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ABSTRACT Septin hetero-oligomers polymerize into cytoskeletal filaments with essential
functions in many eukaryotic cell types. Mutations within the oligomerization interface that
encompasses the GTP-binding pocket of a septin (its "G interface”) cause thermoinstability
of yeast septin hetero-oligomer assembly, and human disease. When coexpressed with its
wild-type counterpart, a G interface mutant is excluded from septin filaments, even at moder-
ate temperatures. We show that this quality control mechanism is specific to G interface
mutants, operates during de novo septin hetero-oligomer assembly, and requires specific
cytosolic chaperones. Chaperone overexpression lowers the temperature permissive for pro-
liferation of cells expressing a G interface mutant as the sole source of a given septin. Muta-
tions that perturb the septin G interface retard release from these chaperones, imposing a
kinetic delay on the availability of nascent septin molecules for higher-order assembly. Un-
expectedly, the disaggregase Hsp104 contributes to this delay in a manner that does not
require its “unfoldase” activity, indicating a latent “holdase” activity toward mutant septins.
These findings provide new roles for chaperone-mediated kinetic partitioning of non-native
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proteins and may help explain the etiology of septin-linked human diseases.

INTRODUCTION

Newly translated polypeptides extruded into the cytosol face a
number of challenges in acquiring their native folds, including a
densely crowded molecular environment and, for N-terminal se-
quences, the absence of C-terminal sequences until translation is
completed. Exposed hydrophobic residues normally buried in the
core of the native fold make non-native polypeptides susceptible to
inappropriate intermolecular interactions. Chaperone proteins
promote de novo folding in part by transiently associating with
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hydrophobic patches on nascent proteins (Kim et al., 2013). Cycles
of binding to and release from chaperones provide a kinetic parti-
tioning mechanism that reduces the effective concentration of non-
native folding intermediates, thereby disfavoring inappropriate in-
termolecular associations (Kim et al., 2013).

For multisubunit protein complexes, the challenges in acquiring
their native conformation are even greater. In many cases, the con-
stituent subunits only achieve their native folds in the context of the
complex. For example, to form the o-tubulin—B-tubulin heterodimer
(Tian et al., 1997), a series of cytosolic chaperones engage the
newly translated polypeptides and direct conformational changes
that coordinate binding (and/or hydrolysis) of GTP by tubulins and
promote heterodimerization (Lundin et al., 2010). The prefoldin
(PFD)/GImC complex acts at an early step to facilitate delivery of
nascent o or B tubulin to the cytosolic chaperonin containing TCP1
(CCT)/TRIiC (Vainberg et al., 1998). Association of unfolded o tubulin
with CCT is necessary and sufficient for folding of the GTP-binding
pocket (Tian et al, 1995). After a quasi-native conformation is
achieved inside the sheltered environment of the CCT “cage,” a
monomeric nucleotide-bound tubulin is released and then engaged
by other dedicated folding factors/chaperones (Lopez-Fanarraga
et al., 2001). Finally, a round of nucleotide exchange and hydrolysis

1323



by B tubulin precedes coupling into 0B heterodimers (Tian et al.,
1999) in which the GTP-binding pocket of a tubulin is buried at the
o-f interface (Nogales et al., 1998). Tubulin 0—f heterodimers are
then competent to polymerize head-to-tail into protofilaments,
which laterally associate to form microtubules (Downing and
Nogales, 2010).

Septin filaments are cytoskeletal polymers also assembled by
polymerization of stable guanine nucleotide-binding hetero-oligo-
mers (Sellin et al., 2011a). In yeast, each of four different subunits
assembles into a linear, nonpolar hetero-octameric rod, namely
Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdc12-Cdc11, with two
alternating subunit-subunit interfaces. The Cdc12-Cdc3 and Cdc10-
Cdc10 junctions, as well as the Cdc11-Cdc11 association that is re-
sponsible for end-to-end polymerization of the rods, are so-called
NC interfaces because these subunit-subunit interactions are medi-
ated by residues located within both the N and C termini of the glob-
ular domains of each monomer. By contrast, the Cdc11-Cdc12 and
Cdc3-Cdc10 junctions are so-called G interfaces because these sub-
unit-subunit interactions are mediated by residues ordered by the
binding of guanine nucleotide in a pocket in each septin buried at
this surface (Sirajuddin et al., 2007). Indeed, genetic (Versele and
Thorner, 2004; Sirajuddin et al., 2009; Weems et al., 2014) and bio-
chemical (Versele and Thorner, 2004; Sirajuddin et al., 2009; Zent
and Wittinghofer, 2014) evidence suggests that GTP binding to all
subunits and GTP hydrolysis by some subunits promote conforma-
tional changes that stabilize all of the subunit-subunit interfaces
within the hetero-octamer. Consistent with the importance of nucle-
otide binding for the formation of functional hetero-octamers, the
vast majority of septin mutations that confer a temperature-sensitive
(TS) phenotype map to the G interface, suggesting that, at nonper-
missive temperature, the mutant proteins are “trapped” in non-native
conformations incompatible with assembly of functional higher-
order structures (Weems et al., 2014). For those septins capable of
hydrolyzing GTP to GDP, hydrolysis is likely coupled to formation of
the G dimer interface (Gasper et al., 2009). Thus all available evi-
dence points to a critically important role for GTP in promoting the
stable folding of newly translated septins and/or maintaining their
conformational competence for assembly into both hetero-octamers
and higher-order structures. Such a role for small molecules in pro-
moting or stabilizing protein folding and the assembly of oligomeric
proteins was first articulated more than 40 years ago (Alpers and
Paulus, 1971). However, other processes and factors in the pathway
for achieving the native state of septins were unclear. In this regard,
tubulin maturation again provides an instructive paradigm.

If, as appears to be the case, nucleotide binding and hydrolysis
are required for final folding and release of B tubulin from its cog-
nate chaperones, then this requirement imposes a straightforward
mechanism for quality control (QC): incorrectly folded B tubulin will
be defective in its binding and/or hydrolysis of GTP and hence will
remain “stuck” in a stable complex with its folding factors. Such se-
questration prevents misfolded protomers from participating in tu-
bulin heterodimer assembly (Tian et al., 1999). In agreement with
this view, mutations designed to block GTP binding by B tubulin
prevent its colocalization with o tubulin and its incorporation into
microtubules in vivo, resulting instead in formation of a diffuse and/
or punctate localization pattern (Zabala et al., 1996). By contrast,
B-tubulin mutations that inhibit heterodimer assembly for other rea-
sons—that is, without affecting the nucleotide-binding pocket —
prevent formation of B tubulin—chaperone complexes and lead to
rapid proteolytic turnover of the mutant protein (Hoyle et al., 2001;
Wang et al., 2006). However, overproduction of wild-type o tubulin
allows mutant B tubulin to evade destruction and undergo
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incorporation into heterodimers, which then dominantly interfere
with wild-type heterodimers (Hoyle et al., 2001). Thus maintaining a
limiting supply of the cognate interaction partner also appears to be
a contributing factor in this chaperone-mediated mechanism for in-
trinsic nucleotide-dependent QC.

Previous observations in yeast hinted that a similar QC mecha-
nism might govern incorporation of septins into higher-order struc-
tures. Specifically, fluorescently tagged septins with substitution
mutations in and around the GTP-binding pocket were not localized
to the filamentous septin collar at the bud neck if produced from a
plasmid in cells also expressing the endogenous wild-type allele of
the same septin (Cid et al., 1998; Nagaraj et al., 2008). The extent of
exclusion of such a mutant septin from the collar correlates directly
with the extent to which the mutant septin causes TS growth when no
wild-type allele is present (Nagaraj et al., 2008). However, preferen-
tial incorporation of the wild-type septin occurs even at temperatures
at which, on its own, the mutant septin would localize to the collar
and be functional (Cid et al., 1998; Nagaraj et al., 2008). Long before
the structure and assembly of the yeast hetero-octamer was eluci-
dated (Bertin et al., 2008), Cid et al. (1998) suggested that the mutant
protein is less able than the wild-type to recognize its “attachment
site” at the bud neck. Nagaraj et al. (2008) later postulated that the
mutant protein incorporates normally into hetero-octamers but that
when fully wild-type septin complexes are available, the mutant-con-
taining complexes are somehow discriminated against for incorpora-
tion into the filamentous structures at the bud neck. Considering that
the master polarity regulator Cdc42 marks the site for yeast bud
emergence by driving assembly of an initial septin ring (Caviston
et al., 2003; Kadota et al., 2004; lwase et al., 2006; Okada et al.,
2013), Cdc42-dependent factors might preferentially recruit nucleo-
tide-replete septin hetero-octamers at the expense of those
containing nucleotide-free subunits, which presumably have non-
optimal conformation and/or stability (Nagaraj et al., 2008).

Here we use a combined approach of genetics, cell biology, and
biochemistry to investigate the cellular and molecular requirements
for budding yeast septin QC. We focus on five main questions: 1) Do
alternative alleles of a single septin compete for a limiting number
of interaction partners during septin hetero-oligomerization?
2) Which structural features of a mutant septin render it “aberrant”
from the perspective of QC? 3) Does QC act on septin monomers or
septin hetero-oligomers? 4) What is the fate of a mutant septin ex-
cluded by QC? 5) Which cellular factors mediate septin QC?

RESULTS

Alternative septin alleles compete for occupancy of subunit
positions within the septin hetero-octamer

Septin rings at the bud necks of yeast cells are not in a state of dy-
namic equilibrium. Fluorescence recovery after photobleaching
studies demonstrate that, apart from brief periods of “fluidity” dur-
ing assembly, disassembly, and structural transitions (i.e., ring split-
ting), septin rings are stable structures in which the constituent sub-
units are immobile (Caviston et al., 2003; Dobbelaere et al., 2003).
Similarly, the hetero-octameric building blocks of septin rings ap-
pear to be constructed in a series of rapid and effectively irreversible
steps in which conformational changes accompanying initial di-
merization (Sirajuddin et al., 2009; Kim et al., 2012; Weems et al.,
2014) drive tetramerization and ultimately the assembly of octamers
in which there is no exchange of subunits with a cytosolic pool (Sellin
etal., 2011a). In fact, all available evidence suggests that there is no
free pool of monomeric septins in wild-type yeast cells (Frazier et al.,
1998; Vrabioiu et al., 2004; Farkasovsky et al., 2005; Bridges et al.,
2014), which indicates that the stoichiometry of septin subunits is
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normally carefully controlled. These features of de novo higher-or-
der septin assembly create a scenario in which two alleles of a single
septin subunit might compete for occupancy of one of the four sub-
unit positions within hetero-octamers. We predicted that this com-
petition underlies the QC phenomenon.

Yeast cells expressing cdc10(D182N) as the sole source of Cdc10
are TS (Hartwell, 1971; McMurray et al., 2011b; Weems et al., 2014).
In septins for which atomic-level structures are available, as in other
related GTPases (Wittinghofer and Vetter, 2011), the Asp residue
found in position 182 in Cdc10 lies within the nucleotide-binding
pocket (NBP) and contacts the guanine base of GTP (Sirajuddin
et al., 2007). Substitution to Asn, which is also found in a mutant
human septin linked to male infertility (Kuo et al., 2012), severely
reduces the affinity of the mutant protein for GTP (Kuo et al., 2012),
as it does in other small GTPases (Hwang and Miller, 1987). We thus
predicted that Cdc10(D182N), like other NBP mutants that cause TS
phenotypes (Cid et al., 1998; Nagaraj et al., 2008), would be subject
to QC-mediated exclusion from the bud necks of cells expressing
wild-type Cdc10. Indeed, when expressed ectopically from a plas-
mid in otherwise wild-type haploid (CDC10%) (see below) or diploid
(CDC10*/CDC10") cells, Cdc10(D182N) was not incorporated into
the septin filaments at the bud neck at any temperature (Figure 1A
and unpublished data). We used this mutant septin to assess the
effectiveness of QC in cells in which the stoichiometry between
Cdc10(D182N), wild-type Cdc10, and the other septin subunits was
manipulated by altering the number of copies per cell of the corre-
sponding genes. Incorporation of the green fluorescent protein
(GFP)-tagged NBP mutant Cdc10 into septin rings at the bud necks
of individual cells was quantified in micrographs by performing line
scans (Figure 1A). In confirmation of our prediction, Cdc10(D182N)-
GFP was found at the bud neck in diploid cells carrying the
cdc10(D182N) allele at one copy of the CDC10 locus and to an even
greater extent in CDC10%/cdc10A cells (Figure 1B). These results
demonstrate that simply making available one extra copy of each of
the other septin-encoding genes—which would otherwise produce
a limiting supply of hetero-oligomerization “partner” proteins—is
sufficient to allow a mutant septin to evade QC and “compete” with
the wild type.

