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Abstract

The cytoskeleton serves a diverse set of functions in both multi- and unicellular organisms, including movement, transport,
morphology, cell division and cell signalling. The septin family of cytoskeletal proteins are found within all fungi and metazo-
ans and can generate three-dimensional scaffolds in vivo that promote membrane curvature, serve as physical barriers and
coordinate cell cycle checkpoints. In budding yeast, the septins organize into polymerized filaments that decorate the division
site between mother and daughter cells during mitosis; assembly of this structure at the ‘bud neck' is critical for completion
of cytokinesis and execution of numerous other cellular events. One such pathway includes bud site selection and the recruit-
ment of proteins such as Bud4 and Bud3 that are responsible for promoting an axial budding pattern in haploid yeast. While
Bud4 appears to be recruited to the septins independently of the presence of Bud3, it is likely that Bud3 can localize to the bud
neck using both Bud4-dependent and Bud4-independent mechanisms. Furthermore, it remains unclear which precise domain
or domains within Bud3 is/are both necessary and sufficient for optimal association at the septin structure. In this study, we
examined the localization of GFP-Bud3 constructs in otherwise wild-type (WT) haploid yeast cells expressing Cdc10-mCherry
using fluorescence microscopy; we tested a collection of N- and C-terminal truncations and fusions of separate Bud3 protein
elements to identify the smallest domain(s) responsible for bud neck localization. We found that the coordinate action of the
central amphipathic helix (residues 847-865) and a partially conserved C-terminal motif (residues 1172-1273) was sufficient
to promote bud neck recruitment in the presence of endogenous Bud3. This domain is considerably smaller than the previously
characterized C-terminal portion required to physically interact with Bud4 (1221-1636) and utilizes a similar mechanism of
pairing membrane association, with a separate localization domain, similar to other non-septin proteins targeted to the division
site during cell division.

INTRODUCTION

The cytoskeleton within fungi and metazoans includes a component termed the septins that have a diverse set of roles at the
cellular level [1, 2]. These proteins polymerize into longer filaments and superstructures that (i) influence membrane curvature,
(ii) serve as a physical barrier between membrane-bound compartments and (iii) function as a three-dimensional scaffold on
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which scores of other non-septin proteins can bind and carry out information exchange [3-5]. In the well-studied budding yeast
species Saccharomyces cerevisiae, there are seven total septin genes - five expressed during mitosis (CDCI0, CDC3, CDC12, CDCI11
and SHS1) and two exclusively expressed during sporulation (SPR28 and SPR3) [6, 7]. The essential mitotic septin subunits (with
a ‘CDC’ designation) assemble into a core octameric structure consisting of a twofold axis of symmetry with the arrangement
Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdc12-Cdcl1 [8]. The non-essential Shs1 subunit can assemble into separate octamers
and replaces the terminal Cdcl1 protein to generate Shs1-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdc12-Shsl assemblies [9]. Septin
octamers then bind laterally with other protomers and polymerize end on end to create long filaments and this assembly is critical
for function; filaments can be arranged into numerous geometric shapes and structures, including arcs, gauzes, spirals, rings and
hourglass shapes [10-12].

During the mitotic cell cycle, septins localize at the site of the emerging bud and decorate the ‘bud neck’ between mother and
daughter cells; during cytokinesis, the septin collar splits into a double ring structure prior to the complete separation of the two
cells [4]. Throughout this process, numerous non-septin proteins are recruited to the bud neck and septin superstructure. These
include proteins from cell signalling pathways such as Hsl1, a kinase involved in the G2/M morphogenesis cell cycle checkpoint
[13], Bni5, an adaptor protein linking the septins with the actomyosin contractile ring [14], components of the mitotic exit network
such as Cdc5 [15], and a host of other protein modifying enzymes [3]. A diverse set of post-translational modifications of septin
subunits or their associated binding partners is critical for regulation of septin assembly, physical geometry and information
exchange among these cellular pathways [16].

One pathway that utilizes the septin structure at the bud neck is bud site selection; in haploid cells, an axial budding pattern
occurs — choice of the next division site proximal to the previous site [17]. Previous studies have demonstrated that proteins
Axl1, AxI2, Bud3 and Bud4 are responsible for determination of the bud site through activation of Cdc42 [18-22]. Genetic and
biochemical data have demonstrated that Bud3 and Bud4 are recruited to and interact with the septin cytoskeleton [23-26]. Bud4
appears to have multiple domains sufficient for recruitment of the septin collar that may also act independently of Bud3 [24, 25].
The C-terminal regions of Bud3 and Bud4 appear to be responsible for their interaction [24, 27]. The complete mechanisms
regulating Bud3 localization to the septin collar appear to be complex, and both Bud4-dependent and Bud4-independent targeting
have been observed [27].

