, brainstem, and deep cerebellar nuclei that
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release transmitter with a higher probability of release at synapses
with alower potential for plasticity (Fremeau et al., 2004a; Omote
et al., 2011). Although these observations originally suggested
only a correlation, previous work raises the possibility that
VGLUT1 and VGLUT2 can control release probability (Weston
et al.,, 2011). One corollary of this hypothesis is that the two
isoforms differ in their membrane trafficking.

VGLUTs exhibit a high level of sequence homology in the
transmembrane segments that mediate glutamate transport, but
diverge considerably at the cytoplasmic N and C termini that
presumably control intracellular trafficking (Takamori, 2006).
The C terminus of all three isoforms contains a conserved
dileucine-like motif that we previously found important for
VGLUT1 endocytosis (Voglmaier et al., 2006). In addition,
VGLUT1 contains two polyproline domains distal to the
C-terminal dileucine-like motif, including one that interacts with
the endocytic BAR (Bin/Amphiphysin/Rvs) domain protein en-
dophilin (De Gois et al., 2006; Vinatier et al., 2006; Voglmaier et
al., 2006). Endophilin recruits VGLUT1 into the faster AP-2-
dependent recycling pathway, away from a slower pathway sen-
sitive to brefeldin A, an inhibitor of the AP-1 and AP-3 adaptors
(Voglmaier et al., 2006). Since VGLUT2 and VGLUTS3 lack this
polyproline motif, the interaction with endophilin may contrib-
ute to differences between the isoforms. Previous work has also
suggested that interaction with endophilin contributes to the dif-
ferences in release probability observed between VGLUT1 ¥ and
VGLUT2 ™ terminals, although the mechanism remains unclear
(Weston etal.,2011). The role of endophilin in VGLUT1 traffick-
ing also depends on the upstream dileucine-like motif (Vogl-
maier et al., 2006).

Although mutagenesis of Phe-510 and Val-511 in the con-
served C-terminal dileucine-like motif of VGLUT1 (FV/GG
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VGLUT1) impairs endocytosis, the mutant rat
transporter still undergoes activity-de-
pendent exocytosis and recycling (Vogl-
maier et al., 2006). We now report the
identification of two additional endocytic
motifs in VGLUT1 that are not well con-
served in VGLUT?2, which may contribute
to differences observed in trafficking of the rat

human
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Materials and Methods rat

Molecular biology. Standard PCR-directed mu-
tagenesis techniques were used to modify
VGLUTI1-pH in the pCAGGS vector (Vogl-  //... rat
maier etal., 2006). To generate the FV/GG APP
mutant, a stop codon was introduced after
Glu-529 to delete the distal C terminus of
VGLUTI1-pH (containing both polyproline se-
quences) and was combined with the FV/GG
mutation using standard subcloning tech-
niques. AC-term VGLUT1-pH was generated
by replacement of Ser-504 with a stop codon.
AN-term VGLUT1-pH was created by PCR
mutagenesis, deleting the first 60 aa of
VGLUTI and inserting a new start codon fol-
lowed by a glutamate residue to preserve the
complete Kozak sequence (Fig. 1, N-term start
B) (Kozak, 1986). To generate the double trun-
cation mutant, AN-term & AC-term VGLUT1-pH, the first 50 aa of
VGLUTI were deleted using PCR mutagenesis, inserting a new start
codon (Fig. 1, N-term start A) along with a glutamate residue (to preserve
the Kozak sequence), and Ser-504 was replaced by a stop codon. A partial
amino acid sequence of VGLUTI, with the sites of mutations, trunca-
tions, and predicted transmembrane regions indicated, is shown in Fig-
ure 1. VGLUT2-pH was constructed in a manner similar to VGLUT1-pH
with ecliptic pHluorin inserted in the first luminal loop between Gly-107
and Gly-108 of rat VGLUT2 flanked by the same linker sequences used in
VGLUTI-pH (Voglmaier et al., 2006). Tac chimeras were produced by
fusing to the C terminus of Tac either the entire cytoplasmic C terminus
of VGLUT1 beginning with Glu-493 or the N terminus of VGLUT1 from
Met-1 to Phe-57, with indicated point mutations. Tac, Tac-VGLUT1
C-terminal, and Tac-VMAT?2 constructs have been described previously
(Tan et al., 1998; Voglmaier et al., 2006).

RNA interference knockdown. Lentiviral constructs expressing shRNA
to rat AP-1y (AP-1A shRNA, 5-ACCGAATTAAGAAAGTAGT-3';
AP-1B shRNA, 5'-GGAATGCTATTCTGTATGA-3") or AP-2u (5'-GT
GGATGCCTTTCGCGTCA-3") (Dugast et al.,, 2005; Kim and Ryan,
2009; Cheung and Cousin, 2012) were made using standard molecular
biology procedures in the pPFHUBW vector, a variant of pPFHUGW con-
taining the monomeric blue fluorescent protein mTagBFP in place of
GFP (Lois et al,, 2002). The resulting pFHUBW transfer vectors were
cotransfected along with two packaging plasmids (pVSV-G and psPAX2)
into HEK293T cells using FuGENE HD (Promega). Cells were trans-
fected and grown in UltraCULTURE serum-free media (Lonza) supple-
mented with 1 mM sodium pyruvate, 0.075% sodium bicarbonate, and 2
mM GlutaMax. Approximately 16 h after transfection, 10 um sodium
butyrate was added to the culture media. Approximately 40 h after trans-
fection, the culture media was collected, and viral particles concentrated
by centrifugation through a 20% sucrose/PBS cushion at 80,000 X g for
2 h. Viral particles were resuspended in neuronal culture media supple-
mented with 4 ug/ml Polybrene (hexadimethrine bromide) (Zhangetal.,
2010).

To confirm specific knockdown, rat hippocampal neurons were in-
fected at 7 d in vitro (DIV7) and harvested at DIV14. Cells were lysed in
100 mum Tris-HCI, pH 7.5, 150 mm NaCl, 1 mm EGTA, and 1% Triton
X-100 containing protease inhibitors (1 mg/ml E64, 2 mg/ml aprotinin, 2
mg/ml leupeptin, 2 mg/ml pepstatin, and 20 mg/ml PMSF) and centri-
fuged at 2500 X g for 5 min to produce a postnuclear supernatant. For

Figure 1.
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C-term
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Sequence and membrane topology of VGLUT1. The partial amino acid sequences of rat and human VGLUT1 show the
cytosolic N and C termini and adjacent transmembrane regions. The three dileucine-like motifs are highlighted in gray. Specific
residues that were mutated are indicated in bold. Sites of the N- and C-terminal truncations, and pHluorin insertion, are also
indicated. Transmembrane regions, as predicted by Fremeau et al. (2001), are underlined.

immunoblotting, ~25 ug of protein was separated by SDS-PAGE and
transferred to PVDF membrane (Immobilon-P; Millipore). AP-1, AP-2,
and AP-3 were detected by anti-adaptin vy (1:500; BD Biosciences), anti-
adaptin « (1:1000; BD Biosciences), or anti-adaptin 6 (1:250; Develop-
mental Studies Hybridoma Bank), along with appropriate secondary
antibodies conjugated to HRP (Jackson ImmunoResearch). Quantifica-
tions were performed with Image] (http://rsbweb.nih.gov/ij/) using anti-
tubulin (1:3000; EMD Millipore) to normalize the signal. To confirm
AP-1 knockdown, selected coverslips with neurons infected with either
AP-1 or vector-only lentiviruses were fixed with 4% PFA in PBS for 20
min after live imaging. Cells were permeabilized and blocked in PBS
containing 1% fish skin gelatin, 5% bovine serum albumin, and 0.02%
saponin. AP-1 was then detected using anti-adaptin vy (1:200; BD Biosci-
ences) and appropriate secondary antibody.

Internalization of Tac chimeras. Tac chimeras were transfected into
HeLa cells using FuGENE HD (Promega). Approximately 48 h after
transfection, cells were transferred to growth media supplemented with
20 mm HEPES and placed on ice for 15 min to stop protein trafficking,
before incubation with mouse monoclonal anti-Tac antibodies (1:200;
Covance) for 30 min on ice in growth media. To assess antibody uptake,
cells were rinsed twice to remove excess antibody, incubated at 37°C for
1 h, fixed with 4% paraformaldehyde in PBS, and blocked with 5% goat
serum in PBS without detergent. To measure surface Tac, intact cells
were immunostained with FITC-conjugated anti-mouse antibodies
(Jackson ImmunoResearch). To visualize total Tac, cells were then per-
meabilized with 0.1% Triton X-100 in PBS containing 5% goat serum,
subsequently stained with Cy3-conjugated anti-mouse antibodies (Jack-
son ImmunoResearch) and imaged by epifluorescence microscopy (Tan
et al., 1998; Voglmaier et al., 2006; Zhao et al., 2008). To quantify the
extent of internalization, the degree of colocalization between the surface
(green) and total (red) staining for >60 cells from two independent
transfections per construct was measured using the Correlation Plot
function of MetaMorph (Molecular Devices), and the resulting data pre-
sented as the average correlation coefficient (ravg) (He et al., 2005; Das
and Banker, 2006).