As another way to test our model, we replaced in haploid cells
the genomic wild-type allele of a given septin gene with an NBP
mutant or a non-NBP mutant that also renders cells TS (Weems
et al., 2014). A plasmid encoding a fluorescently tagged NBP mu-
tant of Cdc3, Cdc10, Cdc11, or Cdc12 was then introduced into
these cells. We predicted that QC would be unable to exclude a
mutant septin if no wild-type allele was available to occupy the sub-
unit position in question. Indeed, our findings fit with this prediction.
For example, Cdc11(K172A D174A)-yellow fluorescent protein
(YFP) was located at the bud neck when expressed in the same cell
with a different Cdc11 NBP mutant but not with an NBP mutant in
any of three other subunits of the hetero-octamer (Figure 1C).
Importantly, the number of Cdc11(K172A D174A)-YFP molecules
localized at the bud neck was also detectably increased in cells lack-
ing Shs1 (Figure 1C). We showed previously (Garcia et al., 2011) that
Shs1 occupies the same (terminal) position at each end of the het-
ero-octamer as does Cdc11 (Figure 1B) and likely populates a sub-
set of the septin complexes in vivo. Thus eliminating competition
by either wild-type Cdc11 or wild-type Shs1 allowed the Cdc11 NBP
mutant to be incorporated.

Similarly, a tagged NBP mutant of Cdc3 (G129V K132E T133N)
was found at the bud neck in cells carrying a mutant allele at the
cognate genomic CDC3 locus (unpublished data). Importantly, the
genomic allele carried a mutation (G365R) outside the NBP per se
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(Weems et al., 2014), suggesting that residue contacts in the normal
G interface, and not merely guanine nucleotide binding, contribute
to the “competitiveness” of a given subunit during hetero-octamer
formation. Further support for this idea was the failure of a GFP-
tagged version of Cdc12(G268R)—which, like Cdc3(G365R), substi-
tutes a bulky, positively charged Arg residue for a Gly within the
highly conserved “Sep4”/"WG" motif (Pan et al., 2007; Weems
et al., 2014)—to localize to the bud neck when expressed in a
CDC12* strain (see later discussion). The Trp residue adjacent to
Gly268 is a critical component of the Cdc12 G heterodimer inter-
face with Cdc11 (Sirajuddin et al., 2007; McMurray et al., 2011a).

Interestingly, a tagged NBP mutant of Cdc12, Cdc12(G44V K47E
T48N)-YFP, was not detectably incorporated at the bud neck when
expressed from a plasmid in cells carrying a chromosomal
cdc12(G247E) allele (Figure 1D). This finding suggests that
Cdc12(G247E) is able to outcompete Cdc12(G44V K47E T48N)-YFP
and is, in fact, consistent with the reported semidominant character
of the cdc12(G247E) allele (Hartwell et al., 1973; Weems et al.,
2014). According to this logic, Cdc12(G247E) should be able to
evade QC and interfere with septin function in the presence of wild-
type Cdc12. To test this prediction directly, we expressed plasmid-
encoded Cdc12(G247E)-GFP in CDC12* cells. As predicted,
Cdc12(G247E)-GFP was found at bud necks (Figure 1D).

Unexpectedly, in cdc12(G247E) cells, but not in cells with muta-
tions in any other non-Cdc10 subunit, Cdc10(D182N)-GFP was in-
corporated at the bud neck (Figure 1E). Tagged NBP Cdc3 or Cdc11
mutants were, unlike Cdc10(D182N)-GFP, excluded from the bud
neck (unpublished data), demonstrating specificity of this pheno-
type. We previously observed (de Val et al., 2013) that, when ex-
pressed from the chromosomal locus, another type of substitution
mutation that reduces the apparent fitness of a given septin subunit
(replacement of endogenous Cys with other residues) can lead to an
increase or decrease in the level of one or more of the other subunit
types. We thus hypothesized that, in cdc12(G247E) cells, the levels
ofendogenous Cdc10may be decreased, permitting Cdc10(D182N)-
GFP incorporation at the bud neck. To test this idea, we combined
by mating and meiosis a CDC10-GFP allele at the CDC10 locus with
a cdc12(G247E) allele at the CDC12 locus. We then used quantita-
tive immunoblotting via the GFP epitope on Cdc10 to compare lev-
els of endogenous Cdc10 in three haploid cdc12(G247E) strains
with two control CDC12* strains isolated in the same cross. Cdc10-
GFP levels were reduced on average ~25% in the cdc12(G247E)
cells (Figures 1F), providing support for our hypothesis. We interpret
the foregoing results to indicate that the amounts of other subunits
available for hetero-octamer assembly become limiting when a sin-
gle subunit is represented by multiple alleles—each expressed at
near-endogenous levels—thus establishing the competitive
situation.

G interface lability correlates with subunit discrimination

in higher-order assembly

Al of the mutant septin alleles known to be at a competitive disad-
vantage when coexpressed with the corresponding WT subunit
render cells TS when expressed as the sole source of the mutant
septin (Cid et al., 1998; Nagaraj et al., 2008; Figure 1A), suggesting
that the mutant septin is subject to a QC mechanism that recognizes
a property of the mutant protein that is related to its dysfunction at
high temperature. All of the mutants analyzed to date carry NBP
substitutions (Cid et al., 1998; Nagaraj et al., 2008), whereas TS-
causing mutations outside the NBP have not been studied in detail.
To characterize further the properties of mutant septins recognized
by QC, we assessed the ability of non-NBP mutants to localize to
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FIGURE 1: Alternative alleles of a given septin subunit compete to occupy a limiting number of positions within
hetero-octamers. (A) “Quality control” of higher-order septin assembly in budding yeast. Left, schematic illustration of
the localization of a GFP-tagged wild-type (CDC10*) or mutant (cdc10(D182N)-GFP) septin protein after introduction of
the plasmid-encoded gene into wild-type (CDC10*/CDC10") diploid cells. Middle, transmitted light and GFP
fluorescence (inverted grayscale) micrographs of BY4743 cells carrying the cdc10(D182N)-GFP plasmid pCdc10-1-GFP,
grown to mid log phase at 22°C. Right, schematic illustration of line scans of fluorescence micrographs, with actual data
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the bud neck when expressed de novo in the presence of the wild-
type allele.

One potent TS allele, cdc12-6, carries mutations located far from
the NBP: a frameshift near the end of the open reading frame results
in changes to the C-terminal 17 residues (Figure 2A). Immunoblot-
ting showed that the protein encoded by the cdc12-6 allele is
~1 kDa shorter than the wild-type protein (Haarer and Pringle, 1987).
Sequencing identified the mutation as a deletion of an adenine
within a stretch of seven adenines 49 bases upstream of the termi-
nation codon (B. Haarer and J. Pringle, personal communication),
resulting in a single-residue substitution (K391N) and truncation of
the last 16 residues (Figure 2A). Of note, despite some later confu-
sion about the nature of the frameshift (Longtine et al., 2000;
McMurray and Thorner, 2008a), subsequent resequencing con-
firmed the original result (M. Longtine and J. Pringle, personal com-
munication). We determined that the K391N mutation alone does
not cause TS growth (unpublished data); instead, the truncation is
responsible for the TS phenotype (Figure 2B). We found that, when
expressed de novo in a CDC12* strain, this truncation mutant (here-
after Cdc12(A392-407)-GFP) was readily detected at the bud neck,
even at 37°C (Figure 2, C and D). Similarly, and unlike NBP mutants,
Cdc12(A392-407)-GFP was able to incorporate into the septin struc-
tures at the bud neck in cdc12(G247E) cells (unpublished data).
These findings are consistent with published observations of the
bud neck incorporation of various other C-terminal truncation al-
leles of Cdc3, Cdc11, or Cdc12 (Casamayor and Snyder, 2003;
Versele et al., 2004). In addition, internal deletions in Cdc11
(Casamayor and Snyder, 2003) or Cdc10 (e.g., Cdc10(A13-29);
McMurray et al., 2011a) that alter the NC homodimerization inter-
face are also able to localize properly despite the presence of wild-
type alleles of the same septins.

On the other hand, when tagged with GFP and introduced on a
plasmid into CDC12* cells, the mutant Cdc12(G268R) was efficiently
excluded from the bud neck (Figure 2E). By contrast, in the trunca-
tion and NC interface deletion mutants, the G interface would be
expected to fold properly and have wild-type stability. Finally, we
previously proposed that the mutant NBP in Cdc12(G247E), which

evades QC (Figure 1D), is able to bind a non-GTP nucleotide and
thereby adopts a G interface conformation that is at least quasi-
native (Weems et al., 2014). Taken together, these results point to
the integrity of the G dimerization interface, not the NC interface or
the NBP per se, as the primary feature monitored by QC.

G interface mutants are at a kinetic disadvantage in septin
complex assembly

The foregoing experiments did not directly address why G interface
mutants are less competent than the corresponding wild-type pro-
tein for incorporation into both hetero-octamers and neck filaments.
We considered two possibilities. On one hand, the mutants may
fold just as rapidly as the normal subunit but have reduced affinity
for, or a slower rate of G interface formation with, the corresponding
G interface interaction partner. On the other hand, the mutant sep-
tin may fold more slowly (or be more prone to misfolding) and hence
be sequestered for a more protracted time by the folding machinery
and thus not be available at a sufficient concentration to assemble
at a significant rate with the limiting supply of G dimerization part-
ners and other septin subunits.

As one means to distinguish between these possibilities, and as-
suming that the translation/folding capacity of a cell is in large ex-
cess, we asked if simply overexpressing a mutant septin could drive
by mass action an increase in its localization to the bud neck even
when the corresponding wild-type subunit was present. Our previous
results with Cdc12(G268R)-GFP suggested that overexpression does
not allow a G interface mutant to bypass QC, because the plasmid
encoding Cdc12(G268R)-GFP harbored a high-copy (2 DNA) origin
of replication yet resulted in little or no bud neck incorporation com-
pared with Cdc12-GFP produced in the same way (Figure 2E). How-
ever, to increase more drastically the total concentration of a mutant
septin, we used derepression of the MET17 promoter to drive high-
level production of plasmid-encoded Cdc10(D182N)-GFP. Quantita-
tive immunoblotting demonstrated ~19- or ~16-fold increases in
steady-state levels for wild-type Cdc10-GFP and Cdc10(D182N)-
GFP, respectively, relative to expression of these proteins from the
CDC10 promoter (Supplemental Figure S1A). Unlike wild-type

from individual cells. An eight-pixel-wide line was drawn perpendicular to the axis of the septin ring and used to plot a
profile of fluorescence signal. The height of the peak (for neck localization) or depth of the trough (for neck exclusion)
was calculated as shown. (B-E) Bud neck fluorescence for the indicated plasmid-encoded, fluorescently tagged mutant
septin (bracketed genotype) expressed in cells of the indicated chromosomal genotype (genotype without brackets).
Error bars, mean with SEM; n, number of cells analyzed. Septin hetero-octamers are illustrated below as in A, with
multiple polypeptides competing for occupancy of the same position shown horizontally adjacent to each other.
Leftmost, septin subunits identified by numbers: 1, Shs1; 3, Cdc3; 10, Cdc10; 11, Cdc11; 12, Cdc12. Fluorescently
tagged subunits are solid green, absent subunits are indicated with dashed lines, and asterisks and daggers indicate

G interface/NBP mutations. Shs1 is shown in blue. Strains: BY4743 (CDC10+/CDC10%), BY4741 (CDC12*), CBY07236
(cdc3(G365R)), CBY06417 (cdc10(D182N)), CBY08756 (cdc11(G32E)), CBY05110 (cdc12(G247E)), and JTY3631 (shs1A).
Plasmids: pLA10 ((CDC10-GFP]); pCdc10-1-GFP ([cdc10(D182N)-GFP)); pML51 ([cdc11(K172A D174A)-YFP]); pML114,
which encodes Cdc12(G44V K47E T48N)-YFP ([cdc12*-YFP]); and YCpH-cdc12-1-GFP, which encodes Cdc12(G247E)-
GFP ([G247E-GFP]). (F) Quantitative immunoblotting to compare levels of Cdc10-GFP expressed from the endogenous
CDC10 locus was performed with whole-cell protein extracts of CDC10-GFP strains carrying the wild-type (CDC12*) or
cdc12(G247E) allele at the CDC12 locus. After separation of proteins by 4-20% gradient SDS-PAGE and transfer to
PVDF, immunoblot analysis was performed using antibodies recognizing GFP and appropriate fluorescently labeled
secondary antibodies (top blot). Right, molecular weights of the Li-Cor Chameleon Duo Pre-stained Protein Ladder
(928-60000; Li-Cor) indicated with arrows. After scanning and quantifying the GFP signal, the membrane was exposed
to antibodies recognizing the loading control Zwf1 (glucose-6-phosphate dehydrogenase) and appropriate secondary
antibodies (bottom blot). Left, arrows and labels indicate Cdc10-GFP and Zwf1; gray arrow, Cdc10-GFP signal detected
in the Zwf1 scan. Signal for each band was quantified by subtracting the background signal from an equivalent area
from a signal-free part of the same lane, then dividing the Cdc10-GFP signal by the Zwf1 signal; each of these values
was normalized to this value for the first CDC12* sample and plotted below. CDC12* strains were MMY0166 and
MMY0167, and cdc12(G247E) strains were MMY0168, MMY0169, and MMY0170.
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FIGURE 2: Mutant septins with native G interfaces evade exclusion by quality control. (