The precise domain(s) within Bud3 responsible for interaction with septin subunits and/or Bud4 (or other factors at the bud
neck) remain unclear. A previous study suggested that three separate fragments (1-946, 674-1220 and 1221-1636) of Bud3 might
independently provide targeting information to the bud neck [23]. However, when Bud3 fragments were expressed in vivo, they
appeared to only weakly associate at the bud neck [23]. While it is possible that optimal Bud3 recruitment to the septin collar
might require both Bud4-dependent and Bud4-independent modes, we suspect that, like other large multi-domain proteins at the
bud neck, Bud3 may require the contribution of a membrane association domain. For example, our previous work demonstrated
that Hsl1 requires both a central septin-binding domain as well as a C-terminal KA1 membrane-binding domain to assist in
bud neck targeting [13]. Within Bud3, a central amphipathic helix (AH) is defined by residues 850-858, which is sufficient for
membrane association [23]. Finally, limited work has been done on the C-terminal (1221-1636) domain of Bud3; yeast two-hybrid
experiments indirectly suggested that a smaller region (1221-1466) may be sufficient for Bud4 interaction in vivo [25].

Therefore, in order to examine the molecular determinant(s) within the Bud3 protein responsible for bud neck targeting, we
tested whether a collection of Bud3 fragments and fusion proteins were necessary and/or sufficient for its localization pattern.
This included expression of N-terminally GFP-tagged Bud3 within yeast expressing Cdc10-mCherry and endogenous levels of
both Bud3 and Bud4. A collection of N-terminal and C-terminal truncations were tested for co-localization with the septins
using fluorescence microscopy and revealed that the N-terminus (residues 1-846) was dispensable for bud neck targeting.
Additional constructs and fusions in trans demonstrated that coordinate action of the central AH domain (847-865) paired with
a C-terminal fragment (1172-1273) was sufficient to promote localization to the septin collar. Finally, the contribution of the
AH domain likely involved its ability to bind membranes, rather than septin association, as replacement with the C2 domain
from bovine lactadherin was able to replace this region. Together, these results highlight a conserved motif found within the
C-terminal Bud4-association domain and suggest that this smaller region of Bud3 (residues 1172-1273) is sufficient for targeting
in the presence of both WT Bud3 and Bud4.

METHODS
Yeast strains and plasmids

The S. cerevisiae strain and DNA plasmids used in this study are described in Table S1, Fig. S1 (available in the online version of
this article). Creation of vectors expressing Bud3 fusions followed a general strategy utilizing in vivo plasmid assembly, lithium
acetate transformation and selection [28]. Briefly, a parental vector was first constructed containing the promoter of CDC11,
GFP coding sequence, a Spel restriction site, the ADH1I terminator and the hygromycin resistance cassette (Hyg®). Yeast were
co-transformed with (i) the aforementioned plasmid linearized with Spel enzyme and (ii) PCR-amplified fragment(s) of the
BUD3 gene containing flanking homology to both GFP (upstream) and the ADH1 terminator (downstream) using a high-fidelity
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polymerase. Confirmation of proper assembly included diagnostic PCRs on clonal isolates and Sanger DNA sequencing (Genscript).
For several vectors (Table S1), a similar strategy was used with a parental plasmid containing only the CDCI1 promoter; in this
case, all additional components were introduced on separate PCR fragments such as GFP and the 3’ drug resistance cassette.

Culture conditions

Two types of nutritional medium were used to grow yeast: rich YPD included 2% peptone, 1% yeast extract and 2% dextrose,
whereas minimal drop-out synthetic-based mixtures included a yeast nitrogen base, ammonium sulphate and amino acids.
Solutions and sugars were filter-sterilized prior to use. Yeast cultures were grown with constant circular shaking in a temperature-
controlled unit at 30 °C; agar plates were incubated at 30 °C.

Fluorescence microscopy

Yeast cultures were grown overnight in synthetic liquid medium (SD-LEU) overnight at 30°C, back-diluted into YPD, grown
for an additional 4 h, harvested by centrifugation, washed with sterile water and prepared onto glass microscope slides with a
coverslip. Live cells were imaged within 1h of preparation. A Leica DMI6000 fluorescence microscope (Leica Microsystems,
Buffalo Grove, IL, USA) with a 100x objective lens was used. Fluorescence filters included both GFP and mCherry (Semrock,
GFP-4050B-LDKM-ZERO and mCherry-C LDMK-ZERO). The Leica Microsystems Application Suite AF software was used to
capture images. All images within a single experimental trial were captured with identical exposure times. For clarity of presenta-
tion (and ease of visualizing cell morphology), the differential interference contrast (DIC) image contrast was adjusted prior to
being merged with the mCherry channel. The fluorescence images were not altered except for cropping the image to illustrate a
representative sampling of cells. Our analysis focused on the localization and pattern of GFP fluorescence within dividing cells
and co-localization to mCherry (septin) signal. It did not address potential changes in cell morphology and/or the budding
pattern of dividing cells. Finally, images may contain some of the boundary outside of the GFP/mCherry filter set; however, these
areas typically did not contain any cells within the image and were on the periphery of the chosen image. All experiments were
performed in at least triplicate.

