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Abstract. 

 

The GTPase dynamin is essential for recep-
tor-mediated endocytosis, but its function remains con-
troversial. A domain of dynamin, termed the GTPase 
effector domain (GED), controls dynamin’s high
stimulated rates of GTP hydrolysis by functioning
as an assembly-dependent GAP. Dyn(K694A) and 
dyn(R725A) carry point mutations within GED result-
ing in reduced assembly stimulated GTPase activity.
Biotinylated transferrin is more rapidly sequestered 
from avidin in cells transiently overexpressing either of 
these two activating mutants (Sever, S., A.B. Muhlberg, 
and S.L. Schmid. 1999. 

 

Nature.

 

 398:481–486), suggesting 
that early events in receptor-mediated endocytosis are 
accelerated. Using stage-specific assays and morpholog-
ical analyses of stably transformed cells, we have identi-

fied which events in clathrin-coated vesicle formation 
are accelerated by the overexpression of dyn(K694A) 
and dyn(R725A). Both mutants accelerate the forma-
tion of constricted coated pits, which we identify as the 
rate limiting step in endocytosis. Surprisingly, overex-
pression of dyn(R725A), whose primary defect is in 
stimulated GTP hydrolysis, but not dyn(K694A), whose 
primary defect is in self-assembly, inhibited membrane 
fission leading to coated vesicle release. Together, our 
data support a model in which dynamin functions like a 
classical GTPase as a key regulator of clathrin-medi-
ated endocytosis.

Key words: dynamin • endocytosis • clathrin-coated 
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Introduction

 

Clathrin-mediated endocytosis is one of the processes by
which cells internalize macromolecules. Ultrastructural
and biochemical analyses have established that the forma-
tion of clathrin-coated vesicles proceeds through several
distinct steps (Schmid, 1997). Clathrin coat assembly is ini-
tiated by the binding of coat components to a docking site
at the plasma membrane. Through the addition or rear-
rangement of coat constituents, the initially flat pit gains
curvature, becoming progressively more invaginated, until
the neck is constricted. Finally, membrane fission releases
the coated vesicle, carrying its cargo into the cell interior
(Gaidarov et al., 1999).

The large GTPase dynamin plays an essential role in
clathrin-mediated endocytosis (for reviews see Warnock
and Schmid, 1996; McNiven, 1998; Schmid et al., 1998), but
its precise function in vesicle formation remains contro-
versial (Kelly, 1999; Sever et al., 2000). Dynamin is a mem-

ber of a growing subfamily of functionally diverse, high
molecular mass GTPases that have atypically low affinities
for GTP and high intrinsic rates of GTP hydrolysis. Dy-
namin will spontaneously self-assemble into supramolecu-
lar structures consisting of single rings and spirals upon
dilution into low ionic strength buffers (Hinshaw and
Schmid, 1995) or in the presence of artificial templates
such as microtubules or acidic phospholipids (Shpetner
and Vallee, 1989; Tuma and Collins, 1994). Self-assembly
stimulates dynamin’s basal GTPase activity 10–100-fold
(Tuma and Collins, 1994; Warnock et al., 1996), and GTP
hydrolysis drives dynamin disassembly (Maeda et al., 1992;
Warnock et al., 1996).

In 

 

Drosophila

 

 bearing a temperature-sensitive allele of
the dynamin homologue 

 

shibire

 

, electron microscopy of
the nerve terminals reveals the accumulation of endocytic
pits, most of which are encircled at their necks by a single
or double electron-dense band of similar dimensions to
dynamin rings (Koenig and Ikeda, 1989). In mammalian
cells, overexpression of dominant negative dynamin mu-
tants inhibits endocytosis and leads to the accumulation of
invaginated coated pits (Damke et al., 1994). Notably, dy-
namin collars have not been detected in nonneuronal cells,
even in the 

 

shibire

 

 flies. In vitro studies have shown that
when dynamin is assembled around lipid templates, GTP
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hydrolysis induces a conformational change which, de-
pending on the composition of the lipid, causes either con-
striction of the dynamin spirals, resulting in vesiculation
(Sweitzer and Hinshaw, 1998), or an increase in the spac-
ing between the rungs of the assembled dynamin helix
(Stowell et al., 1999). Together, these and other observa-
tions have led to various models (Hinshaw and Schmid,
1995; Warnock and Schmid, 1996; McNiven, 1998; Stowell
et al., 1999) proposing that dynamin functions as a mecha-
nochemical enzyme whose stimulated rate of GTP hydro-
lysis is required for pinching off vesicles from the plasma
membrane (for review see Sever et al., 2000).

Dynamin mutants that are specifically defective in as-
sembly stimulated GTPase activity (Sever et al., 1999)
were designed to test its function in endocytosis. Dyna-
min’s stimulated GTPase activity is controlled by an in-
tramolecular GAP, encoded within dynamin’s GTPase
effector domain (GED,

 

1

 

 amino acids 658–750) that be-
comes activated upon self-assembly (Muhlberg et al., 1997;
Sever et al., 1999). A lysine residue, K694, is involved in
intermolecular GED–GED interactions that occur upon
self-assembly and are required for GAP activation; whereas
an arginine residue, R725, participates more directly in ca-
talysis (Sever et al., 1999). Substitution of either one of
these residues with alanine specifically impairs the GAP-
dependent, assembly stimulated rate of GTP hydrolysis,
without affecting dynamin’s basal GTPase rate. In the case
of the dyn(R725A) mutant, the GAP defect is due to
impaired catalytic activity, whereas in the case of the
dyn(K694A) mutant, the defect is due to impaired self-
assembly.

Unexpectedly, transient overexpression of either of
these dynamin mutants accelerated the rate of receptor-
mediated endocytosis as measured by the sequestration of
biotinylated transferrin (B-Tfn) from avidin (Sever et al.,
1999). These results challenged the view that dynamin acts
as a mechanochemical enzyme because neither the maxi-
mal stimulated rate of GTP hydrolysis nor self-assembly
appeared to be prerequisites for efficient endocytosis. In-
stead, because both of these activating mutants of dy-
namin are predicted to prolong dynamin in its GTP-bound
form, these results suggested that, like other members of
the GTPase superfamily, dynamin:GTP controls a rate-
limiting step in endocytosis by recruiting a downstream
partner.

