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ABSTRACT The dynamins represent a superfamily of proteins that have been
shown to function in a wide range of membrane fusion and fission events. An
increasing number of mutations in the human classical dynamins, Dyn-1 and
Dyn-2 has been reported, with diseases caused by these changes ranging from
Charcot-Marie-Tooth disorder to epileptic encephalopathies. The budding
yeast, Saccharomyces cerevisiae expresses a single dynamin-related protein
that functions in membrane trafficking, and is considered to play a similar role
to Dyn-1 and Dyn-2 during scission of endocytic vesicles at the plasma mem-
brane. Large parts of the dynamin protein are highly conserved across species
and this has enabled us in this study to select a number of disease causing
mutations and to generate equivalent mutations in Vpsl. We have then stud-
ied these mutants using both cellular and biochemical assays to ascertain
functions of the protein that have been affected by the changes. Specifically,
we demonstrate that the Vps1-G397R mutation (Dyn-2 G358R) disrupts pro-
tein oligomerization, Vps1-A447T (Dyn-1 A408T) affects the scission stage of
endocytosis, while Vps1-R298L (Dyn-1 R256L) affects lipid binding specificity
and possibly an early stage in endocytosis. Overall, we consider that the yeast
model will potentially provide an avenue for rapid analysis of new dynamin
mutations in order to understand the underlying mechanisms that they dis-
rupt.
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INTRODUCTION

Dynamin belongs to a conserved family of large GTPases
involved in a wide range of cellular processes including
vesicle trafficking, vesicle scission, synaptic vesicle recy-
cling, organelle division, viral resistance and cytokinesis [1-
3]. The importance of dynamin was first discovered in Dro-
sophila melanogaster, where mutations in the shibire gene
caused paralysis at high temperature by reversibly blocking
endocytosis at nerve terminals [4, 5]. Classical dynamin
proteins are characterized as having five domains: an N-
terminal GTPase domain involved in nucleotide hydrolysis,
a middle domain and a GTPase effector domain (GED) both
important in oligomerization, a pleckstrin homology (PH)
domain involved in binding membrane lipids [6, 7], and a C-
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terminal proline rich domain (PRD) which contains sites for
binding the Src-homology 3 (SH3) domain of accessory
proteins [3, 8]. In mammals, 3 classical dynamin genes are
present, coding for Dynl, Dyn2 and Dyn3. Dynl is ex-
pressed highly in neurons, Dyn2 is expressed ubiquitously
and Dyn3 is expressed in the brain but at much lower levels
than Dyn1, as well as in the testis and the lungs [9]. Dynl
has been most extensively studied, and is generally consid-
ered to function as a mechanochemical enzyme to bring
about constriction and fission of vesicles during endocyto-
sis [3, 10]. However, dynamin proteins have also been im-
plicated in other processes, including cytokinesis, export
from the Golgi, caveolae dependent endocytosis,
macropinocytosis and autophagy [1, 11-15].
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The emerging realisation that dynamins can function at
multiple membranes rather than just at the plasma mem-
brane in endocytosis raises questions as to how specificity
for its fission functions can be achieved and which proteins
are able to regulate their function at distinct compart-
ments.

A number of missense mutations and short deletions in
the middle or the PH domain in Dyn2 have been associated
with two autosomal dominant genetic disorders, Charcot-
Marie-Tooth disorder (CMT) and Centronuclear myopathy
(CNM) [11, 16-18]. Interestingly, the diseases caused by
the mutations are exclusive indicating that while mutations
may lie in the same domain, they can impact differently on
protein function. An additional Dyn2 mutation G358R, that
gives rise to CMT disorder, lies outside the PH domain
within the highly conserved stalk region of the dynamin
protein.

Until very recently, no human disease mutations have
been reported in Dynl or Dyn3, however, a missense mu-
tation (A408T) in Dyn1, has been shown to give rise to the
fitful mouse. This mutation results in seizures and hearing
impairment and was suggested as a candidate for epilepsy
in humans [19]. Exercise Induced Collapse (EIC) condition in
Labrador Retrievers is another condition mapped to Dynl,
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in which an R256L missense mutation in the GTPase do-
main of Dyn1 resulted in acute and severe muscle weak-
ness leading to life threatening collapse of the animal as a
result of intense exercise or excitement [20]. Recently
three mutations have been reported in human Dyn1 that
give rise to epileptic encephalopathy, these are A177P,
K206N and G359A [21]. It is notable that the last mutation
lies adjacent to the CMT mutation mentioned above,
G358R.

