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ABSTRACT. SEPT4 is a member of the mammalian septin family of GTPases. Mammalian septins are
conserved proteins which form heteropolymers in vivo and which are implicated in a variety of cellular
functions such as cytokinesis, exocytosis, and vesicle trafficking. However, their structural properties and
modes of action are largely unknown. There is a limited, but as yet inconclusive, amount of experimental
data suggesting that SEPT4 may accumulate in tau-based filamentous deposits and cytoplasmic inclusions
in Alzheimer's and Parkinson’s disease, respectively. Here we report an intermediate structure of the
GTPase domain of human SEPT4 (SEPT4-G) during unfolding transitions induced by temperature. This
partially unfolded intermediate, which is rich ffrsheet and free of bound nucleotide, was plagued by
irreversible aggregation. The aggregates have the ability to bind specific dyes such as Congo red and
thioflavin-T, suggesting they are amyloid in nature. Under electron microscopy, fibers of variable diameter
extending for several micrometers in length can be visualized. This is the first report of amyloid formation
by a septin or domain thereof, and the capacity of SEPT4-G to form such fibrillar aggregates may shed
some light on the current discussion concerning the formation of homo- and heteropolymers of septins in
vitro.

Septins are a family of conserved proteins that form hetero- only two reports describe the formation of homopolymers
oligomeric complexes that assemble into filamerits J). in vitro, and the physiological relevance of these in vivo is
Those observed in yeast form filaments of variable length questionable§, 7).
that are 79 nm in diameter, although their mechanism of |4 mammals, 13 mammalian septins have been identified

assembly is still unknownlj. Similar filaments have also  \yhich have been classified according to a standardized
been isolated fronbrosophilaand mammalian brain tissue  nomenclature which has been recently adopt®d The

(2, 3). In vivo, these complexes are always purified in the sequences of these proteins can be divided into three
form of heterofilaments, composed of three or four different yomains: a variable N-terminus. a central GTPase domain
septin polypeptides with a defined stoichiometry. These 54 a C-terminal region which generally includes sequences
heteromeric polymers are widely believed to be physiologi- characteristic of coiled coil9). The central GTPase domain
cally relevant for septin function, including their role in g highly conserved with a minimum level of similarity of

cytokinesis, exocytosis, cell division, membrane trafficking, 7qo among septins from the same specié. (This is not
etc. Similar filaments can be recovered after coexpressionthe case for the N- and C-terminal domains, which vary

of the appropriate septins in vitrd,(S). On the other hand, 564ty hoth within and between species. The GTPase domain

_ _ is characterized by the presence of a P-loop motif (G1 or
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One report also describes the accumulation of humanthose of full-length SEPT42(¢). The expression and puri-
SEPT4 in tau-based filamentous deposits known as neu-fication of SEPT4-G were carried out as described previously
rofibrillary tangles and glial fibrils in Alzheimer’s disease (27) with slight modifications, and its purity was checked
(18). A second paper reported that human SEPT4 is alsoby SDS-PAGE. SEPT4-G was purified with or without the
involved in the formation of cytoplasmic inclusions in addition of GTP to the purification buffer system. The
Parkinson’s disease as well as in the induction of cell death SEPT4-G concentration, in all cases, was determined from
(29). its absorbance at 280 nm in 6.0 M urea using a theoretical