Here, we report a detailed biochemical and morpho-
logical analysis of the functional consequences of over-
expression of dyn(K694A) and dyn(R725A) in stably
transformed cells aimed at addressing two unresolved
questions. First, which event(s) in the formation of clath-
rin-coated vesicles are regulated by the GTP-bound form
of dynamin? Second, given that dynamin:GTP is the active
form, what is the role of rapid, assembly stimulated GTP
hydrolysis? By using assays that distinguish between dif-
ferent steps in the formation of clathrin-coated vesicles,
we show that both of the activating mutants accelerate the
formation of constricted coated pits and more rapid se-
questration of B-Tfn. However, overexpression of dyn

 

(R725A), which is predicted to be defective in disassem-
bly, decreased the rate of vesicle release. Together, our re-
sults suggest that dynamin:GTP controls the formation of
constricted coated pits, and that the role of the stimulated
rate of GTP-hydrolysis may be to switch dynamin off and
release it from the membrane so that it does not impede
membrane fission.

 

Materials and Methods

 

Reagents

 

The mouse monoclonal antitransferrin receptor antibody HTR.D65 was a
gift from I. Trowbridge (Salk Institute, La Jolla, CA). Rhodamine-conju-
gated transferrin was purchased from Molecular Probes. Human differic
transferrin (Tfn) was purchased from Boehringer. Tfn was biotinylated as
previously described (Smythe et al., 1992). Colloidal gold (6 nm) and all
other reagents used for EM were purchased from Electron Microscopy
Sciences. D65 was conjugated to gold following standard protocols (Leu-
nissen and DeMey, 1987). All other chemicals were reagent grade, unless
otherwise specified.

 

Preparation of cDNA Constructs

 

The cDNAs for dyn(K694A) and dyn(R725A) were subcloned from the
pcDNA vectors described previously (Sever et al., 1999) into the tetracy-
cline (tet)-inducible expression plasmid pUHD10-3 containing HA-
tagged (MQYDVPDYAH) wild-type dynamin (Damke et al., 1994). This
construct was previously digested with NdeI and HindIII enzymes that re-
moved the wild-type dynamin coding sequence, but preserved the HA tag
within the vector. cDNA encoding the human TfnR was provided by Dr.
Caroline Enns (Oregon University Health Sciences Center, Portland,
OR), as previously described (Sever et al., 1999).

 

Generation of Stably Transformed Cells

 

The stable HeLa cell line, tTA-HeLa, expressing the chimeric tet-regu-
latable transcription activator was provided by H. Bujard (ZMBH,
Heidelberg, Germany). Cells were maintained in DME supplemented
with 10% (vol/vol) FBS, 100 U/ml each of penicillin and streptomycin and
400 

 

m

 

g/ml of active G418 (Geneticin; GIBCO BRL). The constructs
pUHD10-3 encoding HA-tagged dyn(K694A) and dyn(R725A) were
used to generate stably transformed tTA-HeLa cells with tightly regulated
expression of dynamin as described previously (Damke et al., 1995). Puro-
mycin was used as selectable marker.

 

Western Blot Analysis

 

For quantification of dynamin expression, cell lysates of equivalent num-
bers of cells were prepared for wild-type and all dynamin mutants, and
were analyzed by Western blotting. For reliable quantification, different
amounts of the cell lysates were loaded onto the SDS gel for all samples.
The pan-dynamin antibody 748 (van der Bliek et al., 1993) was used to de-
tect dynamin in comparison with endogenous dynamin in noninduced
cells. Antigen–antibody complexes were visualized using HRP-conjugated
goat anti–rabbit antibody and enhanced chemiluminescence (ECL; Amer-
sham Pharmacia Biotech). The bands were quantified by densitometry.

 

Internalization Assays

 

Continuous Internalization Assay. 

 

Stably transformed tTA-HeLa cells
were grown in the presence or absence of tetracycline for 

 

z

 

48 h to 

 

z

 

60%
confluency. The cells were detached with PBS/5 mM EDTA at room tem-
perature for 5 min, briefly rinsed, and resuspended in ice-cold PBS con-
taining 1 mM MgCl

 

2

 

, 1 mM CaCl

 

2

 

, 0.2% BSA, and 5 mM glucose (PBS

 

4

 

1

 

)
at 2 

 

3 

 

10

 

6

 

 cells/ml. Biotinylated-transferrin (BSS-Tfn) was added to the
suspension to a final concentration of 2 

 

m

 

g/ml BSS-Tfn and kept on ice.
The cell suspension was split into 50-

 

m

 

l aliquots (corresponding to 2 

 

3

 

 10

 

5

 

cells) for continuous internalization of BSS-Tfn at 37

 

8

 

C for the indicated
times. Returning the samples to ice stopped endocytosis. Internalization
of the ligand was quantified after processing the samples for measuring

 

1

 

Abbreviations used in this paper:

 

 BSS-Tfn, biotinylated transferrin; dyn,
dynamin; GED, GTPase effector domain; MesNa, 2-mercaptoethane-
sulfonic acid;

 

 

 

Tfn, transferrin; tet, tetracycline.
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avidin inaccessibility or 2-mercaptoethanesulfonic acid (MesNa) resis-
tance as described previously (Carter et al., 1993). Internalized BSS-Tfn
was expressed as the percentage of total surface-bound BSS-Tfn at 4

 

8

 

C.

 

Single Round Internalization Assay. 

 

Cells were detached as described
above, and, after the addition of BSS-Tfn, they were incubated on ice for
30 min. Cells were pelleted and the excess ligand was removed by aspira-
tion. The cells were washed, and the pellets were resuspended at 2 

 

3

 

 10

 

6

 

cells/ml. The assay was performed as described above for the continuous
internalization of BSS-Tfn.

 

Internalization of Rhodamine-Transferrin.  

 

Transformed tTA-HeLa
cells were grown in the presence or absence of tet on glass coverslips for

 

z

 

48 h to 

 

z

 

60% confluency. The cells were washed briefly in PBS and
incubated with 20 

 

m

 

g/ml rhodamine-Tfn in PBS

 

 

 

containing

 

 

 

1 mM CaCl

 

2,

 

1 mM MgCl

 

2

 

, 5 mM glucose, and 0.2% BSA (PBS

 

4

 

1

 

) for 5 min. The cells
were washed and fixed with 4% paraformaldehyde in PBS buffer for 30
min at room temperature, rinsed three times for 5 min with PBS, rinsed
twice in dH

 

2

 

O, and mounted with Fluoromount G (Electron Microscopy
Sciences). The coverslips were viewed under an epifluorescence micro-
scope (Axiophot; Carl Zeiss, Inc.), photographed using a digital camera,
and prepared for publication using Adobe Photoshop 5.0.

