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Abundant evidence has shown that the GTPase dynamin is required for receptor-mediated
endocytosis, but its exact role in endocytic clathrin-coated vesicle formation remains to be
established. Whereas dynamin GTPase domain mutants that are defective in GTP binding and
hydrolysis are potent dominant-negative inhibitors of receptor-mediated endocytosis, overexpres-
sion of dynamin GTPase effector domain (GED) mutants that are selectively defective in assembly-
stimulated GTPase-activating protein activity can stimulate the formation of constricted coated
pits and receptor-mediated endocytosis. These apparently conflicting results suggest that a
complex relationship exists between dynamin’s GTPase cycle of binding and hydrolysis and its
role in endocytic coated vesicle formation. We sought to explore this complex relationship by
generating dynamin GTPase mutants predicted to be defective at distinct stages of its GTPase
cycle and examining the structural intermediates that accumulate in cells overexpressing these
mutants. We report that the effects of nucleotide-binding domain mutants on dynamin’s GTPase
cycle in vitro are not as predicted by comparison to other GTPase superfamily members. Specif-
ically, GTP and GDP association was destabilized for each of the GTPase domain mutants we
analyzed. Nonetheless, we find that overexpression of dynamin mutants with subtle differences in
their GTPase properties can lead to the accumulation of distinct intermediates in endocytic coated

vesicle formation.

INTRODUCTION

The clathrin-dependent pathway of receptor-mediated en-
docytosis is a multistep process. Clathrin-coated vesicle for-
mation is initiated by the binding of coat components to
nucleation sites at the plasma membrane (Kirchhausen,
1999, 2000). Driven by coat assembly and perhaps by rear-
rangements of the coat constituents, the initially flat clathrin
lattice gains curvature and forms an increasingly invagi-
nated coated pit. The neck of the coated pit becomes con-
stricted before the fission reaction that leads to release of the
coated vesicle (Schmid, 1997). The large GTPase dynamin
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2'deoxy-3'O-N-methylanthraniloyl GTP; MOI, multiplicity of
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(dyn) is required for clathrin-mediated endocytosis (re-
viewed by Hinshaw, 2000), but the mechanistic details of its
role in vesicle formation remain controversial (Roos and
Kelly, 1997; Sever et al., 2000b).

Dyn is a member of a subfamily of functionally diverse,
high molecular weight GTPases, which have atypically low
affinities for GTP and high intrinsic rates of GTP hydrolysis.
Dyn (and other dyn family members) spontaneously self-
assembles in vitro into single rings and spirals upon dilution
into low ionic strength buffers (Hinshaw and Schmid, 1995)
or in the presence of artificial templates such as microtu-
bules or phosphatidylinositol 4,5-bisphosphate-containing
phospholipid vesicles (Shpetner and Vallee, 1989; Barylko et
al., 1998; Stowell et al., 1999). Self-assembly stimulates dyn’s
basal GTPase activity 10- to 100-fold (Tuma and Collins,
1994; Warnock et al., 1996), and GTP hydrolysis drives dyn
disassembly (Maeda et al., 1992; Warnock et al., 1997). It is
not known whether other factors, in addition to self-assem-
bly, are required to regulate dyn’s GTPase activity in vivo.

Dyn’s function in endocytosis was initially suggested
when electron microscopy (EM) of nerve terminals in Dro-
sophila bearing a temperature-sensitive allele of the dyn ho-

© 2001 by The American Society for Cell Biology



mologue shibire revealed the accumulation of endocytic pits.
Most of the pits accumulating on presynaptic membranes
were encircled at their necks by a single or double electron-
dense band of dimensions similar to dyn rings (Koenig and
Ikeda, 1989). Importantly, although endocytosis is blocked
in all tissues of the fly, dyn “collars” have been detected only
in neuronal cells. In most cells in shibire flies and in mam-
malian cells overexpressing the human homologue of the
shibire's? allele, dyn(G273D), or a dominant-negative mu-
tant of dyn defective in GTP binding and hydrolysis,
dyn(K44A), inhibition of endocytosis leads to the accumu-
lation of invaginated coated pits with necks that remain
open to bulky probes such as avidin (Damke ef al., 1994;
Dambke et al., 1995a).

When dyn is assembled around lipid templates, GTP hy-
drolysis induces a conformational change. Depending on the
composition of the lipid, this conformational change can
cause either constriction of the dyn spirals resulting in ve-
siculation (Sweitzer and Hinshaw, 1998) or an increase in the
distance between the rungs of the assembled dyn spiral
(Stowell et al., 1999). Together these in vitro observations
have led to a variety of working models proposing that dyn
functions as a mechanochemical enzyme (Hinshaw and
Schmid, 1995; Warnock and Schmid, 1996; Smirnova et al.,
1999; Stowell et al., 1999; Kozlov, 2001; for review, see Sever
et al., 2000b). Although differing significantly in their details,
these models all suggest that dyn’s high, assembly-stimu-
lated rate of GTP hydrolysis would be required for pinching
off vesicles from the plasma membrane.

Several laboratories have indeed established that overex-
pression of dyn GTPase domain mutants defective in GTP
binding and/or hydrolysis inhibits endocytosis in mamma-
lian cells (Herskovits ef al., 1993; van der Bliek et al., 1993;
Hill et al., 2001; Marks et al., 2001). However, contradictory
results were obtained with the use of dyn GTPase effector
domain (GED) mutants. GED is an intramolecular GTPase-
activating protein (GAP) that is required for dyn’s assembly-
stimulated GTPase activity but not for its basal rate of GTP
binding and hydrolysis (Sever et al., 1999). Overexpression
of these GAP-impaired dyn mutants accelerates the rate-
limiting step in endocytosis leading to an increase in the rate
of formation of constricted coated pits (Sever et al., 1999,
2000a). Depending on the specific GED mutant, this can, in
turn, lead to an increased rate of receptor-mediated endo-
cytosis. Together, these data suggest a complex relationship
between dyn’s GTPase cycle, its regulation, and the execu-
tion of distinct stages in the formation of clathrin-coated
vesicles.

