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Formins are regulated actin-nucleating proteins that are widespread among eukaryotes. Overexpression of unregulated
formins in budding yeast is lethal and causes a massive accumulation of disorganized cable-like filaments. To explore the
basis of this lethality, a cDNA library was screened to identify proteins whose overexpression could rescue the lethality
conferred by unregulated Bnrlp expression. Three classes of suppressors encoding actin-binding proteins were isolated.
One class encodes proteins that promote the assembly of actin cables (ITPM1, TPM2, and ABP140), suggesting that the
lethality was rescued by turning disorganized filaments into functional cables. The second class encodes proteins that
bind G-actin (COF1, SRV2, and PFY1), indicating that reduction of the pool of actin available for cable formation may also
rescue lethality. Consistent with this, pharmacological or genetic reduction of available actin also protected the cell from
overproduction of unregulated Bnrlp. The third class consists of Lasl7p, an activator of the formin-independent
Arp2/3p-dependent actin nucleation pathway. These results indicate that proper assembly of actin cables is sensitive to
the appropriate balance of their constituents and that input into one pathway for actin filament assembly can affect

another. Thus, cells must have a way of ensuring a proper balance between actin assembly pathways.

INTRODUCTION

The ability to polarize is an essential feature of all cells
(Nelson, 2003). It is most clearly seen in the distinct func-
tional domains characteristic of epithelial cells, migrating
cells, and neurons. Another manifestation of cell polarity is
the ability of cells to select an axis for cell division and then
segregate their organelles along that axis. In budding yeast,
the axis of cell division is determined early in the cell cycle
by bud site selection. The bud grows by polarized growth
and organelles are then segregated along this axis (Pruyne et
al., 2004b).

The actin cytoskeleton is responsible for this polarized
growth (Pruyne et al., 2004b). The yeast actin cytoskeleton
consists primarily of cortical patches, which are sites of
endocytosis (Engqvist-Goldstein and Drubin, 2003), and ac-
tin cables (Adams and Pringle, 1984; Kilmartin and Adams,
1984), which are bundles of filaments arising from the bud
cortex and neck and extending into the mother cell (Pruyne
et al., 2004a). The cables play several roles in promoting
proper bud growth, serving as tracks for the transport of
secretory vesicles to support cell expansion (Govindan et al.,
1995; Pruyne et al., 1998; Schott et al., 1999), for the segrega-
tion of organelles, including the vacuole, mitochondria, en-
doplasmic reticulum, and peroxisomes (Simon et al., 1995;
Duet al., 2001; Hoepfner et al., 2001; Fehrenbacher et al., 2002;
Weisman, 2003; Fagarasanu et al., 2006) and for the transport
of mRNAs (Takizawa et al., 1997) and the tips of cytoplasmic
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microtubules for nuclear orientation (Beach ef al., 2000; Yin et
al., 2000; Hwang et al., 2003). Most of these transport activ-
ities, including secretory vesicle transport, are dependent on
the yeast MYO?2 gene that encodes the heavy chain of the
essential myosin-V; the nonessential heavy chain encoded
by MYO4 transports specific mnRNAs and cortical endoplas-
mic reticulum into the bud along actin cables (Takizawa and
Vale, 2000; Estrada et al., 2003; Schmid et al., 2006).

The spontaneous nucleation of filaments from G-actin
occurs very slowly, so the assembly of actin containing
structures is driven by the activity of nucleation factors. The
regulated localization and activation of these factors controls
the distribution of different actin-based structures. Yeast has
two classes of actin nucleators, the Arp2/3 complex that
nucleates assembly of the actin filaments of patches (Winter
et al., 1999b), and the two formin homologues, Bnilp and
Bnrlp, that are the nucleators for cables (Evangelista et al.,
2002; Pruyne et al., 2002; Sagot et al., 2002a,b; Pruyne et al.,
2004a).

Regulation of the Arp2/3 complex is through the action of
activators that greatly increase its very weak intrinsic actin
nucleation activity (Moseley and Goode, 2006). Budding
yeast has five known activators: Las17p (a member of the
Wiskott-Aldrich syndrome protein family), Myo3p and
Myo5p (two myosin-I family members), and Abplp and
Panlp (related to Eps15; Duncan et al., 2001; Goode ef al.,
2001). Of these, Abplp and Panlp have relatively weak
activity, Myo3p and Myo5p require the cofactor Vrplp (a
WIP family member) for their full activity, and Las17p ex-
hibits strong Arp2/3-stimulatory activity on its own (Rodal
et al., 2003; Sun et al., 2006). Like other WASp family mem-
bers, the C-terminus of Las17p includes a conserved WH2
(WASp homology 2) domain that binds G-actin, and an A
(acidic) region, which interacts with the Arp2/3 complex
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and is necessary to stimulate nucleation (Winter et al.,
1999a).