It is now known that many neurodegenerative diseasesextinction coefficient (21 980 M cm™) based on its amino
arise from abnormal protein interaction in the central nervous acid composition Z8), employing a U-2001 Hitachi UV
system. In many cases, there are characteristic deposits o¥isible spectrophotometer. The nucleotide content was
protein aggregates in the brain, which can be cytoplasmic, estimated using the method described by Seck8). For
nuclear, or extracellular20—23). Protein aggregation can right-angle light scattering and ThT fluorescence experi-
result from a mutation in the sequence of the disease-relatednents, the full SEPT4 molecule and the SEPT4-GC product
protein, a genetic alteration that causes an elevation in the(the GTPase domain together with the C-terminal domain)
amounts of a normal protein, or can occur in the absence ofwere expressed and purified as described previou&y. (
genetic alterations, perhaps triggered by environmental stress Size Exclusion Chromatography (SEGEPT4-G was
or aging @4). In aggregation diseases, large intracellular or initially purified in the absence of GTP. After affinity
extracellular accumulations of aggregated protein, known aspurification, samples of SEPT4-G were prepared in buffer
inclusion bodies, are often formed. The inclusion bodies containing 25 mM Tris-HCI, 20 mM NaCl, and 5% glycerol
frequently contain the disease protein in a fibrillar aggregated (PH 7.8) with or without GTP at a final concentration of
form called amyloid 25, 26), which also may contain other 100 «M. Subsequently, each sample was filtered by SEC
material. on a Superdex-200 column coupled to a HPLC system at

In an attempt to better characterize the SEPT4 molecule4 °C. eluted with the same buffer (without GTP) at a flow
in structural terms, we have recently described its molecular 'ate of 0.5 mL/min, monitored by absorbance at both 280
dissection, with the intention of generating more readily a@nd 254 nm, and collected in 1 mL fractions. Subsequent to
crystallizable protein product@7). With this and the need these experlments, all further purlflca_ltlons of SEPT4-G were
to better characterize the stability of the individual domains Performed in the presence of GTP in all the buffers.
in mind, this study describes the analysis of the structural ~Circular Dichroism (CD) Spectroscopyhermal unfolding
integrity of the GTPase domain of human SEPT4 (SEPT4- of SEPT4-G was monitored by far-UV CD spectroscopy
G) using circular dichroism spectroscopy (CD), right-angle (over a wavelength range of 26@50 nm) using a J-715
light scattering, dynamic light scattering (DLS), and the use Jasco spectropolarimeter equipped with a temperature control.
of the fluorescent probes 1-anilinonaphthalene-8-sulfonate CD spectra were measured from samples in 1 mm path length
(ANS) and thioflavin-T (ThT). We demonstrate an interme- quartz cuvettes and were the average of 16 accumulatlpns,
diate structure, rich if-sheet, present during the thermal USing a scanning speed of 20 nm/min, a spectral bandwidth
unfolding of SEPT4-G. This intermediate has a tendency to ©f 1 nm, and a response time of 1 s. The SEPT4-G
form aggregates and binds ThT and Congo red, suggestingconcentration was approximately® in 25 mM Tris-HCI,
the formation of amyloid-like aggregates. The presence of 20 MM NaCl, 0.1 mM EDTA, and 5% glycerol (pH 7.8).
large organized structures was subsequently directly observedf\ll Spectra were smoothed by Fourier filtering using the FFT
by electron microscopy. option of Origin 7.0 prior to subsequent analysis. '

A better understanding of the biochemistry and biophysics 1 hermal denaturation of SEPT4-G was characterized by
of the processes of conformational change and aggregatio€asuring the ellipticity changes at 221 nm induced by a
of septins will be crucial to unraveling their involvement in  {€Mperature increase from 6 to 7Q at a heating rate of
cellular toxic events and cellular protective mechanisms as 10 “C/h.- Specifically, the temperature of the sample was

