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Background: Septins self-assemble into hetero-
octameric rods and higher order structures and recruit
other proteins.

Results: A spectroscopic method (FRET) to measure
septin interactions and binding of associated proteins
was developed.
Conclusions:
capped rods, heterotypic end-to-end junctions between
Cdcl1l-capped rods and Shsl-capped rods, and binding
of an associated protein were demonstrated.
Significance: This spectroscopic assay provides new
insights about these polymeric proteins.

End-to-end polymerization of Cdcll-

Prior studies in both budding yeast (Saccharomyces
cerevisiae) and in human cells have established that
septin protomers assemble into linear hetero-
octameric rods with two-fold rotational symmetry. In
mitotically-growing yeast cells, five septin subunits are
expressed (Cdc3, Cdc10, Cdcll, Cdcl2 and Shsl) and
assemble into two types of rods that differ only in their
terminal subunit— Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-
Cdc3-Cdc12-Cdcll and Shsl-Cdcl2-Cdc3-Cdc10-Cdcl0-
Cdc3-Cdc12-Shsl. EM analysis has shown that, under
low-salt conditions, the Cdcll-capped rods polymerize
end-to-end to form long paired filaments, whereas Shs1-
capped rods form arcs, spirals and rings. To develop a
facile method to study septin polymerization in vitro,
we exploited our previous work where we generated
septin complexes in which all endogenous cysteine

(Cys) residues were eliminated by site-directed
mutagenesis, except an introduced E294C mutation in
Cdcll in these experiments. Mixing samples of a
preparation of such single-Cys containing Cdcl1-
capped rods that have been separately derivatized
with organic dyes that serve as donor and acceptor,
respectively, for FRET provided a spectroscopic
method to monitor filament assembly mediated by
Cdc11-Cdcll interaction and to measure its affinity
under specified conditions. Modifications of this same
FRET scheme also allow us to assess whether Shsl-
capped rods are capable of end-to-end association
either with themselves or with Cdcll-capped rods.
This FRET approach also was used to follow the
binding to septin filaments of a septin-interacting
protein, the type Il myosin-binding protein Bni5.

Septins are a family of GTP-binding proteins found in all
eukaryotes (except plants) (1,2), and have roles in
cytokinesis, cell compartmentation, and membrane
remodeling (3-5). The S. cerevisiaze genome encodes
five septins that are expressed in mitotically-growing
cells: Cdc3, Cdc10, Cdc11, Cdc12, and Shs1 (6,7). Four
of these proteins were first identified because the
corresponding loci were among the temperature-
sensitive (ts) cell division cycle (cdc) mutations isolated
by Hartwell and co-workers and specifically exhibited
failure of cytokinesis at the restrictive temperature
(8,9). The fifth member was identified later by other
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means and recognized as a gene product homologous
to the other four (10,11).

During initial characterization of the cdc mutants by
EM?, it was noted that, after incubation of cells at the
restrictive temperature, the cdc3, cdcl0, cdcll and
cdc12 mutants uniquely lost filament-like striations
found at the bud neck in control cells (12). These
striations were 10 nm wide and approximately 28 nm
apart. Indirect immunofluorescence with anti-septin
antibodies (13-15) and, later, fusion of septins to
fluorescent proteins (16,17), demonstrated that septins
are located at and likely constituents of the filamentous
bud neck structure. Subsequently, purification of
septins from yeast (18), and as recombinant proteins
from bacteria (19-21), showed that Cdc3, Cdc10, Cdcl1,
and Cdc12 were sufficient to form long-paired filaments
in vitro (22) that closely resemble those seen by EM at
bud neck in vivo (12,23,24).

Ensuing work showed that the five mitotic septins
of yeast form two types of linear, apolar hetero-
octameric complexes of a defined order, which differ
only with respect to the terminal subunit present:
Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdcl2-Cdcll and
Shs1-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdc12-Shsl
(22,25). These two types of rods are very stable, even
in high salt (2250 mM) buffers. When the salt
concentration is reduced (<100 mM), Cdcll-capped
rods polymerize end-to-end into long paired filaments,
as visualized in vitro by EM (22) and by super-resolution
fluorescence microscopy (26). By contrast, Shs1-capped
rods associate laterally in a staggered manner
generating bundles that interact to form arcs, spirals
and rings (25). The septin collar at the bud neck appears
to have three primary functions: (i) it establishes a
cortical diffusion barrier (27,28); (ii) it serves as a
scaffold to recruit other proteins (29,30); and, (iii) it
promotes membrane curvature either directly by
deforming the membrane and/or indirectly by
recruiting other proteins that can remodel membranes
(31-33).

As for yeast, members of the family of 13 human
septins also form linear hetero-octameric rods, the
most abundant of which has the composition Sept9-
Sept7-Sept6-Sept2-Sept2-Sept6-Sept7-Sept9 (34,35).
Moreover, crystal structures of individual human
septins (36,37) or septins from other animal cells (38),
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and of a human hetero-hexameric complex (39,40),
revealed the nature of the two alternating interfaces
that mediate linear assembly of the protomers into the
hetero-oligomeric rod. The G interface between two
subunits is an en face interaction that involves residues
in and around the GTP-binding pockets of each
protomer; and, at the opposing surface (180° away from
the G interface), is the NC interface wherein two
subunits associate via contacts provided by residues in
and around the N- and C-terminal segments of each
protomer (39). Biochemical analysis (19,41) and
structural studies (38,40) have shown how GTP binding,
and, in the case of certain septin subunits, GTP
hydrolysis, influences subunit conformation and
interaction. In the yeast hetero-octamer, the Cdcl1-
Cdc12 interface is a G interface, the Cdc12-Cdc3
interface is an NC interface, and so forth (Fig. 1A). Aside
from their globular GTP-binding fold, the yeast mitotic
septins have N-terminal extensions of variable length,
with Cdcll the shortest (12 residues) and Cdc3 the
longest (110 residues), and, with the exception of
Cdc10, also possess a long (2100 residue) flexible C-
terminal extension (CTE) that contains a segment (~40
residues) with a strongly predicted propensity for
coiled-coil formation (20,42).

To date, septin function in vivo has been studied
primarily using genetic methods and septin properties
in vitro have been studied largely by examining static
structures under the EM. Fluorescence microscopy has
been used to visualize septin polymerization, but due to
the large dimensions of the fluorophores used, either
antibodies for immunostaining (20) or fusions to GFP
(43) or to the SNAP tag (44), and the diffraction limit of
light, such approaches cannot address the molecular
details of the mechanism of septin assembly.
Furthermore, given the dimensions of the yeast septin
hetero-octamer (4 x 32 nm), even super-resolution
fluorescence microscopy applied to yeast septin
filaments has merely confirmed what is already known
about the order of subunits in the hetero-octamer (26).

To understand other self-assembling biopolymers,
such as formation of microtubules from tubulin (45,46)
and of F-actin from G-actin (47,48), and the interaction
of these cytoskeletal elements with other proteins that
bind to them, it has been exceedingly valuable to have
spectroscopic assays to monitor the state of assembly in
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real time under conditions that can be readily
manipulated. For the purposes of interrogating
interactions at the protein-protein level, Forster
resonance energy transfer (FRET) is especially well
suited. FRET allows for rapid measurements, is sensitive
to the distance between the donor and acceptor
fluorophores at the <10 nanometer scale, and the
donor-acceptor/quencher interaction provides an
unambiguous indication of how two elements within
the system under study are associating. Given the
hetero-oligomeric nature of septin complexes, we felt
that FRET could provide a robust and sensitive means to
investigate under a wide range of experimental
conditions important, and heretofore inaccessible,
mechanistic details about the dynamics and affinities of
the protein-protein interactions involved in assembly
and organization of septin structures.

Here we describe our development of a reliable
FRET-based system for studying the polymerization of
septin complexes into filaments, the effects of ionic
strength on septin filament assembly, the interplay
between Cdcl1- and Shsl-capped hetero-octamers, the
effects of mutational perturbation of important
structural elements in the protomers on their ability to
assemble, and the binding of a septin-associated
protein. Our findings have important implications for
understanding the physiological roles of alternate
septin subunits and how septins behave as a polymeric
system.

