
with each other (Fig. 3, C and D). PGI and 
ALD are thought to be in vast excess relative 
to PFK (21), but some experimental data 
suggest that the relative in vivo activities of 
PGI and ALD are low enough for variations 
in these enzymes to be functionally relevant 
(2, 4, 22). These two enzymes flank PFK in 
the glycolytic pathway and thus their activ- 
ities relative to that of PFK may affect flux. If 
PFK activities in Fundulus taxa are altered 
evolutionarily by allosteric modulation, then 
the correlation between PGI and ALD con- 
centrations mav reflect coordinate chanees " 
in PFK concentration or activity. 

Which theorv of metabolic flux best fits . ,  
the observe'd evolutionary patterns? Adap- 
tive variation in PYK concentration is ex- 
pected under classical biochemical models 
because PYK catalvzes an  irreversible aden- 
osine 5'-triphosphate-producing reaction 
and exueriences allosteric modulation. 
However, PFK, a regulatory enzyme, does 
not vary adaptively with,temperature. Both 
LDH and GAPDH are equilibrium enzymes 
that are thought to be unable to affect flux. 

u 

Our data indicate that these two equilibri- 
um enzymes are adaptively important and 
thus affect metabdlic flux. The coevolution 
of two pairs of equilibrium enzymes suggests 
that enzyme interactions (that is, epistasis 
between enzyme steps) may be as important 
as single enzymes for flux modulation. Thus, 
the data presented here suggest that many 
different enzymes modulate flux, supporting 
metabolic control theories. 

isomerase (TPI, E.C. 5.3.1 .I), glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH, E C. 1.2.1 .I 2), 
phosphoglycerokinase (PGK, E.C. 2,7.2.3), phospho- 
glyceromutase (PGM, E.C. 2.7.5.3), enolase (ENO, 
E.C. 4.2.1 .I I ) ,  pyruvate klnase (PYK, E.C 2.7.1.40), 
lactate dehydrogenase (LDH, E.C. 1 .I .I .27). 
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Synaptic Vesicle Endocytosis l m paired 
by Disruption of Dynamin-SH3 

Domain Interactions 
Oleg Shupliakov, Peter Low, Detlev Grabs,* 

Helge Gad, Hong Chen, Carol David,J- Kohji Takei, 
Pietro De Camilli,$ Lennart Brodin$ 

The proline-rich COOH-terminal region of dynamin binds various Src homology 3 (SH3) 
domain-containing proteins, but the physiological role of these interactions is unknown. 
In living nerve terminals, the function of the interaction with SH3 domains was examined. 
Amphiphysin contains an SH3 domain and is a major dynamin binding partner at the 
synapse. Microinjection of amphiphysin's SH3 domain or of a dynamin peptide con- 
taining the SH3 binding site inhibited synaptic vesicle endocytosis at the stage of 
invaginated clathrin-coated pits, which resulted in an activity-dependent distortion of the 
synaptic architecture and a depression of transmitter release. These findings demon- 
strate that SH3-mediated interactions are required for dynamin function and support an 
essential role of clathrin-mediated endocytosis in synaptic vesicle recycling. 

T h e  guanosine triphosphatase (GTPase) dy- pits and participates in the fission reaction 
namin has an essential role in endocytosis ( I ,  that generates a free vesicle (3). Block of 
2). It forms a collar at the neck of endocytic dynamin GTPase function in nerve terminals 
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leads to an arrest of endocytosis at the stage of 
invaginated endocytic pits and, as a conse- 
quence, to depletion of synaptic vesicles (4, 
5). Through distinct binding sites in its pro- 
line-rich COOH-terminal region, dynamin 
interacts with various SH3 domain-contain- 
ing proteins (6). Here we present evidence of 
the importance of these interactions for dy- 
namin function in living cells. 