RESULTS
Bud3 truncations reveal domains required for efficient bud neck localization

We began our investigation of cellular Bud3 localization and recruitment to the division site in yeast by testing expression of
the full-length protein (Fig. 1a) in vivo. We expressed GFP-Bud3(1-1636) under control of the CDCII promoter (plasmid) in
yeast containing the septin subunit Cdc10 tagged with mCherry (integrated) (Fig. 1b). In cells undergoing mitosis (displaying
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Fig. 1. Bud3 localizes at the bud neck during cell division with the septin structure. (a) Primary structure of Bud3 protein; previously characterized
features include the Dbl homology domain/Rho guanine nucleotide exchange factor (DH/RhoGEF), amphipathic helix (AH), Bud4-interacting domain
(B4ID) (modelled after Ref. [27]). (b) Yeast strain GFY-42 expressing Cdc10-mCherry from the endogenous COC10 locus was transformed with a plasmid
expressing GFP-tagged full-length Bud3 (pGF-IVL-1631). Of note, haploid yeast also contain a WT copy of untagged BUD3 within the genome. Cells were
incubated overnight in SD-LEU at 30 °C, back-diluted into YPD, grown for an additional 4 h at 30 °C, and visualized by fluorescence microscopy. The DIC
and mCherry channels were merged; for clarity, the contrast of the DIC image was adjusted. Representative cells are presented. Scale bar, 7.5um. Red
triangles denote the position of GFP signal at the bud neck in cells also displaying mCherry signal.
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Fig. 2. The subcellular localization of GFP-Bud3 fusions truncated at the C-terminus. Yeast containing an integrated Cdc10-mCherry construct (GFY-42)
were transformed with plasmids (pGF-IVL-1631, pGF-IVL-11-124, pGF-IVL-11-121 and pGF-IVL-11-137 to pGF-IVL-11-141). Cells were visualized as
in Fig. 1. The DIC and mCherry channels were merged for clarity. Scale bar, 7.5 um. Red triangles denote the position of GFP signal at the bud neck of
dividing yeast cells.

a prominent septin structure at the bud neck), GFP-Bud3(1-1636) co-localized with mCherry signal at the division site along
with diffuse cytosolic signal and some weak GFP signal at the cell periphery that appeared as a weak continuous signal or small
puncta (Fig. 1b). The detection of WT Bud3 protein at the plasma membrane is likely due to the experimental setup; our system
included expression of GFP-Bud3 on a plasmid with a native copy of BUD3 within the genome of haploid yeast. Our reasoning
for analysing GFP-Bud3 (or various mutants or fusions) localization within a BUD3-containing cell was (i) to not require the
Bud3 variant of interest to complement the function(s) of WT Bud3, (ii) to standardize the genetic background in which all
experiments were being performed in terms of growth rate and cell morphology, (iii) to require Bud3 variants to ‘compete’ with
the natural quantity of full-length untagged Bud3 also present in cells and (iv) to allow for the possibility of homotypic interaction
between tagged and untagged WT Bud3 protein. Using these parameters, our goal was to perform a systematic analysis of the
protein structure of Bud3 to identify domain(s) that were either necessary and/or sufficient for maintaining recruitment to the
septin collar in dividing cells.

We began our analysis by testing GFP-Bud3 variants with increasing truncations at the C-terminus (Fig. 2) positioned within
various previously defined structures across the full-length protein (Fig. 1a). Expression of GFP-Bud3(1-1273) still displayed
GFP signal at the bud neck, albeit a weaker signal when compared to the WT control (Fig. 2). However, the localization pattern
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Fig. 3. The subcellular localization of GFP-Bud3 fusions truncated at the N-terminus. Yeast containing an integrated Cdc10-mCherry construct (GFY-
42) were transformed with plasmids (pGF-IVL-1631, pGF-IVL-11-6, pGF-IVL-11-12, pGF-IVL-11-15, pGF-IVL-11-18 and pGF-IVL-11-21) and were
visualized as in Fig. 1. The DIC and mCherry channels were merged; scale bar, 7.5 um. Red triangles denote the position of GFP signal at the bud neck
of dividing yeast cells.

