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Enlargement of Figure 1A
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A peptide which blocks AP2 interactions inhibits a slow component of endocytosis in retinal 
bipolar cells.  Both traces show normalized capacitance responses to a 100 ms depolarization (arrow), 
which results in an increase in surface area due to vesicle fusion, followed by endocytosis. Under control 
conditions (black; n = 14), all the excess membrane is retrieved, and the time-course is biphasic.  The 
trace is described by a double exponential in which the amplitude of the fast phase (Afast) is 54% and 
this membrane is retrieved with kfast = 0.74 s-1. The remaining 46% of membrane (Aslow) recovers with 
kslow = 0.16 s-1. The averaged response after dialysis with 100 µM of the Amph-DNF peptide (violet, n = 
3) was described by a single exponential in which Afast = 58% of membrane was retrieved with kfast = 
0.59 s-1, leaving 42% stranded. Error bars show one s.e.m. The absolute amplitudes of the exocytic 
responses under these conditions are shown in Table 1.  The procedure for fitting curves, and all the 
parameters of the fits to the averaged traces in this figure are described in the Supplemental Data.
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Supplemental Figure 3

Detection of endophilin in goldfish extracts and specificity of PP19 peptide for endophilin bind-
ing.  (A) Western blot shows endophilin (Ra74 polyclonal antibody, raised against endophilin SH3 
domain), synaptojanin (Ra59 polyclonal antibody) and dynamin (Hudy monoclonal) expression in gold-
fish brain extract.  (B) GST-SH3 domain cosedimentation assays from brain extract in the presence of 
PP19, probing for synaptojanin.  The endophilin-synaptojanin interaction is effectively competed and 
PP19 is specific for the endophilin SH3 domain compared to pacsin (syndapin), amphiphysin and inter-
sectin (SH3-E).  (C) The same GST-SH3 domain co-sedimentation assays in the presence of PP19 probing 
for dynamin.  The endophilin-dynamin interaction is also disrupted but at higher peptide concentrations 
than endophilin-synaptojanin.  
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Supplemental Figure 4

A B

Panels A) and B) illustrate capacitance recordings obtained from two synaptic terminals dialyzed with 10 �M
endophilin N-Helix SH3 and 10 �M endophilin SH3, respectively. Arrows indicate the application of a 100 ms
stimulus. Fast endocytosis was preserved at the observed time points after breaking-in in the presence of  endophilin

N-Helix SH3 construct.  In contrast, the rise of the intracellular concentration of  endophilin SH3 slowed down
membrane retrieval.
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Time couse of membrane retrieval inhibition by endophilin proteins
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Assessing the time-course over which endophilinΔSH3 domain accumulated in 
the synaptic terminal and the concentration dependence of inhibition.
A. Transmitted light image of a bipolar cell terminal detached from the rest of the cell.
B. Fluorescence image of the same terminal 8 minutes after going whole-cell with a patch 
pipette containing 25 �M of endophilinΔSH3 (N-BAR domain of endophilin) labelled with Alexa-488.  
C. The time-course over which the fluorescence accumulated in the terminal (averaged over 
the ROI shown by the yellow circle in B).  The seal was formed at time zero, and the whole-cell 
recording was obtained at the time indicated by the arrow.  Fluorescence intensity approached
saturation with a time-constant of 135 s, as shown by the fitted curve.  Similar rates of 
accumulation were observed in two other cells.  In comparison, the average time-constant 
of accumulation calculated for a sample of 20 terminals (average Cm = 4.3 pF; average Rs = 14 MW) 
was 200 s using the model of Pusch and Neher (1988).
D. Concentration dependence of endophilinΔSH3 inhibition of endocytosis
(see Supplemental Experimental Procedures).
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Membrane tubulation by endophilin and amphiphysin N-BAR domains used in our experiments
Electron micrographs shows tubulation by the N-BAR domains of endophilin A1 and D. melanogaster 
amphiphysin in vitro. Methods were as described previously [Peter et al 2004, Science 303, 495-499] . 

Supplemental Figure 6
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Arfaptin2 a Golgi targeted BAR containing protein does not affect the kinetics of vesicle retreival.
Endocytosis after a 100 ms stimulus is compared for control and arfaptin-BAR conditions (25�M in pipette). 

Supplemental Figure 7



Supplemental Methods 
 

Correlative electrophysiology and electron microscopy  

Depolarising bipolar cells isolated as above were plated onto gridded glass coverslips 

coated with poly-L-lysine. Cells were bathed in low-calcium-Ringers solution (0.2 

mM CaCl2) which, after patching, was exchanged with Ringers solution (2.5 mM 

CaCl2) containing 10 mg/ml HRP. After 2-3 mins equilibration, the patched cells 

were subjected to a train of five, 20 ms stimulations with 10 s intervals, prior to being 

fixed with 2 % PFA/1.5 % glutaraldehyde in buffer A (25 mM HEPES, 38 mM 

aspartate, 38 mM glutamate, 38 mM gluconate, 2.5 mM MgCl2, 2 mM EGTA, pH 

7.2). Fixative was delivered immediately to the stimulated cells by an electronically 

controlled pipette positioned directly over the patched cells (for method details see 

