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Background: Septins assemble into oligomers by interactions at “NC” and “G” interfaces by unknown mechanisms.
Results: NC interface mutations dominantly interfered with polymerization of wild type septins, but G mutations did not.
Conclusion: Septin oligomers likely assemble into dimers with high affinity partners, permitting NC interactions to occur.
Significance: G interactions would dictate the dimeric pairs and contribute to the organization of the oligomer.

Septins comprise a conserved family of GTPases important in
cytokinesis. These proteins polymerize into filaments from rod-
shaped heteromeric septin complexes. Septins interact with one
another at two interfaces (NC and G) that alternate within the
complex. Here, we show that small mutations at the N terminus
greatly enhance the formation of SEPT2homopolymers. Taking
advantage of thismutation to examine polymer formation using
SEPT2 alone, we show that both NC and G interfaces are
required for filament formation.However, co-expressionofwild
type SEPT2with SEPT2 containingmutations at either NC or G
interfaces revealed that only the NC mutant suppressed fila-
ment formation. NC mutants are able to interact with one
another at putativeG interfaces, whereasGmutants fail to inter-
act at NC interfaces. In addition, all promiscuous septin pair-
wise interactions occur at the G interface. These findings sug-
gest that G interface interactions must occur before NC
interactions during polymer formation.

Septins are filamentous GTPases emerging as important
cytoskeletal polymers that have been implicated in a diverse
array of cellular functions, including cell division, secretion,
migration, polarity, dendritogenesis, sperm development, and
ciliogenesis (1–19). Four yeast septins (CDC10, CDC11,
CDC12, andCDC3)were originally identified in a temperature-
sensitive screen for cell division cycle defects (20). Since then,
septins have been found in fungi, animals, and protists but are
absent from plants (21, 22). In mammals, there are 14 septins
(SEPT1–14) that fall into four groups with sequence similarity
to the four yeast septins (23). Some of these, including SEPT2,
SEPT11, SEPT7, and SEPT9, have been shown to be involved in
cytokinesis (24–26). Similar to actin and tubulin, septins are
able to polymerize into filaments. Septin filaments are thought
to act as scaffolds, recruiting proteins to particular cellular loca-
tions. For instance, mammalian septins have been shown to

localize to the ingressing furrow in dividing cells where SEPT2
binds to non-musclemyosin II to promote its activation (25). In
addition, septin filaments also have a tendency to reorganize
into ring structures that have been shown to act as diffusion
barriers, preventing the lateral movement of membrane and
peripheral proteins (18, 19, 27). The building blocks for septin
filaments are heterotypic rod-shaped complexes. Recombinant
and immunoaffinity-purified septin complexes from yeast,
worm, flies, and human cells have been shown to polymerize
into filaments in vitro (28–32). Cryo-electron microscopy of
septin protomers and the addition of bulky affinity tags or anti-
body tagging has provided insight into the apolar nature of sep-
tin complexes (28). In budding yeast, the organizational
arrangement is 11-12-3-10-10-3-12-11. Thus, in contrast to the
unidirectional assembly of actin and microtubule filaments,
polymerization of septin filaments is likely bidirectional. Crys-
tal structure of a bacterially expressed preselected mammalian
septin complex consisting of SEPT2, SEPT6, and SEPT7 follow
a similar apolar organizational arrangement with 7-6-2-2-6-7
(33). We recently confirmed this order in HeLa cells and
showed that, as in yeast, septins form octamers with SEPT9 at
the ends and organized in the sequence 9-7-6-2-2-6-7-9 (34).
Recently, Sellin et al. (35) have shown that immunoaffinity
purification ofmammalian septins in high salt breaks them into
promoteric octamers and that depletion of SEPT9 results in
hexameric structures, consistent with its location at the ends of
octamers (see Fig. 1B).
The precise and consistent order of septins within the octa-