There are no classical dynamin proteins present in
yeast. However, there are three dynamin-like proteins,
Dnm1, Mgm1 and Vps1, all of which contain the N-terminal
GTPase domain, the middle domain and the GED domain.
While Vpsl is involved in membrane trafficking, Dnm1 is
involved in mitochondrial fusion and fission and Mgm1l
plays a role in maintaining the mitochondrial genome and
inheritance [22, 23]. Vpsl, like Dyn-2, has been shown to
be involved in a number of membrane fusion/fission pro-
cesses, including trafficking from the Golgi, endosomal
trafficking and endocytosis [24-28]. Taken together, these
data suggest that Vpsl is functioning in a similar way to
classical dynamins in mammalian cells.

This study aimed to use Vpsl as a model to gain in-
sights into the mechanistic defects caused by specific dy-

FIGURE 1: Location of Dynamin Mutations. (A)
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man Dynamin-1 AAH50279; Vpsl CAA82071.
(B) Schematic showing domain structure of
mammalian dynamin and yeast Vps1 and corre-
sponding positions of mutations. BSE — bundle
signaling element, PH — pleckstrin homology,
PRD — proline rich domain. (C) The crystal struc-
ture of Dynamin-1 (PDB number 3SNH) with
dynamin-1 positions denoted with the equiva-
lent mutagenized residues in Vpsl in parenthe-
ses.
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namin mutations considered to underlie a number of dis-
eases.

RESULTS

Generation of orthologous disease mutations in Vps1.
Three equivalent mutations known to cause different dis-
eases in mammals were introduced into the VPS1 gene.
These were the Dynl mutations R256L (Vps1-R298L) caus-
ing exercise-induced collapse in Labradors, A408T (Vps1-
A447T) that causes epilepsy in the fitful mouse model, and
the Dyn2 mutation G358R (Vps1-G397R) which causes CMT
disorder [19, 20, 29]. The sequence alignment of dynamin
and Vpsl, and the positions of the mutations are shown in
Figure 1A. The mutation positions are also shown in a
schematic diagram, indicating Vps1-Dynamin domain struc-
ture, and in the equivalent places on the dynamin crystal
structure (Figure 1B, C) [30, 31]. The R256L mutation lies in
a highly conserved region of the N-terminal GTPase do-
main. In the crystal structure this residue is exposed and
does not form part of the GTP binding pocket required for
GTPase activity. The A408T mutation lies within the stalk
region at one end of a helix that has been shown in both
Dyn1 and Vps1 to bind to actin [32, 33]. The position of the
G397 mutation also maps to a highly conserved stretch of
residues on the stalk domain. This part of the protein is

considered to be important for oligomerization [30, 31, 34].

Expression of Disease mutations in Yeast cells.

The vpsl mutations were generated in a yeast expression
plasmid in which VPS1 is expressed under the control of its
own promoter. The plasmids were transformed into yeast
carrying a deletion of the VPS1 gene, ensuring no endoge-
nous protein was present. Expression levels of Vpsl were
determined by western blotting using antibodies against
Vpsl. As shown (Figure 2A) the wild type protein and its
mutant variants are expressed at similar levels in cells.

We then sought to determine whether the mutant
forms of vps1 affect cell growth. vps1 null cells carrying an
empty plasmid, wild type VPS1, or one of the mutants were
spotted onto plates to assess growth. Deletion of vpsi
caused a temperature sensitive phenotype at 37°C. As
shown in Figure 2B, two mutants, vps1-R298L and vpsl-
A447T, were able to rescue the temperature sensitivity
associated with vps1 deletion. However, the vps1-G397R
mutant did not rescue the temperature sensitive pheno-
type of vpsl deletion, indicating that this mutation might
cause a loss of function despite being expressed at wild-
type levels.

Analysis of membrane functions in the Vpsl mutant
strains.