Regulation of the formins has been proposed to involve
activation through a conformational change induced by
Rho-GTPases (Alberts, 2001; Dong et al., 2003; Pruyne et al.,
2004a). The formins Bnilp and Bnrlp share homologous
N-terminal RBD (Rho-binding domain) and adjacent C-ter-
minal proline-rich FH1 (formin homology 1) and FH2
(formin homology 2) domains. The FH2 domain contains the
actin nucleating activity and binds the filament barbed end,
protecting it from the inhibitory effects of capping protein
(Zigmond et al., 2003; Moseley et al., 2004). The FH1 domain
recruits complexes of actin monomers bound to the protein
profilin, enhancing transfer of actin to the barbed end (Evan-
gelista et al., 1997; Vavylonis et al., 2006). Mammalian formin
homologues with similar domain structures are autoinhib-
ited by an interaction between a sequence C-terminal to the
FH2 domain called the DAD (Dia-autoregulatory domain;
Alberts, 2001) and a sequence overlapping the RBD called
the DID (diaphanous inhibitory domain; Otomo et al., 2005).
Association of a GTP-bound Rho protein with the RBD

Microfilament Regulation in Yeast

disrupts the DID/DAD interaction, relieving the inhibition
(Watanabe et al., 1999; Rose et al., 2005). The N-terminal
regions of Bnilp and Bnrlp have been implicated in proper
localization of the proteins to the cell cortex (Fujiwara et al.,
1998; Kikyo et al., 1999; Ozaki-Kuroda et al., 2001).

In support of this model, overexpression in yeast of
formin constructs lacking the predicted N-terminal regula-
tory motif is lethal and leads to an aberrant accumulation of
cable-like actin filaments (Evangelista et al., 2002; Sagot et al.,
2002a). Here we report the identification of genes whose
overexpression can suppress the lethality conferred by such
a constitutively active Bnrlp-derived construct. Analysis of
specific suppressors suggests that they function by shifting
the balance of actin between patches and cables, thereby
revealing the need to have a normal mechanism to achieve
such a balance.

MATERIALS AND METHODS

Construction of Yeast Strains and Plasmids
Yeast strains used in this study are described in Table 1 and plasmids in Table 2.

Table 1. Yeast strains used in this study

Strain Genotype Source

ABY204  MATa ade2-101 ade3 leu2,112 his3A200 ura3-52 tpm1A::LEU2 Lab collection

Y1239 MATa his3A1 leu2 A0 metA15 ura3A0 Evangelista ef al. (2002)

Y1240 MATa his3A1 leu2A0 lys2A0 ura3A0 Evangelista et al. (2002)

ABY1802 MATa his3A1 lys2A leu2A0 ura3A0 bnilA::Kan® Evangelista ef al. (2002)

ABY1807 MATa his3A1 met15A0 leu2A0 ura3A0 tpm1-2::LEU2 tpm2A::Kan®R Evangelista et al. (2002)

ABY2000 MATa his3A1 leu2A1 lys2AT ura3A0 bnrlA:Kan® bnil-11::ura3A::HIS3 Derived from Y4133
Evangelista et al. (2002)

ABY2001 MATa his3A1 leu2A0 metA15 ura3A0 ade2A::GAL1-10 promoter-Bnr1ARBD::Kan® This study

ABY2007 MATa his3A1 leu2A0 metA15 ura3A0 bnilA:Kan® bnrl-6::HIS3 This study

ABY2015 MAT a/a his3A1/his3A1 met15A0/MET15 leu2A0/leu2A0lys2A0/LYS2 ura3A0/ura3A0 ACT1/act1A::Kan®  This study

ABY2061 MATa his3A1 leu2A0 metA15 ura3A0 ade2A::GALI-10 promoter-Bnr1ARBD::Kan®R aipIA:: Kan®R This study

aiplA MATa his3A1 leu2A0 metA15 ura3A0 aiplA:: Kan® ATCC (Manassas VA)

Table 2. Plasmids used in this study

Selectable
Plasmid Backbone marker Features Source
p3100 pRS315 LEU2 MYO3 under GALI-10 promoter C. Boone
pLGO11 pRS315 LEU2 BNR1 1141-7294 This study
p015 PRS316 URA3 Bnr1-ARBD under GAL1-10 promoter Pruyne et al. (2004a)
pLG024 pRS316 URA3 C-terminally 3HA-tagged Bnrl1-ARBD under GALI-10 promoter This study
pLGO028 pRS316 URA3 Bnr1-ARBD followed by Kan® marker, with flanking ADE2 5" and 3' UTR  This study
pLG034 PRS303 HIS3 Integrates 3’ to BNR1 This study
pLGO041 PRS316 URA3 TPM1 under GAL1-10 promoter This study
pLG044 pRS316 URA3 COF1 under GAL1-10 promoter This study
pLGO051 pRS316 URA3 LAS17 (612-1990) under GALI-10 promoter This study
pLGO060 PpRS303 HIS3 Integrates 3’ to BNR1 to introduce bnrl-6 This study
pLG068 pRS316 URA3 TPM2 under GAL1-10 promoter This study
pLG072 pRS316 URA3 SRV2 under GALI-10 promoter This study
pLGO081 PRS316 URA3 ABP140 (1-654) under GALI-10 promoter This study
pLG089 pRS316 URA3 LAS17 under GAL1-10 promoter This study
pLG09%6 PRS316 URA3 PFY1 under GAL1-10 promoter This study
pLG210 pRS316 URA3 pfyl-4 under GALI-10 promoter This study
pLG244 pRS316 URA3 GAL1-10 promoter followed by BNR1 3" UTR This study
pLG245 pRS316 URA3 pfy1-14 under GALI-10 promoter This study
pLG282 pRS316 URA3 BNR1 under GALI-10 promoter This study
pCM36 pRS316 URA3 las17AA under GAL1-10 promoter B. Goode
pCM37 PRS316 URA3 las17AWH2-A under GALI-10 promoter B. Goode
PUG6 N/A N/A KanR® cassette Guldener et al. (1996)
pYGS108 pRS316 URA3 HA-PANT under GAL1-10 promoter M. Cai
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The strategy used to construct myo2 temperature-sensitive mutations
(Schott et al., 1999) was used here to construct bnrl temperature-sensitive
mutations. This strategy involves generating a library of PCR-mutagenized
bnrl FH2 products that are then used to replace the genomic sequence and
transformants screened for temperature sensitivity. pLG011, which contains
BNR1 1141-7294, was cut with Mfel to release BNR1 2810-4420, which encodes
the FH2 region and 3’ untranslated region (UTR). This fragment was circu-
larized by ligation and used directly as a template for 10 PCR cycles using
primers CCATCGATCGGGCGGYGGTCGTGTTGACAA and GCTCTAGAC-
CACCGCCCGAAAAGGG. This generated a linear product with the distal
region of the 3'UTR fused at the Mfel site to the FH2 coding sequence
followed by the proximal 3'UTR sequence. The PCR product was then cut
with Clal and Xbal, sites that had been introduced by the PRC primers, and
the product was ligated into Clal/Xbal-cut pRS303. The resulting plasmid,
pLGO034, was cut with Pvull to release a 2-kb fragment that was used as a
template for mutagenic PCR (Schott ef al., 1999), with primers spanning the
BlplI site upstream of the FH2 region and SstlI in the vector The mutagenized
PCR product was cut with Blpl and SstIl and ligated into pLG034 and then
transformed into bacteria. Transformants were pooled and plasmid DNA was
isolated from them. This library of PCR-mutagenized bnrl FH2 sequence was
cut with Mfel and transformed into ABY1802 (bni1A) with selection for HIS3
to replace the endogenous sequence. About 500 transformants were isolated
and screened for growth at 14, 30, and 37°C. Six strains viable at 14 and 30°C
but not at 37°C were isolated. Genomic DNA of ABY2007 (bnilAbnrl-6) was
cut with Mfel and ligated to recover plasmid pLG060 bearing the mu-
tagenized bnrl FH2 sequence.