A) Top,
schematic layout of Cdc12 protein domains/motifs, including major elements of the GTP-binding

domain (G1/P loop, G3/switch I, and G4) and septin-septin interfaces (G3/switch II, septin-
unique element [SUE]) and highlighting the hydrophobic heptad repeats within the extreme

C- terminus predicted to form a coiled coil (c.c.). Orange bars, approximate locations of

homologous residues buried in the human septin G dimer interface (Sirajuddin et al., 2007,
2009). Bottom, primary sequence of the c.c. region, illustrating the mutations in the Cdc12-6,

Cdc12(K391N), and Cdc12(A392-407)-GFP proteins. (B) Cells of the indicated genotype
(plasmid-encoded genes are indicated with brackets) carrying a plasmid (YCpcdc12-6-G

FP)

encoding Cdc12(A392-407)-GFP were streaked on solid medium selective for the plasmid and

incubated at 22 or 37°C for 3 d. Strains were YEF473A (CDC12*) and M-1726 (cdc12-6).

(C) Asin

Figure 1A, transmitted light and fluorescence micrographs of CDC12* cells (strain YEF473a)
carrying plasmid YCpcdc12-6-GFP grown to mid log phase in selective medium at the indicated

temperatures. Arrowheads, fluorescence signal enriched at the bud neck. As indicated,
exposures were taken to prevent signal saturation. (D) As in Figure 1, B-E, for wild-type

120-ms
strain

BY4741 and plasmid YCpcdc12-6-GFP (A392-407) grown at 22°C. (E) As in Figure 1, B-E, for

the CDC12* CDC10-mCherry strain JTY3992 and plasmid pMVB62 ([CDC12-GFP]) or
YEpLcdc12(G268R)-GFP ([cdc12(G268R)-GFP]). Purple, the mCherry tag on Cdc10, fluor
of which was also quantified as a control for bud neck signal.
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Cdc10-GFP produced in the identical man-
ner, this manipulation did not result in de-
tectable incorporation of the mutant septin
atthe bud neck and instead merely increased
the cytosolic fluorescent signal in CDC10*
cells (Figure 3A). These findings are inconsis-
tent with a model in which mutant septins
are left out of higher-order structures be-
cause they have a reduced affinity compared
with wild-type septins.

As an independent means to address
this same question, we exploited the fact
that two G interface mutants, Cdc3(D210G)
and Cdc10(D182N), display interallelic com-
plementation when coexpressed as the sole
source of these two subunits in the same
cell. That is, this double mutant, but neither
single mutant, is able to grow normally at
high temperature (37°C; Weems et al.,
2014). If preference for incorporation were
based only on a subunit having the highest
affinity for its partner, then Cdc10(D182N)-
GFP would be capable of localizing to the
bud neck when expressed de novo in
cdc3(D210G) CDC10* cells. Conversely, ex-
clusion of wild-type Cdc10-GFP might be
expected when expressed de novo in
cdc3(D210G) cdc10(D182N) cells. Neither
of these predictions was borne out. In
cdc3(D210G) cells transformed with a plas-
mid expressing cdc10(D182N)-GFP, only
diffuse cytoplasmic fluorescence was ob-
served, and, in cdc3(D210G) cdc10(D182N)
cells transformed with a plasmid expressing
CDC10-GFP, the majority of the fluores-
cence signal localized to the bud neck
(Figure 3B). We conclude that the “quality”
of a NBP mutant septin is assessed before
the need for it to engage in a G dimer inter-
face during hetero-octamer formation.

Preferential incorporation of a wild-
type septin occurs during de novo
filament assembly

Our results strongly suggested that incorpo-
ration of a wild-type septin in preference to
a G interface mutant occurs before assem-
bly of septin hetero-octamers. If this is the
case, then QC should be unable to exert
this preference when mutant-containing
septin hetero-octamers are assembled be-
fore introduction of the wild-type allele. We
took advantage of two features of septin
dynamics to test this prediction. First, septin
complexes disassembled during one round
of the cell cycle are stable and reused
for assembly of a new septin collar in the
next round of the cell cycle, and, second,
cytoplasmic mixing of the septin hetero-
octamer pools occurs during yeast mating
(McMurray and Thorner, 2008b). We
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FIGURE 3: Exclusion of mutant septins by quality control acts before G dimerization and cannot
be overcome by mutant overexpression. (A) Left, as in Figure 1A, but with haploid CDC10* cells
(strain BY4742) and plasmids with which Cdc10-GFP (pMETp-Cdc10-GFP) or Cdc10(D182N)-GFP
(pPmet-Cdc10-1-GFP) is expressed from the high-level MET17 promoter in growth medium
lacking methionine. The 60- and 250-ms exposures are shown for comparison to micrographs in
other figures, which always used 250-ms exposures unless specified otherwise. Right,
quantification of bud neck signals and illustration of septin subunit composition. (B) As in A,
right, with plasmid pLA10K ([CDC10-GFP]) or YCpK-Cdc10-1-GFP ([cdc10*-GFP*]) and

cdc3(D210G) strain MMY0131 (CDC10*) or MMY0130 (cdc10(D182N)).

reasoned, therefore, that septin complexes assembled indepen-
dently in two haploid partners before mating should be incorpo-
rated together into the neck of the zygote when it buds. However,
our earlier results suggested that alterations in the stoichiometry of
septin-encoding genes in a diploid cell can abrogate QC by provid-
ing more available oligomerization partners with which a GFP-
tagged mutant septin can interact during de novo septin hetero-
oligomerization. Therefore, to monitor unambiguously in diploid
cells the localization of Cdc10(D182N) molecules synthesized and
assembled before mating, we fluorescently labeled a SNAP-tagged
derivative of this mutant under permissive conditions in haploid
cells in which it was the sole source of this septin. The SNAP tag, a
derivative of human O%-alkylguanine-DNA alkyltransferase, allows
covalent labeling in vivo with derivatives of benzylguanine (Keppler
et al., 2004). Labeled cells were mated with wild-type haploid cells,
and the fate of the “pulse”-labeled Cdc10(D182N)-SNAP was moni-
tored by fluorescence microscopy (Figure 4).

If the “competition” between wild-type and mutant subunits
occurs only during formation of polymerization-competent septin
hetero-octamers, then preformed mutant-containing septin com-
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plexes should be able to coassemble with
wild-type complexes into the collar of septin
filaments at the neck of a budding zygote.
On the other hand, if wild-type complexes
outcompete the preformed mutant com-
plexes during polymerization of the bud
neck filaments—as predicted by the Cdc42-

-20=1EbCT0 [odeT0*

mediated model proposed by Nagaraj et al.
(2008)—then the mutant-containing septin
complexes will be excluded from the collar
of filaments that assemble at the neck of the
zygote when it buds. We found that, al-
though slightly reduced relative to a wild-
type Cdc10-SNAP control, the preformed
complexes containing Cdc10(D182N)-SNAP
were clearly incorporated at the necks of
budded zygotes formed after mating with
CDC10* cells (Figure 4). Thus, in cells co-
expressing both Cdc10 and Cdc10(D182N),
the observed preference for the wild-type
subunit is exerted during formation of
septin hetero-octamers, which are then po-
lymerized into the filaments that assemble
at the bud neck.

-GFP] -GFP]

Mutant septins subject to quality
control are excluded from septin
complexes

Although we observed in some cases a
modest decrease in the steady-state
amount of cellular protein for those mutant
septins excluded by QC as compared with
the level of the corresponding wild-type
septin (Supplemental Figure S1, A and B;
Nagaraj et al., 2008), none could explain the
lack of bud neck localization by these mu-
tant proteins when expressed in wild-type
cells. Instead, when excluded by QC, mu-
tant septin molecules localize diffusely in
the cytosol (see earlier results). If QC acts on
a Ginterface mutant, such as Cdc10(D182N),
before it has an opportunity to interact with
its normal G dimerization partner (namely, Cdc3), then in cells coex-
pressing wild-type Cdc10, cytosolic Cdc10(D182N) should not be
found in any septin complex that contains Cdc3. To test this predic-
tion, we fractionated lysates prepared from diploid CDC10/
cdc10(D182N)-GFP cells in which Cdc10(D182N)-GFP was largely
excluded from the bud neck by size exclusion chromatography
(SEC) in an appropriate separation medium to resolve septin-con-
taining complexes (Figure 5A). The content of Cdc10(D182N)-GFP
and Cdc3 in each fraction was determined by immunoblotting with
anti-GFP or anti-Cdc3 antibodies (Supplemental Figure S2A). A mi-
nor amount of the Cdc10(D182N)-GFP (calculated M, of 65 kDa) was
found in the void volume and nearby fractions (M, of ~650 to >700
kDa). However, the bulk of the Cdc10(D182N)-GFP was found in two
prominent peaks (M,*P of ~90 and ~325 kDa, respectively; Figure
5B), with the majority in the smaller species. By contrast, the vast
majority of Cdc3 in the same lysate eluted with an M,?PP of ~650 to
>700 kDa (Figure 5B). For the same column, and consistent with a
highly elongated rod, purified recombinant septin hetero-octamers
(calculated M, of 382.8 kDa) elute at M,?PP of ~650 kDa (unpublished
data). Thus these data suggest that the Cdc10(D182N)-GFP
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molecules excluded from the bud neck by
septin QC are also excluded from com-

CDC10° plexes containing other septins.
As a control for our ability to detect

BG DAF septin species of various sizes containing
pulse QO % both Cdc3 and Cdc10, we fractionated ly-

sates from cells in which Cdc10(A13-29)-GFP

CdC10(D182N) -SNAP mate Zngte was transiently overexpressed. The deletion
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roSOCIOT L 011, s expecsd i such e,
cde10( )- Cdc10(A13-29)-GFP was found in four re-
gions: ~650-kDa peak (the “mixed Cdc10”
hetero-octamer); ~460-kDa peak (hetero-

tetramer); ~150-kDa shoulder (a minor
amount of Cdc3-Cdc10(A13-29)-GFP di-

mer); and ~60-kDa peak (minor amount of
Cdc10(A13-29)-GFP monomer; Figure 5C
and Supplemental Figure S2A). These re-
sults further strengthen our conclusions that

the two prominent species observed for
NBP mutant Cdc10(D182N)-GFP contain no
Cdc3 and thus that QC prevents mutant
septins from associating with other septins.