In nerve terminals, a major SH3 domain 
binding partner is amphiphysin (7,8), which 
binds dynamin at a single site comprising the 
sequence PSRPNR (9) near its COOH-termi- 
nus (10). Amphiphysin also binds the plas- 
malemmal clathrin adaptor AP-2 (11) 
throueh a site distinct from its SH3 domain 
(8). fherefore, amphiphysin may participate 
in recruiting dynamin to coated pits (8). To 
disrupt the interactions mediated by the am- 
phiphysin binding site on dynamin, a fluoro- 
phore-conjugated glutathione-S-transferase 
(GST) fusion protein containing the SH3 
domain of human amphiphysin (GST- 
amphSH3) (1 2) was injected presynaptically 
into the lamprey giant reticulospinal synapse 
(13-15). Injection did not alter the morphol- 
ogy of synapses maintained at rest (Fig. 1A) 
(16). The organization of synaptic vesicle 
clusters and the plasmalemma resembled that 
in normal synapses (14, 17), and only a small 
number of coated pits were present (Fig. 2). 
However, when low-frequency action-poten- 
tial stimulation (at 0.2 Hz for 30 min) was 
applied to stimulate synaptic vesicle exocyto- 
sis, the structure of the synapses changed dra- 
matically (Fig. 1B). Many coated pits ap- 
peared (Figs. 1B and 2), which virtually cov- 
ered the ~lasmalemma around the active 
wnes within a radius of about 3 to 4 Fm. 
Large plasmalemmal invaginations bearing 
coated pits were often visible at the margin of 
the synaptic regions (Fig. lC), and the num- 
ber of synaptic vesicles decreased (18). The 
remaning vesicles appeared to be organized 
normally in clusters anchored to the active 
zones (1 9). After more intense stimulation (at 
5 Hz for 30 min) the synaptic ultrastructure 
was even more distorted (Fig. ID). In addition 
to the abundant coated pits (Fig. 2), large 
numbers of tubular and sheetlike membrane 
invaginations extended into the axon and 
occupied a large part of the synaptic region. 
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The number of synaptic vesicles was further 
reduced (20) and the presynaptic plasma 
membrane had ex~anded. as indicated bv the 
formation of protrusions of the presynaptic 
compartment around the postsynaptic den- 
drites (Fig. ID) (21). Moreover, the active 
zone area was now fragmented and appeared 
as irregular patches (Fig. ID) interrupted by 
membrane invaginations bearing coated pits. 
The number of synaptic vesicles tethered to 
the active zone membrane was reduced (22). 

Binding assays were done to verify that 
lamprey dynamin binds the SH3 domain of 
human amphiphysin in vitro (23). When a 
lamprey central nervous system (CNS) ex- 
tract was affinity-purified onto GST- 
amphSH3 bound to glutathione-Sepharose, 

the predominant protein specifically bound 
to the beads comigrated with rat dynamin at 
about 100 kD (Fig. 3A) (8) and reacted with 
antibodies to dynamin (Fig. 3A). The bind- 
ing to GST-amphSH3 was inhibited by a 
15-oligomer peptide from human dynamin 
containing the amphSH3 binding site (Fig. 
3B) (10, 24). Binding was not detectable 
when a mutant amphiphysin SH3 domain 
(GST-amphSH3mut) was used (Fig. 3B). 
This protein has two point mutations at 
conserved amino acids in the SH3 domain 
(Gly684 +- Arg684 and Pro687 +- Led8') that 
drastically reduce dynamin binding (1 0). In 
an overlay assay, GST-amphSH3 reacted 
primarily with a 100-kD band comigrating 
with dynamin, which was not recognized by 

