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Dynamin exhibits a high basal rate of GTP hydrolysis that is enhanced by self-assembly on a lipid template. Dynamin’s
GTPase effector domain (GED) is required for this stimulation, though its mechanism of action is poorly understood.
Recent structural work has suggested that GED may physically dock with the GTPase domain to exert its stimulatory
effects. To examine how these interactions activate dynamin, we engineered a minimal GTPase-GED fusion protein (GG)
that reconstitutes dynamin’s basal GTPase activity and utilized it to define the structural framework that mediates GED’s
association with the GTPase domain. Chemical cross-linking of GG and mutagenesis of full-length dynamin establishes
that the GTPase-GED interface is comprised of the N- and C-terminal helices of the GTPase domain and the C-terminus
of GED. We further show that this interface is essential for structural stability in full-length dynamin. Finally, we identify
mutations in this interface that disrupt assembly-stimulated GTP hydrolysis and dynamin-catalyzed membrane fission in
vitro and impair the late stages of clathrin-mediated endocytosis in vivo. These data suggest that the components of the
GTPase-GED interface act as an intramolecular signaling module, which we term the bundle signaling element, that can
modulate dynamin function in vitro and in vivo.

INTRODUCTION

Dynamin (Dyn) is a multidomain GTPase that plays an essen-
tial role in clathrin-mediated endocytosis (CME; Hinshaw,
2000; Conner and Schmid, 2003; Praefcke and McMahon, 2004).
It belongs to a family of atypical GTPases (including MxA/Mx,
Drp1/Dlp1/Dnm1, Vps1, dynamin A, and Mgm1) that share
the common properties of low affinity for guanine nucleotides
(�10–100 �M), high basal turnover (�0.4–1 min�1), and the
propensity for oligomerization (Song and Schmid, 2003). In
solution, dynamin exists as a tetramer and its intrinsic GTPase
activity can be enhanced �100-fold by self-assembly on a lipid
template (Barylko et al., 1998, Stowell et al., 1999). The mecha-
nisms mediating dynamin’s assembly-stimulated GTPase ac-
tivity remain unknown.

Evidence suggests that dynamin’s GTPase effector domain
(GED, residues 624–750) plays a role in its assembly-stimu-
lated GTPase activity. Mutations in GED impair dynamin’s
assembly-stimulated GTPase activity (Sever et al., 1999) and
its ability to self-assemble (Song et al., 2004). Interestingly,
overexpression of some of these mutants (K694A and
R725A) stimulate transferrin (Tfn) uptake by CME (Sever et
al., 1999, 2000), whereas others (I690K and I697K) are inhib-

itory (Song et al., 2004). A third class of mutations in GED
(A738T and T749I) was identified as suppressors of a Dro-
sophila shibirets allele (Narayanan et al., 2005). These second
site mutations rescued a defect in GTP binding, suggesting that
GED can negatively regulate dynamin function in vivo. Finally,
addition of purified GED to unassembled dynamin in vitro
stimulates GTP hydrolysis in a cooperative manner (Sever et
al., 1999). Although the mechanism remains unknown (Marks
et al., 2001), these data suggest that GED plays an important
role in regulating dynamin self-assembly, assembly-stimulated
GTPase activities, and its in vivo function.

Many small GTPases modulate their catalytic activity
through interactions with GTPase activating proteins (GAPs).
GAPs bind and stabilize the conformationally flexible switch
I and switch II regions of the active site and promote GTP
hydrolysis either by directly contributing catalytic residues
in trans or by facilitating conformational changes that reori-
ent catalytic machinery in cis (Scheffzek et al., 1997; Rittinger
et al., 1997a,b; Tesmer et al., 1997; Seewald et al., 2002).
Although the functional consequences of perturbing GED
activity resemble those expected for a GAP, this paradigm for
stimulation is inconsistent with structural descriptions of as-
sembled dynamin obtained from cryo-electron microscopy
(EM) and computational modeling (Zhang and Hinshaw,
2001; Chen et al., 2004; Mears et al., 2007). These studies
suggest that the helical dynamin polymer is organized such
that the active sites of adjacent dimer subunits face each other
and move into close proximity upon the nucleotide-dependent
constriction of the assembled lattice (Mears et al., 2007). This
arrangement precludes any association of GED with switch I
and switch II, making dynamin stimulation via a classical GAP
mechanism highly unlikely.

However, because of the low resolution of the cryo-EM
maps, the absence of fiducial markers such as gold labels
that could approximate GED’s position and the lack of a
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high-resolution GED structure that could be utilized for
docking, the location of GED within the assembled dynamin
polymer remains unclear. Less is known about the exact
structural nature of GED’s interaction with the GTPase do-
main and the extent to which such an interaction can en-
hance dynamin GTP hydrolysis. Nonetheless, a model for
GED’s association with the GTPase domain has been sug-
gested based on high-resolution structural studies of the
GTPase domains from rat dynamin and Dictyostelium dy-
namin A (Niemann et al., 2001; Reubold et al., 2005). These
proteins were crystallized as myosin fusions and in each
structure a myosin helix packs into a hydrophobic groove
that is formed by the N- and C-terminal helices of the
GTPase domain. It was proposed that this region on the back
of the GTPase domain constitutes the GED docking site. This
model is supported by yeast two-hybrid analysis showing
that the C-terminus of the GTPase domain is required for
interactions with GED (Smirnova et al., 1999). Here we iden-
tify the GTPase-GED interface and examine its role in reg-
ulating dynamin’s assembly-stimulated GTPase activity in
vitro and dynamin function in vivo.

MATERIALS AND METHODS

Cloning and Mutagenesis of GTPase-GED Fusion
Constructs
The GTPase-GED (GG) fusion proteins were constructed piecewise in two
fragments. The first fragment constituted the GTPase portion and contained
residues 6-320 of human dynamin-1; the second fragment comprised the
C-terminal region of GED and contained residues 726-750. These fragments
were amplified from cDNA by PCR and subcloned sequentially into a mod-
ified N-terminal MBP fusion vector (pMAL c2xP_5D) using EcoRI/XbaI and
XbaI/HindIII restriction enzymes (New England Biolabs, Beverly, MA). The
pMAL c2xP_5D plasmid was generated by removing the Factor Xa site from
the parent pMAL c2x plasmid (New England Biolabs) with Blp1 and EcoRI
restriction enzymes and replacing it with a new DNA fragment that included
a PreScission protease site (LEVLFQGP) followed by an additional five as-
partate residues. All point mutations were introduced by Quikchange mu-
tagenesis (Stratagene, La Jolla, CA) and confirmed by sequencing.