changed dramatically for GFP-Bud3(1-1191), which showed GFP signal within the cytosol and cell periphery and almost none
concentrated at the bud neck; it was unclear if the faint fluorescence at or near the bud neck was due to recruitment to the
septin structure or association with the membrane (Fig. 2). This same pattern was also observed for GFP-Bud3(1-1064), GFP-
Bud3(1-964) and GFP-Bud3(1-865) (Fig. 2). Expression of GFP-Bud3(1-747) or GFP-Bud3(1-442) only resulted in cytosolic GFP
signal; previous work [23] has demonstrated that a central AH domain (850-858) promotes membrane association for Bud3 and
neither of these fragments contained this region (Fig. 2). Finally, a number of constructs displayed a cellular pattern that is likely
to be the yeast nucleus undergoing division. Since this was not observed for WT Bud3 in our experiments, it was likely due to
presentation of one or more nuclear localization signals (NLSs) that were not readily accessible in the full-length protein but
became exposed within truncated variants. These data suggest that the bud neck localization of GFP-Bud3 depends on a domain
defined by residues 1192-1273.

Next, we performed a complementary analysis by generating truncations at the N-terminus of Bud3 while still including GFP at
the N-terminus of the fusion protein (Fig. 3). Removal of the first 846 amino acids within the GFP-Bud3(847-1636) construct
had little overall effect on the localization pattern, which phenocopied the WT control (Fig. 3). However, extending the truncation
beyond the central AH domain within GFP-Bud3(859-1636) caused a marked reduction in GFP at the bud neck (Fig. 3). Cells
displayed a low but reproducible amount of fluorescence at the division site and loss of any signal at the cell periphery; this same
pattern was also seen for the GFP-Bud3(1224-1636) construct (Fig. 3). Finally, expression of either GFP-Bud3(1326-1636) or
GFP-Bud3(1421-1636) resulted in no GFP signal at the bud neck and only robust cytosolic localization (Fig. 3). Together, these
experiments suggest a number of findings. First, the AH domain (residues 847-858, as defined by our construct) is essential for
promoting robust bud neck localization of the C-terminal portion (residues 859-1636) of Bud3. Second, a small domain appears
necessary for bud neck recruitment (albeit, very weak) within the region of 1224-1325, although this may also include surrounding
residues. Third, the extreme C-terminal domain (residues 1326-1636) is not sufficient to promote bud neck localization when
expressed alone. Comparison of the data from the C-terminal (Fig. 2) and N-terminal (Fig. 3) truncations reveals that a likely
candidate for a bud neck localization domain within Bud3 is centred around residues 1192-1325.
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Fig. 4. A minimal continuous Bud3 fragment sufficient for bud neck localization in vivo. Yeast (GFY-42) were transformed with plasmids (pGF-IVL-1631,
pGF-IVL-11-1 through pGF-IVL-11-6 and pGF-IVL-11-31 through pGF-IVL-11-33) and visualized as in Fig. 1. The DIC and mCherry channels were
merged. Scale bar, 7.5 um. Red triangles denote the position of GFP signal at the bud neck of dividing yeast cells.

Bud3 fusion proteins reveal a conserved motif sufficient for bud neck localization

Since removal of the first 846 amino acids had little effect on the localization pattern of GFP-Bud3 in vivo, we generated a set of
C-terminal truncations while maintaining 847 as the first amino acid of Bud3 to ensure inclusion of the AH domain (Fig. 4). We
observed that deleting progressively larger fragments from the C-terminus did not cause any change in localization phenotype for
GFP-Bud3(847-1536), GFP-Bud3(847-1436), GFP-Bud3(847-1375), GFP-Bud3(847-1325) and GFP-Bud3(847-1273) (Fig. 4).
These constructs all displayed similar GFP patterns at the bud neck. However, expression of GFP-Bud3(847-1220) or smaller
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fragments such as GFP-Bud3(847-1111) or GFP-Bud3(847-1064) displayed a total loss of bud neck localization (Fig. 4). These
data suggest that critical localization information resides within (or near) residues 1221-1273. Moreover, we conclude that residues
1274-1325 do not provide a strong contribution to this cellular pattern, at least in the context of this truncated Bud3 construct.