As a means to explore this complex relationship we
sought to use the overexpression of dyn mutants defective in
distinct steps of its GTPase cycle to accumulate sequential
intermediates of clathrin-coated vesicle formation. The dyn
mutants were designed in analogy to other members of the
GTPase superfamily and were predicted to arrest dyn in its
GDP-bound, GTP-bound, or nucleotide-unoccupied state.
Biochemical characterization of these mutants revealed un-
expected results relating to their GTPase properties in that
neither of the mutations resulted in a GTPase predicted to be
“locked” in either the activated or inactivated state. The
formation of constricted coated pits was inhibited by the
dyn GTPase domain mutants that we generated; however,
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quantitative morphological analysis revealed subtle differ-
ences in the intermediates that accumulated.

MATERIALS AND METHODS
Reagents

The mouse monoclonal anti-transferrin (Tfn) receptor antibody
HTR.D65 was a kind gift from I. Trowbridge (Salk Institute, La Jolla,
CA). Rhodamine-conjugated Tfn was purchased from Molecular
Probes (Eugene, OR). Human differric Tfn was from Roche Molec-
ular Biochemicals (Indianapolis, IN). Tfn was biotinylated as previ-
ously described (Smythe et al., 1992). Colloidal gold (5 and 10 nm)
and all other reagents used for EM were purchased from Electron
Microscopy Sciences (Fort Washington, PA). D65 was conjugated to
gold after standard protocols (Leunissen and DeMey, 1987). All
other chemicals were reagent grade, unless otherwise specified.

Preparation of cDNA Constructs

The point mutations for N-terminal hemagglutinin (HA)-tagged
dyn K44A (Damke et al., 1994), S45N, and T65F were introduced
into the wild-type (WT) human dyn-1 by site-directed mutagenesis
with polymerase chain reaction and verified by DNA sequencing.
The mutant cDNAs were then subcloned into expression vectors for
the generation of tetracycline (tet)-regulatable stable cell lines,
pUHD10-3, (Gossen and Bujard, 1992; Damke et al., 1995b) or
recombinant adenovirus (Ad), pADT3T7 (Hardy et al., 1997).

Generation of Stably Transformed Cells

The stable HeLa cell line, tTA-HelLa, expressing the chimeric tet-
regulatable transcription activator was kindly provided by H. Bu-
jard (Zentrum fiir Molekulare Biologie der Universitit, Heidelberg,
Germany). Cells were maintained in DMEM supplemented with
10% (vol/vol) fetal bovine serum, 100 U/ml each penicillin and
streptomycin, and 400 pg/ml active G418 (Geneticin; GIBCO BRL,
Gaithersburg, MD). The constructs pUHD10-3 encoding HA-
tagged dyn(S45N), dyn(T65F), and dyn(D208N) were used to gen-
erate stably transformed tTA-HeLa cells with tightly regulated ex-
pression of dyn as previously described (Damke et al., 1995b).
Puromycin was used as a selectable marker. Stably transformed
cells were cultured in the presence of 1 ug/ml tet and induced by
the removal of tet by two washes with phosphate-buffered saline
(PBS) and incubating the cells in growth medium without tet for
48 h.

Ad Generation

Recombinant viruses for dyn-1 (Ad-Dynl) were generated as pre-
viously described (Hardy et al., 1997; Altschuler et al., 1998). Briefly,
WT and mutant dyn-1 were placed under the control of a tet-
regulatable promotor in the pAdlox vector by inserting the coding
sequence between the y5-packaging site and the 5'-polyA site.
These constructs were then cotransfected into HEK293 cells express-
ing Cre recombinase. Ad was plaque purified and amplified in HEK
293 cells.

Immunoblot Analysis

For quantification of dyn expression, cell lysates of equivalent num-
bers of cells were prepared for WT and all dyn mutants and ana-
lyzed by immunoblotting. For reliable quantification different
amounts of the cell lysates for all samples were separated on SDS
gels. The pan-dyn antibody 748 (van der Bliek et al., 1993) was used
to detect dyn in comparison with endogenous dyn in uninduced
cells, and the anti-HA antibody 12CA5 (Roche Molecular Biochemi-
cals) was used to quantify matching expression levels in HA-dyn-
1-overexpressing cells. Antigen-antibody complexes were visual-
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ized with the use of alkaline phosphatase, and the bands were
quantified by densitometry.

Internalization Assays

Stably transformed tTA-HeLa cells expressing dyn-1 WT or mutants
were grown in the presence or absence of tet for ~48 h to ~60%
confluency. Alternatively tTA-HeLa cells were infected with Ad (10
MOI/cell) encoding either wild-type (WT) or mutant dyn-1 (Ad-
dyn"T, Ad-dynf#4, Ad-dyn®*N, Ad-dyn'®F). The cells were de-
tached with PBS and 5 mM EDTA at room temperature for 5 min,
briefly rinsed, and resuspended in ice-cold PBS containing 1 mM
MgCl,, 1 mM CaCl,, 0.2% bovine serum albumin, and 5 mM glucose
(PBS****) at 2 X 10° cells/ml. BSS-Tfn was added to the suspen-
sion to a final concentration of 8 ug/ml BSS-Tfn and kept on ice. The
cell suspension was then split into 50-ul aliquots (corresponding to
1 X 10° cells) for continuous internalization of BSS-Tfn at 37°C for
the indicated times. Endocytosis was terminated by returning the
samples to ice and addition of 1 ml of ice-cold PBS*** ™. Internal-
ization was quantified after processing the samples for measuring
avidin inaccessibility or MesNa (2-mercaptoethanesulfonic acid) re-
sistance as described by Carter et al. (1993). Internalized BSS-Tfn
was expressed as the percentage of total surface-bound BSS-Tfn at
4°C.