 

Recycling of Tfn from Endosomal Compartments

 

Cells were incubated on 100-mm dishes for 60 min at 37

 

8

 

C with 8 

 

m

 

g/ml
BSS-Tfn to reach equilibrium labeling. Plates were transferred to ice,
washed several times with cold PBS, and surface-associated BSS-Tfn was
masked with 50 

 

m

 

g/ml avidin for 15 min at 4˚C. Avidin was quenched with
biocytin (5 

 

m

 

g/ml). The cells were harvested from the plates by a 5-min in-
cubation at 4

 

8

 

C with PBS/5 mM EDTA, and collected by centrifugation at
1,000 

 

g

 

 for 5 min. Cells were resuspended at 4

 

8

 

C in PBS

 

4

 

1

 

 containing 2 

 

m

 

g/
ml unlabeled Tfn and incubated at 37

 

8

 

C for the indicated times. The BSS-
Tfn that recycled to the cell surface during reincubation was again masked
with avidin, and the cells were processed as described for the internaliza-
tion assay. Results are expressed as the percentage of initial intracellular
BSS-Tfn that remains inaccessible to avidin during reincubation.

 

Steady State Distribution

 

After binding of the ligand (4 

 

m

 

g/ml BSS-Tfn) to the cells at 0

 

8

 

 or 37

 

8

 

C for
2 h, the cells were washed three times with cold PBS

 

4

 

1

 

. The amount of
cell-associated ligand was determined by comparing the signal with the
standard curve of known amounts of ligand using the ELISA assay. The
proportion of the ligand on the cell surface was calculated as a ratio be-
tween the BSS-Tfn bound at 0

 

8

 

 versus 37

 

8

 

C, as previously described (van
der Sluijs et al., 1992).

 

Transmission Electron Microscopy

 

For conventional Epon sections, stably transformed cells were induced for
48 h in the absence of tet and grown to 

 

,

 

75% confluency on 12-mm glass
coverslips. After internalization of D65-gold (6 nm) in PBS

 

4

 

1

 

 at 37

 

8

 

C for
30 min, the cells were washed and fixed in 2% glutaraldehyde in 100 mM
sodium cacodylate buffer, pH 7.4 for 30 min at room temperature. Subse-
quently, the coverslips were washed for 1 h at room temperature in 100
mM sodium cacodylate buffer, pH 7.4 (four changes). The samples were
postfixed with 1% OsO

 

4

 

, 1% potassium ferrocyanide, 100 mM sodium ca-
codylate buffer, pH 7.4, for 1 h on ice, washed with four changes of dH

 

2

 

O
at room temperature, and stained with 2% uranyl acetate for 1 h at room
temperature. After three washes in dH

 

2

 

O at room temperature, the sam-
ples were dehydrated and embedded in Epon following standard proto-
cols. Ultrathin sections were observed under an electron microscope
(model CM10; Philips Sci.) at 80 kV. Quantitation of the coated pit accu-
mulation was performed by photographing individual cell profiles at a low
magnification (1,200

 

3

 

) to measure the surface length on negatives and
then counting the number of coated pits and classifying their morphology
at a high magnification (19,000

 

3

 

). At least 10 cell profiles were counted
for each condition. Shallow pits were defined as having fully open mouths
and U-shaped openings; deeply curved pits had narrow openings and were
omega-shaped; and sealed pits were completely encircled by the coated
membrane (see Fig. 5). In serial section analysis, sealed pits were invari-
ably connected to the cell surface in neighboring sections, and were, there-
fore, grouped into the category of deep coated pits. Gold particles located
on coated versus noncoated regions of the cell surface were also counted.
The dimensions of randomly photographed deeply curved or sealed pits
having clearly defined diameters were measured on EM negatives at

21,000

 

3

 

 using a 15

 

3

 

 magnifying glass and a ruler with 0.1-mm subdivi-
sions.

 

Results

 

Conditional Expression of dyn(K694A) and dyn(R725A) 
in Stably Transformed Cells

 

Transient overexpression of the dynamin-1 mutants, dyn
(K694A) and dyn(R725A), was shown to increase the rate
of transferrin uptake into an avidin-inaccessible compart-
ment in BHK cells (Sever et al., 1999). To characterize this
novel phenotype in greater biochemical and morphologi-
cal detail, we made stably transformed cell lines expressing
each activating mutant. cDNAs encoding dyn(K694A)
and dyn(R725A) with an NH

 

2

 

-terminal HA epitope tag
were inserted into a tet-regulatable expression vector
(pUHD10-3), and were used to transform tTA-HeLa cells
that express the tet-regulatable chimeric transcription acti-
vator (Gossen and Bujard, 1992; Damke et al., 1995).
Clonal cell lines showing tight suppression of dynamin ex-
pression by tet and effective induction upon its removal,
were selected and amplified, as previously described
(Damke et al., 1994, 1995). As controls, we used stably
transformed cells overexpressing wild-type dynamin-1 and
a previously well characterized, dominant negative mutant
dyn(K44A) (Damke et al., 1994). The level of overexpres-
sion was quantitated by Western blot analysis using the
polyclonal antibody 748, which recognizes both neuronal
and somatic isoforms of dynamin (Fig. 1 A, inset). Upon
induction by removal of tet, dyn(wt) and dyn(K44A) were
expressed at 

 

z

 

50- and 

 

.

 

100-fold over endogenous dy-
namin-2, whereas dyn(K694A) and dyn(R725A) were ex-
pressed at 

 

z

 

10- and 6-fold over endogenous dynamin-2,
respectively. Moreover, clonal cell lines expressing either

Figure 1. Transferrin inter-
nalization is increased in cells
stably expressing the dyn
(K694A) and dyn(R725A).
(A) Cells expressing either
wild-type dynamin (j), dyn
(K44A) (e), dyn(K694A)
(s), or dyn(R725A) (n)
were induced for 48 h by re-
moval of tetracycline. The in-
set indicates the expression
levels for exogenous dy-
namin from a single repre-
sentative assay as analyzed
by Western blotting. Inter-
nalization of transferrin
(Tfn) was measured by incu-
bating cells with 4 mg/ml
B-Tfn for the indicated times
at 378C before measuring in-
tracellular Tfn based on its
inaccessibility to avidin (see
Materials and Methods). (B)
The initial rates of Tfn inter-

nalization, which were determined within the first 5 min of up-
take for the induced cells, are shown (solid bars) relative to non-
induced control cells (open bars). Results in both panels are the
average 6 SD of five independent experiments.
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dyn(R725A) or dyn(K694A) were prone to lose dynamin
expression over time in culture (data not shown; see Mate-
rials and Methods). The reasons for these different levels
of expression and apparent instability are unknown. For
all experiments shown here, cells were used within 3–4 wk
of thawing, and dynamin expression levels were verified
by Western blotting and immunofluorescence.