To allow for galactose-inducible expression of Bnrlp lacking the RBD, a
KanR® cassette was generated by PCR from PUG6 (Guldener et al., 1996) and
cloned into the NotI site downstream of BNR1 sequence in p015 (Pruyne ef al.,
2004a), followed by 497-bp ADE2 3" sequence (1501-1998) cloned between
Notl and Sstll. A 365-bp sequence of ADE2 5" UTR(—23 to —390) was cloned
into Kpnl site upstream of the GALI-10 promoter with a SstII site added
upstream of ADE2 5'UTR. The resulting plasmid, pLG028, was cut with SstII
and transformed into Y1240 (wild type). This strain was called ABY2001.

To allow for overexpression of Bnrlp ARBD in aiplA background, ABY2001
was crossed to aiplA purchased from ATCC (Manassas VA), followed by
sporulation. A spore containing both BnrIARBD and aiplA was selected and
named ABY2061.

To generate a BNRI gene tagged with hemagglutinin (HA), a fragment of
BNRI1 from the endogenous BamHI site to the C terminus was amplified by
PCR to eliminate the stop codon and append three HA sequences and a 3’
Notl site. The fragment was ligated into BamHI/NotI-cut p015 (Pruyne et al.,
2004a), resulting in pLG024.

To generate the Bnrlp overexpression plasmid, pLG244 was first made by
insertion of a Nhel site between the Mlul and NotI sites and insertion of BNR1
3'UTR (4129-4628) between the Notl and SstlI sites of the pRS316-GALI-10
plasmid (Liu et al., 1992). The BNR1 open reading frame (ORF) was then
cloned by PCR from a plasmid containing full-length BNR1 sequence into the
Nhel and NotI sites of pLG209, resulting in pLG282.

The coding sequences of pfyl-4 and pfyl-14 were cloned by PCR from
pBG832 and pBG833 (unpublished results provided by Dr. B. Goode, Bran-
deis University), respectively, and inserted between the Nhel and NotI sites of
the pRS316-GAL1-10 plasmid (Liu et al., 1992).

pLGO089 was constructed by retrieving the LAS17 sequence from p3186
(Tong et al., 2002) by cutting with BamHI and Notl, followed by ligation into
the pRS316-GAL1-10 plasmid (Liu et al., 1992).

Overexpression Suppression Screen

A GALI-10 promoter-driven cDNA library (Liu ef al., 1992) was transformed
into ABY2001 and plated on SGal. About 200,000 transformants were
screened for viability. Plasmids were recovered from surviving colonies and
transformed back into ABY2001 to confirm their ability to suppress. Plasmids
that continued to rescue the galactose-induced lethality were then sequenced.

Immunoblot with Bnrlp Antibodies

Rabbit polyclonal antiserum was raised against recombinant GST-Bnrlp FHI-
FH2-COOH (residues 757-1375) purified from bacteria as described (Pruyne et
al., 2004a). Antibodies used in this study were affinity-purified first on excess
glutathione S-transferase (GST) and then on GST- Bnrlp FH1-FH2-COOH.
Standard Western blotting was performed using Bnrlp FH1-FH2-COOH
antibody at 1:50.

