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Figure 1. Possible roles of clathrin and adaptor protein complex 2 (AP-2) in synaptic vesicle (SV) endocytosis

and SV cargo retrieval. (A) A model predicting that SV retrieval following neurotransmitter release is mediated

by clathrin-mediated endocytosis (CME) where AP-2 functions as bridge between SV cargos and clathrin to form
clathrin-coated pits (CCPs) at plasma membrane. In this scenario, inactivation of both clathrin and AP-2 would
slow either SV endocytosis as well as SV cargo retrieval. (B) A model predicting that SV endocytosis occurs in a
clathrin-independent manner (CIE), and neither clathrin nor AP-2 mediate SV endocytosis and SV cargo retrieval at
plasma membrane. If this were the case, inactivation of both clathrin and AP-2 would not change the kinetics rate
of SV endocytosis and SV cargo retrieval. (C) A model predicting that dedicated adaptors such as AP-2 function as
sorting protein for SV cargo even during CIE. If this were the case, inactivation of clathrin and AP-2 would produce
distinct phenotypes between SV endocytosis and SV cargo retrieval.
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Figure 2. Synaptic vesicle (SV) endocytosis in hippocampal neurons occurs independent of clathrin at physiological temperature. (A) Representative
images of primary neurons transduced with shCTRL or shCHC and allowed to internalize AlexaFluor®”-labeled transferrin (Tf647) for 20 min at 37°C.
The scale bar represents 20 pm. (B) Quantification of data shown in (A). Values for shCTRL were set to 1. The data represent mean =+ standard error of
the mean (SEM) from n = 6 independent experiments. ****p = 0.0001, two-sided one-sample t-test. (C-N) Average normalized SEP fluorescence traces

Figure 2 continued on next page
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Figure 2 continued

of neurons transduced with lentivirus expressing nonspecific shRNA (shCTRL) or shRNA-targeting CHC (shCHC) and cotransfected with SEP probes
tagged to the luminal portion of Syt1 (C), SV2A (E), VGLUT1 (G), VGAT (1), Syp (K), and Syb2 (M) subjected to electrical stimulation of 40 Hz (200 APs) at
physiological temperature. Endocytic decay time constant (1) of transfected and lentivirally transduced neurons coexpressing, respectively, (D) Syt1-SEP
and shCTRL (15.22 + 1.30 s) or shCHC (14.87 + 1.87 s); (F) SV2A-SEP and shCTRL (20.00 + 3.53 s) or shCHC (23.06 + 3.31 s); (H) VGLUT1-SEP and shCTRL
(17.67 + 2.05 s) or shCHC (20.79 + 4.07 s); (J) VGAT-SEP and shCTRL (15.82 + 2.04 s) or shCHC (14.38 + 1.14 s); (L) Syp-SEP and shCTRL (18.65 + 2.03 s)
or shCHC (21.27 = 3.10 s); and (N) Syb2-SEP and shCTRL (50.63 + 7.49 s) or shCHC (42.32 + 8.03 s). Data shown represent the mean + SEM for Syt1
(Nerre = 19 images, Ngcne = 13 images; p = 0.875), for SV2A (ng.crr. = 14 images, ngcne = 17 images; p = 0.533), for VGLUT1 (ng.cre. = 7 images, Necuc = 7
images; p = 0.506), for VGAT (ng.cre. = 13 images, ngcuc = 14 images; p = 0.534), for Syp (ng.crre = 8 images, ng.cuc = 8 images; p = 0.490), and for Syb2
(Nencrre = 17 images, Ngcne = 15 images; p = 0.455). Two-sided unpaired t-test. (O, P) Endocytosis of VGAT upon acute inactivation of clathrin by Pitstop2
proceeds unaffected at physiological temperature. (O) Average normalized traces of neurons transfected with VGAT-SEP and treated either with DMSO
(CTRL) or Pitstop2 in response to 200 APs applied at 40 Hz. (P) Endocytic decay time constant (1) of neurons expressing VGAT-SEP (Tcrg = 14.03 = 1.16
S, Tpisopz = 18.11 £ 2.32 5). Data shown represent the mean + SEM with n = 18 images and n = 13 images for CTRL and Pitstop2, respectively. p = 0.0976.
Two-sided unpaired t-test. Raw data can be found in Figure 2—source data 1.
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Figure 2—figure supplement 1. Temperature-sensitive, clathrin-independent synaptic vesicle (SV) endocytosis at
hippocampal synapses. (A-D) shRNA-targeting clathrin heavy chain (CHC) efficiently depletes CHC in hippocampal
neurons. (A) Representative images of neurons transduced with lentivirus expressing either nonspecific shRNA
(shCTRL) or shRNA-targeting CHC (shCHC) immunostained for CHC (magenta) and the presynaptic marker