Neuronal culture and live cell imaging. Primary hippocampal neurons
were cultured as described previously (Li et al., 2011). Briefly, hip-
pocampi were dissected from embryonic day 19 (E19) or E20 rat pups of
either sex, dissociated with trypsin, and transfected using the Basic Neu-
ron SCN Nucleofector kit, according to manufacturer’s instructions
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(Lonza). Cells were maintained in Neurobasal media supplemented with
1% heat-inactivated fetal bovine serum, 2% NeuroMix growth supple-
ment (PAA Laboratories), 2 mm GlutaMax, 15 mm NaCl, and 10 pg/ml
Primocin (Lonza). 5-Fluoro-2'-deoxyuridine and uridine were added at
DIV4-DIVE6 to a final concentration of 10 uM to limit glial growth. Cells
were imaged at DIV14-DIV20 in modified Tyrode’s solution [contain-
ing the following (in mm): 126.5 NaCl, 30 dextrose, 2.5 KCl, 2 CaCl,, 2
MgCl,, and 10 HEPES] containing 10 uMm each of glutamate receptor
antagonists CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) and CPP
[3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid] (Tocris Biosci-
ence). The total pool size was determined using Tyrode’s solution with 50
mwm NH,CI (NaCl reduced by 50 mm to compensate). For knockdown
experiments, cells were infected at DIV7 and imaged at DIV14-DIV16.

Cells were imaged as described previously (Voglmaier et al., 2006; Li et
al., 2011). Coverslips with transfected neurons were mounted in a perfu-
sion and stimulation chamber (Warner Instruments) on an inverted
microscope (Nikon TE3000) fitted with a 63X oil objective. Cells were
imaged in modified Tyrode’s solution at room temperature with field
stimulation (5-10 V/cm) applied using 1 ms bipolar current pulses (A310
Accupulser; WPI). Cells were illuminated using a Xenon lamp (Sutter
Instruments) with a 470/40 nm excitation filter and a 525/50 nm emis-
sion filter. Images were acquired every 3 s using a QuantEM CCD camera
(Photometrics). MetaMorph software was used to control data collection
and to perform offline analysis. All animal work was conducted under the
supervision of the Institutional Animal Care and Use Committee of the
University of California, San Francisco. Unless otherwise noted, all
chemicals were from Sigma, and all tissue culture media were from Life
Technologies.

Data analysis. Using MetaMorph software, the average fluorescence of
regions of interest at synaptic sites was measured at manually selected 4 X
4 pixel boxes placed over the center of boutons. The average fluorescence
of three 4 X 4 pixel boxes without cellular elements was subtracted as
background. To determine the time course of fluorescence response to
stimulation, baseline values from the five frames before stimulation were
averaged, and the dynamics of fluorescence intensity expressed as frac-
tional change (AF) over initial fluorescence (F,). The data were then
normalized to either the peak fluorescence in each trace or the total
amount of fluorescence as determined by application of modified Ty-
rode’s solution containing 50 mm NH,Cl at pH 7.4 to alkalinize all syn-
aptic compartments. To determine the percentage of decline from peak
during stimulation, the fluorescence recorded at the last time point of
stimulation (60 s) was subtracted from peak fluorescence, and the differ-
ence expressed as a percentage of peak fluorescence.

To measure the rate of exocytosis and to determine the total amount of
transporter that underwent exocytosis, cells were imaged in modified
Tyrode’s medium containing 0.5-1 um bafilomycin A (EMD Millipore).
The fraction of transporter that undergoes exocytosis was measured as a
fraction of the total internal pool, as determined by subtraction of initial
fluorescence from fluorescence in the presence of 50 mm NH,Cl (Hua et
al., 2011). The size of the readily releasable pool (RRP) was measured
with a 100 Hz, 0.2 s stimulus, followed 1 min later by a 10 Hz, 120 s
stimulus to determine the size of the recycling pool (RP) (Ariel and Ryan,
2010). The RRP was measured in modified Tyrode’s solution with CaCl,
increased to 4 mm. The bath media was replaced with Tyrode’s solution
containing 2 mm CaCl, before measuring the recycling pool.

To measure the fraction of transporter on the cell surface, surface
fluorescence was quenched with pH 5.5 Tyrode’s solution with HEPES
replaced by MES. The transporter surface fraction was calculated by
subtracting the average fluorescence intensity of five frames in pH 5.5
Tyrode’s solution from the average of five frames in standard pH 7.4
Tyrode’s solution (before stimulation) and divided by total fluorescence
determined in the presence of 50 mm NH,CI. To estimate the change in
fluorescence during stimulation to map the N-terminal motifs (see Figs.
3,4), the average fluorescence at three time points (27, 30, and 33 s) in the
middle of the stimulation period was used instead of the initial fluores-
cence at pH 7.4 in the above calculation. For these experiments only, four
400 X 400 pixel boxes were placed on each image field, avoiding cell
bodies. Three 4 X 4 pixel boxes were placed in areas lacking cellular
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elements to measure background levels. The fluorescence of these re-
gions was integrated and background subtracted.

Fluorescence measurements from 20 to 100 boutons per coverslip
were averaged, and the means from 5 to 31 coverslips from at least two
independent cultures were averaged, with the exception of AN-term &
AC-term VGLUTT1 in Figure 3, which represents data from three cover-
slips from one culture. Data are presented as mean * SEM. The decay of
poststimulus fluorescence, indicating endocytosis, and the fluorescence
increase upon stimulation in the presence of bafilomycin were fit with
single exponentials (GraphPad Prism). To determine statistical signifi-
cance, one-way ANOVA with Tukey’s post-test or an unpaired, two-
tailed f test was performed, as appropriate (GraphPad Prism).

Results

Mutation of the C-terminal dileucine-like motif fails to
eliminate VGLUT1 endocytosis

Since replacement of Phe-510 and Val-511 by alanine impairs the
endocytosis of VGLUT1 but does not eliminate its synaptic tar-
geting, response to stimulation, or recycling (Voglmaier et al.,
2006) (Fig. 2), we also replaced these residues with glycine and
compared the effect of these mutations in the VGLUT1-pHluorin
reporter. Inserted into a luminal loop of the transporter, the flu-
orescence of ecliptic pHluorin (a modified form of GFP) is
quenched at the low pH of synaptic vesicles (Miesenbock et al.,
1998; Sankaranarayanan and Ryan, 2000). Exposure to the higher
external pH upon exocytosis relieves this quenching, and reacidi-
fication after endocytosis again quenches the fluorescence.
Changes in fluorescence intensity can thus monitor VGLUT1
exocytosis and endocytosis. We introduced the F510G/V511G
(FV/GG) mutation into the VGLUTI1-pHluorin fusion and
transfected the resulting construct, along with wild-type (WT)
and F510A/V511A (FV/AA), into rat hippocampal neurons.
Upon stimulation of these cells at 30 Hz for 60 s, we found that
the FV/GG mutation impairs the compensatory endocytosis of
VGLUT1 to a greater extent than the FV/AA mutation (Fig. 2A).
After stimulation, endocytosis of the FV/GG mutant (Tyeq,, =
89.4 * 10.0 s) is significantly slower than WT (74.c,, = 36.9 =
4.35;p < 0.001) and FV/AA VGLUT1-pH (Tyecay = 59.8 £ 5.0s;
p < 0.01) (Fig. 2B).

We also used quenching with Tyrode’s solution buffered to
pH 5.5 with MES to assess the cell surface levels of VGLUT1-pH
at steady state, normalizing the results to total synaptic VGLUT1-pH
revealed by alkalinization of the intracellular pool with NH,ClL.
The cell surface fraction of FV/GG VGLUT1-pH (6.0 = 1.0%) is
significantly higher than that of WT (2.2 = 0.4%; p < 0.01) or
FV/AA transporters (3.2 £ 0.7%; p < 0.05) (Fig. 2C, solid bars).
Three minutes after stimulation, the fluorescence of WT
VGLUT1-pH returns to initial levels (WT, 2.3 £ 0.9 s), but a
substantial fraction of the mutant transporters (FV/AA, 8.2 =
1.1%; FV/GG, 18.8 £ 1.4%) remains on the cell surface, quench-
able by Tyrode’s solution at pH 5.5 (Fig. 2C, striped bars).