Light Microscopy

Immunofluorescence microscopy with rabbit antibodies to yeast actin,
Tpmlp, Myo2p, and mouse antibodies to the HA epitope was performed as
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Figure 2. Overexpression of unregulated Bnrlp induces accumu-
lation of disorganized cable-like filaments and delocalized Myo2p.
(A) Localization of HA-BnrlpARBD, as visualized by immunofluo-
rescence with antibody to the HA-tag, after 2-h galactose induction.
(B) Immunolocalization of actin (Actlp), tropomyosin (Tpm1p), and
Myo2p in wild-type cells containing a control plasmid or overex-
pressing BnrlpARBD after 10-h galactose induction. White arrows,
excess filaments at the bud neck; arrowheads, excess filaments in the
bud. Bar, 5 um.

described (Pruyne ef al., 1998; Evangelista et al., 2002). Pictures were acquired
with a Nikon Eclipse TE-2000U microscope (Melville, NY) on a confocal
imaging system (UltraView LCI, PerkinElmer, Norwalk, CT) using a Nikon
100X 1.4 NA lens and digital camera (C4742-95-12ERG; Hamamatsu, Bridge-
water, NJ).

To count the number of actin patches and measure the relative intensity of
individual patches, pictures of Z-series were imported into Image] (NIH;
http:/ /rsb.info.nih.gov/ij/) and projected onto one plane. Relative intensity
was calculated by selecting the area of a patch and then dividing the average
intensity by the area.

Latrunculin A Halo Assay

Y1240 and ABY2001 carrying pRS316 were grown to midlog phase (ODgqy =
0.5). 2-ml cell cultures were mixed with 2 ml 50°C 1% agar and poured onto
SGal-Ura plates. Filter paper soaked with 10 ul 10 uM latrunculin A (LatA) in
DMSO or 10 ul DMSO were placed onto the cell-agar surface. Plates were
then incubated at 26°C.

RESULTS

Bnrlp Nucleates Actin Cable Assembly In Vivo

Yeast has two formins, Bnilp and Bnrlp. Bnilp is localized
to sites of polarized growth, that is, the presumptive bud-
ding site in unbudded cells, the bud tip in small- to medium-
budded cells, the bud cortex in large-budded cells, and the
bud neck in dividing cells (Fujiwara et al., 1998; Ozaki-
Kuroda et al., 2001; Pruyne et al., 2004a; Buttery et al., 2007).
Consistent with its known nucleation activity, overexpres-
sion of Bnilp induces the accumulation of cable-like fila-
ments in the bud (Evangelista ef al., 2002; Sagot ef al., 2002a).
Bnrlp is localized to the bud neck after bud emergence and
remains there during the rest of the cell cycle (Kikyo et al.,

Vol. 19, April 2008

Microfilament Regulation in Yeast

Table 3. Identity of genes isolated as overexpression suppressors of
BnrlpARBD overexpression lethality

Gene name Times isolated
Class I TPM1 8
TPM?2 2
ABP140 N 1
Class 11 PFY1 2
COF1 1
SRV2 3
Class III LAS17 C 1
Class IV SSE1 2
TUBI1 1
PGM1 1
PGM?2 8
GAL11 1
SEC53 9
GBP2, PAB1 2 each
RPS2, MSN2, SNF5, RPG1, STP4 1 each

1999; Pruyne et al., 2004a; Buttery et al., 2007). We have
previously shown that purified recombinant Bnrlp FHI-
FH2 domains nucleate actin filaments in vitro, and overex-
pression of Bnrlp lacking the RBD results in the accumula-
tion of excessive actin filaments in vivo (Pruyne et al., 2004a).
To further confirm its biological function, we generated bnr1
temperature-sensitive alleles in a bnilA background. Six mu-
tants were recovered, and all had mutations in the Bnrlp
FH2 domain that result in loss of actin cables at the restric-
tive temperature. One of these alleles, bnr1-6, is caused by an
I1137F mutation in the FH2 domain (Figure 1A). Actin an-
tibody staining showed that bnr1-6 bnilA cells have wild-
type actin cables coming from the bud neck when grown at
room temperature. On temperature shift, these cells lost
actin cables in 15 min (Figure 1, B and C), confirming
Bnrlp’s role as a nucleator for actin cables assembled from
the bud neck.
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Figure 3. Suppression of BnrlpARBD overexpression lethality by
the identified genes. BnrlpARBD overexpression cells (ABY2001) or
wild-type cells (Y1240) containing a control vector (pRS316) or the
identified cDNAs after growing for 2 d on glucose-containing media
(SD) or 4 d on galactose media (SGAL).
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Figure 4. Suppression of BnrlpARBD over-
expression phenotype by three classes of sup-
pressors. (A) Immunolocalization of actin
(Actlp) and Myo2p in cells overexpressing
BnrlpARBD and one representative of each
class of suppressors. Exponentially growing
cells were fixed and processed for immunoflu-
orescence microscopy as indicated. Bar, 5 um.
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Overexpression of Unregulated Bnrlp Is Lethal

It has been reported that overexpression of the C-terminal
half of Bnrlp causes growth inhibition, abnormal cell mor-
phology, and actin patch delocalization (Kikyo et al., 1999).
We explored in greater detail how overexpression of unreg-
ulated Bnrlp affects cytoskeletal organization, cell morphol-
ogy, and growth. Like its mammalian homologues, Bnrlp is
believed to be autoregulated through interaction between
the DID and DAD, and we have shown previously that
induction of Bnrlp lacking the RBD (BnrlpARBD, Figure
1A) from the GALI-10 promoter results in overproduction of
actin filaments in the cell (Pruyne et al., 2004a). On further
examination, we found that yeast bearing the Gal-inducible
BnrlpARBD grew on glucose-containing media (repressive
conditions) but failed to grow on galactose-containing me-
dia, confirming that overexpression of unregulated Bnrlp is
lethal (Figure S1A). This is likely due to the constitutive
activity of BnrlpARBD, because overexpression of full-
length Bnrlp only caused a slight growth defect (Figure
S1A).