Figure 2—figure supplement 1 continued on next page
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Figure 2—figure supplement 1 continued

Synaptophysin (Syp) (green). The scale bar represents 10 pm. (B) Quantification of CHC fluorescence intensity
relative to Syp fluorescence. Values for shCTRL were set to 1. Data represent mean =+ standard error of the mean
(SEM) of n = 4 images for shCTRL and n = 4 images for shCHC. Two-sided unpaired t-test, ****p < 0.0001. (C)
Representative immunoblot of lysates from neurons transduced with lentivirus expressing nonspecific control
shRNA (shCTRL) or shRNA-targeting clathrin heavy chain (shCHC). Samples were probed with antibodies against
CHC and B-actin as a loading control. (D) Quantification of clathrin (CHC) levels. Protein expression was normalized
to that of B-actin. Values for shCTRL were set to 1. Data represent mean + SEM of n = 4 independent experiments.
***p = 0.0007. Two-sided one-sample t-test. (E, F) Clathrin inactivation inhibits clathrin-mediated endocytosis
(CME) of transferrin. (E) Representative images of primary neurons treated either with DMSO (CTRL) or the clathrin
inhibitor Pitstop2 and allowed to internalize Tf647 for 20 min at 37°C. Scale bar, 20 pm. (F) Quantification of data
shown in (E). Values for CTRL were set to 1. The data represent mean + SEM from n = 4 independent experiments.
***p = 0.004, two-sided one-sample t-test. (G-J) Membrane retrieval induced by low-frequency stimulation at
room temperature (RT) is sensitive to clathrin loss. Average normalized traces of neurons transduced with lentivirus
expressing shCTRL or shCHC and cotransfected with either Syp-SEP (G) or VGLUT1-SEP (I) upon stimulation of
200 APs at 5 Hz at RT, a condition known to favor CME. Quantification of endocytic decay time constant (1) in
neurons coexpressing Syp-SEP (H) and shCTRL (18.50 + 3.34 s) or shCHC (40.69 + 4.61 s); and VGLUT1-SEP (J) and
shCTRL (25.06 + 4.18 s) or shCHC (48.45 + 2.31 s). Data represent the mean = SEM for Syp-SEP (ng.crr. = 4 images,
Nence = 4 images; **p = 0.009) and for VGLUT1-SEP (ng.crr. = 5 images, Nacne = 4 images; **p = 0.003). Two-sided
unpaired t-test. Raw data can be found in Figure 2—figure supplement 1—source data 1 and Figure 2—figure
supplement 1—source data 2.
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Figure 3. Clathrin-independent endocytic retrieval of select synaptic vesicle (SV) cargos by the clathrin adaptor adaptor protein complex 2 (AP-2) at
physiological temperature. (A-D) Poststimulus retrieval of Syt1 and SV2A in the absence of AP-2 persists unaffected in response to 200 APs applied
at 40 Hz. Average normalized traces of WT and AP-2u KO derived neurons cotransfected with Syt1-SEP (A) or SV2A-SEP (C) and mRFP or rescued by
reexpression of untagged AP-2u subunit together with soluble mRFP (AP-2p) to identify transfected neurons in response to 200 APs applied at 40 Hz.

Figure 3 continued on next page
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Figure 3 continued

Quantification of the endocytic decay time constant () of neurons expressing Syt1-SEP (B) (Tyr = 17.17 = 1.35's, Tap ko0 = 21.53 + 3.43's, Tapsukorap 2y =
21.51 + 3.91 s) or SV2A-SEP (D) (twr = 18.33 £ 0.99 s, Tapsko = 20.45 £ 1.56's, Tap.y, kosapzy = 18.04 = 1.16 s). Data shown represent the mean + standard
error of the mean (SEM): Syt1 (nyr = 7 images, Napouko = 7 IMages, Napaykosarzy = 4 iMages; Purvs ap2y ko) = 0-4994; Diap.2 k0 vs ap-2u k01aP24) > 0.9999); SV2A
(nwr = 44 images, Napuko = 23 IMages, Napay korap2y = 37 IMAgES; P vs ap-2u ko) = 0.4665; Piap.ay ko vs ap-2u kosap2y = 0.3943). One-way analysis of variance
(ANOVA) with Tukey's post-test. (E-L) Loss of AP-2 significantly delay the endocytic retrieval of other major SV proteins. Average normalized traces of
WT and AP-2u KO neurons cotransfected with VGLUT1-SEP (E), VGAT-SEP (G), Syp-SEP (I), Syb2-SEP (K), and mRFP or AP-2y to rescue AP-2u expression
stimulated with 200 APs at 40 Hz. Endocytic decay time constants (1) were calculated from WT, AP-2u KO neurons, and AP-2u KO neurons rescued

