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ABSTRACT: The septins are a conserved family of guanosingiphosphate (GTP)-binding proteins. In
mammals they are involved in a variety of cellular processes, such as cytokinesis, exocytosis, and vesicle
trafficking. Specifically, SEPT4 has also been shown to be expressed in both human colorectal cancer
and malignant melanoma, as well as being involved in neurodegenerative disorders. However, many of
the details of the modes of action of septins in general remain unclear, and little is known of their detailed
molecular architecture. Here, we define explicitly and characterize the domains of human SEPT4. Regions
corresponding to the N-terminal, GTPase, and C-terminal domains as well as the latter two together were
successfully expressed Escherichia coliin soluble form and purified by affinity and size-exclusion
chromatographies. The purified domains were analyzed by circular dichroism spectroscopy, fluorescence
spectroscopy, dynamic light scattering, and small-angle X-ray scattering, as well as with bioinformatics
tools. Of the three major domains that comprise SEPT4, the N-terminal domain contains little regular
secondary structure and may be intrinsically unstructured. The central GTPase domain is aufiixed
structure, probably based on an ogesheet. As defined here, it is catalytically active and forms stable
homodimersn vitro. The C-terminal domain also forms homodimers and can be divided into two regions,
the second of which is-helical and consistent with a coiled-coil structure. These studies should provide

a useful basis for future biophysical studies of SEPT4, including the structural basis for their involvement
in diseases such as cancer and neurodegenerative disorders.

Septins were first identified i®accharomyces cerisiae sequence similarity of 70%7). The GTPase domain is
as proteins required for the completion of the cell cydle (  characterized by the presence of a P-loop motif (G1 or
Septins purified from yeast form filaments of variable length Walkers’s A box) close to its N terminu8)( Furthermore,
that are 79 nm in diameter. However, their mechanism of additional GTPase motifs (G3 and G4) are also frequently
assembly is still not fully elucidate®). Similar filaments present, both of which are directly associated with substrate
have also been isolated froBrosophilaand mammalian  binding in small GTPases8(9). Both the binding of GTP
brain tissue §, 4). At least 12 mammalian septins have been and its hydrolysis have been experimentally demonstrated
identified, and a recent paper suggests the utilization of afor several septini vitro (10—12).
generic nomenclaturé). The sequences of all memberscan | contrast, little is known about the highly variable
be divided into three domains: a variable N-terminal domain, N_terminal domain in terms of both its structure and

a central GTPase domain, and a C-terminal region thatpg|agical role. This domain varies considerably from one
generally includes sequences characteristic of coiled Co”sseptin to another, particularly in terms of its length. For
(6). example, the N-terminal domains of human SEPT3 and
The central GTPase domain is reasonably well-conservedSEPT4 are 24 and 119 residues in length, respectively.
(>35% sequence identity between yeast and mammalianAithough the function of this domain is still largely obscure,

septin homologues, for example), but this is not the case forits variability from one septin to another is suggestive of a
the N- and C-terminal domains, which vary greatly both role in determining selectivity.

within and between species. However, the level of sequence
conservation among GTPase domains of septins from the
same species is considerably higher, with a minimum

The C-terminal domains of many lower eukaryotic and
mammalian septins present typical sequences characteristic
of left-handed coiled coilsg; 11, 13). These are expected
to be involved in proteifprotein interactions, which may

*Towh_omcorres_pondenceshouldbeaddressed.E-mail: wanius@if.sc.usp.bbe important for the formation of homo- or heteroligomers.
(W.G.); richard@if.sc.usp.br (R.C.G.). However, there is evidence that the oligomerization of septins
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§ National Institute of Advanced Industrial Science and Technology. @nd particularly the formation of filaments are based on
' Tokai University School of Medicine. interactions that also involve the GTPase domaif (3).
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The association of some septins with membranes has beeMMATERIALS AND METHODS
attributed to a well-characterized polybasic sequence residing ) ) )
Materials. The bacterial expression vector pGEX-5X-1,

between the N-terminal domain and the GTPase, typically .
about 9 residues prior to the P loop. This polybasic sequenceGIUtathlone Sepharose 4B, and Factor Xa were purchased

is known to bind phosphatidylinositol 4,5-bisphosphate from Amersham Pharmacia Biotech. The bacterial expression

Ptdins(4,5)F and probably confers membrane-bindin vec_tor pPET28at) and nicket-nitrilotriacetic acid (Ni—.NTA)
E:apabilgty ;;SB] reportepd for t?\le mouse SEPTA)( During g resin were purchased from NOVAGEN. Restriction endo-

spermatogenesis, mouse SEPT4 was essential for correcE}UCIeases’ isopropyl-p-thiogalactopyranoside (IPTG), and

mitochondrial architecture and in establishing the annulus 4 DNA ligase were obtained from Invitrogen, Inc. Gua-
within the tail region of sperml@). These data may also be nosine-Striphosphate (GTP), polyethyleneimine (PEI)-cel-

indicative of a role for SEPT4 that is dependent upon specific lsutle(xjr?:a:gg thfggags rsggiﬁjll: ?jtggéiglh Zuggl;é:;é;glc;mpirg;eln
proteinr—-membrane interactions.

gel electrophoresis (SDFAGE) markers were from Sigma
The SEPT4gene resides at 17923 and is physiologically Aldrich. Guanosine-5[y-32P]triphosphate (f-*P]GTP, 5000
expressed mainly in normal cerebral tisstig, (L6). Interest- Ci/mmol) was purchased from Amersham Pharmacia Bio-
ingly, however, under certain pathological conditions, human tech. Native gels for electrophoresis{85% (w/v) gradient
SEPT4 is also expressed in colorectal and urologic cancerpolyacrylamide], Superdex-200, and Superdex-75 resin were
and malignant melanoma?). This unique pathology-related purchased from Amersham Pharmacia Biotech. All other
expression profile has never been observed among otherchemicals were of analytical grade.
mammalian septin family members. A recent paper showed Computational Methods for Domain Definitions and
that the impaired expression of human SEPT4 directly Structure PredictionThe N-terminal domain (SEPT4-N) was
affected cell division and caused selective G2 arrest in defined as the common sequence between two splice variants
cultivated human cancer cell&4). This is consistentwith a  of SEPT4, namely, isoform 1 (NCBI accession number NP
role for SEPT4 in cytokinesis, as has been reported for other536342) and isoform 4 (NP 004565)6). To define the
septin family members 18, 19). Furthermore, SEPT4 boundaries of the GTPase domain, the human SEPT4
together with SEPT1 and SEPT2 are accumulated in tau- (SEPT4-G) sequence was initially aligned with a further eight
based filamentous deposits known as neurofibrillary tangles human septin sequences using Clustal2®) (and subse-
and glial fibrils in Alzheimer's disease2(). The SEPT4 guently compared with an alignment of nine small GTPases
protein is also involved in the formation of cytoplasmic of known structure. The P-loop motif, clearly recognizable
inclusions as well as induction of cell deatharsynuclein- in all cases, was taken as a fixed reference point for both
associated neurodegenerative disord2ts Clearly, further  alignments and used to identify a four-residue hydrophobic
studies of the detailed mechanisms of action of SEPT4 arestretch characteristic of the N terminus of small GTPases.
relevant for a complete understanding of a series of important The corresponding position in SEPT4 was taken as the
physiological and pathological processes. definition of the beginning of the SEPT4-G domain. This
esulted in a gap of 24 residues (including the polybasic
egion) between the C terminus of the N-terminal domain
and the N terminus of the GTPase domain. The C terminus
of the SEPT4-G domain was defined with reference to a
CAAX motif (where A is an aliphatic residue and X is a
serine/leucine/methionine28). According to this definition,
the C-terminal domain contains only 62 residues. However,
uncertainties in the exact definition of the C terminus of the