EXPERIMENTAL PROCEDURES

Expression and purification of septin complexes—Septin
subunits were co-expressed from two DUET™ vectors
(EMD Millipore) with compatible origins of replication
essentially as described previously (20), except that
Escherichia coli NiCo21 (DE3) (New England Biolabs) was
used as the production strain because it has been
engineered to prevent recovery of GImS and several
other endogenous E. coli Ni** bead-binding proteins that
are normally major contaminants in purifications
utilizing IMAC (49). Prior work from this laboratory
demonstrated that the Cys-less septins Cdc3(C124V
C253Vv (C279V), C(Cdcl0(C266S), Cdcl1(C43F C137A
C138A), (His)e-Cdc12(C40A (C278S) and Shs1(C29V
C148S) supported yeast cell viability and formed
recombinant hetero-octameric complexes that were
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indistinguishable in their in vitro assembly properties
from those produced from their wild-type counterparts
(50). Using a combination of standard site-directed
mutagenesis (51) and sequence and ligation
independent cloning ("SLIC") (52), derivatives of each of
the Cys-less septins were constructed in which a single
Cys was reinstalled at a selected position. A pACYC
plasmid expressing Cdc3(C124V C253V (C279V) and
Cdc11(C42F C137A C138A E294C A303-415) (50) was
repaired to restore an intact CTE (residues 303-415) to
the CDC11 ORF. A pACYC plasmid that expresses
Cdc3(C124V (C253V (C279V) and Shs1(C29Vv (C148S
E344C) was constructed for production and purification
of Shsl-capped hetero-octamers. Bacterial cultures
were grown to an Agyonm = 0.8 — 1.0, induced with
isopropyl-B-D-thiogalactoside (0.5 mM final) overnight
at 16°C, collected by centrifugation and resuspended in
ice-cold lysis buffer [300 mM KCl, 40 uM GDP, 0.1%
monothioglycerol, 0.5% Tween-20, 12% glycerol, 20 mM
imidazole, 50 mM Tris-HCI (final pH 8.0) plus protease
inhibitor mix (Complete EDTA-free, Roche, Basel) and
0.2 mg/mL lysozyme]. Cells were ruptured at 4°C by six
15-sec pulses of sonic irradiation using a Branson Cell
Disrupter (Model W185D), separated by 15-sec periods
of cooling. The resulting lysate was clarified by
centrifugation at 10,000g for 30 min at 4°C. The
clarified extract was subjected to IMAC on Ni**-NTA
agarose beads (Qiagen) in high-salt buffers [wash
buffer: 300 mM KCI, 20 mM imidazole, 50 mM Tris-HCI
(final pH 8.0); elution buffer: 300 mM KCI, 500 mM
imidazole, 50 mM Tris-HCI (final pH 8.0)]. Fractions
containing the bulk of the purified septin complexes
were combined and the resulting pool (typically 5-6 mL)
was passed over chitin-agarose beads (New England
BioLabs) to remove three other endogenous E. coli gene
products (ArnA, SlyD and Can) that are other known
contaminants in IMAC-based purifications [because, in
E. coli NiCo21 (DE3), each of these gene products has
been tagged with a chitin-binding domain]. The septin
complexes in the flow-through from the chitin-agarose
were loaded using the 10-mL loop of an AKTA FPLC
system (GE Healthcare) onto a Superdex 200 HilLoad
16/60 column (16 mm x 60 cm) (GE Healthcare) and
subjected to size-exclusion chromatography in septin
buffer [300 mM KCI, 50 mM Tris-HCI (final pH 8.0)].
Fractions were collected, and the proteins present in
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each were resolved by SDS-PAGE and visualized by
staining with Coomassie Blue dye. The peak fractions
containing the highest concentrations of stoichiometric
septin complexes were pooled and used immediately
for labeling by maleimide chemistry.

Expression and purification of Bni5—Using the SLIC
procedure, the yeast BNI5 ORF was inserted in-frame
with an N-terminal 8XHis tag followed by a human
rhinovirus 3C protease cleavage site in the bacterial
expression vector pH3c-LIC, in which transcription is
driven by the phage T7 promoter and regulated in an
IPTG-dependent manner by a lacO element. This vector
was introduced into E. coli NiCo21 (DE3), and the cells
were induced and lysed, and the Bni5 protein purified
by IMAC, chitin-agarose and size-exclusion
chromatography, essentially as described above for the
bacterially-expressed septin complexes.

Maleimide labeling—The protein concentration of the
purified septin complexes (or Bni5) was determined
using the bicinchoninic acid method (Pierce BCA
protein assay kit; Life Technologies) (53). Samples
(typically, 2-4 ug) were incubated with a 10-fold molar
excess of reducing agent TCEP for 10 min at room
temperature, desalted by passage through Sephadex
G25 (8.3 mL; PD-10 column, GE Healthcare) in labeling
buffer [300 mM KCI, 50 mM Tris (final pH 7.0)] to
remove the TCEP, and labeled overnight at 4°C with a 5-
fold molar excess of the desired maleimide dye (AF488,
AF555, AF647; Life Technologies). Excess dye was
reacted with a 10-fold molar excess of DTT at room
temperature for 10 min and removed by recapturing
the (His)s-Cdc12-containing septin complex by IMAC
chromatography on a HisTrap HP column (GE
Healthcare) [wash buffer: 300 mM KCI, 20 mM
imidazole, 50 mM Tris-HCI (final pH 8.0); elution buffer:
300 mM KCI, 500 mM imidazole, 50 mM Tris-HCI (final
pH 8.0)]. The dye-labeled protein was dialyzed
overnight against septin buffer [300 mM KCIl, 50 mM
Tris-HCI (final pH 8.0)] in a Slide-A-Lyzer dialysis cassette
(Life Technologies) with a 10 kDa molecular weight cut-
off. The BCA assay (corrected for the contribution of the
dye) and measurement of fluorescence using a P-330
Nanophotometer (Implen) were used to determine the
molar concentration of protein and dye, respectively, in
the final sample. In these complexes, in which only a
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single protomer type, e.g. Cdcll, contains the sole Cys
present, the efficiency of labeling was 0.7-0.8 dye
molecules per this subunit. Labeling of only the proper
protomer was verified by resolving the subunits by SDS-
PAGE and analyzing them by imaging with a Typhoon
Trio Variable Mode Imager equipped for fluorescence
(GE Healthcare) to detect the dye and by staining with
Coomassie blue dye and examining with an Odyssey
scanner (Licor Biosciences) to detect the protein. Using
the same criteria, the labeling efficiency for Bni5, which
contains 3 native Cys, was 2.7 dye molecules per
protein.

Spectroscopy and data analysis—Absorbance spectra of
25 nM donor dye (AF555)-labeled septin hetero-
octamers alone, serial dilutions of 100 nM acceptor dye
(AF647)-labeled septin hetero-octamers alone (unless
otherwise specified), and mixtures of the two were
measured, in triplicate, at room temperature after
equilibration for 1 h in a cuvette (3-mm path length,
270 ulL maximum volume) using a Cary Eclipse
Fluorescence Spectrophotometer (Agilent). Unless
specified otherwise, the final buffer conditions were 45
mM KCI, 50 mM Tris-HCI (pH 8.0). FRET values were
obtained by subtracting the buffer only background and
correcting the emission of the acceptor at 671 nm for
the contributions of both the donor and acceptor
excited at 555 nM. The values reported represent the
average (+SEM) of the triplicate samples. PCA (54) and
subsequent data fitting was done using Matlab (The
Mathworks) and its toolboxes for curve fitting and
statistics. Alternately, semi-quantitative sensitized
emission techniques were used to obtain corrected
FRET values, as previously described (55-57).

Fluorescence microscopy—Microscope slides (3 inch x 1
inch x 1 mm) and coverslips (#1.5, 22 mm x 22 mm)
were bathed in 2 M HCI for 30 min, rinsed 5 times in
ddH,0 (15 min per wash) and once in ethanol, and air
dried. To coat the coverslip, 300 pL of 1 mg/mL PLL was
pipetted onto its surface and after incubation for 30-60
min, it was rinsed 2 times with ddH,O and air dried.
Purified septin complexes labeled with AF488 and
AF555, respectively, were mixed and diluted to final
concentration of 20 nM in 45 mM KCl, 50 mM Tris-HCl
(pH 8.0) and incubated for 1 h at room temperature
while protected from light. Samples (30 plL) of the
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resulting septin filament-containing solution were
pipetted onto the coverslip and followed immediately
by 200 pL of the same buffer to help disperse the
protein more uniformly. The filaments were allowed to
adhere to the PLL surface for 30 min and then mounted
on slides for imaging. The samples were viewed at room
temperature using an Olympus IX81 microscope
equipped with a 100X PlanApo Oil objective (numerical
aperture 1.4, ¢/0.17) and an ORCA-ER CCD camera
(Hamamatsu Photonics) (64.5 nm effective pixel size)
controlled by MetaMorph (Molecular Devices). For
AF488-labeled septins, an HQ 480/40 nm excitation
filter and Q 505 long-pass and HQ 535/50 nm emission
filters were used (Chroma Technology Corp.). For
AF555-labeled septins, an HQ 565 nm long-pass and HQ
620/60 nm emission filters (Chroma Technology Corp.)
were used. Unless otherwise specified, in all
micrographs the scale bar represents 10 um.