To investigate the cause of lethality conferred by overex-
pression of BnrlpARBD, cells were grown overnight in ga-
lactose and examined for cell morphology and the organi-
zation of the actin cytoskeleton. Overexpressed HA-tagged
Bnr1pARBD localized to the bud neck (Figure 2A), just like
endogenous full-length Bnrlp (Kikyo et al., 1999; Pruyne et
al., 2004a). Most cells were unbudded, consistent with the
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lethality of BnrlpARBD upon overexpression. In a few bud-
ded cells, the mother cell was enlarged and round (Figure
2B), indicating that the normal polarized secretion to the bud
was compromised. The cells accumulated actin filaments in
the mother cell around the neck (indicated by white arrow)
and in the bud (indicated by white arrowhead) that also
contained the cable-specific protein, tropomyosin (Figure
2B). In general, cells overexpressing BnrlpARBD tend to
have fewer patches (see Figure 4C) and more cables than
control cells. However, these cables are not long and polar-
ized as in wild-type cells, but are usually short and ran-
domly oriented, as most clearly seen by tropomyosin stain-
ing (Figure 2B). Again, overexpression of full-length Bnrlp
does not induce this phenotype (Figure S1, B and C). This
suggests that unregulated Bnrlp induces excessive nonfunc-
tional filaments at the bud and bud neck, which may block
secretion to the bud. Myo2p is normally enriched at sites of
polarized growth after transporting post-Golgi secretory
vesicles along polarized cables, so its localization provides a
convenient marker for assessing the sites of polarized
growth (Pruyne et al., 1998; Schott et al., 1999). In cells
overexpressing BnrlpARBD, Myo2p was not polarized in
the majority of cells (Figures 2B and 4B), consistent with the
suggestion that growth is not polarized and explaining why
the cells become large and round. Thus, the overexpression
of unregulated Bnrlp appears to be toxic due to the exces-
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sive accumulation of cable-like filaments that somehow dis-
rupt polarized secretion to the bud.

Identification of Overexpression Suppressors of
BnrlpARBD Overexpression Lethality

In a previous study, Evangelista et al. (1997) used a GAL1-10
cDNA library to identify genes whose overexpression could
suppress the lethality conferred by overexpression of the
FH1FH2 domains of Bnilp. The three strongest suppressors
identified encoded profilin (PFYI) and tropomyosins
(TPM1, TPM2). To identify factors that might modulate
Bnrlp-dependent filament assembly, the GAL1-10-cDNA li-
brary was similarly screened for genes whose overexpres-
sion could suppress the lethality caused by BnrlpARBD
overexpression. The screen yielded 49 suppressors, and the
suppressing cDNAs were found to be derived from 20 dif-
ferent genes (Table 3). A larger spectrum of suppressors,
including PFY1, TPM1, and TPM2, were recovered and
could be placed into four classes based on the functional
properties of their protein products: 1) proteins that bind
F-actin and normally organize the structure of actin cables,
2) proteins that bind monomeric actin and regulate F-actin
turnover, 3) a major activator of the Arp2/3 complex, 4)
proteins unrelated to the actin cytoskeleton, including chap-
erones, a -tubulin, proteins involved in galactose metabo-
lism, and proteins involved in protein synthesis and modi-
fication machinery. In this study, we focus on the first three
classes encoding genes whose products participate in actin
organization and regulation. The ability of these genes to
suppress the lethality conferred by BnrlpARBD is shown in
Figure 3.

Class I Suppressors: Actin Cable Components

The first class of suppressors included TPM1, TPM2, and the
N-terminal-coding region (residues 1-218) of ABP140
(ABP140N). TPM1 and TPM?2 encode tropomyosin isoforms,
which bind selectively to the F-actin of cables to stabilize
them (Liu and Bretscher, 1989a,b; Drees et al., 1995; Pruyne
et al., 1998). Abp140p is an actin-bundling protein found
associated with both actin patches and cables (Asakura et al.,
1998). Localization of actin in the suppressed strains over-
expressing both BnrlpARBD and Tpmlp showed they have
a rather normal actin cytoskeleton, but with fewer actin
patches (Figure 4, A and C). When compared with cells just
overproducing BnrlpARBD alone, they have less short and
randomly oriented cables. Moreover, localization of Myo2p
was partially restored to sites of cell growth (Figure 4, A and
B), consistent with the ability of the suppressed strains to
grow. As Tpmlp, Tpm2p, and Abp140p all function to or-
ganize actin cables, their capacity to suppress the lethality of
BnrlpARBD overexpression is presumably due to their abil-
ity to turn disorganized actin filaments into functional ca-
bles. Another possibility is that excessive short filaments
nucleated by overexpressed Bnrlp ARBD makes tropomyo-

SD SGAL
R 00 - | |
Pouy-Buriarsp,pe,, -cor R N N LN

Figure 5. Suppression of BnrlpARBD overexpression lethality by
COF1 is not dependent on Aiplp. Top two rows, a control plasmid
or Psapq.10 -COF1 expressed in P ;54 -BnrlIARBD cells (ABY2001).
Bottom row, expression of Pga;q.49 -COF1 in P, 49 -Bnr1ARBD,
aiplA cells (ABY2061). Cells were grown for 2 d on glucose-containing
media (SD) or 4 d on galactose (SGAL).
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werers | O

Figure 6. Suppression of the Bnrlp ARBD overexpression lethality
by pfyl-4 and pfyl-14. Dilution series of the BnrlpARBD-overex-
pressing yeast with Pg; ;. ;o-driven PFY1, pfy1-4, or pfy1-14 plasmid
on SGAL plates at permissive (34°C) and restrictive (37°C) temper-
atures.

sin the limiting factor, which is suppressed by overexpres-
sion of tropomyosin.