Since differences in exocytosis or total synaptic expression
of the VGLUT1-pH constructs might have indirect effects on
endocytosis, we also examined these properties. The vacuolar
H "-ATPase inhibitor bafilomycin blocks synaptic vesicle re-
acidification when added to the imaging medium and thus elim-
inates the contribution of endocytosis to the fluorescence signal,
revealing the total amount of transporter that undergoes exocy-
tosis (Sankaranarayanan and Ryan, 2001). Stimulating in the
presence of bafilomycin, we observe no significant difference be-
tween WT and the mutants in the fraction of the total internal
pool of transporter that undergoes exocytosis in response to 30
Hz stimulation (WT, 69.6 * 4.1%; FV/AA, 65.0 = 2.6%; FV/GG,
65.8 * 2.2%; p = 0.55) (Fig. 2D). The size of the internal trans-
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Figure2. Mutation of the C-terminal dileucine-like motif slows, but does not eliminate VGLUT1 endocytosis. A, Time course of changes in fluorescence intensity (AF/F,) in hippocampal neurons

transfected with WT VGLUT1-pH (black), FV/AA VGLUT1-pH (red), or FV/GG VGLUT1-pH (blue). The traces, normalized to peak fluorescence, exhibit increases during stimulation at 30 Hz for T min
(bar) and decreases after stimulation, consistent with exocytosis followed by endocytosis. Endocytosis of FV/GG VGLUT1-pH is less efficient than either WT or FV/AA. B, The mean poststimulus
fluorescence decay, fit to a single exponential, is significantly faster for WT (36.9 == 4.3 5) than FV/AA (59.8 == 5.0's; *p << 0.05) or FV/GG (89.4 = 10.05; **p << 0.001, one-way ANOVA, Tukey's
post-test). C, The fraction of VGLUT1-pH present on the cell surface at steady-state before stimulation (solid bars; stim/recovery —) and 3 min after stimulation (striped bars; stim/recovery +) was
estimated by subtracting the fluorescence upon acid quenching with Tyrode’s solution containing MES, pH 5.5, from the fluorescence at rest, normalized to total fluorescence upon alkalinization with
NH,Cl. The steady-state surface level of the FV/GG mutant (6.0 = 1.0%) is significantly higher than both the FV/AA mutant (3.2 = 0.7%; p << 0.05, one-way ANOVA, Tukey's post-test) and WT
(2.2 = 0.4%; p < 0.01, one-way ANOVA, Tukey's post-test). Fluorescence after recovery from stimulation of both FV/AA (8.2 = 1.1%) and FV/GG (18.8 == 1.4%) mutants are significantly higher
than WT (2.3 == 0.9%; WT vs FV/AA, p << 0.01; WT vs FV/GG, p < 0.001; one-way ANOVA, Tukey's post-test). D, The total amount of transporter released by stimulation at 30 Hz for 1 min was
determined in the presence of bafilomycin. The fraction of the total internal pool released is similar between WT (69.6 == 4.1%), FV/AA (65.0 == 2.6%), and FV/GG (65.8 = 2.2%) VGLUT1-pH (p =
0.55, one-way ANOVA). The total internal pool was determined by subtraction of the initial fluorescence from the total fluorescence, as measured by application of 50 mm NH,(l. E, Total protein
expression of WT(117.7 = 12.7a.u.), FV/AA (98.7 = 7.9a.u.),and FV/GG (92.1 == 12.2a.u.) VGLUT1-pH at boutons are not significantly different ( p = 0.26, one-way ANOVA). Data are the mean =

SEM of at least 20 boutons per coverslip from 5—10 coverslips from at least two independent cultures.

porter pool was determined by subtraction of the initial fluorescence
(representing VGLUT1-pH molecules present on the cell surface
before stimulation) from the total fluorescence, as measured with
application of NH,Cl (Hua et al., 2011). In addition, alkalinization
of the intracellular pool with NH,Cl shows no significant differences
among the three proteins in total synaptic expression (p = 0.26)
(Fig. 2E). These findings demonstrate that glycine mutations disrupt
the endocytic role of the dileucine-like motif of VGLUT1 to a greater
extent than alanine substitutions. However, a significant proportion
of even the FV/GG mutant protein still localizes to synapses, re-
sponds to stimulation, and undergoes compensatory endocyto-
sis, suggesting additional sorting signals.

The N terminus of VGLUT1 contains additional

endocytic motifs

To identify additional endocytic motifs, we truncated either the
cytosolic N or C terminus of VGLUT1 and examined the effects
on behavior of the pHluorin fusions (Fig. 3). We first deleted the
two polyproline domains downstream of the dileucine-like motif
in the C terminus, including the second which interacts with

endophilin (De Gois et al., 2006; Vinatier et al., 2006; Voglmaier
et al., 2006; Weston et al., 2011). Replacement of Pro-530 with a
stop codon in FV/GG VGLUT1-pH (FV/GG APP) fails to elimi-
nate the increase in fluorescence due to stimulation (from 12.4 *+
2.6% at steady state to 43.1 = 3.1% of total pHluorin fluorescence
during stimulation), indicating that the mutant transporter is still
incorporated into synaptic vesicles (Fig. 3, top). Since the acidic
residues (Glu-505 and Glu-506) upstream of the dileucine-like
motif might still bind clathrin adaptor proteins (Owen et al.,
2004), we next deleted nearly the entire VGLUT1-pH C terminus,
replacing Ser-504 immediately upstream of the dileucine-like
motif with a stop codon (AC-term). However, AC-term pro-
duces no substantial change in steady-state surface level over
FV/GG APP and also fails to eliminate the increase of fluores-
cence in response to stimulation (from 10.1 * 1.7% at steady
state to 38.1 == 4.1%).

Deletion of the entire N terminus alone (AN-term) also fails
to eliminate the stimulation-dependent increase in fluorescence,
although the magnitude of the change appears to be smaller
(from 6.8 * 0.8% before stimulation to 37.1 = 1.2% of total



Foss et al. ® Trafficking of VGLUT1 by Dileucine-Like Motifs

pH55 pH7.4 NH4CI

FVIGG
APP

AC-term

AN-term

AN-term &
AC-term

Figure3.

exception of AN-term & AC-term (n = 3 coverslips from one culture). Scale bar, 10 m.

during stimulation) (Fig. 3). In contrast, VGLUT1-pH lacking
both the N and C termini (AN-term & AC-term) resides predom-
inantly on the cell surface, is widely distributed along the pro-
cesses rather than concentrated at synaptic sites, and does not
respond to stimulation (fluorescence increases from 58.4 = 3.8%
at steady state to only 64.1 * 2.5% during stimulation), indicat-
ing that the N terminus of VGLUT1 contains additional endo-
cytic signals.

The heterotetrameric clathrin adaptor proteins (AP-1, AP-2,
AP-3) recognize both tyrosine-based motifs (Yxx¢, where ¢ is a
bulky, hydrophobic residue) and dileucine-like motifs, which
can also contain acidic residues in the -4 position upstream
([DE]xxxL[ILM]) (Bonifacino and Traub, 2003). Inspection of
the N-terminal sequence of VGLUT1 reveals two sequences that
partially fit the consensus for a dileucine-like motif, JEEFRKLA,,
and ,,LL,; (Fig. 4A). Since deletion of the N terminus alone has
only a modest effect on the behavior of VGLUT1-pH, we intro-
duced N-terminal glycine substitutions into AC-term VGLUT1-

Il steady-state

E
75- VGLUT1-pH (EE/GG AC-term) does not

VGLUTT requires either the N or Cterminus to maintain an intracellular localization. Hippocampal neurons transfected
with VGLUT1-pH truncation mutants wereimaged in Tyrode’s solution buffered with MES to pH 5.5 to quench surface fluorescence;
at rest, pH 7.4; after 30 s stimulation at 30 Hz, near the peak of fluorescence (STIM); and upon alkalinization in 50 mm NH,Cl to
measure total fluorescence. Fluorescence at rest (steady state, black bars), normalized to unquenched fluorescence at pH 5.5 and
total fluorescence [(FpH 74— FpH 5.5)/Fioral, InCreases during stimulation (STIM, gray bars) in neurons transfected with a
VGLUT1-pH mutant that deletes the distal C terminus (FV/GG APP; steady state, 12.4 == 2.6%; STIM, 43.1 == 3.1%), the full C
terminus (AC-term; steady state, 10.1 == 1.7%; STIM, 38.1 == 4.1%), or the full N terminus (AN-term; steady state, 6.8 = 0.8%;
STIM, 37.1 = 1.2%). In contrast, VGLUT1-pH lacking both the N and C termini (AN-term & AC-term) is highly expressed on the cell
surface at steady state (58.4 = 3.8%), and fluorescence is not significantly increased by stimulation (64.1 == 2.5%; p = 0.28,
unpaired, two-tailed t test). Data are the mean = SEM of 1018 coverslips from at least four independent cultures with the
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pH. In the first motif, mutation of Glu-6
and Glu-7 to glycine in AC-term

replicate the effect of the AN-term & AC-

50- term double truncation (Fig. 4B). A sub-

stantial fraction of the EE/GG AC-term
mutant is internalized at steady state
(steady-state surface level, 16.6 * 2.7%
total) and a large increase in fluorescence
is observed with stimulation, indicating
exocytosis (to 55.5 = 1.6% total). How-
ever, replacement of Leu-11 and Ala-12
with glycine in addition to the EE/GG mu-
tation and AC-term (EELA/GGGG AC-
term) greatly increases steady-state
surface expression (47.0 * 1.8% total)
(Fig. 4B). Stimulation still produces a
significant, albeit small, increase in flu-
orescence (to 654 =*= 1.9% total;
p < 0.0001).