Despite these considerable advances in the understandin
of the cell biology of different members of the septin family,
there has been relatively little progress concerning their
detailed structural properties. Indeed, more is probably
known about the ultrastructure of the heterpolymeric fibers,
which are formedn vivo andin vitro, than about the atomic
structure of any individual septin. Certainly, one of the factors

limiting progress in this field is the instability of recombi-  gEpT4.G6 domain suggested that the expression of the
nantly expressed septins and their tendency to aggretfiite ( C-terminal domain in conjunction with the preceding GTPase

One approach to this problem is to accurately define and 4o main  in the form of a single molecule, would also be of
express separately the individual structural domains (or pairs, 5 e
thereof) in an attempt to generate products that are both more The methods used for general secondary-structure predic-

stable and soluble when expressedEstherichia coli tion were PHD 24), PSIPRED 25), and SSproZ6). Paircoil

In the present study, the full-length form of human SEPT4 (27) was used for coiled-coil prediction, and 1UPrezBY
and its individual N-terminal, GTPase, and C-terminal was used for the identification of intrinsically unstructured
domains (SEPT4-N, SEPT4-G, and SEPT4-C, respectively) regions.
as well as the latter two together in a single construct  pjasmid ConstructionRecombinant DNA techniques were
(SEPT4-GC) were successfully defined. They were all performed using conventional protocols. cDNA correspond-
subsequently expressedincoliin soluble form and purified  jng to the full-length SEPT4 and the predicted domains was
by a two-step protocol using both affinity and size-exclusion amplified by polymerase chain reaction (PCR) using a MJ
chromatography (SEC). The structural integrity of the Research, Inc. thermal cycler PTC-100, using SEPT4 as a
purified products was analyzed by native gel electrophoresis,DNA template (6). The DNA encoding the SEPT4, N-
circular dichroism (CD) spectroscopy, fluorescence spec- terminal domain (SEPT4-N), GTPase domain (SEPT4-G),
troscopy, dynamic light scattering (DLS), and small-angle C-terminal domain (SEPT4-C), and GTPase domain plus
X-ray scattering (SAXS) and compared with the results of C-terminal domain (SEPT4-GC) were amplified, producing
computational sequence analysis. The catalytic activity of five fragments of around 1500, 360, 820, 1000, and 200 bp,
the SEPT4-G product was also demonstrated. respectively. In the case of SEPT4, the amplification product
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Table 1: Plasmids Used in This Study

plasmid plasmid
designation construction residues
pGST-SEPT4 SEPT4 -1478, 478 amino acids
pET-SEPT4-N SEPT4-N 4119, 119 amino acids
pET-SEPT4-G SEPT4-G 144416, 273 amino acids
pPET-SEPT4-GC SEPT4-GC 14478, 335 amino acids
pET-SEPT4-C SEPT4-C 43478, 62 amino acids

and the expression vector pGEX-5X-1 were digested with
BarrHI and Xhd and used to transforr&. coli DH5a. after
ligation with T4 DNA ligase. The new vector construct was

Garcia et al.

until attaining an optical density between 0.5 and 0.6 &t

600 nm. Subsequently, IPTG was added to a final concentra-
tion of 0.5 mM. The incubation was prolonged fbh at 37

°C (or 10 h at 20°C in the case of SEPT4-C). After
centrifugation, the pelleted cells were resuspended in PBS
buffer (pH 7.4) containing 1.0 mM PMSF and disrupted by
the addition of 0.1 mg/mL lysozyme for 30 min at°C
followed by sonication. The suspension was then centrifuged
at 2000@ for 20 min at 4°C, and both the pellet and
supernatant were analyzed on SEFAGE to check the
solubility of the recombinant fusion protein. The supernatant
containing the recombinant SEPT4-N or SEPT4-C domain

named pGST-SEPT4 and produced the target protein inwas applied to a nickel-affinity column equilibrated with PBS

fusion with GST. In the remaining cases, both the amplified
products and the expression vector pET28agere digested
with Ndd and BanHI and used to transform thE. coli
DHb5a strain after ligation with T4 DNA ligase. Transfor-

buffer. After the unbound proteins were washed out with
PBS buffer (pH 7.4) containing 10 mM imidazole, the

recombinant proteins were eluted from the column with the
same buffer containing 100 mM imidazole. The recombinant

mants were confirmed by PCR and restriction analysis. The SEPT4-N or SEPT4-C was applied to a Superdex-75 gel-
new vector constructs were named pET-SEPT4-N, pET- filtration column at 4°C. Elution was carried out with the
SEPT4-G, pET-SEPT4-C, and pET-SEPT4-GC, producing buffer containing 25 mM Tris-HCl and 20 mM NaCl at pH
the SEPT4-N, SEPT4-G, SEPT4-C, and SEPT4-GC proteins7.8, and the fractions were analyzed by 15% SIPAGE.
fused to a His tag. All plasmids were sequenced by the A total of 500uL of an overnight culture oE. coliBL21-
dideoxy chain termination metho@9) using an ABI Prism (DE3) harboring the pET-SEPT4-G (or pET-SEPT4-GC)
377 automated DNA sequencer (Perkin-Elmer) following the plasmid was inoculated into 500 mL of fresh LB medium
protocol of the manufacturer. Table 1 shows a summary of containing kanamycin (5@g/mL). The culture was incubated
the plasmids used in this study. at 37°C while shaking until attaining an optical density of

Expression and Purification of Recombinant SEPT4, 0.5 atd = 600 nm. Subsequently, IPTG was added to a final
SEPT4-N, SEPT4-G, SEPT4-C, and SEPT4-Gt.expres-  concentration of 0.4 mM. The incubation was prolonged for
sion plasmid pGST-SEPT4 was used to transf@&ncoli a further 10 h at 20C. After centrifugation, the pelleted
AD202-competent cells. A total of 5Q@L of an overnight cells were resuspended in buffer containing 25 mM Tris-
culture ofE. coli AD202 pGST-SEPT4 was inoculated into  HCl at pH 7.8, 20 mM NacCl, 1.0 mM PMSF, 5% glyceroal,
500 mL of fresh LB medium containing ampicilin (10@/ 0.1 mM GTP, and 0.05% tween and disrupted by the addition
mL) and kanamycin (5@g/mL). The culture was grown at  of 0.1 mg/mL lysozyme for 30 min at 4C followed by
37 °C to mid-log phase (OBo nm= 0.8). At this point, the  sonication. The suspension was then centrifuged at 2P000
culture was induced with 0.2 mM IPTG, and the incubation for 20 min at 4°C, and the pellet and supernatant were
was continued for an additional 16 h at 2C. After analyzed on SDSPAGE to check the solubility of the
incubation, the culture was immediately harvested by cen- recombinant fusion protein. The supernatant containing the
trifugation at 600@ for 20 min at 4°C. The pelleted cells  recombinant SEPT4-G (or SEPT4-GC) domain was applied
were resuspended in 50 mM Tris-HCI at pH 8.0 buffer to a nickel-affinity column equilibrated with the same buffer.
containing 25 mM NacCl, 5% glycerol, 0.1 mM GTP, 1 mM  After the unbound proteins were washed out with the same
PMSF, 10uM Leupeptin, and kM Pepstatin and disrupted  buffer containing 5 mM imidazole, the recombinant protein
by sonication. The suspension was then centrifuged at 20000 was eluted from the column by increasing the imidazole
for 20 min at 4°C to separate the cell debris. The supernatant concentration to 100 mM. The recombinant SEPT4-G (or
containing recombinant GST-SEPT4 was gently mixed with SEPT4-GC) was then applied to a Superdex-200 size-
Glutathione Sepharose 4B Fast Flow (2.0 mL) &CAfor exclusion column. Elution was carried out af@ using a
20 min. After incubation, the resin was packed into a column modified buffer containing 25 mM Tris-HCI at pH 7.8, 20
and washed several times with 50 mM Tris-HCl at pH 8.0, mM NacCl, 5% glycerol, and 0.1 mM EDTA, and the
25 mM NacCl, 5% glycerol, and 2 mM CaglIThe recom- fractions were analyzed by 15% SBBAGE.
binant fusion protein was cleaved with the Factor Xa protease Protein ConcentrationThe concentrations of the recom-
(50 units) while bound to the column at 1G. The released  binant proteins were determined by UV absorbance &t
SEPT4 was eluted, pooled, and loaded onto a Superdex-20@80 nm (spectrophotometer U-2001 Hitachi) using a theo-
column. Elution was carried out with 25 mM Tris-HCI, 25 retical extinction coefficient based on the amino acid
mM NacCl, 0.1 mM ethylenediaminetetraacetic acid (EDTA), composition 80). The theoretical extinction coefficients
and 5% glycerol at pH 8.0, and the collected fractions were employed were,go = 45 570 Mt cm™! for SEPT4,€250 =
analyzed by 15% SDSPAGE. 21030 Mt cm! for SEPT4-N,e20 = 21 980 Mt cm™?t

