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Neurotransmission requires a continuously available pool of synaptic vesicles (SVs) that can fuse with the plasma membrane and release
their neurotransmitter contents upon stimulation. After fusion, SV membranes and membrane proteins are retrieved from the presyn-
aptic plasma membrane by clathrin-mediated endocytosis. After the internalization of a clathrin-coated vesicle, the vesicle must uncoat
to replenish the pool of SVs. Clathrin-coated vesicle uncoating requires ATP and is mediated by the ubiquitous molecular chaperone
Hsc70. In vitro, depolymerized clathrin forms a stable complex with Hsc70*ADP. This complex can be dissociated by nucleotide exchange
factors (NEFs) that release ADP from Hsc70, allowing ATP to bind and induce disruption of the clathrin:Hsc70 association. Whether NEFs
generally play similar roles in vesicle trafficking in vivo and whether they play such roles in SV endocytosis in particular is unknown. To
address this question, we used information from recent structural and mechanistic studies of Hsp70:NEF and Hsp70:co-chaperone
interactions to design a NEF inhibitor. Using acute perturbations at giant reticulospinal synapses of the sea lamprey (Petromyzon
marinus), we found that this NEF inhibitor inhibited SV endocytosis. When this inhibitor was mutated so that it could no longer bind and
inhibit Hsp110 (a NEF that we find to be highly abundant in brain cytosol), its ability to inhibit SV endocytosis was eliminated. These
observations indicate that the action of a NEF, most likely Hsp110, is normally required during SV trafficking to release clathrin from

Hsc70 and make it available for additional rounds of endocytosis.

Introduction

During synaptic transmission, synaptic vesicles (SVs) are recy-
cled by clathrin-mediated endocytosis, a process involving mul-
tiple proteins (Saheki and De Camilli, 2012). Clathrin assembles
into a lattice on the plasma membrane and deforms it into a
spherical vesicle (Morgan et al., 2002). Dynamin then severs the
clathrin-coated vesicle (CCV) from the membrane (Takei et al.,
1995; Mettlen et al., 2009), and the clathrin coat is subsequently
removed in an ATP-requiring reaction mediated by the Hsc70
chaperone and the J-protein co-chaperone auxilin (Fig. 1)
(Ungewickell et al., 1995; Morgan et al., 2001; Yim et al., 2010).
Hsc70 plays a direct role in clathrin disassembly, with its protein-
binding domain engaging the extended tails at the C termini of
clathrin heavy chains to induce coat dissociation (Rapoport et al.,
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2008; Xing et al., 2010). The J-protein co-chaperone uses its ] and
clathrin-binding domains to, respectively, bind Hsc70 and re-
cruit it to the coat (Fig. 1A). After ATP hydrolysis by Hsc70 and
uncoating, the vesicle is refilled with neurotransmitters and re-
turned to the SV pool (Saheki and De Camilli, 2012). Acute or
genetic perturbation of any of these stages of clathrin-mediated
endocytosis impairs synaptic transmission and has been used to
identify the functional roles of the actors in this process (Zhang,
2003; Augustine et al., 2006; Jung and Haucke, 2007; Dittman
and Ryan, 2009; Saheki and De Camilli, 2012). However, it is still
unclear how pools of unpolymerized clathrin are maintained at
synapses to sustain multiple rounds of SV endocytosis.

In vitro, clathrin that is dissociated from CCVs or from
membrane free clathrin coats (baskets) remains associated
with Hsc70*ADP (Jiang et al., 2000). Persistent association of
clathrin*Hsc70*ADP complexes may also occur in vivo and may
not be merely an incidental product of the disassembly reaction,
but may also be important in preventing unregulated clathrin
polymerization (Newmyer and Schmid, 2001). However, if clath-
rin normally forms a persistent complex with Hsc70 after uncoat-
ing, then this raises the question of how it is released from
Hsc70*ADP when needed for SV endocytosis. We showed that, in
vitro, Hsp70 nucleotide exchange factors (NEFs) such as Hsp110
or Bagl stimulate Hsc70-mediated disassembly of clathrin bas-
kets when Hsc70 is limiting because they promote the dissocia-
tion of clathrin*Hsc70¥*ADP complexes, generating free Hsc70
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Figure 1.

Hsc70-mediated coated vesicle uncoating. 4, In all panels, the color of the text matches the color of the corresponding molecule. Clathrin coat disassembly begins when auxilin binds

clathrin and recruits Hsc70:ATP to the clathrin coat. After ATP hydrolysis, the clathrin coat disassembles, auxilin is released, and clathrin forms a long-lived complex with Hsc70:ADP. Interaction of
clathrin:Hsc70:ADP with an NEF results in the release of ADP, and subsequent binding of ATP to Hsc70 results in release of the NEF and clathrin. The role of auxilin and Hsc70 in this process has been
demonstrated in vivo, but although NEFs have been shown to stimulate uncoating in vitro (Schuermann et al., 2008), there i as yet no data on the role of Hsp70 NEFs in vesicle trafficking in vivo. B,
Expected effects of an NEF inhibitor if the amount of clathrin in neuronal cytosol is greater than the amount of Hsc70. With free clathrin available, plasma membrane endocytosis can occur, but with
most Hsc70 sequestered in clathrin*Hsc70*ADP complexes, uncoating would be inhibited and an increased number of CCVs would be observed. €, Expected effects of an NEF inhibitor if the amount
of Hsc70is greater than the amount of clathrin. With free Hsc70 available, uncoating can occur, but with most clathrin sequestered in clathrin*Hsc70*ADP complexes, plasma membrane endocytosis

would be inhibited and increased plasma membrane area would be observed.

that can participate in further cycles of disassembly (Schuermann
etal., 2008). Because the activity of the NEFs results in release of
both free Hsc70 and clathrin in vitro, this raises the possibility
that, in vivo, NEFs are involved in releasing Hsc70 and clathrin
from clathrin*Hsc70¥*ADP complexes when required for
endocytosis.

Here, we engineered inhibitors that specifically bind and in-
hibit Hsp70 NEFs and used them to inhibit NEF activity acutely at
synapses. Together with quantitative Western blot analyses of the
abundance of clathrin, Hsc70, and several NEFs in brain cytosol,
our results indicate that clathrin association with Hsc70 limits the
availability of free clathrin for endocytosis, and that a NEF, most
likely Hsp110, is responsible for releasing clathrin from Hsc70 to
allow endocytosis during SV recycling.

Materials and Methods

Mutagenesis and protein preparation. DNAs encoding mutant Hsc70
nucleotide-binding domains (NBDs) were constructed using the
QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) and
cloned into pET28a(+) (Novagen). His tagged proteins were purified by
Ni-NTA agarose (Qiagen), followed by anion exchange on Q-Sepharose,
pH 8.0 (GE Healthcare). Clathrin and AP2 were purified from bovine
brain CCVs as described previously (Hao et al., 1999; Jiang et al., 2007).
Recombinant bovine Hsc70, human, and yeast his-Hsp110, human GST-
Bagl, bovine his-auxilin (547-910), bovine his-Hsc70 NBD, and mouse
GST-AP180 were prepared as described previously (Hao et al., 1999;
Jiang et al., 2007; Schuermann et al., 2008). Yeast Hsp110 (Ssel) was used
in the experiments shown in Figure 2; all other experiments were per-
formed with human Hsp110.