Transmission EM

For conventional Epon sections, stably transformed cells were in-
duced for 48 h in the absence of tet and grown to <75% confluency
on 12-mm glass coverslips. Alternatively, tTA-HeLa cells were in-
fected with Ad for WT or mutant dyn-1 (Ad-dyn"", Ad-dynK#4,
Ad-dyn®*N, Ad-dynT®F) and incubated in the absence of tet for
16 h. The expression level of recombinant protein was controlled for
by immunoblot analysis (12CA5 anti-HA antibody) of equivalent
numbers of cells. Adenoviral infection itself did not affect overall
cell morphology or the appearance of coated pits. Cells were incu-
bated with D65-gold (10 nm) in PBS™*** for 120 min at 4°C and
warmed for 2 min at 37°C. The cells were then washed and fixed in
2% glutaraldehyde in 100 mM sodium cacodylate buffer, pH 7.4, for
30 min at room temperature. Subsequently 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%
0s0,, 1% potassium ferrocyanide, and 100 mM sodium cacodylate
buffer, pH 7.4, for 1 h on ice, washed with four changes of distilled
H,O at room temperature, and stained with 2% uranyl acetate for 1
h at room temperature. After three washes in distilled H,O at room
temperature the samples were dehydrated and embedded in Epon
following standard protocols. Ultrathin sections were observed un-
der an electron microscope (model CM10; Philips Electronic Instru-
ments, Mahwah, NJ) at 80 kV. At the same time, low magnification
(5000%) images of cells were captured with a slow-scan charge-
coupled device camera, and their perimeters were measured with
the use of National Institutes of Health image software. Quantita-
tion of coated pit accumulation was performed by photographing
individual cell profiles at low magnification (5000X) to measure
surface length on negatives and then counting the number of coated
pits and classifying their morphology at high magnification
(19,000X). Twenty 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; sealed pits were completely encircled by
coated membrane. Serial section analysis revealed that almost all
sealed pits were connected to the cell surface in neighboring sec-
tions; therefore, they were 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 21,000X with the use
of a 15X magnifying glass and a ruler with 0.1-mm subdivisions.
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For labeling of invaginated membranes with Ruthenium red,
tTA-HeLa cells were cultured on 12-mm glass coverslips. The cells
were infected with Ad for WT or mutant dyn-1 and incubated in the
absence of tet for 16 h. The cells were fixed for 1 h with 1.2%
glutaraldehyde in 0.1 M HEPES, pH 7.2, containing 0.5 mg/ml
Ruthenium red at room temperature. The cells were rinsed three
times with 0.1 M HEPES and postfixed for 4 h with 1.6% OsO, in 0.1
M HEPES, pH 7.2, containing 0.5 mg/ml Ruthenium red at room
temperature. These specimens were routinely embedded in Epon,
and unstained ultrathin sections were observed under an electron
microscope (model H-7500; Hitachi, Tokyo, Japan) at 80 kV.

Sedimentation Assays and GTPase Assays

Recombinant WT and mutant dynamins were purified from Bacu-
lovirus-infected TNS cells, as previously described (Damke et al.
2001). Velocity sedimentation assays were performed as previously
described (Warnock et al., 1996; Damke et al., 2001). GTPase activity
was determined at 37°C with the use of [@-*?P]GTP in 20 mM
HEPES, pH 7.2, mM EGTA, 1 mM MgCl,, 52 mM NaCl, 1 mM
dithiothreitol, 0.1% bovine serum albumin, and 0.5 mM GTP and in
the presence or absence of either GED or microtubules exactly as
previously described (Sever et al., 1999; Damke et al., 2001).

Stop Flow Measurements

Stop-flow measurements were perfomed with an SFM-3 instrument
(BioLogicals, Toronto, Canada) fitted with an FC-15 cuvette (1.5-mm
path length) in the “hard stop” mode. The flow velocity was 6 ml/s.
Excitation was at 280 nm from a 150-W Hg/Ze arc lamp through a
monochromator. Emitted light was detected with a photomultiplier
through a 395-nm cut-off filter (50% transmission at 400 nm, <1% at
360 nm; catalog number 51271; Oriel Corp, Stamford, CT) set at 90°
to the incident light (fluorescence mode). Data from the SFM-3 were
analyzed with the use of Biokine (BioLogicals) software.

To measure the 2'deoxy-3'O-N-methylanthraniloyl GNP (Mant-
GNP) on rate for each reaction, one syringe containing 2.0 uM
protein and one containing 120 uM Mant-GNP were prepared.
Equal volumes were simultaneously injected from each syringe into
the cuvette bringing the final protein concentration to 1.0 uM and
the final GNP concentration to 60 uM. The mixture was excited at
280 nm (to excite the tryptophans in dyn), and the fluorescence
emission was collected above 395 nm with the use of a cut-off filter.
Mant absorbs at 360 nm, where tryptophan emits when excited at
280 nm (resulting in excitation of the mant by any tryptophans in
dyn that are spatially close to the mant group). Mant emits at 410
nm. The Mant-GNP cut-off rates were determined as follows: one
syringe was loaded with 2 uM protein and 8 uM Mant-GNP. A
second syringe was loaded with 200 uM unlabeled (cold) GTP.
Equal volumes were mixed from each syringe in the cuvette, and the
reaction was monitored in the same way as for the on rates. The
final concentrations of protein, Mant-GNP, and cold GTP were 1, 4,
and 100 uM, respectively.

RESULTS

That dyn functions in clathrin-coated vesicle formation and
receptor-mediated endocytosis is well documented, but its
exact role remains to be established. Based largely on dyn’s
biochemical properties in vitro (Hinshaw and Schmid, 1995;
Sweitzer and Hinshaw, 1998; Stowell et al., 1999), many of
the prevailing models suggest that it functions late in endo-
cytic vesicle formation to drive membrane fission (for re-
views, see McNiven, 1998; Hinshaw, 2000; Sever et al.,
2000b). More recent in vivo results have suggested that dyn
might also, or instead, regulate earlier events in endocytic
coated vesicle formation (Shupliakov et al., 1997; Sever et al.,
2000a; Hill et al., 2001). Other GTPase superfamily members,
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Figure 1. Mutations within dyn GTPase domain. Point mutations
were introduced within the nucleotide-binding region to interfere
with dyn’s nucleotide-binding properties and biological function.
Shown are the positions of the mutations within the first of three
GTP-binding elements conserved among GTPase family members.