To follow receptor-mediated endocytosis in stably trans-
formed cell lines, transferrin was biotinylated via a cleav-
able disulfide bond for use as a ligand (BSS-Tfn). Seques-
tration of BSS-Tfn into constricted coated pits or coated
vesicles was measured by its acquired inaccessibility to
exogenously added avidin. In agreement with our previ-
ous results in transiently transfected cells (Sever et al.,
1999), overexpression of dyn(K694A) and dyn(R725A) in-
creased the rate of BSS-Tfn sequestration when compared
with cells overexpressing dyn(wt) (Fig. 1 A). Compared
with noninduced cells or cells overexpressing dyn(wt), the
rate of sequestration (i.e., percentage of surface-bound
Tfn/min) increased approximately twofold in cells express-
ing either activating mutant and decreased by approxi-
mately fivefold in cells expressing the dominant negative
mutant, dyn(K44A) (Fig. 1 B). The extent of increase in
Tfn sequestration rates (twofold) is as great as would be
expected given that other slow steps not directly con-
trolled by dynamin, such as coated pit assembly, would be-
come rate limiting. Together, these results support our
original observation that impairment of the stimulated
rate of GTP hydrolysis by dynamin increases the initial
rate of Tfn sequestration.

 

The Effects of Activating Mutants on the
Transferrin Cycle

 

It remained possible that the observed increase in avidin-
inaccessible BSS-Tfn was due to changes in the kinetics of
the transferrin receptor recycling to the plasma mem-
brane, rather than to the effects on the initial rate of en-
docytosis. To test this possibility, we examined the single-
round kinetics of Tfn uptake. Cells were first incubated
with an excess of BSS-Tfn for 30 min on ice to allow ligand
binding, after which unbound BSS-Tfn was removed by
extensive washing. Subsequently, cells were warmed to
37

 

8

 

C, and the sequestration of prebound ligand was mea-
sured at early time points. Both cell lines overexpressing
the activating mutants exhibited an increase in the amount
of sequestered Tfn (Fig. 2 A), in comparison with cells
overexpressing dyn(wt). In contrast, Tfn uptake was se-
verely inhibited by overexpression of the dominant nega-
tive mutant, dyn(K44A). Thus, the rate of a single round
of Tfn uptake correlates well with the observed increase in
the initial rate of endocytosis. This result also indirectly
suggests that recycling of Tfn receptors from endosomes
was not affected. To confirm this directly, the recycling en-
dosomal compartments were loaded to steady state by in-
cubating cells for 60 min at 37

 

8

 

C in the presence of saturat-
ing concentrations of BSS-Tfn. Surface-bound Tfn was
masked by the addition of avidin at 4

 

8

 

C, and the cells were
reincubated at 37

 

8

 

C to allow the exit of receptors with
bound BSS-Tfn from the endosomal compartments to the
cell surface. Newly exposed ligands were again masked
with avidin. The results, shown in Fig. 2 B, establish that

 

neither dyn(K694A) nor dyn(R725A) affected the kinetics
of Tfn receptor recycling (

 

t

 

1/2 

 

z

 

8 min) from endosomes to
the plasma membrane.

The ratio of intracellular to surface TfnR reflects their
relative rates of internalization and recycling (Ciecha-
nover et al., 1983); thus, selective increases in the rate of in-
ternalization should alter the steady state distribution of Tfn
receptors. Therefore, we determined the fraction of TfnR
at the cell surface (van der Sluijs et al., 1992) and found
that cells overexpressing dyn(K694A) and dyn(R725A)
displayed an approximately twofold decrease in the frac-
tion of Tfn receptors distributed on the cell surface com-
pared with dyn(wt) (Fig. 2 C). The altered steady state dis-
tribution of TfnR is also reflected in the increased plateau
level of internalized Tfn seen in Fig. 1 A. In agreement
with previous results using a different assay (Damke et al.,
1994), overexpression of dyn(K44A) increased the num-
ber of receptors at the cell surface approximately twofold.
Taken together, these results provide additional strong
support that dynamin:GTP controls early events in recep-
tor-mediated endocytosis.

Figure 2. Effects of dynamin:
GTP on the transferrin re-
ceptor cycle. Stably trans-
formed tTA-HeLa cells ex-
pressing dyn(wt) (j), dyn
(K44A) (e), dyn(K694A)
(s), or dyn(R725A) (n)
were induced for z48 h and
analyzed in different assays.
(A) Single-round kinetics of
Tfn internalization were de-
termined by first incubating
cells with an excess of BSS-
Tfn for 30 min on ice. After
the unbound ligand was re-
moved, internalization of
prebound BSS-Tfn was de-
termined at early time points
by incubating cells at 378C.
(B) Recycling of Tfn recep-
tors from endosomes was as-
sessed by first loading cells
with BSS-Tfn at 378C to
steady state. Surface-bound
BSS-Tfn was masked by avi-
din at 48C, and the recycling
of intracellular BSS-Tfn was
determined after incubation
at 378C for indicated times
(see Materials and Methods).
(C) Effects of dynamin mu-
tants on the cellular distribu-
tion of the Tfn receptor was
determined by allowing cells

to bind BSS-Tfn on ice or at 378C for 2 h. Unbound ligand was
subsequently removed by extensive washing, and cell-associated
BSS-Tfn was determined using the ELISA assay. The proportion
of Tfn receptors on the surface (average 6 SD, n 5 3) was calcu-
lated as the ratio between the BSS-Tfn bound at 0 versus 378C
(van der Sluijs et al., 1992).
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Vesicle Formation Is Increased by dyn(K694A) but Not 
by dyn(R725A)

 

To determine which steps in coated vesicle formation are
accelerated, we compared the effects of overexpression of
dyn(K694A) and dyn(R725A) mutants using stage-spe-
cific assays based on the acquired inaccessibility of BSS-
Tfn to probes of different sizes (Schmid and Carter, 1990;
Schmid and Smythe, 1991; Carter et al., 1993). Ligands
that are sequestered into constricted coated pits become
inaccessible to bulky probes such as avidin, but remain ac-
cessible to the small, membrane impermeant–reducing
agent, 

 

b

 

-mercaptoethane sulfonic acid (MesNa). Only
ligands that are internalized within a sealed clathrin-
coated vesicle after release from the plasma membrane
are inaccessible to MesNa. Under normal conditions, the
rate and extent of endocytosis of the biotinylated ligand,
as measured by using the two probes, is identical (Schmid
and Carter, 1990; van der Bliek et al., 1993), suggesting
that once a coated pit becomes constricted, membrane
fission rapidly releases a coated vesicle. However, if
membrane fission is selectively impaired and becomes
rate-limiting, as was observed in cells depleted of ATP
(Schmid and Carter, 1990), then the rate of sequestration
of BSS-Tfn from the bulky probe will be faster than from
the small probe.