The expression plasmids carrying the SEPT4-N, SEPT4- for SEPT4-G g0 = 1490 Mt cm! for SEPT4-C, andzso
G, SEPT4-C, and SEPT4-GC gene fragments were used to= 24 785 Mt cm™! for SEPT4-GC.
transformE. coli strain BL21(DE3)-competent cells. A total Nucleotide ConteniThe nucleotide content of the purified
of 500 uL of an overnight culture ofE. coli BL21(DE3) SEPT4, SEPT4-G, and SEPT4-GC was estimated using the
harboring the pET-SEPT4-N or pET-SEPT4-C plasmid was method described by Seckler et &1). Briefly, cold HCIO,
inoculated into 500 mL of fresh LB medium containing was added to a solution of SEPT4, SEPT4-G, or SEPT4-
kanamycin (5Qug/mL). The culture was agitated at 3T GC (at a known concentration) to a final concentration of
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0.5 M and left on ice for 15 min. The resulting precipitate
was removed by centrifugation at 16@pat 4 °C for 15

Biochemistry, Vol. 45, No. 46, 2006.3921

according to previously described metho@5)( with slight
modifications. The reaction mixture containeduM of

min. The optical density of the supernatant was measuredSEPT4-G together with 50 nMy[3?P]GTP (either in the
spectrophotometrically, and the nucleotide (GDP and/or presence or absence of an additionalM unlabeled GTP),
GTP) concentration was determined assuming an extinction25 mM Tris-HCI at pH 7.8, 20 mM NacCl, 5% glycerol, and

coefficient ofessanm= 12 400 ML cmL.
CD SpectroscopyCD spectra were collected using a Jasco

J-715 spectropolarimeter. The protein solution was ap-

proximately 10uM in the cases of SEPT4-N and SEPT4-C
(in 25 mM Tris-HCl and 20 mM NacCl at pH 7.8) anduM

in the cases of SEPT4-G and SEPT4-GC (in 25 mM Tris-
HCI at pH 7.8, 20 mM NaCl, 0.1 mM EDTA, and 5%
glycerol). All data were collected using a 0.1 cm quartz
cuvette at 10°C, and the spectra were recorded over the

0.5 mM MgCh in 25 uL. The reaction was performed at
18 °C for 10 min and was stopped by adding:l of 150

mM EDTA. Subsequently, AL of sample from the reaction
mixture was spotted onto a PEI-cellulose TLC plate and was
developed by ascending chromatography gidirM lithium
phosphate/0.3 M sodium phosphate (pH 3.8). The TLC plate
was visualized by autoradiography. Control experiments were
performed in the absence of SEPT4-G ora¥lg

SAXS Data CollectionFor SAXS measurements, the

wavelength range from 195 to 250 nm and were determined SEPT4-G concentrations used were approximately 3 and 9
as an average of 32 scans. Spectra were transformed to molagg/mL in 25 mM Tris-HCI buffer at pH 7.8 containing 20
ellipticity (6) using the mean weight residue and concentra- mm NaCl, 0.1 mM EDTA, and 5% glycerol. The samples

tion prior to the secondary-structure analysis. To obtain

were centrifuged for 10 min at 13004 °C) prior to

structural information, the CD data were analyzed by three measurement, which were carried out at the LNLS, Campi-
different programs. Spectra were deconvoluted using the ngs, Brazil, using the synchrotron SAXS beamligé)(The

SELCONS3 B2), CONTIN (33), and CDS 84) programs
using different databases.

DLS.Protein solutions (between 0.4 and 1.0 mg/mL) were
centrifuged at 160@pfor 15 min at 4°C and immediately

wavelength of the incoming monochromatic X-ray beam was
2 =1.488 A. A 1D X-ray position-sensitive detector (PSD)
was utilized to record the scattering intensity as a function
of the modulus of the scattering vectpithereq = 4 sin

loaded into a quartz cuvette prior to measurement. In the g/3, where 6 is half the scattering angle). The parasitic
cases of SEPT4-N and SEPT4-C, measurements were madgcattering from air and beamline windows were subtracted

in 25 mM Tris-HCIl and 20 mM NacCl at pH 7.8, while for

from the total measured intensities. The samjuletector

SEPT4, SEPT4-G, and SEPT4-GC, measurements werejistance (1031.5 mm) was adjusted to record the scattering

made with the addition of 5% glycerol and 0.1 mM EDTA
included in the buffer. Light scattering was performed using
a DynaPro Molecular Sizing instrument, with DYNAMICS
control and analysis software (DYNAMICS, version 5,
Proteins Solutions, Inc.). Data collection timefs2os were
used in all cases, for a minimum of 60 acquisitions aC4
Analysis of SEPT4-G and SEPT4-GC by MatiGel
ElectrophoresisSEPT4-G (¢30uM) and SEPT4-GC+18
uM) were subjected to electrophoresis on ar28% (w/v)

gradient polycrylamide gel at pH 8.8 using the Phast System

(Amersham Bioscience) at 4C and stained following

intensity forq values ranging from 0.01 to 0.25°A The
samples were encapsulated inside a cell with two thin parallel
mica windows. Data analysis was performed using the
GNOM program packages{, 38). Model simulations were
done using DAMMIN @9, 40). At least 10 independent
reconstructions starting from random approximations yielded
reproducible results.

RESULTS

Domain Definitions of SEPT4igure 1A shows schemati-

standard protocols. Protein standards of known hydrodynamiccally the methodology used to define the boundaries of the

radii (thyroglobulin, 8.5 nm; ferritin, 6.1 nm; catalase, 5.22

three SEPT4 domains used in this study. The N-terminal

nm; lactate dehydrogenase, 4.4 nm; and bovine Serumdomain was defined from residues-119 based on the
albumin, 3.55 nm) were electrophoresed under the samesequential identity of this region observed for the SEPT4

conditions. The mobility of the individual bands of the
protein standards were plotted as the retardation fa&dr (
versus the Stokes radiR{). The linear equation obtained
from this calibration was employed to calculate tReof
SEPT4-G and SEPT4-GC.

Fluorescence Spectroscoluorescence emission mea-

splice variants known as isoforms 1 and 4. This sequence
identity, which terminates abruptly after residue 119, was
taken to be indicative of a possible independent domain, here
defined as SEPT4-N.