e.g., rab proteins, regulate multiple events in vesicular traf-
ficking as they cycle between their GTP- and GDP-bound
conformations. To better understand the function of dyn’s
GTPase cycle in regulating endocytic vesicle formation in
vivo, we introduced point mutations within the nucleotide-
binding regions of the GTPase domain (Figure 1) predicted
to generate dyn mutants that preferentially adopt the GTP-,
GDP-, or nucleotide-unoccupied states. Specifically, Ser45,
an invariant residue located in the first GTP-binding element
or “P-loop” coordinates with Mg?*, which in turn binds to
the y- and B-phosphate of the bound nucleotide (Witting-
hofer, 2000). Substitution with Asn lowers the affinity for
GTP more than GDP and in many cases results in a GTPase
restricted to the GDP-bound state (reviewed by Olkkonen
and Stenmark, 1997; Wittinghofer, 2000). The second GTP-
binding element, also known as the “switch 1” region, has
the less well defined sequence, D-(X),-T, in which the con-
served Thr is predicted to coordinate with the Mg?* ion
necessary for GTP hydrolysis but not for GTP binding
(Bourne et al., 1991). Dyn has three D-(X),,-T motifs between
the first and third well defined GTP-binding elements en-
compassing Thr65, Thr109, and Thr 133. Each of these Thr
residues was replaced with phenylalanine, but only muta-
tion of Thr65 generated a GTPase-defective mutant (see
below and Damke, unpublished results), thus identifying
this residue as a constituent of the second GTP-binding
element, as previously predicted (van der Bliek, 1999). The
K44A dyn mutant was generated earlier and has been
shown to exhibit a substantially reduced affinity for GTP
and reduced GTP hydrolysis (Damke et al., 1994; Warnock et
al., 1995).

Biochemical Characterization of the Point
Mutations dyn(S45N) and dyn(T65F)

To test directly whether the new dyn mutants that we de-
signed exhibited the predicted biochemical properties, re-
combinant baculoviruses were generated enabling expres-
sion and purification of WT and mutant proteins. Dyn’s
GTPase activity is closely linked to its ability to self-assem-
ble (Warnock et al., 1996; Binns et al., 1999). Therefore, al-
though the point mutations are only predicted to interfere
with dyn’s GTPase activity, we first compared the mutants’
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Figure 2. Biochemical characteristics of dyn GTPase domain mu-
tants. (A) A sedimentation assay, described in MATERIALS AND
METHODS, was used to analyze the ability of S45N and T65F
mutant dyn compared with WT dyn to self-assemble into structures
that remain soluble (S) or pelletable (P) after dilution into low salt
conditions. The self-assembly activity of dyn(S45N) and dyn(T65F)
was indistinguishable from dyn(WT). M=marker. (B) The assem-
bly-stimulated GTPase activity of WT and mutant dyns was mea-
sured, as described in MATERIALS AND METHODS, with the use
of taxol-stabilized microtubules (2 pg) as a template for assembly.
GTPase activity of dyn(K44A), dyn(S45N), and dyn(T65F) was se-
verely impaired relative to dyn(WT).

ability to self-assemble into sedimentable higher order struc-
tures under low ionic conditions. Previous studies had es-
tablished that dyn(K44A) retained its ability to self-assemble
(Warnock ef al., 1996). Similarly, the data in Figure 2A show
that the assembly activity of dyn(S545N) and dyn(T65F) were
also indistinguishable from dyn(WT).

We next confirmed the predicted GTPase defect in the
various mutants. As expected, we were unable to detect
basal, unstimulated GTPase activity for either dyn(545N) or
dyn(T65F). Similarly, when assayed for assembly-stimulated
GTPase activity with the use of either microtubules as the
assembly template (Figure 2B) or excess GED to mimic
self-assembly, neither dyn(S45N) nor dyn(T65F) showed ap-
preciable activity (<1% of WT). Thus, as predicted, each of
these mutants was potently defective in both basal and
stimulated rates of GTP hydrolysis.

Guanine Nucleotide-binding Rates

Based on analogy to other GTPase superfamily members, we
would predict that dyn(S45N) would be preferentially sta-
bilized in the GDP-bound state, whereas dyn(T65F) would
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Guanine nucleotide association and dissociation from WT and mutant dyns. Mant-GTP association (A) and dissociation (B) are

plotted in arbitrary units for fluorescence over time. In A, WT and mutant dyn-1 (1 uM final concentration) were mixed with Mant-GTP (60
M final concentration). In B, 1 uM dyn-1 and 4.0 uM Mant-GTP were mixed with 100 uM unlabeled GTP (final concentrations). Mant-GDP
dissociation rates were measured by mixing 1 uM dyn(WT) (C) and dyn(T65F) (D) loaded with 4 uM Mant-GDP with 100 uM GTP (final
concentrations). See MATERIALS AND METHODS for experimental details.

be preferentially stabilized in the GTP-bound form. To de-
termine how the introduced point mutations affect the nu-
cleotide on and off rates for dyn, stop-flow measurements
were performed. For recombinant dyn(WT), we were able to
measure the GTP on rate for four concentrations (10, 20, 40,
and 60 puM) of 2'deoxy-3'O-N-methylanthraniloyl GTP
(Mant-GTP) at a constant dyn concentration of 1 uM. Anal-
ysis of these data gave the same result for the second-order
association constant of dyn(WT) with Mant-GTP (7.4 X 10°
M~ s ') as previously published (Binns et al., 1999, 2000)
for native dyn-1, purified from bovine brain. In contrast,
with the use of the same experimental system it was not
possible to determine the GTP on rate for dyn(K44A),
dyn(S45N), or dyn(T65F). The association curves for the four
proteins (WT, K44A, S45N, and T65F) were plotted in arbi-
trary fluorescence units (Figure 3A). Importantly, because
we do not know the fluorescence intensity change expected
for each mutant protein, we cannot correlate intensity
changes with nucleotide binding. However, for all three