Expression of GTPase-GED Constructs
GTPase-GED constructs were transformed into BL21(DE3) cells and grown at
37°C in Terrific broth (TB) to an OD600 of 0.6–0.8. Cultures were then induced
with 0.3 mM IPTG for 3 h at 30°C. Cells were pelleted, washed with 40 ml of
MBPHCBK200 (20 mM HEPES, pH 7.5, 200 mM KCl, 1 mM EDTA, and 1 mM
DTT), and then pelleted a second time (buffer was discarded). At this stage,
pellets were typically flash-frozen in liquid nitrogen and stored at �80°C for
later use.

Purification of GTPase-GED Constructs
Frozen MBP-GG pellets from 250-ml cultures were thawed and resuspended
in 20 ml of sonication buffer (MBPHCBK200, 10 mM PMSF, and a Roche
Complete protease inhibitor cocktail [PI] tablet). Lysozyme was added to 1
mg/ml, and the mixture was incubated for 15 min at 4°C. Cells were dis-
rupted by sonication for a total of 2 min, and the cell lysate was centrifuged
at 10,000 rpm (7840 � g) for 30 min at 4°C to remove debris. The supernatant
was diluted to 30 ml with dilution buffer (MBPHCBK200, 0.1 mg/ml AEBSF,
and PI tablet) and loaded onto a 6-ml amylose column (New England Biolabs)
equilibrated with MBPHCB200. The column was washed with 5 column
volumes (CV) of MBPHCBK25 (20 mM HEPES, pH 7.5, 25 mM KCl, 1 mM
EDTA, and 1 mM DTT), and the protein was then eluted with 10 mM maltose
in MBPHCBK25. Peak elution fractions were visualized by SDS-PAGE and
pooled.

The N-terminal MBP tag was removed by PreScission protease cleavage.
PreScission (GST-fusion; GE Healthcare) was added to a final concentration of
0.5 U/mg fusion and the mixture was incubated for at least 3 h at 4°C.

PreScission-cleaved GTPase-GED constructs were further purified by anion
exchange and size exclusion chromatography (SEC). The postcleavage reac-
tion was loaded onto a 3.5 ml Q Sepharose column equilibrated with MBPH-
CBK25, and the column was washed with 2.5 CV of MBPHCBK25. The GG
proteins were eluted with MBPHCBK100 (20 mM HEPES, pH 7.5, 100 mM
KCl, 1 mM EDTA, and 1 mM DTT). Peak elution fractions were visualized by
SDS-PAGE, pooled, concentrated, and passed over a Superdex 75 HR 10/30
column equilibrated with 20 mM HEPES, pH 7.5, 150 mM KCl, 4 mM MgCl2,
2 mM EGTA, and 1 mM DTT. GTPase-GED eluted as a single peak corre-

sponding to the expected mass of a monomer (39.3 kDa). The peak SEC
fractions were collected, concentrated to 100–200 �l, flash frozen in aliquots,
and stored at �80°C.

Cloning and Mutagenesis of Dynamin Constructs
The open reading frame of dynamin1 was subcloned from pMIEG3-Dyn1
construct into pIEx6 vector using MfeI and NotI restriction sites. To correctly
orient the dynamin1 reading frame with the N-terminal 6xHis tag of vector,
the pIEx6-Dyn1 construct was cleaved with BamHI and MfeI. Linearized
pIEx6-Dyn1 was purified, and 5� overhangs were filled using PfuTurbo DNA
polymerase. The plasmid was recircularized through ligation of blunted ends
and transformed into DH5� competent cells. The correction of the frame was
verified by sequencing. Interface mutations were generated by Quikchange
mutagenesis and also confirmed by sequencing.

Expression and Purification of Dynamin Constructs
Dynamin constructs were expressed by transient transfection in Sf9 cells.
Purified plasmid DNA (200 �g) and Insect Gene-juice transfection reagent (1
ml, Novagen, Madison, WI) were diluted individually with 10 ml of Sf9 cell
media, mixed thoroughly, and then incubated at room temperature for 15
min. The DNA/transfection reagent mixture was then added to 100 ml of Sf9
cells at a concentration of 1 � 106 cells/ml (108 cells in total) and incubated at
27–28°C for 48 h. Cells were harvested by centrifugation, washed with a small
amount of supernatant, pelleted again, and flash-frozen in liquid nitrogen.
Pellets were typically stored at �80°C for later use. Expression was checked
by Western blotting with Hudy-1 mAb. Dynamin was purified by affinity
chromatography as described previously using glutathione-S-transferase
(GST)-tagged amphiphysin-II SH3 domain as an affinity ligand (Stowell et al.,
1999).

Intramolecular Cross-Linking of GTPase-GED Cysteine
Mutants
Stocks, 20 mM, of each bifunctional methanethiosulfonate (MTS) cross-linker
(Toronto Research Chemicals, North York, Canada) were prepared fresh in
DMSO with the exception of MTS-1–MTS, which was prepared in acetone.
Stocks were then diluted further to 200 �M in the reaction buffer (20 mM
HEPES, pH 7.5, and 150 mM KCl). For cross-linking, 5 �l of a GTPase-GED
double cysteine mutant (0.4 �g/�l) was mixed with 5 �l of cross-linker (200
�M) and incubated for 10 min at 4°C. Reactions were quenched with 2 �l 6�

sample buffer with 60 mM N-ethylmaleimide. Samples were visualized by
nonreducing SDS-PAGE and Coomassie staining.

Mass Spectrometry
Cross-linked GTPase-GED cysteine mutants were precipitated with cold ac-
etone, resuspended, and digested overnight with trypsin. The resulting pep-
tides were separated using a C18 column (500 �m ID) and analyzed by
Fourier transform mass spectrometry. Uncrosslinked samples were similarly
digested and analyzed as a control. The resulting total ion current chromato-
grams were compared, and a mass spectrum was taken for each unique peak
that appeared in the cross-linked sample but was absent in the control. A
deconvoluted mass spectrum was reconstructed from the observed charge
states to obtain an accurate mass measurement for each cross-linked peptide.
The measured average mass was used to identify the sequences of the
cross-linked regions.