Thus far, our analysis narrowed the focus on Bud3 residues between 1192 and 1273 as necessary in the context of specific
truncations from either terminus. Therefore, we built a series of fusion proteins that included the AH domain (847-865) paired
with smaller fragments in trans that all ended at position 1273 (Fig. 5). Our primary interest was to test whether residues imme-
diately proximal to position 1192 might also contribute to a localization signal. Expression of GFP-Bud3(847-865; 1112-1273),
GFP-Bud3(847-865; 1132-1273), GFP-Bud3(847-865; 1152-1273) and GFP-Bud3(847-865; 1172-1273) all displayed a similar
pattern of GFP signal at the bud neck in dividing cells (Fig. 5). However, there was a noticeable shift in the overall localization
for GFP-Bud3(847-865; 1192-1273) with more robust fluorescence present at the cell periphery (Fig. 5). Finally, shortening the
construct within GFP-Bud3(847-865; 1224-1273) resulted in a loss of bud neck localization (Fig. 5).

To investigate whether there was an explanation for the difference in phenotype between Bud3 fusions that included fragments
beginning at 1172, 1192, or 1224, we performed a search for other Bud3 orthologues in related fungal species (Figs 5b and S2). An
alignment of proteins similar to Bud3 revealed several unique features when examining the S. cerevisae region from 1142 to 1286
(Fig. 5b). First, the presence of a conserved motif appears within yeast Bud3 at residues 1207-1260 (Fig. 5b). This region includes
13 amino acids that are identical across 9/9 species and 20 additional residues that are conserved in at least 5/9 fungi (Fig. 5b).
This is in stark contrast to the surrounding regions (1142-1206 or 1261-1286), where there is almost no conservation of amino
acids (Fig. 5b). Given that the GFP-Bud3(847-865; 1192-1273) displayed bud neck localization, whereas the GFP-Bud3(847-865;
1224-1273) construct did not, it may be that (i) the signal requires a minimal number of essential residues within the motif and/
or (ii) there needs to be adequate physical distance in the form of a linker sequence extending between the AH domain contacting
the membrane and bud neck association. Our data illustrate two separate reductions in bud neck localization as the Bud3 domain
was shortened from position 1112 to 1224 (Fig. 5). The GFP-Bud3(847-865; 1172-1273) construct displayed less GFP signal at
the cell periphery compared to GFP-Bud3(847-865; 1192-1273); we suspect that this may be due to decreased binding and/or
suboptimal positioning of the C-terminal fragment to the bud neck (Fig. 5). Second, we observed total loss of recruitment to the
division site once the fragment was shortened to residue 1224 and this may be due to proximity to the evolutionarily conserved
motif present between residues 1207-1260 (Fig. 5b).

To examine whether the conserved Bud3 motif was sufficient to promote bud neck localization in an independent context, we generated
additional fusions using a separate protein domain that associates with membranes (Fig. 6). We replaced the AH (847-865) domain
with the 158-residue C2 domain from bovine lactadherin (LactC2), which binds to phosphatidylserine on the PM [29, 30]. Compared
to GFP-Bud3(847-865; 1065-1273), the GFP-Bud3(LactC2; 1065-1273) fusion displayed robust localization to the bud neck as well
as an increased level at the plasma membrane (Fig. 6). This effect was also evident when examining GFP-Bud3(847-865; 1192-1273)
against GFP-Bud3(LactC2; 1192-1273) (Fig. 6). In both cases, these additional constructs illustrated that (i) membrane association,
rather than the identity of the AH domain residues, was critical to promote bud neck localization and (ii) a non-native protein domain
separating GFP from the central domain of Bud3 (1065-1273 or 1192-1273) still allowed for robust fluorescence signal at the division
site, suggesting that membrane association and the bud neck signal work in concert but are separable.

DISCUSSION

Using a series of truncations and fusion proteins, our study has defined two small domains that coordinate in trans to promote
optimal localization of the Bud3 protein to the bud neck. This includes the central AH domain (847-865) and a fragment at the
C-terminus (1172-1273) with a small conserved region at residues 1207-1260. A previous study reported that three separate regions
spanning the full-length Bud3 (1-946, 674-1220 and 1221-1636) could each promote bud neck localization [23]. A number of critical
differences exist with our experimental approach, including the choice of the CDCI11 promoter driving expression of GFP-Bud3 as
opposed to MET?25, as well as the use of a BUD3-expressing WT background rather than a bud3A strain. It remains possible that
the combination of overexpression of Bud3 fragments (such as 1-946 or 674-1220) could localize to the division site in the absence
of competing WT Bud3. If any such targeting signal(s) exists within the N-terminal region of Bud3, it is extremely weak compared
to the C-terminal information we have identified in this study; along these lines, the previous report observed that localization of
Bud3(1-946) was markedly lower than that of WT protein [23]. Furthermore, numerous studies have suggested both Bud4-dependent
and Bud4-independent mechanisms for bud neck recruitment of Bud3 [23, 27]; therefore, it is highly likely that numerous targeting
signals exist within the protein.