RESULTS

End-to-end assembly of donor- and acceptor-labeled
Cdcl1-capped septin hetero-octamers—Cdcll is known
to be the terminal subunit at each end of yeast septin
hetero-octamers (22), which we have modeled on the
basis of available crystal structures of mammalian
septin complexes (37,39,40) using Phyre2 (58) (Fig. 1A).
Prior work (18,22,59) has demonstrated that, in low-salt
buffer, native septin hetero-octamers assemble end-on-
end via formation of an NC interface between Cdcll
subunits at the ends of adjacent rods to form a long
filament (Fig. 1B). During their assembly, such individual
filaments pair laterally in a highly cooperative manner.
This arrangement seemed highly favorable for assessing
the Cdcl1-Cdcll interaction via FRET because when
donor dye-labeled Cdcl1-capped rods are mixed with
an equimolar amount of acceptor dye-labeled Cdcl1-
capped rods, on average, 50% of the resulting Cdc11-
Cdc11 junctions should represent donor-acceptor pairs
(Fig. 1B).

We selected as the donor-acceptor dye pair AF555
and AF647, two well characterized fluorophores, quite
similar to Cy3 and Cy5, a well known FRET pair (60). As
required for efficient FRET, the emission of the donor
(AF555) shows good spectral overlap with the
absorbance of the acceptor (AF647), with only a very
modest tailing into the emission of the acceptor (Fig.
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1C). Moreover, according to the manufacturer (Life
Technologies), the distance for 50% energy transfer (Ro)
between these two dyes is 5.1 nm, and, based on our
modeling, at the Cdcl1-Cdcll NC interface, dye
attached to E294C in the CTE of one Cdcll protomer
should approach the dye attached to E294C in the CTE
of the other Cdcl1l protomer at a distance of about 3
nm.

To test these predictions, a preparation of
otherwise Cys-less septin complexes containing
Cdc11(E294C) was labeled with AF555 (Fig. 1D, upper)
and another sample of the same complexes was labeled
with AF647 (Fig. 1D, lower). Indeed, when increasing
amounts of the acceptor dye-labeled rods were mixed
with a fixed concentration of donor-labeled rods, and
excited only at the absorbance of the donor, the
characteristic spectral features of FRET were clearly
observed: a diminution of the donor emission with a
concomitant and corresponding increase in emission
from the acceptor (Fig. 1E), as also confirmed by PCA
analysis (Fig. 1E, inset). The fact that only one principal
component could be detected in the FRET spectrum
(unless otherwise noted, this principal component
accounted for >98% of the variability in our system)
indicates that the FRET observed arises from the
predicted bimolecular interaction of donor dye-labeled
Cdcl1l and acceptor dye-labeled Cdcll at the Cdcll-
Cdcl1 junctions between rods, and not from dye-dye
interactions across the individual strands in paired
filaments or other possible modalities, which would be
expected to generate additional principal components.

Aside from revealing FRET arising from the expected
close approach of donor-labeled Cdcll and acceptor-
labeled Cdc11 at the ends of the hetero-octamers, such
titration experiments vyield binding curves when
replotted as the maximal corrected FRET observed at
each of the known concentrations of acceptor dye-
labeled rods that were added to the fixed known
concentration of donor dye-labeled rods (Fig. 1F).
Indeed, the expected approach to saturation was
observed because the probability of formation of a
FRET-competent Cdcl1-Cdcll junction between a
donor dye-labeled rod and an acceptor dye-labeled rod
should increase as the ratio of acceptor dye-labeled
rods to donor dye-labeled rods increases. In addition,
this very reproducible behavior indicates, contrary to
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indirect experiments suggesting the opposite (61), that,
once assembled, a hetero-octamer is remarkably stable,
i.e. subunits in different rods do not dissociate, intermix
and reassemble, at least over the time scale of our
experiments. Moreover, assuming stochastic
polymerization of donor- and acceptor-labeled rods, we
could estimate the fraction of donor dye-labeled Cdc11-
capped rods in end-to-end association with acceptor
dye-labeled Cdcl1l-capped rods as the ratio of the
concentration of the acceptor complexes divided by the
total septin present (donor and acceptor complexes). In
this way, such saturation curves (Fig. 1F) yield apparent
K4 values for the Cdc11-Cdcll NC interface. The average
K4%*P value for the Cdc11-Cdc11 interaction derived from
numerous experiments of this sort (Fig. 1F and 2A) was
25-30 nM % 11 nM (range) with an apparent 1:1
stoichiometry (Table 1). Furthermore, assuming an
"ideal" model, namely one Cdcl1 binding to one Cdcl1l
(ABnax = 1) and a Ky = 25 nM for that interaction,
generated a binding isotherm nearly identical to the
observed saturation curve (Fig. 1F), fully consistent with
the FRET arising purely from end-to-end assembly of
donor- and acceptor-labeled Cdcll-capped septin
hetero-octamers.

Linear organization of septin hetero-octamers—FRET
can be used not only as a read-out for close association
of a donor- and an acceptor-labeled molecule, but can
also serve as a "molecular ruler" because the FRET
efficiency (E) is strongly dependent on the distance
between the donor and the acceptor (r), as well as on
the 50% transfer distance (Ry) for the dye pair used,
where Fpais the fluorescence intensity of the donor with
the acceptor present, and Fp is the fluorescence
intensity of the donor alone (Equation 1) (62).
& == (1-724)
(1)) o

Given the fixed order of subunits in yeast septin hetero-
octamers demonstrated both in vitro (22) and in vivo
(63), the observed FRET between any given donor dye-
labeled septin subunit and another acceptor-dye
labeled protomer should be reproducibly sensitive to its
position within the rod (Fig. 2B).

Again, to test the reliability of our system to exhibit
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this expected behavior, a preparation of otherwise Cys-
less hetero-octamers containing Cdc11(E294C) labeled
with the donor AF555 was titrated with preparations of
otherwise  Cys-less  hetero-octamers  containing
respectively, Cdc11(E294C), Cdc12(L310C), Cdc3(S407C)
or Cdc10(R298C) that were labeled with the acceptor
AF647 (Fig. 2C). As anticipated, we observed that FRET
efficiency between Cdcl1-Cdcll donor-acceptor pairs
was higher than for Cdcl11-Cdcl2, Cdcl1-Cdc3 and
Cdc11-Cdc10 donor acceptor pairs. The observed FRET
efficiencies were used to calculate experimentally
derived distances and plotted against those values (Fig.
2D). Although no crystal structure yet exists for S.
cerevisiae septin complexes, our homology model (Fig.
1A) and the known diameter (4 nm) of the globular GTP-
binding domain of yeast septin subunits estimated from
EM (22) allowed us to predict, based on end-to-end
assembly, the approximated distance between the
positions of the fluorophores in the different septin
pairs: Cdcl11-Cdcll, ~2.6 nm; Cdcl1-Cdcl2, ~8.3 nm;
Cdc11-Cdc3, ~10.8 nm; Cdcl0, ~16.7 nm. The
experimentally derived values certainly follow the same
trend as these predicted distances.

Especially noteworthy in this regard, however, was
our finding that the calculated Cdc11-Cdc12 (5.02 nm)
and Cdc11-Cdc3 (5.08 nm) distances were very similar.
In the labeled Cdcl12 and Cdc3 hetero-octamers, the
acceptor dye is located near the base of the predicted
a6 helix of the CTEs of these subunits, and ample
evidence both in vitro and in vivo indicates that the CTEs
of Cdc3 and Cdcl2 are entwined in a coiled-coil
interaction (22,42,59,64). Given the position at which
these acceptor dyes were installed, the fact that the
measured distance between the Cdcl1l-Cdcl2 and
Cdc11-Cdc3 fluorophores was so similar suggest that,
relative to the donor dye in Cdc11, the acceptor dyes in
Cdc12 and Cdc3 are located in very close proximity to
each other. This observation is consistent with and
provides additional physical evidence for the presence
of an intimate coiled-coil interaction between the CTEs
of Cdcl2 and Cdc3. As expected, there was a marked
decrease in FRET between the terminal subunit (Cdc11)
and the protomer (Cdc10) situated at the greatest
distance away at the center of the rod (Fig. 2D).