Analysis of Hsc70:Hsp110 complex formation and ATPase assays. Native
PAGE of Hsp110:Hsc70 NBD and Bag1:Hsc70 NBD complex formation
was as described previously (Shaner et al.,, 2006; Schuermann et al.,
2008). Multiple round ATPase assays were performed at room tempera-
ture with 0.1 mm ATP and 0.1 mCi/ml 3000 mCi/mm a*?P-ATP in 50 ul
reactions in 10 mum Tris, pH 8.0, 50 mm KCl, 5 mm MgCl,, and 1 mm DTT

with the proteins indicated in Figure 2 at 2 um, with the exception of
auxilin, which was at 20 puM. Reactions were initiated by adding 25 ul of
2X ATP mixture to 25 ul of 2X protein mixes, 5 ul aliquots were taken at
1,2,4,8, 16, 32, and 64 min, and reactions were stopped by mixing with
an equal volume of 8% SDS, 100 mm EDTA. ADP in the reaction aliquots
was resolved from ATP by TLC and quantified using phosphor imaging
plates and a Molecular Dynamics Storm imaging system as described
previously (Jiang et al., 2007). Rates of ATP hydrolysis were determined
by linear fits (Origin 8.5) to the data range that corresponded to <20%
hydrolysis of input ATP.

Clathrin basket dissociation assays. Clathrin baskets made from bovine
brain clathrin (corresponding to a concentration of 1 um clathrin heavy
and light chains or 0.3 uM triskelia) were mixed with 0.1 um auxilin in 20
mM imidazole, 25 mm KCl, 10 mm (NH,),SO,, 2 mm Mg acetate, and 2
muM DTT, pH 7.0, at 25°C. Dissociation was initiated by adding 0.3 um
bovine Hsc70 preincubated with 1 mm ATP with or without 0.1 um
Hsp110 or 2 um Bag-1 as specified in the figure legends and was moni-
tored by dynamic light scattering using a Wyatt DynaPro (Jiang et al.,
2005). NEF activity was inhibited by adding Hsc70 NBDs as indicated in
the figure legends. Data were plotted using Origin and fit as described in
the figure legends. To track the association of Hsc70 with clathrin in these
reactions, dissociation was initiated with clathrin baskets, Hsc70, and
auxilin with or without Hsp110 or mutant Hsp70 NBDs at the concen-
trations indicated in Figure 7. Immediately after mixing, 20 ul of the
reaction was loaded on a 400 ul Superpose 6 spin column, and fractions
were collected from consecutive 8 s spins at 500 rpm and resolved by
SDS-PAGE. Gels were imaged with a Bio-Rad Criterion Stain Free Im-
ager and quantified with Bio-Rad Image Lab Software.

Clathrin assembly assays. Clathrin triskelia (0.5 um final concentra-
tion) were mixed with varying concentrations of AP2 or AP180 as indi-
cated in Figure 3F, and, when specified, GG/ED NBD (50 uM final) in 10
mwM Tris, pH 8.0, 1 mm DTT (Morgan et al., 2003). We chose this con-
centration of GG/ED NBD to match the highest concentration injected
for the EM studies (see below). Assembly was initiated by adding 0.1
volume of 1 M MES, pH 6.5, in a final volume of 200 ul, followed by
incubation on ice for 45 min and then centrifugation at 400,000 X g at
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4°C for 6 min. The upper 80% of the supernatant (unassembled fraction)
was resolved by SDS-PAGE, imaged and quantified with a Bio-Rad Cri-
terion Stain Free Imager and Image Lab Software, and the data were
plotted and fit to a hyperbolic function using Origin 8.5 Software
(OriginLab).

Western blot analysis. Bovine brain CCV and cytosolic fractions were
prepared as described previously (Keen et al., 1979; Nandi et al., 1982).
The total protein content of each fraction was determined by the Brad-
ford method (Bio-Rad). Samples were run by SDS-PAGE along with
standards as indicated and electrotransferred to PVDF membranes (GE
Healthcare). The membranes were blocked with 5% nonfat dry milk
(Hsc70, Bag 1, or Hsp110) or 3% BSA (clathrin) in TBS-T (0.1% Tween
20) for 2 h at room temperature (RT). Blots were incubated with the
following antibodies for 1 h at RT: anti-Hsc70 (SPA-816, 1:5000; Stress-
gen), anti-Bagl (AAM-400, 1:1000; Stressgen), anti-Hsp110 (SPA-1101,
1:2500; Stressgen), and anti-clathrin (F21-35c¢, 1:2000; Zhou et al., 1993),
followed by three washes with TBS-T and incubation with the appro-
priate HRP-conjugated secondary antibody for 0.5 h at RT. Blots were
developed with ECL plus chemoluminescent HRP substrate (GE Health-
care). Luminescence was acquired on a PharosFX imager and quantified
with Quantity One software v4.6 (Bio-Rad). A standard curve was plot-
ted from the blotted standards for each protein and the densities from the
specific bands detected in the cytosolic fractions interpolated to deter-
mine the abundance of each protein. The data were analyzed by ANOVA
followed by Tukey’s multiple-comparisons test using Origin 8.5 software
(OriginLab).

Microinjections and stimulation. Late larval stage (10—12 cm) lampreys
(Petromyzon marinus) of either sex were anesthetized with 0.1 g/L tric-
aine methanesulfonate (MS-222, Finquel; Argent Chemical Laborato-
ries) diluted in tank water. After anesthesia was complete, a 2- to 3-cm
section of spinal cord was dissected out and pinned ventral side up in a
Sylgard-lined Petri dish filled with oxygenated lamprey ringer containing
the following (in mm): 100 NaCl, 2.1 KCl, 2.6 CaCl,, 1.8 MgCl,, 4 glucose,
0.5 glutamine, and 2 HEPES, pH 7.4. All procedures were approved by
the institutional animal care and use committee at the University of
Texas at Austin and the Marine Biological Laboratory in accordance with
guidelines set by the National Institutes of Health. Recombinant GG/ED
NBD and GG/ED,RRR/EEE NBD were dialyzed overnight into lamprey
internal solution containing 180 mm KCl and 10 mm HEPES, pH 7.4. The
proteins were then loaded into glass microelectrodes at a stock concen-
tration of 500 um and injected directly into giant reticulospinal axons
using small pulses of N, (5-20 ms; 3050 psi) delivered via a Toohey
Spritzer system. The giant axons make en passant synapses along their
length, so axonal microinjection permits the reagents direct access to the
pre-SV clusters. Lamprey internal solution was injected as a negative
control. To estimate the intraaxonal concentration, all reagents were
coinjected with 100 um Alexa Fluor 488 dextran (70 kDa, anionic, lysine
fixable; Invitrogen). After 15-30 min of microinjection, the intraaxonal
concentration of protein reached 1/10 to 1/20 of that in the injection
pipet. Therefore, we estimate the intraaxonal concentrations of GG/ED
NBD and GG/ED,RRR/EEE NBD to be in the range of 25-50 um. Next,
the injected axons were stimulated intracellularly by action potentials
using short, depolarizing current pulses (1 ms; 20—80 nA; 20 Hz, 5 min)
generated with an Axoclamp 2B amplifier (Molecular Devices). At the
end of the stimulation period, the spinal cords were immediately fixed for
EM. Fixation was complete within 5-15 s after adding fixative, as assessed
by the disappearance of action potentials.