Interestingly, previous work on Bud3 has provided limited information on the nature of the bud neck targeting domain within the
C-terminal region defined by residues 1221-1636, an arbitrarily designated fragment from a previous study [23]. Yeast two-hybrid
experiments illustrated that Bud3(948-1466) and Bud3(1221-1614) were both able to interact with the TD2 domain of Bud4
(residues 1067-1447) [25]. The conclusion, given the overlap between both Bud3 fragments, was that the region of 1221-1466 was
sufficient to interact with the C-terminus of Bud4, although this exact fragment was not experimentally tested [25]. Furthermore,
the ability of Bud3(1221-1636) to localize to the bud neck was compromised in bud4A and bud3A bud4A strains, supporting
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Td (1120) RINIQRGSEFI QYNUKSLSNDGFIREVOESDEPATI PHVFRPIAIANTKLIP (1186)
Zzm (1152) KLGFERNTHF QYNMYIKRLSSESSIENEKQAFIAPIQNAHIFKTLAQDPDRRLG (1218)
Lf (1101) TIDEFCRSPNF FDGMIIATIRE T TIES TNYRRLSSEGSIT ——————— IQTTPHAEDVKALDKNCIKG (1160)
Nd (1179) KIQFDRETEF KYRWKR I PSEQGMN-—————— INNLVNNATTIKNTDRNMVG (1238)
Vp (1180) NIDES Y Ko F E T TIRLVIRE LINAO YNIIKR LKOEASWMSENHV I SASFGSTEDLVETEIESKKDID (1246)
Ka (1141) RMEFTREPSLI HYMUKRLSSEVSINOKY I TN-SGNTPENNNNFRNFAHAAAF (1206)
Ke (1197) RIKFEKNPHFI YNMIKRLSTEVSINEKYLVNNEVPSSENVSNKHGLKTIVES (1263)
Cg (1121) POQIQREDSFY] 18D TIVK YIKRL PS LVSWSVONAVNS DKSKHAFEKIAHARETPLLV (1187)

Fig. 5. Direct fusions between the central amphipathic helix and C-terminal fragments of Bud3 reveal a minimal construct for bud neck localization.
(a) Yeast (GFY-42) were transformed with plasmids (pGF-IVL-1631, pGF-IVL-11-31, pGF-IVL-11-41, pGF-IVL-11-69 and pGF-IVL-11-76 through pGF-
IVL-11-79) and visualized as in Fig. 1. The DIC and mCherry channels were merged. Scale bar, 7.5 um. Red triangles denote the position of GFP signal
at the bud neck of dividing yeast cells. (b) Protein sequence alignment of putative Bud3 orthologues from related fungal species. Full-length Bud3(1-
1636) from S. cerevisiae was used as a query sequence to identify similar proteins within the fungal kingdom using BLAST (NCBI). Full-length proteins
from eight species (Fig. S2) were aligned against S. cerevisiae Bud3 using cLUSTAL-W [31]. The alignment for residues 1142-1286 (numbering from
budding yeast Bud3) is displayed. Residues identical across all nine species are coloured white against a black background; residues identical across
at least five of the nine species are coloured black against a grey background. Red arrows illustrate specific residue positions in S. cerevisiae Bud3.
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Fig. 6. Replacement of the Bud3 amphipathic helix with LactC2 domain. Yeast (GFY-42) containing plasmids (pGF-IVL-11-68, pGF-IVL-11-79, pGF-
IVL-11-107 and pGF-IVL-11-110) were cultured and visualized as in Fig. 1. The DIC and mCherry channels were merged. Scale bar, 7.5um. Red
triangles denote the position of GFP signal at the bud neck of dividing yeast cells.

a model where this region of Bud3 requires Bud4 for recruitment [25]. Other groups have also demonstrated that loss of the
C-terminal region of Bud3 (1221-1636) causes a (partial) loss of recruitment to the division site similar to a loss of Bud4 [27].
Our findings suggest that a much smaller domain within this region (1221-1636) may be suflicient for bud neck recruitment
in vivo even in the presence of endogenous Bud3. We propose that the domain may coincidently begin near residue 1221 yet
only extend to residue 1273 (smaller than the 1466 proposed from yeast two-hybrid data). From our Bud3 fusion constructs,
we observed improved bud neck localization when the minimal fragment was extended from 1192 to 1172. Given that none of
these residues were conserved even between closely related species, it seems plausible that this represents physical separation
from the fused AH domain to potentially allow proper association at the bud neck (and possibly physical interaction with the
C-terminus of Bud4). Future biochemical interaction studies (with the TD2 domain of Bud4 or septins) and/or a mutational
analysis of this smaller fragment and the highly conserved residues found near position 1221 will provide additional information
about this targeting region within Bud3.