well as aiding in the understanding of their tendency to Increased by 2C over a period of 2 min followed by a rest
aggregate in vitro. In addition, these intermediates may be period of a further 2 min. Subsequ_ently, 16 data acql.“s't'on
targets for the development of lead compounds capable ofSCans were recorded, each of which took 30 s, leading to a
their disruption. total of 12 min per data point. CD spectra were ob_talned on
a degree ellipticity scale. The buffer contribution was
MATERIALS AND METHODS subtracted in all of the experiments. The ellipticity data
obtained from the study of thermal denaturation were
Materials The pET28af) bacterial expression vector and  analyzed assuming that this is an irreversible transition
Ni-NTA resin were purchased from Novagen. Superdex-200 process. Deconvolution of the spectrum was performed using
resin was purchased from Amersham Pharmacia Biotech (GEthe K2d algorithm (http://www.embl-heidelberg.dein-
Healthcare). Guanosine-Biphosphate (GTP), protein stan-  drade/k2d/).
dards used as SBSAGE markers, Congo red, ANS, and Right-Angle Light ScatteringSEPT4-G (4M) in 25 mM
ThT were purchased from Sigma. All other chemicals were Tris-HCI, 20 mM NaCl, 0.1 mM EDTA, 5% glycerol buffer
of analytical grade (Sigma, Amersham). (pH 7.8) was centrifuged (1606Gor 15 min at 4°C) and
Expression and Purification of the Recombinant GTPase placed in a 0.5 cm path length quartz cuvette in a steady-
Domain of Human SEPT4 (SEPT4-Ghe GTPase domain  state spectrofluorimeter, model K2 ISS, equipped with a
of human SEPT4 (SEPT4-G, residues 4446) was used  refrigerated circulator. The sample was illuminated with 350
for this study because of its higher solubility, its higher nm light, and the scattering at the same wavelength was
expression level, and its greater stability when compared with collected at an angle of 90Measurements were taken at
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20, 30, 34, 37, and 40C. All intensity measurements are
given in arbitrary units after subtraction of the light scattering
by the buffer. Identical experiments were performed at 2
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RESULTS AND DISCUSSION

o SEPT4-G Has a Tendency To Form Aggregates in the

and 37°C using the whole SEPT4 and SEPT4-GC at a Absence of GTPTo apply biophysical techniques to the

concentration of 4M in 25 mM Tris-HCI, 20 mM NacCl,
0.1 mM EDTA, 5% glycerol buffer (pH 7.8).

Nucleotide Releas&amples of SEPT4-G at a concentra-
tion of 20uM in 25 mM Tris-HCI, 20 mM NacCl, 0.1 mM
EDTA, 5% glycerol buffer (pH 7.8) were incubated at 4,
18, 24, and 37C for 90 min and subsequently centrifuged
(at 4°C) using Millipore concentrators (10 kDa cutoff). The
absorption spectrum of the filtrate was measured from 24
to 330 nm using a U-2001 Hitachi UWisible spectropho-
tometer to assess its nucleotide content.

Binding of Congo Red to SEPT4-Samples of SEPT4-G
(~10uM) were incubated at 37C for 1 h and subsequently
stained with a 10 mM Congo red solution in 25 mM Tris-
HCI (pH 7.8), 20 mM NacCl, and 5% glycerol for a further

study of the stability of purified septins, it was initially
necessary to establish efficient expression protocols for the
production of soluble protein products. In this study, we have
concentrated on the GTPase domain of SEPT4 (SEPT4-G)
as it can be readily expressed in stable fornEgtherichia

coli (27). Initial attempts to express the protein in the absence
of GTP in the lysis buffer yielded two principal peaks, both

o of which correspond to SEPT4-G on SBBAGE (Figure

1A,B). The first peak eluted in the void volume of the
Superdex-200 column, was free of bound nucleotide, and
corresponded to high-molecular weight aggregates corre-
sponding to particles with a mean hydrodynamic radius of
approximately 30 nm (Figure 2B). The second peak, on the
other hand, corresponded to a monodisperse dimer in solution

hour. Each sample was washed several times with the samé"ith @ hydrodynamic radius of 4.& 0.3 nm (Figure 2A)

buffer. Subsequently, the sample was observed under bright2"

field and between crossed polars utilizing a Zeiss Axioplan
2 microscope.

ANS Fluorescence AssaSEPT4-G was at 1M in 25
mM Tris-HCI, 20 mM NacCl, 0.1 mM EDTA, 5% glycerol
buffer (pH 7.8) and ANS at a final concentration of 19d.

d was shown to have nucleotide bound (&70.1
nucleotide per monomer). If this sample is then incubated
at 37°C for 1 h and subsequently analyzed by DLS, a profile
similar to that seen in Figure 2B is once more observed.
These results suggest there is a correlation between protein
aggregation and nucleotide content on heterologous expres-

400-600 nm, after excitation at 360 nm within a temperature

range from 6 to 70C at a heating rate of 180C/h.
Thioflavin-T Fluorescence AssapEPT4-G at 1M in