In Vitro Assays of Dynamin Function
Basal and liposome-stimulated GTP hydrolysis by dynamin was measured as
a function of time using a colorimetric malachite green assay that detects the
release of inorganic phosphate (Leonard et al., 2005). Liposomes containing a
mixture of 85% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti Po-
lar Lipids, Alabaster, AL) and 15% porcine brain l-�-phosphatidylinositol-
4,5-bisphosphate (PIP2, Avanti Polar Lipids) were prepared by extrusion
through polycarbonate membranes (Whatman, Clifton, NJ) with a pore size of
either 0.1 or 0.4 �m using an Avanti Mini-Extruder. Lipids were mixed, dried,
rehydrated in buffer (20 mM HEPES, pH 7.5, and 100 mM NaCl) to a final
concentration of 2.5 mM (�2 mg/ml), and subjected to a series of freeze-thaw
cycles before extrusion. Sedimentation assays were performed exactly as
previously described (Ramachandran et al., 2007).

EM of Dynamin Interface Mutants Assembled In Vitro
Selected full-length dynamin constructs at 1 mg/ml in 20 mM HEPES, pH
7.5/100 mM NaCl were mixed 1:1 (vol/vol) with 0.4-�m PIP2-containing
liposomes at 1 mg/ml in 20 mM HEPES, pH 7.5, and incubated at room
temperature for 2 h. This mixture was then applied to glow-discharged,
carbon-coated grids, washed with 20 mM HEPES, pH 7.5, and stained with
1% uranyl acetate. Samples were visualized in a Philips Technai F20 electron
microscope (Mahwah, NJ) operating at 120 kV, and images were collected
using Legion (Potter et al., 1999; Suloway et al., 2005) at 2.0-�m underfocus
with a 4K � 4K Gatan CCD camera (Pleasanton, CA) at a nominal magnifi-
cation of 50,000�, corresponding to a resolution of 2.24 Å per pixel.
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Assay of Dynamin-Catalyzed Membrane Fission on
SUPER Templates
Supported bilayers with excess reservoir, SUPER templates, were deposited
on 5-�m silica beads as previously described (Pucadyil and Schmid, 2008).
The lipid bilayers contained DOPC, 1,2-dioleoyl-sn-glycero-3-(phospho-l-
serine) (DOPS), triammonium salt of porcine brain PIP2, and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(Lissamine Rhodamine B Sulfonyl) (RhPE;
79:15:5:1 mol%). All lipids were purchased from Avanti Polar Lipids. For
fission assays, SUPER templates (typically 5 � 105) were suspended in 100 �l
of 20 mM HEPES, pH 7.5, 150 mM KCl, 1 mM MgCl2 buffer � dynamin �

nucleotides in a 0.5-ml polypropylene centrifuge tube for 30 min at 25°C.
Tubes were spun at low speed (260 � g) at 25°C in a swinging bucket rotor.
Seventy-five microliters of the supernatant was removed and mixed with 25
�l of 0.4% Triton X-100. Total membrane fluorescence on the beads (Total)
was estimated in a separate reaction by adding templates to 0.1% Triton
X-100. Fluorescence intensity of the supernatant was read in a 96-well plate
reader (BioTek Instruments, Winooski, VT) at 25°C using 530/25-nm excita-
tion and 590/25-nm emission filters.

Retroviral Transduction and Analysis of Dynamin-2
Mutants in Dyn2flox/� Fibroblasts
Dyn2flox/� fibroblasts were grown and maintained as described previously
(Liu et al., 2008). For knockin experiments, dynamin-2 (Dyn2) constructs (wild
type [WT], L12N, F20N, or A738N) were fused to green fluorescent protein
(GFP) on their C-termini and used to generate retroviruses for infection of
Dyn2flox/� cells as previously described (Liu et al., 2008). Cells were har-
vested 48 h after infection and GFP positive cells with low expression levels
were isolated using fluorescence-activated cell sorting. The sorted cells were
then infected with adenoviruses expressing Cre recombinase to remove en-
dogenous Dyn2.

Clathrin-Mediated Endocytosis Assay
Tfn internalization was performed exactly as described (Sever et al., 2000)
using biotinylated transferrin as the ligand and assessing its internalization
into an avidin- or MesNa-inaccessible compartment.

Immunofluorescence and EM Analysis
Dyn2 knockout (KO) cells expressing different GFP-tagged Dyn2 constructs
(WT, L12N, F20N, or A738N) were fixed and permeabilized simultaneously
with 2% warm paraformaldehyde and 0.5% TX-100 for 2 min, to reduce
cytosolic background staining, and then fixed with 4% paraformaldehyde for
40 min and stained with AP6 antibody (against �-adaptin). After immuno-
fluorescence staining or mounting alone, cells were observed under wide-
field epifluorescence microscopy using an inverted Olympus IX-70 micro-
scope (Melville, NY).

For EM analysis, Dyn2 KO cells were grown in 35-mm culture dishes, fixed,
and embedded in epon and prepared for thin-section EM as previously
described (Yarar et al., 2005). The sections were stained with uranyl acetate
followed by lead citrate. Before being examined, the grids were coded to
conceal their precise construct identity. Grids were examined on a Philips
CM100 electron microscope at 80 kV, and images were collected at 34,000�

magnification using a Megaview III CCD camera. Pits were counted and
scored for morphology without knowledge of the identity of each sample.

RESULTS

Design and Characterization of a Minimal GTPase-GED
Fusion

The structures of the dynamin A and rat dynamin GTPase
domains (Niemann et al., 2001; Reubold et al., 2005) each
revealed that a helix derived from the myosin fusion protein
associates with a hydrophobic groove on the GTPase do-
main formed by its N- and C-termini (NGTPase and CGTPase;
Figure 1A). This interaction was suggested to mimic GED
docking, but which region of GED might dock at this site
had not been identified. The discovery that second site mu-
tations located at the C-terminus of GED rescue the pheno-
type of a GTPase domain mutant of dynamin (Narayanan et
al., 2005) attracted our attention to this portion of GED.