EM and image analysis. Preparation of spinal cords for EM was as
described previously (Morgan et al., 2004; Bourne et al., 2006; Oliphint et
al., 2010). Briefly, spinal cords were fixed with 3% glutaraldehyde/2%
paraformaldehyde in 0.1 M Na-cacodylate, pH 7.4, for 48 h, postfixed
with 2% potassium ferrocyanide/2% osmium tetroxide for 1 h on ice,
and stained en bloc with 2% aqueous uranyl acetate for 2 h at room
temperature. Spinal cords were then dehydrated in a graded ethanol
series and embedded in Embed-812 resin. Ultrathin cross-sections (70
nm) of spinal cords were cut, placed on formvar-coated grids, and coun-
terstained with 2% uranyl acetate and lead citrate. The injected, stimu-
lated giant reticulospinal axons were identified and all synapses within
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300 wm to either side of the injection site were imaged at 26,500 X mag-
nification using a Spirit BioTwin T12 electron microscope (Technai).

Plasma membrane measurements were performed using ImageJ soft-
ware as described previously (Morgan et al., 2004; Bourne et al., 2006).
Briefly, a straight line (1 wm) was drawn laterally from points marking
the right and left edges of the active zone to the nearest points on the
axonal plasma membrane. The curved distances between these points
were measured, and the average for each synapse was recorded. CCVs
and clathrin-coated pits (CCPs) were counted as vesicular structures
surrounded by an electron-dense coat and that were either separated
from or budding from the plasma membrane, respectively. For each
condition (stimulation only, GG/ED NBD, and GG/ED,RRR/EEE NBD),
20-34 synapses were analyzed from two to three axons and two to three
lampreys. Morphometric analyses were performed by a researcher
blinded to the experimental condition. The data were analyzed by
ANOVA followed by Tukey’s multiple-comparisons test using Origin 8.5
software (OriginLab).

Results

Construction of an Hsp70 NEF inhibitor

The disassembly of the clathrin coat by Hsc70 may be considered
analogous to reactions in which an Hsp70 chaperone, together
with its co-chaperone partners, disaggregates misfolded proteins
(Schlieker et al., 2002; Weibezahn et al., 2004; Weibezahn et al.,
2005). In such reactions, Hsp70 is recruited to, and initially binds,
its protein substrate when its nucleotide binding domain (NBD)
is bound to ATP. The presence of ATP in the NBD induces an
open conformation of the protein-binding domain that allows it
to both rapidly release and bind protein substrates (Mayer et al.,
2000). Upon ATP hydrolysis, the protein-binding domain
changes to a closed conformation that stably binds its protein
substrate. Spontaneous release of the protein substrate from
Hsp70*ADP*protein substrate complexes is slow (Takeda and
McKay, 1996; Theyssen et al., 1996). In vitro, many of the protein
refolding/disaggregation reactions mediated by Hsp70s are en-
hanced by co-chaperones that function as NEFs and stimulate the
release of ADP from the Hsp70, allowing ATP to bind so that
protein substrates can be both released and rebound (Schroder et
al., 1993; Szabo et al., 1994; Gissler et al., 2001; Brehmer et al.,
2004; Polier et al., 2008).

The known eukaryotic Hsp70 NEFs include the Bagl-5 pro-
teins, HspBP1, and Hsp110. Although these NEFs are structurally
distinct, they all share certain mechanistic features, which we
took advantage of to create a NEF inhibitor. First, Hsp70 NEFs
interact primarily, if not exclusively, with the NBD of the Hsp70
(Fig. 2A; Harrison et al., 1997; Sondermann et al., 2001; Shomura
et al., 2005; Polier et al., 2008; Schuermann et al., 2008; Xu et al.,
2008). Second, these interactions are stable: complexes of NEFs
with Hsp70 NBDs (in either nucleotide-free or ADP states) can
be isolated and crystallized (Polier et al., 2008; Schuermann et al.,
2008). The mirror symmetric interaction of Hsp70 with Hsp110,
which is itself a member of the Hsp70 family, is especially stable.
The Hsp70:Hsp110 complex buries 16,000 A* of protein surface
and includes 68 salt bridge or direct H-bonds between the two
proteins (Schuermann et al., 2008). Third, dissociation of these
complexes occurs when ATP binds to the Hsp70 NBD and in-
duces a conformational change that ruptures the interaction with
the NEF (Fig. 2A; Raviol et al., 2006). These observations indicate
that an Hsp70 NBD that cannot bind ATP will be a potent NEF
inhibitor, since it will form a persistent interaction with the NEF
that cannot be dissociated by ATP. Because such an NBD will not
bind or hydrolyze ATP and because it lacks the Hsp70 protein-
binding domain, concern that the in vivo effects of such an inhib-
itor may be due to local perturbation of ATP pools or interactions
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between the protein-binding domain and
other proteins is eliminated.

To engineer such a NEF inhibitor, we
mutated glycines 201 and 202 of bovine
Hsc70 NBD (residues 1-386) to gluta-
mate and aspartate, respectively, and des-
ignated this mutant as GG/ED NBD.
These glycines contact the phosphates of
bound ATP and the introduction of large,
negatively charged side chains at these po-
sitions disrupts ATP binding through
both steric and electrostatic effects (Fig.
2B; Flaherty et al., 1994). To determine
whether the GG/ED NBD would inhibit
NEF activity, we tested its ability to inhibit
Hsp110 stimulation of ATP hydrolysis by
Hsc70 (Fig. 2C). For these experiments,
we used a mutant Hsc70 (D152K), the
auxilin-stimulated rate of ATP hydrolysis
of which is so high that the limiting step in
multiple turnover ATP hydrolysis is the
rate at which the ADP is released from
Hsc70 (Jiang et al., 2005; Jiang et al,
2007). When yeast Hsp110 was added to
reactions with this mutant Hsc70 and
auxilin, it increased the rate of ATP hy-
drolysis fourfold (Fig. 2C, compare col-
umns 1, 2) because the Hspll0-
stimulated ADP release from the Hsc70.
We then tested the effects of adding wild-
type (WT) Hsc70 NBD to reactions with
the mutant Hsc70, auxilin, and yeast
Hsp110. ATP-bound NBD will not bind
Hsp110 (Dragovic et al., 2006) and, be-
cause WT NBD has a very low ATPase rate
and is effectively saturated with ATP at the
concentrations used in these reactions, it