Our study also highlighted that, like other large multi-domain proteins localized to the septin collar and bud neck, a membrane-
association domain acts to optimize and promote efficient localization in vivo. Our previous work demonstrated that Hsl1, a septin-
interacting kinase responsible for the G2/M checkpoint, utilizes a central septin-binding domain with a C-terminal membrane-binding
KA1 domain [13]. Here, we illustrated bud neck recruitment of the C-terminal domain of Bud3 when it was combined with the central
AH domain either in cis or in trans; additionally, use of the non-native membrane-associating LactC2 domain also had the same effect.

Similar to previous findings that deletion of the Bud3(1221-1636) Bud4-interacting domain caused a reduction (but not total loss)
of bud neck targeting [27], we also found that a full-length Bud3 construct lacking only the central 1192-1273 domain was still able
to localize to the division site, albeit with much weaker signal (our unpublished data). Additional experimentation will be required to
identify the potential Bud4-independent mechanisms allowing for bud neck recruitment using variants of Bud3 lacking 1192-1273
(or 1221-1636) and/or in bud4A cells. It would be of interest to elucidate whether region(s) of Bud3 can associate directly with the
septin superstructure or one or more of the many other proteins targeted to the bud neck during cell division [3].

Reagent availability statement

Yeast and/or plasmids will be made available for educational or research purposes upon reasonable request.

Funding information

This project was supported by an Institutional Development Award (IDeA) from the National Institute of General Medical Science of the National Insti-
tute of Health under grant number P20 GM103418 (G.C.F.). This work was also supported by the USDA National Institute of Food and Agriculture, Hatch
Project 1013520 (G.C.F.). The Kansas State Univ. College of Art and Sciences and Johnson Cancer Research Center also supported this work.



Schrock et al., Access Microbiology 2022;4:000341

Acknowledgements
We would like to thank previous members of the Finnigan laboratory for useful comments, suggestions and laboratory assistance. The content is
solely the responsibility of the authors and does not necessarily represent the official views of the National Institute of General Medical Sciences or the
National Institute of Health or the United States Department of Agriculture. M.N.S, M.H. and G.C.F. designed and built the DNA constructs used in this
study. M.N.S., V.Y, ME.G., EM.B., I.C.L, K.G.L. and G.C.F. performed the experiments. M.N.S., Y.Y. and G.C.F. analysed the data. Y.Y. and G.C.F. generated the
table and figures and wrote the manuscript.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References

1.

Nishihama R, Onishi M, Pringle JR. New insights into the phyloge-
netic distribution and evolutionary origins of the septins. Biol Chem
2011;392:681-687.

Auxier B, Dee J, Berbee ML, Momany M. Diversity of opisthokont
septin proteins reveals structural constraints and conserved
motifs. BMC Evol Biol 2019;19:4.

Perez AM, Finnigan GC, Roelants FM, Thorner J. Septin-associated
protein kinases in the yeast Saccharomyces cerevisiae. Front Cell
Dev Biol 2016;4:119.

Spiliotis ET, McMurray MA. Masters of asymmetry - lessons
and perspectives from 50 vyears of septins. Mol Biol Cell
2020;31:2289-2297.

Woods BL, Gladfelter AS. The state of the septin cytoskeleton from
assembly to function. Curr Opin Cell Biol 2021;68:105-112.

Cid VJ, Adamikova L, Cenamor R, Molina M, Sanchez M, et al. Cell
integrity and morphogenesis in a budding yeast septin mutant.
Microbiology (Reading) 1998144 (Pt 12):3463-3474.

Neiman AM. Sporulation in the budding yeast Saccharomyces cere-
visiae. Genetics 2011;189:737-765.

Bertin A, McMurray MA, Grob P, Park S-S, Garcia G 3rd, et al.
Saccharomyces cerevisiae septins: supramolecular organization of
heterooligomers and the mechanism of filament assembly. Proc
Natl Acad Sci U S A 2008;105:8274-8279.

Garcia G 3rd, Bertin A, Li Z, Song Y, McMurray MA, et al. Subunit-
dependent modulation of septin assembly: budding vyeast

septin Shs1 promotes ring and gauze formation. J Cell Biol
2011;195:993-1004.

McMurray MA, Bertin A, Garcia G 3rd, Lam L, Nogales E, et al.
Septin filament formation is essential in budding yeast. Dev Cell
2011;20:540-549.

. Bertin A, McMurray MA, Pierson J, Thai L, McDonald KL, et al.

Three-dimensional ultrastructure of the septin filament network
in Saccharomyces cerevisiae. Mol Biol Cell 2012,23:423-432.