Although the observed FRET values displayed a
clear distance sensitivity, the experimentally calculated
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lengths deviated significantly from those predicted from
our modeling. However, the "expected" distances were
based on modeling against a rather low-resolution (~4A)
crystal structure of mammalian septins (39). Also, our
measurements were made using pairs of donor and
acceptor fluorophores located at the very end of a6
helix, which terminates the GTP-binding domain, at its
junction with the long flexible CTE; thus, this position
may have a significantly greater range of mobility than
predicted. Finally, in vivo, septin rods assemble into
filament-like structures on the cytosolic surface of the
plasma membrane; however, when the septin rods
assemble into filament-like structures in solution, they
have a tendency to bundle laterally upon prolonged
incubation or at a sufficiently high concentration (22,
44, 59). In principle, this bundling could contribute to
the differences seen between the "expected" distances
predicted by our modeling and the length values
derived from our FRET measurements, if, for example,
some filaments in such bundles were staggered (i.e. out
of perfect register). Our fluorescence micrographs
indicate that bundling occurs under our polymerization
conditions (see Supplemental Data).

Effect of ionic strength on the Cdcl1-Cdcll NC
interface—There is ample evidence that septin
filaments disassemble at high ionic strength into their
constituent hetero-octamers (18,20,21) and,
conversely, that polymerization of Cdcll-capped
hetero-octamers into long paired filaments is favored at
low ionic strength (22,59). Thus, if our FRET system is
reliably reporting filament assembly, the observed
energy transfer between our donor dye-labeled Cdc11-
capped rods and acceptor dye-labeled Cdcll-capped
rods should be greatly diminished as the ionic strength
is raised above the threshold required to disrupt the
Cdc11-Cdcll interaction. Indeed, when our standard
titrations of donor-labeled rods with acceptor-labeled
rods were conducted in buffers of increasing salt (KCl)
concentration (Fig. 3A), the maximum observed FRET
was progressively diminished, displaying a rather sharp
transition with an ECsy of ~180 mM KCI (Fig. 3B),
exhibiting an apparent Hill coefficient above 5 (Table 2),
and raising the K" from 20-30 nM to a value so weak
and irreproducible (>>100 nM) that it was not possible
to measure accurately (Fig. 3C).

A spectroscopic approach for analysis of septin assembly

Novel insights about the behavior of Shsl-capped
hetero-octamers—Aside from Cdc3, Cdcl10, Cdcll and
Cdc12, mitotically growing yeast cells express a fifth
septin, Shs1 (551 residues), that is most closely related
to, but 33% larger than, Cdcll (415 residues). Prior
work has demonstrated that Shsl can replace Cdcll
and thus serve as an alternative terminal subunit in
yeast septin hetero-octamers (25). Indeed, like Cdc11-
capped hetero-octamers (Fig. 4A, lower), we were able
to prepare stable, otherwise Cys-less septin complexes
containing Shs1(E344C) that we could efficiently label
with either the donor AF555 or acceptor AF647 dyes
(Fig. 4A, upper). These reagents allowed us to address
several previously unresolved questions about the
properties of such Shsl-capped rods.

First, EM imaging indicates that, in low-salt buffers,
Shsl-capped hetero-octamers bundle and form rather
thick arcs, rings, spirals and bird's nest-like
arrangements (25). Given the density of these
structures, it has not been possible to discern
definitively whether or not Shsl-capped hetero-
octamers have any capacity to join end-on-end via an
Shs1-Shs1 NC interface. To address this question, a fixed
concentration of donor dye-labeled Shs1(E344C)-
containing rods was titrated with increasing
concentrations of acceptor dye-labeled Shs1(E344C)-
containing rods. Unlike the robust FRET observed for
the such donor-acceptor titrations with Cdcl1-capped
rods (Fig. 1E), no detectable FRET occurred in the Shs1-
Shs1 donor-acceptor mixtures, as evidenced by the fact
that there was no internally consistent decrease in the
emission of the donor and no corresponding
enhancement in the emission of the acceptor above the
background contribution of its increasing concentration
(Fig. 4B). Thus, as judged by this criterion, Shs1-capped
hetero-octamers are unable to engage in any persistent
end-on-end association. Moreover, PCA of the spectral
data showed two distinct principal components (Fig. 4B,
inset), suggesting that the spectra recorded arise from
at least two classes of weak fluorophore interactions,
consistent with the complex structures formed by Shs1-
capped hetero-octamers on EM grids (25). Indeed, even
at the macroscopic level of the fluorescence
microscope, fluorescently-tagged Shs1-capped
complexes formed curved structures and even some
rings (Fig. S1, left).
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Second, it has been shown biochemically that
purified Shsl can associate with purified Cdc11 in vitro
(20) and, as viewed in the EM, that titering a solution of
Shsl-capped hetero-octamers with increasing amounts
of Cdcll-capped hetero-octamers widens the diameter
and thins out the edges of the rings formed from Shs1-
capped complexes, suggesting that Cdcl1-capped rods
can intercalate in some fashion into structures
composed of Shsl-capped rods, and alter their
supramolecular organization (25). These findings
suggest that Cdcl1-capped complexes and Shsl-capped
complexes might be able to form heterotypic NC
junctions. Consistent with this conclusion, we recently
provided genetic evidence that such heterotypic NC
junctions likely occur in the cell (65). However, there
previously has been no direct and incisive means to
confirm that Shsl-capped hetero-octamers are able to
form heterotypic NC junctions with Cdcl1-capped
hetero-octamers. To test this possibility directly, we
titrated several fixed concentrations of donor dye-
labeled Shs1-capped rods with increasing
concentrations of acceptor dye-labeled Cdcll-capped
rods. In marked contrast to the Shsl-Shsl donor-
acceptor mixtures, the Shsl donor-Cdcll acceptor
mixtures exhibited robust FRET (Fig. 4C), equivalent to
that displayed by Cdc11-Cdc11 donor-acceptor mixtures
(Figs. 1F and 2A). The average K4**° value for the Shsi-
Cdcl1 interaction derived from these binding curves
was ~20 nM + 10 nM (range) (Table 1), a slightly higher
affinity than measured for the Cdcl1-Cdcll NC
interaction. Likewise, the effect of increasing salt
concentration on the stability of the Shsl-Cdcll
association displayed a somewhat broader transition
and a somewhat higher ECsq of ~200 mM KCI than for
the Cdc11-Cdcl1 interaction (Table 2), again consistent
with the Shsl-Cdcll interaction being somewhat
tighter than the Cdcl1-Cdcll interaction. Thus, we
conclude that Shsl-capped hetero-octamers are indeed
able to engage in a heterotypic end-on-end interaction
with Cdcl1-capped hetero-octamers.

Interestingly, at the macroscopic level, in 1:1
mixtures of fluorescently-tagged Shsl-capped septin
complexes and Cdcll-capped septin complexes, the
two dyes are clearly incorporated into the same
structures (Figs. S2A and S4A); however, the Shsl-
containing regions are discontinuous and appear

A spectroscopic approach for analysis of septin assembly

embedded within a more continuous matrix of Cdcl11-
containing regions (Figs. S2A and S4A, white
arrowheads). This organization could reflect the
demonstrated capacity of Shs1l-capped hetero-octamers
for lateral bundling (25), such that even if an Shsil-
capped rod is incorporated into these structures via its
end-to-end association with Cdcl1-capped rods, it could
still nucleate lateral binding of additional Shsl-capped
rods at the same location, resulting in the observed
puncta. Presumably, the properties of such mixed
assemblies give septin-based structures the flexibility
and plasticity necessary to form the lattice- and gauze-
like arrangements, and other supramolecular
architectures, that have been observed in cells by
freeze-fracture (66), cryo-electron tomography (23),
and other EM methods (24).

