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TABLE 2 Contacts between RNase A and Rl in the complex
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Putative hydrogen bonds with donor—acceptor distances below 3.5 A are indicated with 'H' and van der Waals contacts with distances below 4 A are indicated with

‘V'. One-letter amino-acid code is used.

* RNA-binding residues of RNase A7~ that contact Rl in the RNase A-R| complex.

The conformational flexibility of RI suggests that LRRs do
not simply provide a stable platform for the display of specific
determinants for a recognition process; instead, they provide a
flexible platform that can adjust to requirements of a particular
interaction. Another example of such conformational flexibility
has been observed in antibodies where the variable domains
can slightly change their relative orientation upon antigen
binding'®.
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THE mechanisms through which synaptic vesicle membranes are
reinternalized after exocytosis remain a matter of debate'™.
Because several vesicular transport steps require GTP hydro-
lysis®®, GTP-yS may help identify intermediates in synaptic vesi-
cle recycling. In GTP-yS-treated nerve terminals, we observed
tubular invaginations of the plasmalemma that were often, but not
always, capped by a clathrin-coated bud. Strikingly, the walls of
these tubules were decorated by transverse electron-dense rings
that were morphologically similar to structures formed by dynamin
around tubular templates'”''. Dynamin is a GTPase implicated in
synaptic vesicle endocytosis'>'* and here we show that the walls
of these membranous tubules, but not their distal ends, were posi-
tive for dynamin immunoreactivity. These findings demonstrate
that dynamin and clathrin act at different sites in the formation
of endocytic vesicles. They strongly support a role for dynamin in
the fission reaction and suggest that stabilization of the GTP-
bound conformation of dynamin leads to tubule formation by pro-
gressive elongation of the vesicle stalk.

1 To whom correspondence shouid be addressed
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FIG. 1 Electron micrographs dem-
onstrating the presence of tubular
membrane invaginations coated by
regularly spaced striations in nerve
terminal membranes incubated with
GTP-¥S. a—f, Hypotonically lysed nerve
terminals from a rat brain synaptoso-
mal fraction (lysed P,). a and b, Low-
power views of two nerve terminals.
Coated tubular invaginations of the
plasmalemma, which terminate in a
clathrin-coated bud, are indicated by
thick arrows. c—f, Exampies of tubular
invaginations at higher maghnification
(field ¢ is a high magnification of the
tubule visible in a). The blind end of
the tubule shown in e is uncoated.
Clathrin-coated vesicles are indicated
by thin arrows. g, A cluster of coated
tubules present in a synaptosomal
membrane subfraction (LP,). Scale
bar, a and b, 220 nm; ¢-g, 100 nm.
METHODS. Membrane fractions (P,
and LP,) were prepared from rat brain
homogenates as described®’. The P,
fraction, which is enriched in intact
nerve terminal membranes (synapto-
somes), was lysed by the addition of
9vol of ddH,0. LP; and LP, were
generated from the lysed P, fraction
by sequential low-speed and high-
speed centrifugation steps. The use of
LP, and LP, membrane subfractions
allowed for better access of exogen-
ously added cytosolic components and
nucleotides to nerve terminal mem-
branes. Lysed P, and LP, fractions
were resuspended in ‘cytosolic buffer’®
(25 MM HEPES—KOH pH 7.4, 25 mM §
KCl, 2.5 mM magnesium acetate,

5 mM EGTA, 150 mM K-glutamate). Membrane fractions (100 ul) were
added to 730 pl of ‘cytosol’ (see below) and then taken to 1 ml by the
addition of the compounds described below to obtain the following final
concentrations: 2 mM ATP, 16.7 mM creatine phosphate, 16.7 IlUml™*
creatine phosphokinase, 200 puM GTP-yS. These mixtures were incuba-
ted for 15 min at 37 °C. Controls were done by replacing GTP-yS with
GTP or by incubating the membrane fractions with cytosolic buffer alone,
cytosolic buffer plus cytosol and cytosolic buffer plus cytosol and ATP.