meric complexes implies some fundamental principles of
assembly. There are two septin-septin interfaces (NC and G)
that alternate within the complex (33). However, the relative
affinities of the NC andG interface are not known, and how the
septin heteromeric complex assembles remains elusive. For
example, it is possible that the tetrameric halves assemble first,
followed by their assembly into an octamer. Another mode of
assembly could involve the formation of a SEPT2-SEPT2 seed
on which monomers then assemble. Alternatively, it is possible
that dimers preassemble first and that these then assemble into
tetramers and finally octamers. However, in this latter case, it is
not clear whether the dimers form at the NC interface or the G
interface. Understanding the principles of septin assembly will
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shed light on how these important filaments are turned over in
cells.
One challenge in determining how septin assembly occurs is

the fact that it involves the assembly of at least four different
proteins. However, we have found a mutation that promotes
the self-assembly of SEPT2 into homotypic filaments, thereby
simplifying the analysis of how septin assembly occurs. In this
unique scenario, we have probed the relative affinities of theNC
and G interfaces. We find that interaction at the G interface is
much stronger than that of the NC interface and must occur
before NC interaction takes place. Expanding the analysis to
SEPT6, SEPT7, and SEPT9 suggests that septins associate with
one another in preferred pairs through dimers at the G inter-
face. Thus, septin heterotypic complexes appear to begin with
an initial G interaction followed by an NC interaction.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HeLa Tet-ON (Clontech),
COS, B35 neuroblastoma, andHEK293 cells (ATCC) were sub-
cultured inDMEM� 10% FBS in 37 °C incubator with 5%CO2.
CHO cells were grown in Alpha Minimal Essential Medium
(AMEM) � 10% FBS. Cells were transfected with either Lipo-
fectamine 2000 (Invitrogen) or JetPrime Van Waters and Rog-
ers, Inc. (VWR) following manufacturer’s protocol.
Plasmid Construction—The multiple cloning site of

pEGFP-C1 (Clontech) wasmodified so that EcoRI andXhoI are
in-framewithGFP creating a fusion protein. FLAGoligo nucle-
otide was inserted into pCDNA3.0� (Invitrogen), and themul-
tiple cloning site was changed similarly. Thus, we generated
two N-terminal fusion vectors with similar multiple cloning
sites. Human SEPT2 (GenbankTM accession no. NP_
001008491.1) was subcloned from pBlueScript-SK(�) into
modified GFP and FLAG vectors using EcoRI and XhoI. SEPT2
truncation mutants (N- and C-terminal truncations) were
PCR-cloned into modified GFP or FLAG vectors using custom
primers (Sigma-Aldrich Genosys) containing EcoRI and XhoI
overhangs. Point mutants were introduced into SEPT2 pBlue-
Script-SK(�) using a site-directedmutagenesis kit (Stratagene)
and subsequently subcloned into modified FLAG or GFP
vectors.
Immunoprecipitation—Eighteen hours post transfection,

HeLa Tet-ON cells were washed with ice-cold phosphate-buff-
ered saline (PBS). Cells were immediately lysed using 1%Triton
X-100 in PBS with protease inhibitor tablet (Roche Diagnos-
tics). Cells were clarified in a microcentrifuge, 13,000 � g at
4 °C. Clarified supernatant were incubated with 2 �g of rabbit
polyclonal GFP antibody (Invitrogen) for 1 h. Cell lysate-anti-
body mixture was incubated with protein A-agarose (Bioshop,
Inc.) for an additional hour. Beads were washed three times in
0.1% Triton X-100 in PBS and resuspended in 1� SDS-loading
buffer.
Immunoblotting—Samples were run on 10% SDS-PAGE and

transferred to PVDF membrane using standard procedures.
Blots were blocked in 5% nonfat milk in Tris-buffered saline
with 0.05% Tween 20 (TBST) and incubated with primary and
then secondary antibodies for one hour each. Blots were exten-
sively washed in TBST between incubations. Mouse FLAG
(Sigma), rabbit GFP (Invitrogen), and mouse GAPDH antibod-