As mentioned above, Vps1 function is required in a number
of membrane remodeling events in cells, including traffick-
ing of the vacuolar protein carboxypeptidase Y (CPY) from
the Golgi to vacuoles [35, 36]. Deletion of vps1 also causes
a class F vacuolar phenotype with multiple, small or heter-
ogeneous vacuolar structures [35]. To determine whether
the mutations impacted on the functions of Vpsl required
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FIGURE 2: Expression of mutant Vpsl in yeast. (A) Whole cell
extracts were made from vpsl null cells expressing an empty
plasmid, wild type or mutant vps1. Following separation by SDS-
PAGE, proteins were transferred to PVDF, then probed with anti-
Vpsl antibodies. Size markers in kDa are denoted. Lower panel
shows ponceau staining of the blot to indicated loading levels in
lanes. (B) The effect of vps1 mutants on cell growth was assessed
by growth on solid media. Ten-fold serial dilutions of log phase
cultures were spotted onto plates, and cells were allowed to
grow at the permissive (30°C) or restrictive temperature 37°C)
for 48 hours.

for these roles, cells expressing wild type VPS1, vpsl mu-
tants or a vps1 deletion were analysed for CPY trafficking.
If CPY is able to reach the vacuole, the CPY enzyme is pro-
cessed by cleavage of precursor forms and a mature form
is generated. If, however, CPY is not effectively trafficked
to the vacuole, as in the vps1 deletion strain a precursor
form can be visualized on a blot (Figure 3A). Two of the
mutants vps1-R298L and vps1-A447T were able to rescue
this trafficking defect and only mature CPY is seen on the
blots. The G397R mutant, however, was not able to rescue
the trafficking defect and the precursor CPY form was still
clearly visible (upper arrow).

The lipophylic dye FM4-64 was then used to analyze
vacuolar morphology in the mutants. As shown in Figure
3B, in wild type cells there are a small number of vacuoles,
usually 3-5, of a uniform size. In contrast, the vpsl null
strain has many small vacuoles. Again the mutants have
distinct phenotypes with the vps1-R298L and vps1-A447T
mutants having vacuolar morphologies similar
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FIGURE 3: The effect of Vps1 mutations on functions requiring Vps1. (A) Whole cell extracts were made from yeast expressing mutated vps1
as the only form of Vpsl. These were separated by SDS-PAGE, transferred to PVDF membrane and probed with anti-CPY antibodies. Two
bands are observed, the mature protein (mCPY) and the immature, precursor form (pCPY). (B) The lipophylic dye FM4-64 was used to deter-
mine whether the mutations affect vacuolar morphology. (C) Cells were transformed with a peroxisomal targeting sequence fused to GFP.
This allowed the morphology of peroxisomes to be visualized in strains lacking vps1 and dnm1 but re-transformed with VPS1 wild type or
mutants. (D) A strain was generated expressing GFP-Snc1-SUC2 that allows endosomal cycling to be investigated. GFP indicates localization of
this reporter. (E) The same GFP-Snc1-SUC2 reporter also allows invertase activity present at the cell surface to be detected in a colorimetric
assay on plates as described in text. (F) Endocytic uptake into cells was monitored using Lucifer yellow which was incubated for 90 min with
all strains. The predominant localization in 100 cells of each strain, in 3 independent repeats was counted. Error bars are standard error of the
mean.
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to the wild type strain and the vps1-G397R mutant similar
to the deletion.

Vpsl has also been demonstrated to function in fission
of peroxisomes [37]. These organelles grow and divide by a
fission mechanism to ensure appropriate inheritance. In
wild type cells there are usually multiple small peroxisomes
distributed throughout the cytoplasm. In the absence of
both dynamins vps1 and dnmi there is a phenotype in
which the number of peroxisomes is greatly reduced (Fig-
ure 3C) [37]. This phenotype can be completely rescued by
re-expression of Vpsl. As shown the mutants vps1-R298L
and vps1-A447T rescued the fission defect of peroxisomes
but the vps1-G397R mutant did not.

The effect of the vps1 mutants on endosomal traffick-
ing was investigated. Previously, we have shown that dele-
tion of vps1 disrupts normal trafficking of a reporter con-
struct, containing the SNARE protein Sncl fused to both
GFP at its N-terminus and SUC2 conferring invertase activi-
ty at its C-terminus [38]. This colorimetric assay allows dif-
ferentiation between endosomal trafficking and endocytic
internalisation defects [38, 39]. If Vps1 function is predom-
inantly intracellular, for example in endosomal fu-
sion/fission events, then its loss will result in the Sncl-
invertase fusion accumulating inside cells, so when cells
are incubated with appropriate substrate colonies will be
white. If the primary function of the protein is in endocytic
internalization, then uptake of the SNARE will be delayed,
more invertase will be exposed at the surface and in the
assay colonies will appear darker brown. In wild-type cells
there is continuous cycling of Sncl, and the cells when as-
sayed appear light brown. Cells in which vps1 was deleted
were transformed with an empty plasmid or with plasmids
carrying wild-type or mutant vps1. Both localization of the
GFP and the production of invertase were assayed.