sl s

A gallery of electron micrographs taken from lysed nerve ter-
minals that had been incubated in the presence of cytosol, ATP
and GTP-yS are shown in Fig. la-f. Several examples of mem-
branous tubules decorated with regularly spaced rings are visible.
The rings sometimes appeared obliquely arranged, suggesting a
helix. In addition, clathrin-coated vesicles and invaginated
clathrin-coated pits were abundant in these preparations (Fig.
la-f, and data not shown). In favourable sections, tubules,
which were about 25-30 nm in diameter, were generally seen to
connect unbudded clathrin-coated vesicles to the plasmalemma
(Fig. la, b, ¢). In a few cases, however, the end of the tubules
did not appear to be clathrin coated (Fig. le). The formation
of these coated tubular structures was dependent on GTP-yS
because similar structures were not observed in samples reacted
with cytosol alone, cytosol+ATP, or cytosol+ ATP and GTP
(not shown). Tubules were also observed in GTP-yS-incubated
membrane subfractions derived from lysed nerve terminals (Fig.
1g). In this case, tubules were very frequently observed, tended
to be longer and occasionally formed small bundles or clusters
(Fig. 1g).

The striations seen around the membranous tubules were
very similar in morphology to structures formed in vitro by
purified dynamin around microtubules'®''. This similarity sug-
gested that dynamin may form the striations, an attractive
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The incubations were stopped by adding 1 ml of 2x concentrated
fixative (final concentrations: 3% formaldehyde, 2% glutaraldehyde,
0.32 M sucrose in HEPES-KOH buffer). To prepare cytosol, an S; frac-
tion prepared as described®”?® was desalted with Sephadex G-25M
PD-10 column (Pharmacia Biotech). Fixed samples were analysed by
electron microscopy using standard procedures. Images from fields a—
f were taken from preparations impregnated with 1% tannic acid® to
enhance visualization of the coat.

possibility given the putative role of dynamin in endocytosis.
In Drosophila, temperature-sensitive mutations of the dynamin
gene (shibire) lead to a temperature-sensitive impairment in
endocytosis of synaptic vesicle membranes'*”'". In fibroblasts,
expression of GTP-binding domain mutants of dynamin blocks
receptor-mediated endocytosis'®'®. Invaginated clathrin-coated
pits accumulate in HeLa cells expressing mutant dynamin and
both wild-type and mutant dynamin have been shown by
immunogold electron microscopy to be localized to clathrin-
coated pits®.

GTP-yS-treated membranes were therefore labelled for dyna-
min by immunogold electron microscopy using a monoclonal
anti-dynamin antibody previously shown to produce an intense
staining of nerve endings by immunofluorescence’ (Fig. 2a, b).
As shown in Fig. 2d-i, an extremely intense and specific gold
labelling of the cytoplasmic surface of the tubular structures was
observed. Dynamin labelling was less concentrated and some-
times absent at the distal end of the tubules (Fig. 2/, A, 7). In
contrast, immunogold labelling for clathrin resulted in a heavy
labelling of the distal end of most tubules, but not of their shaft
(Fig. 2k, /). In addition, clathrin immunolabelling produced a
heavy decoration of coated pits (Fig. 2m) and vesicles (not
shown). Patches of dynamin immunolabelling were generally
present near these organelles (Fig. 2¢, g, j) (see also ref. 20), but
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FIG. 2 Coated membrane tubules are
intensely immunoreactive for dynamin
and negative for clathrin. a, Light
microscopy immunofluorescence pat-
tern of the anti-dynamin antibodies
used for EM studies. Immunoreactivity
is concentrated in nerve terminals
which outline the surface of perikarya.
b, Counterstain of the same section
with anti-clathrin antibodies which
produce a similar staining pattern in
nerve terminals but which also label
the Golgi complex (perinuclear
fluorescence)?®. c—j, Electron micro-
graphs demonstrating immunogold
labelling for dynamin of nerve terminai
membranes incubated with GTP-yS. ¢
is from a lysed crude synaptosomal
fraction (lysed P,). d—f are from low-
speed (LP,) and e—j are from high-
speed (LP,) pellets of the lysed P,
fraction. Anti-dynamin immunogold is
highly concentrated around the shaft
of the tubules which are compietely
surrounded by gold particles (see
cross-sections in the inset of d and in
8), but is much less concentrated or is
absent at the tips of the tubules
(arrowheads in h and i). Patches of
anti-dynamin labelling are visible
adjacent to clathrin-coated vesicles (¢
and g, arrows) and pits (j), but anti-
dynamin immunogold does not homo-
geneously decorate the clathrin coat.
k-m, Anti-clathrin immunolabelling of
an LP, fraction incubated with GTP-yS.
Anti-clathrin  immunogold is absent
from the tubules (k and /) but homo-
geneously decorates the blind end of
the tubules and coated pits (m). n and
0, Hypotonically lysed nerve terminals
immunolabelled for dynamin immedi-
ately after lysis. Sparse patches of
immunogold are present among the
unlabelied synaptic vesicles. One such
patch is localized around a cross-sec-
tioned tubule (n). Asterisks in o indi-
cate the post-synaptic density. p,
Lysed nerve terminal labelled for syn-
aptophysin as a control. In these
preparations immunogold is localized
evenly in the nerve terminai around
synaptic vesicles. Scale bar, @ and b,
28 pm; ¢-p, 100 nm.