Secondary structure prediction algorithms model the C-
terminus of GED (CGED) as a continuous �-helix (Chugh et
al., 2006). A sequence alignment of dynamin family mem-
bers revealed a number of highly conserved hydrophobic
residues that map to one side of this putative CGED helix.
(Figure 1, B and C). Given the similar amphipathic nature of

the helices that constitute the predicted GED docking site,
we speculated that the NGTPase, CGTPase, and CGED form a
three-helix bundle (Figure 1C). We set out to test this hy-
pothesis by designing a minimum GTPase-GED construct
(Figure 2, A and B).

Dynamin’s GTPase domain is insoluble when expressed
in E. coli as an MBP fusion (Figure 2C). This instability could
reflect exposure of the hydrophobic groove between NGTPase
and CGTPase to solvent in the absence of the GED or myosin
helix. Efforts to recover the GTPase domain by coexpression
with GED failed (J. S. Chappie, unpublished data), suggest-
ing that protein folding initially drives this interaction. If our
hypothesis was correct, we reasoned that we could instead
stabilize the GTPase domain by tethering the C-terminal
portion of GED with a short flexible linker (Figure 2A). This
design assumes that the incorporated GED fragment will
form a helical peptide and dock with NGTPase and CGTPase in
a manner analogous to the myosin helix (Figure 2B). As we
predicted, expression of this GG fusion rescues the protein
to the soluble fraction (Figure 2C), even after removal of the
MBP fusion tag (Figure 2D). Purification yields a 39.3-kDa
protein that is capable of hydrolyzing GTP at a rate compa-
rable to the basal GTPase activity of full-length dynamin
(Figure 2E). This activity can be inhibited by a P-loop mu-
tation known to disrupt GTP binding in dynamin (S45N,
Figure 2E). GG exists as a monomer in solution (data not
shown), and we did not observe any detectable assembly at
high concentrations of protein (�250 �M) or at low salt.
Moreover, the observed hydrolysis activity is independent
of protein concentration (data not shown). These data estab-
lish that the C-terminus of GED can provide structural sta-
bility through its interactions with the GTPase domain, al-
lowing the latter to perform its basic chemical function
outside the framework of the full-length protein. Monomeric
GG and the full-length dynamin tetramer exhibit compara-
ble GTPase activities, which strongly argues that the four
GTPase domains within the tetramer function indepen-
dently to hydrolyze GTP in the unassembled state. Although
outside the scope of these studies, the minimal GG construct
described here should also be a useful tool for future struc-
ture-function studies aimed at defining the mechanism of
dynamin’s basal GTPase activity.

Chemical Cross-Linking Confirms Direct Interaction of
CGED with NGTPase

GG’s activity implies that our design reconstitutes the min-
imal structural interactions required for dynamin’s basal
GTPase activity. However, this does not provide direct
structural evidence that the GED interacts with the GTPase
domain. In the absence of a high-resolution structure, we
utilized chemical cross-linking to define this interaction fur-
ther. Thiol-specific cross-linkers have been used extensively
as molecular rulers to determine inter- and intramolecular
distances, thereby providing constraints to guide structural
modeling (Kenyon and Bruice, 1977; Loo and Clarke, 2001;
Dalmas et al., 2005). In these cases, a bifunctional cross-linker
is mixed with a protein containing two reactive cysteines,
and cross-linked products are observed by nonreducing
SDS-PAGE. The fixed position of the cysteines and the
length of the cross-linker spacer arm each impose a distance
constraint that determines the success of the cross-linking
reaction. By varying the cross-linker length, the distance
between the sulfhydryl side chains can be estimated. The
extensive hydrophobic interface in the putative three-helix
bundle would restrict the possible orientations of the am-
phipathic CGED helix in GG, making it an ideal template for
this type of cross-link mapping.
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To facilitate cross-linking, we generated a series of double
cysteine mutants in GG and reacted them with a panel of
bifunctional MTS compounds that ranged in length from 3.6
to 7.8 Å (Figure 3, A and B). Each cysteine pair is comprised
of one substitution in the GTPase domain (R15C in the
N-terminus or R297 in the C-terminus) and one substitution
from an array of engineered cysteines in the GED (R730C,
H733C, K736C, or S740C; Figure 3A). An additional muta-
tion that removed a surface accessible reactive cysteine
(C86S) was introduced into all constructs to limit nonspecific
and intermolecular cross-linking. A third, partially buried
cysteine (C169), thought to be critical for GTPase activity
(Ramachandran and Schmid, 2008), was left unchanged. We
directed our mutagenesis to the hydrophilic surfaces of the
respective helices (Figure 1C) so as not to interfere with their
hydrophobic packing and confirmed that the cysteine mu-
tagenesis did not alter GG’s GTPase activity (data not shown).

The cross-linking profile for each sample was visualized
using nonreducing SDS-PAGE and Coomassie staining (Fig-
ure 3C). We detected efficient cross-linking between R15C in

NGTPase and both R730C and H733C in CGED, as evidenced
by a gel shift to a faster migrating species (Figure 3C, left
panels). Mass spectrometry analysis of treated samples con-
firmed that the small gel-shift seen with the R15C/R730C
construct corresponds to the presence of MTS-mediated co-
valent interactions between the engineered cysteines located
in the NGTPase and CGED (Supplementary Figure S1). Al-
though the efficiency increased with increasing length of the
cross-linking reagent, we detected significant cross-linking
even in the presence of the shortest reagent MTS-1–MTS,
which approximates a distance of 3.6 Å between the cysteine
pair. These findings confirm a close association of the NGTPase
and CGED helix. We also detected slight gel shifts in the R15/
K736C and R15C/S740C constructs, but only in the presence of
longer cross-linking agents. However, the smaller degree of
this gel shift makes interpretation more difficult. Overall, these
data agree with our model for GED docking to the N-terminal
helix of the GTPase domain.