2582

mutants, the amplitude of the reaction was greatly de-
creased at the same instrument settings, protein concentra-
tion, and Mant-GTP concentrations when compared with
dyn(WT). These data are consistent with our prediction that
dyn(K44A) and dyn(S45N) are defective in GTP binding. In
contrast to our prediction, although dyn(T65F) retains some
ability to bind GTP, this association appears to be reduced
relative to dyn(WT). We attempted to measure GTP off rates
(Figure 3B), but only the WT protein was measurable and
gave results similar to measurements on native dyn-1 (Binns
et al., 1999). The GTP off rates for the other mutants were
either too fast for our equipment to measure or negligible at
the GTP concentrations used. A higher GTP concentration
could not be used because we were exciting at 280 nm and
reading the fluorescence emission. The absorption of GTP at
260 nm became significant at higher GTP concentrations.
We next examined the association/dissociation rates for
GDP. As reported earlier for native dyn-1 (Binns et al., 1999),
the GDP on rates could not be measured for any of the four
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proteins because the interaction between dyn and 2'deoxy-
3'0O-N-methylanthraniloyl GDP (Mant-GDP) proved either
negligible or too fast. The GDP off rates for dyn(WT) and
dyn(T65F) were, however, measurable with the use of a
competition assay as shown in Figure 3, C and D. For these
reactions, one syringe was loaded with 2.0 uM protein and
8.0 uM Mant-GDP, and the other was loaded with 200 uM
unlabeled GTP. An equal volume was injected from each
syringe into the cuvette, which was excited as described
above. This brought the final protein concentration to 1 uM,
the final Mant-GDP concentration to 4 uM, and the final
GTP (unlabeled) concentration to 100 uM. With this ap-
proach we determined that the GDP off rate for dyn(WT)
was 92 + 12 s~ 1 and for dyn(T65F) it was 151 * 18.4 s~ 1. The
value obtained for dyn(K44A), 189 = 60 s !, was very rapid
and the SDs were high; thus this value is the least reliable
(not shown). Similarly, the dyn(S45N) was either too fast for
our equipment to measure or negligible at the Mant-GDP
concentration used (not shown). Together these data suggest
that, contrary to our predictions, it is unlikely that either
dyn(S45N) or dyn(T65F) would be restricted to the GDP- or
GTP-bound states, respectively, in vivo. Indeed, all of the
dyn GTPase domain mutants we have tested are signifi-
cantly impaired in nucleotide binding.

Tfn Internalization Is Inhibited in Cells Stably
Expressing dyn(S45N) and dyn(T65F)

Stably transformed cell lines expressing either WT dyn or
the GTPase domain mutants under control of the tet-regu-
latable promotor were generated to allow for detailed bio-
chemical and morphological characterization of their endo-
cytic phenotype. Expression of dyn(WT), dyn(K44A),
dyn(S45N), or dyn(T65F) was induced in stably transformed
tTA-HeLa cells for 48 h by removal of tet (Figure 4, inset).
Internalization of Tfn, which is biotinylated via a cleavable
disulfide bond (BSS-Tfn), was measured by incubating the
cells with 8 ug/ml BSS-Tfn for the indicated times at 37°C.
Intracellular Tfn was quantified based on its inaccessibility
to the bulky probe avidin (Figure 4A) or its resistance to the
small membrane-impermeant reducing agent MesNa (Fig-
ure 4B). As can be seen, both dyn(S45N) and dyn(K44A)
mutants potently inhibited receptor-mediated endocytosis
of BSS-Tfn, by = 95%. Overexpression of dyn(T65F) also
inhibited receptor-mediated endocytosis but to a lesser ex-
tent (~80%). In each of the mutants, BSS-Tfn remained ac-
cessible to MesNa and was not sequestered from avidin;
therefore, the block occurred before the formation of con-
stricted coated pits.

T65F Is a Weaker Dominant-Negative Mutant than
S45N

Dyn(T65F) is strongly defective in GTPase activity; thus, we
were intrigued by the fact that its overexpression did not
completely inhibit endocytosis. Unlike either dyn(K44A) or
dyn(S45N), dyn(T65F) retained some ability, albeit im-
paired, to bind GTP. Thus, it was possible that the weaker
phenotype of dyn(T65F) overexpression might be due to the
transient existence of an “activated” GTP-bound form of
dyn. Indeed, overexpression of dyn GED mutants that are
defective in assembly-stimulated GAP activity, but retain

Vol. 12, September 2001

Dyn-1 GTPase Mutants Inhibit Endocytosis

w1
o

A WT K44A S45N T65F

R W TS WG

100 4

w
<

Sequestration of BSS-Tfn from Avidin
( % of Total)

Q 1
0 5 10 15
Time (min)
150
s B
(2}
@
=
£ 100 4
-
=4
0L
ar
m o
S8 501
(]
c
_Q M
R4
o
o)
o 2 ——— ]
0
0 5 10 15
Time (min)

Figure 4. Tfn internalization is inhibited in cells stably expressing
dyn(S45N) and dyn(T65F). Stable tTA-HeLa cells expressing WT
dyn (M), dyn(K44A) (A), dyn(S45N) (@), or dyn(T65F) (A) were
induced for 48 h by removal of tet. The inset in A indicates the
expression levels for exogenous dyn from a single representative
assay as analyzed by immunoblotting. Internalization of Tfn was
measured by incubating cells with 8 ug/ml BSS-Tfn for the indi-
cated times at 37°C before measuring intracellular Tfn based on its
inaccessibility to avidin (A) or MesNa (B) (see MATERIALS AND
METHODS). Results are the averages * SD of five independent
experiments with comparable expression levels for dyn-1.

the ability to bind GTP, stimulates the rate-limiting step in
endocytic coated vesicle formation (Sever et al., 1999, 2000a).
If this were the case, then the intermediate phenotype we
observe might reflect a balance between the inhibitory effect
of a dominant-negative mutant and the stimulatory effect of
an activated mutant. Such an equilibrium would be inde-
pendent of expression levels and would lead to an interme-
diate inhibitory phenotype even at high levels of expression.
In contrast, if dyn(T65F) was simply less potent than the
other GTPase domain mutants, then higher levels of over-
expression should lead to complete inhibition. To distin-
guish between these two possibilities we generated recom-
binant Ads expressing dyn(T65F) under the control of the tet
promotor. This adenoviral expression system allows for
both higher, uniform expression and for tight control of
expression levels by varying the amounts of virus and tet.
tTA-HeLa cells were infected with Ad (10 MOI/cell) encod-
ing dyn(WT), dyn(K44A), or dyn(T65F) in the absence or
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Figure 5. At equal expression levels dyn(T65F) is a weaker inhib-
itory mutant than dyn(S45N). tTAHela cells were infected with Ad
(10 MOI/cell) for WT dyn, dyn(S45N), or dyn(T65F) in the absence
or presence of low amounts (2-10 ng/ml) of tet. Cells were pro-
cessed for internalization of BSS-Tfn and avidin accessibility 16 h
after infection as described previously. The expression levels for
exogenous dyn were controlled by immunoblot analysis of equal
number of cells and quantified by densitometric analysis. Shown are
data from four independent experiments. Matching expression lev-
els for HA-dynS45N and T65F of these experiments were plotted
versus the percentage of endocytosis. Endocytosis in dyn WT cells
at equal expression level is 100%.