METHODS. Immunofluorescence was as described®. For electron
microscopy immunolabelling, lysed P,, LP; and LP, fractions (see
methods in Fig. 1) (c—m) were incubated in GTP-yS-containing media
and fixed as described in the legend of Fig. 1 with the exception that
the final aldehyde concentrations in the fixative were 3% paraform-
aldehyde and 0.2% glutaraldehyde. Fields n—p were obtained from rat
brain homogenates prepared in hypotonic conditions and immediately
fixed as described®. Fixed fractions were then processed for agarose

failed to decorate their surface homogeneously as observed for
anti-clathrin immunolabelling.

In control nerve terminals, fixed after lysis without earlier
incubation with cytosol and nucleotides, the bulk of dynamin
immunoreactivity was observed at clathrin-coated pits and in
clusters adjacent to clathrin-coated vesicles®® as well as in patches
over the cytomatrix which may represent the reserve pool of
dynamin not involved in endocytosis (Fig. 2n, 0). However, a
few examples of gold particle clusters, which appeared to sur-
round small membrane tubules, have been observed (Fig. 2n).
These tubules were not identified in preparations not immuno-
labelled for dynamin, probably because of their very low num-
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embedding, immunogold labelling and electron microscopy essentially
as described®®**. Dynamin and clathrin immunolabelling was done by
sequential incubations with mouse monoclonal antibodies, rabbit anti-
mouse antibodies and protein A-gold. Synaptophysin immunolabelling
was as described>2. Monoclonal anti-dynamin antibodies®>?* and poly-
clonal antibodies directed against a neuron-specific insert of clathrin
light chain®® (b) were previously described. Monoclonal antibodies
against clathrin light chain (Cl 57.1) (k—-m) were a kind gift of R. Jahn.

ber. The presence of tubular invaginations ending in clathrin-
coated buds were previously described in nerve terminals during
the recovery period after intense stimulation'. Furthermore,
images of clathrin-coated vesicles connected to the plasmalemma
by long and narrow tubules (25 nm in diameter) similar to those
described here, were also observed in non-neural cells*>. These
observations raise the possibility that GTP-yS may shift the
equilibrium of a reaction that occurs in the living cell, although
the precise relationship between membrane tubules induced by
GTP-yS and tubules observed in intact cells remains to be
elucidated.

To validate further the conclusion that dynamin and clathrin
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act at distinct sites in coated vesicle formation, we compared the
distribution of clathrin and dynamin during subcellular fraction-
ation of rat brain in a procedure leading to purified clathrin-
coated vesicles. Although dynamin was present in purified
clathrin-coated vesicles in agreement with immunogold observa-
tions (ref. 20 and this study), there was less dynamin per unit
protein in the coated vesicle fraction than in total homogenate
(Fig. 3). In contrast, clathrin light and heavy chains, as well as
a-adaptins®, were highly enriched in purified coated vesicles
(Fig. 3).