by reexpression of AP-2u expressing VGLUT1-SEP (F) (twr = 13.52 + 0.90's, Tap,ko = 30.33 £ 2.01's, Tapokosarzy = 16.38 = 1.00 s), VGAT-SEP (H) (Tyr =
16.76 £ 0.87 s, Tapouko = 40.56 + 9.21's, Tapoykosapay = 21.77 £ 2.15's), Syp-SEP (J) (Twr = 13.05 £ 0.74 s, Tapauko = 23.76 £ 1.72's, Tapoukowapoy = 14.89 £
1.04 s), VGAT-SEP (D) (tyyr = 18.33 £ 0.99 s, Tapsuko = 20.45 + 1.56's, Tapsukorarzy = 18.04 £ 1.16's), and Syb2-SEP (L) (Tyr = 20.27 + 1.48 s, Tapy, o = 46.34
* 9.43's, Tapokoiaray = 22.46 = 1.21 5). Data shown represent the mean + SEM: VGLUT1 (nyr = 37 images, Nap.auko = 24 images, Napa, korapay = 23 images;
FFEFOWT v AP2p ko) < 0.0001; ****p(AP—Zp KO vs AP-2 KO+AP-2y) < 0.0001); VGAT (nyr = 34 images, Nap2u k0 = 11 images, Nap-2 kO+AP-2p = 32 images; ****pur s AP2uK0) <
0.0001; ***p(AP—Zp KO vs AP-2u KO+AP-2) = 0.0008); Syp (nwr =33 images, Nap.auko = 29 images, NaP-2u KO+AP-2u = 37 images; ****pur s AP2u ko) < 0.0001; ****p(AP,zu KO

vs AP-2y KO+AP-2y) < 0.0007); Syb2 (nwr=15 images, Nap.auko = 20 images, Nap-2p kO+AP-2u = 26 images; **pPyr s AP-2uKO) = 0.0083; **p(APQp KO vs AP-2u KO+AP-2) = 0.0052).
One-way ANOVA with Tukey's post-test. (M-P) Delayed poststimulus retrieval of major SV proteins in the absence of AP-2 is not caused by defects

in re-acidification of endocytosed vesicles. Representative normalized traces of WT and AP-2u KO neurons expressing VGLUT1-SEP (M) or SV2A-SEP
(O) stimulated with 200 APs applied at 40 Hz and subjected to low pH imaging buffer before and after train stimulation. Fluorescence quenching by
application of acidic buffer poststimulus (AF,) vs prestimulus (AF;) of VGLUT1-SEP (N) (nyr = 10 images, napauxo = 6 images) or SV2A-SEP (P) (nyr = 8
images, Napsuko = 13 images) is taken as a measure to probe the SEP surface pool in WT and AP-2u KO hippocampal neurons. Values for WT were set
to 1. Data shown represent the mean = SEM. VGLUT1: WT = 1.0 = 0.1; AP-2u KO = 1.8 £ 0.2. p = 0.0009. SV2: WT = 1.0 + 0.1; AP-2u KO =11+ 0.1.p =
0.4267. Two-sided unpaired t-test. Raw data can be found in Figure 3—source data 1.
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Figure 3—figure supplement 1. Adaptor protein complex 2 (AP-2) depletion in hippocampal neurons impairs endocytic retrieval of VGLUT1-SEP. (A)
Representative images of WT and AP-2u KO neurons immunostained for AP-2 (red) and the neuronal marker MAP2 (magenta). The scale bars represent
20 pm. (B) Quantification of AP-2 fluorescence intensity. Values for WT neurons were set to 1. Data represent mean + standard error of the mean (SEM)
of n = 3 independent experiments with n = 9 images for WT and n = 8 images for AP-2u KO neurons; ***p = 0.0008. p = 0.4267, two-sided unpaired t-

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

test. (C-F) Decreased VGLUT1-SEP retrieval in the absence of AP-2 at physiological temperature. (C) Scheme of acid quench experiment in the presence
of folimycin. WT and AP-2p KO hippocampal neurons expressing VGLUT1-SEP were subjected to a brief pulse of external acidic buffer before and 30 s
after a high-frequency stimulus train (200 APs at 40 Hz). The rise in fluorescence following stimulation corresponds to the relative amounts of VGLUT1-
SEP exocytosed. The difference between the fluorescent signals during the first and the second acid wash corresponds to the fraction of VGLUT1-SEP
retrieved from the surface during the stimulus and the subsequent 30 s chase (shaded in blue). (D) Decreased fraction of VGLUT1-SEP retrieval in AP-2u
KO neurons compared to WT. Data shown represent the mean = SEM of nyr = 28 images and nap, ko = 25 images; ****p < 0.0001; two-sided unpaired
t-test. Average normalized traces of WT (E) and AP-2u KO derived neurons (F) transfected with VGLUT1-SEP stimulated with 200 APs applied at 40 Hz