25 mM Tris-HCI, 20 mM NaCl, 0.1 mM EDTA, 5% glycerol

two peaks can be altered by adding GTP to the sample after
affinity chromatography. This results in an increase in the
size of the second peak at the expense of the first (Figure
1A). However, this recovery is not total, indicating that the

buffer (pH 7.8) was used in this experiment. SEPT4-G was first peak may be heterogeneous in nature, and it is possible

incubated with 6Q«M ThT, and the excitation wavelength

to recover only part of the molecules in the lower-molecular

was 450 nm and the emission measured at 482 nm.Wweight fraction. This problem was completely resolved by
Measurements were taken at 20. 30. 37. and?@0The the addition of GTP during all subsequent purifications, from
emission was collected for a per,iod 'of 1 h. In a second Cell lysis onward. Under these conditions, the first peak
experiment which included temperatures above’@5the disappegred altogether and the pre_paration ran as a §ingle
samples were incubatedrfb h at theappropriate temperature ~ Peak which contained 0-8 0.1 nucleotide bound per protein
and subsequently cooled to room temperature prior to themonomer (Figure 1C). This is indicative that nucleotide-free
addition of 60uM ThT, and the fluorescence intensity was SEPT4-G when expressedfn coliis not correctly folded,
measured as described above. Identical experiments with ThTand that GTP binding aids in its folding and stability, which
were performed at 20 and 37T using the full SEPT4  has been similarly described f@ictyosteliumelongation
molecule and SEPT4-GC at a concentration ofilMusing ~ factor 1A 30). Furthermore, Huang et al7)have similarly
the same buffer and conditions employed for the SEPT4-G reported the need to include nucleotide for the successful
experiments. expression of SEPT2 in stable form. Mitchison and Field
Dynamic Light Scattering (DLSBEPT4-G eluted in peaks (31 have gone as far as to suggest that GTP may actually
1 and 2 [purification without GTP in 25 mM Tris-HCI, 20 trigger GTPgse domain folding in the case of SEPT2 from
mM NaCl, 0.1 mM EDTA, 5% glycerol buffer (pH 7.8)]  Xenopus lagis.
was centrifuged at 140@0for 10 min at 4°C and im- Heat Treatment Induces ar to -Transition in SEPT4-
mediately loaded into quartz cuvetttes prior to measurement.G: Formation of an Intermediate Specidhe CD spectrum
DLS was performed using a DynaPro Molecular Sizing of purified SEPT4-G is typical of proteins containing ele-
instrument, with DYNAMICS control and analysis software ments ofa-helical secondary structure which, together with
(DYNAMICS version 5, Proteins Solutions, Inc.). Data the presence of bound nucleotide, is indicative that the recom-
collection times 2 s were used for a minimum of 60 binant domain has folded correctly. The deconvolution of
acquisitions. this spectrum led to an estimated content of 3@%elix,
Electron Microscopy SEPT4-G was incubated at 3T 24% f-strand, and 46% turns and irregular structu2s.(
for 30 min in buffer containing 25 mM Tris-HCI, 20 mM  The spectrum remains relatively constant below @QFig-
NaCl, 5% glycerol buffer (pH 7.8). Negative staining was ure 3A). This can be readily followed by accompanying the
performed by appling to glow-discharged carbon-coated grids ellipticity at 221 nm, which is the dominant peak charac-
for 1 min. The grids were stained with filtered 1% uranyl teristic ofa-helical structure and falls within a region of the
acetate for 1 min and subsequently washed with the samespectrum where the signal-to-noise ratio is of high quality.
buffer. Images were acquired in a Morgagni (Fei/Philips)  The spectral profile is progressively altered, however,
transmission electron microscope working at 80 kV. when the temperature is increased abovéQ@2with a loss
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100
transition temperature (4 and T&), nucleotide remains
L O SO i e firmly bound as demonstrated by the absence of the typical
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 nucleotide spectrum in the filtrate.