Our study demonstrates that GTP-yS induces tubular endo-
cytic invaginations in nerve terminals. The membrane tubules
are decorated by evenly spaced, often slightly oblique, electron-
dense rings which suggest the thread of a screw, and dynamin
is a major component of these rings. The similar structures that
purified dynamin forms around isolated microtubules'®'" are
also stabilized by GTP-yS'', supporting the hypothesis that
coated tubular structures reported here result from a direct effect
of GTP-yS on dynamin. However, we cannot rule out the pos-
sibility that GTP-yS may have a role in the formation of the
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FIG. 4 Model of possible interpretations of the dynamin localizations
demonstrated in this paper. Dynamin oligomers are proposed to form
a collar at the neck of invaginated clathrin-coated pits. A conformational
change of dynamin which correlates with GTP hydrolysis leads to vesicle
fission {1). GTP-yS, by stabilizing the GTP-bound conformation of dyna-
min, leads to tubule formation by progressive elongation of the vesicle
stalk (2). In situ, an increase in the GTP-bound conformation of dynamin
may be mediated by the downregulation of dynamin’s GTPase activity,
perhaps by dephosphoryiation®*?°, The presence of dynamin-coated
tubules not capped by a clathrin-coated end (this study) (3) and of
invaginated pits not coated by clathrin in nerve terminals of shibire flies
at the restrictive temperature® (4) may be due to clathrin loss or to

endocytic events which are clathrin-independent (for exampie as postu-
lated in the ‘kiss and run’ model of neurotransmitter release”).
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FIG. 3 Association of dynamin with clathrin-coated vesicles. Aliquots
from various steps of a subcellular fractionation procedure leading to
purified rat brain clathrin-coated vesicles were immunoblotted with
antibodies directed against proteins involved in endocytosis as indica-
ted on the left. The dashes on the right indicate the migratory position
of a¢-adaptin isoforms (a, and «a,) or clathrin light chain isoforms (LCa
and LCb). H, Homogenate; P, pellet; S, supernatant; SGp, sucrose gradi-
ent pellet; SGs, sucrose gradient supernatant; cush. pellet, purified
clathrin-coated vesicles. Anti-adaptin antibodies were a kind gift from
M. Robinson.

METHODS. Clathrin-coated vesicles from rat brain were prepared as
described?®. Equal amounts of protein from each subcellular fraction
(100 ng) were separated on SDS-PAGE, transferred to nitrocellulose,
and western blots were done as previously described®. Antibodies
against a-adaptin®® have been characterized elsewhere. Other antibod-
ies were described in the legend of Fig. 2.

screw-like structures by acting through a GTP-binding protein
other than dynamin. Although the physiological significance of
the binding of dynamin to microtubules and its property to form
regular arrays around microtubules in vitro remains
unknown''**, our present work describes similar arrays at sites
where dynamin is thought to act. Our observations are therefore
likely to be closely related to the function of dynamin. The
diameter of the membrane tubules is similar to the diameter of
microtubules (25 nm) and it is possible that the structures
formed by dynamin around microtubules may highlight its prop-
erty to polymerize around templates which contain dynamin-
binding sites. Physiologically, such a template may be represen-
ted by the neck of a coated pit. In view of our findings, it is
quite likely that dynamin is a component of the collar of dense
material that can be seen around the neck of invaginated pits in
nerve terminals of shibire flies at the restrictive temperature'>'®,
We note that the diameter of these necks'® is similar (20-25 nm)
to that of the GTP-yS-induced tubules.

These results, which are complemented by the demonstration
that purified dynamin can form rings in vitro™, strongly support
a model in which the invagination of clathrin-coated vesicles
and their fission from the plasmalemma are driven by different
molecular mechanisms®, and strongly indicate that dynamin par-
ticipates selectively in the fission process, which is known to
require GTP hydrolysis™ (Fig. 4). They also provide clues con-
cerning the mechanisms by which the connection between con-
stricted coated vesicles and the donor membrane is severed. The
dynamin ring (or helix) may provide a scaffold which, upon a
conformational change (for example, constriction, twist) depen-
dent upon GTP hydrolysis could force membrane fusion at the
neck of the vesicle. Stabilization of the GTP-bound conforma-
tion of dynamin by GTP-yS leads to progressive polymerization
of dynamin and elongation of the vesicle neck to form a tubule.
Downregulation of dynamin’s GTPase activity in the intact cell,
for example by dephosphorylation®'°, may play a role in the
formation of the tubular endocytic invaginations observed in
situ’. Finally, the presence of tubules not capped by a clathrin
coat raises the possibility that dynamin, possibly with other asso-
ciated proteins, may be sufficient to generate a tubular invagina-
tion and therefore to support endocytosis in a clathrin-
independent fashion. O
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Dynamin self-assembles into
rings suggesting a mechanism
for coated vesicle budding