Hsp110 Binds
Hsp70NBD:ADP

Figure 2.
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should not bind Hspll0 or inhibit
Hsp110 stimulation of ADP release from
Hsc70. Consistent with this, the addition
of WT NBD had no effect on the rate of
ATP hydrolysis (Fig. 2C, compare col-
umns 2, 3). We then tested the effect of
adding the GG/ED NBD to these reac-
tions. Because the GG/ED NBD cannot
bind ATP, it is expected to bind Hsp110

tion of an Hsp70 NEF inhibitor: (1) NEFs such as Hsp110 (shownin space-filling representation in yellow) bind the Hsp70 NBD (cyan)
when the latter is nucleotide free or bound to ADP. (2) The interaction between Hsp110 and the Hsp70 NBD induces the latter to
release its bound ADP, and the resulting complex with nucleotide-free Hsp70 NBD is stable. (3) Binding of ATP to the Hsp70 NBD
induces complex dissociation; an Hsp70 NBD that cannot bind ATP would therefore form a stable complex that could not be induced
to dissociate by ATP and such an NBD would sequester and inhibit Hsp70 NEFs. B, Backbone model of the bovine Hsc70 NBD
(Tkax.pdb) (Flaherty et al., 1994) is shown with bound ATP (red) and residues G201/G202 (green) in space-filling representation.
(, Steady-state rates of ATP hydrolysis for the indicated reaction mixes: (1) Hsc70 D152K (Hsc70D/K) + auxilin (J); (2) Hsc70 D152K +
auxilin + yeast Hsp110; (3) Hsc70 D152K + auxilin + yeast Hsp110 + WT NBD; (4) Hsc70 D152K + auxilin + yeast Hsp110 + GG/ED
NBD; (5) yeast Hsp110 + WT NBD; and (6) yeast Hsp110 + GG/ED NBD. In these experiments, yeast Hsp110 was used instead of mam-

and block its ability to stimulate ADP re-

lease from Hsc70. Indeed, addition of the

GG/ED NBD almost completely eliminated the ATP-hydrolysis-
stimulating effect of Hsp110 on the Hsc70 (Fig. 2C, compare
columns 3, 4). Control experiments revealed that WT NBD and
Hsp110 together had <5% the ATPase rate of the D152K Hsc70/
auxilin/Hsp110 reaction (Fig. 2C, column 5). Likewise, the
GG/ED NBD and Hsp110 together had an even lower rate (Fig.
2C, column 6), which is consistent with our expectation that the
GG/ED mutation disrupts ATP hydrolysis by the NBD. These
data indicate that the GG/ED NBD acts as an effective inhibitor of
Hsp110 stimulation of Hsc70 ATPase activity.

Because the GG/ED NBD inhibited Hsp110 function in the
ATPase assays, we predicted that it would also inhibit the effects
of Hsp110 and other NEFs on clathrin uncoating. We tested this
by using clathrin basket disassembly, as monitored by dynamic
light scattering (Schuermann et al., 2008). In such reactions, we

malian Hsp110 because it has a lower ATPase rate. Human Hsp110 was used for all subsequent experiments.

use clathrin baskets, which are similar to the coats that surround
vesicles in vivo. The addition of ATP, auxilin, and Hsc70 at one-
third the concentration of clathrin heavy chains in the reaction
resulted in a clearly biphasic drop in light scattering, with one-
third of the decrease occurring rapidly and the remaining two-
thirds decreasing slowly (Fig. 3 A, C, red circles). The first phase of
these burst kinetics corresponds to disassembly of approximately
one-third of the clathrin baskets by the added Hsc70, followed by
a slower phase limited by the rate at which Hsc70 is released from
the depolymerized clathrin (Schuermann et al., 2008). When 0.1
uM Hsp110 was added, the second phase was accelerated to the
point where it was no longer clearly distinguishable from the first
phase and all of the baskets were rapidly depolymerized (Fig. 3A,
green circles). Although Hsp110 itself has chaperone activity and
could potentially contribute directly to clathrin disassembly, the
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Figure 3.  An ATP-binding-deficient Hsc70 NBD inhibits NEF stimulation of clathrin basket disassembly. A, Clathrin coat disassembly as monitored by dynamic light scattering. Disassembly
reactions contained clathrin baskets and auxilin only (black squares); clathrin baskets with ATP, auxilin, and Hsc70 (red circles); clathrin + ATP + auxilin + Hsc70 + Hsp110 (green circles); or
clathrin + ATP + auxilin + Hsc70 + Hsp110 and varying amounts of GG/ED NBD (0.04 pum: blue circles; 0.05 wm: cyan circles; 0.1 pum: magenta circles; 0.25 pm: yellow circles; 0.5 pum: purple
circles; 1.0 pm: olive circles). Data are globally fit toy = y, + A*(exp(—t;*x) — 1) — k*x, where y, is the photons scattered atx = 05 (~1,275,000 for 1 pum clathrin), A is the amplitude of first
(rapid) exponential phase, t, is the time constant of first exponential phase, k is the rate of second (slow) linear phase (the decrease/second in the number of scattered photons). Data were globally
fit with the y, value held constant because this value is determined by the (constant) amount of clathrin baskets added to each reaction and with A and t, shared since the kinetic scheme has A and
t, determined by the constant amount of Hsc70 present in all reactions. B, Percentage inhibition of Hsp110 stimulation of uncoating in A plotted as a function of the GG/ED NBD concentration. C, As
inA, butusing Bag1at 2.0 wuminstead of Hsp110at 0.1 wm, and with the GG/ED NBD at 0.2 wum (blue circles), 0.4 wm (cyan circles), 0.6 pum (magenta circles), 0.8 pum (yellow circles), 1.0 um (purple
circles), 2.0 wm (olive circles), or 4.0 um (gray circles). D, Asin B, but with data from C plotted. E, NEFs cannot promote coat disassembly in the absence of Hsc70. Disassembly reactions contained
clathrin baskets and auxilin only (black squares), or clathrin baskets with auxilin and ATP (red circles), or clathrin + auxilin + ATP + varying amounts of NEFs or control proteins: 0.1 um Hsp110
(green), 2 um Hsp110 (purple), 2 um Bag1 (blue), 0.1 um BSA (magenta), or 2 um BSA (yellow). Although a very slight decrease in scattering intensity was observed when ATP was added to clathrin
baskets and auxilin, no further decrease in scattering intensity was observed when any of the NEFs or control proteins was added in the absence of Hsc70. F, The GG/ED NBD has no effect on clathrin
assembly. Clathrin was induced to assemble by AP2 (squares) or AP180 (circles) at pH 6.5 in the absence (solid symbols) or presence (open symbols) of 50 v GG/ED NBD. The addition of GG/ED NBD
had no effect on either AP2- or AP180-mediated coat assembly.



8014 - J. Neurosci., May 1, 2013 - 33(18):8009 — 8021

A Clathrin
IMEL{ cytosol CCVs
e 35 19/In 1 g/in
100 kDa — . o 6 OO w <« Clathrin
Hsc70
IM&Q—hytosol CCVs
e 15 19/ 70 pg/in
75kDa _| e —— — | <Hsc70
Hsp110-6xHis
| 0.005 t0 0.125 ug Joytosol CCVs
e 35 /10 70 g/in
100 kDa — - —— - — <«Hsp110a
- <Hsp1108
Bag1-GST
| 0.001 to 0.015 pg | cytosol CCVs
e 70 19/ 15 yg/in
50 kDa — e ————— 1 Bag1 L
37kDa — Bag1M
s <Bag1S
25 kDa —

Figure 4.