ies were used at 1:7,500, 1:20,000, and 1:50,000 respectively.
Horseradish peroxidase secondary antibodies were used at
1:5,000 and developed on film using ECL reagent.
Immunostaining and Microscopy—HeLa Tet-On cells were

seeded on glass coverslips. Eighteen hours post-transfection,
cells were washed briefly in PBS and fixed using 1% paraformal-
dehyde for 20min at room temperature. Paraformaldehydewas
inactivated and permeabilized using 25 mM glycine, 25 mM

ammonium chloride, and 0.1% Triton X-100 in PBS for 20min.
Cells were blocked in 5% horse serum in phosphate-buffered
saline with 0.05% Tween 20 (PBST), incubated with primary,
then secondary antibodies for 1 h each. Blots werewashed three
times in PBST between incubations. Antibodies to FLAG
(Sigma), SEPT2, SEPT11, SEPT7 (Santa Cruz Biotechnology),
and SEPT9 were used at 1:1,000, 1:100, 1:500, 1:10, and 1:100,
respectively. Secondary antibodies conjugated to Cy3 were
used at 1:500 (Jackson Immunologicals). Cells were imaged
using Zeiss LSM 510 Meta confocal microscope (Figs. 1, 2, 4,
and 5, or Leica DMIRE2 epifluorescence microscope (Fig. 3).

RESULTS

N-terminal Truncation Mutant of SEPT2 Is Filamentous—
To gain insights into how septin oligomers assemble, we
attempted to produce homotypic filaments in cells by overex-
pression of a single septin. Despite the heterogeneity in septin
filaments, most individually overexpressed septins do not have
the innate ability to polymerize into exogenous filaments. Typ-
ically, overexpressed septins localize diffusely in the cytosol or
form perinuclear punctae, as is seen for N-terminal GFP-fu-
sions to SEPT2 (supplemental Fig. 1, top panel). In our efforts to
characterize septin-septin interactions, we generated a series of
N- and C-terminal truncations in many human septins. One
such truncation in SEPT2, lacking the first 15 amino acids, was
originally constructed to be an siRNA-resistant rescue con-
struct that lacked the epitope to our peptide-derived SEPT2
antibody. Surprisingly, this mutant (referred from now on as
SEPT2 �15) when fused to either N-terminal FLAG or GFP,
tended to form exogenous filaments in multiple cell lines
including HeLa, human embryonic kidney 293 (HEK293), Afri-
can monkey kidney (COS), CHO, and B35 neuroblastoma cells
(supplemental Fig. 1, middle and bottom). The overexpression
of this truncated mutant did not have any obvious cytokinesis
defects at 18-h post-transfection (data not shown). These
results suggest that the first 15 amino acids of SEPT2 inhibit
exogenous filament assembly and that its removal relieves this
inhibition.
A Single Point Mutant, Q4A, Phenocopies SEPT2 �15