In the second N-terminal motif, re-
placement of Leu-22 and Leu-23 by gly-
cine in AC-term VGLUTI1-pH (LL/GG
AC-term) increases steady-state surface
expression even further (to 68.5 = 2.5%
total), with no significant fluorescence in-
crease in response to stimulation (73.0 =
1.8%; p = 0.16) (Fig. 4B). Mutation of
both ;;LA;, and ,,LL,; motifs in the
C-terminal truncation (LALL/GGGG
AC-term) increases surface expression to
similar levels (63.5 = 3.0%) with no sig-
nificant fluorescence increase in response
to stimulation (63.1 = 3.3%; p = 0.92).
Thus, mutation of either ;;LA;, or ,,LL,
to glycine in the context of the C-terminal
deletion can mimic the synaptic traffick-
ing defect of the AN-term & AC-term
double truncation mutant, indicating that
two additional dileucine-like signals are
present in the N terminus of VGLUTI.

Interestingly, all three dileucine-like
motifs in VGLUT1 are atypical. The most
common definition for a dileucine mo-
tif is [DE]xxxL[ILM] (Bonifacino and
Traub, 2003). The N-terminal ;EEFRKLA,, and C-terminal
50sEEKCGFV5,, have an acidic residue in the -4 position, but
contain atypical residues (A, F, and V), instead of the standard
hydrophobic residues (L, I, or M). This suggests that a wider
range of amino acid residues may substitute for leucine. These motifs
do fit the requirement that the acidic residues are N-terminal to the
hydrophobic residues, and are at least six residues from the trans-
membrane helix (Geisler et al., 1998). The second N-terminal motif
(5,LL,5) is atypical since it consists of only two leucines without
upstream acidic residues. In addition, the N-terminal location posi-
tions both motifs in the opposite orientation relative to the mem-
brane from more typical C-terminal motifs. However, several other
proteins contain N-terminal dileucine-like motifs including
VAMP4 and the CLN7 lysosomal glycoprotein (Peden et al., 2001;
Steenhuis et al., 2010). In addition, at least one other protein,
mucolipin, contains both N- and C-terminal dileucine-like
motifs that mediate distinct trafficking steps (Vergarajauregui
and Puertollano, 2006).

=b b b
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To determine whether the N-terminal
motifs can mediate endocytosis, we mea-
sured the internalization of chimeras con-
taining VGLUT1 N-terminal (NTD) and
C-terminal domains (CTD) fused to the
short cytoplasmic tail of the interleukin 2
receptor a-subunit, commonly known as
Tac, a resident plasma membrane protein
(Bonifacino et al., 1990; Tan et al., 1998;
Hawryluk et al., 2006; Voglmaier et al.,
2006). Transfected HeLa cells expressing
the Tac chimeras were incubated with an
antibody to the ectodomain of Tac at 4°C
(to inhibit endocytosis), allowed to inter-
nalize at 37°C for 1 h, stained without per-
meabilization using a FITC-conjugated
secondary antibody, and then permeabil-
ized and stained with a second, Cy3-
conjugated secondary antibody (Fig. 5A).
Thus, surface Tac is labeled with FITC,
and total (surface and internalized) Tac is
labeled with Cy3. We compared surface
and total immunostaining of Tac chime-
ras of the VGLUT1 NTD (Fig. 5B) and the
VGLUT1 CTD, and related mutants. Tac
chimeras of the vesicular monoamine
transporter VMAT?2 C terminus, contain-
ing a previously characterized dileucine-
like motif, served as a control (Tan et al.,
1998) (Fig. 5C,D). To quantify the extent
of internalization of the different Tac chi-
meras, we calculated the correlation coef-
ficient (r,,,) of colocalization of surface
(green) and total (red) staining (Fig. 5C).
A larger correlation coefficient corre-
sponds to greater surface localization, in-
dicating less internalization.

Unmodified Tac is labeled by both
FITC- and Cy3-conjugated antibodies,
demonstrating a lack of internalization
from the plasma membrane (r,,
0.87 = 0.01) (Fig. 5C,D). In contrast, fu-
sion of the VMAT2 C terminus to Tac
results in the appearance of intracellular
red puncta, representing internalized
Tac chimeras (Fayg = 0.50 £ 0.02; p <
0.001 relative to Tac). Mutation of the
well-characterized dileucine-like motif
(VMAT2 IL/AA) impairs endocytosis of
VMAT?2, as described previously (r,,, =
0.81 £0.01, p < 0.05 relative to Tac; p <
0.001 relative to VMAT2) (Tan et al.,,
1998). Similar to VMAT?2, addition of
the VGLUT1 CTD facilitates antibody
internalization (CTD, r,

avg

=0.61 £ 0.02; p < 0.001 relative to
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Figure 4.  The N terminus of VGLUT1 contains two dileucine-like motifs. 4, Diagram of VGLUT1-pH highlighting the N and C

termini. Residues, in bold, in two N-terminal dileucine-like motifs were mutated to glycine in the context of the full C-terminal
deletion. B, Point mutations were made in the N terminus of AC-term VGLUT1-pH and constructs transfected into hippocampal
neurons stimulated at 30 Hz for 1 min. Shown are representative fluorescence images of cells in Tyrode’s solution buffered with
MES to pH 5.5 to quench surface fluorescence; at rest, pH 7.4; after 30 s stimulation, near the peak of fluorescence (STIM); and upon
alkalinization in 50 mm NH,Cl to measure total fluorescence. Fluorescence levels, normalized to unquenched fluorescence at pH 5.5
and total fluorescence [(Fy; 7 4 — Fou s.5)/Fiorail, before stimulation (black bars) were compared to fluorescence levels after 30 s of
stimulation (gray bars). Mutation of the acidic residues in the first dileucine-like motif to glycine (EE/GG AC-term) does not
eliminate the increase in fluorescence in response to stimulation (steady state, 16.6 * 2.7%; STIM, 55.5 % 1.6%).
Additional mutation of ;,LA,, (EELA/GG AC-term) increases steady-state fluorescence levels (47.0 = 1.8%), which in-
crease further upon stimulation (STIM, 65.4 = 1.9%). No fluorescence increase upon stimulation is observed with muta-
tion of ,,LL,; (LL/GG AC-term; steady state, 68.5 == 2.5%; STIM, 73.0 = 1.8%) or with mutation of both ,,LL,; and ;,LA,,
(LALL/GGGG AC-term; steady state, 63.5 == 3.0%; STIM, 63.1 = 3.3%). Data are the mean == SEM of 8 —10 coverslips from
two independent cultures. Scale bar, 10 wm.

cytosis, mutation of Glu-6, Glu-7, Leu-11, Ala-12, Leu-22, and

Tac), and mutation of the dileucine-like motif (VGLUT1 CTD
FV/GG) also impairs internalization (CTD FV/GG, r,,, =
0.87 = 0.01; p > 0.05 relative to Tac, p < 0.001 relative to
CTD). The N-terminal domain (VGLUT1 NTD) confers a
significant degree of internalization compared to Tac (r,,, =
0.78 = 0.01; p < 0.001 relative to Tac), but a substantial
fraction of surface labeled protein persists after 1 h. Confirm-

ing the role of the N-terminal dileucine-like motifs in endo-

Leu-23 in the N-terminal chimera (VGLUT1 NTD NT3)
largely eliminates internalization (r,,, = 0.88 = 0.01; p > 0.05
relative to Tac, p < 0.001 relative to NTD) (Fig. 5C,D). Tac
chimeras containing the individual N-terminal domain mu-
tants (VGLUT1 NTD NT1 or NT2) do not significantly differ
from Tac in the extent of internalization (NTD NTI, r,,, =

avg
0.83 = 0.01; NTD NT2, r,,, = 0.86 = 0.01; both p > 0.05
relative to Tac).