Protein in Brain Cytosol (ug/mg,,.) @

Morgan et al. ® Hsp70 NEFs in SV Endocytosis

p=8 x 10+ p=2x 10+

10 E ‘ ‘ p=3 x 103
: I T Hkk
1 T
E 1

13

i1 T
1l 1

0.1 -
1 T
i 1

0.01

| T T |
Clathrin Hsc70 Hsp110 Bag1

Hsc701s in large excess of clathrin in brain cytosol. 4, Quantitative Western blots were performed to determine the content of clathrin, Hsc70, Hsp110, or Bag1 in bovine brain cytosol

inthe presence of calibrated standards of each protein, as well as a purified CCV control enriched in clathrin (Pearse, 1975; Blondeau et al., 2004). Note that there are two isoforms of Hsp110 (Ishihara
etal., 1999) and three isoforms of Bag1 (Cutress et al., 2003). Bands were quantified separately by densitometry and summed for each protein in the analysis shown in B. B, Quantitative analysis of
clathrin, Hsc70, Hsp110, and Bag 1 in brain cytosol. The bars represent the mean of the respective protein amounts in micrograms/milligram of total protein = SEM from 5 to 13 independent

experiments. Asterisks indicate statistical significance using ANOVA.

addition of Hsp110, auxilin, and ATP to baskets without Hsc70
caused negligible uncoating (Fig. 3E). Hsp110 stimulation of bas-
ket disassembly in reactions with Hsc70 is therefore attributed to
the NEF action of Hsp110 on Hsc70. When increasing amounts
of the GG/ED NBD were added to these reactions, the stimulating
effect of Hsp110 on disassembly was suppressed (Fig. 3A, blue
through olive circles). The EC5, value for GG/ED NBD inhibition
of Hspl10-mediated stimulation of disassembly was 0.12 um
(Fig. 3B). Experiments performed with another NEF, Bagl, re-
vealed that the GG/ED NBD also inhibited Bagl-mediated stim-
ulation of clathrin basket disassembly, but with an EC5, value of
0.65 uM (Fig. 3C,D). Higher concentrations of NEF and GG/ED
NBD were used in the Bagl versus Hsp110 experiments, because
Bagl requires higher concentrations to drive the same accelera-
tion of uncoating as Hsp110 (Schuermann et al., 2008). The
GG/ED NBD does not inhibit the rate or amplitude of the initial
NEF-independent phase of basket disassembly, nor does it slow
the second phase to a rate that is less than seen in the absence of
NEF. The inhibitory effects of the GG/ED NBD are therefore
specific to the NEF and do not affect the intrinsic activity of
auxilin or Hsc70 in basket disassembly. The ATP hydrolysis and
clathrin disassembly data indicate that the GG/ED NBD is an
effective inhibitor of the Hsp110 and Bagl NEFs.

We also investigated whether the inhibitory GG/ED NBD had
any effect on clathrin basket assembly mediated by assembly pro-
teins AP180 or AP2. These are proteins that recruit clathrin to
endocytic sites and promote its polymerization (Ahle and
Ungewickell, 1986; Keen, 1987; Gonzalez-Gaitan and Jackle,
1997; Hao et al., 1997; Zhang et al., 1998; Morgan et al., 2000;
Ford et al., 2001). We measured the amount of clathrin that
assembles into baskets in the presence of varying amounts of
either of these assembly proteins and with or without 50 um
GG/ED NBD. As seen in Figure 3F, the GG/ED NBD had no effect
on AP2- or AP180-mediated basket assembly.

Hsc70 is present in large excess of clathrin in brain cytosol
The expected effect of a NEF inhibitor on SV recycling depends
on whether clathrin is in excess of Hsc70 in neuronal cytosol or if

Hsc70 is in excess of clathrin. If clathrin is in excess of Hsc70 (Fig.
1B), then inhibition of NEF activity would leave some clathrin
free and available for endocytosis, but would cause most Hsc70 to
become sequestered in clathrin*Hsc70¥*ADP complexes and be
unavailable for uncoating. We would therefore expect to see an
increase in CCV number but not an inhibition of vesicle endocy-
tosis from the plasma membrane. Conversely, if Hsc70 is present
in excess of clathrin (Fig. 1C), inhibition of NEF activity should
leave some Hsc70 free and available for uncoating, but would
cause most clathrin to be sequestered in clathrin*Hsc70*ADP
complexes and unavailable for endocytosis. This would result in
an inhibition of endocytosis and a consequent increase in plasma
membrane surface area, but not an increase in CCV number.

We used quantitative Western blots to determine the amount
of clathrin, Hsc70, Hsp110, and Bagl in brain cytosol. We found
that Hsc70 is ~10-fold more abundant than clathrin in brain
cytosol (Fig. 4). This is consistent with Hsc70’s proposed func-
tion in chaperoning depolymerized clathrin and implies that sta-
bilization of clathrin*Hsc70*ADP complexes will result in
depletion of free clathrin but not of Hsc70. We also found that
Hsp110 is highly abundant in brain cytosol, being present at
nearly the same levels as Hsc70 and ~100-fold more abundant
than Bagl (Fig. 4).

Mutations that disrupt NBD interactions with Hsp110
specifically abolish the effect of the GG/ED NBD on

Hsp110 activity

The observation that Hsp110 is as abundant as Hsc70 in brain
cytosol and is ~100-fold more abundant than Bagl suggests that
Hsp110 could be the physiologically relevant NEF during SV re-
cycling. To investigate this, we generated an inhibitor that would
inhibit other NEFs, but not Hsp110. Structures have been solved
for complexes between Hsp70 NBDs and all classes of known
Hsp70 NEFs (Harrison et al., 1997; Sondermann et al., 2001;
Shomura et al., 2005; Jiang et al., 2007; Polier et al., 2008;
Schuermann et al., 2008; Xu et al., 2008). For many of these NEFs
(Bagl, BNB, HspBp1), the binding sites on the Hsp70 NBD are at
least partially overlapping, but Hsp110 is unique in using a long
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helical arm to make ionic interactions with the electropositive
surface of lobe IIB of the Hsc70 NBD, a segment that encom-
passes bovine Hsc70 residues 299311 (Fig. 5A). Mutations in
this region should disrupt interaction with Hsp110, but not with
other NEFs. We constructed an R299/R301/R311—EEE triple
substitution in the GG/ED background (GG/ED,RRR/EEE) to
generate repulsion between this part of the Hsc70 surface and the
electronegative region of Hsp110 that interacts with it. Native
PAGE was used to determine whether the mutation affected in-
teraction with Hsp110 (Fig. 5B). When either excess GG/ED
NBD or GG/ED,RRR/EEE NBD was mixed with Bagl, we ob-
served the disappearance of the Bagl band and the appearance of
a more slowly migrating species corresponding to a Bagl:NBD
complex (Fig. 5B, compare lane 3, lanes 5 and 6). When Hsp110
was mixed with the GG/ED NBD, we similarly observed the dis-
appearance of the Hsp110 band and the appearance of a more
slowly migrating species corresponding to the Hsp110:NBD
complex (Fig. 5B, compare lane 7, lane 4). However, when
Hsp110 was mixed with the GG/ED,RRR/EEE NBD, the Hsp110
band did not shift and no new band corresponding to an Hsp110:
NBD complex was seen (Fig. 5B, compare lanes 7, 8). This indi-
cates that the RRR/EEE mutation disrupts interaction with
Hsp110, but not Bagl.