at 37°C and subjected to external acidic buffer before and 30 s after the stimulus train. Retrieved fractions are shaded in blue. Raw data can be found in
Figure 3—figure supplement 1—source data 1.
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Figure 4. Clathrin-independent endocytic retrieval of synaptic vesicle (SV) proteins mediated by adaptor protein complex 2 (AP-2) is independent of the
stimulation strength at physiological temperature. (A-D) Lack of clathrin does not alter the endocytosis of SV2 and VGLUT1 in response to stimulation
with 50 APs (i.e., a stimulus that releases the RRP) at physiological temperature. Average normalized traces of neurons transduced with lentivirus
expressing nonspecific shRNA (shCTRL) or shRNA-targeting CHC (shCHC) and cotransfected with either SEP-tagged SV2A (A) or VGLUT1 (C) stimulated
with 50 APs applied at 20 Hz at physiological temperature. Quantification of the endocytic decay time constant ( t ) in neurons coexpressing SV2A-SEP
(B) and shCTRL (20.97 + 2.99 s) or shCHC (19.18 + 2.22 s); and VGLUT1-SEP (D) and shCTRL (12.51 + 1.62 s) or shCHC (13.68 + 1.90 s). Data represent

the mean =+ standard error of the mean (SEM) for SV2A (ngcre = 14 images, nycuc = 17 images; p = 0.6274) and for VGLUT1 (ng.crr. = 14 images, Ngchc =
15 images; p = 0.6468). Two-sided unpaired t-test. (E-H) Endocytosis delay for VGLUT1 but not for SV2A in neurons depleted of AP-2 when stimulated
with a mild train of 50 APs. Average normalized traces of neurons from WT and AP-2u KO mice transfected with either SV2A-SEP (E) or VGLUT1-SEP (G)
in response of 50 APs applied at 20 Hz at physiological temperature. Quantification of the endocytic decay time constant (1) of SV2A-SEP-expressing
neurons (F) (Twr = 12.40 + 1.05 s, Tapuxo = 13.34 + 0.95 s) or VGLUT1-SEP (H) (tyr = 11.61 + 0.65 s, Tapsuko = 23.96 + 1.87 s). Data represent the mean

+ SEM for SV2A (nyr = 13 images, napa,ko = 24 images; p = 0.5355) and for VGLUTT (nyr = 21 images, Nap, ko = 24 images; ****p < 0.0001). Two-sided
unpaired t-test. Raw data can be found in Figure 4—source data 1.
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Figure 4—figure supplement 1. Decreased fraction of active synapses in neurons lacking adaptor protein complex 2 (AP-2). (A, B) Fraction of active
synapses in AP-2-depleted neurons is reduced depending on the stimulation strength. (A) Schematic depicting the stimulation protocol of consecutive
trains of APs with interstimulus intervals of 90 s by using VGLUT1-SEP. (B) Quantification of number of active synapses (signals >4 x SD of the noise) in
WT and AP-2u KO neurons upon each AP train. Values for 100 APs were set to 1. Data represent mean + standard error of the mean (SEM) of n = 52
boutons for WT and n = 43 boutons for AP-2u KO neurons. ***p;ae = 0.0005; *paoap = 0.0276; psoar = 0.3275; prsap = 0.4545. Two-sided unpaired t-test.
Raw data can be found in Figure 4—figure supplement 1—source data 1.
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Figure 5. Postexocytic sorting of endogenous VGAT depends on adaptor protein complex 2 (AP-2) but not clathrin at physiological temperature.

(A) Diagram depicting the use of CypHer5E-coupled antibodies targeting the luminal domain of VGAT to monitor fluorescence changes during
exoendocytosis of endogenously labeled VGAT, as CypHer5E is a pH-sensitive fluorophore which is quenched at neutral extracellular pH. (B-I) Clathrin
but not AP-2 is dispensable for endocytic retrieval of endogenous CypHer5E-labeled VGAT independent of the stimulation intensity at physiological