avg
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The N-terminal dileucine-like motifs are sufficient to facilitate endocytosis. A, Diagram of staining procedure. HeLa cells transfected with the indicated Tac chimeras were incubated with

mouse (ms) anti-Tac antibody for 30 min at 4°C. After removal of unbound antibody, cells were incubated at 37°Cfor 1 h to allow internalization. Cells were then fixed and incubated for 1 h witha
FITC-conjugated secondary antibody to visualize surface Tac. To measure total Tac, cells were then permeabilized and stained with a Cy3-conjugated secondary antibody. B, Diagram of residues
mutated to disrupt the N-terminal dileucine-like motifs of VGLUTT. To disrupt the first motif, Glu-6, Glu-7, Leu-11, and Ala-12 were replaced with glycine (NT1). Leu-22 and Leu-23 were replaced
to eliminate the second motif (NT2). Mutation of all six residues disrupts both N-terminal motifs (NT3). C, To quantify the extent of internalization of the various Tac chimeras, colocalization of surface
(green) and total (red) staining was measured and is represented as an average correlation coefficient (r,, ) for >60 cells per construct from two independent transfections. Compared to Tacalone,
the C termini of both VMAT2 (r,,, = 0.50 = 0.02; p < 0.001) and VGLUTT (r,,, = 0.61 = 0.02; p < 0.001) are capable of conferring significant internalization onto Tac. In both cases,
internalization is largely eliminated by mutation of the respective dileucine-like motifs [VMAT2 IL/AA, Tvg = 0.81 % 0.01, p < 0.05 relative to Tac (black), p << 0.001 relative to WT VMAT2 (red);
VGLUTT CTD FV/GG, 1, = 0.87 % 0.01,p > 0.05 relative to Tac (black), p << 0.001 relative to VGLUT1 CTD (red)]. The N terminus of VGLUT1 is also sufficient to confer internalization on Tac but to
alesser degree than the VGLUT1 C terminus [VGLUTTNTD, r,,,, = 0.78 = 0.01; p << 0.001 relative to Tac (black)]. Internalization conferred by the VGLUTT NTD s eliminated by mutation of both
dileucine-like motifs [VGLUT1 NT3, r,,, = 0.88 == 0.01; p > 0.05 relative to Tac (black), p << 0.001 relative to VGLUT1 NTD (red)]. Mutation of either motif individually also appears to disrupt

avg
internalization (NT1, r,,, = 0.83 = 0.01; NT2, r,,, = 0.86 = 0.01, both p > 0.05 relative to Tac). Statistical differences relative to Tac are represented above each bar as black symbols, and

avg

differences between WT and corresponding dileucine mutant chimeras are indicated by red symbols and bars. *p << 0.05; ***p << 0.001. ns, Not significant. Data are shown as mean = SEM. All p

values were calculated using one-way ANOVA and Tukey's post-test. D, Representative images of cells quantified in C. Scale bar, 10 m.

N-terminal dileucine-like motifs influence cell surface
expression of VGLUT1-pH independent of effects on
compensatory endocytosis

To assess an independent role for the N-terminal dileucine-like
motifs in VGLUT1 trafficking, we studied the effect of
N-terminal mutations in the context of the intact cytoplasmic C
terminus. Simultaneous replacement of Glu-6, Glu-7, Leu-11,
Ala-12, Leu-22, and Leu-23 with glycine (N'T3) increases the sur-
face fraction of VGLUT1-pH (6.3 = 0.2%) relative to WT (2.1 =
0.3%; p < 0.001) (Fig. 6A). However, mutation of either the first
(NT1) or the second (NT2) dileucine-like motif alone does not
increase steady-state cell surface fraction (NT1, 2.5 = 0.7%; NT2,
2.5+ 0.5%), and the differences in surface fraction do not reflect
differences in protein expression (Fig. 6B).

We then examined the exocytosis of both the N- and
C-terminal mutants, determining the size of the RRP and RP
as a fraction of the total internal pool of VGLUT1-pH. The
internal pool was measured by subtraction of the initial fluo-
rescence from the total fluorescence as revealed in NH,CI
(Huaetal.,2011). To determine the size of the RRP and RP, we
evoked release and trapped VGLUT1-pH in the alkaline, flu-
orescent state by blocking acidification with bafilomycin as
described above (Sankaranarayanan and Ryan, 2001). Elicit-
ing release of vesicles from the RRP with 100 Hz stimulation
for 0.2 s, we observed no significant differences in the fraction
of WT, NT3, or FV/GG VGLUT1-pH that undergoes exocyto-
sis (WT, 5.0 = 0.8%; NT3, 3.6 = 0.3%; FV/GG, 4.8 % 0.8%;
p = 0.24) (Fig. 6C). Similarly, release of the RP with 10 Hz



10654 - J. Neurosci., June 26, 2013 - 33(26):10647-10660

8 < 200
&= 8
586 c 150
c o )

S

H—ﬁ [7)]

[ g

(3] -

£ &

ai )
©
-
0
8

(o}
o

pool size
(% total internal)

%
s
%

o N Z g Z | Z
R LK
Q\,\@ RO
<> QA\O S
D
1.2, 10 Hz
o 1.0
L
S 0.8
O
_&’ 0.61
£ 04 " WT
5 A NT3
c 0.2 l. Y FVIGG
oo
0 20 40 60 80 100 120
time (s)
Figure 6.  Mutation of N-terminal dileucine-like motifs increases cell surface expression. 4, The

surface fraction of NT3 (6.3 == 0.2%) is significantly higher than either WT (2.1 == 0.3%; p << 0.001)
oreither individual N-terminal mutant, NT1 (2.5 = 0.7%; p << 0.01) or NT2 (2.5 = 0.5%; p < 0.01,
one-way ANOVA, Tukey's post-test). B, Total expression level of NT1(167.2 == 17.1a.u,; p > 0.05),
NT2(174.2 £ 14.2a.u.;p > 0.05),and NT3 (116.3 == 7.2 a.u; p > 0.05) are not different than WT
(135.1 = 11.7 a.u.; one-way ANOVA, Tukey's post-test). C, The size of the readily releasable pool, as
measured with a 100 Hz, 200 ms stimulus, is not significantly altered by mutation of either the N- or
(-terminal dileucine-like motifs (WT, 5.0 == 0.8%; NT3, 3.6 = 0.3%; FV/GG, 4.8 = 0.8%; p = 0.24,
one-way ANOVA). Recycling pool size, as measured by a 10 Hz, 90 s stimulus, is also not significantly
different for WT (59.2 == 2.7%), NT3 (51.4 == 2.3%), and FV/GG (52.3 == 3.0%; p = 0.11, one-way
ANOVA). Pool sizes are expressed as a fraction of the total internal pool, determined by subtraction of
the initial fluorescence from total fluorescence. D, The rate of exocytosis in response toa 10 Hz, 120 s
stimulus is not significantly different between WT (black; 7= 37.2 = 3.75), NT3 (green; 7 =
45.7 = 3.85), and FV/GG (blue; 7 = 46.1 = 5.3 5; p = 0.28, one-way ANOVA). Data are the
mean =+ SEM of 831 coverslips from at least three independent cultures with at least 20
synapses averaged per coverslip.

stimulation for 90 s shows no significant differences in RP size
(WT, 59.2 = 2.7%; NT3, 51.4 = 2.3%; FV/GG, 52.3 * 3.0%;
p =0.11) (Fig. 6C). The rate of exocytosis in response to 10 Hz
stimulation also shows no significant differences among the
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three genotypes (WT, 7= 37.2 = 3.7 s; NT3, 1 = 45.7 = 3.8 s;
FV/GG, T = 46.1 = 5.3 5; p = 0.28) (Fig. 6D).

Since the increased steady-state surface expression of the
N-terminal mutant might reflect a defect in compensatory endo-
cytosis, we examined the endocytosis of VGLUT1 after stimula-
tion at a range of frequencies. Disruption of the N-terminal
motifs did not significantly alter the recycling of VGLUT1-pH
with stimulation at 5 Hz for 5 min (Fig. 7A), 10 Hz for 1 min ( B),
30 Hz for 1 min (C), or 80 Hz for 1 min (D), in contrast to the
obvious impairment caused by C-terminal FV/GG and FV/AA
mutations (Fig. 2) (Voglmaier et al., 2006).