Fig. 1. Inhibition of synaptic vesicle recycling by GST-amphSH3. (A) A synapse in an axon maintained 
in low calcium solution (0.1 mM Ca2+ and 4 mM Mg2+) without stimulation after injection of GST- 
amphSH3. (B) A synapse in an axon that was stimulated (in a solution containing 2.6 mM Ca2+ and 1.8 
mM Mg2+) at 0.2 Hz for 30 min after the injection of GST-amphSH3. (C) Membrane invaginations at the 
margin of a synaptic area in an axon treated as in (B). (D) A synapse in an axon stimulated at 5 Hz for 30 
min after GST-amphSH3 injection. The number of coated pits for each condition is given in Fig. 2. Scale 
bars, 0.2 pm [bar in (A) applies to (A) through (C)]. 
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GST-amphSH3mut or by GST linked to 
SAP-90/PSD95, an SH3-containing protein 
that does not  bind rat dynamin (25). Con- 
versely, when lamprey CNS extract was af- 
finity-purified on a GST fusion protein com- 
prising the entire proline-rich domain of hu- 
man dynamin (26), a band was affinity-pu- 
rified that comigrated with rat brain 
amphiphysin and was recognized by mono- 
clonal and polyclonal antibodies to am- 
phiphysin (Fig. 3C) (26). This band was not  
present in material affinity-purified on a fu- 
sion protein containing a truncated proline- 
rich domain (Fig. 3C) devoid of the am- 
phiphysin binding site (10). 

To  rule out the possibility that GST- 
amphSH3 simply impaired dynamin function 
rather than competed with an endogenous 
SH3 binding site in the living synapses, we 
microinjected the dynamin peptide used 
above (27). The peptide produced morpho- 
logical alterations (Fig. 4, A and B) qualita- 
tively similar to those observed after injection 
of GST-amphSH3. The synaptic regions 

showed an increase in the number of coated ma1 (Fig. 4C). Injection of GST-SAP-901 
pits, and the plasma membrane exhibited in- PSD95 (Fig. 4D; stimulation at 5 Hz) or of 
vaginations bearing coated pits. Presynaptic GST alone (28) failed to induce obvious 
injection of GST-amphSH3- mut had little changes in the synaptic morphology with re- 
effect on the synaptic ultrastructure (Fig. 4C; gard to synaptic vesicle clusters, the plasma- 
stimulation at 5 Hz). The number of coated lemma. and coated structures. 
pits was significantly lower than that in GST- Analysis of serially sectioned synapses 
amphSH3-injected axons and only slightly showed that coated membrane structures in- 
exceeded that in control axons (Fig. 2). The duced after injection of GST-amphSH3 or 
structure of the plasmalemma, synaptic vesicle the dynamin peptide were always connected 
clusters, and active zone region appeared nor- with the plasma membrane, whereas free coat- 

Fig. 3. Specificity of interaction between the proline-rich A 1 2 3 4 
domain of dynamin and the SH3 domain of amphiphysin. (A) 
Bindina of a 100-kD ~rotein from lam~rev s~inal cord to I 
G S T - ~ ~ ~ ~ S H ~ .  ~luaies of proteins' bound to GST- 
am~hSH3 with lamwev extract added $ane lb GST- 94! 

Bq Dynamin 

GST 

I 

a m b h ~ ~ 3  with no extract added (lane 2), and GST albne with 
67 

lamprey extract added (lane 3) (lanes 1 through 3 show 
Coomassie-stained gels). Lane 4 shows a protein immuno- 
blot with dynamin antiserum DG1 (10) on material corre- 43- 
sponding to lane 1 (23). (B) Blots with dynamin antiserum 
DGl on lamprey proteins bound to GST-amphSH3 (lane I ) ,  