To determine the effect of overexpression of dyn
(K694A) and dyn(R725A) on membrane fission, we mea-
sured BSS-Tfn uptake into sealed coated vesicles using
MesNa resistance. As previously reported (van der Bliek
et al., 1993; Damke et al., 1994), overexpression of
dyn(K44A) inhibited coated vesicle release (MesNa-resis-
tance) as effectively as it inhibited the formation of con-
stricted coated pits (avidin-inaccessibility; compare Fig. 1
A and 3, diamonds). Also, as expected, overexpression
of dyn(K694A) increased the rate of accumulation of
MesNa-resistant BSS-Tfn twofold compared with cells ex-
pressing dyn(wt) (Fig. 3 A, open circles), which is in close
agreement to its effects on avidin inaccessibility (Fig. 1 A).
In contrast, dyn(R725A) overexpression did not acceler-
ate late events in endocytic-coated vesicle formation, and
if anything was slightly inhibitory (Fig. 3 A, open trian-
gles). Thus, for control cells (not shown, but see Schmid
and Carter, 1990; Damke et al., 1994) or for cells overex-
pressing either dyn(wt) or dyn(K694A), the rate limiting
step in coated vesicle formation is the formation of con-
stricted coated pits. In contrast, for cells overexpressing
dyn(R725A), membrane fission and coated vesicle release
appear to be inhibited, so that these events become rate-
limiting for endocytosis.

Dyn(R725A) and dyn(K694A) are expressed in stable
cells at different levels (see above); therefore, it was theo-
retically possible that the observed difference in their phe-
notypes was due to differences in their expression levels.
To test this possibility, we performed stage-specific assays
under conditions in which both activating mutants were
overexpressed at comparable levels using transient trans-
fection assays (Sever et al., 1999). BHK cells were cotrans-
fected with different dynamin constructs together with a
construct encoding the human transferrin receptor to
measure endocytosis of transferrin preferentially in the
transfected population of cells. Western blot analysis

 

showed that expression levels of dyn(wt), dyn(K44A),
dyn(K694A), and dyn(R725A) were comparable (Fig. 3 B,
inset) and 

 

.

 

50-fold over the endogenous level (not shown).
As was seen in the stably transformed cell lines (Fig. 1 A)
and consistent with previous results (Sever et al., 1999),
overexpression of either dyn(K694A) or dyn(R725A) sig-
nificantly increased the rate of BSS-Tfn sequestration
into avidin-inaccessible compartments (Fig. 3 B). How-
ever, only dyn(K694A) overexpression resulted in increased
BSS-Tfn internalization into MesNa-resistant coated vesi-
cles (Fig. 3 C). The rate of membrane fission and subse-
quent coated vesicle release was the same or lower in cells
overexpressing dyn(R725A) compared with dyn(wt) (Fig.
3 C). Thus, the observed difference in phenotypes be-
tween the two activating dynamin mutants is due to differ-
ences in their enzymatic properties and not to expression
levels.

The differential effects of overexpression of dyn
(K694A) and dyn(R725A) on endocytosis were indepen-
dently confirmed by immunofluorescence analysis follow-
ing the internalization of rhodamine-conjugated Tfn. For

Figure 3. Membrane fission
is inhibited in cells overex-
pressing dyn(R725A). (A)
Stably transformed tTA-
HeLa cells expressing dyn
(wt) (j), dyn(K44A) (e),
dyn(K694A) (s), or
dyn(R725A) (n) were in-
duced for 48 h and internal-
ization of Tfn into the sealed
coated vesicles was assessed
by MesNa resistance (see
Materials and Methods). Re-
sults shown are the aver-
age 6 SD of five indepen-
dent experiments. (B and C)
BHK cells were cotrans-
fected with cDNAs encoding
the human transferrin (Tfn)
receptor and either wild-type
dynamin (j), dyn(K44A)
(e), dyn(K694A) (s), or
dyn(R725A) (n) and cul-
tured for an additional 24 h
before harvesting for en-
docytosis assays as described
in Fig. 1. Inset in B shows
Western blot analysis of the
same number of BHK cells
transiently transfected with
cDNAs encoding different
dynamin mutants. The lower
band is a degradation prod-
uct of dynamin seen at high
levels of overexpression. The
extent of BSS-Tfn internal-
ization was assessed either by
avidin accessibility (B) or
MesNa resistance (C, see

Materials and Methods). Shown are the average 6 SD of three
independent experiments with at least 60% transfection effi-
ciency.
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these experiments, stably transformed cells overexpress-
ing either wt or mutant dynamins were incubated with
rhodamine-Tfn for 5 min at 37

 

8

 

C to assess early time
points of internalization when effects were most striking
(Figs. 1 A and 3 A). Rhodamine-Tfn was internalized more
efficiently and accumulated to a greater extent in the peri-
nuclear recycling endosomal compartment and in punctate
early endosomal structures dispersed throughout the cyto-
plasm in cells expressing dyn(K694A) than in dyn(wt) cells
(Fig. 4, compare C and A). In contrast, in cells overex-
pressing dyn(R725A), there was no detectable increase in
Tfn accumulation in the perinuclear recycling endosomes
as compared with dyn(wt) cells (Fig. 4, D versus A). How-
ever, rhodamine-Tfn appeared to accumulate in punctate
structures at the cell periphery and at the level of the
plasma membrane (Fig. 4 D, arrowheads). As expected, in
cells overexpressing the dominant negative dyn(K44A),
Tfn was not internalized and exhibited diffuse plasma
membrane staining typical of surface-bound rhodamine-
Tfn (Fig. 4, B). Thus, the immunofluorescence experi-
ments correlate well with biochemical measurements,
further establishing the difference between phenotypes
induced by overexpression of dyn(K694A) and dyn
(R725A).

 

Dynamin:GTP Controls the Rate of Coated
Vesicle Formation

 

Both activating mutants of dynamin increased the rate of
sequestration of ligand into avidin-inaccessible compart-
ments. We can envisage several possibilities that could ac-
count for this effect. First, the individual coated pits and
vesicles formed could be larger and, therefore, could ac-

commodate more ligand per vesicle. Second, the total
number of coated pits could increase, so that more vesicles
are forming, albeit at the same rate per vesicle as in wt
cells. Third, TfnR could be more effectively concentrated
in coated pits, so that although individual coated vesicles
form at the same rate, each carries a more concentrated
load of cargo molecules. Finally, dynamin:GTP could in-
crease the rate at which individual constricted coated pits
are formed. To address these various possibilities, we un-
dertook a detailed morphological analysis using thin sec-
tion electron microscopy of the endocytic intermediates
involved in the internalization of gold-conjugated anti–
human Tfn-R mAb (D65-gold). Previous studies have es-
tablished that this reagent is internalized identically to Tfn
(Schmid and Smythe, 1991) and provides an excellent mor-
phological tracer for EM analysis (Schmid and Smythe,
1991; Damke et al., 1994).