Figure 5 continued on next page
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Figure 5 continued

temperature. Average normalized traces of neurons from WT treated or not with the clathrin inhibitor Pitstop2 and from AP-2u KO mice incubated

with anti-VGAT CypHer5E-coupled antibodies for live labeling of synapses in response to a high-frequency stimulus train (200 APs at 40 Hz) (B) or to
mild-frequency stimulation (50 APs at 20 Hz) (D) at physiological temperature. (C) Quantification of the endocytic decay time constant (1) of anti-VGAT
CypHer5E-labeled neurons stimulated with 200 APs at 40 Hz (tyy; = 17.38 + 1.30's, Tapauko = 111.7 £ 35.12 s, Turspisiopr = 20.39 + 2.23 s). Data represent
the mean = standard error of the mean (SEM) for nyr = 11 images, naps, ko = 15 images, and Nyr.pisiopz = 15 iMages. *owr s ap2u ko = 0.0179, Purrvs wi-ritstop2
= 0.9954, one-way analysis of variance (ANOVA) with Tukey's post-test. (E) Quantification of the endocytic decay constant (1) of anti-VGAT CypHer5E-
labeled neurons after delivery of 50 APs at 20 Hz (ty; = 21.13 + 1.57 s, Tap, k0 = 60.04 + 8.39 s, Tyripisiopz = 20.73 + 1.81 s). Data represent the mean +
SEM for nyr = 40 images, Napa,ko = 32 images, and Nur.pisopz = 20 iIMages. ****puyr v apauko < 0.0007, Purr vs wrspitstopz = 0.9986, one-way ANOVA with Tukey's
post-test. (F) Average normalized traces of neurons transduced with lentivirus expressing nonspecific shRNA (shCTRL) or shRNA-targeting CHC (shCHC)
treated or not with the clathrin inhibitor Pitstop2 and incubated with anti-VGAT CypHer5E-coupled antibodies in response to a high-frequency stimulus
train (200 APs at 40 Hz) (F) or to mild-frequency stimulation (50 APs at 20 Hz) (H) at physiological temperature. (G) Quantification of the endocytic decay
time constant (1) of anti-VGAT CypHer5E-labeled neurons stimulated with 200 APs at 40 Hz (Ty.crre = 21.50 + 1.72's, Tycue = 22.86 £ 1.46's, Tocrcspisiop?

= 17.23 £ 2.41 s). Data represent the mean = SEM for ncrr. = 36 images, nycuc = 42 images, and Nycucipitsiopz = 13 IMages. Pacrrive sherc = 0.8119, Panerre
vs shCHCHpitstopz = 0.3688, Pacic ve shcrcpistopz = 0.1683, one-way ANOVA with Tukey’s post-test. (I) Quantification of the endocytic decay time constant (1) of
anti-VGAT CypHer5E-labeled neurons after delivery of 50 APs at 20 Hz (ty,crre = 20.09 + 1.78 s, Tycne = 19.23 £ 2.01 s, Tycrcspitsiopz = 17.90 + 2,15 s). Data
represent the mean = SEM for nycrr = 22 images, nycrc = 26 images, and Nycrcipisopz = 8 iMages. Pecrrivs sicrc = 0.9427, Pancrri vs shekcpisstopz = 0.8286,
PshcHE vs sheHeitstopz = 0.9301, one-way ANOVA with Tukey's post-test. (J) Clathrin inactivation leads to reduced CME of transferrin. Quantification of
primary neurons transduced with shCTRL or shCHC treated or not with the clathrin inhibitor Pitstop2 and allowed to internalize AlexaFluor®”-labeled
transferrin (Tf647) for 20 min at 37°C. Values for shCTRL were set to 1. The data represent mean + SEM from n = 7 independent experiments. ****p

< 0.0001, two-sided one-sample t-test. (K, L) Clathrin loss increases depression of neurotransmitter release without changing postexocytic retrieval
kinetics of endogenous VGAT. (K) Average normalized traces of neurons transduced with lentivirus expressing either shCTRL or shCHC, incubated with
anti-VGAT CypHer5E-coupled antibodies and subjected to consecutive stimulus trains of 50 and 900 APs applied both at 20 Hz with an interstimulus
interval of 1.5 min to determine the size of the readily releasable synaptic vesicle (SV) pool and the recycling SV pool. n = 10 images for shCTRL and n =
8 images for shCHC. (L) Average normalized traces of neurons transduced with lentivirus expressing either shCTRL or shCHC, incubated with anti-VGAT
CypHer5E-coupled antibodies and subjected to consecutive stimulus trains of 50 and 900 APs applied both at 20 Hz with an interstimulus interval of

1.5 min. The fluorescence was normalized to the first peak at the end of the first AP train with 50 APs. No differences in the kinetics of endocytic recovery
were observed. n = 10 images for shCTRL and n = 8 images for shCHC. Raw data can be found in Figure 5—source data 1.
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Figure 6. Adaptor protein complex 2 (AP-2) depletion results in surface stranding of endogenous vesicular neurotransmitter transporters but not of
Synaptotagmin 1 and SV2A. (A) Schematic diagram of the workflow for cell surface protein enrichment. (B-I) AP-2 participates in the surface retrieval
of the endogenous synaptic vesicle (SV) proteins such as VGLUT1 and VGAT but not of SV2 and Syt1. Cell surface proteins from WT and AP-2u KO
cerebellar granule cells were biotinylated and affinity-purified using streptavidin beads. Total (Input) and biotinylated proteins (Surface) were analyzed
by western blot using antibodies against Syt1 (B), SV2 (D), VGLUT1 (F), and VGAT (H). N-cadherin and GAPDH were used as control of cell surface