Genetic evidence that misfolded
mutant septins are sequestered by
cytosolic chaperones

For a mutant tubulin, one aspect of its QC
mechanism is prolonged interaction of the
aberrant protein with tubulin-specific fold-
ing chaperones (Zabala et al, 1996),
thereby delaying its entry into the pool of
subunits available for hetero-dimerization.
Moreover, the "kinetic partitioning” mech-
anism by which chaperones protect non-
native polypeptides from aggregation (Kim
etal., 2013) would also be expected to de-
lay proper hetero-oligomerization. By anal-
ogy, trapping/partitioning by a chaperone
might prevent a septin with an aberrant G
interface from associating with its G het-
ero-dimerization partner. Budding yeast
cells respond to the presence of misfolded
cytosolic proteins by up-regulating expres-
FIGURE 4: Mutant septins evade exclusion by quality control if assembled into hetero-octamers  sion of genes encoding a network of inter-
before introduction of the wild-type allele. Top, fusion of the SNAP-Tag (SNAP) to the C- acting chaperones, representing a subset
terminus of Cdc10(D182N) allows covalent fluorescence pulse labeling of a pool of
Cdc10(D182N)-SNAP molecules using BG-DAF. The localization of the labeled mutant Cdc10-
SNAP molecules after the introduction of wild-type, untagged Cdc10 via mating was monitored
by fluorescence microscopy. Bottom, micrographs taken of budded zygotes generated by

of those controlled by the transcription fac-
tor Hsf1 in the heat shock response (Geiler-
Samerotte et al., 2011). If a mutant septin

mating BG-DAF-labeled cells of strain JTY5169 with CDC10 cells of strain BY4742. with a defect in its G interface has a pro-
Arrowheads, labeled Cdc10(D182N)-GFP in septin rings at zygote bud necks. Asterisks, labeled ~ Pensity to misfold, then it seemed possible
Cdc10(D182N)-GFP in septin rings in nonzygote cells. Right, quantification of bud neck that the dysfunction observed for such a
fluorescence in budded zygotes, as in Figure 1, B-E. mutant at high temperature might arise, in
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FIGURE 5: Mutant septins excluded by quality control are not in complex with their G dimer partners. (A) Thyroglobulin
(669-kDa tetramer), catalase (232-kDa tetramer), and albumin (67-kDa monomer) from commercial sets of standards
(17-0441-01 and 17-0442-01, GE Healthcare) were mixed together and resolved on a Superdex 200 size exclusion
column. An apparently linear relationship between elution fraction and native molecular weight (R? = 0.985) was used to
calibrate the column and convert fraction number to estimated molecular weight in B and C. (B) Lysate from a CDC10/
cdc10(D182N)-GFP diploid strain made by mating strains BY4742 and JTY3986 was resolved by gel filtration as in A.
Fractions were slot-blotted to a nitrocellulose filter, and the GFP or Cdc3 content in each fraction was determined by
immunoblotting with mouse anti-GFP or rabbit anti-Cdc3 antibodies. Values shown are normalized to the fraction with
the highest signal. Below, illustration of the presumed septin complex composition in the peak Cdc3 fraction. Orange
arrows point to fractions populated by Cdc10(D182N)-GFP molecules excluded by QC. (C) As in B, but for cells of strain
BY4743 carrying the plasmid pJT3456, which expresses Cdc10(A13-29)-GFP from the MET17 promoter. Cells were
grown in medium lacking uracil (to select for the plasmid) and methionine (to drive high-level expression of the MET17
promoter) for 6 h before lysis. Green circles with asterisks represent Cdc10(A13-29)-GFP. Note that in A-C, 500 mM

NaCl was used to ensure dissociation of septin filaments.

part, from its sequestration by cytosolic chaperones, preventing
the mutant subunit from contacting its partner subunits. If suscep-
tibility to high-temperature misfolding also reflects partial misfold-
ing at moderate temperatures, then this reasoning fits well with
the observed correlation between the severity of a NBP mutation
(in terms of the extent to which the mutant septin, if it is the sole
source of that subunit present, undergoes heat-exacerbated mis-
folding and renders a cell heat sensitive) and the degree to which
the mutant is excluded from incorporation into septin structures at
the bud neck when the wild-type version is present (Casamayor
and Snyder, 2003; Nagaraj et al., 2008). As a test of this idea, we
predicted that ectopic Hsfl-dependent induction of cytosolic
chaperones at moderate temperatures might drive chaperone-
mediated sequestration of partially misfolded NBP-mutant septins
and inhibit the proliferation of septin NBP mutant cells without af-
fecting proliferation of wild-type cells. Indeed, when we expressed
a constitutively active allele of HSF1 (Park et al., 2006) in a TS
cdc10(D182N) strain, we observed clear inhibition of colony
growth at 27°C, a non-heat-shock temperature otherwise permis-
sive for growth of this septin mutant (Figure 6A, right). The pres-
ence of wild-type CDC10 completely suppressed this inhibitory
effect (Figure 6A, left).

Ydj1 (an Hsp40) and Hsp104 are two of the 15 chaperones up-
regulated in an Hsf1-dependent manner in response to misfolded
cytosolic proteins (Geiler-Samerotte et al., 2011). A dominant mutant
of Hsp104 was reported to alter bud morphology, cause septin mis-
localization, and colocalize with the displaced septins—phenotypes
that were alleviated by point mutations in Cdc12—all suggesting that
Hsp104 is capable of interacting with septins (Schirmer et al., 2004).
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Prior work indicates that Hsp104 functionally interacts with Yd;j1
(Glover and Lindquist, 1998). Hence we tested if overexpression of
either Ydj1 or Hsp104 was able to inhibit growth of septin mutant
strains under conditions in which these overproduced chaperones
had little or no effect on the growth of wild-type cells. We found that
excess Ydj1 (expressed from a GAL promoter) did not affect the pro-
liferation of wild-type cells (Figure 6B) but impeded the growth at
27°C of all five of the septin G dimerization interface mutants tested
(Figure 6B), with inhibition of cdc3(G365R) and cdc11(G29D) espe-
cially pronounced (Figure 6, B and C).

Similarly, Hsp104 overexpression did not affect wild-type cells
(Figure 6D) but inhibited the growth of all tested TS septin mutant
strains at 27°C (Figure 6D), with the most obvious effect on
cdc10(D182N) cells. We also tested the effect of Hsp104 overex-
pression at 37°C using a G interface mutant of Cdc10 that does not
make cells TS at this temperature. Serine 256 in Cdc10 is adjacent
to a critical contact across the G interface (Sirajuddin et al., 2007;
McMurray et al., 2011a) and is phosphorylated by the protein kinase
Cla4, a modification believed to operate in parallel with GTP bind-
ing to promote higher-order septin assembly (Versele and Thorner,
2004). Bulky, positively charged substitutions at the equivalent posi-
tion in Cdc3 or Cdc12 (e.g., Cdc3(G365R)) render cells inviable at
37°C (Weems et al., 2014), whereas cdc10(S256A) mutants prolifer-
ate normally at this temperature (Versele and Thorner, 2004; Figure
6E). At 37°C, Hsp104 overexpression moderately inhibited the
growth of cdc10(5256A) cells and had the same effect on cla4A and
cdc10(S256A) cladA cells (Figure 6E). Thus Hsp104 appears to in-
hibit the growth of septin-mutant cells to an extent that depends on
the extent of mutant septin G interface misfolding.
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FIGURE 6: Overexpression of cytosolic chaperones inhibits the growth of strains carrying G-interface septin mutations.

(A) Fivefold serial dilutions of cells of the cdc10(D182N) strain DDY1476 carrying the URA3-marked CDC10 plasmid
pMVB57 ([CDC10 URA3]) and a TRP1-marked plasmid—either the empty vector pRS314 ([]) or pRS314-

HSF1ANTA(148-833) ([HSF1AN]), which encodes a constitutively active allele of HSFT—were spotted on solid medium

lacking tryptophan (to select for the TRP1-marked plasmid) and either lacking uracil (to select for pMVB57) or containing

uracil and 5-FOA to select against pMVB57. Plates were incubated at 27°C. (B) As in A, but on medium lacking uracil
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Absence of specific chaperones compromises septin

quality control

The preceding results indicated that up-regulation of chaperones
under Hsf1 control could be at least partially responsible for the
growth inhibition observed in septin mutants at high temperature.
Conversely, it has been observed that loss-of-function mutations in
factors required for degradation-mediated protein QC, including
Ydj1 (Lee et al., 1996), improve the functionality of TS mutants in
other classes of proteins (Betting and Seufert, 1996; Bordallo et al.,
1998; Gardner et al., 2005). We reasoned that this effect would be
manifested as a positive genetic interaction at a semi-permissive or
nonpermissive temperature in which the growth rate of the chaper-
one-septin double-mutant strain is faster than what is predicted
from strictly additive growth effects of the individual chaperone and
septin mutations. Indeed, others reported from a genome-wide
screen that a ydj1A mutation displays just such a positive genetic
interaction with cdc10(G100E) and that, similarly, loss of a PFD sub-
unit (gim3A) exhibits a positive genetic interaction with cdc3(G365R)
(Costanzo et al., 2010). However, these interactions cannot be con-
sidered authentic suppression of the septin mutant phenotype by
the chaperone deletion because 1) the chaperone—septin double
mutants do not propagate at anywhere near a wild-type growth rate
and 2) the chaperone deletion mutants themselves grow at reduced
rates, as expected, given that these chaperones are necessary for
the de novo folding of many other types of proteins (e.g., tubulin for
Gim3 [Vainberg et al., 1998] and the G1 cyclin CIn3 for Ydj1 [Vergés
et al., 2007]). Nonetheless, together with our overexpression results
(Figure 6), these reported genetic relationships point to Hsp104,
Ydj1, and PFD as candidates for the chaperones that sequester mu-
tant septins during de novo septin folding.

To test directly if these and other cytosolic chaperones are
required for the QC phenomenon by which wild-type septins are
preferentially incorporated into higher-order structure, we trans-
formed plasmids encoding a fluorescently tagged mutant septin
(Cdc10(D182N)) into strains lacking Ydj1, Gim3, Hsp104, or other
chaperones. We observed a clear failure of QC—namely, incorpora-
tion of Cdc10(D182N)-GFP at the bud neck—in ydj1A cells (Figure
7, A and B). Bud-neck signal in ydjTA cells could not be explained by
elevated steady-state levels of the mutant septin, as assessed by
immunoblotting (Supplemental Figure S1B), and thus reflects an im-
proved ability of the mutant septin molecules to incorporate into
septin filaments. By contrast, we did not find Cdc10(D182N)-GFP at
the bud neck in hsp104A cells (Figure 7B). Given that prior binding
of a client protein by an Hsp40 family member, including Ydj1, is
typically a prerequisite for productive interaction of that substrate
with Hsp104 (Glover and Lindquist, 1998), it is possible that

Ydj1-mediated sequestration of the mutant septin explains its exclu-
sion from the bud neck even in hsp104A cells. Consistent with that
possibility, we found that introducing an hsp104A mutation did not
improve the growth of any of several temperature-sensitive septin
mutants tested (unpublished data). Conversely, deletion of YDJ1
did not prevent excess Hsp104 from inhibiting the growth of
cdc10(D182N) cells (unpublished data), which likely reflects an abil-
ity of other Hsp40-related proteins (e.g., Apj1; Sahi et al., 2013) to
target Hsp104 to mutant septins. However, because Ydj1 is the most
abundant Hsp40 in the yeast cytosol (Sahi et al., 2013), its loss
should have the strongest effect on mutant septin exclusion. Consis-
tent with this idea, exclusion of Cdc10(D182N)-GFP remained effi-
cient in apj1A cells (Figure 7B).

None of the other chaperone mutants tested phenocopied ydj1A
(Figure 7B). However, we consistently noticed in the gim3A strain a
distinct subpopulation of cells with very high Cdc10(D182N)-GFP
signal at the bud neck (Figure 7, A and B). Such cells were observed
less often in other genotypes (Figure 7B). We wondered if cell-to-
cell variations in copy number of the plasmid encoding the mutant
septin might explain this phenotypic heterogeneity. Specifically, in
cells with high plasmid copy number, high cytoplasmic signal might
mask moderate bud neck signals in our line scan analysis (Figure
1A). This scenario predicts that cells with the highest cytoplasmic
signals would tend to have calculated bud neck signals close to 0.
Instead, such cells were the source of the most-negative bud neck
values we calculated (unpublished data). We suspect the lack of
penetrance instead reflects a degree of stochasticity and redun-
dancy in the QC pathways, such that a nascent mutant septin must
pass multiple distinct “checkpoints” en route toward “escaping”
chaperone sequestration, each of which is less than perfectly effec-
tive. Indeed, the viability of PFD mutants like gim3A has been at-
tributed to folding of the essential proteins tubulin and actin through
less efficient, PFD-independent mechanisms (Lundin et al., 2010),
providing precedents for “bypass” of this folding pathway.