To uniformly label all endocytic intermediates, cells
were incubated in the presence of D65-gold for 30 min at
37

 

8

 

C, fixed, embedded in Epon, and serial-sectioned for
electron microscopy, as described in Materials and Meth-
ods. The representative micrographs in Fig. 5 and quanti-
tation in Table I show that there was no significant change
in the morphology or size of individual coated pits or
coated vesicles in the cells overexpressing mutant dy-
namins as compared with wt dynamin. Similarly, the num-
ber of coat profiles in cells overexpressing dyn(K694A) or
dyn(R725A) did not increase compared with dyn(wt) cells.
Unexpectedly, there was an apparent decrease in the num-
ber of coated pits in dyn(R725A) cells, which might reflect
either an indirect effect on the recycling of some compo-
nent needed to initiate the coat assembly or a direct in-
hibitory effect of mutant dynamin overexpression on the

Figure 4. Effect of dynamin mutants on
rhodamine-Tfn internalization. Stably trans-
formed tTA-HeLa cells expressing dyn(wt)
(a), dyn(K44A) (b), dyn(K694A) (c), or
dyn(R725A) (d) were grown on coverslips
for z48 h, during which dynamin expression
was induced by the removal of tet. Cells
were incubated with rhodamine-Tfn for 5
min at 378C before fixation and analysis by
fluorescence microscopy.
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early stages of coated vesicle formation. Regardless, the
increased rate of Tfn sequestration observed in dyn
(K694A) and dyn(R725A) cells was not due to an increase
in either the size or the number of coated pits formed.

We next examined the overall sorting efficiency of
coated pits and coated vesicles by determining the per-
centage of surface-bound D65-gold associated with coated
regions of the plasma membrane. Consistent with our bio-
chemical measurements (Fig. 2 C), there was a decrease in
the total amount of D65-gold bound to dynamin mutant
compared to the dyn(wt) cells (Table I). However, for each

cell type, 52% of surface-associated Tfn receptors were lo-
cated in coated structures. Thus, the increased rate of Tfn
sequestration was also not due to an increase in TfnR sorting
efficiency. Interestingly, when the data were analyzed for
individual coated pits and coated vesicles (Fig. 6, A–C), we
found a statistically significant decrease in the number
of gold particles/coated profile in cells expressing dyn
(K694A) (mean 

 

5 

 

2.3 gold particles/coated profile;

 

 n 5
178; P , 0.01) relative to dyn(wt) cells (mean 5 3.3 gold
particles/coated profile; n 5 176). These findings may re-
flect the faster rate of vesicle formation in dyn(K694A)

Table I. Quantitative Analysis of Coated Pits and TfnR Sorting Efficiencies

Cell type
Diameter of 

coated profiles 
Coated profiles/

mm surface* 
D65-gold/

mm surface*
Percent D65-gold
in coated profiles

nm

Wild-type 160 6 37 (n 5 26) 116 588 52
Dyn(K694A) 161 6 26 (n 5 26) 97 407 52
Dyn(R725A) 151 6 33 (n 5 23) 68 460 52

*The membrane surface sampled was 966, 953, and 1,136 mm for wt, dyn(K694A), and dyn(R725A) cells, respectively.

Figure 5. EM analysis of
coated profiles in cells ex-
pressing wt and mutant dy-
namins. Transformed tTA-
HeLa cells, which were
induced to express either
dyn(wt) (A and D), dyn
(K694A) (B and E), or
dyn(R725A) (C and F), were
grown on coverslips. Cells
were incubated with gold-
conjugated monoclonal anti–
human TfnR antibody (D65-
gold) for 30 min at 378C
before fixation, staining, and
embedding in Epon for thin
section analysis. Open arrow-
head (A) points to a shallow
coated pit; closed arrowheads
in (A–C) point to closed pits
that are most likely open to
the cell surface in subsequent
sections (D–F); and arrows
point to deep coated pits
where openings are visible. E
indicates endosomal struc-
tures containing D65-gold.
Bar, 200 nm. 
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cells limiting the ability of individual pits to capture a full
complement of cargo molecules. They also suggest that the
actual rate of individual vesicle release in dyn(K694A)
cells might be faster than the overall rates measured bio-
chemically. The distribution of Tfn receptors in dyn
(R725A) cells was not significantly different than in wild-
type cells (mean 5 4.0 gold particles/coated profile; n 5
167; P 5 0.1).

The strongest effect of overexpression of either dyn
(K694A) or dyn(R725A) was a shift in the distribution of
endocytic intermediates from early stages, seen as shallow,
wide-mouthed pits (Fig. 5, A–C, open arrowheads) to later
stages, seen as deeply invaginated pits still connected to
the cell surface (Fig. 5, A–C, arrows) and closed vesicles
with no detectable connection to the surface (Fig. 5, A–C,
closed arrowheads). Limited serial section analysis (Fig. 5,
D–F) revealed that all of the closed coated profiles exam-
ined had connections to the surface detected in subse-
quent sections. Our inability to detect free coated vesicles
is consistent with their short lifetime (Gaidarov et al.,
1999). Therefore, for the purposes of quantitation, we as-
sumed that all of the closed profiles are actually coated
pits, and scored them accordingly together with deeply in-
vaginated coated pits (Fig. 6 D, striped bars). Quantitation
of the data shows that deeply invaginated coated pits accu-

mulate in dyn(K694A) and dyn(R725A) cells relative to
wt cells at the expense of shallow coated pits (Fig. 6 D,
open bars). Importantly, even though deeply invaginated
coated pits accumulate in dyn(K694A) and dyn(R725A)
cells, we were unable to distinguish by EM a particular
structural intermediate as corresponding to the biochemi-
cally defined constricted coated pit. Whether the forma-
tion of a constricted coated pit corresponds to an acute
narrowing of the opening or a more active process of prim-
ing, which is not distinguishable by EM, needs to be deter-
mined. Nonetheless, these morphological data establish
that neither of the two activating mutants of dynamin in-
duce the formation of novel endocytic structures, nor do
they affect the dimensions or sorting efficiency of coated
vesicles. Therefore, we conclude that dynamin:GTP in-
creases the rate of formation of individual coated vesicles. 