Filaments—Next, we asked whether a protein motif or phos-
phorylation site located within the first 15 amino acids was
responsible for inhibiting exogenous SEPT2 filaments. Using
alanine-scanning mutagenesis, we systematically mutated each
of the first 15 amino acids to alanine and asked whether any
mutants phenocopied the ability of SEPT2 �15 to form fila-
ments (Fig. 1). Unexpectedly, a single amino acid substitution,
glutamine at position 4, mutated to alanine (Q4A), pheno-
copied the ability of SEPT2 �15 to form filaments. Because of
the singular nature of this point mutant, we could not reliably
map this mutant on any of the other human septins.
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SEPT2 �15 Filaments Are Homomeric—To determine
whether these SEPT2�15 exogenous filaments were sequester-
ing endogenous septins, we co-immunostained with endoge-
nous septin antibodies to SEPT2, SEPT11, SEPT7, and SEPT9.
Endogenous SEPT2 co-localized strongly with SEPT2 �15 fila-
ments (Fig. 2, top panel), but no co-localization with the other
septin antibodies was detected (Fig. 2,middle and bottom pan-
els). Thus, these filaments were homomeric, consisting of amix
of full-length endogenous SEPT2 and exogenous truncated
SEPT2 �15. The crystal structure of the recombinant SEPT2-
SEPT6-SEPT7 complex revealed that septins interact with each
other at two interfaces, the NC and G interface (33). Because
mammals encode 14 septins, studying the combinatorial possi-
bilities of each NC and G interface is challenging, even though
the inherent assembly of the SEPT2-SEPT6-SEPT7 complex
implies preferred NC and G interactions. To simplify the com-
plexities of heterotypic interactions, we use the SEPT2 �15 fil-
aments as a model to study NC and G interactions in a homo-
meric septin filament.
SEPT2 �15 Filaments Require NC and G Interfaces—Previ-

ously, SEPT2 has been shown to interact with itself at both the

NC interface and the G interface (33). Based on the crystal
structure of the SEPT2 dimer, we introduced the same muta-
tions in SEPT2�15 that Sirajuddin et al. (33) used to determine
whether SEPT2 was dimerizing at the NC or G interface. These
mutants were predicted to block interactions at the NC inter-
face (F20D, V27D) or G interface (W260A, H270D). Mutations
in either the NC interface or the G interface prevented SEPT2
�15 filaments, suggesting that both interfaces are required for
filament assembly (Fig. 3). Most septins, including SEPT2, con-
tain a C-terminal coiled-coil that projects perpendicular to the
axis of the filament (33). We generated serial truncations at the
C terminus of the SEPT2 (Q4A) mutant. Removal of just 18
amino acids from theC terminus prevented SEPT2 (Q4A) from
forming filaments. Thus, exogenous SEPT2 filaments are dis-
rupted when septin-septin interactions are inhibited by muta-
tions at the interfaces (NC or G mutant) or truncation of the
coiled-coil domain (C-terminal mutant).
NCMutant Acts to Interfere in a Dominant-negativeManner

with SEPT2 �15 Filaments—Given that both NC and G inter-
faces are required for SEPT2 �15 filaments, we reasoned that
SEPT2 �15 filaments could be disrupted equally well by coex-

FIGURE 1. A single point mutant, Q4A, phenocopies SEPT2 �15 filaments. A, alanine-scanning mutagenesis of first 15 amino-terminal residues in SEPT2.
Mutations were made in full-length GFP-SEPT2 and transfected into HeLa cells. Scale bar indicates 8 �m. B, heterotypic mammalian septin complex (SEPT2-
SEPT6-SEPT7-SEPT9) is an octamer with alternating NC and G interfaces. Each colored jellybean represents a different septin. The concave surface of the
jellybean represent the NC interface, whereas the convex surface represents the G interface. SEPT2 interacts with itself at the NC interface within the octamer;
however, it is a dimer at the G-interface in the absence of the other septins (top and middle row). SEPT2�N mutant forms filaments (bottom row).
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pression of either the NC or G mutant; both mutants would be
predicted to act in a dominant-negative manner. In one case,
the NCmutant would bind to the wild type SEPT2 �15 by its G
interface to inhibit filaments. Similarly, the G mutant would
bind to wild type SEPT2 �15 by its NC interface to inhibit
filaments. As a control, coexpression with full-length wild type
SEPT2would be expected to efficiently incorporate into SEPT2
�15 filaments, as endogenous SEPT2 was enriched in these
structures (Fig. 4A, top panel). As expected, full-length GFP-
SEPT2 efficiently incorporated into SEPT2 �15 filaments (Fig.
4A, top row, and Fig. 4C, top row). Surprisingly, only the NC
mutant was capable of dominant-negatively interfering with
SEPT2 �15 filaments, whereas the Gmutant had no effect (Fig.
4A, third and fourth rows, and Fig. 4C, bottom two rows). Fur-
thermore, immunoprecipitation revealed that the GFP-NC
mutant bound to FLAG-SEPT2 �15, similar to wild type,
whereas there was no appreciable binding with the G mutant
(Fig. 4B). These results show that theNCmutant interfereswith
filament formation by interacting with SEPT2�15, presumably
by its functional G interface, whereas theGmutant cannot bind
to wild type SEPT2 �15 by its functional NC interface. This
would suggest that interaction between septinmonomers at the
G interface predominates, perhaps due to a stronger binding
affinity than that of the NC interface (Fig. 4C).
Isolation of SEPT2 �15 NC and G Interfaces and Preferred