In contrast, we were unable to detect cross-linking in the
R297C GG mutants by SDS-PAGE. (Figure 3C, compare

Figure 1. Model of dynamin GG interface. (A) Crystal structure of rat dynamin GTPase domain (green) fused to myosin motor core (PDB:
2aka). A helix from the myosin (red) packs onto a hydrophobic groove comprised of the N- and C-termini (teal) of the GTPase domain.
Hydrophobic side chains are shown in yellow. The myosin helix is predicted to mimic the GED docking arrangement. (B) Sequence
alignments of the NGTPase, CGTPase, and CGED regions. Hs, Homo sapiens; Rn, Rattus norvegicus; Dm, Drosophila melanogaster; Ce, Caenorhabditis
elegans; Sc, S. cerevisiae; Dd, Dictyostelium discoideum; Dyn, dynamin. Black boxes indicate conserved hydrophobic residues. Green and cyan bars
indicate the helical segments presumed to form the helical bundle that is modeled in C. Asterisk denotes the position of the kink in the CGTPase
helix. (C) Helical wheel diagrams of the GTPase and GED helices. Yellow, hydrophobic residues; green, GTPase residues; cyan, GED residues.
The plots are arranged in the putative docking arrangement, with the conserved residues in B forming the buried hydrophobic core between
the three helices.
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right panels with C86S control). This discrepancy may reflect
an inherent difference in SDS-PAGE mobility for the two
intramolecularly cross-linked species formed in GG. A co-
valent interaction between the NGTPase and CGED (R15C
double mutants) connects the two termini of the GG con-
struct, dramatically altering the shape of the unfolded pro-
tein; cross-linking between the CGTPase and CGED only mod-
ifies the structure of the extreme C-terminus, leaving the
majority of the construct undisturbed. Thus, the shift in mi-
gration produced by the latter change may be so minor that it
is not resolved by SDS-PAGE. Mass spectrometry analysis of
the CGTPase-CGED cross-linked samples also proved ambigu-
ous, as the corresponding CGTPase mutant peptide could not be
detected, even in the non–cross-linked control digests. Thus,
we cannot draw conclusions from these negative findings as to
the positional relationship between CGTPase and CGED. How-
ever, the mutagenesis studies described below support an in-
teraction between these two helices.

Perturbation of the GG Interface Disrupts Dynamin
GTP Hydrolysis

To probe the functional significance of the GTPase-GED
interface, we next generated a series of point mutations
targeting the highly conserved hydrophobic residues within

each of the three interface helices (Figure 1B). Mutation of a
number of these side chains to alanine in GG, both individ-
ually and in pairs, produced no effect on GTPase activity
(data not shown). Although it is possible that the alanine
substitutions were maintaining rather than disrupting the
conserved hydrophobic interface, we suspected that these
interactions might be specifically involved in modulating
dynamin’s assembly-stimulated activity. Therefore, for sub-
sequent analyses we decided to engineer mutations in the
context of full-length dynamin. Initial mutagenesis of sev-
eral hydrophobic residues in GED to alanine also yielded
proteins whose activities were indistinguishable from wild
type (data not shown). Therefore, we introduced asparagine
residues and determined how each substitution affected
basal and assembly-stimulated hydrolysis.

Preliminary screening experiments identified mutations
in each interface helix that differentially affect dynamin GT-
Pase activity (Figure 4), thereby providing strong evidence
that our putative three-helix bundle at the GTPase-GED
interface is functionally relevant. Comparison of the normal-
ized rates to wild-type dynamin reveals two classes of in-
terface mutants. The first class (I10N, L293N, L296N, and
L300N) is severely defective in stimulated GTPase activity,
with some mutants such as L293N and L300N also exhibit-

Figure 2. Design and functional characteriza-
tion of a minimal GTPase-GED fusion (GG). (A)
Design of GG fusion. Dashed line represents
flexible linker connecting the GTPase and GED
fragments. (B) Diagram depicting the putative
folding of GG. The crystal structure of the rat
dynamin-myosin fusion (PDB: 2aka), which was
used as a model to guide the design, is shown
below for comparison. (C) Solubility of human
dynamin1 GTPase domain in the absence (left)
or presence (right) of the C-terminal GED helix.
Proteins were expressed in E. coli as MBP fu-
sions. Black arrows indicate bands correspond-
ing to MBP-GTPase and MBP-GG, respectively.
(D) Purification of GG from E. coli. GG was
expressed as an MBP fusion and purified by a
three-column procedure as described in Materi-
als and Methods. Lane 1, soluble fraction follow-
ing cell lysis; lane 2: pooled amylose column
elutions; lane 3, sample from lane 2 after cleav-
age of MBP tag by PreScission protease; lane 4,
purified GG after anion exchange and size ex-
clusion chromatography to remove the MBP.
Arrows denote the bands corresponding to
MBP-GG fusion, MBP, and GG. (E) GTPase ac-
tivities of purified GG and GG S45N. Proteins
were assayed at a concentration of 2 �M in
buffer containing 20 mM HEPES, pH 7.5, 150
mM KCl, 1 mM MgCl2 and 500 �M GTP. The
activity of HA-tagged full-length dynamin-1
under the same reaction conditions is shown for
comparison.
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ing a basal defect. The second class (L12N, F20N, and
A738N) is partially defective in stimulated turnover, with
phenotypes ranging from 40 to 60% of the normal activation.
Interestingly, A738 corresponds to the residue mutated in a
Sushi allele (A738T) that was shown to rescue function of a
dynamin GTPase domain mutant in vivo (Narayanan et al.,
2005). The small increase in basal GTPase activities observed
for some mutants in this preliminary screen were not repro-
ducible and may reflect small amounts of aggregated species
present in individual preps.

Class I Interface Mutations Destabilize Dynamin
Structure

Because the GTPase-GED interface is primarily hydrophobic
in nature, it is possible that mutations in this region could
have significant effects on the structural integrity and proper
folding of dynamin. We analyzed the interface mutants by
sedimentation and EM to determine if the observed pheno-
types were related to structural irregularities (Figure 5). In
the absence of liposomes, wild-type dynamin exists as tet-
ramers in solution that remain in the soluble fraction after
sedimentation (Figure 5A). Addition of PIP2-containing li-
posomes shifts the protein to the pellet due to self-assembly
on the charged membrane template (Figure 5B). Under these
conditions, wild-type dynamin forms large, decorated tubes
that are visible by negative-stain EM (Figure 5C). Analysis of
the interface mutants shows that the class I mutations pellet

even in the absence of liposomes (Figure 5A). When visual-
ized by EM, these proteins form large, amorphous aggre-
gates on the grid (data not shown). Only L296N retains the
capacity for self-assembly and tubulation, which likely re-
flects the small amount of the protein that is still soluble and
unassembled in the absence of liposomes (Figure 5, A and
B). The length and morphology of these L296N decorated
tubes differ significantly from wild-type dynamin, as evi-
denced by the incomplete pattern of decoration. On the basis
of these observations, we conclude that the class I interface
mutants (I10N, L293N, L296N, and L300N) destabilize dy-
namin structure and that the observed defects in stimulated
GTPase activity result from aggregation of the protein and
the inability to self-assemble properly. These structural de-
fects could also explain the basal hydrolysis defects ob-
served in L293N and L300N.