Elution (mL) The CD spectrum becomes constant once more between

FIGURE 1: Size exclusion chromatography of recombinant SEPT4- 30 and 42°C, as evidenced by the intensity of the negative
G. (A) Size exclusion chromatography of purified SEPT4-G on minimum at 221 nm, suggesting the appearance of an
Superdex-200. Recombinant SEPT4-G purified in the absence ofintermediate structure within this temperature range (Figure
GTP in all the bufferst). Peakl (void) corresponds to aggregated 3B The profile of the CD spectrum of this intermediate is

nucleotide-free SEPT4-G, and pe2lcorresponds to nucleotide- h teristic of t lati t ostruct
bound SEPT4-G which eluted with an apparent molecular mass of Characteristic of a greater relative contenpestructure, as

~76 kDa. Peak$ and6 are equivalent to peaksand2 but for a corroborated by spectral deconvolution (18%helix, 35%
sample of recombinant SEPT4-G to which GTP had been added tof3-strand, and 50% turns and irregular structures). Above
the sample buffer (- - -). The inset shows the nucleotide content 42 °C, there is a progressive loss of regular secondary

recovered from peaksand2. (B) Coomassie-stained SBRAGE : ; . ;
showing SEPT4-G after size exclusion chromatography of the structure, and over time, t.he protein precipitates in a
temperature-dependent fashion.

sample purified in the absence of GTP. Lane 1 shows molecular

weight standards, and lanes @ correspond to fractions-8L5 mL The structural alteration observed by circular dichroism
taken from the CO|l_,Imn. (C) Recombinant SEPT4-G purified in the from 22 to 30°C is accompanied by an increase in the level
presence of GTP in all the buffers (pelk of binding of ANS to the protein (Figure 5). ANS is an

extrinsic fluorescent probe which is sensitive to conforma-
of the definition of the minima characteristic @fhelix (210 tional changes because it undergoes a large increase in the
and 221 nm) (Figure 3B). This structural alteration can be fluorescence quantum yield when bound to protegs 83).
seen to correlate with the loss of nucleotide from the ANS is known to bind to hydrophobic surfaces, and the
molecule since incubation at 24C leads to a marked results shown in Figure 5 therefore indicate that the observed
reduction in nucleotide content (Figure 4). On the other hand, conformational change involves the exposure of such residues
when the protein is incubated at temperatures below the (32, 34). However, when the temperature is further increased
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signal was observed (Figure 5B), implying a reduction in & 350+ oo
the affinity of the dye at higher temperatures, presumably 1
due to the occlusion of the hydrophobic surfaces. Thus, while < *°1 * 30°C .
the CD spectrum remains constant between 30 an2iC42 50 90 ®
there is a significant decrease in the ANS fluorescence, which ® | 22°C
returns to approximately its original level, suggesting that % 200
the occlusion of hydrophobic regions of the molecule is not
accompanied by any significant alteration to its secondary -
structure. However, the results of ANS binding indicate that
the intermediate, which is rich iA-structure, continues to
undergo further structural alterations within this temperature
range. To investigate the hypothesis that this was due to somez
form of protein aggregation, a series of additional studies = °
was performed.

t 464 nm

150

100

rescence intensity

50 4 °

[0)

10 15 20 25 30 3 40 45 50 H 60 6 70
- . Temperature (°C)

Characterizing the Tertiary Structural Changes of SEPT4-G FicurRe 5: ANS fluorescence assay. (A) ANS fluorescence spectra
upon Heat TreatmenRight-angle light scattering has been at 16, 24' 30, 48, and 67C. (B) Te)llﬁperature dependence oﬁ‘) the

used for studying the polymerization of filament-forming  ANS fluorescence induced by SEPT4-G as monitored using the
proteins. It has been shown that the intensity of scatteredfluorescence emission at 464 nm. At temperatures aboviC30

light is linear relative to polymer mass and that this the fluorescence signal decreases markedly with increasing tem-
relationship is largely independent of filament leng#b,( peratures.