As an independent test of chaperone requirements in septin QC,
we devised a growth-based QC assay. As noted earlier, C-terminally
truncated alleles of Cdc12 evade QC, and extensive truncations
(e.g., Cdc12(A339-407)) cause lethality when overexpressed from
the GAL1/10 promoter (Versele et al., 2004), presumably because
the mutant septin incorporates into hetero-oligomers that block
functional filament assembly. We hypothesized that introducing a
single G interface mutation into Cdc12(A339-407) would allow its
recognition by septin QC, sequestering the double-mutant septin in
the cytosol and allowing proliferation by wild-type cells in which it is
overexpressed. As expected, and unlike Cdc12(A339-407), overex-
pressed Cdc12(G268R A339-407) had no effect on colony growth by

with 2% raffinose (uninducing) or 1% raffinose plus 1% galactose (inducing) as the carbon source and with cells of the
genotype indicated at left carrying either an empty URA3-marked plasmid (pRS316; []) or a URA3-marked plasmid with
YDJ1 under control of the galactose-inducible GAL1/10 promoter (pPgal-YDJ1; [Pga—YDJ1]). Strains: BY4741 (wild
type), CBY07236 (cdc3(G365R)), CBY06417 (cdc10(D182N)), CBY06427 (cdc11(G29D)), and CBY05110 (cdc12(G247E)).
(C) Cells of the indicated genotypes and carrying the indicated plasmid as in B were pregrown overnight at room
temperature in liquid medium lacking uracil and containing 2% raffinose and then diluted to an ODggg of 0.1 in 200-pl
cultures (12 replicates/genotype) of medium lacking uracil and containing 1% raffinose and 1% galactose. The ODgqg of
each culture was measured every 5 min for 14 h and used to calculate doubling times. Strains: CBY04956 (cdc3(G365R)),
CBY06417 (cdc10(D182N)), CBY08756 (cdc11(G32E)), and CBY05110 (cdc12(G247E). Error bars, SEM. (D) As in B, but
with HIS3-marked plasmids—the empty vector pRS313 ([]) or pGALSc104, carrying HSP104 under GAL1/10 promoter
control (Pga,—HSP104)—and medium lacking histidine and containing 2% galactose (inducing). (E) As in D, but at 37°C
and with growth medium lacked histidine and uracil, the latter to select for the URA3-marked plasmid pLA10 ((CDC10%])
or pMVB145 ([cdc10(S256A))). Strains were haploid spore clones derived by sporulation from the diploid strains
JTY5687, JTY5688, and JTY5690. Each carries a genomic deletion allele of CDC10 and either a wild-type (CLA4*
cdc10A) or partial deletion allele of CLA4 (cla4 cdc10A) plus the indicated plasmids.
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FIGURE 7: The Hsp40 family member Ydj1 and prefoldin subunit Gim3 are required for septin
quality control. (A) As in Figure 1A, but with haploid cells of the indicated genotypes. Strains:
BY4741 (wild type); JTY5445 (ydj1A); MMY0051 (gim3A). Arrowheads, strong bud neck
fluorescence signal. (B) As in Figure 2D, for the strains in A, the hsp104A strain JTY4014, the
apj1A strain MMY0054, the hsp42A strain MMYO0057, the hsp82A strain MMY0058, and the
ssb1A strain MMY0059. p value, one-tailed unpaired t- test. (C) Cells of the same strains as in A
carrying plasmids expressing from the GAL1/10 promoter C-terminally truncated alleles of
CDC12 ([P —~CDC12AC]) were resuspended in sterile water and subjected to 10-fold serial
dilutions. The residue at position 268 is indicated as wild-type (G; plasmid pMVB160) or
substituted to arginine (R; plasmid YCpUG-Cdc12(G268R A339-407)). A 5-pl amount of each
dilution was spotted on solid synthetic medium containing 10 pg/ml phloxine B to stain dead
cells red and dextrose or galactose, as indicated, to repress or induce the GAL1/10 promoter.
As indicated, uracil was left out or added to the medium to impose or relieve plasmid selection,
respectively. Plates were photographed after 3 d at 30°C.

wild-type cells (Figure 7C). If QC-mediated exclusion of the mutant
septin is indeed responsible for viability in this situation, QC-defec-
tive mutants should die. Cells lacking Gim3 exhibited a clear QC
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defect in this assay (Figure 7C). The gim3A
growth defect in these conditions did not
reflect an inability of the mutant strain to
grow on galactose-based media, because
when we provided uracil to remove plasmid
selection, growth was restored (Figure 7C).
A ydj1A strain overexpressing Cdc12(G268R
A339-407) also displayed a growth defect
relative to controls (Figure 7C). To sensitize
the assay, we included in the medium the
vital dye Phloxine B, which stains dead cells
red (Nagai, 1963), but ydj1A and gim3A
colonies were not noticeably more red than
the wild-type control (Figure 7C). We sus-
pect that, as with Cdc10(A13-29) (Figure 5B;
McMurray et al., 2011a), septin ring assem-
bly tolerates low levels of incorporation of
C-terminally truncated Cdc12 molecules,
and these mutants become lethal only
above a certain threshold level of incorpora-
tion, which is frequently achieved by
Cdc12(G268R A339-407) in gim3A mutants,
less so in ydj1A cells, and not at all in wild-
type cells (Figure 7A). These findings impli-
cating Ydj1 and Gim3/PFD in septin QC
demonstrate the specificity of the genetic
interactions that originally motivated our ex-
amination of these factors.

The chaperone Ydj1 interacts
specifically with mutant septins

during septin QC

All of the preceding evidence predicts that
physical interactions between a nascent
septin and certain cytosolic chaperones are
prolonged when the septin carries a muta-
tion that perturbs folding of the G dimeriza-
tion interface. When the wild-type allele is
present, QC ensures that wild-type mole-
cules are preferentially incorporated into the
septin filaments at the bud neck, and mu-
tant septins are left in the cytosol in com-
plexes that are devoid of other septins but
presumably contain relevant chaperones. To
test these predictions, we examined septin—
chaperone interactions in the context of
septin QC.

Specifically, we looked for evidence of
physical interaction between an excluded
mutant septin and a chaperone required for
septin QC, Ydj1. Ydj1 was tagged with a
tandem affinity purification (TAP) tag con-
sisting of a hexahistidine sequence and a ZZ
(immunoglobulin G [IgG]-binding) domain
with an intervening cleavage site specific to
the human rhinovirus 3C protease (Gelperin
etal., 2005) and overexpressed at levels that
inhibited the growth of cdc10(D182N) (but
not wild-type) cells (Figure 6, B and C). To-

gether with Ydj1-TAP, we coexpressed GFP-tagged wild-type Cdc10
or Cdc10(D182N) in CDC10* cells. Cdc10(D182N)-GFP molecules
were excluded from the bud neck by QC and localized to the

Molecular Biology of the Cell
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FIGURE 8: Sequestration of mutant septins by the chaperone Ydj1.
(A) Cultures of strain BJ2168 carrying plasmid pLA10K ([(CDC10-GFP],
wild-type) or YCpK-Cdc10-1-GFP ([cdc10(D182N)-GFP], D182N) and
either the empty vector pRS316 (EV) or a plasmid driving TAP-tagged
Ydj1 from the GAL1/10-promoter (pPgal-YDJ1, [Pga~YDJ1-TAP], Y-T)
were grown at 30°C in medium lacking uracil and containing 1%
raffinose and 1% galactose to induce expression from the GAL1/10
promoter. GFP fluorescence in aliquots of the Ydj1-expressing cells
were imaged. (B) The cultures described in A were lysed, and clarified
lysates were incubated with IgG-coated beads. After extensive
washing, cleaved Ydj1- and Ydj1-bound proteins were eluted from the
beads by the addition of GST-tagged 3C protease (3C), which cleaves
between the hexahistidine tag (HHHHHH) and IgG-binding domain
(ZZ) of Ydj1-TAP, releasing hexahistidine-tagged Yd;j1 (Ydj1-T). The
beads were boiled in sample buffer (Bead-bound) and, together with
the eluate (Cleaved) samples, resolved by SDS-PAGE and transferred
to a PVDF membrane. Cdc10(D182N)-GFP was detected using mouse
anti-GFP antibodies. Uncleaved Ydj1-TAP and cleaved, hexahistidine-
tagged Ydj1 were detected using anti-hexahistidine (anti-6xHis)
antibodies (Y1011; UBPBio, Aurora, CO). The leftmost lanes contain a
molecular weight ladder (928-60000; Li-Cor Chameleon Duo Pre-
stained Protein Ladder). whose contents are labeled on the left with
black arrows and sizes. Right, black arrows point to bands migrating
with the approximate molecular weight expected for the indicated
proteins.

cytosol (Figure 8A), where the bulk of endogenous Ydj1 normally
resides (Caplan and Douglas, 1991; Huh et al., 2003). As expected,
wild-type Cdc10 localized to the bud neck (Figure 8A). Lysates pre-
pared from these cells or control cells in which no Ydj1-TAP was
expressed were incubated with IgG-coated beads, from which hexa-
histidine-tagged Ydj1 and associated proteins were subsequently
eluted via protease cleavage. Cdc10(D182N)-GFP, but not wild-type
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Cdc10-GFP, appeared in the eluate from Ydj1-TAP-expressing cells
(Figure 8B), indicating that the chaperone associates specifically
with the misfolded septin. Of note, because the IgG-binding activity
of the ZZ domain of Ydj1-TAP survives SDS-PAGE and membrane
transfer, this ~64 kDa band reacts with all primary and secondary
antibodies. Hence input levels of the GFP-tagged Cdc10 molecules
(calculated M, of 65 kDa) in the lysates could not be reliably com-
pared between the Ydj1-TAP-overexpressing samples. However,
boiling the beads in SDS-PAGE sample buffer after protease cleav-
age demonstrated that in the Cdc10-GFP and Cdc10(D182N)-GFP
lysates, the beads captured equivalent amounts of Ydj1-TAP, and
that cleavage was somewhat inefficient, as indicated by the pres-
ence of full-length Ydj1-TAP in these samples (Figure 8B). Some
cleaved Ydj1 also remained associated with the beads, likely due to
dimerization with uncleaved Ydj1-TAP, as native Ydj1 is known to
homodimerize (Wu et al., 2005). These findings support a model in
which association of mutant septins with the cytosolic chaperone
Ydj1 contributes to QC-mediated cytosolic sequestration.

A latent Hsp104 "holdase” activity is sufficient to delay

the higher-order assembly of nascent mutant septins

The cellular manifestations of a chaperone-imposed delay in mutant
septin availability for oligomerization depend on whether or not a
wild-type allele of the same septin is also expressed. When the mu-
tant allele is the only source of the septin, cellular proliferation is
inhibited by exposure to elevated temperatures or overexpression
of specific chaperones, in each case presumably reflecting an inabil-
ity of the mutant septin to escape sequestration by the cytosolic
proteostasis machinery. We designed an experiment to compare
the kinetics of higher-order assembly by wild-type or mutant septin
polypeptides during de novo synthesis under conditions in which
the mutant proteins are unable to support normal septin function.

Actively growing cultures of cells expressing from the chromo-
somal CDC10 locus either wild-type Cdc10 or Cdc10(D182N) fused
to the SNAP tag were first exposed to unlabeled benzylguanine
(BG) to block the ability of the SNAP site to react with any other BG
derivative provided thereafter. After 45 min of growth at 30°C—a
semipermissive temperature for the proliferation of cdc10(D182N)
cells—cells were lysed, and the septin-SNAP molecules synthesized
in the 45-min “chase” period after the BG “pulse” were specifically
labeled in the lysate with a fluorescent BG derivative conjugated to
Oregon green (BG-OG). Native proteins were separated by SEC,
and the OG content of each resulting fraction was measured using
a fluorescence plate reader.

Control experiments in which no BG or BG-OG was added
identified sources of background fluorescence in several fractions,
presumably representing molecules with intrinsic fluorescence at
520 nm (Supplemental Figure S2B and Figure 9, A and B, blue ar-
rows). Three new peaks of fluorescence with M,PP of ~90, ~220-
355, and ~670 kDa (calibration of this column is shown in Supple-
mental Figure S2A) appeared in lysates from CDC10-SNAP cells
exposed to the BG-OG pulse-chase regimen at 30°C (Figure 9,
A and B). In lysates from cdc10(D182N)-SNAP cells, three differ-
ences were apparent: the proportion of total signal present in the
~670- and ~190-kDa peaks was reduced, whereas the peak repre-
senting 480 kDa was broader, encompassing fractions with M,?PP
of ~500 kDa, and contained more signal (Figure 9, A and B).
Immunoblot analysis of the ~670-, ~190-, and ~90-kDa fractions
with anti—-SNAP-tag antibodies detected wild-type Cdc10-SNAP
(calculated Cdc10-SNAP M, of 57 kDa) only in the ~670-kDa frac-
tion, consistent with incorporation of this septin into rod-shaped
hetero-octamers (Figure 9C). By contrast, Cdc10(D182N)-SNAP
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FIGURE 9: The chaperone Hsp104 sequesters mutant septins in an ATPase-independent manner. (A) Cells of CDC10-
SNAP strain JTY4034 (Cdc10-SNAP) or cdc10(D182N)-SNAP strain JTY5168 (Cdc10(D182N)-SNAP) were exposed to

5 pM BG to inactivate the SNAP tags on existing septin-SNAP fusions. After 45 min of subsequent growth at 30°C in
the absence of BG, cells were harvested and lysed. Newly synthesized septin-SNAP proteins were fluorescently labeled
in the lysate with BG-OG. Lysates were then resolved by SEC. Note that 500 mM NaCl was used to ensure dissociation
of septin filaments. Plotted is the BG-OG fluorescence measured for 200-pl portions of each 2-ml fraction. Values shown
are normalized to the fraction with the highest signal. Below, filled arrows point to peak fractions classified by color:
blue, fluorescence independent of BG-OG addition (Supplemental Figure S2B); magenta, fluorescence requires BG-OG
addition, but fractions contain no detectable SNAP-tagged protein (see C); black, predicted molecular weight is
consistent with that of septin hetero-octamers; orange, observed in lysates from cdc10(D182N)-SNAP but not CDC10-
SNAP cells. (B) As in A, but considering only fractions corresponding to molecular weights >400 kDa. Values were
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was abundant in the highly fluorescent ~460-485-kDa fractions,
particularly in the ~485-kDa fraction (Figure 9C). We found neither
the wild-type nor the mutant SNAP-tagged septin in the ~90-kDa
fraction (Figure 9C), whose strong BG-OG-dependent fluores-
cence signal we attribute to either proteolyzed fragments of the
septin-SNAP fusions that are not recognized by the antibodies or
BG-OG binding/attachment to other molecules in the lysate. (At
~25 kDa, the endogenous yeast O%-alkylguanine-DNA alkyltrans-
ferase, Mgt1, is an unlikely suspect; Sassanfar and Samson, 1990).
Taken together, these results suggest that, upon exposure to ele-
vated temperatures, newly translated wild-type septins are rapidly
incorporated into septin hetero-octamers, whereas G-interface—
mutant polypeptides are sequestered in a complex whose size is
significantly greater than that of a septin monomer but smaller
than that of a septin hetero-octamer.