Analysis of the role of conserved structural elements in
septin-septin interaction—In the original X-ray structure
of the human Sept7-Sept6-Sept2-Sept2-Sept6-Sept7
hetero-hexamer, each subunit was truncated to remove
its CTE to promote crystallization (39), so no
information about the disposition of those structural
elements (Fig. 1A, arrows) was provided. Subsequently,
the isolated CTEs of these same septins have been
studied as purified recombinant proteins in solution,
and it has been reported that the CTEs of Sept6 and
Sept7 (equivalent to yeast Cdc3 and Cdcl2,
respectively) are able to form an elongated heterodimer
with high a-helical content (presumably, a coiled coil)
with a Kyof 15.8 nM (67). This value is in the same range
as the Cdc11-Cdcll and Shs1-Cdcll interactions shown
here. Moreover, although cells in which either
cdc11(ACTE) or shs1(ACTE) mutants are expressed as
sole source of these septins are viable, their growth and
morphology are not normal (20,64). Hence, we sought
to assess the contributions of the corresponding CTEs of
Cdcl11 and Shsl to Cdc11-Cdcll homotypic and Shsl-
Cdc11 heterotypic association. Cdcll and Shsl contain
CTEs that are similar, apart from a 45-residue insert
(401-446) found in Shs1l. Removal of the CTE (residues
306-415) from Cdcll or of the CTE (residues 349-551)
from Shsl did not affect the engineered Cys in a6
(E294C in Cdcl11 and E344C in Shsl, respectively) that
we used for maleimide labeling and do not affect the
formation of stable hetero-octameric complexes
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(25,50). Hence, we prepared, labeled and analyzed
otherwise Cys-less complexes containing either
Cdc11(E294C ACTE) or Shs1(E344C ACTE) (Fig. 5A). We
found that absence of the CTE from Cdcll in the
acceptor dye-labeled rods, or from both the donor dye-
labeled rods and the acceptor dye-labeled rods, did not
have a significant effect on the FRET observed (Fig. 5B)
or on the K4*° value for the Cdc11-Cdcl1l interaction
derived from such binding curves (Table 3). Likewise, we
found that removal of the CTE from Shs1 or from Cdc11,
or from both, did not have a significant effect on the
FRET observed (Fig. 5C) or on the K4**° value for the
Shs11-Cdc11 interaction derived from such binding
curves (Table 3). Likewise, at the macroscopic level,
fluorescently tagged hetero-octamers capped with
Cdc11(ACTE) formed polymerized structures with either
Cdcl1-capped hetero-octamers or Cdc11(ACTE)-capped
hetero-octamers with equal efficiency (Fig. S3B and C).
Similarly, presence or absence of the CTE on Shsl or
Cdcll, or both, did not prevent the formation of
colocalized polymerized structures closely resembling
those formed between intact Shsl-capped and intact
Cdcll-capped septin complexes (Fig. S2B-D). These
results are consistent with our recent genetic evidence
that, unlike heterodimeric coiled coil formation by the
CTEs of Cdc3 and Cdc12 that contributes to the strength
of their interaction (20,22,59), the CTEs of Cdcl1 and
Shs1 do not make a major contribution to either Cdc11-
Cdcl11 or Shs1-Cdcl1 interaction, but rather contribute
to the efficiency of recruitment in vivo of at least one
septin-associated protein to the septin-containing
structures at the bud neck (65).

Another helical element, a0, observed in the crystal
structure of a human Sept2-Sept2 NC dimer (39),
contributes some residues to the buried surface at this
interface (39) and has been implicated previously in the
strength of septin-septin interaction both in vitro (22)
and in vivo (63). However, a tract of basic residues
found within a0 also appears to be sufficiently surface-
exposed so as to contribute to the association of septin
complexes with PtdIns4,5P, in the plasma membrane
(59,64,68). Sequence alignments and modeling indicate
that all of the yeast mitotic septins have an a0. The
apparent a0 in Cdcl1 and Shsl corresponds to residues
6-19 and 7-20, respectively. As analyzed by deposition
onto carbon-coated grids and examination in the EM,
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septin hetero-octamers capped with Cdcl11(A2-18),
which removes essentially the entire a0 [hence, termed
Cdc11(Aa0)], were unable to polymerize in solution into
filaments (22). In marked contrast, hetero-octamers
capped with Cdc11(Aa0) were able to assemble end-on-
end to form filaments when polymerized on the surface
of a Ptdln4,P,-containing lipid monolayer (59),
indicating some significant residual capacity of the
Cdc11(Aa0)-capped rods to associate via the Cdcll-
Cdc11 NC interface.

To explore this question further, we prepared,
labeled and analyzed otherwise Cys-less complexes
containing either Cdc11(Aa0 E294C) or Shs1(A2-18/Aa0
E344C) (Fig. 6A). Titrating Cdcll-capped donor dye-
labeled rods with Cdc11(Aa0) acceptor dye-labeled rods
yielded FRET behavior and an apparent affinity for
Cdc11-Cdcll interaction that was indistinguishable
from that observed with wild-type Cdcl1 acceptor dye-
labeled rods (Fig. 6B; Table 4); however, when o0 was
absent from the Cdcll in both the donor dye-labeled
rods and the acceptor dye-labeled rods, there was a
modest, but measurable, reduction in the apparent
strength of the Cdc11-Cdcl1 interaction (Fig. 6B; Table
4). Similarly, when mixtures of Shsl-capped complexes
and Cdcll-capped complexes were examined, the most
striking effect was observed upon removal of a0 from
Shs1 in donor dye-labeled complexes, which weakened
the K4**P value for the Shs1-Cdc11 interaction by 4-5 fold
(Fig. 6C; Table 4); however, the noise in these particular
measurements makes this value only very approximate.
Nonetheless, when both Shsl and Cdcll lacked a0,
interaction strength was improved (Fig. 6C; Table 4).
PCA (not shown) of the same spectral data indicated
maintenance of a single principal component in all
these mutant combinations, supporting the view that
1:1 Cdc11-Cdcl1l and Shs1-Cdcll interactions were still
able to occur in vitro even when these subunits lack
their a0 element. Thus, it appears that those residues of
a0 thought to be buried at the NC interface do not
contribute in a major way to the binding energy of this
interaction, at least in solution.

However, our complementary analysis of the ability
of these fluorophore-labeled complexes to assembly
into higher-order structures at the macroscopic level, as
assessed by fluorescence microscopy, provided
evidence that Cdcll and Shsl lacking their a0 are less
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stable and have a tendency to mis- or unfold, as judged
by the fact that the filamentous networks formed are
much shorter and often contained what look like
aggregates, especially when only Cdcl1(Aa0)-capped
hetero-octamers were present (Fig. S3D and E).
Similarly, in the case of mixtures of Shsl-capped
complexes with Cdcll-capped complexes, removal of
a0 from either or both of these septins altered their
ability to form the higher-order structures observed

with complexes capped with their wild-type
counterparts. When Cdcl11(Aa0) complexes were
combined with Shsl complexes, there was less

colocalization of Cdc11(Aa0) with Shs1 and an increase
in the formation of Shsl-containing puncta (Fig. S4B).
Conversely, Shs1(Aa0) complexes combined with Cdc11
complexes exhibited increased colocalization suggesting
removal of a0 from Shsl permits its more facile
integration into Cdcll1-containing structures (Fig. S4C).
When Shs1(Aa0) complexes were combined with
Cdc11(Aa0) complexes, however, very few organized
structures of any sort were formed from either septin-
containing complex (Fig. S4D). These findings could be
best explained by a role for a0 in maintaining the stable
three-dimensional fold in both Cdc11 and Shs1.

Binding and localization of a septin-associated protein—
In addition to its use in monitoring assembly of
fluorophore-labeled building blocks into a polymeric
structure and its utility in gauging approximate
distances among fluorophore-labeled constituents of
multi-protein complexes, FRET can also be used to
determine  whether an exogenously  added,
heterologous protein can associate with a pre-existing
complex and the binding affinity and preferred binding
site of that interaction. To test the utility of our system
for this purpose, we examine the association of four
derivatives of Cdcll-capped septin complexes, each
donor dye-labeled on one of its component subunits
and assembled into filaments at low salt concentration,
with acceptor dye-labeled Bni5.

BNI5 was isolated as a dosage suppressor of cdc12-6
and other temperature-sensitive septin mutants, and
yeast two-hybrid analysis in vivo and GST pull-down
assays in vitro indicated that Bni5 physically associates
most strongly with Cdcll (69). Subsequent work has
demonstrated that Bni5 serves as an adaptor to link
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septin filaments at the bud neck to the yeast type I
myosin (Myo1l) necessary for contractile ring formation
prior to cytokinesis (65,70,71).