presence of low amounts (2-10 ng/ml) of tet. Cells were
processed 16 h after infection for internalization of BSS-Tfn
with the use of the avidin inaccessibility assay. Expression

a

levels for exogenous dyn were determined by immunoblot
analysis of equal numbers of cells and quantified by densi-
tometric analysis. The data in Figure 5 show BSS-Tfn endo-
cytosis as a percentage of that obtained in cells overexpress-
ing dyn(WT) at four matched levels of exogenous protein
expression. These data establish that at equal expression
levels dyn(T65F) is a weaker inhibitory mutant than
dyn(K44A) or dyn(S45N). Nonetheless, at very high levels of
overexpression, dyn(T65F) potently inhibits the formation of
constricted coated pits. Thus, each of the GTPase domain
mutants of dyn acts as a dominant-negative inhibitor of
endocytosis.

Morphological Analysis of Coated Profiles in Cells
Expressing WT and Mutant Dyns

Our analyses revealed only subtle differences in the enzy-
mological properties among the three dyn GTPase mutants
(dyn[K44A], dyn[S45N], and dyn[T65F ]) and overexpres-
sion of any of these mutants inhibits the formation of con-
stricted coated pits. In an effort to detect new structural
intermediates in endocytic clathrin-coated vesicle formation
that might reflect subtle functional differences between the
dyn mutants, we next carefully compared the morphological
intermediates that accumulated in the various mutant cells.
tTA-HeLa cells overexpressing dyn(WT), dyn(K44A),
dyn(S45N), or dyn(T65F) were incubated with gold-conju-
gated monoclonal anti-human TfnR antibody (D65-gold, 10
pg/ml) for 2 min at 37°C to uniformly label all endocytic
intermediates. The gold labeling allows the easy identifica-
tion of endocytic coated pits. The representative micro-
graphs in Figure 6 show that there was no significant change

WT

K44A

Figure 6. EM analysis of coated profiles in cells
expressing WT and mutant dyns. Shown is a gallery
of representative deep coated pits from tTA-HeLa
cells infected with Ad encoding for dyn(WT),

S45N |

dyn(K44A), dyn(S45N), and dyn(T65F). tTA HeLa
cells were infected with 10 MOI of virus in the
absence of tet resulting in = 95% of cells expressing
dyn. Cells were incubated 16 h after infection with
gold-conjugated monoclonal anti-human TfnR anti-
body (D65-gold, 10 ug/ml) for 2 min at 37°C before
fixation, staining, and embedding in Epon for thin-

T65F

section analysis as described in MATERIALS AND
METHODS. Scale bar, 100 nm. The images for WT
represent deep pits (a-d). For K44A, the first three
images (a-c) are scored as deep pits, whereas the
rightmost (D) was scored as elongated, i.e., the neck
is longer than the diameter of the pit. For S45N, a
and b are deep and c and d are elongated pits. For
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T65F a is a deep pit, and b—d are elongated pits.
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Table 1. Quantification of morphological intermediates of coated
pit formation in cells expressing WT and mutant dyns

Coated Pits

Cell type Shallow Deep Elongated
WT 4.04 + 094 1.70 = 0.73 0.03 = 0.04
Dyn K44A 2.99 = 0.36 3.39 * 0.58 0.71 £ 0.26
Dyn S45N 3.11 = 0.56 291 +0.27 0.98 = 0.47
Dyn T65F 2.05 * 0.57 232032 3.81 £ 0.61

Twenty cell profiles with nuclei were randomly selected from cells
expressing dyn(WT), dyn(K44A), dyn(S45N), or dyn(T65F). The
number of flat and shallow coated pits (i.e., not closing, C-shape but
not yet omega-shaped), deep, coated pits (with very short neck, i.e.,
< 0.25 of pit diameter), and coated pits with elongated neck were
directly counted under the EM. At the same time, low magnification
(X5000) images of cells were captured with a slow-scan CC camera,
and their perimeters were measured using National Institutes of
Health image software. The data are shown as the numbers of
coated pits per 100 um length of cell perimeter. The data shown are
averages * S.D. of three independent experiments.

in the morphology or size of individual coated pits or coated
vesicles in the cells overexpressing mutant dyns as com-
pared with WT dyn. However, the quantification of multiple
cell profiles revealed a morphological difference between the
mutants. The results in Table 1 show the number of coated
pit intermediates scored as either shallow pits, deeply in-
vaginated pits, or pits observed with elongated necks in cells
overexpressing either WT or mutant dyn.

The accumulation of each morphologically distinct inter-
mediate is presented in Figure 7 as a percentage of total
coated pits for each mutant. As can be seen, overexpression
of each of the dyn mutants caused a pronounced shift from
shallow coated pits to deeply invaginated structures as com-
pared with cells overexpressing WT dyn. As expected based
on their very similar GTPase- and nucleotide-binding prop-
erties in vitro, there was little difference detected between
cells overexpressing dyn(K44A) and dyn(S45N). In contrast,

ld

S45N T65F

100
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O deep

I B elongated
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Figure 7. Differential accumulation of endocytic intermediates in
cells expressing dyn(K44A), dyn(S45N), or dyn(T65F). Data for var-
ious structures derived from the quantitation shown in Table 1 are
expressed as percentages of total coated profiles for each condition.
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there was a marked accumulation of coated pits with elon-
gated necks in cells overexpressing dyn(T65F), although
these structures could also be detected in dyn(K44A)- and
dyn(S45N)-expressing cells. In general, the length of the
necks was approximately the same size as the diameter of
the emerging coated vesicle; however, in some cases very
long necks were observed by staining membrane continu-
ities with the use of Ruthenium red (Figure 8A). The differ-
ential effects of overexpression of dyn(T65F) were observed
both at the highest levels of overexpression obtained in
stable tTA-HeLa cells and in cells overexpressing dyn(T65F)
driven by recombinant Ad. Although we observed some
structures that resembled the collars seen around the necks
of endocytic profiles at the nerve terminals in shibire flies
(Figure 8B), they were very rare. Moreover, these structures
were observed in dyn(K44A)-, dyn(S45N)-, and dyn(T65F)-
expressing cells and thus we were unable to determine their
significance. Importantly, in the case of dyn (T65F)-express-
ing cells, many of these narrow necks and long tubules
remained accessible to gold-labeled anti-TfnR antibody,
D65, consistent with our biochemical results establishing
that each of the mutants blocked the formation of biochem-
ically defined constricted coated pits (Figure 8B). Thus,
quantitative morphological analysis has revealed subtle dif-
ferences in the effects of overexpression of dyn(T65F) as
compared with other dyn GTPase mutants that were not
revealed by biochemical analysis.