Figure 6 continued on next page
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Figure é continued

membrane and cytosol fraction, respectively. The fold surface enrichment of select proteins (C, E, G, 1) in the absence of AP-2 was quantified. Values
for WT neurons were set to 1. Data represent the mean * standard error of the mean (SEM). ng = 8, nsy> = 5, Nyt = 8, Nyear = 6 independent
experiments. ps,. = 0.4456, psy, = 0.6736, *pysiyr = 0.0049, *pysar = 0. 0279; two-sided one-sample t-test. Raw data can be found in Figure 6—source
data 1, and Figure 6—source data 2.
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Figure 6—figure supplement 1. Adaptor protein complex 2 (AP-2) depletion does not change the total levels of synaptic vesicle (SV) proteins. (A, B)
Levels of presynaptic proteins are largely unaffected in the absence of AP-2. (A) Quantification of presynaptic proteins analyzed in lysates from WT and
AP-2p KO neurons. Protein expression was normalized to that of GAPDH. Values for WT neurons were set to 1. Data represent mean + standard error
of the mean (SEM) of n = 6 for VGLUT1 (p = 0.2383), n = 8 for VGAT (p = 0.1274), n = 5 for SV2 (p = 0.0883), and n = 9 independent experiments for
Syt1 (p = 0.4001). Two-sided one-sample t-test. (B) Fluorescence intensity quantification of the presynaptic marker proteins (VGLUT1 and Syt1) analyzed
from WT and AP-2u KO hippocampal neuron cultures. Values to WT. Data represent mean = SEM of n = 99 images for VGLUT1 (p = 0.5547) and n = 78
images for Syt1 (p = 0.7623). Two-sided one-sample t-test. Raw data can be found in Figure 6—figure supplement 1—source data 1.
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Figure 7. Surface stranding of adaptor protein complex 2 (AP-2)-dependent synaptic vesicle (SV) cargos in the
absence of AP-2 is activity dependent. (A-D) Surface levels of Syt1 are unaffected by loss of AP-2. (A) Schematic
drawing of the assay to monitor surface and total levels of Syt1. To label surface epitopes of Syt1, living

hippocampal neurons are first incubated with anti-Syt1 antibodies against the luminal domain (black) at 4°C to limit

Figure 7 continued on next page
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Figure 7 continued

its endocytosis prior to fixation. With no permeabilization conditions, neurons are incubated with 488-conjugated
secondary antibodies (green) allowing to reveal the surface pool of Syt1. After washing off unbound antibodies,
coverslips are subsequently immunostained using Syt1 antibodies against the cytosolic side (gray) after applying
permeabilization conditions. Incubation with 647-conjugated secondary antibodies (magenta) will reveal the total
amount of Syt1. Coverslips will be imaged to determine the amount of surface and total Syt1 labeling present

in synapses by additional immunostaining of the presynaptic marker Synapsin (not depicted). (B) Representative
confocal images of cultured hippocampal neurons from WT or AP-2u KO mice coimmunostained for total Syt
(magenta), surface Syt1 (Syt1 LD, green), and Synapsin (red). Scale bars, 5 um. (C) A zoom of the marked area in
(B). Scale bars, 2 um. (D) Quantification of surface/total Syt1 levels. Values were normalized for WT. Data represent
mean * standard error of the mean (SEM) of nyr = 83 images and nap,, ko = 79 images. p = 0.1519, two-sided
unpaired t-test. (E-H) Elevated surface levels of VGAT in the absence of AP-2 are rescued by blocking neuronal
network activity. (E) Schematic drawing of the assay to monitor surface and total levels of VGAT. To label the
surface pool of VGAT, living hippocampal neurons are first incubated with fluorophore-conjugated (green stars)
antibodies (black) against the luminal domain of VGAT at 4°C prior to fixation. After permeabilization, coverslips
are immunostained using VGAT antibodies against the cytosolic side (gray) and 568-conjugated secondary
antibodies (orange) revealing the total VGAT. Coverslips are imaged for analyzing the surface and total VGAT
labeling present in synapses by additional immunostaining of the presynaptic marker Synapsin (not depicted).