36). When SEPT4-G was maintained at temperatures be-for the entire duration of the experiment over a wide range
tween 6 and 28C, the level of scattered light remained stable of concentrations (15 «M). Figure 6 shows the result at

o1 -
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Ficure 6: Right-angle light scattering. The scattered intensity at
350 nm from SEPT4-G was monitored at 20, 30, 34, 37, and 120
40°C. 1(B) .
110 ~e
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20 °C. However, incubation of SEPT4-G at temperatures = 100 o
above 30°C resulted in a rapid increase in light scattering NS %0 .
after an initial lag phase. This suggests a temperature—.g’ \.\
dependent formation of larger particles in solution. However, £ 801 ®
within the studied temperature range (up to°4X) and at g 70- \
the protein concentrations used here, there was no evidencey .
of protein precipitation, and the solutions remained transpar- & ]
ent at the end of the experiments. % %07
The rate at which the aggregates form is temperature- & 40 .o .\
dependent and begins around q0, which corresponds to = 0] e—e—e "
the temperature at which the ANS dye starts to be released |
20 T T T T T T T T T T T T T T

from the protein and the intermediate is observed in the CD o - - - A - A
spectra. This suggests that the occlusion of hydrophobic sites °
implied by the loss of ANS fluorescence may be due to the Temperature ()

; ; ; Ficure 7: ThT fluorescence assay. (A) Fluorescence emission from
formation of large aggregates, leading to the exclusion of ThT in the presence of SEPT4-G as a function of time at different

the ,dye' Over time, the_ light scattering tends toward, a temperatures. (B) Fluorescence intensity from ThT after incubation
maximum value at which the aggregate concentration for 60 min in the presence of SEPT4-G at different temperatures.
remained constant over time. This can be clearly seen in theThT has a weak capacity to bind to SEPT4-G at temperatures below
case of the measurements taken at@o 28°C. Between 30 and 4ZC, a marked increase in the magnitude

- of the fluorescence signal is observed. Incubation in temperatures
SEPT4-G Forms Amyloid-like Aggregates upon Heat above 45°C resulted in a decay in the fluorescence signal,

Treatment within the Same Temperature Range where thesyggesting that amyloid formation from SEPT4-G becomes pro-

Intermediate Species Accumulat€e characterize the nature  gressively suppressed when the temperature is increased above

of the aggregates, the fluorescence probe ThT was employedts °C.

as was staining with Congo red. ThT is a fluorophore widely =~ S .

used to detect amyloid structure in proteins and usually doesindicating that the amyloid-like fibers are nucleotide-free

not bind to amorphous aggregates. ThT has a limited capacity(Figure 4).

to bind to SEPT4-G at room temperature28 °C). However, Incubation at temperatures above*4bresulted in a decay

the fluorescence signal is observed to increase in a sigmoid-in the overall fluorescence, suggesting that the extent of

like fashion at temperatures between 30 and@(ndicating amyloid formation from SEPT4-G progressively decreases

that direct interaction with the protein is taking place (Figure when the temperature is raised above°@5or that this is

7). In the case of the measurements taken af@Qthe partially due to the protein beginning to precipitate (Figure

plateau could be clearly seen and was reached after ap-7B). We conclude that the initial formation of a partially

proximately 1000 s. folded structure, or intermediate, is necessary for the forma-
This interaction strongly suggests that the aggregatestion of the amyloid-like structures and that at higher

described above are amyloid-like and therefore not amor- temperatures there is a tendency to form amorphous ag-

phous in nature. The temperature interval which correspondsdregates which are no longer recognized by TBU, 37).

to a maximum in ThT fluorescence corresponds to that over A summary of the main results described above is given in

which the intermediate was observed using CD spectroscopy,Table 1.