As an initial test, we labeled purified native Bni5,
which contains three endogenous Cys (C144, C266 and
C375), with the acceptor dye (Fig. 7A). The efficiency
with which we were able to label Bni5 with acceptor
dye (2.7 AF647 molecules per protein) indicates that all
three of Cys residues are solvent-exposed, consistent
perhaps with structural predictions suggesting that Bni5
is a very elongated, nearly all-a-helical protein (65).
Because of the multiple dyes present, we anticipated
that if FRET was observed between the acceptor-
labeled Bni5 and the donor dye-labeled septin
filaments, any values obtained from it for apparent
affinity and distance estimates would only be
approximate. Nonetheless, we found that acceptor dye-
labeled Bni5 showed readily detectable FRET with
septin filaments containing donor dye-labelled Cdcl1,
and progressively lower FRET with septin filaments
where the donor dye was located on another subunit
(Fig. 7B), in agreement with all of the prior evidence
that Bni5 associates preferentially with Cdc11 in Cdc11-
capped hetero-octamers. The K4°°° derived for the Bni5-
Cdc11 interaction from multiple titrations of donor dye-
labeled Cdc11(E294C)-containing filaments was ~200
nM (Fig. 7C). This apparent affinity is in remarkably
good agreement with a value (¥300 nM) reported for
binding of Bni5 to septin complexes measured by the
technique of surface plasmon resonance (44).

DISCUSSION

FRET provides a versatile assay for monitoring septin
mechanics—Prior to this work, the only assay available
to observe septin assembly in vitro was by visual
inspection of septins tagged by fusion to large
genetically-encoded fluorogenic proteins under the
fluorescence microscope (43). Although this technique
is useful to observe the dynamics of formation of septin
structures on a large scale, the protein-protein
interactions intimately involved in the mechanism of
septin assembly at the nanometer scale are inaccessible
at the level of resolution of fluorescence microscopy. By
contrast, our development of a FRET-based method
enabled us to address detailed questions about the
assembly mechanics and subunit interactions in septin
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complexes.

One major benefit of FRET is that the efficiency of
the energy transfer between small, organic dye
fluorophores is dependent on the distance between
them in a predictable fashion and on scales relevant for
septin biology. Thus, by placing FRET-compatible
fluorophores on different combinations of subunits, we
were able to provide independent confirmation that
Cdcll-capped septin hetero-octamers assemble into
filaments by end-on-end formation of homotypic
Cdc11-Cdcll junctions and not via any other sort of
subunit-subunit interactions. Our measurements also
provide the first quantitative estimate of the strength of
the Cdc11-Cdcll NC interface, which has a remarkably
high affinity (K" ~30 nM). Moreover, we were able to
demonstrate, conversely and for the first time, that
Shsl-capped hetero-octamers are incapable of engaging
in end-on-end association via homotypic Shsl-Shsl
interaction. Revealingly however, and yet again for the
first time, our FRET method showed that Shsl-capped
hetero-octamers are capable of engaging in heterotypic
Shs1-Cdc11 junctions, as had been inferred from purely
circumstantial evidence based on genetic arguments in
our prior studies (65). Currently, there is no evidence
either in vitro (25) or in vivo (25, 63, 64, 73) that a
heteroctamer can be heterotypically capped with a
Cdcl1 at one end and Shs1 at the other. Moreover, at a
more macroscopic scale, we found that these Shsil-
Cdcll junctions are formed at a distinctly lower
frequency than Cdc11-Cdcl1 because Shsl-capped rods
are incorporated within higher-order Cdcl1-containing
structures in a highly dispersed and irregularly periodic
manner. This behavior is in keeping with one of the
likely physiologic roles for incorporation of Shs1-capped
hetero-octamers into the filaments composed of Cdc11-
capped hetero-octamers, namely to assist in imparting
curvature to generate and control the diameter of the
septin rings at the bud neck, whose size changes during
progression through the yeast cell division cycle (32,72).
This hypothesis is supported by experiments in which
changing the relative stoichiometry of Shs1- and Cdc11-
capped hetero-octamers altered the diameter and
thickness of rings observed under the EM (25), and by
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the fact that, although shs1A mutants are viable, the

efficiency of cytokinesis in such cells is clearly

compromised (73,74).

Conditions influencing septin filament assembly—A
valuable feature of our FRET-based assay, and another
advantage over studies conducted using fluorescence
that it s

manipulation of the solvent conditions. There are many

microscopy, is readily accessible to
parameters that could affect septin assembly that might
also be regulated in the cell, such as the guanine
nucleotide concentration or pH.

Here, however, we chose to examine the effect of
ionic strength because of its well-characterized
influence on the state of septin filament assembly in
vitro demonstrated in prior work (18,22). Using our
FRET system, we found that the ability of Cdcl1-capped
rods to polymerize end-on-end into filaments is indeed
salt-sensitive. The transition between filaments and
isolated rods was very sharp (an apparent Hill
coefficient >5) and occurred at an ECsy for the molarity
of KCI just slightly higher (~*180 mM) than that thought
to represent the tonicity inside cells (equivalent to 120-
150 mM) (75). This finding suggests that, at the ionic
strength inside cells, the rod-to-filament equilibrium
may be poised to be ultra-sensitive to changes in other
septin effectors (e.g., changes in the concentrations of
GTP,

associated proteins, or changes in post-translational

particular septin subunits, and/or septin-
modifications on septin or septin-associated proteins).
If so, it would give cells the capacity to rapidly remodel
septin-based structures in response to the appropriate
cellular cues. Indeed, the septin cytoskeleton undergoes
a variety of dramatic structural changes as the cell cycle
proceeds: formation of a septin cap or nascent hoop at
the incipient bud site in late G1; expansion / extension
of the hoop into an hourglass-shaped collar in S to late
anaphase; splitting or collapse of the collar into two
bands at the onset of cytokinesis; and, breakdown of all
observable higher-order septin structure prior to
initiation of the next cell cycle (29,30).

In further regard to the effect of ionic strength, and
given that previous observations in our own and in

other laboratories have shown that septin hetero-
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octamers themselves are remarkably stable even at salt
concentrations as high as 300-500 mM NaCl or KCI
(18,20-22), the salt-sensitive interaction responsible for
salt-induced filament disassembly is clearly the Cdc11-
Cdcl11 NC interface. In this same regard, and given that
our FRET approach was able to definitely show that
Shs1-Cdc11 NC junctions are able to form robustly, and
have an apparent affinity (K4°*® ~20 nM) even greater
than Cdc11-Cdcll junctions, it is tempting to speculate
that the reported extensive and cell cycle-dependent
phosphorylation of Shs1 (76,77), which does not appear
to be required for Shs1 function per se (64), occurs as a
means to enhance the efficiency of disassembly of the
residual septin filaments and rings at the bud neck at
the end of each cell cycle.

Analysis of conserved structural elements in septin
organization—In addition to examining the properties
of wild-type septin complexes, we also used our FRET
methodology to explore the effect of altering certain
recognized structural elements in septin monomers on
the assembly properties of hetero-octamers containing
them. Here, in particular, we probed the roles of the
CTE and a0 helix in Cdcll and in Shsl in the formation
of both homotypic Cdcl1-Cdcll interaction and in
heterotypic Shs1-Cdc11 association.

Deletion of the CTE, even when removed from
Cdcll in both the donor dye-labeled Cdcll-capped
complexes and the acceptor dye-labeled Cdcl1 capped
complexes, did not prevent formation of homotypic
Cdcl11-Cdcll NC junctions or affect their apparent
affinity. Likewise, deletion of the CTE from either Shsl
or Cdcll, or
formation of heterotypic the Shs1-Cdcll NC junction.
Thus, the CTEs of Cdc11 and Shsl do not contribute to
either the Cdc11-Cdcl11 or the Shs1-Cdcl1 interaction,
consistent with recent genetic evidence that these CTEs

both, did not significantly perturb

serve instead to enhance the recruitment of at least one
septin-associated protein (65).