The GG/ED NBD is presumed to inhibit Hsp110 stimulation
of Hsc70-mediated basket disassembly by binding directly to
Hsp110. Because the GG/ED, RRR/EEE NBD binds Hsp110
poorly or not at all, it should also show reduced inhibition of
Hsp110 stimulation of basket disassembly. To investigate this, we
ran experiments like those shown in Figure 3, but using the GG/
ED,RRR/EEE NBD as the inhibitor. Inhibition of Bagl by the
GG/ED,RRR/EEE NBD (ECs, value of 0.71 uwm; Fig. 6C,D) was
essentially indistinguishable from that by the GG/ED NBD (EC;,
value of 0.65 uMm; Fig. 3C,D). In contrast, the GG/ED,RRR/EEE
NBD was much less effective at inhibiting Hsp110. For the GG/
ED,RRR/EEE NBD, the EC5, value for inhibition of Hsp110 was
176 uM (Fig. 6 A, B), or ~1500-fold greater than the 0.12 um ECs,
value for the GG/ED NBD (Fig. 3A,B). The RRR/EEE triple sub-
stitution therefore renders the GG/ED NBD specifically deficient
in binding to and inhibiting Hsp110 activities in vitro.

Our hypothesis is that the GG/ED NBD inhibits Hsp110 stim-
ulation of basket disassembly because the GG/ED NBD binds
Hsp110 and blocks its ability to induce Hsc70:clathrin dissocia-
tion. To test this directly, we used rapid gel exclusion chromatog-
raphy to track the fate of Hsc70 in clathrin basket disassembly
reactions. When these reactions were performed without
Hsp110, we observed most of Hsc70 co-eluting with the 650 kDa
clathrin triskelia (Fig. 7A), indicating that these proteins were
associated with each other. When Hsp110 was present, most of
the Hsc70 eluted later, at a position consistent with its 70 kDa
molecular weight (Fig. 7B), revealing that Hsp110 disrupted the
Hsc70*clathrin interaction. When excess GG/ED NBD was then
added to these reactions, most of the Hsc70 shifted back to co-
eluting with clathrin (Fig. 7C), showing that the GG/ED NBD

<«

etal., 2001; Arakawa etal., 2010), Bag2/BNB (yellow; Xu et al., 2008), HspBp1 (red; Shomura et
al., 2005), auxilin J domain (green; Jiang et al., 2007), or Hsp110 (brown; Polier et al., 2008;
Schuermann etal., 2008). There is some overlap between the regions contacted by the different
co-chaperones, but the region encompassing residues R299-R311is not known to interact with
any co-chaperone except Hsp110. B, Native gel electrophoresis of the indicated proteins. Lane
1:Hsc70 GG/ED NBD; lane 2: GG/ED RRR/EEE NBD; lane 3:Bag1; lane 4: Hsp110; lane 5: Bag1 + GG/ED
NBD; lane 6: Bag1 + GG/ED RRR/EEE NBD; lane 7: Hsp110 + GG/ED NBD; lane 8: Hsp110 + GG/ED
RRR/EEE NBD.
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Figure6. AnATP-and Hsp110-binding deficient Hsc70 NBD inhibits Bag1 but not Hsp110. 4, Clathrin coat disassembly as monitored by dynamic light scattering. Disassembly reactions contained

clathrin baskets and auxilin only (black squares), or clathrin baskets with ATP, auxilin, and Hsc70 (red circles); clathrin + ATP + auxilin + Hsc70 + Hsp110 (green circles); or clathrin + ATP +
auxilin + Hsc70 + Hsp110 and varying amounts of GG/ED,RRR/EEE NBD (25 pum: blue circles; 50 wum: cyan circles; 100 um: magenta circles; 200 uum: yellow circles; 280 pum: purple circles. B,
Percentage inhibition of Hsp110 stimulation of uncoating in A plotted as a function of the GG/ED,RRR/EEE NBD concentration. , Asin A, but using Bag1 at 2.0 uminstead of Hsp110 at 0.1 yum, and
with the GG/ED,RRR/EEE NBD at 0.2 yum (blue circles), 0.4 pum (cyan circles), 0.6 um (magenta circles), 0.8 wm (yellow circles), 1.0 wum (purple circles), 2.0 wm (olive circles), or 4.0 wm (gray circles).

D, Asin B, but with data from C plotted. Data were fit as described in the legend to Figure 3.

blocked the ability of Hsp110 to disrupt clathrin:Hsc70 interac-
tions. In the presence of the GG/ED, RRR/EEE NBD, however,
most of the Hsc70 continued to elute separate from clathrin (Fig.
7D), indicating that this mutant cannot inhibit Hsp110 disrup-
tion of Hsc70*clathrin interactions.

SV endocytosis at the lamprey reticulospinal synapse is
inhibited by the GG/ED NBD, but not by the GG/ED,RRR/
EEE NBD

Our efforts generated two inhibitors of Hsp70 NEF activity, nei-
ther of which should affect ATP pools nor interact with protein
substrates. The GG/ED NBD should sequester and inhibit the
ability of all Hsp70 NEFs (and potentially other Hsp70 NBD-
binding proteins) to disrupt Hsc70*clathrin interactions,
whereas the GG/ED,RRR/EEE NBD should inhibit all NEFs ex-
cept Hsp110. We used giant reticulospinal synapses of lamprey to
test the effects of these inhibitors on SV endocytosis in vivo. This
model vertebrate synapse is accessible via axonal microinjection,
and therefore injection of specific inhibitors permits acute per-
turbation of any molecule of choice at presynapses. Indeed, the
lamprey giant reticulospinal synapse has been used to elucidate
many aspects of presynaptic function, including the mechanisms

of clathrin-mediated SV recycling (Pieribone et al., 1995;
Shupliakov et al., 1997; Ringstad et al., 1999; Morgan et al., 2004;
Brodin and Shupliakov, 2006; Sundborger et al., 2011; von Kleist
etal., 2011). If a NEF is involved in dissociating clathrin*Hsc70*
ADP complexes at presynapses, then the introduction of the
GG/ED NBD to synapses should sequester the NEF and inhibit this
dissociation. Because there is at least 10-fold more Hsc70 than clath-
rin in brain cytosol (Fig. 4), stabilization of clathrin*Hsc70*ADP
complexes should reduce the clathrin available for endocytosis with-
out markedly reducing the free Hsc70 available for uncoating or
other Hsc70-mediated processes. In previous studies, when reagents
that bind clathrin and inhibit early stages of clathrin-mediated en-
docytosis were acutely injected into nerve terminals, an increase in
plasma membrane area was seen because exocytosed SVs could not
be retrieved efficiently (Morgan et al., 1999; Morgan et al., 2000; von
Kleist et al., 2011). Therefore, if NEFs are involved in releasing
clathrin from Hsc70 during SV endocytosis, the prediction is
that GG/ED NBD should inhibit SV endocytosis and cause an
increase in plasma membrane area (Fig. 1C).