Class II Suppressors: G-Actin—binding Proteins

The second group that can suppress BnrlpARBD-induced
lethality included COF1, SRV2, and PFY1. The protein prod-
ucts of these three genes have been well characterized for
their role in regulating the actin cytoskeleton (Moseley and
Goode, 2006). Cells overexpressing class II suppressors and
BnrlpARBD had relatively normal actin cables and a nearly
normal number of actin patches (Figure 4, A and C). Class II
suppressors seem to limit the actin used by the activated

0 uM 10 uM 0 uM 10 uM

Control Bnrlp ARBD

ACTI/ACTI with vector
ACTI/ACTI with BnrIARBD
ACT1/actlA with vector

ACT1/actIA with BnrIARBD

S W
(O
Lt
S 4™
W

S e O-Actlp

- Ponceau S

Figure 7. Reducing the available G-actin suppresses the overex-
pression lethality of BnrlpARBD. (A) LatA suppressed BnrlpARBD-
induced lethality. Wild-type cells (left) and cells overexpressing
BnrlpARBD were plated on galactose-containing media. Filters
soaked with 10 ul DMSO (0 uM) or 10 uM LatA in DMSO (10 uM)
were placed onto the plates and then incubated for 6 d at 26°C. (B)
Deletion of one copy of ACT1 in diploid cells partially suppressed
BnrlpARBD-induced lethality. An equal density of the indicated
strains were diluted and spotted on SGal plates. (C) Level of Actlp
in ACT1/ACT1 and ACT1/actIA as detected by immunoblot.
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formin, resulting in a restoration of the number of patches
and a normal distribution of cables. As expected, Myo2p
localization was restored to the bud tip (Figure 4, A and B),
thereby permitting polarized growth.

Coflp (cofilin) binds to ADP-containing actin filaments
and severs them (Lappalainen and Drubin, 1997; Okreglak
and Drubin, 2007). It seems unlikely that this function of
Coflp suppresses Bnrlp ARBD overexpression lethality as
more nonfunctional short filaments should be produced.
Because the ability of Coflp to disassemble actin filaments is
tightly coupled to its cofactor Aiplp (Balcer et al., 2003;
Okada et al., 2006), we tested if overexpression of Coflp
could still suppress in aipIA background. We found that it
suppressed even better when Aiplp is absent (Figure 5). An
additional property of cofilin is its ability to bind monomeric
actin (Hayden et al., 1993). Overexpression of cofilin may
therefore increase the level of cofilin-actin and thereby re-
duce the level of actin available to BnrlpARBD to assemble
filaments.

Srv2p is a multifunction protein. Its N terminal domain
functions as a CAP (adenylyl cyclase associated protein),
and its C-terminal domain as a regulator of the actin cy-
toskeleton. It has been shown Srv2p performs its second
function by binding monomeric actin (Freeman et al., 1995).
Thus, Srv2p may also suppress by reducing available G-
actin. In addition, Srv2p regulates actin filament turnover.
During actin filament disassembly, cofilin complexes with
ADP-actin, and this inhibits ADP-ATP exchange. Srv2p en-
hances ADP-ATP exchange on actin by handing off ADP-
actin from cofilin to profilin (discussed below; Balcer et al.,
2003). Therefore, suppression of BnrlpARBD overexpression
lethality by Srv2p overexpression might not only be due to
Srv2p’s G-actin—-binding activity, but also its ability to pro-
mote rapid actin turnover.

Pfylp (profilin) binds monomeric actin and stimulates
ADP-ATP exchange. In this sense, it would be expected to
promote filament assembly because only ATP-actin is used
for assembly in vivo. Profilin also has the ability to bind to
the proline-rich sequences in the FH1 domains of formins,
including Bnrlp (Wasserman, 1998). By recruiting profilin—
actin complexes to the FH1 domain it accelerates the elon-
gation of actin filaments nucleated by formins (Kovar ef al.,
2006). How might profilin overexpression suppress
BnrlpARBD overexpression lethality? There are two plausi-
ble hypotheses. First, although profilin-actin is the favored
substrate over free actin for filament elongation, it might be