Parts B and C of Figure 1 show regions of the multiple-
sequence alignment used to define the N and C termini of

surements were performed on a steady-state spectrofluorimthe GTPase domain. The crystal structures of small GTPases

eter, model K2 ISS, equipped with a refrigerated circulator.

showed the presence of a consensus stretch of four hydro-

The three tryptophans of SEPT4-N and two tryptophans of phobic residues corresponding to the N-termifiatrand,

SEPT4-G and SEPT4-GC were excited at 295 nm &CLO

immediately prior to the P loop. A similar pattern was

Fluorescence emission spectra were recorded from 305 toobservable in all human septin sequences and was used as a
450 nm from samples loaded into a 1.0 cm path-length quartzdefinition of the N terminus of the GTPase domain, SEPT4-
cuvettte. The SEPT4-N concentration was approximately 5 G. This definition leaves a gap of 24 residues between the

uM in 25 mM Tris-HCI buffer at pH 7.8 containing 20 mM

end of SEPT4-N and the beginning of SEPT4-G, which

NaCl. The SEPT4-G and SEPT4-GC concentrations were encompasses the polybasic region. The C terminus of

approximately &M in 25 mM Tris-HCI buffer at pH 7.8

containing 20 mM NacCl, 0.1 mM EDTA, and 5% glycerol.
GTPase Actiity Assay.GTP hydrolysis was determined

by the appearance of the hydrolysis productsyefP]GTP

SEPT4-G was defined in reference to the CAAX motif
shown in Figure 1C. The resulting definition of SEPT4-G
encompasses residues 6. SEPT4-GC therefore runs
continuously from residue 144 to 478.
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@ GTPase domain on its own shows roughly equal proportions
19 . . .
1 | 470 of a helix, B sheet, and coil, while the secondary structure
SR X @& J_ of the C-terminal domain is dominated hy helix, as
SEPTAN . confirme_d by the Paircoil prediction (see the Supporting
SEPT4.G | | Information).
SEPT4-GC | —— Subcloning, Expression, and Purification of Recombinant
(B) N-Terminal SEPT4, SEPT4-N, SEPT4-G, SEPT4-C, and SEPT4-GC.
HR . P-loop DNA amplification produced a-1500 bp fragment, corre-
SR T T sponding to t.hfa enchlng region of SEPT4. The expression
HRas: MTEYKLVYVGAGGVGKSALTIQLIQNH vector containing this fragment was used to transfé@m
NRas: MTEYKLVVVGAGGVCKSALTIQLIQNH coli AD202 cells, which expressed GST-SEPT4 after IPTG
$= MTEYKLVVVGAGGVCKSALT IQLIQNH induction. An additional band on SB$AGE corresponding
A: MAATRKKLVIVGDGACGKTCLLIVFSKDQ Ny ; ;
RhoB: MAAIRKKLVVVGDGACGKTCLLIVE SKDE to a protein of_ 82 kDg was observed in the crude bactgrlal
RhOC: MAATRKKLVIVGDGACGKTCLLIVFSKDQ Iysatgs, consistent with that expected for the recombinant
CDC42: MQTIKCVVVGDGAVGKTCLLISYTTNK protein (data not shown). The greater part of the GST-SEPT4
Racl:  MQAIKCVVVGDGAVGKTCLLISYTTNA was found in the pellet after lysis under all conditions tested.
FESEE e ] CELERTNR That which remained in the soluble fraction was isolated by
(© C-Terminal B affinity chromatography, pooled for cleavage by Factor Xa,
and further purified by Superdex-200 SEC (peak 1 in Figure
BEPT4: ---RTHMQDLKDVTRETHYENYRAQCIQSMT 2A). SEPT4 eluted in the peak corresponding to the void
ARws  BRIEUCRISRINERDSS e N s volume of the column. However, upon SBBAGE under
NRas: REIRQYRMKKLNSSDDGTQGCMGLPCVVM duci it thi K migrated I v h
KRas: REIRQYRLKKISKEEKTPGCVKIKKCIIM reducing conditions, this peak migrated as a largely homo-
RhOA: RAALQARRGKKKSG-—-———==m—— CLVL geneous band with a molecular weight between 45 and 66
RhoB: RAALQKRYGSQNGCINC---—---= CKVL kDa, consistent with that expected for an SEPT4 monomer
RhoC: RAGLQVRENKRRRG----—--=---= e (Figure 3A). SEPT4 was demonstrated by N-terminal
CDC42: NVFDEAILAALEPPEPKKSRR----CVLL . f the first fi . id dat t sh
Racl: RAVLCDPPVKKRKRK—————————— ey sequencing of the first five amino aC|.s( ata not s own).
Rac2: RAVLCPQPTRQQKRA-———====—~ CSLL The position of the major peak on the size-exclusion column

Ficure 1: Domain structure of human SEPT4. (A) Human SEPT4

is therefore indicative of the formation of SEPT4 oligomers

is characterized by a large N-terminal domain (residueg1m, or aggregates. After purification, the final yield was ap-
SEPT4-N), a central GTPase domain (residues-¥46, SEPT4- proximately 0.5 mg of SEPTA4/L of bacterial culture. Purified

G), and a C-terminal domain including a coiled coil (residues417  ggEpT4 only contained 0.25 0.10 nucleotide bound under
478, SEPT4-C). SEPT4-N is followed by a linker sequence of 24 the purification conditions described here.

residues prior to the N terminus of SEPT4-G. (B) Multiple-sequence . . ) ) .
alignment of the N-terminal region of SEPT4-G with the similar  After induction with IPTG,E. coli transformed with the

region observed in small GTPases of known three-dimensional relevant vectors yielded additional bands of approximately
structure. The P loop is indicated. HR refers to the hydrophobic 14,5, 33, 9, and 41 kDa corresponding to SEPT4-N, SEPT4-
region observed within the N-termindlstrand of small GTPases G, SEPT4-C, and SEPT4-GC, respectively, which were most
(B). (C) Multiple-sequence alignment of the C-terminal region of - L -

SEPT4-G with the corresponding region in small GTPases. C prommentywthm the crude bacterla] lysates (data not shown_).
indicates the conserved cystine residue of the CAAX motif seen in These major products of expression were all recovered in
small GTPases. The NCBI accession numbers are CAG47067 (H-the supernatant. After NINTA affinity chromatography, the

Ras), PO1111 (N-Ras), PO1116 (K-Ras), NP001655 (RhoA), SEPT4-N eluted in the major peak from the Superdex-75
C£A?8228(§Rphf581)53'308|?134é(Rhoc)' P25763 (CDC42), AAM21111 ;0 exclusion column (peak 1 in Figure 2B) prior to

(Racl). an (Rac2). imidazole (peak 2). The apparent molecular weight of
SEPT4-N determined from linear regression of the protein
standards was estimated to be approximately 19 kDa. The

Table 2: Secondary-Structure Predicfion

domains o helix (%) f sheet (%) coil (%) SEPTA4-C after affinity chromatography was also purified by
SEPT4 36-36 11-17 53-54 Superdex-75 chromatography (peak 1 in Figure 2E). The
2553:2 3%}13 1&_25 g%:?,j apparent molecular weight of SEPT4-C determined from
SEPT4-C 4858 0-0 42-52 linear regression was estimated to be approximately 16 kDa.

aThe computational methods PHD, PSIPRED, and SSpro are In the Ca.s? .Of SE.P.T4_.G’ the reS.UItS of the Superdex-200
compared. The maximum and minimum values obtained for each type SEC, after initial purification on a NiNTA affinity column,
of secondary structure are given. are shown in Figure 2C. SEPT4-G appears as a single
symmetrical dominant peak in the elution profile (peak 1)