Discussion

Dynamin:GTP Regulates Coated Pit Invagination
and Constriction

We have confirmed and extended previous observations
(Sever et al., 1999) that early events in receptor-mediated
endocytosis are accelerated in cells overexpressing novel
activating mutants of dynamin selectively impaired in as-
sembly stimulated GTP hydrolysis. Here, we show that
overexpression of either dyn(K694A) or dyn(R725A) spe-
cifically increases the rate of formation of constricted
coated pits. Our results identify this as being the rate limit-
ing step in clathrin-mediated endocytosis. Biochemical
analysis as well as morphological studies reported here
and elsewhere (Pypaert et al., 1987; Schmid and Carter,
1990; Damke et al., 1994; Naim et al., 1995) are in agree-
ment with this interpretation. The most prevalent interme-
diates in endocytic-coated vesicle formation in nonper-
turbed, wild-type cells are shallow and invaginated coated
pits that remain fully open to the extracellular environ-
ment, indicating that an event subsequent to the formation
of these intermediates is rate limiting. Overexpression of
dynamin:GTP in cells shifts this steady state distribution
from shallow to deeply invaginated pits, suggesting that
dynamin may regulate membrane invagination and mor-
phogenesis in vivo. This possibility is consistent with the
phenotype of shibirets flies. When maintained at the non-
permissive temperature, endocytic pits that accumulate in
shibirets flies remain accessible to the bulky probe, HRP-
conjugated WGA (Kosaka and Ikeda, 1983). Importantly,
turning on dynamin function upon return to the permis-
sive temperature leads to rapid membrane invagination
and not, as might be expected, to the formation of many
small vesicles (Koenig and Ikeda, 1989, 1996). This obser-
vation prompted the suggestion (Roos and Kelly, 1997)
that dynamin controls membrane morphogenesis, specifi-
cally membrane invagination, rather than membrane fis-
sion. Our results are in agreement with this hypothesis.

Dynamin is a member of a subfamily of large GTPases
that are conserved between yeast, plants, and higher eu-
karyotes (van der Bliek, 1999). The family includes dy-
namin and the yeast vps1p, which play roles in vesicular
transport, and dnm1p, which regulates mitochondrial fis-
sion (Bleazard et al., 1999; Labrousse et al., 1999). How-

Figure 6. Quantitative analysis of TfnR sorting and endocytic in-
termediates in cells expressing wt and mutant dynamins. A–C
show the distribution of coated profiles containing D65-gold for
cells expressing dyn(wt) (A), dyn(K694A) (B), and dyn(R725A)
(C). Cells overexpressing dyn(K694A) mutant show a statistically
different distribution of gold particles relative to wt cells as as-
sessed by the analysis of variance statistics (ANOVA). D shows
the distribution of coated endocytic structures in wt and mutant
cells. Quantitation was performed at the microscope as described
in Materials and Methods. The total number of coated pits
scored for this analysis was 68, 86, and 89 for wt, dyn(K694A)
and dyn(R725A), respectively.
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ever, it also includes phragmoplastin, which is involved in
membrane fusion during cell plate formation (Gu and
Verma, 1997). Thus, while it appears that these enzymes
perform opposite functions, this contradiction could be re-
solved if these dynamin families act as regulators of mem-
brane morphogenesis, perhaps involved in priming mem-
branes for either fission or fusion.

The Role of Stimulated GTP Hydrolysis in
Membrane Fission

Both activating mutants accelerate the formation of con-
stricted coated pits, which in wild-type cells is the rate lim-
iting step in endocytosis (Fig. 7). As expected, by acceler-
ating the rate limiting step, dyn(K694A) overexpression
resulted in a corresponding increase in the overall rate of
coated vesicle formation. Despite the twofold increase in
the rate of formation of constricted coated pits in dyn
(K694A) cells, this step remains rate limiting because it
determines the rate of coated vesicle formation. Whether
dyn(K694A) overexpression also positively regulates the
rate of membrane fission remains to be determined. In
contrast, the overall rate of coated vesicle formation was
slightly slower in cells overexpressing dyn(R725A) com-
pared with dyn(wt) cells. Thus, in dyn(R725A) cells, late
events involving membrane fission and leading to vesicle
release must have become rate limiting (Fig. 7). These re-
sults establish that rather than stimulating membrane fis-
sion, overexpression of dyn(R725A) inhibits membrane
fission (Fig. 7). It should be noted that dyn(R725A) shows
partial stimulated GTPase activity (approximately sixfold
reduced relative to wt; Sever et al., 1999) and, although it
cannot be assessed directly, it is likely that the extent of in-
hibition of the rate of membrane fission is in this range.
However, even in the dyn(R725A) cells, we were unable
to detect the accumulation of a structural intermediate

corresponding to the biochemically defined constricted
coated pit, suggesting that once such an intermediate
forms, it is rapidly consumed, through membrane fission,
leading to the release of coated vesicles.

The inhibitory effect of dyn(R725A) might suggest that
dynamin’s stimulated rate of GTP hydrolysis is important
for efficient membrane fission, however, this interpreta-
tion is inconsistent with the stimulatory effect of the
dyn(K694A) mutant, which is also defective in assembly
stimulated GTPase activity. How can the differential ef-
fects of these two mutants be reconciled? Although both
dyn(K694A) and dyn(R725) are defective in assembly
stimulated GTPase activity, the primary biochemical de-
fect of dyn(K694A) is its impaired ability to self-assemble
(Sever et al., 1999). In contrast, dyn(R725A) assembles as
effectively as wt and its primary defect is in the catalytic
mechanism required for efficient GTP hydrolysis. GTP
hydrolysis by dynamin triggers disassembly: it releases
assembled dynamin from microtubules (Shpetner and
Vallee, 1989; Maeda et al., 1992) and triggers disassembly
of previously assembled dynamin in vitro (Warnock et al.,
1997). Conversely, self-assembly of purified dynamin in
vitro is promoted by GTPgS and GDP:AlF4

2 (Takei et al.,
1995; Carr and Hinshaw, 1997). Based on these consider-
ations, we suggest that the dyn(R725A) mutant may be de-
fective in its rate of GTP-triggered disassembly. If so, one
model to explain the differential phenotype induced by
these two activating mutants is that the inhibitory effect of
dyn(R725A) is due to its impaired disassembly such that
membrane fission is inhibited in vivo when the lifetime of
assembled dynamin is prolonged. In this case, the role of
the stimulated rate of GTP hydrolysis could be to switch
off dynamin and remove it from its site of action so that
the subsequent fission step can occur.

Another possible consequence of the disassembly defect
in dyn(R725A) cells would be that neither dynamin nor
other components of the endocytic machinery that might
interact with assembled dynamin are effectively recycled.
The reduced availability of proteins required for earlier
stages of endocytic vesicle formation might account for the
reduced numbers or coat pits detected in dyn(R725A)
cells and the slightly reduced accumulation of deeply in-
vaginated coated pits compared with cells overexpressing
dyn(K694A). Further studies are needed to determine
whether these more subtle effects of overexpression of
dyn(R725A) are direct or indirect.