Class II Interface Mutations Uncouple Stimulated GTPase
Activity from Dynamin Assembly

In contrast to the class I mutants, the class II mutants (L12N,
F20N, and A738N) remain in the soluble fraction when
subjected to centrifugation in the absence of liposomes (Fig-
ure 5A). When incubated with PIP2-containing liposomes,
these proteins sediment and assemble normally, forming
decorated tubes that are indistinguishable from wild-type
dynamin (Figure 5, B and C). At this low resolution, the
packing along these tubes is apparently unaltered by
changes in the GTPase-GED interface, indicating that these
proteins are competent for self-assembly. The specificity of
these biochemical phenotypes implies that the structural
integrity of these proteins is preserved and that these mu-
tations uncouple stimulated GTPase activity from dynamin
assembly.

To investigate this further, we determined the kinetic
parameters (kcat and Km) of the basal and assembly stimu-

Figure 3. Intramolecular cross-linking of GTPase and GED helices.
(A) Residues selected for double cysteine mutagenesis in GG. Cys-
teine pairs included one substitution in the GTPase domain (R15C
in NGTPase or R297C in CGTPase) and one substitution in the CGED
region (R730C, H733C, K736C, or S740C). (B) Structure and esti-
mated distances of bifunctional methanthiosulfonate (MTS) cross-
linkers used for analyzing interactions between GTPase and GED
helices in GG. (C) MTS cross-linking of GG double cysteine mutants.
Cross-linkers were incubated with GG and analyzed by SDS-PAGE
and Coomassie staining as described in Materials and Methods.

Figure 4. Basal and assembly-stimulated GTPase activities of in-
terface mutants in vitro. Normalized activity for each mutant is
expressed as a percentage of wild-type activity. All mutations were
assayed in the context of full-length dynamin at a concentration of
0.5 �M in buffer containing 20 mM HEPES, pH 7.5, 150 mM KCl, 1
mM MgCl2, and 500 �M GTP. Activity was measured on the soluble
fraction of each sample. The data presented here derive from an
initial screen aimed at identifying potentially interesting interface
mutant phenotypes.
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lated GTPase activities of the class II interface mutants.
These studies were performed on several independently
purified batches of WT and mutant dynamin to confirm the
reproducibility of our findings. Although all three mutants
exhibit robust basal rates of GTP hydrolysis (Table 1), the
L12N and A738N mutants are reduced relative to WT. Im-
portantly, the Km for basal hydrolysis, which is a close
approximation of GTP-binding affinity (Table 1), is unaf-
fected, further confirming that the GTPase domains of these
mutants are properly folded. The stimulated GTPase activity
was diminished in each mutant (Table 1), although we ob-
serve significant batch-to-batch variation under these condi-
tions. Though the measured Km values for stimulated activ-
ity are a less accurate representation of binding affinity
because of variable and more rapid rates of GTP hydrolysis,
the mutants still do not appear to disrupt GTP binding
relative to WT. Together these data suggest that the GG
interface plays a more selective role in modulating assem-
bly-stimulated GTPase activity in addition to its critical
function in stabilizing dynamin structure.

Class II Interface Mutants Reduce Dynamin-Catalyzed
Membrane Fission In Vitro

Dynamin’s role in CME depends on its ability to catalyze
membrane fission, which has recently been shown to require

localized curvature imposed by the assembly of GTPase-
limited, short dynamin collars (Pucadyil and Schmid, 2008;
Bashkirov et al., 2008). Longer dynamin assemblies that can
only assemble in the absence of GTP were shown to stabilize
underlying tubular membranes and were unable to mediate
membrane fission. Thus, dynamin-catalyzed fission criti-
cally depends on GTPase-regulated cycles of dynamin as-
sembly and disassembly (Ramachandran and Schmid, 2008).
In this context, we anticipated that the assembly-stimu-
lated defects exhibited by class II mutants would translate
into a reduction in membrane fission by dynamin. To test
this prediction, we used a recently developed assay that
measures vesicle formation from supported bilayers with
excess membrane reservoir (SUPER templates; Pucadyil
and Schmid, 2008) and examined the ability of the L12N,
F20N, and A738N mutants to catalyze membrane fission.
SUPER templates containing fluorescent lipid were mixed
with dynamin in the presence or absence of GTP and then
centrifuged at low speed. Fission was detected as an increase
in the fluorescence intensity of the supernatant resulting
from the liberation of lipid vesicles (Figure 6). As can be
seen, L12N is significantly impaired in its ability to catalyze
membrane fission and vesicle release, whereas A738N only
shows a partial defect and F20N appears to function as
effectively as WT. Unexpectedly, the degree to which each
mutant can facilitate fission in vitro does not fully correlate
with the severity of its assembly-stimulated defect, suggest-
ing that other aspects of dynamin function not reflected in its
in vitro GTPase activities but differentially dependent on the
GTPase-GED interface are important for dynamin-catalyzed
fission.

Class II Interface Mutants Affect the Late Stages of
Endocytosis In Vivo

Because L12N reduced stimulated activity and fission in
vitro, we wanted to know if this change at the GTPase-GED
interface also adversely affects CME in vivo. To examine this
possibility, we performed experiments in Dyn2 KO cells
reconstituted with GFP-tagged WT, L12N, F20N, or A738N
Dyn2 proteins. Stable cell lines expressing these mutants at
levels equivalent to endogenous Dyn2 were generated, and
then endogenous Dyn2 was excised by introduction of Cre

Figure 5. Self-assembly properties of interface mu-
tants. (A) Sedimentation of interface mutants (1 �M) in
the absence of liposomes. After sedimentation, superna-
tant (S) and pellet (P) fractions were analyzed by SDS-
PAGE. T, total amount of protein in the initial mixture.
(B) Sedimentation of interface mutants (1 �M) in the
presence of 0.1-�m PIP2-containing liposomes (300 �M).
(C) Representative electron micrographs of interface
mutants assembled on 0.4-�m PIP2-containing lipo-
somes. Scale bar, 200 nm.