The results of the secondary-structure prediction for the followed by GTP and excess imidazole (peaks 2 and 3). The
complete SEPT4 sequence and its individual domains areapparent molecular weight in this case was estimated to be
shown in Table 2. The results indicate that overall SEPT4 76 kDa. The recombinant SEPT4-N and SEPT4-C proved
is composed of roughly equal percentages of regular second+to be stable, while the SEPT4-G domain was more suscep-
ary structure ¢ helices plusg sheets) and random coil. tible to aggregation at temperatures abové@0Final yields
However, this large percentage of the coil structure is for the three expression systems were typically 8, 10, and 5
principally due to the N-terminal domain, which is predicted mg/L culture medium for SEPT4-N, SEPT4-C, and SEPT4-
to have at most 19% regular secondary structure. This domainG, respectively. Purified SEPT4-G contained G:90.1
is also predicted to be an intrinsically unstructured region nucleotide bound under the purification conditions described
as defined by IUPred (see the Supporting Information). The here. The left inset of Figure 2C shows the characteristic
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FiGure 2: SEC of recombinant domains. (A) SEC of purified SEPT4 on Superdex-200. (B) SEC of purified SEPT4-N on Superdex-75.
The elution volumes of standard proteins were used to calculat& thealues K,, = [elution volume— column void volume]/[total
column volume— column void volume]). The standard proteins of known molecular weight were ovoalbumin (45 kDa), carbonic anhydrase
(29 kDa), and lactoalbumin (14.2 kDa). (Right inskt), versus log(molecular weight). (C) SEC of purified SEPT4-G on Superdex-200.
The standard proteins of known molecular weight were alcohol dehydrogenase (15@4daigctosidase (116 kDa), bovine serum albumin

(66 kDa), and carbonic anhydrase (29 kDa). (Right inggf)versus log(molecular weight). (D) SEC of purified SEPT4-GC on Superdex-

200. (Right insetK,, versus log(molecular weight). (E) SEC of purified SEPT4-C on Superdex-75. (Right iase®rsus log(molecular
weight).

25 30 35

spectrum for the free nucleotide recovered from the purified nucleotide bound under the purification conditions described
SEPT4-G domain. here. Similar to SETP4-G, SEPT4-GC was also susceptible
SEPT4-GC eluted in the major peak (peak 2 in Figure to aggregation at temperatures above’@0Parts B and C
2D) in between peak 1 (which corresponded to a small of Figure 3 show the 15% SDSPAGE under reducing
fraction of nucleotide-free aggregated SEPT4-GC) and peaksconditions for the final purified SEPT4-N, SEPT4-G, SEPT4-
3 and 4 corresponding to GTP and imidazole, respectively. GC, and SEPT4-C.
The apparent molecular weight of SEPT4-GC determined Native Gel ElectrophoresisTo examine the oligomeric
from linear regression of the protein standards was estimatedstate of SEPT4-G and SEPT4-GC in solution, both were
to be 115 kDa, and typical yields were of the order of 3 subject to electrophoresis under nondenaturing conditions.
mg/L culture. Purified SEPT4-GC contained 048 0.1 In the case of SEPT4-G, a major band that migrated similarly
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1 2 to bovine serum albumin (67 kDa) was clearly detectable
A (Figure 4A). The hydrodynamic radius of SEPT4-G calcu-
lated from theRs value was 3.8t 0.2 nm, corresponding to
a M, of 74 + 11 kDa for a spherical particle. This is most

66 W SEPT4 consi_s_tent with a dimer for SEPT4-G in soll,!tion _under native
conditions, whose expected molecular weight is 66 kDa. In
45 " the case of SEPT4-GC, a major band was observed, which

migrated in a position below lactate dehydrogend&e=

4.4 nm, 140 kDa). The hydrodynamic radius of SEPT4-GC
30 "= calculated from th& value was 4.2t 0.3 nm, corresponding

to an estimated/, of 94 &+ 18 kDa for a spherical particle.

This is also most consistent with a dimer for SEPT4-GC in

20 == solution under native conditions, whose molecular weight
is 82 kDa.
14 CD SpectroscopyCD spectroscopy was used to probe the

secondary structure of the expressed SEPT4-N, SEPT4-G,
SEPT4-C, and SEPT4-GC products to assess their folding
in terms of secondary structure and to draw comparisons
(Figure 5A). The CD spectrum of SEPT4-N is characterized
by a minimum at 20H- 1 nm, typically found in structures
1 2 3 4 with a low content of regular secondary structure. This is
markedly different to that observed for the recombinant
66 B SEPT4-G, which shows two minima at 2301 and 221+
1 nm, a maximum near 19& 1 nm, and a negative to
positive crossover at 20t 1 nm. The negative ellipticities
— exhibited around 210 and 221 nm are indicative of the
42 —— o100 presence ofx helices. The CD spectrum of SEPT4-GC is
—— +—SEPT4-G+ characterized by a positive band at 1251 nm and two
30 negative bands at 218 1 and 222+ 1 nm, together with
a negative to positive crossover at 282 nm. These bands
are also characteristic of-helical structures. In the case of
20 S SEPT4-C, the CD spectrum is characterized by two minima
at 221+ 1 and 206+ 1 nm, once again indicative af
helix.

— S <«—SEPT4-N The percentages af helix, § strand, and coils (turns and
irregular structures) were obtained by deconvolution of the
experimental spectra using three independent methods and
expressed as a mean and standard deviation. In the case of
SEPT4-G, the deconvolution yielded 304% o helix, 24
C + 2% S strand, and 46+ 5% turns/irregular structures,

indicating that SEPT4-G is composed of a mixturexaind

J secondary structures. The corresponding results obtained
for SEPT4-GC were 3% 6% o helix, 20+ 5% g strand,

and 45+ 4% turns/irregular structures, indicative of a similar

14

169 . structure. This is to be expected given that the greater part
144 of the SEPT4-GC structure is the GTPase domain itself. In
12; ﬁ‘- <+ SEPT4-C the case of SEPT4-C, the deconvolution yieldedt58% a

helix and 42+ 4% irregular structures (see Table 3).
Fluorescence Spectroscoplfluorescence spectroscopy
62 was used to probe the tertiary structure of SEPT4-N, SEPT4-
G, and SEPT4-GC. Figure 5B shows the emission spectrum
of SEPT4-N after excitation at 295 nm. It is characterized

by a maximum at 356 1 nm, which is typical of solvent-

Ficure 3: Gel electrophoresis under denaturing conditions exposed tryptophan. rQS|due§. _G'Ven that free .tryptophan
(SDS-PAGE). (A) Coomassie-stained 15% SBBAGE showing typically presents a similar emission maximum, this strongly

SEPT4 after purification. Lane 1, molecular-weight standards; and suggests that all three tryptophan residues of SEPT4-N are
lane 2, SEPT4. (B) Coomassie-stained 15% SPBGE showing  exposed to the solvent. Figure 5B also shows the emission

SEPT4-GC, SEPT4-G, and SEPT4-N after purification by affinity spectrum of SEPT4-G and SEPT4-GC, which are character-
chromatography and SEC. Lane 1, molecular-weight standards; lane.