2 0 2 0 
Control GST-amphSH3 GST-amph- 

SH3mut 

m' phSH3 

- 

Fig. 2. Number of coated pits in synaptic areas of 
control axons and GST-amphSHS and GST- 
amphSH3mutinjected axons. The values repre- 
sent the number of coated pits in the center section 
of synapses ? SD. Control synapses were from 
uninjected axons adjacent to axons injected with 
GST-amphSH3. Synapses that were not stimulat- 
ed (No stim.) were from axons maintained in 0.1 
mM Ca and 4 mM Mg. In the control synapses that 
were not stimulated, no coated pits were observed. 
The effect of GST-amphSH3mut was only exam- 
ined after stimulation at 5 Hz. The data for GST- 
amphSH3 and GST-amphSH3mut were obtained 
from axons in which the concentrations of the in- 
jected proteins in the axonal cytoplasm were similar, 
as judged from the fluorescence intensity after com- 
pensation for the dye-to-protein ratio; n = 5 syn- 
apses for each condition. The number of coated pits 
differed significantly between GST-amphSH3 with 
no stimulation and GST-amphSH3 at 0.2 Hz (P < 
0.005) and 5 Hz (P < 0.001); between GST- 
arnphSH3 at 5 Hz and GST-arnphSH3mut at 5 Hz 
(P < 0.001); and between control at 5 Hz and GST- 
arnphSH3mut at 5 Hz (P < 0.05). We assume that 
the lack of increase in coated pits between GST- 
arnphSH3 at 0.2 Hz and at 5 Hz may reflect a satu- 
ration of the endocytic machinery. 

GST-amphSH3mut (lane 2) (lanes 1 and 2 run in parallel), 302 - --- - 
GST-amphSH3 (lane 3), and GST-amphSH3 in the presence B ,. 
of 300 pM of dynamin peptide (lane 4) (lanes 3 and 4 run in loo, - I parallel) (24). (C) Blots with monoclonal antibodies to the 
COOH-terminal portion of amphiphysin on proteins from rat C 1 2 3 4 
brain (lanes 1 and 2) and from lamprey spinal cord (lanes 3 l o  - L; " ' 
and 4) bound to GST fusion proteins containing the full- 
length dynamin proline-rich domain (lanes 1 and 3) or a truncated proline-rich domain lacking the binding 
site for amphiphysin (lanes 2 and 4) (26). 

Fig. 4. Effects of a dynamin peptide and various fusion proteins on synaptic vesicle recycling. (A and B) 
Synaptic areas in axons injected with a 15-oligomer dynamin peptide (24). (C and D) Synapses injected 
with GST-amphSH3mut (C) and GST-SAP90/PSD95 (D). In (A) through (D), the axons were stimulated 
at 5 Hz for 30 min after the injection. Endosomes similar to those present in (C) were also observed in 
uninjected axons. Scale bars, 0.2 pm [bar in (A) applies to (A), (C), and (D)]. 
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ed vesicles were not observed. Most coated 
pits had a small homogenous size and a narrow 
neck, which suggests arrest, or strong kinetic 
delay, of endocytosis at a late stage preceding 
fission. The extensive depletion of synaptic 
vesicles and the accumulation of invaginated 
endocytic pits observed in injected terminals 
was reminiscent of the morphological changes 
observed in the temperature-sensitive Dro- 
sophila mutant shibire, in which the mutation 
has been localized to the dynamin gene (4,5). 
However, the electrondense dynamin collar 
that surrounds the neck of endocytic pits in 
sf i re  nerve terminals (4) was not present 
(29), which suggests that disruption of the 
dynamin-SH3 interaction may inhibit synap- 
tic vesicle fission by preventing the recruit- 
ment of dynamin (8, 10). This possibility is 
supported by our observation that GST- 
amphSH3 and the dynamin peptide inhibit 
the recruitment of dynamin to coated pits in a 
cell-free assay (30). Moreover, the endocytic 
pits visible in shibire nerve terminals, although 
similar in size to those described here, were 
reported to be devoid of clathrin coats (4). 
Whether endocvtic  its become uncoated in 
shibire terminak aft'er prolonged endocytic 
block remains unclear. 