Binding at G Interface—To test the possibility of stronger bind-
ing at one interface relative to the other, we tried to “force” the
interaction of SEPT2 interfaces. To do this, we coexpressed two
different epitope-tagged NC mutants and asked whether both
mutants could interact at their G interfaces. Conversely, we
coexpressed two different epitope-tagged Gmutants and asked
whether bothmutants could interact at their NC interface (Fig.
5B). Immunoprecipitation ofGFP-NCmutant resulted in bind-
ing to FLAG-NCmutant, but theGmutants failed to co-immu-
noprecipitate each other (Fig. 5A). Consistent with the results

in Fig. 4, these results indicate that NC mutants bind to each
other through their G interfaces, but G mutants do not bind to
each other through their NC interfaces. Because we could not
detect any NC interactions in the G mutants, this raises the
intriguing idea that septins may require an interaction at the G
interface before an NC interaction is permitted.
All Potential Septin-Septin Pairwise Interactions Are G Inter-

face Interactions—Because septins are in a heterotypic com-
plex, we asked whether other septins interact preferentially at
their G interface. In the prototypical 7-6-2-2-6-7 septin hexa-
meric complex, NC interactions are found at the 2-2 and 6-7
interfaces, whereas G interactions are at the 2-6 and 7-7 inter-
faces (33). We examined all septin-septin pairwise interactions
involving SEPT2, SEPT6, and SEPT7. To do so, we co-ex-
pressed two different epitope-tagged septins (onewithGFP and
one with FLAG) and asked which septin pairs could interact by
immunoprecipitating the GFP-septin and blotting for the
FLAG-septin. Surprisingly, all septin-septin pairwise combina-
tions were detected except the SEPT6-SEPT6 pair, despite the
fact that some of these septins do not interact within the
protomer. (Fig. 6A, WT lanes). Interestingly, introducing G
interface mutations into the GFP-septin in each of the septin
pairs resulted in severely compromised binding, suggesting that
all potential septin-septin pairwise interactions are G interface
interactions. This was unexpected since the 2-2 and 6-7 septin
pairs are expected to interact at their NC interface and were
therefore predicted to be insensitive toGmutations. Finally, we
examined the pairwise interaction of SEPT9 with SEPT2,
SEPT6, or SEPT7. SEPT9 displays complex alternative splicing,
and we chose SEPT9_i3 as a representative form of the protein
because we know that this form is sufficient to rescue cytokine-
sis defects caused by siRNA-mediated SEPT9 depletion (24).
We have previously found that it coimmunoprecipitates with
the 2-6-7 complex and co-localizes with actin stress fiber-asso-
ciated septins and localizes to the ends of septin octamers (24–
26, 34). Similar to the different combinatorial septin pairs for
2-6-7, SEPT9_i3 interacted with the other septins in a G inter-
face-dependent manner (Fig. 6B). Endogenous septins did not
copurify with the overexpressed septin pair (supplemental Fig.
2), suggesting that the septins are likely dimers interacting at
theG interface.However, we cannot rule out the possibility that
non-septin protein interactors may mediate these interactions.
A more rigorous analysis of each septin pair in vitro with asso-
ciated binding constants are needed to corroborate our immu-
noprecipitation and pulldown data. It is important to note that
in these experiments, we have exposed the blots for different
amounts of time ranging from 1 s to 10 min to normalize the
intensity such that the WT and G mutant phenotypes were
clearly discernable. Although we cannot make accurate affinity
estimates because the overexpressed septin pairs were
expressed at different levels in the lysates, by far the strongest
interactions (1-s exposure times) were seen between the
SEPT2-SEPT6 and SEPT7-SEPT9 pairs, similar to results we
have obtained in yeast two-hybrid experiments (data not
shown). Notably, these are the two septin pairs that would be
expected to interact at their G interface in an octameric septin
complex. Thus, septin heterotypic complex assembly may first
involve interactions of the strongest G interface septin dimers