DISCUSSION

All members of the GTPase superfamily must undergo nu-
cleotide-dependent conformational changes driven by GTP
binding and hydrolysis to carry out their role in monitoring
complex cellular processes such as protein translation, ves-
icle formation, or membrane docking and fusion. Overex-
pression of dominant-negative mutants restricted to either
the GDP- or GTP-bound conformations can lead to the ac-
cumulation of distinct intermediates in the vectorial pro-
cesses governed by these GTPases. For example, overexpres-
sion of arf6(T27N), which is restricted to the GDP-bound
conformation, blocks the recycling of proteins from an en-
dosomal compartment to the plasma membrane, whereas
overexpression of arf6(Q67L), which is restricted to the GTP-
bound form, blocks endocytosis and delivery of proteins to
an endosomal compartment (reviewed by Donaldson and
Jackson, 2000). Based on this paradigm, we sought to gen-
erate and overexpress dyn mutants restricted to either GDP-
or GTP-bound forms to determine the relationship between
dyn’s GTPase cycle and the complex multistep process of
endocytic coated vesicle formation.

Mutations in dyn’s GTPase domain were made by anal-
ogy to other GTPase superfamily members and were pre-
dicted to generate dominant-negative, GDP-bound (S45N)
or constitutively active GTP-bound (T65F) dyn mutants. In
contrast to our predictions, we found that guanine nucleo-
tide binding in vitro was impaired by each of the mutations
we made in the GTPase-binding elements, such that we
were unable to generate dyn mutants expected to be re-
stricted to either GDP- or GTP-bound conformations in vivo.
Similar consequences of consistently reduced guanine nu-
cleotide-binding affinities have been reported for GTPase
domain mutants generated in SRP54 or SRP receptor
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GTPase domains (R. Gilmore, personal communication). As
for the dyn family of GTPases, SRP54 and SRP receptor
GTPases have a low affinity for nucleotides (~10 uM) rela-
tive to the very high affinity (subnanomolar) of ras super-
family GTPases or to G-protein a-subunits. The residues we
have mutated, K44, S45, and T65 are invariant among
GTPase superfamily members and mutations in these resi-
dues in ras-related GTPases or trimeric GTPases have also
been shown to reduce the affinity for GTP binding (Witting-
hofer, 2000). However, given the very high affinity of these
GTPases for GTP and GDP, the reduction in affinity is in-
significant in the presence of physiological concentrations of
nucleotides. By contrast, further reduction of the already
low affinity of dyn family GTPases appears to significantly
perturb their ability to bind GTP or GDP under physiolog-
ical conditions. Our results emphasize the importance of
isolating mutant proteins and evaluating their enzymologi-
cal characteristics to confirm predictions regarding their
phenotypic properties.

Consistent with our inability to distinguish the biochem-
ical characteristics of dyn(K44A) and dyn(S45N) in vitro, the
effects of overexpression of either of these mutants on recep-
tor-mediated endocytosis in vivo were also indistinguish-
able. Moreover, extensive morphological characterization of
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Figure 8. (A) Coated pits with elongated necks ac-
cumulate in cells expressing GTPase domain mutant
dyns. Ruthenium red staining shows elongated
necks that accumulate in mutant cells. For labeling of
invaginated membranes with Ruthenium red, tTA-
HelLa cells were infected with Ad for WT or mutant
dyn-1 and incubated in the absence of tet for 16 h.
The cells were fixed in the presence of 0.5 mg/ml
Ruthenium red and processed as described in MA-
TERIALS AND METHODS. Scale bar, 500 nm. (B)
Shown are some rarely observed examples of necks
of elongated coated pits encircled by an electron-
dense collar-like material. Whereas such structures
were never detected in WT cells, they were observed
in cells expressing each of the dyn GTPase domain
mutants. These images are taken from stably trans-
formed tTA-HelLa cells induced to express the
indicated mutant dyns by removal of tet. Scale bar,
100 nm.

cells overexpressing these mutants revealed that, although
significantly shifted toward more invaginated coated pits
than in cells expressing WT dyn, the coated endocytic struc-
tures that accumulated were quite pleiomorphic. Some had
short necks, some had long, thin necks, and, on very rare
occasions (in cells expressing either of the GTPase domain
mutants), we detected narrow necks encircled by electron-
dense material. Inhibition by dominant-negative and consti-
tutively active mutants of GTPase superfamily members is
believed to be due to sequestration of upstream and down-
stream effectors (Olkkonen and Stenmark, 1997; Witting-
hofer, 2000). Because the dyn mutants we have generated
are not locked in GDP- or GTP-bound states, they are un-
likely to effectively interact with effector molecules, perhaps
accounting for the pleiomorphic nature of the coated endo-
cytic profiles that accumulate.

Our observations with the dyn(T65F) mutant were also
unexpected and somewhat paradoxical. Dyn(T65F), as pre-
dicted, exhibited little or no detectable GTPase activity, and
yet it was a less potent dominant-negative mutant of recep-
tor-mediated endocytosis than dyn(K44A) or dyn(S45N).
Our results ruled out the possibility that this reduced po-
tency was due to partially functional, transiently existing
GTP-bound forms of dyn(T65F). A more likely explanation

Molecular Biology of the Cell



to the reduced potency of dyn(T65F) mutants can again be
derived by comparison with other GTPase superfamily
members. Thr65 is an invariant residue located in the switch
1 region of the GTP domain that coordinates with Mg?*,
which, in turn, coordinates with the y-phosphate when GTP
is bound in the active site. Substitution of the conserved Thr
in ras-related proteins reduces their affinity for GTP (Wit-
tinghofer, 2000), but the more important functional conse-
quence lies in the fact that the repositioning of this Thr in
response to GTP binding results in conformational changes
in the loop 2, effector-binding region of the GTPase domain
(Bourne et al., 1990) and is required for GTP-dependent
interaction with downstream effectors. Thus, the weaker
phenotype of dyn(T65F) most likely reflects the fact that this
mutant is unable to undergo the GTP-bound conformational
change needed for interaction of effectors with the dyn
GTPase domain effector loop. Its inability to adopt the GTP-
bound conformation might account for its reduced potency
as a dominant-negative mutant, and/or its inability to act as
an activating mutant.