According to our model, sequestration of misfolded septins is
mediated by cytosolic chaperones. A size of ~500 kDa is signifi-
cantly larger than expected for sequestration of Cdc10(D182N)-
SNAP by the PFD complex (~200 + 57 = 260 kDa) or by a homodi-
mer of Ydj1 with (or without) an associated Hsp70 co-chaperone
(90 + 57 = 150 kDa; 220 kDa with an Hsp70). Homohexamers of
nucleotide-bound Hsp104, on the other hand, elute during high-salt
SEC in approximately this range (Parsell et al., 1994; Figure 9E). In-
deed, anti-Hsp104 antibodies detected full-length Hsp104 in the
~500-kDa Cdc10(D182N)-SNAP-containing fraction but not in the
septin hetero-octamer (~670 kDa) fraction (Figure 9C). We previ-
ously showed that Hsp104 overexpression inhibited the growth of
cdc10(D182N) cells cultured at 27°C (Figure 6D), which we attrib-
uted to sequestration by this chaperone of nascent Cdc10(D182N)
proteins even at a temperature otherwise permissive for normal
growth of the mutant strain. We repeated the BG-OG pulse-chase
experiments at 27°C and found that in this condition, even more
nascent molecules of Cdc10(D182N)-SNAP, but not wild-type
Cdc10-SNAP, eluted in fractions representing molecular weights of
~460-580 kDa (Figure 9D).

The major function of Hsp104 in proteostasis is believed to be
extensive ATP-dependent unfolding of aggregated proteins to a
largely unstructured state, from which de novo folding can begin

again. From this perspective, if coelution with Hsp104 of a large
fraction of the pool of nascent mutant septin proteins reflected an
intermediate step toward complete Hsp104-mediated septin un-
folding, then one might expect more-severe cellular consequences,
as the unfolded polypeptides would need to reattempt de novo
folding, with potentially the same unproductive outcome. However,
at low concentrations, Hsp104 is also able to promote in vitro oli-
gomerization of certain of its substrates in a “passive” mechanism
that requires hexamerization and ATP binding but does not require
ATP hydrolysis (Shorter and Lindquist, 2004). ATP-hydrolysis—de-
pendent substrate unfolding by Hsp104 occurs only on aggrega-
tion-prone substrate oligomers or, alternatively, when Hsp104 is
present at high concentrations (Shorter and Lindquist, 2004). We
wondered if at permissive temperatures (<30°C), at which Hsp104
expression levels are low and nascent Cdc10(D182N) molecules are
only mildly misfolded, Hsp104-Cdc10(D182N) association repre-
sents a transient "holding” step along a productive folding pathway
toward incorporation into functional septin hetero-octamers. If so,
we hypothesized that overexpressing Hsp104 might unleash its cat-
alytic activity and drive mutant septin unfolding.

We repeated the analysis of nascent Cdc10(D182N)-SNAP in
cells overexpressing Hsp104 and cultured at 27°C, the same condi-
tions in which we observed inhibition of proliferation upon Hsp104
overexpression (Figure 6D). Fluorescence signal from BG-OG-la-
beled Cdc10(D182N)-SNAP molecules was no longer detected in
the ~500-kDa fractions (Figure 9E, open orange arrow). Instead, a
new peak appeared with M2 of ~290 kDa (Figure 9E, red arrow).
Immunoblotting confirmed the presence of Cdc10(D182N)-SNAP
molecules in this fraction (Figure 9E, green columns, and Supple-
mental Figure S2C). Hsp104 behaved as reported in the literature
(Parsell et al., 1994), eluting predominantly in fractions with M, of
~500-600 kDa, with no detectable accumulation in the ~290-kDa
range (Figure 9E, gray columns, and Supplemental Figure S2D).
Future studies will be required to identify other constituents of
the ~290-kDa complex(es) containing nascent Cdc10(D182N)-SNAP
molecules; size similarity to the ~325-kDa complex containing
QC-excluded Cdc10(D182N)-GFP in our previous experiments
(Figure 5B) may not be coincidental. Our findings support a model

normalized to the fraction with the highest signal in this molecular weight range. (C) Immunoblot analysis of specific
fractions from A and B. Fractions are identified by the relevant genotype of the source strain (CDC10, JTY4034;
cdc10(D182N)-SNAP, JTY5168) and by predicted molecular weight, using the same color scheme as in A and B. The
membrane was exposed to anti-SNAP-Tag antibodies (P9310S; New England Biolabs) and infrared dye-labeled
secondary antibodies. After detection (top), the membrane was exposed to anti-Hsp104 antibodies (ADI-SPA-1040-D;
Enzo Life Sciences ) and the same secondary antibodies, then scanned again (bottom). The leftmost lane contains a
molecular weight ladder (EZ-Run Prestained Protein Marker; Fisher BioReagents, Pittsburgh, PA), whose contents are
labeled on the left with black arrows and sizes (in kilodaltons). Black arrows on the right point to bands migrating with
the molecular weight expected for the indicated proteins. Gray arrows point to presumed proteolysis products or
cross-reacting bands. (D) As in B, but cells were grown at 27°C during the “chase” period. Plotted values represent
measurements made from pools of 100 pl of each of two adjacent fractions. Fractions >650 kDa were not measured.
(E) As in B and C, but only strain JTY5169 was used, and fluorescence values were not normalized. In the “no BG-OG”
sample, no BG-OG was added to the lysate. In the “Hsp104-overexpressed” sample, the cells carried plasmid pRS316-
Pgal-HSP104 and were induced to overexpress Hsp104 5.25 h before BG addition. Columns (gray, Hsp104; green,
SNAP) indicate levels (in arbitrary units) of Hsp104 or Cdc10(D182N)-SNAP in the indicated fractions from the Hsp104-
overexpressing cells as assessed by immunoblotting (Supplemental Figure S2C). The open orange arrow indicates
where BG-OG-labeled Cdc10(D182N)-SNAP molecules were detected in D. Red arrow, peak fraction containing
BG-OG-labeled Cdc10(D182N)-SNAP only when Hsp104 was overexpressed. (F) As in Figure 6D, with cdc10(D182N)
strain CBY06417, plasmid pRS316, pRS316-Pgal-HSP104, or pRS316-PGAL-HSP104(E285Q E687Q), and media lacking
histidine. (G) As in E, showing the same data for overexpression of wild-type Hsp104 in strain JTY5169 overlaid with
data from overexpression of Hsp104(E285Q E687Q). The yellow arrow indicates a peak fraction of OG fluorescence
specific to the Hsp104(E285Q E687Q)-overexpressing sample. (H) As in C, but with fractions from the Hsp104(E285Q
E687Q)-overexpressing sample separated on a 4-20% gradient SDS-PAGE gel before immunoblotting and a different
molecular weight ladder (Chameleon Duo Pre-stained Protein Ladder, 928-60000; Li-Cor).
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in which the levels of Hsp104 present in nonstressed cells (i.e., at
27°C) are sufficient only to transiently sequester misfolded septins
during de novo synthesis. When Hsp104 levels are elevated, on the
other hand, unfolding of nascent mutant septins by the disaggre-
gase precludes their availability for incorporation into higher-order
septin assemblies.

According to our model, overexpression of Ydj1 inhibits the pro-
liferation of septin-mutant cells because the mutant septin is kineti-
cally partitioned away from other septins, whereas overexpression of
Hsp104 drives unfolding of the mutant septin, in either case pre-
venting efficient higher-order septin assembly. Our model predicts,
however, that merely prolonging the interaction between Hsp104
and a nascent septin, without activating Hsp104 unfoldase activity,
should be sufficient to impose a kinetic delay on higher-order septin
assembly and, consequently, a growth defect in septin-mutant
strains. We exploited the fact that ATP-bound Hsp104 has the high-
est affinity for its substrates, whereas ATP hydrolysis to ADP drives
substrate unfolding and release (Shorter and Lindquist, 2004; Bosl
etal., 2005; Schaupp et al., 2007). A double-mutant allele of Hsp104
(E285Q E687Q) that contains substitutions in each of its ATP-binding
domains lacks ATP hydrolysis activity and binds tightly to substrate
proteins (Bos! et al., 2005; Schaupp et al., 2007). If holdase activity is
sufficient for Hsp104 to drive mutant septin sequestration, then
overexpressing Hsp104(E285Q E687Q) should, like wild-type, unfol-
dase-competent Hsp104, inhibit the proliferation of cells dependent
on a G interface-mutant septin for their septin function. Consistent
with previous reports (Moosavi et al., 2010), overexpression of
Hsp104(E285Q E687Q) had no effect on the proliferation of wild-
type cells (unpublished data). On the other hand, overexpression of
wild-type Hsp104 or Hsp104(E285Q E687Q) each inhibited prolif-
eration of cdc10(D182N) cells to an equivalent extent (Figure 9F).

To examine this hypothesis in more detail, we monitored by SEC
the elution of nascent Cdc10(D182N)-SNAP molecules upon
Hsp104(E285Q E687Q) overexpression. In the same conditions in
which no coelution was seen with overexpressed wild-type Hsp104
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FIGURE 10: Model for chaperone-mediated quality control of higher-order septin assembly.
Nascent septin polypeptides emerging from the ribosome encounter a number of cytosolic
chaperones during subsequent de novo folding. Those most relevant to quality control are
illustrated here. Wild-type septins efficiently adopt quas-inative conformations, thereby burying
hydrophobic residues and escaping chaperone-mediated sequestration. Heterodimerization
with other septins—the first oligomerization step toward septin filament assembly—occurs
concomitant with exit from the chamber of the cytosolic chaperonin CCT (also called TRiC).
Mutant septins that inefficiently fold the G heterodimerization interface are slower to achieve a
conformation allowing chaperone release. Interactions with the prefoldin complex (PFD), the
Hsp40 chaperone Ydj1, and the disaggregase Hsp104 are particularly prolonged, leading to a
delay in availability of the mutant septin for hetero-oligomerization. When expressed at
endogenous levels, Hsp104 exerts a passive bind-and-release “holdase” function. On
overexpression, Hsp104 “unfoldase” activity may be unleashed on the mutant septin, but
“holdase” function is sufficient in these conditions to delay mutant septin availability.
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(Figure 9E), we observed a clear peak of fluorescence in ~550-kDa
fractions that were confirmed by immunoblotting to contain both
Hsp104(E285Q E687Q) and Cdc10(D182N)-SNAP (Figure 9G, H).
(High fluorescence was also detected in fractions of M,3P of ~260 kDa,
but these fractions did not contain Cdc10(D182N)-SNAP; Figure 9, G
and H). These findings demonstrate that prolonged association of a
nascent mutant septin with Hsp104 during de novo synthesis is suf-
ficient to impose a kinetic delay in higher-order septin assembly.