As previously shown, in vps1A cells the GFP reporter is
predominantly in internal vesicles while in wild type cells
the reporter localizes mostly to the plasma membrane and
to brightly staining internal organelles [25]. The G397R
mutation causes a localization phenotype similar to the
null, while the R298L and A447T mutations have high levels
of plasma membrane Sncl localization, similar to wild type
Vpsl. Invertase at the surface was also assessed and, as
shown in Figure 3E, the null strain is white and the cells
expressing wild-type VPS1 develop a light brown color. As
found in the assays described above, the G397R phenocop-
ies the null, revealing a defect in endosomal recycling in
cells expressing this mutation. In contrast, cells carrying
the R298L mutation or the A447T mutation appear slightly
darker brown than cells with wild-type VPS1, indicating
that while other functions appear normal, there may be a
defect in endocytic uptake.

To further investigate this phenotype, the effect of the
mutations on endocytic uptake and trafficking to the vacu-
ole was followed using the dye Lucifer yellow. After 90
minutes of incubation with Lucifer yellow the majority of
cells with wild type VPS1 have a labeled vacuole while the
predominant phenotype in the vps1 deletion is endosomal
staining (Figure 3F). As expected from the other assays the
G397R mutation caused a similar extent of defect com-

OPEN ACCESS | www.microbialcell.com 151

Modelling dynamin disease mutations in yeast Vps1

pared to the deletion strain. However, in this assay the
R298L mutant, and to a lesser extent the A447T mutant,
caused effects on trafficking of Lucifer yellow dye to the
vacuole.

Taken together these assays indicate that the G397R
mutation has phenotypes resembling the null strain. Thus,
while the vps1-G397R protein is expressed, we would sug-
gest that it is largely non-functional. Intriguingly, the other
two mutants, R298L and A447T, appeared to function at a
level similar to the wild-type protein for the majority of
Vpsl roles. Only in assays measuring endocytic activity
were deficits were observed.

Effect of vps1 mutations on individual endocytic events.

In other studies we have observed abnormal endocytic
phenotypes caused by vps1 alleles in cells that appear to
carry out other Vpsl functions appropriately [25, 33, 40].
We therefore aimed to determine whether any of the dis-
ease mutations were able to affect the progression of indi-
vidual endocytic events. Wild type and mutant vps1 alleles
were expressed in cells carrying the mRFP tagged endocytic
reporter Sac6. Sac6 is an actin bundling protein required
for normal invagination of the membrane at the endocytic
site. The lifetime of Sac6-mRFP at the endocytic sites was
measured in cells expressing wild type or mutant vpsi. In
addition, kymographs were generated and patch tracking
was performed using time-lapse movies of the Sac6-mRFP
reporter to investigate possible changes in invagination
behavior. As noted before, and shown in Figure 4A, in the
absence of vps1 there is an increase in lifetime of the Sac6
reporter [40]. As expected, the G397R mutation, that phe-
nocopied the null strain in other assays (Figure 3), also
showed a similar significant increase in Sac6-mRFP lifetime.
In contrast the A447T mutation did not significantly affect
lifetime of Sacé6 at the site, and the lifetime of Sac6-mRFP
in cells expressing vps1-R298L was in fact reduced com-
pared to cells with wild-type VPS1. The patch tracking and
kymograph data (Figure 4B, C) provided further insights
into the endocytic defect of cells expressing these muta-
tions. As shown before, the majority of patches in wild type
cells show clear invaginations while there are frequent
retraction events in cells lacking vps1. In the case of vps1-
A447T the majority of patches showed invagination but
there were often delays in scission as indicated by the Z-
shaped kymographs indicative of inward movement fol-
lowed by a pause before disassembly. The R298L behaviour
was distinct from those in cells expressing either wild type
VPS1 or vps1-A447T. The majority of events were short-
lived, but invagination was difficult to discern as some-
times movement was not perpendicular and often a sec-
ond patch appeared to underlie the first (denoted 2P) in
figure. Similar to cells with wild type VPS1 retraction
events in cells with R298L were much less frequent (<30%
of events) than in the cases of the other mutants.