Although we did not observe a defect in endocytic rate with
mutation of the N-terminal motifs alone, the N-terminal motifs
presumably mediate the residual endocytosis observed with the
FV/GG mutation. A substantial portion of the FV/GG VGLUT1
mutant that is exocytosed upon stimulation is reinternalized (Fig.
2A,C,D). Consistent with this, the low level of steady-state sur-
face expression of this mutant (~6%) (Fig. 2C) supports inter-
nalization by some other mechanism, and the C terminus cannot
be responsible because AC-term VGLUTI1-pH also remains
largely intracellular and responsive to stimulation (Fig. 3). In
addition, the endocytosis of AC-term VGLUT1-pH is not slower
than the FV/GG mutant, suggesting that the additional internal-
ization signal does not reside in the C terminus (data not shown).
Whereas the N-terminal domains may thus partially compensate
for loss of the C-terminal dileucine-like motif, the C-terminal
dileucine-like motif more fully compensates for loss of the
N-terminal motifs. Thus, the N- and C-terminal motifs may pro-
mote VGLUT1-pH recycling by different mechanisms.

N- and C-terminal dileucine-like motifs are recognized by
different adaptor proteins

To characterize the endocytic mechanisms recruited by the N-
and C-terminal motifs of VGLUT1, we used previously published
shRNA sequences to reduce the levels of the clathrin adaptors
AP-1and AP-2 in hippocampal neurons (Dugast et al., 2005; Kim
and Ryan, 2009; Cheung and Cousin, 2012). Neurons were trans-
fected at the time of plating with WT, FV/GG, or NT3
VGLUT1-pH and infected at DIV7-DIV8 with lentiviruses ex-
pressing constructs containing either AP-2u-specific or two dif-
ferent AP-1vy-specific ShRNA hairpins, along with BFP as a
reporter to assess infection efficiency. Lentivirus expressing the
empty vector was used as a control. As the only isoform of their
subunit in the two adaptors, loss of AP-1yand AP-2u destabilizes
the other subunits and hence inactivates the entire complex
(Kantheti et al., 1998; Meyer et al., 2000; Motley et al., 2003).
Western analysis of infected hippocampal neurons indeed con-
firms a specific reduction in the levels of AP-1, but not AP-2 or
AP-3, after infection with virus expressing either of the two AP-
1-targeted hairpins (Fig. 84). AP-1 knockdown was also con-
firmed by immunostaining randomly selected coverslips after
live cell imaging (data not shown). The AP-2 shRNA construct
(Kim and Ryan, 2009) results in a similar reduction in AP-2, but
not of AP-1 or AP-3 (data not shown).

At DIV14-DIV17, the neurons were stimulated at 30 Hz for 1
min and the fluorescence monitored. Depletion of AP-2 slows the
rate of poststimulus endocytosis of WT VGLUT1-pH (Tyecay =
67.1 £ 8.5 s) relative to the vector control (Tgec,y = 39.5 £ 4.2s;
p < 0.05) (Fig. 8B), consistent with previous work using the
same shRNA sequence (Kim and Ryan, 2009). However, NT3
VGLUT1-pH shows even more sensitivity to AP-2 knockdown
with Tgee.y = 138.2 * 19.4 s relative to Tye,y, = 51.7 + 5.2 s for
the control (p < 0.001) (Fig. 8C). Since the endocytosis of
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cells depleted of AP-1 (vector, 68.3 *=
2.1%; AP-1A, 52.4 = 3.1%; p < 0.0006)
(Fig. 8F). Together, the results show that
AP-2 acts via the C-terminal dileucine-
like signal to promote endocytosis of
VGLUT1, whereas AP-1 acts via the
N-terminal motifs to influence the pro-
portion of VGLUTT1 in the recycling pool.
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VGLUT1 and VGLUT?2 differ in

their trafficking

Several lines of evidence have converged
to suggest differences in the trafficking of
VGLUT1 and VGLUT?2. Despite the loss
of VGLUT1 in knock-out mice, glutamate
release persists at hippocampal synapses
expressing VGLUT2, but the properties of
release differ (Fremeau et al., 2004b; Wo-
jcik et al., 2004). Reflecting the activity of
VGLUT?2, the knock-out synapses exhibit
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Figure 7.

dent cultures with at least 20 synapses analyzed per coverslip.

NT3 VGLUTI1-pH presumably depends on the C-terminal
dileucine-like motif, this suggests that the C-terminal signal
depends more strongly on AP-2 than the N-terminal signals.
Consistent with this, the poststimulus endocytosis of FV/GG
VGLUT1-pH, which depends primarily on the N-terminal
dileucine-like motifs, was not influenced by AP-2 knockdown
(Fig. 8D). AP-2 thus appears more important for VGLUT1
endocytosis mediated by the C-terminal dileucine-like motif,
suggesting recognition of the N-terminal motifs primarily by
other adaptors. Indeed, the closely related adaptor AP-1 plays
arole in synaptic vesicle recycling (Glyvuk et al., 2010; Cheung
and Cousin, 2012).

AP-1 knockdown has different effects on the behavior of
VGLUT1-pH. Relative to vector control, knockdown of AP-1y
does not significantly alter the poststimulus endocytic rate of
WT, NT3, or FV/GG VGLUT1-pH (Fig. 8B-D). However, the
peak level of FV/GG VGLUT1-pH fluorescence during stimula-
tion is lower with AP-1 knockdown relative to vector control (Fig.
8D). This effect is specific for FV/GG VGLUT1-pH since AP-1
knockdown has no significant effect on the response to stimula-
tion of either WT or NT3 (Fig. 8 B, C). Experiments using a sec-
ond shRNA targeting AP-1y (AP-1B shRNA) confirm the
reduced peak response of FV/GG VGLUT1-pH to stimulation,
arguing against an off-target effect (Fig. 8D). Quantification of
the peak fluorescence as a fraction of the total internal pool of
transporters confirms the decrease in response to stimulation
(vector, 65.2 * 1.8%; AP-1A, 55.0 = 1.6%; AP-1B, 52.7 = 4.8%;
p < 0.05 for both comparisons to control) (Fig. 8E). To deter-
mine whether the decreased peak fluorescence represents a
decrease in exocytosis or an increase in endocytosis during stim-
ulation, we stimulated cells in the presence of the H*-ATPase
inhibitor bafilomycin. The fraction of VGLUT1-pH that re-
sponds to stimulation at 30 Hz for 1 min is significantly smaller in

100
time (s)

Mutation of the N-terminal dileucine-like motifs does not significantly impair endocytosis. A-D, Time course of
fluorescence changes in neurons transfected with WT VGLUT1-pH (black) or NT3 VGLUT1-pH (gray) with 5 Hz for 5 min (), 10 Hz
for 1min (B), 30 Hz for T min (C), or 80 Hz for 1 min (D) stimulation (black bars). Each trace was normalized to the size of the total
pool of VGLUT1-pH as determined by application of modified Tyrode’s solution containing 50 mm NH,Cl. No differences are
observed with the NT3 mutation relative to WT. All data are the mean = SEM of n = 5-20 coverslips from at least two indepen-

150 200 250 increased short-term depression in re-
sponse to high-frequency stimulation
compared to the predominantly VGLUT1 *
synapses of WT, consistent with a higher
release probability at VGLUT2" than
VGLUT1™ synapses. The recent evidence
that VGLUT1 and VGLUT?2 can control re-
lease probability further supports differ-
ences in their trafficking (Weston et al.,
2011). To determine whether VGLUT1 and
VGLUT?2 do in fact recycle differently, we inserted ecliptic pHluorin
into the large luminal loop of VGLUT?2 in a position similar to the
insertion site in VGLUT1 (Voglmaier et al., 2006). We then com-
pared the response of WT VGLUT1-pH and VGLUT2-pH to stim-
ulation in transfected hippocampal neurons at 40 Hz for 1 min.
Initial examination reveals that the kinetics of VGLUT2 recycling
appear different (Fig. 9A). Quantification confirms that the decline
in fluorescence from peak levels by the end of stimulation is smaller
for VGLUT2 (VGLUTI, 55.8 = 3.2%; VGLUT?2, 38.2 = 2.6% of
peak fluorescence; p < 0.0006). The rate of poststimulus endocytosis
also appears slower for VGLUT2 (VGLUT1, 7y, = 31.2 £ 1.9 5;
VGLUT2, Tyeeay = 41.9 = 5.9 5 p = 0.12) (Fig. 9A). Thus, VGLUT1
and VGLUT?2 exhibit differences in recycling.