Our FRET system also allowed us to interrogate and
answer a lingering issue about another structural
element, a0, thought to reside at the NC interface.
However, there have been conflicting views about the
degree to which a0 is buried or solvent-exposed and
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how much it contributes to the strength of the NC
interaction (39,63,64). We found that removal of the a0
helix had no major effect on K¢**° for either the Cdc11-
Cdcll or the Shs1-Cdcll interaction. Indeed, as first
shown using lipid monolayers on EM grids to capture
septin filament polymerization [Ref. 59], hetero-
octamers capped with Cdc11(Aa0) retain the capacity to
assemble into filaments, in contradiction to earlier work
[Ref. 22] in which similar preparations were examined
for filament assembly in solution by then depositing the
material on EM grids for visualizing by negative staining
in the EM. Thus, our findings agree with the more
recent data. It is possible that the original discrepancy
arose because in the earlier study pre-formed filaments
may have disassembled under the conditions required
for processing of the samples, which involved solutions
of heavy metals that have a high ionic strength.

Moreover, we found (see images in Supplemental
Data) that, upon assembly, hetero-octamers capped
with Cdc11(Ao0) have a much greater tendency than
hetero-octamers capped with wild-type Cdcll to
accumulate puncta and form larger-order aggregates
and, in the original study, such structures (because they
did not resemble long paired filaments) may have been
overlooked. In any event, our findings indicate that lack
of the a0 helix destabilizes Cdc11 and Shs1, resulting in
a greater propensity for these subunits to undergo
unfolding or misfolding.

Furthermore, in agreement with our FRET results
indicating little direct role for the a0 helix in formation
of the Cdc11-Cdc11 or Shs1-Cdcll NC interfaces, there
is ample evidence that the tract of basic residues in the
a0 helix of mitotic septin subunits Cdc10 (59), Cdcl1l
and Shsl (63,64) is sufficiently solvent-exposed to
contribute to the interaction of septin filaments with
PtdIns4,5P; in the plasma membrane and is required for
the biological function of these septins in vivo. It should
be conceded, that one drawback of our FRET method in
solution, as it presently stands, is that it cannot assess
interactions of septins with membranes or membrane
surrogates.

Binding of a septin-associated protein—Finally, we
demonstrated that we could apply our FRET approach
to delineate the affinity of binding and the location of
binding of a septin filament-associated protein. There
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are a plethora of gene products that, when GFP-tagged,
localize to the yeast bud neck (29,78), but in only a very
few cases has it been determined which of these
proteins physically associates directly with a septin or is
localized at the bud neck indirectly by steric trapping or
through association with the plasma membrane or with
another protein that does bind directly to a septin. Our
FRET method, because it uses purified components, can
distinguish between these two extremes for any bud
neck-localized protein that can be expressed and
purified as a recombinant protein or purified to
homogeneity from yeast cells.

In this regard and as a test case, we examined the
association of Bni5 (Bud neck-interacting protein five)
(69). We found, using our FRET assay, that Bni5 is
indeed capable of binding directly to septin filaments
and shows a strong preference for association with
Cdcll, in agreement with results obtained by others
using different in vivo and in vitro methods. Moreover,
our analysis yielded a K¢ value for the Bni5-Cdcl1
interaction (~¥200 nM) quite similar to that (~¥300 nM)
obtained by a completely different and independent
biophysical method conducted by others (44). Preparing
single-Cys derivatives of Bni5 will allow refinement of
our binding curves to obtain more accurate assessment
of its affinity and, especially, its orientation at its
binding site. Furthermore, our FRET approach can be
extended to defining by mutagenesis the residues in
both Bni5 and Cdcl1 that are essential for their high-
affinity interaction.

Clearly, our system can be extended to interrogate
any septin-interacting protein to determine the affinity
of its binding, to pinpoint which septin subunit

constitutes its preferred binding partner, and to

determine its orientation relative to other landmarks in
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the hetero-octamer, such as the edge from which all the
CTEs project or the opposite edge (Fig. 1A). Indeed, in
this regard, we have available functional single-Cys
substitutions situated at various positions in and around
the surface of each of the mitotic subunits (50) that
could be used systematically to acquire information
about such distance constraints. Similarly, with proper
stopped-flow instrumentation, our FRET assay could be
modified to obtain kinetic parameters for
polymerization of septin hetero-octamers into filaments
and to determine the rate of association of septin-
binding proteins with filaments. Finally, with the proof
of principle we have provided here, our FRET-based
techniques could also be extended to analyze the much
more complex interplay among the 13 different human
septin subunits and their multifarious splice variants
(5,79),
organization and polymerization behavior

and to address the
of the
complexes comprising them. Past work with other

and other isoforms

biopolymers, such as actin (80), have shown that the
combination of spectroscopy with microscopy is
exceedingly powerful for determining structure-
function relationships. Relative to other cytoskeletal
biopolymers, techniques for studying septins have been
more rudimentary. We hope that the establishment of
our FRET-based assay will provide a platform for greater
understanding of how septins, their binding partners,
and their regulatory factors are linked to the biological

functions of these fascinating proteins.
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Figure Legends

Figure 1: Labeling terminal septin subunit (Cdcl1l) allows for establishment of a FRET system. (A) Schematic
representation of subunits within the yeast septin octamer as predicted by Phyre Il and aligned to the chyrstal structure
of the human septin hexamer (2QAG) in Pymol. (B) Schematic showing possible arrangements of Cdc11 labeled septin
subunits. Donor and acceptor labeled septins are allowed to assemble stochastically. (C) Normalized excitation and
emission spectra as measured of AF555 and AF647. (D) Coomassie gels and typhoon scans of Cdcl1 septin octamers
labeled at the terminal septin with AF555 and AF647. (E) FRET emission spectra with 25 nM Cdc11*7°° labeled octamers
recorded at increasing concentrations of Cdc11*™® |abeled octamers: 0.78 nM, dashed green; 1.56 nM, dashed cyan;
3.13 nM, dashed red; 6.25 nM, dashed black; 12.5 nM, solid green; 25 nM, solid cyan; 50 nM, solid red; and, 100 nM,
solid black. Inset illustrates the result of the PCA. (F) Binding curve corresponding to fluorescence spectra in E. Black
circles with SEM error bars correspond to experimental data. Black line shows the fitted binding curve. Red curve is the
predicted binding curve from stochastic assembly of the septin polymeric complex.

Figure 2: FRET is sensitive to subunit labeling. (A) Binding curves for Cdcll AF555 and Cdcll AF647 using varying
concentrations of Cdc11*”>® (25 nM Cdc11*”>® (red), 35 nM Cdc11*7>* (cyan), 50 nM Cdc11*7>> (magenta)). (B)
Schematic showing labeling of septin octamer at different subunits. The Cdc11*7*° is kept constant while the acceptor
(AF647) is transferred along the septin octamer. This schematic corresponds to the results in (C & D). (C) Coomassie gels
and typhoon scans of labeled septin octamers with AF555 and AF647. (D) Red curve shows the predicted efficiency of
transfer from the FRET equation. Black circles with SEM error bars correspond to experimental data for a 1:4 mixture of
Cdc11*7 :acceptor labeled septin. The data points are labled for the labeled septins (Donor-Acceptor) in the FRET
system.

Figure 3: Effect of ionic strength on septin assembly. (A) A series of binding curves for Cdc11 labeled septin subunits
assembled under varying ionic strength using the FRET corrected method. (B) Using PCA and 1:1 mixture of
Cdc11%7°°:cdc11%", apparent Hill coefficients and ECso can be determined as a function of ionic strength. The light
gray line illustrates the location of the ECso value. (C) Bar graphs illustrate the values of binding constants corresponding
to the color matched curves in (A).

Figure 4: Labeling of alternate terminal septin subunit (Shs1) does not establish a FRET system without Cdcl11l. (A)
Coomassie gels and typhoon scans of labeled septin octamers with AF555 and AF647 using end subunits of Shs1 and
Cdc1l. (B) FRET emission spectra with 25 nM Shs1*™* labeled octamers recorded at increasing concentrations of
Shs1”7®*’ |abeled octamers: 0.78 nM, dashed green; 1.56 nM, dashed cyan; 3.13 nM, dashed red; 6.25 nM, dashed black;
12.5 nM, solid green; 25 nM, solid cyan; 50 nM, solid red; and, 100 nM, solid black. Inset illustrates the result of the PCA
with at least 2 principal components. (C) Binding curves of Cdc11*7** capped octamers with Shs1*”>® capped octamers
at varying concentration of Shs1*7>>. (25 nM Shs1*7°* (red), 35 nM Shs1*™** (cyan), 50 nM Shs1*7>> (magenta)) (D)
Using PCA, Hill coefficients and ICso can be determined as a function of ionic strenght. The light red line illustrates the
location of the ICso value. The Cdc11%7°° —Cdc11*7*% (black line) is included for reference.