Ong K, Wloka C, Okada S, Svitkina T, Bi E. Architecture and dynamic
remodelling of the septin cytoskeleton during the cell cycle. Nat
Commun 2014;5:5698.

Finnigan GC, Sterling SM, Duvalyan A, Liao EN, Sargsyan A, et al.
Coordinate action of distinct sequence elements localizes check-
point kinase Hsl1 to the septin collar at the bud neck in Saccharo-
myces cerevisiae. Mol Biol Cell 2016;27:2213-2233.

Finnigan GC, Booth EA, Duvalyan A, Liao EN, Thorner J. The
carboxy-terminal tails of septins Cdc11 and Shs1 recruit myosin-II
binding factor Bnib to the bud neck in Saccharomyces cerevisiae.
Genetics 2015;200:843-862.

Sakchaisri K, Asano S, Yu L-R, Shulewitz MJ, Park CJ, et al.
Coupling morphogenesis to mitotic entry. Proc Natl Acad Sci U S A
2004;101:4124-4129.

Herndndez-Rodriguez Y, Momany M. Posttranslational modifica-
tions and assembly of septin heteropolymers and higher-order
structures. Curr Opin Microbiol 2012;15:660-668.

10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Chiou JG, Balasubramanian MK, Lew DJ. Cell polarity in yeast.
Annu Rev Cell Dev Biol 2017;33:77-101.

Fujita A, Oka C, Arikawa Y, Katagai T, Tonouchi A, et al. A yeast
gene necessary for bud-site selection encodes a protein similar to
insulin-degrading enzymes. Nature 1994;372:567-570.

Chant J, Mischke M, Mitchell E, Herskowitz |, Pringle JR. Role of
Bud3p in producing the axial budding pattern of yeast. J Cell Biol
1995;129:767-778.

Roemer T, Madden K, Chang J, Snyder M. Selection of axial growth
sites in yeast requires Axl2p, a novel plasma membrane glycopro-
tein. Genes Dev 1996;10:777-793.

Sanders SL, Herskowitz |. The BUD4 protein of yeast, required for
axial budding, is localized to the mother/BUD neck in a cell cycle-
dependent manner. J Cell Biol 1996;134:413-427.

Kang PJ, Angerman E, Jung CH, Park HO. Bud4 mediates the cell-
type-specific assembly of the axial landmark in budding yeast. J
Cell Sci 2012;125:3840-3849.

Guo J, Gong T, Gao XD. Identification of an amphipathic helix
important for the formation of ectopic septin spirals and axial
budding in yeast axial landmark protein Bud3p. PLoS One
2011;6:e16744.

Kang PJ, Hood-DeGrenier JK, Park HO. Coupling of septins
to the axial landmark by Bud4 in budding yeast. J Cell Sci
2013;126:1218-1226.

Wu H, Guo J, Zhou YT, Gao XD. The anillin-related region of Bud4
is the major functional determinant for Bud4's function in septin
organization during bud growth and axial bud site selection in
budding yeast. Eukaryot Cell 2015;14:241-251.

Finnigan GC, Duvalyan A, Liao EN, Sargsyan A, Thorner J. Detec-
tion of protein-protein interactions at the septin collar in Saccha-
romyces cerevisiae using a tripartite split-GFP system. Mol Biol Cell
2016;27:2708-2725.

Chen X, Wang K, Svitkina T, Bi E. Critical roles of a RhoGEF-anillin
module in septin architectural remodeling during cytokinesis. Curr
Biol 2020;30:1477-1490..

Finnigan GC, Thorner J. Complex in vivo ligation using homologous
recombination and high-efficiency plasmid rescue from Saccharo-
myces cerevisiae. Bio Protoc 2015;5:13.

Andersen MH, Graversen H, Fedosov SN, Petersen TE, Rasmussen JT.
Functional analyses of two cellular binding domains of bovine lactad-
herin. Biochemistry 2000;39:6200-6206.

Shao C, Novakovic VA, Head JF, Seaton BA, Gilbert GE. Crystal
structure of lactadherin C2 domain at 1.7A resolution with muta-
tional and computational analyses of its membrane-binding motif.
J Biol Chem 2008;283:7230-7241.

Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight
matrix choice. Nucleic Acids Res 1994,;22:4673-4680.



	Characterization of Bud3 domains sufficient for bud neck targeting in ﻿S. cerevisiae﻿
	Abstract
	Introduction
	Methods
	Yeast strains and plasmids
	Culture conditions
	Fluorescence microscopy

	Results
	Bud3 truncations reveal domains required for efficient bud neck localization
	Bud3 fusion proteins reveal a conserved motif sufficient for bud neck localization

	Discussion
	Reagent availability statement

	References