0 5 10 I S  20 25 30 35 - Tlms (rnln) 

Injection 

Fig. 5. Lack of effect of GST-amphSH3 m neu- 
rotransmitter reiease during low-frequency stimu- 
lation. An EPSP was evoked in a spinal neuron by 
0.2 Hz stimulation of a giant reticulospinal axon by 
a microelectrode filled with Cy5-conjugated GST- 
amphSH3. The protein was injected with pressure 
pulses (injection). (Top) Bars represent the fluo- 
rescence intensity (in arbitrary units) in the area of 
the presynaptic axon where the release sites me- 
diating the EPSP were located (13). The points 
represent 1 -min averages of the total EPSP am- 
pliiude. (Bottom) The traces (1 and 2) are 5-min 
averages during the periods indicated. The elect- 
rotonic component of the mixed electrotmic- 
chemical EPSP (13) is indicated with an asterisk. 

To test whether GST-amphSH3 alters 
neurotransmitter release we recorded intracel- 
lularly from spinal target cells while stimulat- 
ing single reticulospinal axons (1 3,17). When 
excitatory postsynaptic potentials (EPSPs) 
were evoked by low-frequency stimulation 
(Fig. 5; 0.2 Hz), presynaptic injection of GST- 
amphSH3 did not alter the EPSP amplitude 
during an observation period of 30 min (31 ). 
This correlated with the lack of change in the 
number ofisynaptic vesicles tethered to active 
zones (1 9) and was consistent with the previ- 
ously reported lack of correlation between the 
total vesicle pool and the EPSP amplitude 
(17). Thus GST-amphSH3 appears to inter- 
fere selectively with endocytosis, whereas it 
has no apparent direct effect on synaptic exo- 
cytosis (32). Under conditions of intense exo- 
cytosis, however, there was a marked reduc- 
tion of the EPSP (Fig. 6A) (33) that by far 
exceeded the reduction observed normally at 
this level of sustained release (34). This cor- 
related with the disruption of the active zone 
region (Fig. 6B) and the reduction in the 
number of synaptic vesicles tethered to the 

active zone membrane observed under these 
conditions (22). Thus the impairment of 
exocytosis appears to be a consequence of 
the changes in synaptic structure induced 
by GST-amphSH3 at high rates of release. 
EPSPs evoked from axons injected with 
GST-amphSH3mut (Fig. 6, A and C) or 
GST (Fig. 6A) were moderately reduced 
during stimulation at 5 Hz (33), similarly to 
those evoked from uninjected axons (34). 

The ultrastructural and electrophysiologi- 
cal effects correlated with the targeting of 
fluorophore-conjugated injected proteins in 
the living axons as assessed by fluorescence 
microscopy. GST-amphSH3 accumulated in 
spots (Fig. 6D) with a location corresponding 
to that of synaptic release sites (14,17) where 
dynamin is accumulated (35). In contrast, 
GST-amphSH3mut remained diffuse within 
the axon (Fig. 6E), as did GST-SAP90 and 
GST alone (36). 

Our results indicate that interaction of 
dynamin's proline-rich domain with an 
SH3 domain has a key role in the final steps 
of clathrin-coated vesicle formation. The 

bar in iC), 0.5 krn: 11. :El. 10 pm. . :  
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critical region of dynamin involved in this 
interaction comprises the binding site for 
amphiphysin (10). Thus amphiphysin may 
act as a link between early and late stages in 
clathrin-coated vesicle formation, which 
enables the assembly of dynamin rings 
around their necks (3, 29, 30). 

The role of coated vesicles in synaptic 
vesicle recycling has been a matter of de- 
bate (37). As shown here, after inhibition 
of the fission reaction, the role of the clath- 
rin-coated vesicle pathway became evident 
during both low and high frequencies of 
stimulation. Thus the apparent lack of cor- 
relation. between exocytosis and coated 
structurei may be attributed to the short 
lifetime of the coated intermediates under 
normal conditions (38). 

Although interaction with amphiphysin 
may have a major role in synaptic vesicle 
endocytosis, the interactions with other SH3 
domain-containing proteins may act in con- 
cert with or substitute. for this site in other 
endocytic reactions (1 ,  6, 39). For example, 
co-localization of dvnamin and clathrin in 
COS cell membranes depends on a region of 
the proline-rich domain located upstream of 
the amphiphysih binding site (40). 
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