To investigate this, lamprey giant reticulospinal axons were
microinjected with Hsc70 GG/ED NBD and stimulated (20 Hz, 5
min) to induce SV exocytosis and endocytosis, and then fixed and
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NBD

GG/ED NBD inhibits the ability of Hsp110 to disrupt Hsp70:clathrin interactions. 4, Quantitative analysis (top; filled circles: clathrin; empty circles: Hsc70) of SDS PAGE (bottom) of basket

disassembly reactions (1 wm clathrin heavy and light chains, 0.6 v Hsc70, 0.1 umauxilin, 1 mmATP) resolved by gel exclusion chromatography. Under these conditions, most of the Hsc70 co-elutes
with clathrin. B, Asin A, but with 0.1 um Hsp110 added. Under these conditions, most of the Hsc70 elutes at a position later than clathrin because Hsp110 promotes its dissociation from the clathrin.
C,Asin B, but with 4 v GG/ED NBD added. Now, most of the Hsc70 co-elutes with clathrin, again, because Hsp110is being sequestered by the GG/ED NBD. D, As in B but with 4 um GG/ED,RRR/EEE
NBD added. Now, most of the Hsc70 no longer co-elutes with clathrin because the GG/ED,RRR/EEE NBD does not bind to Hsp110.

processed for electron microscopy (Morgan et al., 2004; Bourne
etal., 2006). At control synapses, after stimulation, the presynap-
tic plasma membrane was only slightly ruffled in appearance (Fig.
8A), which is consistent with the rate of SV endocytosis being
sufficient to keep up with the rate at which SVs are exocytosed
(Morgan et al., 2004; Bourne et al., 2006). However, at synapses
treated with the GG/ED NBD, there was a substantial increase in
the plasma membrane surface area, causing deep evaginations to
form adjacent to the synaptic active zone (Fig. 8B). This peri-
active zone where the deep evaginations occur is the normal lo-
cale for clathrin-mediated SV endocytosis at the reticulospinal
synapses (Shupliakov et al., 1997; Ringstad et al., 1999; Morgan et
al., 2004; Sundborger et al., 2011). Quantification revealed that
the GG/ED NBD induced a 30% increase in the size of plasma
membrane evaginations, which was statistically significant (Fig.

8D; control: 2161 = 90 nm, n = 34; NBD GG/ED: 2921 * 204
nm, n = 20 synapses; ANOVA analysis p = 3 X 10™*). The
expansion in the plasma membrane is consistent with the hy-
pothesis that sequestration of NEFs by the GG/ED NBD inhibits
the release of clathrin from Hsc70, thereby inhibiting clathrin-
mediated SV endocytosis from the plasma membrane.

The expectation that sequestering Hsc70 and clathrin in
Hsc70*clathrin complexes would deplete free clathrin and inhibit
endocytosis is based on our finding that Hsc70 is in >10-fold
excess of clathrin in brain cytosol (Fig. 4 A, B). If, instead, clathrin
were in excess of Hsc70, then trapping Hsc70 in Hsc70*clathrin
complexes would deplete free Hsc70 and inhibit Hsc70-
dependent uncoating. We would then expect to observe an in-
crease in CCV number upon microinjection of GG/ED NBD, as
has been observed with other inhibitors of Hsc70-dependent un-
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number of CCVs from 20 to 34 synapses per experimental condition. Bars represent mean == SEM. F, Quantification of the number of CCPs from 20 to 34 synapses per experimental condition. Bars
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coating (Morgan et al., 2001; Yim et al., 2010; Fig. 1B). However,
we found no significant difference in the number of CCVs at
control synapses versus those treated with GG/ED NBD (Fig. 8E;
stimulation control: 0.4 % 0.2, n = 34; GG/ED NBD: 0.9 * 0.3;
n = 20 synapses), indicating that the GG/ED NBD does not sig-
nificantly deplete Hsc70 available for uncoating.

There was also no statistically significant difference in the
number of clathrin coated pits (CCPs), the coated structures that
have not yet undergone fission (Fig. 8F; stimulation control:
1.7 = 0.3, n = 34; GG/ED NBD: 2.5 * 0.5; n = 20 synapses), or
SVs (Fig. 8G; stimulation control: 116 = 9, n = 34; GG/ED NBD:
93 £ 10; n = 20 synapses) between the control versus GG/ED
NBD-injected preparations. A priori, it might be expected that
the plasma membrane expansion produced by the GG/ED NBD
would be accompanied by a decrease in the number of SVs. How-
ever, to quantitatively account for the observed 30% increase in
plasma membrane evaginations requires that only a small num-
ber of vesicles become trapped at the cell surface. One can esti-
mate how much membrane each vesicle adds to the plasma
membrane as follows: 7 X SV diameter = 3.14 X 45 nm = ~141
nm/vesicle. In single thin sections, the plasma membrane evagi-
nations in NEF-inhibited conditions were on average 760 nm
larger than in control conditions, corresponding to five to six
additional vesicles per section being trapped at the plasma
membrane. This falls well within the biological variability ob-
served in the sizes of vesicle clusters under uninhibited, con-
trol stimulation conditions (Fig. 8G).

To test the hypothesis that it is specifically Hsp110 that re-
leases clathrin from Hsc70 at nerve terminals, we injected giant
reticulospinal axons with Hsc70 GG/ED,RRR/EEE NBD and
characterized its synaptic effects as described above. This mutant
shows no detectable interaction with Hsp110 by native PAGE
(Fig. 5), is at least 1500-fold less efficient than the Hsc70 GG/ED
NBD at inhibiting the Hsp110-mediated stimulation of clathrin
basket disassembly (Fig. 3, Fig. 6), and does not block Hsp110-
mediated disruption of clathrin*Hsc70 interactions (Fig. 7D).
However, Hsc70 GG/ED,RRR/EEE NBD still binds to Bagl, and
its effect on Bagl-mediated stimulation of uncoating is statisti-
cally indistinguishable from Hsc70 GG/ED NBD (Fig. 3, Fig. 5,
Fig. 6). Therefore, if Hsp110 is the biologically relevant NEF dur-
ing SV endocytosis, then GG/ED,RRR/EEE NBD should not in-
hibit endocytosis from the plasma membrane. However, if Bagl
or another protein is the biologically relevant NEF, then this
mutant should still inhibit endocytosis. When we injected giant
reticulospinal axons with the GG/ED,RRR/EEE NBD, we found
no significant difference in the sizes of plasma membrane evagi-
nations compared with control stimulated synapses, whereas the
difference in plasma membrane evaginations compared with the
GG/ED NBD-treated synapses was highly significant (stimula-
tion control: 2161 = 90 nm, n = 34; GG/ED NBD: 2921 * 204,
n = 20; GG/ED,RRR/EEE NBD: 2109 * 114, n = 26; ANOVA
analysis p = 7 X 10 % compare Fig. 8D, Fig. 84—C). Given that
there were no significant differences in the number of CCVs,
CCPs, or SVs between the control and Hsc70 GG/ED NBD
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groups, we did not expect to see any difference with Hsc70 GG/
ED,RRR/EEE NBD and, indeed, the CCV, CCP, and SV numbers
for all three groups were statistically indistinguishable (Fig. 8E—
G). Therefore, the RRR/EEE mutation that specifically abolishes
GG/ED NBD binding and inhibition of Hsp110 in vitro also abol-
ishes GG/ED NBD inhibition of endocytosis in vivo. These data
indicate that Hsp110 is the biologically relevant NEF during SV
endocytosis at nerve terminals.