a poorer substrate for nucleation than actin alone. Thus,
when profilin is over produced, elongation is favored over
nucleation, resulting in cells with long functional filaments,
rather than less functional short ones. A second possibility is
that when profilin is over produced, an excess of profilin
over G-actin is present, so that free profilin might compete
with profilin-actin for the FH1 on the formins and thereby
reduce F-actin assembly. To distinguish between these two
possibilities, we used two temperature-sensitive PFY1 al-
leles, pfyl-4 that is conditionally defective in actin binding
and pfyl-14 that is conditionally defective in poly-proline
binding (Wolven et al., 2000). Overexpression of both pfy1-4
and pfy1-14 were able to suppress the reduced growth con-
ferred by BnrlpARBD overexpression at 37°C (restrictive
temperature; Figure 6). Because both alleles are expected to
compromise the ability of FHI to feed profilin-actin com-
plexes to the FH2 domain (Pfyl-4p by binding FH1 without
actin and Pfy1-14p by competing with endogeneous profilin
for limiting actin and its recruitment to the FH1 domain),
this supports the idea that PFYI overexpression compro-
mises the ability of Bnrl1ARBD to nucleate filaments.
Analysis of the preceding suppressors suggests that they
diminish the ability of the overexpressed BnrlpARBD to
assemble actin filaments by reducing accessibility of the
formin to actin for filament nucleation or elongation. An-
other possible explanation, which is not necessarily incom-
patible with the former, is that they suppress the lethality by
promoting rapid actin turnover. Ideally this could be tested
with mutants that are defective in G-actin binding, but with
normal actin turnover-promoting activity. However, such
mutants do not exist, because a mutant that is defective in
G-actin binding will have weakened ability in actin turn-
over. To test the former possibility that reducing available
G-actin is sufficient to suppress BnrlpARBD overexpression
lethality, we examined the effect of reducing the availability
of G-actin pharmacologically and genetically. LatA is an
actin monomer sequestering drug, which at saturating levels
can cause the loss of all filamentous actin structures from the
cell (Ayscough et al., 1997; Karpova et al., 1998). We tested
whether intermediate levels of LatA could suppress the
overexpression lethality of BnrlpARBD. A gradient of
LatA was formed by placing a LatA-soaked filter on a
lawn of GAL-driven BnrlpARBD cells plated on galactose
media. The highest levels of LatA killed both wild-type
and BnrlpARBD-expressing cells, and the BnrlpARBD-
expressing cells died in the absence of LatA, but interme-
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Figure 8.  Suppression of BnrlpARBD overexpres-
sion lethality by Las17p requires the A domain. (A)
Schematic representation of the LAS17 constructs
used. EVHI, Ena/VASP homology 1, WH2, WASp
homology 2; A, acidic domain. (B) Dilution series of
BnrlpARBD overexpressing yeast with Pga;;0
-LAS17, LAS17 C, las17AA, or las17AWH2-A plasmid
on glucose- (SC) and galactose-containing (SGAL)
plates.
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diate levels of the drug rescued growth of the BnrlpARBD
cells (Figure 7A).

To reduce the level of actin genetically, we assessed
whether diploid yeast heterozygous for the loss of the actin
gene (ACT1/act1A) could tolerate BnrlpARBD overexpres-
sion. Compared with ACT1/ACT1 cells, the heterozygous
ACT1/act1A cells grew poorly, presumably because of the
lowered level of Actlp (Figure 7C), but with the expression
of BnrlpARBD, the ACT1/ACT1 cells died, whereas the het-
erozygotes were able to grow weakly (Figure 7B). Thus,
genetic and pharmacological manipulations confirm that the
overall reduction of actin available for assembly is able to
remediate the lethal effects of overexpression of deregulated
Bnrlp.

Class III Suppressors: Las17p, Promoting Activation of
Arp2/3-mediated Actin Assembly

A clone of the C-terminal region (encoding residues 204—
633) of LAS17 (LAS17C) comprises the third group of sup-
pressors of BnrlpARBD-induced lethality (Figure 8). Simi-
larly, overexpression of full-length LAS17 also suppresses
BnrlpARBD overexpression lethality (Figure 8). As a ho-
molog of the WASp family proteins, Las17p is a modular
protein with an actin monomer-binding WH2 domain, fol-
lowed by an acidic domain (A domain), which together
function as a major activator of the Arp2/3 complex (Winter
et al., 1999a; Rodal et al., 2003; Sun et al., 2006). Two possible
explanations for suppression by Las17p are that it functions
either by reducing available G-actin or by stimulating the
Arp2/3 to be more active in patch formation and thereby
indirectly depleting the G-actin available to the formins. To
distinguish between these possibilities, we overexpressed
Las17p lacking the A domain, yet retaining the WH2 domain
(Las17pAA), or Las17p lacking both the WH2 domain and
the A domain (Las17pAWH2-A). Neither could suppress the
lethality (Figure 8), suggesting that increased activation of
the Arp2/3 complex is necessary to suppress the lethality
conferred by BnrlpARBD overexpression. Consistent with
this, BnrlpARBD-overexpressing cells rescued by Las17pC
have more actin patches compared with the first two classes
of suppressors (Figure 4C).

These results suggest that increased Arp2/3-dependent
filament assembly can shift actin assembly away from
formin-dependent assembly. In yeast, the products of
Arp2/3 stimulated filaments form the cortical patches,
whereas the formin-stimulated filaments assemble into actin
cables (Evangelista et al., 2002; Pruyne et al., 2002, 2004a;
Sagot et al., 2002a,b). We assayed if the overactivation of the
Arp2/3-complex by Las17p in wild-type yeast affects actin
organization. We found that overexpression of Las17p C did
not increase the number of actin patches in a cell (Figure 4C),
but resulted in increased intensity of actin patches (Figure 9,
A and B). We also found that the overexpression of Las17p
C depleted actin cables in ~40% of small- to medium-bud-
ded cells (Figure 9, A and C). Further, overexpression of
Las17p C also lowers the restrictive temperature of yeast
with defects in actin cable stability (tpm1A and tpmi1-2
tpm2A) or actin cable assembly (bnil-11 bnrlA and bnrl-6
bnilA; Table 4). Thus, the overproduction of actin patches
occurs to the detriment of cable assembly.

More interestingly, the reduction in cables in Lasl7
C-overexpressing cells could be rescued by overexpres-
sion of BnrlpARBD (Figure 9C). Taken together, our data
suggest that yeast needs to balance actin between actin
patches and actin cables, which is likely achieved at the
nucleation level of both pathways.