Table 1. Michaelis-Menten kinetic parameters for basal and assembly-
stimulated GTPase activities of wildtype dynamin and GTPase-GED
interface mutants

Dynamin

Basal Lipid stimulated

kcat (min�1) Km (�M) kcat (min�1) Km (�M)

WT 1.54 � 0.13 65.43 � 1.64 179.8 � 46.7 153.58 � 55.7
L12N 0.93 � 0.21 37.72 � 7.99 92.24 � 34.6 75.97 � 28.4
F20N 1.55 � 0.15 51.18 � 3.91 121.58 � 30.5 97.12 � 18.6
A738N 0.72 � 0. 4 19.48 � 1.20 107.74 � 18.6 78.84 � 24.6

These data represent the average of at least three independent
experiments with multiple independently purified batches of
protein.
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recombinase (Liu et al., 2008). We chose this system to avoid
the potential of stronger and/or nonspecific defects caused
by overexpression of these mutants in the presence of en-
dogenous Dyn2. The uptake of biotinylated-Tfn (BSS-Tfn)
was determined either by inaccessibility to avidin, a large
bulky probe, or to MesNa, a small, membrane-impermeant
reducing agent. Sequestration of BSS-Tfn from avidin as-
sesses the formation of both constricted coated pits and
coated vesicles, whereas MesNa resistance is only acquired
after BSS-Tfn has been internalized into sealed coated vesi-
cles (Figure 7A). We were unable to detect an in vivo defect
in Dyn2 KO cells reconstituted with the A738N mutant.
Although not correlating with impaired GTPase and fission
activities of this mutant, this finding was consistent with the
fact that mutation of this residue can restore function of the
GTP-binding defective, shits2 dynamin mutant. In contrast,
the in vivo phenotype of the L12N mutation correlated well
with its in vitro properties. L12N partially blocked uptake
into both the avidin- and MesNa-inaccessible compartments;
however, there was a greater degree of inhibition when
assessed by MesNa resistance than avidin inaccessibility
(Figure 7, B and C). These data indicate that L12N partially
impairs the later stages of endocytosis, leading to an accu-
mulation of BSS-Tfn in constricted coated pits that are inac-
cessible to avidin but remain accessible to MesNa as would
be predicted from its in vitro defects. We also detect a slight
inhibition of uptake for F20N in the MesNa assay (Figure
7C), although not in the avidin assay (Figure 7B). These
phenotypes are consistent with a late effect on CME, result-
ing from reduction of either the rate or efficiency of mem-
brane fission.

To gain further insight into the stage at which these mu-
tations impaired CME, we inspected the clathrin-coated pit
(CCP) intermediates in our reconstituted Dyn2 KO cells
using indirect immunofluorescence (Figure 8). Permeabil-
ized cells expressing GFP-tagged Dyn2 constructs (WT,
L12N, F20N, and A738N) were fixed and stained with the
anti-�P2 antibody AP6. We found there to be no detectable
difference in the number of coated pits between the class II
interface mutants and WT Dyn2; however, short, tubule-like
formations with associated dynamin puncta and decorated
with AP2 were present in cells reconstituted with L12N
(Figure 8, enlarged boxes). Although the resolution of these

experiments precludes a detailed description of these struc-
tures, the pattern of staining indicates that AP2 can bind
along the length of these tubules. The accumulation of tu-
bular structures in L12N is consistent with a defect in fission
and correlates with its stronger inhibition of Tfn uptake in
the MesNa assay.

To further explore the possibility that these structures
represent delayed fission events we examined the endocytic
intermediates in these cells by high-resolution EM. Plastic-
embedded thin sections of reconstituted Dyn2 KO cells were
imaged and the CCP intermediates for each mutant were
counted and scored according to their morphology as either
shallow, invaginated, or constricted (Figure 9). Invaginated
pits are visibly connected to the membrane in a single thin
section and thus are assumed to correspond to avidin-acces-
sible structures (Figure 9A). Given that uncoating is rapid
and that endocytic vesicles rapidly translocate away from
the cell surface, coated vesicle structures closely apposed to
the plasma membrane are assumed to represent constricted

Figure 6. Membrane fission by class II interface mutants in vitro.
Fluorescent SUPER templates were prepared as described in Mate-
rials and Methods. f, fission by 0.5 �M dynamin in the absence of
nucleotide; �, fission in the presence of 1 mM GTP.

Figure 7. Class II interface mutants disrupt clathrin-mediated en-
docytosis in vivo. (A) Diagram of endocytosis intermediates and
their accessibility to the avidin and MesNa probes. (B and C) Dy-
namin-2 knockout (Dyn2 KO) cells expressing either GFP (�) or the
following GFP-tagged Dyn2 constructs: WT (●), L12N (f), F20N
(Œ), or A738N (�) were generated as described in Materials and
Methods. Endocytosis in these cells was quantified using biotinyl-
ated transferrin (BSS-Tfn) as the ligand and measuring its uptake
into an avidin- (B) or MesNa- (C) inaccessible compartment. The
amount of uptake is expressed as a percentage of the total surface-
bound BSS-Tfn.
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intermediates, whose narrow necks are not captured in these
individual thin sections (Figure 9A). This classification has
been used and validated extensively in past studies, under
conditions in which CME is known to be inhibited (Schmid
and Carter, 1990; Sandvig et al., 1987).

Based on this quantification, we observe a statistically
significant increase in the number of constricted CCPs in
L12N versus WT (Figure 9B). This increase in late interme-
diates is seen at the expense of the invaginated and shallow
CCPs, suggesting that L12N specifically hinders the late
stages of clathrin-mediated endocytosis by delaying dy-
namin-dependent fission. Such a delay would impede the
formation of coated vesicles, consistent with the stronger
inhibition of Tfn uptake by L12N as detected by MesNa
resistance. F20N also showed a slight inhibition of endocy-
tosis in the MesNa assay, but we did not detect any signif-
icant change in the distribution of CME intermediates for
this mutant by our EM analysis (Figure 9B). Similarly, we
detect no increase in late CME intermediates in cells express-
ing A738N, which mirrors the WT behavior of this mutant in
the Tfn uptake assays. Coated vesicle-like structures accu-
mulated adjacent to the plasma membrane only in cells
expressing the L12N mutant. That this mutant shows the
greatest defect in our in vitro membrane fission assay and
the strongest defect in vivo supports our assumption that
these structures are indeed constricted CCPs and not de-
tached CCVs. Together these data suggest that the GG in-
terface is critical for coordinating dynamin activity at late
stages of CCV formation.