FIGURE 2. SEPT2 �15 filaments are homotypic filaments. HeLa cells were
transfected with GFP-SEPT2 �15 and stained with antibodies to endogenous
SEPT2 (top row), SEPT11 (second row), SEPT7 (third row), and SEPT9 (bottom
row). SEPT2 �15 filaments colocalize with endogenous SEPT2 (top row) but
not with SEPT11, SEPT7, and SEPT9. SEPT11, -7, and -9 show unaffected actin-
templated septin fibers upon SEPT2 �15 overexpression. In contrast, endog-
enous SEPT2 protein has largely been incorporated into SEPT2 �15 filaments,
although at this level of overexpression, not all endogenous SEPT2 proteins
were incorporated. The SEPT2 antibody was raised against a peptide contain-
ing the first 15 amino acids of SEPT2. Scale bar indicates 10 �m.
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(2-6 and 7-9), which would then permit secondary interactions
at the available NC interfaces (Fig. 6, C and D).

DISCUSSION

NTerminus of SEPT2 InhibitsHomotypic Polymer Formation—
Crystallography of septins revealed that in the heterotypic 7-6-
2-2-6-7 complex, SEPT2 interactswith itself at theNC interface
when SEPT6 and SEPT7 are present, yet SEPT2 alone formed a
dimer through interaction at the G interface (33). Thus, SEPT2
has the potential to interact with itself at both G and NC inter-
faces depending on the presence of SEPT6. In the SEPT2 dimer,
a filamentous lattice crystal was not observed, implying that
interactions at the NC interface did not occur. Unfortunately,
the crystal structures did not reveal the organization of the N
termini. However, the N terminus of SEPT2 appears to project
toward the NC interface (33), making it possible that non-ideal
SEPT2-SEPT2 G dimers are inhibited from forming NC inter-
actions by the N terminus. In our overexpression model of
SEPT2 in HeLa cells, full-length SEPT2 overexpression likely
results in mostly G interface dimeric SEPT2 with non-produc-
tive NC interactions. Our lab and Mendoza et al. (37) have
previously shown that SEPT2 alone can form filaments in vitro
(36). This polymerization required high concentrations of
SEPT2 (millimolar amounts). Such concentrations are proba-
bly not achieved in our overexpression system, and we specu-
late that the N-terminally mutated SEPT2 would polymerize at
a much lower concentration in vitro. Removal of the N-termi-
nal 15 amino acids of SEPT2, or the pointmutationQ4A,would
likely result in stabilization of the NC interaction (a gain-of-
function mutation), with the end result leading to filament for-
mation. However, this interaction only occurs after the forma-
tion of theG-G dimer becauseGmutants of SEPT2�15 did not
interact via their NC interface (Fig. 6). We cannot rule out the
possibility that the N-terminal mutation might artificially
emphasize the importance of the G-G interaction on assembly.
However, we do not believe this is likely as (i) the crystal struc-
ture of non-mutated wild type SEPT2 is a dimer at the G inter-
face, and (ii) we show here that different combinatorial septin
pairs (i.e. ones that do not contain theN-terminalmutation) are
G interface-dependent.