This model for the dyn(R725A) phenotype suggests that
the stimulated rate of GTP hydrolysis, dynamin disassem-
bly, and the fission reaction are temporally very tightly
coupled. While our understanding of these processes will
require the elucidation of the fission reaction on the mo-
lecular level, our model for the specific phenotype of
dyn(R725A) reconciles the apparently contradictory re-
sults that prolonging the lifetime of dynamin:GTP can in-
crease the rate of endocytosis in vivo, but GTPgS inhibits
endocytosis in vitro (Carter et al., 1993, Takei et al., 1995).
Our data suggest that the late inhibitory effects of GTPgS
on vesicle release might be partially due to the stabiliza-
tion of assembled dynamin. Moreover, GTPgS will inhibit
both dynamin’s stimulated and basal rates of GTP hydro-
lysis. It is possible that the two different rates of GTP hy-
drolysis play very different roles in vivo. Indeed, it is well

Figure 7. Kinetic model for the role of dynamin:GTP in endocy-
tosis. Shown are the rate limiting steps in coated vesicle forma-
tion measured in cells overexpressing wt and mutant dynamins as
detected biochemically. Our results suggest that the rate limiting
step controlled by dynamin:GTP is the formation of the con-
stricted pit needed to prime emerging vesicles for fission. Once
the pit becomes constricted (or primed), it is rapidly consumed in
the fission step to release a coated vesicle. Overexpression of
dyn(K694A), which is impaired in self-assembly, increased the
rate of formation of constricted coated pits and, correspondingly,
the overall rate of endocytic-coated vesicle formation. In con-
trast, overexpression of the dyn(R725A), which is defective in
GTP hydrolysis–triggered disassembly, increased the rate of for-
mation of constricted coated pits without increasing the rate of
coated vesicle release, so that membrane fission became rate-lim-
iting. This suggests that assembled, GTPase–defective dynamin
inhibits membrane fission. 
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established that GTPase domain mutants of dynamin that
are defective in GTP binding and/or hydrolysis are potent
inhibitors of receptor-mediated endocytosis (Herskovitz
et al., 1993; van der Bliek et al., 1993).

Dynamin Collars and Endocytosis

The stimulatory effect of dyn(K694A) argues that dy-
namin self-assembly is not rate limiting for the formation
of constricted coated pits. This conclusion is inconsistent
with the original proposal that dynamin self-assembly into
a helical collar plays a direct role in the formation of a con-
stricted pit (Hinshaw and Schmid, 1995; Warnock and
Schmid, 1996). The most straight-forward interpretation
of the in vivo phenotype of dyn(K694A) cells would sug-
gest that self-assembly is also not a prerequisite for dy-
namin function in coated vesicle formation. One caveat to
this conclusion is that we are unable to demonstrate
whether dyn(K694A) is able to self-assemble at all in vivo,
and, if so, to what extent. It is conceivable that upstream
events (e.g., the formation of a thin membrane neck)
might provide a template for dyn(K694A) assembly in
vivo, just as microtubules can in vitro. If dyn(K694A) self-
assembly is allowed to occur in vitro around an artificial
template such as a microtubule, then the stimulated GTP-
ase activity of this mutant approaches wild-type levels
(Sever et al., 1999). The fact that overexpression of
dyn(K694A) increases the rate of coated vesicle formation
suggests that its primary defect in self-assembly is indeed
manifested in vivo. Thus, a more complex scenario to
explain our observations would be that the defect in
dyn(K694A) assembly is manifested at earlier stages in
coated vesicle formation, thus, resulting in a prolonged
lifetime of dynamin:GTP and increased rates of coated
pit constriction. When the narrowing membranous neck
reaches the appropriate dimensions dyn(K694A) self-
assembly is initiated, and rapid GTP hydrolysis promotes
efficient completion of the fission reaction. Further work
is needed to resolve these two possibilities. Regardless, the
phenotype induced by dyn(K694A) overexpression strongly
suggests that dynamin self-assembly is not rate-limiting for
endocytosis.

Our model, that overexpression of dyn(R725A) inhibits
membrane fission because of impaired disassembly, would
predict that collared pits might accumulate in these cells.
In contrast to this prediction, in observing .160 coated
pits in dyn(R725A) cells and .800 coated pits in total, we
were unable to detect a collared pit, even with serial sec-
tion analysis. These results are in agreement with the fact
that observations of dynamin collars have not been re-
ported in nonneuronal cells, even those expressing the
same dynamin mutant that forms collars in neurons
(Koenig and Ikeda, 1990; Tsuruhara et al., 1990; Damke et
al., 1995; Baba et al., 1999). A recent structural study
showed that when purified dynamin assembles onto lipo-
somes in the presence of GTPgS, the dynamin spirals de-
tectable by negative staining are not detectable by thin
section EM (Takei et al., 1999). However, electron-dense
spirals become detectable when dynamin coassembles
with amphiphysin. Based on these results, it is possible
that the assembly of other, perhaps neuron-specific,
proteins accounts for the electron-dense bands specifically

detected at synapses in shibirets flies. Importantly, dyn
(R725A) is a kinetic mutant that slows but does not block
membrane fission. In fact, the overall rate of Tfn endocy-
tosis observed in dyn(R725A) cells is comparable to that
observed in wt cells. Thus, it remains possible that the dy-
namin collars assembled by this mutant are still too short-
lived to be readily detected.

Downstream Partners of Dynamin:GTP Mediate 
Coated Pit Invagination Leading to Constriction

Our analysis of dynamin function in vivo strongly argues
that downstream partners of dynamin:GTP play direct
roles in forming constricted coated pits. Several Src ho-
mology-3 domain–containing proteins also have been
identified to interact with dynamin (Schmid et al., 1998)
and to function in coated vesicle formation (Wigge et al.,
1997; Simpson et al., 1999). One of these proteins, endo-
philin, appears to play a direct role in generating mem-
brane curvature at both early and late stages in coated ves-
icle formation (Ringstad et al., 1999; Schmidt et al., 1999).
Its recently identified lysophosphatidic acid acyl trans-
ferase activity (Schmidt et al., 1999) can alter the lipid
composition of the membrane and provides a mechanism
for inducing negative membrane curvature in the cytoplas-
mic leaflet of the bilayer needed to form a narrow neck.
Endophilin’s lipid modifying activity may also play a direct
role in priming emerging coated vesicles for fission.
Whether endophilin is a downstream effector of dynamin
remains to be determined. Nevertheless, our work strongly
suggests that dynamin acts as a regulatory GTPase to con-
trol downstream partners that mediate the rate limiting
event in endocytosis. 
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