DISCUSSION

We have used a combination of functional, structural, and
mutant analyses to define the GTPase-GED interface in dy-
namin. We show that this region is comprised of the N- and
C-termini of the GTPase domain and the C-terminus of
GED, which we speculate form a three-helix bundle on the
back of the GTPase domain to bury a large number of
conserved hydrophobic residues. Although previous yeast

two-hybrid analysis established that GED interacts with the
CGTPase (Smirnova et al., 1999), our chemical cross-linking
results represent the first direct evidence of a physical inter-
action between GED and the NGTPase.

Our findings demonstrate that this GED docking is essen-
tial for the structural integrity of dynamin. Major perturba-
tions to the GG interface, as demonstrated by the class I
mutants, destabilize the protein and cause aggregation. This
is further underscored by the folding of our minimal GG
fusion. When only the GTPase domain is expressed, the
hydrophobic interactions at the GTPase-GED interface are
not satisfied and the construct precipitates. By tethering the
C-terminus of GED to the GTPase domain, we overcome this
obstacle and salvage solubility. This requirement for CGED-
GTPase interactions is likely conserved throughout the dy-
namin family given the high degree of sequence similarity at
this interface. Moreover, a six-amino acid C-terminal dele-
tion of the GED in Mx strongly inhibits its GTPase activity
(Schwemmle et al., 1995). Whereas the GTPase-GED interac-
tions are clearly intrapolypeptide in our monomeric GG
construct, we cannot rule our interpolypeptide interactions
in the context of the full-length tetrameric dynamin.

GED docking also plays an important role in regulating
dynamin’s functional properties. The L12N mutation at the
GTPase-GED interface selectively impairs dynamin’s assem-
bly-stimulated turnover and fission activity in vitro without

Figure 8. L12N alters the morphology of clathrin-coated pits in
reconstituted Dyn2 KO cells. Clathrin-coated pits were visualized
by indirect immunofluorescence using the AP6 mAb directed
against the �-adaptins of AP2. Dynamin-2 constructs (WT, L12N,
F20N, or A738N) were localized using GFP fluorescence. White
boxes in each merged image indicate sections magnified in the
panels on the right.

Figure 9. L12N increases the number of late endocytic intermedi-
ates in reconstituted Dyn2 KO cells. (A) Thin sections of Dyn2 KO
cells reconstituted with GFP-tagged Dyn2 proteins (WT, L12N, and
F20N and A738N, as indicated) were prepared and imaged as
described in Materials and Methods. Scale bar, 200 nm. Endocytic
intermediates were counted and scored as shallow (S), invaginated
(I), or constricted (C) CCPs as indicated. (B) Quantitation of CCP
intermediates expressed as % of total CCPs scored (n � 79, 90, 87, and
61 for WT, L12N, F20N, and A738N, respectively). **p 	 0.01 in t test.
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disrupting dynamin structure. This distinguishes it from
mutations such as I690K, K694A, and R725A, whose primary
defect is in self-assembly, leading secondarily to a defect in
assembly-stimulated GTPase activity (Sever et al., 2000;
Marks et al., 2001; Song et al., 2004). The reduced activities
associated with L12N shift the kinetics of endocytosis in
vivo such that fission is now rate limiting, as evidenced by
the accumulation of late intermediates and a more severe
defect in internalization than in constriction. This behavior is
unique among inhibitory dynamin mutants, as all previ-
ously identified dominant-negative dynamin mutants in-
hibit Tfn uptake into avidin-inaccessible and MesNa-resis-
tant coated pits equally, suggesting that they block the
earlier stages of CCV formation. Such substitutions lead to
the accumulation of deeply invaginated CCPs that nonethe-
less remain biochemically accessible to both avidin and
MesNa (van der Bliek et al., 1993; Damke et al., 1994; Damke
et al., 2001, Song et al., 2004). L12N thus represents a new
class of hypomorphic dynamin mutants.

It is important to note that the in vitro phenotypes of the
class II interface mutants do not strictly correlate with their
in vivo effects. In particular, the biochemical properties of
the A738N mutant are similar to those of L12N, but only the
L12N mutant impairs CME in vivo. The ability of A738N to
support CME is consistent with the ability of the second site
A738T Sushi mutation to restore function to a dynamin
mutant defective in GTP binding (Narayanan et al., 2005).
Moreover, this illustrates the underlying complexity of dy-
namin activation. The GTPase-GED interface is on the back
side of the GTPase domain relative to its active site, yet it can
directly modulate assembly-stimulated GTP hydrolysis. Im-
portantly, the class II interface mutants only moderately
affect this activity, suggesting that other mechanisms besides
GED docking must also be involved in precipitating the
100-fold stimulation of GTP hydrolysis upon self-assembly.

Taken together, our results suggest that the NGTPase, CGTPase,
and CGED form an intramolecular signaling module, which
we term the bundle signaling element (BSE), that can sense
and transmit the conformational changes associated with
dynamin assembly to the GTPase domain. This activity in-
directly promotes stimulated GTP hydrolysis, possibly by
triggering further conformational changes in the GTPase
domain. Although dynamin activation through the BSE oc-
curs in a back-to-front manner, it is feasible that this module
can also function in the opposite direction to facilitate com-
munication between the GTPase domain and the membrane
surface. Real-time fluorescence experiments have shown that
conformational changes in the nucleotide-binding pocket are
coupled to membrane binding through dynamin’s pleckstrin
homology (PH) domain despite a large separation of these two
regions (Ramachandran and Schmid, 2008). A conformational
coupling between the GTPase and PH domains has also
been detected by tryptophan fluorescence measurements
(Solomaha and Palfrey, 2005). The BSE could relay this in-
formation from the GTPase domain, thus providing a gen-
eral mechanism for coordinating membrane binding, dy-
namin assembly, stimulated GTP hydrolysis, and the
subsequent disassembly of the polymer. High-resolution
structural studies will be necessary to elucidate the details of
this intramolecular communication.
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