2, SEPT4-GC; lane 3, SEPT4-G; and lane 4, SEPT4-N, (C) 2éd by a maximum at 334t 1 and 332+ 1 nm,
Coomassie-stained 15% SBSBAGE showing SEPT4-C after ~ respectively. This emission maximum is typical of tryptophan
purification. Lane 1, molecular-weight standards; and lane 2, residues buried inside the protein core, indicating that both
SEPT4-C. tryptophans present in the SEPT4-G and SEPT4-GC se-
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Ficure 4: Native gel electrophoresis. (A) Native gel showing recombinant SEPT4-G (lane 2). Molecular-weight standards are shown in
lane 1. The standard proteins of known molecular weight were thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), lactate
dehydrogenase (140 kDa), and albumin (67 kDa). The corresponding linear regression is shown in B. (C) Native gel showing recombinant
SEPT4-GC and (D) corresponding linear regression.

guence have become hidden from the solvent upon proteinobserved profile was also characteristic of a largely mono-
folding. disperse solution, whose peak corresponded to a particle with

DLS. When the purified SEPT4 was analyzed by DLS, an estimated hydrodynamic radius of 2:00.1 nm (Table
the observed profile was characteristic of a monodisperse4)-
solution, whose major peak, corresponding to a hydrody- SAXS Measurement3o obtain information about the
namic radius of approximately 7-80.5 nm, almost certainly  tertiary structure of SEPT4-G and its molecular shape, we
corresponds to an oligomeric form of the protein or to submitted the domain to SAXS analysis. The X-ray scattering
aggregates (see Table 4). This is consistent with the SECcurve of SEPT4-G obtained is shown in Figure 6A. The
profile described above. A second, minor peak (correspond-radius of gyration R;) evaluated with the Guinier ap-
ing to particles with a hydrodynamic radius of approximately proximation wasRy, = 31.6+ 0.2 A. The Guinier plot was
30 nm) probably represents high-molecular-weight ag- linear in thegR, range up to 1.71. The distance distribution
gregates. When purified SEPT4-N was analyzed by DLS, function, p(r), evaluated by the indirect Fourier transform
the observed profile was characteristic of a largely mono- with GNOM (37, 38), estimated the radius of gyration and
disperse solution, whose principal peak, corresponding tothe maximum dimension of the molecule to be 332®.2
>97% of the mass, had an estimated hydrodynamic radiusA and 110 A, respectively (inset of Figure 6A). The shape
of 2.3+ 0.2 nm (Table 4). Similar monodisperse profiles of the domain was determined from X-ray scattering data
were also observed for SEPT4-G and SEPT4-GC. In thesewith DAMMIN ( 39, 40), using a real-space algorithm. The
cases, the major peak representing5 and>92% of the results of 10 independent simulated annealing computations
total mass corresponded to hydrodynamic radii of4.0.3 were compared with each other, and the best model is given
and 4.8+ 0.3 nm, respectively. In the case of SEPT4-C, the in Figure 6B. The molecular dimensions of the domain by
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12000 A Table 4: DLS

10000 ------------ SEPT4-C domains Ry (nm) percent mass (%) M, (kDa)
B EPT4-

s000 %, ac SEPT4 78505 <85 422+ 106

6000 L SEPT4-N SEPT4-N 2.3 0.2 >97 22+5

000 \} SEPT-G 4.0:0.3 >95 83+ 17
1\ SEPT-GC  4.8:0.3 >92 130+ 19

og 2001\ SEPTA4-C 2.0:0.1 100 1742

aDLS of recombinant SEPT4-N~1 mg/mL) and SEPT4-C~1
mg/mL) in 25 mM Tris-HCI and 20 mM NaCl buffer at pH 7.8;
SEPT4-G {1 mg/mL) in 25 mM Tris-HCI, 20 mM NacCl, 5% glycerol,
and 0.1 mM EDTA buffer at pH 7.8; and SEPT4-GE€Q.5 mg/mL)
and SEPT40.8 mg/mL) in the same buffer used for SEPT4-G.

[6] (deg.cm™/decimol)

-10000 . . .
195 200 205 210 215 230 205 250 235 240 245 250 the size and sequence of both the N- and C-terminal domains

Wavelength (nm) varies considerably from septin to .septﬁ?)..(However, at
900 present, there is no known three-dimensional structure for
500 B any septin from any species or isolated domain thereof,
- although crystals of a mutant human SEPTL1 in the form of
a fusion protein with GST have been recently repor#]. (
Furthermore, there is a surprising dearth of physicochemical
characterization of septins in general, particularly in terms
of spectroscopic analyses of highly purified material. One
of the reasons for this may be a certain difficulty in precisely
defining the boundaries to the three domains, which is
necessary for building constructs suitable for their heterolo-
gous expression. This is an approach that should, in principle,
simplify structural characterization given that most full-length
septins are susceptible to aggregatiad)( Here, we have
I — =0 successfully expressed, purified, and structurally character-
%0 320 340 360 380 400 420 440 ized recombinant proteins corresponding to all three of the
Wavelenght (nm) domains of human SEPT4. Furthermore, two additional
FiGURE 5: CD spectrum and fluorescence spectroscopy of recom- constructs, which correspond to the entire protein and a
binant domains. (A) Far-UV CD spectra of SEPT4-N-X fusion of the GTPase domain with the C-terminal domain,

SEPT4-G ), SEPT4-GC (- - -), and SEPT4-G). All measure- ; ; ;
ments were made in 25 mM Tris-HCl at pH 7.8 and 20 mM NaCl have also been successfully produced. This provides a basis

at 10°C. In the case of SEPT4-G and SEPT4-GC, 5% glycerol for further structur_al and functlonal stqdles, allowing fpr a
and 0.1 mM EDTA were included in the buffer. (B) Data were better understanding of the physiological role of the indi-
collected at 10C using an excitation wavelength of 295 nm and vidual domains as well as their participation in pathological
emission spectra collected from 305 and 450 nm, for SEPT4-N processes such as cancer and neurodegenerative disorders
(-++), SEPT4-G £), and SEPT4-GC (- - -). All data were collected (17, 20, 21)

in 25 mM Tris-HCI at pH 7.8 and 20 mM NaCl. In the case of S . . )

SEPT4-G and SEPT4-GC, 0.1 mM EDTA and 5% glycerol were ~ The final purified SEPT4 migrated with the expected

700 —
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400 —
300 —

200

Fluorescence intensity (a.u.)

100 7/ -~

0

added to the buffer. molecular mass (55 kDa) under denaturing conditions on
SDS-PAGE, but both DLS experiments and SEC indicated
Table 3: CD Deconvolution that the product was either a large oligomer or in the form
domains o helix (%) B sheet (%) coil (%) of aggregates. Upon gel filtration, the protein eluted as a
SEPTAG 30L 4 2412 2645 single peak with a molecular weight §|gn|f|cantly greater_than
SEPT4-GC 35 6 2045 45+ 4 150 kDa, the largest molecular-weight standard applied to
SEPT4-C 585 0 424+ 4 the column. On the other hand, the major peak seen in the

DLS profile was centered at a hydrodynamic radius of
this approach were approximately 110 A, in the longest approxima_tely 8 nm, which, on the basis of the assumption
dimension, by 58 A, perpendicular to it. of a spherical partlcle,.corresp.onds toa molgcular mass of
around 450 kDa, consistent with a large particle. However,
because there is little information available at present
concerning the molecular shape of septin oligomers, this
estimate should be treated with some caution. Furthermore,
SEPT4 did not enter the gel under native electrophoresis,
also testifying to its high molecular weight.

Besides this difficulty in accurately determining the size
DISCUSSION and nature of the recombinant SEPT4 molecule, this product

also presented a series of other characteristics, which were

Domain Definitions for Human SEPT4t has been unfavorable for its further study. These included a very low
recognized for some time that effectively all known septins yield for the expression system described here (typically only
are composed of three major structural domains, although0.5 mg/L), a low nucleotide content (0.2& 0.1), and