During the course of our studies, others have recently
reported that dyn(T65A) is a potent inhibitor of receptor-
mediated endocytosis (Hill ef al., 2001; Marks et al., 2001).
These findings are most likely consistent with our results
with dyn(T65F) because it is difficult to assess the levels of
overexpression in transient transfection experiments. It is
also possible that substitution of Thr65 with Ala rather than
Phe allows greater conformational flexibility in the switch 1
region and that the T65A mutation is, in fact, more potent
than T65F. We chose a bulkier residue to prevent the possi-
bility of a water molecule being positioned to coordinate
with the Mg?*. In contrast to our findings for dyn(T65F), it
has also been reported that dyn(T65A) binds GTP with
comparable affinity to WT dyn (Marks et al., 2001). In these
studies GTP-binding affinities were not measured directly
and instead were determined based on K, values obtained
for the very low residual GTPase activity. However, these
authors also reported that dyn(T65A) failed to adopt the
tight, ordered spirals obtained with WT dyn, when assem-
bled around liposomes in the presence of GTPyS (Marks et
al., 2001). This latter result is consistent with our suggestion
that dyn(T65) mutants, like analogous mutations in other
GTPase superfamily members, fail to adopt the GTP-bound,
activated conformation. Moreover, the observed inhibitory
effects of dyn(T65A) on endocytosis are also consistent with
our suggestion that dyn(T65) mutants do not correspond to
the activating mutants of other GTPase superfamily mem-
bers.

All three inactivating dyn mutants blocked receptor-me-
diated endocytosis at a stage preceding the formation of
avidin-inaccessible, constricted coated pits. This is the same
step that is accelerated by dyn GED mutants (Sever et al.,
2000a), suggesting that it is the key event dependent on dyn
function. Quantitative morphological analysis revealed that
coated profiles accumulating in cells overexpressing
dyn(T65F) tended to have longer, narrow necks relative to
those detected in dyn(K44A)- or dyn(S45N)-expressing cells.
Although it is attractive to speculate that these represent
later intermediates in the formation of endocytic coated
vesicles, we have no way of distinguishing whether these
are bona fide intermediates or aberrant structures i.e., elon-
gated necks, such as these, are seldom observed in untreated
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cells. In contrast to observations in cells overexpressing
dyn(T65A) (Marks et al., 2001), we did not generally detect
electron-dense collars on these elongated necks. It has been
reported that other proteins must be recruited to membrane
tubules before dyn spirals can be detectable by thin-section
EM (Takei et al., 1999). Thus, our inability to detect assem-
bled dyn spirals in vivo may reflect the inability of
dyn(T65F) to undergo a conformational change necessary
for efficient recruitment of downstream effectors.

All GTPase superfamily members must be able to bind
and hydrolyze GTP and to adopt distinct conformations in
their GTP- and GDP-bound forms to mediate their cellular
function, typically through nucleotide-dependent interac-
tions with upstream and downstream effector molecules.
Here we report that three distinct GTPase domain mutants
of dyn function as dominant-negative inhibitors of receptor-
mediated endocytosis. These results, and those of others
(Herskovits et al., 1993; van der Bliek et al., 1993; Hill et al.,
2001; Marks et al., 2001), clearly establish that GTP binding
and hydrolysis is also essential for dyn function in vivo.
How can these results be reconciled with previous reports
(Sever et al., 1999, 2000a) that GAP-impaired GED mutants
of dyn stimulate specific steps in receptor-mediated endo-
cytosis? In fact, we do not view these results as contradic-
tory. Importantly, all of the GTPase domain mutants that we
have generated have undetectable basal rates of GTP hydro-
lysis and are defective in GTP and GDP binding in vitro
and/or are unable to adopt an activated GTP-bound confor-
mation. In contrast, mutations in GED perturb the assembly-
stimulated GAP activity but do not effect the function of the
GTPase domain. Dyn GED mutants maintain their basal rate
of GTP hydrolysis, their ability to bind GTP, and their ability
to productively interact with upstream and downstream
effectors. Thus, unlike the GTPase domain mutants so far
analyzed, the dyn GED mutants can adopt an activated
state. This interpretation is consistent with our observations
that GED mutants stimulate events in endocytic vesicle for-
mation, whereas GTPase domain mutants are inhibitory.
Recent findings regarding the antiviral function of the dyn-
related protein, Mx, are completely consistent with this in-
terpretation. Mutations in the GTPase domain of Mx that
abrogate GTPase activity disrupt the protein’s ability to
confer viral resistance (Ponten et al., 1997). In contrast, an Mx
protein carrying a mutation in its GAP/assembly domain
that abrogates both self-assembly and GTPase activity re-
tains its antiviral activity (Janzen et al., 2000). Thus, for both
dyn and Mx proteins, their assembly-activated GAP activi-
ties are apparently not required for cellular function.

Recent results identified a new dyn GTPase domain mutant,
dyn(K142A), which hydrolyzes GTP at near WT rates but is
defective in undergoing a GTP hydrolysis-driven conforma-
tional change (Marks et al., 2001). Dyn(K142A) also functions as
a dominant-negative inhibitor of endocytosis, providing strong
evidence for the importance of GTP-driven conformational
changes for dyn function in vivo. Importantly, the require-
ments for GTP binding and hydrolysis and for GTP-dependent
conformational changes do not distinguish between models for
dyn function as either a regulatory or mechanochemical
GTPase. New approaches and new mutants are needed to
distinguish between the prevailing models for dyn’s function
in endocytic coated vesicle formation.
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