DISCUSSION

Spatiotemporal coordination in the assembly of septin
complexes

The evidence suggests that nascent septin subunits may first form
via their G interfaces into heterodimers (Kim et al., 2012) that subse-
quently assemble into heterotetramers via an NC interface and fi-
nally into rod-shaped, hetero-octameric protofilaments. The find-
ings presented here suggest that there may be a window in time
and/or space during which QC is exerted to favor properly folded
subunits over improperly folded ones during protofilament forma-
tion. Moreover, our evidence strongly suggests that this bias is im-
posed by the kinetics of release of a septin protomer from the cyto-
solic chaperones that supervise its folding.

Apart from a slight increase in CDC10 mRNA during G1, tran-
script levels of the mitotic septins vary little throughout the yeast cell
division cycle (Spellman et al., 1998). It thus seems unlikely that
there is a fixed stage or point in the cell cycle at which de novo syn-
thesis, maturation, and assembly of septin protofilaments must oc-
cur. If such were the only mechanism to ensure the quality of the
septin-based structures assembled, then any slowly maturing (or
mutant) molecule synthesized past the assembly point should be
available during the next round, and overexpression would further
drive incorporation, neither of which we observed.

We propose that the relevant process that assesses the quality
of a septin subunit begins with translation and ends upon comple-
tion of a rate-limiting folding event that produces a heterodimeriza-

tion-competent septin monomer, which co-

assembles immediately with a cognate G

heterodimerization partner (if one is avail-

able), forming pairs that are used in the as-
sembly of heterotetramers and then hetero-
octameric protofilaments (Figure 10). Our
findings, coupled with prior observations
(see later discussion), make the CCT chap-
eronin the best candidate to mediate final
maturation of normal septin folding after
nascent subunits undergo cycles of binding
to and release from other chaperones up-
| stream in the folding pipeline, in particular

PFD, Hsp104, and Ydj1. Mutant septins are

presumably delayed in arriving at CCT be-

cause they spend more time in a non-native
state and hence are slower to be released

from PFD, Hsp104, and Ydj1 (Figure 10).

For certain other substrates of CCT (e.g.,

the VHL-elongin BC tumor suppressor

complex), release from the chaperonin is
believed to be triggered by oligomerization

(Feldman et al., 1999; Yam et al., 2008). If

the same is true for septins, this could ex-

plain the influence of the stoichiometry of
partner septins on the capacity of a given
septin to incorporate into higher-order

Molecular Biology of the Cell



ensembles: once all of its partners are incorporated into hetero-
octamers, an excess or late-arriving molecule has no route to pro-
ductive release from CCT and may instead be shunted back to
other chaperones.

Importantly, the ability of cdc10(D182N) cdc3(D210G) double-
mutant cells to proliferate well at high temperatures (Weems et al.,
2014) demonstrates that chaperone sequestration of nascent mu-
tant septins must be only transient, with cycles of binding punctu-
ated by periods of accessibility of the mutant septin to other sep-
tins. If a partner septin is both available for and conformationally
compatible with G dimerization, a mutant septin can eventually find
a route to freedom from chaperone-mediated detention.

Quality control acts on mutant septins with specific
properties

We propose that the mutant polypeptides recognized by chaper-
one-mediated QC expose hydrophobic residues that are normally
buried, creating high-affinity sites for chaperone binding. The amino
acid substitutions that render a mutant septin subject to exclusion
by QC rarely introduce hydrophobic residues at surface-exposed
positions or replace buried hydrophobic residues with charged/po-
lar residues (a recommended approach for engineering new TS mu-
tants; Varadarajan et al., 1996). Instead, the bulky, charged side
chains characteristic of the residues introduced in TS septin mutants
most frequently replace neutral residues (e.g., Gly; Nagaraj et al.,
2008; Weems et al., 2014) at positions that are predicted to be
relatively rigid/immobile within the folded structure (McMurray,
2014) and probably bias the conformational equilibria such that
native residues (especially those normally buried) adopt non-native
positions.

In this regard, a telling example is an engineered triple mutant of
Cdc11 in which three key residues in its P loop (Gly29, Gly32, and
Gly34) were all mutated to Ala (Casamayor and Snyder, 2003). This
mutant does not cause any TS defect in vivo and is fully competent
to localize to the bud neck in cells also expressing wild-type Cdc11
(Casamayor and Snyder, 2003). By contrast, substituting any one of
these Gly residues with a bulky, negatively charged residue (Asp or
Glu) is sufficient to prevent growth at high temperatures (Nagaraj
et al., 2008; Weems et al., 2014), and the G32E mutant is efficiently
excluded from the bud neck (the others have not been tested;
Nagaraj et al., 2008).

Molecular requirements for Hsp104-septin interactions

The lack of any obvious septin defect in hsp104A cells (Schirmer
et al., 2004; our unpublished data) indicates that Hsp104 does not
have an obligatory role in normal septin biogenesis. Instead, our
results suggest that Hsp104 functions primarily to prevent or reverse
misfolding by nascent septin polypeptides. Several mechanistic in-
sights into this function can be drawn from the distinct manifesta-
tions of Hsp104 involvement in septin folding, depending on cellu-
lar Hsp104 concentration and whether or not Hsp104 is able to
hydrolyze ATP.

At moderate temperature (27°C) and when expressed at normal
levels, Hsp104 transiently associates with nascent mutant Cdc10
molecules, presumably by recognizing a non-native conformation of
the mutant polypeptides. In this context, the chaperone-substrate
association does not adversely affect septin function in the mutant
cells. We speculate that Hsp104 recognizes a specific conformation
in mutant septin molecules that is prone to aggregation at high tem-
perature and by this action stabilizes an “on-pathway” folding inter-
mediate favoring a functional folding trajectory. Experiments
with purified wild-type human septins provide direct evidence of a
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nucleotide-free folding intermediate that, at high temperatures,
forms amyloid aggregates (Garcia et al., 2007; Pissuti Damalio et al.,
2012). Such a “pre-amyloid” conformation appears to be the pre-
ferred target of Hsp104 unfoldase activity (Shorter and Lindquist,
2004). Consistent with this idea, overexpressing Hsp104 severely
inhibits septin function in cdc10(D182N) cells, likely by unleashing
Hsp104 unfoldase activity on the mutant septin protein. Among the
TS septin mutants we tested, cdc10(D182N) was the most sensitive
to Hsp104 overexpression (Figure 6D), perhaps because among
these mutants, cdc10(D182N) is likely the least able to bind nucle-
otide (Weems et al., 2014) and thus the most susceptible to adopt-
ing the "pre-amyloid” conformation.

Of note, our data suggest that Hsp104-Cdc10(D182N) associa-
tion becomes an impediment to functional septin folding when
ATPase-defective Hsp104 is overexpressed, despite a lack of
Hsp104 unfoldase activity. We propose that, at high levels,
Hsp104(E285Q E687Q) is capable of sequestering nascent
Cdc10(D182N) molecules at an earlier point along a putative or-
dered septin folding pathway (Figure 10). The non-native septin
conformation that is stabilized as a result of this interaction is not
easily recognized by “downstream” chaperones and therefore em-
barks on a dysfunctional folding trajectory. Unlike Hsp104(E285Q
E687Q), which has no obvious effect on wild-type cells, the adverse
cellular effects of overexpressed Hsp104(G217S T499l)—altered in
its ATP-binding and “middle” domains—and suppression of those
phenotypes by specific mutations in Cdc12 were suggestive of a
direct physical association between this double-mutant chaperone
and wild-type septins (Schirmer et al., 2004). Hence both substrate
recognition and release are likely altered in Hsp104(G217S T499l),
leading to its inappropriate sequestration of wild-type septins when
overexpressed.

Formation of so-called Q bodies in yeast represents another re-
cently described Hsp104-mediated pathway for sequestration of
misfolded proteins (Escusa-Toret et al., 2013). A crucial distinction,
however, is that, in those studies, misfolding was induced by ther-
mal stress, and most of the sequestered proteins were incorporated
into intracellular inclusion bodies and ultimately degraded (Escusa-
Toret et al., 2013). The QC system we characterized allows cells to
discriminate between soluble proteins whose conformations must
differ in only rather subtle ways. By promoting the functional folding
of polypeptides carrying polymorphisms that would otherwise cause
misfolding, chaperones—especially Hsp90 family members—are
believed to act as buffers against the phenotypic manifestations of
underlying genetic variation (Jarosz et al., 2010). By contrast, our
study illustrates a distinct buffering mechanism in which chaperone-
mediated kinetic partitioning protects cells from dominant pheno-
types caused by mutant alleles.

Functional interactions between septins

and other chaperones

The only previous reports to examine septin—chaperone associa-
tions in any detail focused on wild-type septins and were inconclu-
sive about the significance of those interactions in normal septin
biogenesis. First, Dekker et al. (2008) found that all five mitotic sep-
tins were among the most abundant proteins associated with CCT,
and viable cct mutants lost the septin—-CCT interactions and dis-
played aberrant septin localization. An independent study also
demonstrated CCT-septin interactions in vitro with a mammalian
septin and in vivo with overexpressed yeast Cdc10 (Yam et al., 2008).
However, Dekker et al. (2008) did not consider their findings to be
evidence of a role for CCT in de novo septin folding because
properly folded recombinant septin complexes can be produced by
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coexpression of subunits in Escherichia coli (Versele and Thorner,
2004; Farkasovsky et al., 2005; Sirajuddin et al., 2007; Bertin et al.,
2008), which lack CCT, and because folded Cdc10 was produced by
coupled in vitro transcription-translation with similar efficiency in the
absence and presence of added purified CCT (Dekker et al., 2008).
However, E. coli expresses an endogenous chaperonin (GroEL-
GroES), and the role of GroEL-GroES in production of recombinant
septins has not, to our knowledge, been directly tested. Indeed, the
recognition specificities of GroEL-GroES overlap those of CCT by
>80% (Yam et al., 2008), and GroEL-GroES is capable of promoting
the correct folding of a number of other eukaryotic proteins
(Weissman et al., 1994; Horst et al., 2007). Although not mentioned
by Dekker et al. (2008), GroEL-GroES clearly interacted with Cdc10
in the in vitro translation system and was displaced by the added
CCT (Dekker et al., 2008). We thus consider it highly likely that
proper de novo septin folding in vivo requires CCT activity and that
GroEL-GroES can perform the same role when septins are expressed
heterologously in prokaryotes.

Second, a mammalian Hsp40, DNAJB13, colocalizes with the
annulus, a ring of septin filaments in the sperm tail, and in vitro in-
teracts directly and stably with human SEPT4 (Guan et al., 2009).
DNAJB13 may be important in assembly of the annulus, because it
associates with septins in the cytoplasm before annulus formation
but dissociates from the ring once its assembly is complete (Guan
etal., 2009). Perhaps this Hsp40, like yeast Ydj1, recognizes a quasi-
native conformation of one or more of the septins but is released
upon septin-septin association during—rather than before, as with
Ydj1—hetero-octamer or filament assembly.

Finally, human SEPT5 (formerly designated CDCrel-1) was the
first substrate identified for Parkin, a ubiquitin-protein ligase fre-
quently found mutated in patients with familial juvenile (early-onset)
Parkinson's disease (PD; Zhang et al., 2000). Other Parkin substrates
are misfolded proteins (Olzmann and Chin, 2008), raising the pos-
sibility that SEPTS5 is especially prone to unfolding and is cleared
from neurons in a Parkin-mediated manner. Consistent with this
view, SEPTS5 overexpression is neurotoxic (Dong et al., 2003; Jung
et al., 2008) and, strikingly, HSF1 or Hsp70 co-overexpression pro-
tects neurons from SEPT5 toxicity in a rat model of PD, whereas
Hsp40 co-overexpression exacerbates the problem (Jung et al.,
2008). These studies implicate cytosolic chaperones in septin pro-
teostasis in animal cells, as we have in yeast.

Does septin quality control exist in other cell types?

Distinctions between the fate of septin mutants in yeast and mam-
mals are pertinent to this question. In cultured mammalian cells,
endogenous wild-type septins can be efficiently replaced by over-
expressed tagged and/or mutant counterparts via a mechanism
that appears to involve rapid degradation of superstoichiometric
septin subunits, such that there is effectively no free pool of mono-
meric septins (Sellin et al., 2011b). In yeast, too, all septin subunits
normally appear to be incorporated into hetero-octamers, sugges-
tive of carefully controlled stoichiometry. However, unlike in animal
cells, experimentally induced imbalance does not result in degra-
dation of excess yeast septins (McMurray et al., 2011a; see also
Figure 2A), and the overproduced septin can only replace the en-
dogenous protein if it passes QC. It may be that in mammals, a
sequestration-based, chaperone-mediated QC system exists but
is easily overwhelmed by the degree of overexpression achieved,
whereupon a robust degradation-based mechanism efficiently
clears the cytosol of any unincorporated septins (mutant or wild
type). In yeast, on the other hand, degradation-based control
of septin stoichiometry is inefficient or nonexistent and robust
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chaperone-mediated sequestration in which “quality” is assessed
before higher-order assembly seems to be the predominant mech-
anism for excluding defective subunits.