We reasoned that there might be cellular factors that could
bind to the first 15 amino acids to inhibit SEPT2 filaments but
not the Q4A mutant peptide. However, passing HeLa cell
lysates over WT and Q4A peptide-conjugated beads did not
enrich for any particular protein (data not shown). In addition,
we expressed these peptides conjugated toTAP tags anddid not
see enrichment of any bandswhen comparedwith the tag alone.
Finally, we attempted overexpression of the WT and Q4A
N-terminal peptides in cells and did not see any changes in
endogenous SEPT2 staining patterns (data not shown). Hence,
further work is needed to understand how the glutamine at
position 4 of the N terminus is able to stabilize the NC of
SEPT2.
SEPT2 �15 Forms Filamentous Structures That Require the

Coiled-coil—SEPT4 is found enriched in Tau-based filamen-
tous deposits and cytoplasmic inclusions in Parkinson and
Alzheimer disease. Garratt et al. (38, 39) have shown previously
that SEPT4 can be partially thermally denatured, generating a
nucleotide-free intermediate that stains positive with Congo
Red and thioflavin-T, a marker for structures rich in �-sheets
such as those found in amyloid plaques. However, the filaments
formed by N-terminal mutations in SEPT2 do not appear to be
amyloid in nature. First, heterologous expression of SEPT2
Q4A in Sf21 insect cells showed a similar level of GDP binding
compared with WT SEPT2 (data not shown). Furthermore,
SEPT2Q4A filaments in overexpressedHeLa cells did not stain
positive with thioflavin-S (data not shown). These filaments
also relied on NC and G interfaces that are characteristic of
typical septin-septin interactions associated with septin
protomer complex assembly. Taken together, this suggests that
the SEPT2 �15 higher-order structures are distinctly different
from amyloid-based filaments that septins can form.
Interestingly, removal of just 18 amino acids from the C ter-

minus of SEPT2 �15 resulted in complete disruption of fila-
ments. Septin coiled-coils are thought to promote filament
pairing by lateral association (28). This strong phenotype sug-
gests that the C terminus of SEPT2 also plays a prominent role
in septin complex assembly in addition to the lateral pairing of
septin filaments. However, it remains possible that uncoupling

FIGURE 3. SEPT2 �15 filaments interact at NC and G interfaces and require the C terminus. A, FLAG-SEPT2 �15 filaments are disrupted when NC and G
interface point mutants are introduced. B, schematic of serial C-terminal truncations in Q4A mutant. Full-length (FL) SEPT2 is 361 amino acids. G domain
represents GTPase domain, SUE represents the septin unique element (as defined in Ref. 23), and CC represents a putative coiled-coil domain. C, immunoblot with GFP
to confirm the expression of each C-terminal truncation in transfected HeLa cell lysates. D, fluorescent images of transfected C-terminal truncations to Q4A.
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bundles of septin filaments presumably into single thin fila-
ments could make them difficult to detect by fluorescence
microscopy, or that the bundling of septin filaments provides
stability to the oligomers and in the absence of this lateral asso-
ciation the NC interface cannot remain associated.
Septin Interactions at G Interface Are Stronger than NC

Interface—Three key observations into the nature of G and NC
interfaces suggest that the G interface has a stronger affinity
than the NC interface. First, SEPT2 NCmutants are capable of
disrupting SEPT2�15 filaments likely by binding at theG inter-
face. Second, overexpression of mutants capable of interaction
only at NC or G interfaces revealed preferred binding at the G
interface. Last, septin-septin pairwise interactions between
cognate or non-cognate interaction partners are all predomi-