One possible reason for lack of function in endocytosis
is that the mutant proteins simply don’t localize to the
appropriate site. However, our antibodies have not proved
effective for immunofluorescence microscopy. In addition,
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FIGURE 4: The effect of Vpsl mutations on individual endocytic events. Cells expressing Sac6-mRFP and deficient for vps1 were trans-
formed with an empty plasmid and wild type or mutant vps1. (A) Time-lapse movies were recorded and used to measure the lifetime of the
reporter at endocytic sites. Means are reported, error bars are standard deviation. A 1-way-Anova was used with Dunnett’s multiple com-
parison test to assess significance of differences from the wild type. Those marked with asterisks are considered significant p<0.0001. (B)
Movies were also used to generate kymographs for each of the strains to analyze the behavior of patches during invagination. Indicated with
arrows: R — retraction event, D- delayed scission/disassembly event, 2P — second patch event. (C) Patch tracks were generated to follow the
movement of patches. Three are shown for each strain with the center of each spot marking the recorded position at each time point. Green
spot indicates the start point and red the last point before disassembly.

we and others have noted that GFP tagging of Vpsl ren- assayed for their ability to oligomerize and thereby pellet

ders the protein non-functional [33, 41]. However, when
such endocytic defective vps1 mutants have been tagged,
co-localization with endocytic markers has been demon-
strated [33, 40, 42]. Furthermore, the fact that both the
A447T and R298L proteins generate distinct phenotypes
from one another and from the null strain lead us to con-
sider that the ability to be recruited to the endocytic site is
very likely to be maintained.

Effect of mutations on biochemical properties of Vps1.

To further improve our understanding of the molecular
functions affected by the mutations, biochemical assays
were performed. Following purification, the proteins were
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in the presence of GTPyS. As shown previously and in fig-
ure 5A, addition of GTPyS allows stabilization of oligomers
and there is a concomitant shift of wild type protein into
the pellet fraction (P) [25]. The R298L mutation appears to
induce either aggregation, or more stable oligomer for-
mation irrespective of GTPyS addition and the purified
Vps1-R298L protein pellets in both cases. The G397R muta-
tion appears to reduce oligomer assembly and there is no
shift into the pellet fraction when GTPyS is included. A447T
mutation does not affect the ability of Vps1 to oligomerize
and a shift to a more stable oligomeric form can be in-
duced by addition of GTPyS.
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Vps1 has previously been shown to interact with lipids
and to pellet with liposomes. Thus a liposome-binding as-
say was used to determine whether the mutations com-
promised this function. Incubation with liposomes was
followed by centrifugation to determine binding (Figure
5B). Wild type Vpsl is observed to shift into the pellet frac-
tion in the presence of liposomes indicating lipid binding.
As before, the majority of vps1-R298L pellets regardless of
the presence of liposomes. The G397R mutant does not
appear to move into the pellet fraction, suggesting the lipid
binding is compromised in this mutant. A447T mutants

Modelling dynamin disease mutations in yeast Vps1

showed a shift into the pellet fraction in the presence of
liposomes, indicating that lipid binding is maintained. Be-
cause of problems with protein pelleting in the absence of
GTPyS or liposomes, especially in the case of the R298L
mutant, another approach was used to investigate lipid
binding without the need for centrifugation. This approach
investigated protein binding to lipids spotted on mem-
branes. These PIP binding assays were carried out as de-
scribed in materials and methods. As shown, the wild type
Vpsl is able to interact with lipids in this format, with
greatest binding detected with phosphatidyl inositol
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A4ATT A

FIGURE 5: Biochemical analysis of Vpsl mutant proteins. His-tagged versions of the wild type and mutant Vps1 proteins were purified as de-
scribed in the materials and methods. (A) Protein was incubated in the presence and absence of GTPyS which can lock the protein in the GTP
bound form and stabilize the oligomeric form. Following centrifugation supernatant (S) and pellet (P) fractions were run on a gel and stained
with Coomassie blue stain. (B) Protein was incubated in the presence and absence of liposomes. Samples were centrifuged to determine ability
to interact with lipids and pellet with the liposomes. Following centrifugation supernatant (S) and pellet (P) fractions were run on a gel. Proteins
were stained with Coomassie. (C) Binding to specific lipids was investigated using a PIP strip membrane approach. Proteins were incubated as
described and binding assessed by western blotting. (D) A PIP array was used to further address the wider binding specificity of the R298L mu-
tant compared to wild type Vpsl. (E) Purified proteins were also analyzed following negative staining using electron microscopy. Representative

oligomeric rings of Vps1 are shown.
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monophosphates. The A447T mutant gave a broadly simi-
lar pattern of binding to the wild type protein. A reduction
in PI5P binding was observed but the physiological conse-
quence of this is not clear as PISP is considered to be a
relatively rare Pl monophosphate lipid found in the nucleus
[43]. In contrast, the G397R mutation showed greatly re-
duced binding to these PIP strips, supporting the centrifu-
gation data showing reduced pelleting with liposomes (Fig-
ure 5C). Intriguingly, it was notable that the R298L mutant
seemed to alter lipid binding specificity such that a broader
range of bis-phosphatidylinositol lipids could now be
bound in addition to the mono-phosphates. This broader
spectrum of lipid binding was borne out by a more quanti-
tative PIP array assay in which a dilution series of each
phosphatidyl inositol phosphate was spotted onto the
membrane (Figure 5D).