(F) Representative confocal images of WT or AP-2u KO hippocampal neurons treated or not with tetrodotoxin
(TTX) since days in vitro (DIV)7 to block spontaneous action potentials and coimmunostained for total VGAT (red),
surface VGAT (VGAT LD, green) and Synapsin (magenta). Scale bars, 10 um. (G) A zoom of the marked area in

(F). Scale bars, 5 pm. (H) Quantification shows that elevated ratio of surface/total VGAT in AP-2u KO neurons is
rescued when neurons were treated with TTX. Values were normalized to WT. Data represent mean + SEM of nyr
= 67 images, Napy, ko = 69 images, and Nap.o, kostrx = 58 images. ****oyr s ap2uko < 0.00071, Pwr s ap-2y kosTx = 0.9904,
FFFEO pp2u k0 vs ap-2y ko < 0.0001. One-way analysis of variance (ANOVA) with Tukey's post-test. Raw data can be
found in Figure 7—source data 1.
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Figure 7—figure supplement 1. Adaptor protein complex 2 (AP-2) depletion alters the localization of VGLUT1 in an activity-dependent manner. (A-C)
Block of neuronal network activity rescues surface accumulation of VGLUT1 in neurons lacking AP-2. (A) Representative confocal images of WT and AP-
2u KO neurons treated or not with tetrodotoxin (TTX) since days in vitro (DIV)7 to block spontaneous action potentials and coimmunostained for total
VGLUT1 (red), surface VGLUT1 (green), and the presynaptic marker Synapsin (magenta). Scale bars: 10 um. (B) A zoom of the marked areas in (A). Scale
bars, 2 um. (C) Elevated ratio of surface/total VGLUT1 in AP-2u KO neurons is rescued when neurons were treated with TTX. Values for WT neurons were
set to 1. Data represent mean = standard error of the mean (SEM) of nyr = 81 images, nap, k0 = 92 images, and Napy, kostx = 33 images. ****Pyr s ap 2,

ko < 0.0001, P wr s ap2y kosmmx = 0.8004, **Dsp 2y k0 vs ap2y ko-11x = 0.0026. One-way analysis of variance (ANOVA) with Tukey's post-test. Raw data can be found
in Figure 7—figure supplement 1—source data 1.
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Figure 8. Adaptor protein complex 2 (AP-2)-binding deficient mutants of vesicular neurotransmitter transporters
phenocopy loss of AP-2. (A-C) Association of the cytoplasmic domain of VGLUT1 with the clathrin adaptor
complex AP-2 is abolished upon mutational inactivation of the putative AP-2-binding dileucine motif, that is Fs;0A/
VsiiA (FV/AA). (A) Acidic cluster dileucine-like motifs identified in the C-terminal cytoplasmic tail of mouse VGLUT1

Figure 8 continued on next page
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Figure 8 continued

and in the N-terminal cytoplasmic tail of mouse VGAT. Numbers indicate amino acid numbers of the respective
proteins. Green and magenta indicate two acidic amino acids and two hydrophobic amino acids conserved within
the motifs, respectively. (B) Immunoblot analysis of material affinity-purified via GST-VGLUT1 C-terminus-WT, GST-
VGLUT1 C-terminus-FV/AA or GST alone, and brain lysate using specific antibodies against AP-2, AP-1, and AP-3
shows that dileucine-like motif found in the C-terminus of VGLUT1 binds preferentially to AP-2. (C) Quantified data
exhibit VGLUT1 C-terminus-FV/AA variant to significantly disrupt interaction with AP-2. Data represent the mean

+ standard error of the mean (SEM) from n = 3 independent experiments. **p = 0.0027, two-sided one-sample
t-test. (D-G) Mutant variants of VGLUT1 or VGAT defective in AP-2-binding display significantly slower endocytosis
kinetics in response to stimulation in a similar manner to be observed in the absence of AP-2. (D) Average
normalized traces of neurons from WT and AP-2u KO mice transfected with either the WT or the mutant variant
(FV/AA) of VGLUT1-SEP in response of a stimulus train of 200 APs applied at 40 Hz at physiological temperature.
(E) Quantification of the endocytic decay time constant (1) of VGLUT1-SEP-expressing neurons (Tyrwr = 14.82 =
1.98's, Turrvaa = 29.82 + 1.82's, Tapoukowr = 26.15 + 1.34's, Tapy, korvan = 34.80 + 3.18 s). Data represent the mean
****pvvr
wrvswrrvaa < 0.0001, **pyrwr s AP-2u KO-WT = 0.0023, ****pyrwr s AP-24 KO-FV/AA < 0.0001, PAP-24 KO-WT vs AP-2u KO-FV/AA = 0.0530,
one-way analysis of variance (ANOVA) with Tukey's post-test. (F) Average normalized traces of WT and AP-2u KO
neurons transfected with either the WT or the mutant variant (FA/AA) of VGAT-SEP in response of 200 APs applied
at 40 Hz at physiological temperature. (G) Quantification of the endocytic decay time constant (1) of VGAT-SEP-
expressing neurons (Tyrwr = 18.86 £ 1.79's, Twrrama = 49.56 £ 5.95's, Tapoukowr = 47.43 £ 4.19's, Tapo, korama = 57.60
+ 6.92 s). Data represent the mean = SEM of nyrwr = 30 images, nureama = 19 images, napa, kowr = 42 images,