GTPase Actiity Assay.The result of the incubation of
SEPT4-G in the presence of-f?P]JGTP was analyzed by
TLC. Complete hydrolysis of the/f*P]GTP occurred within
10 min only in the presence of magnesium. In the absence
of SEPT4-G or magnesium ion%;-f2P]JGTP hydrolysis was
undetectable (see the Supporting Information).
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FIGURE 6: SAXS measurements. (A) SAXS curve of the SEPT4-G in 25 mM Tris-HCI, 20 mM NaCl, and 0.1 mM EDTA buffer at pH 7.8
and 5% glycerol superimposed with the theoretical scattering curve from the restored low-resolution model. The radius of gyration obtained
from the Guinier plot isRy = 31.6+ 0.2 A, which is just slightly smaller thaRy = 33.6+ 0.2 A obtained from the integral analyses of
the scattering curve using the method implemented in GNOM. (Inset) Distance distrilpftiof SEPT4-G computed by indirect Fourier
transform with GNOM 87, 38). (B) Shape of SEPT4-G in solution was restored from synchrotron X-ray scattering data usipgnéio
simulated annealing algorithm implemented in DAMMIBY. Only the best model is shown.
instability that leaded to a tendency to aggregate and thenconsistently present a hydrophobic stretch of four residues,
finally precipitate over time. Similar results have been corresponding to part of the N-terminaktrand, immediately
described for other single septiis vitro (11). For these adjacent to the P loop. The known structures for small
reasons, emphasis was placed on attempts to dissect th&TPases suggest that the presence of tsteand is essential
molecule into its principal component domains. for structural integrity, and the strand typically starts a few
As yet, no specific function has been attributed to the residues prior to the hydrophobic stretch. For this reason,
N-terminal domain of SEPT4, although it is one of the largest the N terminus of the GTPase domain was defined as being
such domains among human septins. In the present studyresidue Aspl44, three residues prior to the beginning of the
the definition of SEPT4-N was based on the common hydrophobic stretch (LMVA), which starts at Leul47. The
sequence observed for this region in two different splice C terminus of the GTPase domain was less easy to define
variants (isoforms 1 and 4) and corresponded to the first 119unambiguously but was guided by a CAAX sequence
amino acid residues of the whole protein. According to the common to many small GTPases at their C termini. By this
definitions used here, the N-terminal domain is followed by criterion, SEPT4-G terminates at residue Thr416. The final
a linker sequence of 24 residues (¥213) prior to the N definition of the domain structure is shown in Figure 1A.
terminus of the central GTPase domain (SEPT4-G). The Both SEPT4-N and SEPT4-G were expressed as soluble
latter was defined with respect to small GTPases, which products. Previous attempts to express the GTPase domain
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using a construct that generated a product starting at residue These data may be used to rationalize the mass measure-
Tyrl24 and terminating at Arg408 were unsuccessful in that ments made by gel filtration and DLS. The most likely
the product was always insoluble under the conditions usedexplanation appears to be that SEPT4-N is a largely
(data not shown). This former construct includes the greater unstructured domain, whose shape is elongated. This would
part of the linker sequence between the N-terminal domain lead to anomolous migration upon gel filtration, leading to
and the GTPase domain used in the present study. The linkeian overestimation of the molecular mass (19 kDa compared
includes the functionally important polybasic motif (HRKS- with 14.5 kDa), and would invalidate the use of a spherical
VKK, residues 135141) associated with phospholipid model for the particle in the calculation of the mass from
binding (L0). It seems to be important to eliminate this region the hydrodynamic radius. Therefore, most likely, SEPT4-N
to generate a soluble SEPT4-G product, possibly becausgs a monomer in solution and therefore does not contribute
of a tendency for membrane association via the polybasicto homo-oligomerization of SEPT4 (see below).

region in the absence of the N-terminal domain. Therefore, The function of SEPT4-N is still unclear; however, the
in structural terms, it is probably convenient to consider the presence of many proline-rich regions are suggestive of a
region containing the polybasic sequence as independentole in the proteir-protein interaction, as seen for example
from the GTPase domain, although functionally, these two in SH3-binding domains43). Recently, it has become
regions have been shown to be coupl&f)( recognized that intrinsically unstructured proteins or regions

SEPT4-N Contains Little Regular Secondary Structure and therein (IUPs) are more common than originally believed
May Be Intrinsically Unstructuredrhe final purified SEPT4-N (28, 44). These regions have a lower density of internal

migrated with the expected molecular mass under denaturingCONtacts than compact globular structures, and their inherent
conditions on SDSPAGE (~14.5 kDa, including the His disorder may confer the ability to interact differentially with

tag), although this provides no information concerning its alternative molecular partnerslo. Predictions madg WI'[h'
native oligomeric state. Two approaches were taken to the 1UPred server2g), designed to locate such regions in
determine the molecular mass of the soluble product underProtéin sequences, identify residues1P8 as an IUP. When
native conditions after expression and purification. Upon gel these observations are taken together, they suggest that the
filtration, SEPT4-N eluted as a single peak of apparent extended N—termmgl domain, which shares no homology with
molecular weight- 19 kDa (Figure 2B). This is suggestive &Y other protein in _the cu_rrent t_databa;e, may th.erefore be
of a monomer, despite being slightly above the expected |mportant for conferring unique biochemical signaling prop-
value. In contrast, the peak seen in the DLS profile is €"i€S on human SEPTA.

centered at a hydrodynamic radius of 8.2 nm (see Table Oligomerization of SEPT4-G, SEPT4-GC, and SEPT4-C.
4), which, on the basis of the assumption of a spherical Upon gel filtration, SEPT4—G eluted as a smglle peak with
particle, corresponds to a molecular mass of2% kDa. & apparent molecular weight 6f76 kDa (see Figure 2C).

This is roughly midway between the theoretical mass of a This is broadly consistent with a dimer, whose theoretical

dimer (29 kDa) and that of a monomer. These ambiguous expected mass is 66 kDa (inc_:luding the His tag)._This _is
results may be explicable if the shape of the molecular supported by the results of native gel electrophoresis, which

envelope was significantly nonglobular. To investigate this showed a principal band that comigrated with bovine serum

further, SEPT4-N was subject to sequence analysis, CD anglbumin and was estimated to correspond to a molecular mass
quores,cence Spectroscopy. "7 7 Tof 74 £ 11 kDa (see Figure 4). However, when the peak

) o from the gel-filtration column was analyzed by DLS, a
The CD spectrum of SEPT4-N (Figure 5A) indicates a pyqrodynamic radius of approximately 49 0.3 nm was
very low content of regular secondary structure, and this is gjsenved (see Table 4), which, on the basis of the assumption
consistent with the theoretical predictions given in Table 2. 4 5 spherical particle, would correspond to a molecular mass
Predicted values varied between 81 and 92% of random coil, ;s g3 4 17 kDa, which would be more consistent with a
and certainly, one of the reasons for this is the unusually yimer than a dimer. However, in this case, an overestimate
_high prolin_e content of the N_—terminal domain (17 prolines for the molecular mass is expected in cases where the
in 119 residues, corresponding to 14.3% of the sequence).mojecular envelope deviates significantly from a sphere,
The results of fluorescence spectroscopy measurementsvhich would be likely if the SEPT4-G were a dimer. SAXS
(Figure 5B) indicated that all three tryptophans of SEPT4-N measurements were therefore used to probe the molecular
are highly solvent-exposed, as characterized by the averageshape of SEPT4-G directly in solution.
emission maximum at 356 1 nm, which is close to the The radii of gyration calculated from both the Guinier
maximum possible red shift and corresponds to that expectedregions of the SAXS scattering curve (31.6 A) and that
for the free amino acid4Q). Although, on their own, the  obtained with GNOM (33.6 A) are consistent with a dimeric
fluorescence data cannot be used to infer much about theparticle. Furthermore, the reconstructed envelope of SEPT4-G
three-dimensional structure of the domain, when these are(Figure 6B) restored at 20 A resolution from synchrotron
taken together with the results of the CD spectroscopy and X-ray scattering data shows an elongated particle of ap-
structure prediction, they strongly suggest that the isolated proximately 110 by 58 A. This envelope was calculated
N-terminal domain has no well-defined compact 3D structure assuming a dimeric particle with 2-fold symmetry, which
and is therefore probably highly nonglobular. Consistent with was able to reproduce well both the experimental curve and
this conclusion, the H 1D nuclear magnetic resonance p(r). The SAXS data are therefore consistent with a dimeric
spectrum measured at 600 MHz (data not shown) also structure in the form of a prolate ellipsoid. This extended
indicated a low content of regular secondary structure, as molecular form shown in Figure 6B therefore explains why
inferred from the low dispersion of theyHand H, main- both DLS and SEC tend to overestimate slightly the
chain chemical shifts. molecular mass. Although the resolution of the molecular
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envelope is extremely limited, it represents the first visual- spectral deconvolution, suggesting that the central GTPase
ization of a septin domain structure reported to date. domains of septins are structurally similar to small GTPases
Overall, therefore, the weight of the present evidence in terms of their overall fold and are probably based on an
seems to favor a homodimeric particle for the free GTPase open-sheet topology.
domain in solution. Furthermore, no evidence was observed As can be seen from Figure 5A, the CD spectrum for the
from either SEC or right-angle light scattering for the SEPT4-GC shows a greater positive ellipticity at 1051
formation of homopolymers of the individual SEPT4-G nm when compared with any of the isolated domains. This
domain, despite the fact that in its purified state it is saturated is accompanied by an increase in the characteristic negative
with GTP. This is consistent with the observation that the ellipticities around 210+ 1 and 222+ 1 nm. These