suggesting a direct relationship between ThT binding (and Characterizing the Morphology and Size of the Aggregates

therefore amyloid production) and the existence of the of SEPT4-G Formed upon Heat Treatmenhe aggregates

structural intermediate. Furthermore, within this temperature which form at 37°C bind to Congo red as seen by differential

range, the protein has already lost its bound nucleotide, interference contrast microscopy (Figure 8B), supporting the
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Table 1: Summary of the Main Results

temperature
range ¢(C) nucleotide binding aggregation state secondary structure ANS binding ThT binding
6—20 guanine nucleotide bound soluble dimer a/f-secondary structure weak binding to ANS weak ThT binding
22-28 loss of nucleotide soluble structural transition strong binding to ANS weak ThT binding
3042 nucleotide free soluble fibers  f-rich intermediate ANS release strong ThT binding
>42 nucleotide free aggregates denatured over time ANS free weak ThT binding
(A4) %0 (A)
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Ficure 8: (A) Negative stain electron micrograph of SEPT4-G
fibrils after incubation for 30 min at 37C. The scale bar
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Ficure 9: Comparison between the aggregation behavior (A) and

corresponds to 1000 nm. (B) Difference interferential contrast of ThT fluorescence (B) of the whole protein (SEPT4), SEPT4-GC

an identically treated sample stained with Congo red.

(GTPase domain with the C-terminal domain), and SEPT4-G. The
scattered intensity (at 350 nm) and fluorescence emission from ThT

suggestion that they are amyloid-like and the fact that they (at 482 nm) were monitored at 3T as a function of time.

present only a low birefringence which is not inconsistent

with this hypothesis as recently discuss8d)( These same

this goal, here we describe a detailed study of the stability

aggregates were observed via electron microscopy to presen®f the principal domain of human SEPT4.

a complex network of unbranched fibrils with highly variable

It should be borne in mind that it is reasonable to study

diameters (1640 nm) and lengths up to several micrometers the GTPase domain in isolation given that the N-terminal
(Figure 8A). Wider fibers often appear to be the results of domain is intrinsically unstructure@7) and that a protein

the superposition of smaller ones.

product including both the GTPase and C-terminal domains

Progress in the study of the biochemistry and cell biology together (SEPT-GC) behaves like SEPT4-G alog8d).(
of septins has been hampered by the apparent instability ofFurthermore, at physiological temperature (&}, both the
most septins when expressed as single recombinant moleculewhole septin molecule (SEPT4) and the SEPT4-GC product
(4, 5). This also explains the current absence of a crystal exhibit aggregation behavior similar to that of SEPT4-G
structure for any septin or domain thereof. A better under- (Figure 9A). Once again, this aggregation is related to the
standing of septin stability is therefore a hurdle which must binding of ThT (Figure 9B), suggesting the aggregates to
be overcome to make significant progress in comprehendingbe amyloid-like. These results indicate that the biophysical
the molecular mechanisms which directly associate different characterization of the GTPase domain alone reported here
septins with specific pathological conditions, such as neo- is pertinent to the whole molecule. It should be pointed out

plasia, neuropathology, and infectious disea88s {Toward

that by studying the GTPase domain in isolation we have
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30°C<T<45C explanation for the observation of homopolymers, by dem-

fibrillar aggregates onstrating that the GTPase domain of SEPT4 is capable of
[ ( ( ( ( ( [ forming amyloid-like filamentous structures in vitro under
well-defined conditions. Indeed, the filaments reported here

GTP
N ; 1 é‘;
= = Nucl . . . Lo E
O C( ol w are considerably wider than those described in vivo in yeast
T=20°C richin
A)

(1) and also those observed on coexpression of mammalian

ZZDCB:};:‘. 30°C e~ septins 2, 6, and 7 in vitra}}, both of which are believed to
T > 45°C represent functional filaments. The difference between these
two polymerization schemes is illustrated in Figure 10B. Our
hetero-filaments results suggest a need for a critical re-examination of the

nature of what have been described as septin filaments in

e
AN N T AVSNAVAS S | the past, and also for careful attention to the physicochemica
e past, and also for careful attention to the physicochemical
+ + = .- . .
A A O O O 00‘000 conditions used for their observation.