and Nap-2u ko-Faaa = 16 1Mages. ***pyryr s wrraaa = 0.0001, ****Pyrwr v AP-2u KO-WT < 0.0001, ****pywrwr s AP-2 KO-FA/AA <
0.0007, pap-2y kowT vs ap-2u ko-Favaa = 0.4561, one-way ANOVA with Tukey’s post-test. (H) lllustrated model proposing

a clathrin-independent role for dedicated endocytic adaptors such as AP-2 which recognize select exocytosed
synaptic vesicle (SV) proteins (e.g., VGLUT1 and VGAT) present on the neuronal surface to facilitate their clathrin-
independent endocytic internalization while clathrin operates downstream facilitating the reformation of functional
SVs by budding from internal endosome-like vacuoles (ELVs) in a process that also depends on AP-2 and other
clathrin-associated endocytic proteins. Raw data can be found in Figure 8—source data 1 and Figure 8—source
data 2.

+ SEM of nyrwr = 16 images, nyrryaa = 18 images, Napo,kowr = 12 images, and napo,ko.rvaa = 11 images.
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Figure 8—figure supplement 1. Defective retrieval of vesicular neurotransmitter transporters carrying mutations
in the adaptor protein complex 2 (AP-2)-binding dileucine motif cannot be ascribed to defects in acidification.
(A) VGLUT1 — AP-1 interaction is insensitive to the Fs;0A/ Vs;;A mutation. Quantification of the band intensity
corresponding to AP-1y subunit bound either to GST-VGLUT1-WT or VGLUT1-FV/AA mutant (from the GST

Figure 8—figure supplement 1 continued on next page

Lépez-Hernandez, Takenaka, et al. eLife 2022;11:€71198. DOI: https://doi.org/10.7554/eLife.71198

23 of 24



e Llfe Research article

Neuroscience

Figure 8—figure supplement 1 continued

pulldown assay shown in Figure 8B). Values for VGLUT1-WT were set to 1. Data represent mean =+ standard error
of the mean (SEM) of n = 3 independent experiments. p = 0.9561. Two-sided one-sample t-test. (B-E) Endocytic
defect caused by AP-2-binding deficient mutations in the vesicular transporters is aggravated under conditions
that favor clathrin-mediated endocytosis (CME; e.g., at room temperature [RT] with low stimulation frequency).
Average normalized traces of hippocampal neurons transduced with lentivirus expressing either VGLUT1-WT-SEP
and VGLUT1-FV/AA-SEP (B) or VGAT-WT-SEP and VGAT-FA/AA-SEP (D) upon stimulation with 200 APs at 5 Hz at
RT. Quantification of endocytic decay time constant (1) of SEP signal in VGLUT1-SEP-expressing neurons (C) (Tysuri-
wr = 26.28 = 1.69 s, TygLuti-rvaa = 87.86 = 8.16 s) or VGAT-SEP-expressing neurons (E) (Tygarwr = 22.45 £ 1.17 s,
Tyeareaaa = 125.62 + 8.71 s). Data represent the mean = SEM: VGLUT1 (nyeyrwr = 7 images, Nysiuriruaa = 6 images;
***%5 < 0.0001) and for VGAT (nyearwr = 15 images, nyeareama = 19 images; ****p < 0.0001). Two-sided unpaired
t-test. (F, G) Slower poststimulus retrieval of AP-2-deficient binding variant of VGLUT1 is not caused by defects in
reacidification of endocytosed vesicles. (F) Average normalized traces showing poststimulus application (200 APs,
5 Hz) of an acid quench protocol to reveal the fraction of synaptic vesicle (SV) protein retrieved immediately after
stimulation in hippocampal neurons transduced with lentivirus expressing either VGLUT1-WT-SEP or VGLUT1-FV/
AA-SEP. Values are normalized to the corresponding maximal fluorescent peak obtained upon NH,Cl application.
(G) Fluorescence signal ratio between minimum (acid load) and maximum (NH,Cl) was quantified. Data represent
the mean = SEM of nygurwr = 8 images and nyauurirvan = 9 images. p = 0.7781, two-sided unpaired t-test. Raw
data can be found in Figure 8—figure supplement 1—source data 1.

Lépez-Hernandez, Takenaka, et al. eLife 2022;11:€71198. DOI: https://doi.org/10.7554/eLife.71198 24 of 24