The only situation in which a mammalian cell coexpresses at en-
dogenous levels both a G-interface mutant septin and its wild-type
counterpart relates to the spermatocytes of heterozygous infertile
men (Kuo et al., 2012). Importantly, however, the “heterokaryon-
like” character of spermatogenesis might allow mutant septins to
incorporate into protofilaments even if a sequestration-based QC
system is at play (Weems et al., 2014; Figure 4). In another human
disease heterozygous for a septin alteration, hereditary neuralgic
amyotrophy, the mutant septin also seems to act dominantly
(Kuhlenbaumer et al., 2005; Collie et al., 2010). In this case, the al-
terations do not lie in the GTP-binding domain at all, but instead are
substitutions in (Kuhlenbaumer et al., 2005) or duplications (Collie
etal., 2010) of the extended N terminus of SEPT9. Hence a seques-
tration-based QC mechanism acting on mutants with misfolded G
domains would likely be unable to recognize this class of septin
mutants. Several types of cancer are also reportedly associated with
up-regulation of SEPT9 isoforms with altered N termini (Gonzalez
et al., 2007; Connolly et al., 2014). Thus the few human disorders
linked to septins seem to prey precisely upon the vulnerabilities of
the QC system we describe here.

MATERIALS AND METHODS

Yeast strains, media, plasmids, and genetic manipulations
All yeast strains are listed in Supplemental Table S1 and were
manipulated using standard techniques (Amberg et al., 2005).
Yeast cells were cultivated in liquid or on solid (2% agar) plates of
rich (1% yeast extract, 2% tryptone or peptone [YP]) or synthetic
(Drop Out Mix Minus various ingredients; United States Biologi-
cal, Salem, MA) medium containing total 2% sugar (dextrose,
raffinose, or galactose), as appropriate to maintain plasmid selec-
tion and induce expression from the GAL1/10 or MET17 pro-
moter. 5-Fluoro-orotic acid (FOA; United States Biological)—con-
taining medium was prepared using proline as the nitrogen source
as described elsewhere (McCusker and Davis, 1991). G-418
(Geneticin; Roche Diagnostics, Indianapolis, IN) was added to YP/
dextrose (YPD) to final 200 ug/ml of active drug. Sporulation was
induced in 1% potassium acetate, 0.05% glucose, 20 mg/I leucine,
and 40 mg/I uracil. The bacterial strain DH5a (Agilent Technolo-
gies, Santa Clara, CA) was used to propagate plasmids (Supple-
mental Table S2), of which DNA was obtained as for yeast DNA
(see later description) but without glass bead lysis. Yeast transfor-
mation was performed using a standard lithium acetate method
(Amberg et al., 2005) or Frozen-EZ Yeast Transformation Kit Il
(Zymo Research, Irvine, CA).

Genomic or plasmid DNA from yeast was isolated by resuspend-
ing cells in 250 pl of P1 (50 mM Tris-HCI, pH 8.0, 10 mM EDTA,
100 pg/ml RNase A), adding 0.5-mm glass beads to displace an ad-
ditional ~250 pl of volume, and vortexing for 3 min before addition
of P2 (200 mM NaOH, 1% SDS) and N3 (4.2 M guanidine-HCI, 0.9 M
potassium acetate, pH 4.8). Lysates were clarified by centrifugation
and applied to Zyppy Plasmid DNA Miniprep columns (Zymo
Research); then DNA was washed and eluted according to the man-
ufacturer’s instructions. Plasmids were transformed to competent
bacterial cells using Mix & Go E. coli Transformation Kit (Zymo
Research) cells according to the manufacturer's instructions. PCR was
performed with Q5 high-fidelity polymerase (New England Biolabs,
lpswich, MA) according to the manufacturer's instructions. Site-
directed mutagenesis was performed using the QuikChange Il Site-
Directed Mutagenesis kit (Agilent) according to the manufacturer’s
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instructions or by Keyclone Technologies (Lexington, KY) using their
methods of choice.

Quantification of culture growth rates

Optical density measurements of yeast cultures were performed in
flat-bottom Costar 96-well plates in a Cytation 3 (BioTek, Winooski,
VT) imaging plate reader. Growth curve measurements were per-
formed at 5-min intervals using continuous orbital shaking between
reads and a temperature set point of 25°C. Temperature began at
25°C and reached 27.7°C by 14 h. Fits to exponential growth equa-
tions and derivation of doubling times from the first 14 h of growth
were performed with Prism software (GraphPad, La Jolla, CA). The
R? values for individual curve fits ranged from 0.9756 to 0.9990.

SNAP-tag in vivo labeling

For analysis of septin localization in zygotes, a 500-pl YPD culture of
the triple-efflux-pump-mutant cdc10-1-SNAP strain JTY5169 was
grown to mid log phase at 22°C. A 1 pl amount of 1 mM benzylgua-
nine-diacetylfluorescein (BG-DAF; S9107S, New England Biolabs)
dissolved in dimethyl sulfoxide (DMSO) was added, and the culture
was rotated in the dark for 30 min. Cells were washed three times
with 1 ml of YPD and resuspended in 500 pl of fresh YPD before an
additional 30-min rotation, followed by three more YPD washes.
Pelleted cells were resuspended in YPD and mixed with an equal
number of BY4742 cells from a parallel mid log culture. Mating was
allowed to proceed for 6.5 h before cells were pelleted and resus-
pended in water for imaging.

For biochemical analysis of nascent septin protein complexes,
50-ml cultures of YPD or synthetic raffinose medium lacking uracil
(for strains harboring plasmids) were grown at 22°C to mid-log
phase. Galactose was added to the synthetic raffinose culture to a
final concentration of 2%, and this culture was incubated for an ad-
ditional 5.25 h. O%-benzylguanine (sc-202747A, Santa Cruz Biotech-
nology, Santa Cruz, CA) was added from a 1 mM stock in DMSO to
a final concentration of 5 uM. Cultures were incubated at 22, 27, or
30°C for 45 min and then pelleted and washed three times with
50 ml of fresh growth medium. Cells were resuspended in 50 ml of
fresh growth medium (prewarmed, where appropriate) and shaken
for 45 min at the appropriate temperature before cells were pel-
leted, resuspended in 500 pl of low-salt lysis buffer (125 mM NaCl,
10% glycerol, 2 mM Mg,Cl, 1 mM EDTA, 0.1% Tween-20, and
50 mM sodium phosphate, pH 7.5), transferred to a 2-ml screw-cap
microcentrifuge tube, and frozen at —20°C.

Microscopy

All micrographs were captured with an EVOSfl (Advanced Micros-
copy Group, Bothell, WA) all-in-one microscope equipped with an
Olympus (Tokyo, Japan) 60x oil immersion objective and GFP, YFP,
and Texas red filters. Cells from mid log cultures were transferred to
water, spotted on agarose pads, and visualized by microscopy with
the appropriate filter set, using 60-, 120-, or 250-ms exposures at
100% LED intensity.

Size exclusion chromatography of yeast lysates

For GFP-tagged septin experiments, 250-ml cultures of a diploid
made by mating BY4742 and JTY3986, or diploid strain BY4743 car-
rying plasmid pJT3456, were grown in YPD or synthetic uracil-free
liquid medium to mid log phase. The BY4742 x JTY3986 culture was
pelleted and frozen. The BY4743 [pJT3456] cells were pelleted,
washed, and resuspended in 250 ml of medium lacking methionine
and uracil. After 6 h of additional incubation, these cells were
pelleted and frozen. Cell pellets from the two samples were
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manipulated in parallel thereafter. After resuspension in 500 pl high-
salt lysis buffer (500 mM NaCl, 0.1% Tween-20, 1 mM dithiothreitol
[DTT], 50 mM sodium phosphate buffer, pH 7.4), cells were lysed by
three rounds of vortexing for 1 min, between which the samples
were cooled on ice. After clarifying the lysate for 10 min at 13,000 x
g, the supernatant was loaded onto a HiLoad 16/600 Superdex 200
column (GE Healthcare, Little Chalfont, United Kingdom) equili-
brated with 500 mM NaCl and 50 mM Tris-HCI, pH 8.0, and resolved
at 0.5 ml/ml flow rate in the same buffer. The 2-ml eluate fractions
were collected and vacuum filtered onto a nitrocellulose membrane
using a slot blot apparatus. The membrane was blocked with
Odyssey blocking reagent (Li-Cor Biosciences, Lincoln, NE) and ex-
posed to rabbit anti-Cdc3 (McMurray and Thorner, 2008b) and
mouse anti-GFP antibodies (11 814 460 001; Roche ) for 1 h. After
washing with Tris-buffered saline with 0.01% Tween-20, the mem-
brane was incubated with fluorescently labeled anti-rabbit (680 nm)
and anti-mouse (800 nm) secondary antibodies (Li-Cor) before wash-
ing and scanning on a Li-Cor Odyssey device.

For SNAP-tagged septin experiments, glass beads were added
to the tube containing frozen cells, and lysis was accomplished by
four rounds of vortexing for 1 min, between which the samples were
cooled on ice. After clarifying the lysate for 10 min at 13,000 x g,
500 pl of the supernatant was mixed with Oregon green 488 dipiv-
aloyl benzylguanine (Covalys Biosciences, Witterswil, Switzerland)
to a final concentration of 3.3 pM. Immediately after 30 min of gen-
tle mixing at 22°C protected from light, the sample was loaded onto
a HiLoad 16/600 Sephacryl S300 column (GE Healthcare), equili-
brated with 500 mM NaCl and 50 mM Tris-HCI, pH 8.0, and resolved
at 0.5 ml/ml flow rate in the same buffer. The 2-ml eluate fractions
were collected, of which 200 pl was transferred to the wells of a
black, glass-bottom 96-well plate (655891; Greiner Bio-One Interna-
tional, Frickenhausen, Germany). For some experiments, 100-pl ali-
quots of two adjacent fractions were pooled together. Fluorescence
upon excitation with 490-nm light was measured at 520 nm using a
gain setting of 100 in the Cytation 3. A 1-ml amount of each peak
fraction was mixed with 250 pl of 100% trichloroacetic acid
(TCA) and frozen. Thawed precipitates were pelleted for 10 min at
13,000 x g and washed with 1 ml of cold acetone before air drying.
Precipitated protein was resuspended in SDS-PAGE sample buffer.
In some experiments, 1 ml of selected fractions was transferred di-
rectly to nitrocellulose via slot blot. Protein content was analyzed as
described.

Ydj1-TAP affinity purification

We lysed 150-ml cultures with glass beads as described in 4 ml of
low-salt lysis buffer containing protease inhibitors (Complete EDTA-
free; 11 873 580 001, Roche). An aliquot was removed as an “input”
sample. Then 25 pl of buffer-washed IgG-coated agarose beads
(sc-2345; Santa Cruz Biotechnology) was added and mixed for 2 h at
22°C with end-over-end rotation. Beads were gently pelleted and
washed thrice with 1 ml of low-salt lysis buffer, followed by three
washes with 100 pl of protease cleavage buffer (150 mM NaCl,
50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1 mM DTT, and 0.01% NP-40).
After resuspension of the beads in 25 pl of cleavage buffer, glutathi-
one S-transferase-tagged 3C protease was added, and cleavage
was allowed to proceed overnight at 4°C. Beads were separated
from the eluted proteins by gentle centrifugation of the sample
through a column filter (UFC30GVO0O; Millipore, Billerica, MA). The
eluate and the beads were mixed with SDS-PAGE sample buffer
before boiling and loading on a 4-20% gradient SDS-PAGE gel.
After transfer to a polyvinylidene fluoride (PVDF) membrane, pro-
teins were detected as described earlier and in the figure legends.
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Preparation of total protein extracts for immunoblotting
The 1-ml cultures were pelleted and frozen at —80°C. Cell pellets
were thawed in 150 pl of 1.85 M NaOH and 7.4% B-mercaptoethanol.
A 150 pl amount of 50% TCA was added before incubation on ice
for 10 min. Precipitated proteins were pelleted at 4°C at maximum
speed for 10 min, washed twice with cold acetone (1 ml each time),
and resuspended in 80 pl of 0.1 M Tris base/5% SDS. After addition
of SDS-PAGE sample buffer, the samples were boiled for 3 min be-
fore resolution by SDS-PAGE.
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