vast majority of single septins do not polymerie vitro differences are suggestive of a slightly greatehelical

(45). content for SEPT4-GC compared with the GTPase domain,
In the case of SEPT4-GC, gel filtration, native gel and this difference can only be attributable to the C-terminal

electrophoresis, and DLS analyses yielded estimated b5, domain. This is reflected by a small increasecifhelical

94 + 18, and 130t 19 kDa (corresponding to a hydrody- content from 30 to 35% on deconvolution. This was readily
namic radius of 4.8 nm), respectively, for the molecular mass. confirmed by analysis of the CD spectrum of the isolated
It is difficult to draw any definitive conclusion concerning C-terminal domain (Figure 5A), which, upon deconvolution,
the oligomeric state in this case because the estimated valuesesulted in 58%uo helix and 42% coil, entirely consistent
are greatly dispersed around the expected values for a dimewmith the results of secondary-structure prediction (Table 2).
(~82 kDa) and a trimer~123 kDa) and may be greatly SEPT4-C (residues 4+478) includes a second proline-
overestimated because of the likely nonspherical nature ofrich sequence followed by a short stretch of uninterrupted
the molecule. In this case, difficulty in obtaining highly leucine/isoleucine repeats at every seventh amino acid
concentrated samples of SEPT4-GC prohibited the use ofresidue. This is expected to form part of a left-handed coiled
SAXS for a fuller description of the oligomers. coil, as suggested for most other septins and consistent with
In the case of SEPT4-C, gel filtration and DLS analyses the results of the Paircoil prediction (see the Supporting
yielded estimates of 16 and 7 2 kDa for the molecular  Information), which indicates a tendency toward coiled-coil
mass. These results are approximately twice the calculatedformation as from position Pro447. This explains why the
molecular weight of monomeric SEPT4-69 kDa). This CD spectrum of this domain is not puredyhelical, as can
indicates that SEPT4-C is homodimeric in solution, consistent be seen both directly from the results of the deconvolution
with the presence of the coiled coil. Similar results of SEC (Table 3) itself as well as from the shift in the lower
were obtained for the C-terminal fragment (coiled coil, bZIP) wavelength minimum from 208 to 206 nm, indicative of the
of the Epsteir-Barr virus for example46). The fact that presence of coil. Presumably, this arises from the N-terminal
both the SEPT4-G and SEPT4-C domains appear to bepraline-rich region of the domain.
dimers aids in clarifying the nature of the SEPT4-GC product Interestingly, however, the residues originally identified
described above, because it strongly suggests that the mosas characteristic of a leucine-zipper-like coiled coil (11e453,
likely oligomeric state for the latter is also dimeric. This Leu460, and Leu467)L6) do not correspond to the canonical
follows from the following reasoning: if the pairs of d positions but rather to the a positions of the heptad repeat
molecules that dimerize via the GTPase domain were (47). This may be indicative of a capacity to participate in
different from those that dimerize via the C-terminal domain, coiled coils containing more than two helice48). This
this would inevitably lead to an oligomer that would have opens up the possibility for the C-terminal domain playing
to be at least a tetramer and this is inconsistent with the a role in intermolecular interactions either between different
results described above for SEPT4-GC. septins or with other target molecules. This is consistent with
Secondary and Tertiary Structure of SEPT4-G and SEPT4- the Paircoil prediction, which yielded only a relatively weak
GC. The fluorescence emission spectra of SEPT4-G and coiled coil probability for this region (50%), and also with
SEPT4-GC are effectively identical with an emission maxi- the IUPred profile, which indicates that the C-terminal
mum between 332 and 334 nm, indicative of buried domain may be somewhat unstructured.
tryptophans. This in itself is suggestive of a product with a  In summary, there is a clear sequence signal within the
defined tertiary structure. Visual inspection of the CD C-terminal domain corresponding to a coiled coil and also
spectrum of SEPT4-G indicates the presencexdielical experimental evidence from the CD spectrum that this region
secondary structure as evidenced by the negative ellipticitiesis at least parthy-helical. However, it is still unclear what
around 210+ 1 and 221+ 1 nm (Figure 5A). The spectra  role this structure may play in terms of homo- and hetero-
are strongly characteristic of an/3 protein, with spectral  oligomeric associations among septins, especially given the
bands attributed to electron transitions in the amide groupsfact that the SEPT4-G domain alone is capable of forming
of the protein backbone. Deconvolution of the spectrum using dimers in the absence of the C-terminal domain.
three different algorithms yielded the following average = GTPase Actiity Assay Several lines of evidence indicate
values for the secondary structure: 804% a helix, 24 + that the final product, SEPT4-G, is correctly folded. These
2% f sheet, and 46t 5% coil (turn plus random). By include CD spectroscopy, fluorescence spectroscopy, and
comparison with small GTPases, the SEPT4-G domain would GTP binding. Purified SEPT4-G contained 089 0.1
be expected to fold as a mixedf structure based on an nucleotide bound under the purification conditions described
openg sheet. Such domains typically contain on the order here. To test if the GTPase domain as defined here was also
of ~40% o helix and~30% S sheet and would thus be catalytically active, samples were incubated wjtF{P]GTP
expected to contribute both signals to the CD spectrum. in the presence and absence of 0.5 mMMdhe production
These values are not dissimilar to those given above from of radioactive free thiophosphate was followed by TLC and
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visualized by autoradiography. GTP was completely hydro- 6.

lyzed in 10 min (see the Supporting Information), demon-
strating that SEPT4-G readily binds and hydrolyzes GTP, -
suggesting that the definition of the GTPase domain de-
scribed here corresponds to a biologically functional unit.
In the absence of SEPT4-G and/or ¥gsee the Supporting
Information), we could not detect GTP hydrolysis, demon-

strating catalysis to be Mg-dependent as expectetd(12). 9.

Conclusion. In the current work, a first attempt to

structurally characterize the domains of SEPT4 has been 1g

undertaken. In summary, SEPT4 can be described as being
composed of four different regions: (i) an N-terminal domain
(SEPT4-N), which possesses a low content of regular ,;
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secondary structure, is probably structurally disordered and
may be classified as an IUP (intrinsically unstructured region)
possible involved in heterologous interactions; (ii) a short
basic region that binds PtdIns(4,5)Believed to interact with
membranes; (iii) a central GTPase domain (SEPT4-G)
composed of a mixed/g structure, which is catalytically
active and forms homodimens vitro; and (iv) a C-terminal
domain divided into two parts, one of which is proline-rich
and a second that -helical and expected to form a coiled
coil. These studies should provide a useful basis for future
biophysical studies of SEPT4, including the structural basis
for their involvement in diseases such as cancer and
neurodegenerative disorders.
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