To address possible differences in oligomerization ca-
pability electron microscopy of protein samples was per-
formed. We recently demonstrated that wild type Vpsl
protein is able to form ring structures [33]. Proteins were
purified and applied to grids as described. Ring structures
were observed for wild-type protein and the R298L and
A447T mutants but could not be observed for vps1-G397
(Figure 5E). The average size of the single rings formed was
31.6£2.9 nm for wild-type Vpsl; 26.3t2.9 nm for A447T
and 29.0+3.3 nm for R298L mutant proteins. The wild type
and vps1-A447T rings were significantly different in size
assessed using a non-parametric t-test (p=0.0025). Neither
the A447T nor the R298L mutant was observed to form
double ring structures that have previously been observed
for wild type protein [33].

DISCUSSION

In this study three Vps1 mutations were generated to mim-
ic the equivalent dynamin mutations that cause neurologi-
cal diseases in mammals. The effect of each mutation was
analyzed in several in vivo assays. In addition, recombinant
mutant proteins were expressed and purified, and the ef-
fect of the mutations on protein behavior was studied bio-
chemically. Importantly all three mutants could be ex-
pressed in yeast cells at levels similar to that in the wild-
type, indicating that none of the mutations caused a major
disruption of protein folding and stability.

The various assays undertaken indicate that different
functions are affected in each of the mutants. The muta-
tion that caused the greatest effect on protein function
was the G397R mutation. This is equivalent to G358R in
human dyn-2 that has been associated with CMT disorder.
This mutation introduces a large, basic residue in place of a
small residue that often confers flexibility to regions of
proteins. Both the charge and the reduced flexibility might
have a marked impact on function. The region which car-
ries this mutation is highly conserved from yeast to mam-
malian Dyn-1 with 100% identity in the motif (352
ELSGGARI 362; Figure 1). The motif lies along the stalk re-
gion known to be important for oligomerization of dy-
namins [30, 31]. It was therefore not completely surprising
that this mutation had a negative effect on oligomerization
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in vitro (Figure 5). Interestingly, the mutation also caused a
dramatic reduction in lipid binding. It has been reported
that oligomeric association of dynamin monomers is im-
portant for lipid binding by the dynamin PH domain [44].
The result observed for Vps1 G397R mutation in this study
would suggest that oligomerization is also important for
Vps1 lipid binding, thus leading to the notion that the pri-
mary defect in the G397R (G358R) mutant is likely anim-
paired oligomerization. One intriguing conclusion is that a
mutation in the same GG motif can cause epilepsy in Dy-
namin-1, and CMT disorder in Dynamin-2 . Given that the
mutation essentially appears to completely inhibit function
of the protein through disrupting oligomerization, the dis-
eases presumably reflect the underlying function of the
different dynamin proteins within certain tissues.

The A447T mutation had a more subtle effect on the
overall function of Vpsl than the G397R mutation. Alt-
hough neither the wild-type nor the mutant residues have
a charge, threonine is a slightly larger residue with a hy-
droxyl group that could participate in hydrogen bond in-
teractions, which may disturb the protein conformation.
While this mutation also lies in the stalk region, unlike the
G397R mutation, it did not affect the oligomerization of
the protein neither did it affect the lipid binding. In fact,
the majority of in vivo assays performed revealed a pheno-
type similar to the wild-type, except for endocytosis where
the mutation lead to reduced trafficking of Lucifer yellow
and of the GFP-Sncl-Invertase construct from the plasma
membrane. Analysis of the behavior of the endocytic re-
porter Sac6-mRFP indicated a striking phenotype with most
patches showing invagination but ensuing defects in re-
porter disassembly from the site presumably due to a
problem in the final scission stage.