Vol. 19, April 2008

Microfilament Regulation in Yeast

DISCUSSION

Formins are critical cytoskeletal-regulatory proteins, pro-
moting the proper assembly and organization of subsets of
actin filaments (Evangelista et al., 2002; Sagot et al., 2002a). In
this article, we show that similar to the Bnilp formin, over-
expression of the Bnrlp formin lacking its regulatory Rho-
binding domain is lethal. Yeast overexpressing this con-
struct showed a massive accumulation of cable-like
filaments around the neck and in the bud and a defect in the
myosin-dependent polarization of secretion that normally
occurs along cables. Identification of overexpression sup-
pressors of this lethality confirmed the idea that it is this
aberrant actin assembly that is the cause of the lethality.
Suppressors isolated in this screen encode proteins in-
volved in several aspects of actin filament dynamics and
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Figure 9. Overexpression of LAS17C enhances Arp2/3-dependent

F-actin in wild-type cells. (A) Localization of actin in cells after 10-h
galactose induction containing either a control plasmid or overex-
pressing LAS17C. Bar, 5 um. (B) Comparison of actin patch intensity
in cells containing either a control plasmid or overexpressing
LAS17C. (C) Percentage of small- to medium-budded cells that have
actin cables in control cells or cells overexpressing LAS17C or
LAS17C and Bnr1ARBD.
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Table 4. Overexpression of LAS17C lowers the restrictive temperature of mutants with conditional actin cable defects

ABY204 ABY1807 ABY2000 ABY2007
(tpm1A) (tpm1-2 tpm2A) (bnil-11 bnr1A) (bnilAbnrl-6)
23°C 32°C 34°C 23°C 32°C 34°C 23°C 32°C 23°C 36.5°C
Vector ++ ++ ++ ++ - ++ —/+ ++ ++
LAS17C + —-/+ - ++ - ++ - + —-/+

The LAS17C overexpression plasmid was introduced into the indicated strains which were then streaked on galactose-containing media and
incubated at the indicated temperatures. ++, wild-type growth, —, no observable growth, +, moderate growth, —/+, poor growth.

architecture. Interestingly, all the recognizable cytoskeletal fac-
tors seemed to function by modulating the levels of constituent
components of the actin cables. Overexpression of additional
cable components, such as tropomyosin or Abp140p, rescued
lethality caused by excess formin activity, as could suppres-
sors that act to reduce the actin pool available to the formin.
Reducing the G-actin pool by treatment with LatA or dele-
tion of one copy of ACT1 in diploid cells similarly sup-
pressed the unregulated Bnrlp overexpression lethality.
Identification of cofilin, Srv2p, and profilin as suppressors
also suggests the possibility that more rapid actin turnover
plays a role in moderating the lethal effects of BnrlpARBD
overexpression.

A particularly interesting finding was that mis-incorpora-
tion of actin filaments into cables could be suppressed by the
enhanced assembly of actin into cortical patches by overpro-
duction of the Arp2/3 activator Las17p. Analysis of Las17p
truncations showed this activity depended on the A domain
required for Arp2/3 activation (Winter et al., 1999a). Las17p
represents only one of five patch-associated Arp2/3 activa-
tors of budding yeast, making the absence of the other
activators curious. However, among the Arp2/3 activators
of yeast, Abplp and Panlp exhibit relatively weak activity
and so might have been insufficient to significantly shift the
actin pool toward patch assembly (Duncan et al., 2001;
Goode et al., 2001; Moseley and Goode, 2006). The myosin-I
homologues Myo3p and Myobp exhibit strong activity, but
only in combination with the WIP homolog, Vrplp, and so
expression of either of these alone would have been unlikely
to increase patch-associated filament assembly (Evangelista
et al., 2000). However, Las17p is a potent Arp2/3 activator
that requires no cofactor (Rodal et al., 2003; Moseley and
Goode, 2006; Sun et al., 2006), making its recovery by this
screen feasible. In fact, we confirmed that overexpression of
Panlp and Myo3p did not suppress BnrlpARBD overex-
pression lethality (unpublished data).

Together, these results suggests that the detrimental ef-
fects of formin overactivity do not result simply in excess
filament assembly, but from assembly of filaments that are
of improper composition, having an excess of actin versus
other components such as tropomyosin. Reduction of actin
by various means or increase of other cable components was
able to relieve the lethality. Absent from the list were factors
such as kinases or phosphatases, which might be expected to
regulate incorporation of available proteins into the cables,
suggesting that regulation of the assembly of cable compo-
nents is regulated largely by the level of formin activity and
the size of the pool of cable constituents present in the cell,
as well as the level of competing Arp2/3-driven actin as-
sembly into cortical patches.

It has long been known that actin patches and actin cables
are the two major actin containing organizations in yeast.
Here we demonstrated for the first time that cells need to

1482

balance actin between these two structures. Because it is not
easy to measure how actin is distributed, we can only assay
if changes in one organization affects the other. Here we
showed that overexpression of BnrlpARBD stimulates cable
assembly and reduces the number of actin patches in a cell.
On the other hand, overexpression of Las17p C increase the
intensity of actin patches and reduces actin cables. More
interestingly, when Bnr1lpARBD and Las17p C are co-over-
expressed, a balance is reconstituted. Our data also strongly
suggested that such a balance is achieved through the nu-
cleation of both pathways. It will be interesting to discover
how the activity levels of the formins and patch-associated
components are normally regulated to achieve the optimal
balance in actin assembly between the various essential actin
cytoskeletal structures that coexist in the yeast cell.
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