The N- and C-terminal sequences of VGLUT1 and VGLUT2
diverge considerably, but VGLUT2 contains the C-terminal
dileucine-like motif (5,,SEEKCGFI;,,) conserved in the other
VGLUTs. However, the N-terminal dileucine-like motifs of
VGLUT1 do not appear to be well conserved in VGLUT2
or VGLUT3. To assess the importance of the C-terminal
dileucine-like signal in VGLUT?2, we replaced Phe-518 and Ile-
519 with glycine (FI/GG) and introduced these mutations into
VGLUT2-pH, analogous to the FV/GG mutation in VGLUT1.
Transfected into neurons, like WT VGLUT1-pH, the fluores-
cence of WT VGLUT2-pH is barely detectable at rest, but NH,Cl
reveals considerable fluorescence, indicating expression of the
protein in an acidic, intracellular compartment (Fig. 9B). In con-
trast, FI/GG VGLUT2 exhibits substantial steady-state fluores-
cence at pH 7.4 that is quenchable at pH 5.5, indicating
mislocalization of the mutant to the plasma membrane. Quanti-
fication confirms that the FI/GG mutation increases steady-state
surface levels of VGLUT2-pH >10-fold (WT, 2.4 £ 0.3%; FI/GG,
29.7 * 1.8%; p < 0.0001), compared to a less than threefold
increase observed with the FV/GG mutation in VGLUT1 (Figs.
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Figure8. N-and C-terminal dileucine-like motifs use different clathrin adaptor proteins. A, Western blotting of cell lysates from primary hippocampal neurons infected with lentiviral
particles containing shRNA constructs demonstrates that only AP-1 levels are reduced by the AP-1A and AP-1B hairpins. The graph shows quantification of AP protein levels normalized
to tubulin controls. Data are presented as percentages of vector controls. B, Time course of fluorescence changes in neurons transfected with WT VGLUT1-pH and infected with viral
particles expressing empty vector (black), AP-1A shRNA (red), or AP-2 shRNA (blue), during and after stimulation at 30 Hz for 1 min (bar). Each trace was normalized to the size of the total
pool of VGLUT1-pH, determined by NH,Cl application. Knockdown of AP-2 (blue), but not AP-1 (red), significantly slows poststimulus endocytosis of WT VGLUT1-pH (vector control,
Thecay = 395 = 425, AP-TA, Tyory = 52.6 & 6.65; AP-2, Ty, = 67.1 = 8.5'5; compared to vector control, AP-2, p < 0.05; AP-1A, p > 0.05; one-way ANOVA, Tukey's post-test).
€, Depletion of AP-2, but not AP-1, also significantly slows poststimulus endocytosis of NT3 VGLUT1-pH [vector control (black), Ty, = 51.7 = 5.25; AP-TA (red), T4,y = 64.9 = 8.85;
AP-2 (blue), Tyecsy = 138.2 £ 19.4s; compared to vector control, AP-2, p < 0.001; AP-1A, p > 0.05; one-way ANOVA, Tukey's post-test]. D, The rate of poststimulus endocytosis of
FV/GG VGLUT1-pH was not altered by knockdown of either AP-T or AP-2 [vector control (black), Tyec,y = 94.4 = 10.0'5; AP-1A (red), T4, ,, = 138.9 = 18.55; AP-1B (green), Tyec,, =
137.9 £ 38.5 5; AP-2 (blue), Tyec,y = 103.4 = 14.4'5; p > 0.05 for all comparisons; one-way ANOVA, Tukey's post-test]. £, Knockdown of AP-1, but not AP-2, lowers the peak
fluorescence of FV/GG VGLUT1-pH during stimulation, normalized to the total internal pool [vector control (black), 65.2 = 1.8%; AP-1A (red), 55.0 = 1.6%; AP-1B (green), 52.7 = 4.8%;
AP-2 (blue), 69.2 = 1.7%; compared to vector control, AP-1A, *p << 0.05; AP-1B, *p << 0.05; AP-2, p > 0.05; one-way ANOVA, Tukey’s post-test]. F, Stimulation in the presence of the
H *-ATPase inhibitor, bafilomycin, reveals that AP-1 knockdown significantly decreases the fraction of the total internal pool of FV/GG VGLUT1-pH released with a 30 Hz 1 min stimulus

[vector control (black), 68.3 = 2.1%; AP-1A (red), 52.4 = 3.1%; ***p = 0.0006; unpaired, two-tailed t test]. Data are shown as the mean = SEM. For B—F, n = 5-20 coverslips from
at least two independent cultures with at least 20 synapses analyzed per coverslip.
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Figure 9. VGLUTT and VGLUT2 differ in their trafficking. A, Time course of fluorescence
changes in neurons transfected with either WT VGLUT1-pH (black) or VGLUT2-pH (gray) to a 40
Hz, 1 min stimulation (bar). Traces were normalized to peak fluorescence during stimulation.
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2C,9C). Thus, while VGLUT2 depends almost exclusively on the
C-terminal dileucine-like signal for endocytosis and synaptic tar-
geting, VGLUTT1 also relies on its N-terminal trafficking motifs.

Discussion

Despite the strong conservation of a C-terminal dileucine-like
motif in all three VGLUTSs, mutation of this motif in VGLUT1
fails to eliminate synaptic targeting and compensatory endocyto-
sis. Indeed, deletion of the entire C terminus does not abolish
synaptic targeting and response to stimulation, although we
demonstrated previously that this region is sufficient to confer
internalization to a plasma membrane protein (Voglmaier et al.,
2006). We now find that the large cytosolic N terminus of
VGLUT1 contains two additional, previously unidentified
dileucine-like motifs. The N terminus of VGLUT1 can alone me-
diate internalization of the plasma membrane protein Tac, and
this depends on key residues in the atypical dileucine-like motifs.
Examining these motifs in the context of the full VGLUT1 se-
quence, we found that mutation of both N-terminal motifs
(NT3) fails to influence the recycling kinetics of VGLUT1-pH
over a range of stimulation frequencies (5-80 Hz), including the
sustained high-frequency stimulation associated with activity-
dependent bulk endocytosis (Clayton et al., 2008). The NT3 mu-
tation also fails to alter the rate of VGLUT1 exocytosis in response
to 10 Hz stimulation. In addition, loss of either the N- or
C-terminal motif does not influence the size of the readily releas-
able and recycling synaptic vesicle pools of VGLUT1. However,
deletion of these motifs in both termini essentially eliminates
synaptic targeting of VGLUT1 and its response to stimulation.
Thus, the minimal effect of N-terminal mutations on VGLUT1
endocytosis likely reflects redundancy with the C-terminal
dileucine-like signal.

Despite the absence of a detectable effect on compensatory
endocytosis, mutation of the N-terminal motifs triples the
amount of transporter present on the cell surface at rest. This
effect requires mutation of both N-terminal motifs, suggesting
redundancy. Although mutation of the C-terminal motif pro-
duces a substantial defect in poststimulus compensatory endocy-
tosis, it increases steady-state surface expression of VGLUT1 to
the same extent. Thus, different mechanisms may regulate
steady-state surface expression and compensatory endocytosis.
The results demonstrate that despite their differences in compen-
satory endocytosis, either the two N-terminal motifs or the

<«

The extent of fluorescence decay from peak fluorescence [A(AF/F,)] during stimulation is
greater for VGLUT1 than VGLUT2 (VGLUTT, 55.8 = 3.2% of peak f; VGLUT2, 38.2 = 2.6% of
peak F; ***p << 0.0006; unpaired, two-tailed ¢ test; bottom left inset). The rate of VGLUT2
poststimulus endocytosis is not significantly slower than that for VGLUTT (VGLUT1, Ty, =
31.2 £ 1.9 5, VOLUT2, Tyeq,, = 41.9 = 5.95;p = 0.12; unpaired, two-tailed ¢ test; bottom
rightinset). For all graphs, n = 8 -9 coverslips from four independent cultures with at least 20
synapses analyzed per coverslip. B, Hippocampal neurons transfected with WT VGLUT2-pH,
FI/GG VGLUT2-pH, or FV/GG VGLUT1-pH were imaged in Tyrode’s solution buffered with MES to
pH 5.5 to quench surface fluorescence, at rest (pH 7.4), and upon alkalinization in NH,Cl to
measure total fluorescence. Significant fluorescence is observed with FI/GG VGLUT2-pH at rest
(pH 7.4) that is quenched by pH 5.5 Tyrode’s solution, indicating that a large amount of the
transporter is present on the cell surface at rest. C, At rest, the cell surface expression of WT
VGLUT1-pH (2.2 == 0.4% of total protein) and WT VGLUT2-pH (2.4 = 0.3% of total protein) are
similar (p = 0.65; unpaired, two-tailed t test). In contrast, considerably more FI/GG VGLUT2-pH
is on the cell surface at rest than FV/GG VGLUT1-pH (FV/GG, 6.0 == 1.0%; FI/GG, 29.7 = 1.8%;
p << 0.0001, unpaired, two-tailed ¢ test). n = 5—15 coverslips from at least four independent
cultures with at least 20 synapses analyzed per coverslip. Data for WT and FV/GG VGLUT1-pHare
from Figure 2C. Data are shown as mean = SEM. Scale bar, 10 um.