The A408T (fitful) mutation is known to disrupt trans-
ferrin uptake in mammalian cells [19]; our unpublished
data and from their cross-linking studies it was reported
that the protein was less able to form dimers and tetram-
ers. This latter result would appear to conflict with the data
for Vps1-A447T with the mutant protein showing normal
levels of oligomerization. In fact, in our electron microsco-
py experiments we observed a shift towards the oligomer-
ized ring state, such that after purification, ring structures
were easily visualized and more prevalent in electron mi-
croscopy analysis for vps1-A447T than with Vpsl from
wild-type cells. Because the mutation lies at one end of the
actin binding helix [32, 33] we also investigated whether
the mutation affected binding to filamentous actin. How-
ever, no significant difference was noted (data not shown).
The reason for the discrepancy over the effect of the muta-
tion on oligomerization state could be determined through
further investigation of the A408T protein. In the reporter
study only the monomer, dimer and tetramer state were
investigated after cross linking; it remains a possibility that
if a more stable, higher order structure had been generat-
ed, it would probably not enter the gel and therefore,
would not be as readily analyzed. Use of electron micros-
copy would also clarify whether oligomeric rings or spirals
of A408T Dyn1 can still be generated.
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Table 1. Yeast strains used in this study.
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Strain number Genotype Origin
KAY447 MATa his3A1, leu2A0, lys24, ura3A0 KA lab
KAY1095 MATa his3A1, leu2A0, lys24, ura3A0 Avps1::KanMx KA lab
KAY1096 MATa his341, leu2A0, lys24, ura3A0 Adnm1::KanMx Avps1::HIS5 E.Hettema (Univ of Sheffield)
KAY1368 MAToa Sac6-RFP::KanMX Avps1::Leu KA lab
KAY1462 MATa his341, leu2A0, lys24, ura3A0 Avpsl::KanMx, GFP-Sncl- KA lab

SUC2 URA3

The R298L mutation led to a large positive hydrophilic
residue being substituted for an uncharged hydrophobic
residue. This removal of charge might have been expected
to have adverse effects on protein-protein interactions.
Although the R298L mutant protein was successfully puri-
fied, the protein appeared to have a greater tendency to
form aggregates, which made interpretation of some in
vitro work problematic. As a result, it was difficult to con-
clude whether this mutation affects the oligomerization of
the protein. The electron microscopy analysis indicated
that the protein could still form rings, though the rings
seemed more variable in size and shape than observed
with an equivalent concentration of the Vpsl wild type or
vps1-A447T incubated under the same conditions. Intri-
guingly, the PIP strip analysis revealed significant changes
in the lipid binding specificity of R298L. Since this mutation
lies in the GTPase domain, it was unexpected for an effect
on lipid binding to occur, as this function has been sug-
gested to lie within the region in the protein equivalently
placed to the PH domain (InsertB). In the cellular assays,
the majority of functions were judged to be performed
similar to wild-type with the exception of endocytosis. In
this case the defect appeared to be due to early disassem-
bly of the reporter protein, suggesting that the endocytic
site was somehow not established appropriately for effec-
tive invagination. The defect however appears to be at an
earlier stage and quite distinct to that caused by the A447T
mutation, as in the case of R298L, retractions and delayed
scission was not observed.

This suggests that the change of the lipid binding affini-
ty might be more important for the function of the protein
during endocytic scission while other functions are less
affected by this broadening of binding specificity. One of
the recently identified human Dyn-1 mutations (A177P)
also lies in the N-terminal GTPase domain. As with the N-
terminal Vps1 mutation, this mutation does not affect oli-
gomerization but does affect uptake of transferrin. It will
be of interest to determine whether lipid-binding proper-
ties of this human mutation are also affected.

Overall we have shown that the mutation at equivalent
sites of Vps1 to Dyn-1 and Dyn-2 mutations can be used to
model fundamental aspects of dynamin function. Identifi-
cation of novel human mutations such as A177P and
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K206N also opens the door to further use S. cerevisiae as a
model system to increase our understanding of the stage
of function that these mutations affect endocytosis or oth-
er dynamin functions in cells. Given the ability of the vps1-
A447T and R298L proteins to selectively affect endocytosis
but not other Vps1 functions raises interesting questions as
to how certain dynamin functions can be selectively inhib-
ited and may help to shed light on these factors as new
roles for dynamins in mammalian cells emerge.

MATERIALS AND METHODS

Materials

Unless stated otherwise, chemicals were obtained from Sig-
ma-Aldrich (St Louis, Missouri). Media was from Melford La-
boratories, Ipswich, Suffolk, UK (yeast extract, peptone, agar)
or Sigma (minimal synthetic medium and amino acids). FM4-
64 was from Invitrogen; Lucifer Yellow from Fluka.