Intermediate A A A A A A It is intriguing that the amyloids described here are formed
S C( |:> [ ( ( ( ( ( [ ®) rapidly under conditions of temperature and pH which are
1 - i - close to physiological; this raises the possibility that they

LA fibrillar aggregates may have a physiological role rather than being merely an

FIGURE 10: Reaction scheme for SEPT4-G unfolding. (A) N and [N Vitro artifact. If indeed the formation of active filaments
| indicate the native form and intermediate state of SEPT4-G, requires the presence of different septins [which presumably
respectively. Nucl is a presumed nucleation state which may lead increase the overall stability of the individual components

to either fibril formation (F) within a defined temperature interval  of the complex 4, 5, 39)], then polymerization in the form
or aggregation. (B) Possible polymerization schemes for septins in : " ' P

general both in vivo and in vitro._A, B, and C are generic names thf"“r*]‘{]'o'd ma}{ bt? a meart1§ of ellmlngttl)ng a lcomponenltd
which refer to three different septin molecules. In panels A and B, WNICh happens 1o be present in excess. Ubviously, this wou

the ® symbol indicates GTP. have to be viable under physiological conditions, as observed
here. This is consistent with recent ideas which suggest that
been able to identify a thermal unfolding intermediate which amyloid-like aggregates may represent a physiological mech-
would be difficult, if not impossible, to identify using a anism for detoxifying smaller disease-causing protofilaments
multidomain molecule. (37).
The results described above are consistent with a model A recent report showed that SEPT4 accumulates in

for amyloid formation by the septin 4 GTPase domain which cytoplasmic inclusions found in three major synucleinopa-
is summarized in Figure 10A. At temperatures up to around thies: Parkinson’s disease (PD), dementia with Lewy bodies
20 °C, the SEPT4-G domain is stable in solution in its (DLB), and multiple-system atrophy (MSAL®). Further-
nucleotide-bound dimeric form. As the temperature is more, one report suggests that SEPT4, together with SEPT1
increased from 22 to 30C, there is an alteration to the and SEPT2, may also be associated with neurofibrillary
secondary structure which is accompanied by the exposuretangles and other pathological features of senile plaques in
of hydrOphObiC residues and the loss of guanine nUCleOtide.A|zheimer’S diseasele)_ However, the use of monoclonal
From 30 to~42 °C, a partially unfolded intermediate is  antibodies against a GSTSEPTA4 fusion proteind0) showed
observed which is rich ifi-structure. Within this temperature  no significant reaction to disease-related pathological features
range, this intermediate tends to polymerize, forming amy- in human specimens obtained from both Parkinson’s and
loid-like structures which bind Congo Red and ThT and can a|zheimer's patients (M. Tanaka et al., unpublished data).
be directly visualized by electron microscop@7). On Therefore, whatever the exact role of SEPT4 in different
polymerization within this temperature range, there is no disease processes, a need for a better understanding of its

observable alt?ratior.\ to the Secondary StrUCtlrlre; hOWG.VGr,biophysica| behavior, inc|uding its aggrega‘[ion properties'
the hydrophobic regions exposed during partial unfolding s clearly needed.

up to 30°C once more become buried, and ANS is rapidly

released from the molecule. At temperatures aboveGl2 ragpect 1o the possible association of SEPT4 with neurode-
further alteration to the secondary structure is observable N yenerative diseases. At the very least, they suggest a possible

the CD spectrum, indicative of further unfolding. This leads echanism for the association of partially unfolded SEPT4
to the formation of amorphous protein aggregates, which no it the pathological processes with which it has been
longer bind ThT 87), and finally results in precipitation. suggested to be associated.

There has been considerable discussion in the recent In this study, we describe the first report of amyloid

literature concerning the formation of both homo- and . .
. . . formation by any septin and have therefore gone some way
22};{105’ Ognr];;str?;ts?upr?cr;%rﬁl ?illgrﬁei?)s- rl‘rTu\gtheStgc()jrlr(\esose dtoward establishing methodologies for future research. Such
of more th%n wo different septins. and the maiorit gf in studies on the biochemical and biophysical properties and
puns, jorty tphysiological functions of septins should provide important

P poly neurodegenerative disorders.

mers in vitro 6, 7). Although it is not necessarily to be
expected that all septins will behave similarly in this respect, ockNOWLEDGMENT
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