10658 - J. Neurosci., June 26, 2013 - 33(26):10647—-10660

C-terminal motif suffice for VGLUT1’s trafficking to synapses
and incorporation into synaptic vesicles.

Isolating the N and C termini through mutation of key resi-
dues in either VGLUT1 region, combined with shRNA-mediated
knockdown of AP-1 and AP-2, uncovered two distinct mecha-
nisms mediated by the N- and C-terminal dileucine-like motifs.
In the absence of a functional N-terminal motif (NT3 VGLUT1-
pH), AP-2 depletion has a much stronger effect on endocytosis
than it does with the WT transporter. Since NT3 VGLUT1-pH
relies on the C-terminal motif for endocytosis, this motif must
depend primarily on AP-2, consistent with the role of AP-2 and
this motif in compensatory endocytosis (Dittman and Ryan,
2009; Kim and Ryan, 2009; Royle and Lagnado, 2010). In con-
trast, AP-2 depletion has no additional effect on FV/GG VGLUT1
endocytosis. Since FV/GG depends on the N-terminal motifs for
internalization, these motifs do not use AP-2 or can use alterna-
tive adaptors such as AP-1 or AP-3. AP-2 binds PIP2, helping to
localize the adaptor at the plasma membrane, where it retrieves
synaptic vesicle components. Although the role of AP-1 is best
established in protein trafficking at the trans-Golgi network
(TGN) and endosomes, it also localizes to the nerve terminal
(Glyvuk et al., 2010), where it associates with synaptic vesicles
(Takamori et al., 2006) and contributes to their recycling through
endosomal intermediates. Knock-out of a brain-enriched iso-
form of the small AP-1 subunit (AP-0'1B) or knockdown of AP-1
impairs synaptic vesicle reformation from the large membrane
structures that appear with strong stimulation (Glyvuk et al.,
2010; Cheung and Cousin, 2012). Arfl, which helps to localize
AP-1 at membranes (Traub et al., 1993), is also required for syn-
aptic vesicle reformation from endosomes (Fatndez et al., 1997).
VGLUT1 may localize to these structures by direct fusion of a
plasma membrane derived vesicle (Heuser and Reese, 1973;
Wucherpfennig et al., 2003; Sudhof, 2004; Rizzoli et al., 2006;
Hoopmann etal., 2010) or by activity-dependent bulk endocyto-
sis (Cousin, 2009). AP-1 may also generate VGLUT1 containing
vesicles directly from the plasma membrane. Although Arfl lo-
calizes primarily to TGN and endosomal membranes, it also oc-
curs on the presynaptic plasma membrane (Morciano et al., 2005;
Morciano et al., 2009) and has been reported to promote
dynamin-independent endocytosis in nonneuronal cells (Ku-
mari and Mayor, 2008). Alternatively, VGLUT1 may engage an
AP-independent mechanism for internalization of the trans-
porter. Previous work has indeed shown that impairment of en-
docytosis with AP-2 depletion can be partially rescued by
pharmacological inhibition of AP-1 and/or AP-3 (Polo-Parada et
al.,, 2001; Voglmaier et al., 2006; Kim and Ryan, 2009).

In contrast to AP-2, depletion of AP-1 has no effect on post-
stimulus endocytosis of WT or NT3 VGLUTI1-pH. The
C-terminal dileucine motif thus does not seem to interact func-
tionally with AP-1. Interestingly, AP-1 knockdown reduces the
peak fluorescence reached during stimulation of FV/GG
VGLUT1-pH. Moreover, stimulation in the presence of the H -
ATPase inhibitor bafilomycin indicates a reduction in recycling
pool size. Thus, the N-terminal motifs target VGLUTI to the
recycling pool in an AP-1-dependent manner. Differences in the
endocytic pathway traveled by synaptic proteins such as VGLUT1
could translate into changes in release probability and synaptic
plasticity in several ways. First, recycling kinetics may simply de-
termine how quickly vesicles can be reused (Fernandez-Alfonso
and Ryan, 2004; Sudhof, 2004; Ertunc et al., 2007). Synaptic ves-
icle reformation directly from the plasma membrane via AP-2
may occur more rapidly than reformation by AP-1 from endosome-
like compartments. Second, different APs may clear plasma mem-
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brane release sites with different efficiencies, therefore affecting
exocytosis (Hosoi et al., 2009; Neher, 2010). Third, different path-
ways could direct vesicles to different functional pools with differing
probabilities of release, which may or may not be present in different
locations (Rizzoli and Betz, 2004, 2005; Vanden Berghe and Klin-
gauf, 2006). Finally, independent sorting of vesicle components by
APs could produce vesicles with varying protein compositions that
underlie their different functional properties (Bonanomi et al., 20065
Voglmaier and Edwards, 2007).

In contrast to the conserved C-terminal dileucine-like signal,
the N-terminal motifs do not appear to be well conserved in
VGLUT2 or VGLUTS3. Interestingly, analogous mutation of the
C-terminal motif has a much larger effect on VGLUT2 than
VGLUT1: replacement by glycine in VGLUT1 (FV/GG mutant)
increases the steady-state cell surface fraction of the transporter
threefold, but the FI/GG mutation increases surface expression of
VGLUT2 by 10-fold. VGLUT1 thus relies on multiple trafficking
signals, and VGLUT2 appears largely dependent on only one,
predicting differences in the recycling of these proteins at the
nerve terminal. Indeed, analysis of pHluorin fusions shows that
the two proteins differ in response to stimulation. During stim-
ulation, when endocytosis begins to reduce the peak fluorescence
achieved by exocytosis, VGLUT1-pH shows a more rapid fluo-
rescence decline than VGLUT2-pH, suggesting less efficient re-
trieval of VGLUT2 than VGLUT1. Presumably, the additional
N-terminal dileucine motifs in VGLUT1 contribute to these ob-
served differences.

The question remains as to how the observed differences in
VGLUT1 and VGLUT?2 trafficking influence transmitter release.
Isoform expression correlates with the probability of release, and
adirect comparison of VGLUT1 " and VGLUT2 * synapses using
knock-out mice has shown differences in short-term plasticity
(Fremeau et al., 2004b). More recently, heterologous expression
in VGLUT-lacking neurons has demonstrated that the two iso-
forms can themselves influence the probability of transmitter
release, suggesting a direct effect on vesicle release properties
rather than simply a correlation (Weston et al., 2011). However,
VGLUT1 and VGLUT?2 exhibit similar transport activity, sug-
gesting that another mechanism must account for the differences
in release (Fremeau et al., 2001; Takamori, 2006).

We hypothesize that the role of the VGLUT isoform in gluta-
mate release reflects their targeting to synaptic vesicles with dif-
ferent properties. Previously, we showed that VGLUT1 interacts
with the endocytic protein endophilin via a polyproline domain
not found in VGLUT?2 or VGLUT3 (De Gois et al., 2006; Vinatier
et al., 2006; Voglmaier et al., 2006). A mutation disrupting this
interaction converts the properties of release from a VGLUT1 *
to VGLUT2 ™ synapse (Weston et al., 2011). However, the effect
of the polyproline interaction with endophilin depends on the
C-terminal dileucine-like motif (Voglmaier et al., 2006). In par-
ticular, the interaction with endophilin directs VGLUT1 toward
an endocytic pathway dependent on this motif, and away from
one involving AP-1 or AP-3 (Voglmaier et al., 2006). Since we
now find that the C-terminal dileucine-like motif depends on
AP-2 and the N-terminal motifs on AP-1, the interaction with
endophilin appears to influence the endocytic pathway used,
which may correspond to recycling directly from the plasma
membrane versus through an endosomal or cisternal intermedi-
ate. Multiple dileucine-like motifs thus endow VGLUT1 with the
capacity for faster recycling and the potential for multiple recy-
cling pathways that may in turn contribute to plasticity. In
contrast, VGLUT2 appears to primarily rely upon a single
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dileucine-like motif, perhaps accounting for its slower recycling
and expression at synapses with lower potential for plasticity.
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