Discussion

The roles of Hsc70 and its co-chaperone auxilin in CCV uncoat-
ing in vivo are well established (Rothman and Schmid, 1986;
Ungewickell et al., 1995; Morgan et al., 2001; Yim et al., 2010).
However, only recently have in vitro experiments suggested a role
for another Hsc70 regulator, the NEFs, in clathrin-mediated en-
docytosis (Schuermann et al., 2008). Experiments presented in
our previous study showed that when Hsc70 is limiting in vitro,
NEFs stimulate CCV uncoating by disrupting the stable clathrin:
Hsc70*ADP complexes that form upon clathrin basket disassoci-
ation, allowing Hsc70 to participate in multiple rounds of
uncoating (Schuermann et al., 2008). In neuronal cytosol, how-
ever, we found that Hsc70 is not limiting but is in large excess of
clathrin (Fig. 4). Therefore, because Hsc70 is such an abundant
molecule, the ability of Hsp110 to disrupt clathrin:Hsc70 com-
plexes may not be required to make Hsc70 available for uncoat-
ing. Instead, it may be that the NEF action is required to
dissociate the Hsc70:clathrin complexes to make clathrin avail-
able for endocytosis. The experiments described here support this
model, because inhibiting NEF function with an inhibitor
(GG/ED NBD) that sequesters Hsp70 NEFs results in a 30% ex-
pansion of the presynaptic plasma membrane at live synapses
(Fig. 8). Similarly, a plasma membrane expansion has been ob-
served in vivo at squid, lamprey, and mammalian synapses when
reagents that interact with clathrin and inhibit the early stages of
clathrin-mediated SV endocytosis have been characterized
(Morgan et al., 1999; Morgan et al., 2000; von Kleist et al., 2011).
Our results therefore represent the first in vivo data supporting a
model in which NEFs function at synapses to release clathrin
from a complex with Hsc70, so that the clathrin can participate in
continued rounds of SV endocytosis.

At first, it might seem perplexing that there was no significant
decrease in the number of SVs to accompany the increase in
plasma membrane in the presence of the NEF inhibitor (GG/ED
NBD). However, an analysis across several studies indicates that
we would not expect to see this under conditions in which there is
only a 30% increase in plasma membrane. For example, a peptide
inhibitor of the talin:PIP kinase interaction resulted in a 100%
increase in plasma membrane and a 30% decrease in SV number
at lamprey reticulospinal synapses that were stimulated under
conditions identical to those used here (Morgan et al., 2004). In
that same study, the head domain of talin protein (which simi-
larly competes for endogenous talin:PIP kinase interactions) led
to an 80% increase in plasma membrane, although in this case, no
statistically significant change in SVs (Morgan et al., 2004). The
lesser effects of the protein inhibitor were attributed to its neces-
sarily being used at lower concentrations than the peptide. There-
fore, a comparison of these parameters reveals that the increase in
plasma membrane has to be very large (approaching 100%) to
give rise to statistically significant changes in SV number, a con-
clusion that is supported by additional studies at lamprey syn-
apses using different reagents and stimulation conditions (Gad et
al., 1998; von Kleist et al., 2011). The increase in plasma mem-
brane that we observed with GG/ED NBD, also a protein inhibi-
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tor, is only 30%, which amounts to five to six additional SVs
being trapped in the plasma membrane; therefore, we would not
expect to see a significant reduction of SVs. That we observed a
smaller expansion of the plasma membrane than was seen in
previous studies may reflect the mechanism of our inhibitor,
which indirectly depletes available clathrin by sequestering the
NEFs that are required to dissociate clathrin:Hsc70 complexes. If
the sequestration of the NEFs is not 100% efficient, then the
remaining fraction of free NEFs, which act catalytically, may
dissociate a significant fraction of the clathrin:Hsc70 com-
plexes. In addition, even in the absence of a NEF, these com-
plexes dissociate spontaneously, albeit at a slow rate. The NEF
inhibitor is therefore expected to reduce, but not eliminate,
the amount of free clathrin. This reduced free clathrin may
therefore be sufficient to sustain a significant but decreased
amount of endocytosis.

The increase in plasma membrane that we observed with the
NEEF inhibitor GG/ED NBD was statistically significant and was
associated with the distinctive perisynaptic evaginations charac-
teristic of endocytic inhibition at lamprey synapses. The GG/ED
NBD can bind and inhibit Bagl, Hsp110, and, based on available
crystal structures, it would be expected to bind all other known
Hsp70 NEFs. When we mutated a positively charged region
(R299/R301/R311) of the GG/ED NBD, which interacts with
Hspl110, but not with other known Hsc70 NEFs or co-
chaperones, binding to Hsp110, but not Bag1, was disrupted. Our
double-blind EM analysis revealed that this mutation also abro-
gated the ability of the inhibitor to induce plasma membrane
expansion at the lamprey synapse. This indicates that it is the
inhibition of Hsp110 that is responsible for the plasma mem-
brane changes seen in the presence of GG/ED NBD. The endo-
cytic inhibition that we observed with GG/ED NBD (but not
GG/ED RRR/EEE NBD) allows us to conclude that Hsp110 ac-
tivity is normally required at neuronal synapses to dissociate
clathrin:Hsc70 complexes and make sufficient clathrin available
to sustain efficient SV endocytosis. That Hsp110 is the physiolog-
ically relevant NEF involved in dissociating these complexes at
nerve terminals is also supported by the observation that Hsp110
is highly abundant in brain cytosol, being present at levels com-
parable to Hsc70 and >100 times in excess of Bag 1 (Fig. 4).

The persistence of the clathrin:Hsc70 interaction after uncoat-
ing, and the consequent requirement for a NEF to dissociate this
complex, may very well be a response to the highly self-interactive
nature of the clathrin molecule, which, in addition to being as-
sembled by adaptor proteins into regular coat structures at the
plasma membrane during endocytosis, is also capable of sponta-
neous assembly into irregular polymeric structures and empty
baskets of heterogeneous size and shape (Ye and Lafer, 1995).
Hsc70 may therefore be required to chaperone clathrin in vivo to
prevent such aberrant polymerization, and Hsc70 is sufficiently
abundant to bind and chaperone all of the depolymerized clath-
rin at the nerve terminal (Fig. 4), as well as in other cell types and
compartments. Consistent with this, immunoprecipitation of
clathrin from neurons coprecipitates Hsc70 (Black et al., 1991)
and expression of mutant Hsc70s with reduced ATP binding/
hydrolysis and unstable clathrin binding leads to aberrant clath-
rin polymerization in vivo (Newmyer and Schmid, 2001).

The ATP-dependent cycles of the abundant and numerous
Hsp70 family members control much of the protein folding, traf-
ficking, complex remodeling, and general protein processing re-
actions in eukaryotic cells. Furthermore, Hsp110 is now believed
to be the predominant NEF for Hsp70 (Xu et al., 2012), as well as
being directly involved in binding and disaggregating misfolded
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proteins (Polier et al., 2010; Shorter, 2011). The NEF inhibitors
created and characterized in this study (Fig. 3, Fig. 4, Fig. 5, Fig. 6,
Fig. 7, Fig. 8) should therefore have broad utility for examining
the role of Hsp70 NEFs in other cell biological processes.
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