Rosenmund and Stevens, 1997). Images of the patched cells and their neighbouring 

cells were captured to aid identification of the patched cells in the electron 

microscope. The fixed cells were treated with DAB to crosslink the HRP, before 

being post-fixed with 1 % osmium tetroxide/1.5 % potassium ferricyanide and stained 

with tannic acid. The cells were dehydrated and embedded in epon stubbs, as 

described previously (Stinchcombe et al., 1995). Coverslips were removed by 

immersion in liquid nitrogen prior to serial sectioning and ultra-thin sections were cut 

en-face using a Reichert-Jung Ultracut E microtome. Sections were stained with lead 

citrate before being viewed in a Philips CM12 electron microscope. The diffusion 

coefficient of vesicles in the synaptic terminal of bipolar cells has been measured to 

be ~1.5 x 10-2 µm2 s-1 (Holt et al., 2004), and since the average distance from the 

membrane was only 106 nm, fixation must have occurred within 1 s of budding from 

the plasma membrane (see also distribution of distances in Figure 1I).   

 



Fitting of capacitance traces  

The basic approach to describing the recovery phase of capacitance traces using 

single or double exponential functions has been described previously (Neves and 

Lagnado, 1999; Jockusch et al., 2005).  Three basic situations arose in the present 

study. In the first, all the excess membrane was recovered in one phase which could 

be described as a single exponential (e.g recovery after 20 ms or 2 s stimuli – see 

black trace in Figure 2E).  In the second, all the excess membrane was retrieved but 

recovery was biphasic and was best described as the sum of two declining 

exponentials (e.g recovery after a 100 ms stimulus – see black trace in Figure S2). In 

the third, a proportion of the membrane was not recovered and endocytosis appeared 

to have stopped within our recording episode (e.g recovery in the presence of the 

DNF peptide, red trace in Figure S2). In this last situation, we found that the time-

course of recovery for that proportion of membrane that was retrieved could also be 

described adequately as a single exponential.  

 

The decision between single and double exponential fits was made by visual 

inspection followed by comparison of residuals. We set two further criteria before 

accepting the need for a double exponential over a single: the two rate-constants 

differing by more than 4-fold and the amplitude of the slow phase being at least 10%. 

The first criterion applied in most situations, because the fast phase typically had a 

time-constant of about 1 s, and the slow phase a time-constant of 10 s or more. For 

instance, in Figure 3E (20 ms stimulus, endophilin∆SH3) the fast and slow rate-

constants differed by factor of 20.  

 

The second criterion was set because an estimate of the slower rate-constant was 

overly sensitive to slight drift in the traces when the amplitude of the slow phase was 

very small relative to the fast phase. In such situations, only the rate-constant and 

amplitude of the fast phase was recorded, together with the amplitude of the slow 

phase; the slow rate-constant was not deemed reliable. A border-line case is shown by 

the control response to a 20 ms stimulus in Figure 3E, where the fit suggests that the 

amplitude of the slow component is 13% of the total and kslow = 0.25 s-1. This is an 

average of 14 individual responses but when fitting the individual responses to this 

brief stimulus, a double exponential was used in only one case.  

 



 

Estimating the concentration of endophilin in the synaptic terminal  

The intracellular concentration of a molecule dialyzed through a patch pipette 

approaches the final (pipette) concentration (co) along a time-course which can be 

described as a saturating exponential, c(t) = co(1 – exp(-t/τ)), where t is the time after 

obtaining access to the interior of the cell (Pusch and Neher, 1988). The characteristic 

time-constant,τ, depends on the size o the terminal (expressed as its capacitance, 

Cterm, in pF), the access resistance through the patch pipette (Ra, in M ), and the 

molecular weight o the molecule (M in Daltons), according to the equation t = to. 

(Cterm/5.91)1.5, where to = 0.6 Ra . M1/3. The MW of endophilin N-BAR is 28000 

Daltons, but because it dimerizes at the concentrations introduced into the patch 

pipette (12.5 – 25 •M), M was taken as 56000 Daltons. Typically, t was 3-4 minutes. 

In this way we calculated the concentration of endophilin N-BAR domain inside the 

terminal at the time a stimulus was delivered.  

 

 

Statistics  

All fits were made in IGOR PRO software (WaveMetrics, Lake Oswego, OR) using a 

Levenberg-Marquardt algorithm that searches for parameter values that minimize chi-

square. Chi-square has absolute meaning if a weighting wave (the reciprocal of the 

standard deviation) is used in its calculation, when errors can also be estimated for 

each free parameter. But we could not be confident in the errors calculated in this way 

from averaged traces because they were always considerably lower than errors 

calculated by fitting each of the individual traces in a given condition, then 

calculating the mean and standard error of the mean for the various parameters. We 

believe that this larger error better reflects the experimental variation and for this 

reason we use this approach to calculate errors for the parameters that describe 

recovery of the capacitance responses, and these are shown in Table 1. We provide 

the fitted curves along with the averaged raw data and the associated raw data errors 

bars. Thus the quality of model fitting can be appreciated by eye. Note that, as 

expected, the values of the parameters of the best-fit curves are slightly different from 

the mean values obtained by compiling measurements from individual traces 

(compare Table 1 with values below).  
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