FIGURE 4. NC mutant interferes with SEPT2 �15 filament formation. A, FLAG- SEPT2 �15 was cotransfected with full-length GFP-SEPT2 (first row), GFP-SEPT2
�15 (second row), GFP-G mutant (third row), and GFP-NC mutant (last row) in HeLa cells. Scale bar indicates 10 �m. B, GFP-WT, NC mutant, or G mutant were
immunoprecipitated (IP) with GFP antibody and immunoblotted with FLAG antibody to detect FLAG- SEPT2 �N15. An asterisk denotes nonspecific bands. The
nonspecific band is present in the immunoprecipitated lanes but not in the input lanes. Because this band runs at the same molecular weight as IgG,
cross-reactivity of secondary antibodies is likely. UT denotes untransfected control lane. C, schematic depicting the effects of the SEPT2 mutants when
coexpressed with SEPT2 �15 filaments. Wild type SEPT2 incorporates into the filament (top), G mutant does not incorporate into the filament (middle), and the
NC mutant blocks SEPT2 �15 filaments by interacting with SEPT2 �15 (bottom).

FIGURE 5. Preferred binding of septin interface mutants at the G inter-
face. A, HeLa cells were transfected with GFP- and FLAG-NC mutant or GFP-
and FLAG-G mutant. Cell lysates were immunoprecipitated (IP) with GFP anti-
body and immunoblotted with FLAG antibody. UT denotes untransfected
control lane. B, schematic of dimer formation by the NC or G interface.
G dimers interact strongly, whereas NC dimers do not.
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nantly G interface-dependent. The strong tendency of septins
to interact at the G interface and the complete absence of an
interaction at the NC interface when the G interface is mutated
suggest that septins associate first through G interfaces as
dimers, and this interaction causes a conformational change
that then permits NC interactions. These conformational
changes may be nucleotide-dependent, as we have observed a
strong preference for GTP binding in monomeric SEPT2 G
mutants, compared with predominantly GDP-bound dimeric
wild type SEPT2 (data not shown). This is consistent with the
observations of Sirajuddin et al. (40), who showed that the
nucleotide bound to theGdomain affected the conformation of
both the G and NC interfaces of SEPT2. Because septins have
low intrinsic GTPase activities (36, 41) but are usually found
bound to GDP, septin oligomerization may occur when newly
formed septin monomers bound to GTP dimerize first at the G
interface. Subsequent GTP hydrolysis would result in confor-
mational changes at the NC interface that would then allow
dimers to interact into higher-order structures. This would
indicate that the first step in septin oligomer formation would
be interaction at the G interface, a step for which the second
interaction at the NC interface is dependent. This conforma-
tional change may not depend on GTP hydrolysis in all septins
because SEPT6 lacks the critical threonine responsible for GTP
hydrolysis (40).
Our data also suggest that interaction at the G interface is

somewhat promiscuous, and this could explain why there is
some plasticity in septin organization in yeast (42). Yeast lack-
ing the septin normally found at the ends (Cdc11) or middle
(Cdc10) of the octamer are still viable, and the remaining sep-
tins form hexamers that are capable of forming filaments in
vitro. Correct assembly likely results because each septin pair
has different affinities relative to one another, and the strongest
G dimers likely set the stage for septin complex assembly. In the
case of HeLa cells, SEPT2-SEPT6 and SEPT7-SEPT9 pairs
interacted with each other via their G interfaces with the high-
est relative affinity. Presumably the same is true at theNC inter-
faces with SEPT2 and SEPT9 preferring to bind homotypically,
whereas SEPT6 prefers to bind to SEPT7. In this context, septin
depletion would likely change the binding partners at the G
interface in such away that the next strongestG interface septin
pairwould predominate. Thiswould allow septin complex plas-
ticity in cases where septins are not able to functionally swap
within the same septin family group. Septin pairs (such as 6-7
and 2-2) that interact at NC interfaces in the 7-6-2-2-6-7 het-
erotypic complex will interact at the G interface when coex-
pressed in pairs. Given the propensity of septins to interact at
the G interface, we suggest careful examination and interpreta-
tion of septin-septin interaction data particularly when septins
are expressed in pairs, such as the yeast two-hybrid.
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