Figure 5: Affect of deletion of the terminal subunit C-terminal extension on septin octamer assembly by FRET. (A)
Coomassie gels and typhoon scans of labeled septin octamers with AF555 and AF647 using end subunits of Shs1 ACTE
and Cdc11 ACTE. (B) Binding curves for Cdc11*7>> — €dc11*7*" (red), Cdc11*™* — Cdc11 ACTE*™ (cyan), and Cdcl1
ACTE*™® — Cdc11 ACTE*® (magenta). (C) Binding curves for Shs1*™>° — Cdc11*™ (red), Shs1*™* — Cdc11 ACTE*™"
(cyan), Shsl ACTE*™>® — Cdc11*™®" (magenta), Shs1 ACTE*™>® — Cdc1l ACTE*™" (black). For (B & C) dots reprents
measured data and color coded lines the corresponding binding curve fit.

Figure 6: Affect of deletion of the terminal subunit a0 helix on septin octamer assembly by FRET. (A) Coomassie gels and
typhoon scans of labeled septin octamers with AF555 and AF647 using end subunits of Shs1 AaO and Cdc11 AaO. (B)
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Binding curves for Cdc11”7>® — cdc11*%" (red), Cdc11*7*° — Cdc11 Aa0*™® (cyan), and Cdcll Aa0*™*® — Cdc1l Aa0"™*Y
(magenta). (C) Binding curves for Shs1*7>® — Cdc11*®" (red), Shs1*”>® — Cdc11 Aa0*™®" (cyan), Shsl Aa0*™> —
Cdc11*%*” (magenta), Shs1 Aa0”™>> — Cdc11 Aa0*™* (black). For (B & C) dots reprents measured data and color coded
lines the corresponding binding curve fit.

Figure 7: Bni5 binding to septin hetero-octamers. A) Coomassie gel and typhoon scan of Bni5 purified and labeled with
AF647 including position of ladder. B) Bar graph showing the measured efficiency of transfer for acceptor dye-labeled
Bni5 with each donor-dye labeled septin subunit in Cdcl1-capped hetero-octamers. ANOVA (p<0.05) show significant
increase in effiency of transfer between Bni5 with Cdcl1 over Cdc3 and Cdc10 labeled subunits. C) Binding curves of
Bni5*™®" (max 500 nM) with Cdc11*7°* (15 nM (dashed line), 25 nM (solid line)) septin octamers with measured Kq
values of 221.5 + 148.5 nM and 210.2 + 99.9 nM respectively (mean * values show the confidence interval calculated for
p = 0.05).
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Table 1: Parameters from analysis of septin assembly with varying concentrations.

Each value in the table represents the average of measurements made in triplicate and the * values show the confidence
interval calculated for p = 0.05.

FRET Pair Donor Conc. [nM]  Apparent K4 [nM] Apparent AB,.x
(Donor — Acceptor) (fraction donor in FRET)
Cdc11*7* -cdc1177 25 20.19 + 18.97 0.97 £ 0.26
Cdc11*7* -cdc1127 35 34.52 +34.87 1.20+0.43
Cdc11*7* -cdc1147Y 50 38.77 £27.72 1.28+0.34
Shs17*° -cdc1147 25 10.78 + 8.08 0.79 £ 0.15
Shs1”7*° -cdc1147 35 21.26 £ 28.72 0.90 £ 0.36
Shs1”7*° -cdc1147 50 27.51+21.25 1.09 + 0.27

Table 2: Parameter from the analysis of septin assembly as a function of ionic strength.

Each value in the table represents the average of measurements made in triplicate and the * values show the confidence
interval calculated for p = 0.05. Equimolar quantities of donor and acceptor were present while varying ionic strength.

FRET Pair lonic Strength at ECso [mM] Apparent Hill
(Donor — Acceptor) Coefficient
Cdc11”7* -cdc11* 181.20 + 46.50 5.50 £ 6.25
Shs1”7% -Cdc11*7 197.90 + 40.40 2.68+1.39
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Table 3: Parameters for the analysis of septin assembly with ACTE septins.

Each value in the table represents the average of measurements made in triplicate and the * values show the confidence
interval calculated for p = 0.05. The donor was held at 25 nM and FRET was measured in the absence and presence of
increasing concentrations of acceptor up to 100 nM.

FRET Pair Apparent K4 [nM] Apparent AB .«
(Donor — Acceptor) (fraction donor in FRET)
Cdc117* -Cdc11 ACTE*¥ 24.11+11.45 1.15+0.17
Cdc11 ACTEA™®® -Cdc11 ACTEA™ 17.68 + 17.65 0.88 +0.24
Shs17% -Cdc11 ACTE*Y 22.24 + 16.45 1.06 + 0.23
Shs1 ACTEA™®® -Ccdc1177%¥ 30.38 £ 12.83 1.17+0.17
Shs1 ACTE*™* -Cdc11 ACTE*® 22.83£7.95 1.13+0.12

Table 4: Parameters for the analysis of septin assembly with Aa0 septins.

Each value in the table represents the average of measurements made in triplicate and the * values show the confidence
interval calculated for p = 0.05. The donor was held at 25 nM and FRET was measured in the absence and presence of
increasing concentrations of acceptor up to 100 nM.

FRET Pair
(Donor — Acceptor)

Apparent K4 [nM]

Apparent ABax
(fraction donor in FRET)

Cdc11*7% -Cdc11 Aa0™*
Cdc11 Aa0**® -Cdc11 Aa0™™®
Shs1”7*> -Cdc11 Aa0"**Y
Shs1 Aa0""> -Cdc1177*Y

Shs1 Aa0"™>® -Cdc11 Aa0*™

19.49 + 8.23

33.21+19.17

8.13+4.47

40.58 + 58.31

9.89+8.93

1.00+£0.12

1.07£0.22

0.75+0.10

1.28£0.61

0.80+0.18
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Figure 1
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Figure 2

>

Cdc11 AF555 Cdc11 AF647

,u:g g n
za RS

Fraction Donor in FRET

Cdc11 AF555

: % Td”
0 20 40 60 80 100 ' T ”‘

[Septin Octamer Cdc11 AF647] nM

AF555 AF647

0 2 4 6 8 10 12 14 16 18
Distance (nm)

1.2 .
C Cdcl1 Cdcl1 11-11
Cde3 Cdc3 1 ]
Cdeln Cdc1 5
Cdc12 Cdc12 %
€08 ]
Cdc10 e
2 z
AF647 AF647 AF647 2 6
Cdc10 Cdc3 Cdc12 = 1
Cde3 =
CdcT1 0.2 :
Cdc12
0
Cdc10

24

STOZ ‘€ BYWBAON UO Aopsiieg ILI0JIED J0 AISBAIN T /B10°0G I MMM/:cNy Wo1j papeojumod


http://www.jbc.org/

A spectroscopic approach for analysis of septin assembly

Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure S1: Micrographs of assembled Shs1 septins. Shsl constructs self-assembled for 1 hour at room temperature

before plating on PLL coated slides.
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Figure S2: Micrographs of assembled Cdc11 and Shs1 septins with CTE deletions. Equimolar concentrations for

Cdc11*78 septins and Shs1”7°° septins self-assembled for 1 hour at room temperature before plating on PLL coated
slides. (A-D) Leftmost column shows the Cdc11*7® construct. The center column shows the Shs1”>® construct. The
rightmost column shows the overlay of the AF555 and AF488 labeled constructs. Arrows indicate the formation of Shs1
puncta.
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Figure S3: Micrographs of assembled Cdc11 septins. Equimolar concentrations for AF488 and AF555 labeled septins self-
assembled for 1 hour at room temperature before plating on PLL coated slides. (A-E) Leftmost column shows the
Cdc11%7* construct. The center column shows the Cdc11*7*® construct. The rightmost column shows the overlay of
the AF555 and AF488 labeled constructs.
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Figure S4: Micrographs of assembled Cdc11 and Shs1 septins with a0 deletions. Equimolar concentrations for Cdc11"7*%®

septins and Shs1*™* septins self-assembled for 1 hour at room temperature before plating on PLL coated slides. (A-D)
Leftmost column shows the Cdc11*"*®8 construct. The center column shows the Shs1***® construct. The rightmost
column shows the overlay of the AF555 and AF488 labeled constructs. Arrows indicate the formation of Shs1 puncta.
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