Yeast strains and cell growth

Yeast strains used in this study are listed in Table 1. Cells were
grown with rotary shaking at 30°C in liquid YPD medium (1 %
yeast extract, 2 % Bacto-peptone, 2 % glucose supplemented
with 40 pg/ml adenine) or in synthetic medium (0.67 % yeast
nitrogen base, 2 % glucose) with supplements. Transfor-
mations were performed using lithium acetate as described
[45]. Point mutations in VPS1 gene were generated using site
directed mutagenesis (QuikChange Lightning kit, Agilent) with
plasmids pKA677, and pKA850 as the templates. The con-
structs were then verified by sequencing. Plasmids are listed in
Table 2. Vps1 protein was detected on western blots of whole
cell extracts using anti-Vpsl antibody (1:2000 dilution). Car-
boxypeptidase Y processing was analysed from cell extracts as
described [40]. Pre-cleaned CPY antibodies (Chemicon Interna-
tional) were used at 1:100 dilution.

Cell Biology

Epifluorescence microscopy was performed using Olympus IX-
81 microscope with DeltaVision RT Restoration Microscopy
with 100x 1.40 NA oil objective and Photometrics Coolsnap
HQ camera. Imaging and image capture was performed using
SoftWoRxTM (Applied Precision Instruments, Seattle). Experi-
ments were carried out at 21°C. For uptake of FM4-64, 0.25 pl
of 16 mM FM4-64 was added to 500 pl culture for 90 minutes.
Following washing, Z-stack images were collected with step
sizes of 0.2 um.
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Table 2. Plasmids used in this study.

Modelling dynamin disease mutations in yeast Vps1

Plasmid number Description Origin/Reference
pKA544 URA, CEN with PGKterm KA lab
pKA677 pKA544+ VPS1 (inc 320bp 5') [25]

pKA798 pKA544+ vps1 R298L This study
pKA797 pKA544+ vps1 G397R This study
pKA796 pKA544 + vpsl A447T This study
pKA850 His tagged VPS1 for recombinant protein expression [40]

pKA819 pKA850 + vps1 R298L This study
pKA820 pKA850 + vps1 G397R This study
pKA821 pKA850 + vps1 A447T This study
pKA910 GFP-SKL (peroxisome marker) URA Hettema lab

Lucifer Yellow uptake: Cells were incubated with Lucifer yel-
low (Fluka: 13 mg/ml final concentration) for up to 90 mins.
Cells were washed in buffer (50 mM succinate, 20 mM NaNj;
pH 5) before imaging. For peroxisomal fission: cells were
transformed with GFP-PTS1 [46]. For live-cell imaging, cells
were visualized in synthetic medium. Time-lapse live cell imag-
ing of Sac6-mRFP was performed with 1 sec time-lapse and 0.5
sec exposure.

Biochemical Approaches

Wild type VPS1 and vpsl mutants were expressed in E. coli
(C43) (Lucigen OverexpressTM C43(DE3) SOLOs) as His tag
fusions and were purified as previously described [25]. Self
assembly assays: method adapted from [25]. 10 uM Vps1 (or
mutant variant) was added to liposome buffer at the concen-
trations shown and centrifuged at 313,000g for 15 min to re-
move any aggregated protein. GTPyS was added to 0.5 mM,
and oligomerized protein was pelleted by centrifugation at
250,000 g for 15 min, and supernatants and pellets analyzed
by SDS-PAGE.

Liposome preparation

For preparation of liposomes 11 ul of a 25 mg/ml solution of
Folch fraction 1 (Sigma) was dried under nitrogen, then resus-
pended in 200 pl of buffer B (20 mM HEPES pH 7.2, 100 mM
KCl, 2 mM MgCl,, 1 mM DTT) at 60°C for 30 min with gentle
agitation. Liposomes were extruded 11 times through poly-
carbonate filters with 1.0 um pores.

Lipid binding assays

Vpsl (pre-spun at 313,000 g 15 min) was mixed with 20 pl
liposomes to give a final concentration of 5 uM Vpsl, in the
presence of 2 mM GTP, 2 mM CacCl,, 2 mM MgCl,, and 2 mM
DTT, and incubated at room temperature for 30 min. Lipo-
somes and bound protein was pelleted by centrifugation at
250,000 g for 15 min, and samples were analyzed by SDS-
PAGE. Alternatively, recombinant Vpsl was used at 1 uM to
incubate with PIP strips and PIP arrays according to manufac-
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