Jenny E. Hinshaw & Sandra L. Schmid*

Department of Cell Biology, The Scripps Research Institute,
10666 North Torrey Pines Road, La Jolla, California 22037, USA

DynamIN, a 100K member of the GTPase superfamily’, is the
mammalian homologue of the Drosophila shibire gene product™.
Mutations in shibire cause a defect in endocytosis leading to accu-
mulation of coated pits and deep invaginations at the plasma mem-
brane of all tissues examined®>. Similarly, invaginated coated pits
accumulate in mammalian cells overexpressing dominant-negative
mutants of dynamin, establishing that dynamin is required for the
formation of ‘constricted’ coated pits and for coated vesicle
budding®. Whether dynamin functions in the classic GTPase mode
as a molecular switch to regulate events leading to coated vesicle
budding or instead actively participates as a mechanochemical
enzyme driving coated vesicle formation is unclear’. Here we show
that dynamin spontaneously self-assembles into rings and stacks
of interconnected rings, comparable in dimension to the ‘collars’
observed at the necks of invaginated coated pits that accumulate
at synaptic terminals in shibire flies®. We propose that invaginated
coated pits become constricted by the assembly of dynamin into
rings around their necks. A concerted conformational change
would then close the rings and pinch off the budding coated vesicles.

Neuronal dynamin was purified to homogeneity from Sf9
insect cells infected with recombinant baculovirus encoding
human dynamin-1'®. The ~100K dynamin polypeptide eluted
after gel-filtration chromatography on Superose-6 with an
apparent M, (assuming a globular protein) in excess of 900K
(not shown). Velocity sedimentation analysis and crosslinking

* To whom correspondence should be addressed.
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FIG. 1 Low-magnification negative-stained images of assembled and
unassembled dynamin oligomers. a, Intact dynamin oligomeric assem-
bly units or b, subtilisin-digested dynamin in HCB300 (see methods). ¢,
Wild-type dynamin or d, K44A mutant dynamin in HCB300 were diluted
sixfold into HCB lacking NaCl before analysis by negative-stain electron
microscopy. The protein concentration after dilution was ~0.4 mg mi~™.
Partial rings, rings (arrow-heads) and small stacks of rings (arrows) are
seen in both samples. e, Stacks of rings which are prevalent after
dialysis of intact dynamin (>1 mg m!™") into HCB containing 25 mM
NaCl. f, Subtilisin-treated dynamin stacks. All images are shown at the
same maghnification. Scale bar, 100 nm.

METHODS. Dynamin was purified from Sf9 insect cells infected with
recombinant baculovirus encoding wild-type dynamin or the K44A
mutant dynamin as described*®. In the final purification step, dynamin
was eluted from a Superose 6 FPLC column (Pharmacia) in HCB300,
HEPES column buffer (20 mM HEPES, pH 7.2, 2 mM MgCl,, 1 mM EDTA,
14mM DTT) containing 300 mM NaCl, well resoived from lower M, con-
taminants. Limited proteolysis was done at a ratio of 1 ug subtilisin
(Sigma) to 400 pg dynamin for 20 min on ice and the digestion stopped
by addition of 1 mM phenylmethylsulphonyl-fluoride (PMSF). This incu-
bation produced a stable ~90K digestion product of dynamin in high
yield. Samples were diluted to ~0.1 mg ml™%, adsorbed to carbon-
coated EM grids and negatively stained with 2% uranyl acetate before
air drying. For examination, a Philips CM12T electron microscope was
used at 100 kV with a 70 um objective aperture.

experiments (not shown) indicated that dynamin exists as an
elongated molecule probably consisting of four 100K polypep-
tides. To elucidate its structure further, purified dynamin was
examined by negative-stain electron microscopy. Elongated
structures, ~10nm wide and ~20-40 nm long with varying
degrees of curvature, presumably corresponding to dynamin
tetramers, were observed (Fig. la).

The C-terminal proline-rich domain (PRD) of dynamin is the
site of interaction with a variety of activators of dynamin’s
GTPase activity, including microtubules and grb2®. To deter-
mine if this region is also involved in dynamin-dynamin inter-
actions within the oligomers, limited proteolysis by subtilisin
was used to produce a ~90K polypeptide lacking the proline-
rich domain®'®. Subtilisin-treated dynamin also eluted from a
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