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ABSTRACT Cell morphogenesis is a complex process that relies on a diverse array of pro-
teins and pathways. We have identified a transglutaminase-like protein (Cyk3p) that functions
in fission yeast morphogenesis. The phenotype of a cyk3 knockout strain indicates a primary
role for Cyk3p in cytokinesis. Correspondingly, Cyk3p localizes both to the actomyosin con-
tractile ring and the division septum, promoting ring constriction, septation, and subsequent
cell separation following ring disassembly. In addition, Cyk3p localizes to polarized growth
sites and plays a role in cell shape determination, and it also appears to contribute to cell
integrity during stationary phase, given its accumulation as dynamic puncta at the cortex of
such cells. Our results and the conservation of Cyk3p across fungi point to a role in cell wall
synthesis and remodeling. Cyk3p possesses a transglutaminase domain that is essential for
function, even though it lacks the catalytic active site. In a wider sense, our work illustrates
the physiological importance of inactive members of the transglutaminase family, which are
found throughout eukaryotes. We suggest that the proposed evolution of animal transglu-
taminase cross-linking activity from ancestral bacterial thiol proteases was accompanied by
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the emergence of a subclass whose function does not depend on enzymatic activity.

INTRODUCTION

Transglutaminases (TGases) are a family of enzymes that catalyze
intramolecular or intermolecular protein cross-linking through iso-
peptide bond formation between lysine (or polyamines) and glu-
tamine residues. The activity of the enzymes plays an important role
in various intracellular and extracellular processes. For example, ke-
ratinocyte TGase functions in the terminal differentiation of kerati-
nocytes and formation of the cornified cell envelope (Rice and

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E11-07-0656) on May 9, 2012.

Address correspondence to: Matthew Lord (matthew.lord@uvm.edu).
Abbreviations used: DIC, differential interference contrast; EM, electron micros-
copy; EMM, Edinburgh minimal medium; FRAP, fluorescence recovery after pho-
tobleaching; GFP, green fluorescent protein; MEN, mitotic exit network; NA,
numerical aperture; ORF, open reading frame; ROI, region of interest; SIN, septa-
tion initiation network; SPB, spindle-pole body; TGase, transglutaminase; YE5S,
yeast extract plus supplements.

© 2012 Pollard et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society of Cell Biology.

Volume 23 July 1, 2012

Green, 1978; Thacher and Rice, 1985); tissue TGase (TG2) is found
in many cell types and is involved in inflammation, apoptosis, cell
adhesion, and cancer and other human diseases (Fesus and Szondy,
2005; Mangala and Mehta, 2005; Mehta et al., 2010; Facchiano
et al., 2006; Zemskov et al., 2006). Factor Xl probably represents
the best-studied TGase; it participates in blood clotting, tissue re-
pair, and wound healing (Pisano et al., 1968; Schwartz et al., 1973;
Mosher and Schad, 1979; Sakata and Aoki, 1980; Knox et al., 1986).
A hallmark of these enzymes is a catalytic triad made up of con-
served cysteine, histidine, and aspartate residues, each of which is
essential for activity and defines the catalytic core (Figure 1A,
Hettasch and Greenberg, 1994; Micanovic et al., 1994, Pedersen
etal., 1994; Yee et al., 1994).

The increasing abundance of protein sequence information has
revealed a new inactive class of TGases that possesses a conserved
catalytic domain lacking the catalytic triad (Makarova et al., 1999).
For example, a red blood cell protein (band 4.2) possesses a TGase
domain that lacks the catalytic cysteine and histidine residues (Figure
1A) and consequently lacks enzyme activity (Korsgren et al., 1990;
Cohen et al., 1993). Naturally occurring mutations in the human
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FIGURE 1: Conserved protein domains of Cyk3p. (A) A sequence alignment comparing
identities (black) and similarities (gray) among amino acids from four human transglutaminases
and three Cyk3p homologues (Sp: fission yeast S. pombe; Sc, Ca: budding yeasts S. cerevisiae
and C. albicans). The alignment centers on the active-site cysteine (motif I), histidine (ll), and
aspartate (I1l) residues (asterisks) forming the conserved catalytic triad in the transglutaminase
core. The variable regions (dashed lines) between motifs | and Il span 32 residues for the human
transglutaminases (except TGase 3: 31 residues) and 14 residues for the Cyk3p proteins (except
Sc: 12 residues); the variable regions between motifs Il and Ill span 11 residues for human
transglutaminases and 3 residues for the Cyk3p proteins. The arrowhead marks a cysteine
residue (Cys-554 in S. pombe) conserved among the Cyk3p proteins. (B) Position of the SH3
(amino acids 10-65) and transglutaminase-like (amino acids 485-595) domains in the 886-residue
fission yeast Cyk3p sequence. The domains were identified using the Blastp program.

band 4.2 gene cause congenital spherocytic anemia characterized
by sphere-shaped (rather than biconcave disk-shaped) cells that are
more prone to hemolysis (Yawata, 1994; Bruce et al., 2002; Dahl
et al., 2004). This phenotype highlights the physiological relevance
of proteins with inactive TGase domains, and may reflect a structural
role at the cell membrane in the case of band 4.2 (Satchwell et al.,
2009). However, nothing is known regarding the cellular role (if any)
of the inactive TGase domains themselves. In this study, we exam-
ined the role of an inactive TGase (Cyk3p) from the fission yeast
Schizosaccharomyces pombe.

Cyk3p was originally identified in the budding yeast Saccharo-
myces cerevisiae (Korinek et al., 2000), and (based on available se-
quence data) represents a highly conserved fungal protein. Cyk3p
participates in cytokinesis in S. cerevisiae (Korinek et al., 2000), and
was recently found to be essential for cytokinesis and growth in the
pathogenic budding yeast Candida albicans (Reijnst et al., 2010).
Several studies in S. cerevisiae recently shed light on the molecular
mechanisms governing Cyk3p function. Localization of Cyk3p at the
division site depends on its N-terminal SH3 domain (Jendretzki
etal., 2009), which mediates an interaction with a proline-rich region
at the C-terminus of the C2 domain protein (Inn1p), a critical cytoki-
netic factor (Sanchez-Diaz et al., 2008; Jendretzki et al., 2009;
Nishihama et al., 2009). Cell cycle-specific phosphorylation may
regulate such complexes, because the division site localization of
Cyk3p and Inn1p relies on the mitotic exit network (MEN; Meitinger
etal., 2010), a conserved signaling pathway essential for the coordi-
nation of mitotic progression and cytokinesis (McCollum and Gould,
2001). Relatively little is known about fission yeast Cyk3p, although
preliminary studies have pointed to a role in cytokinesis. Similar to
several other fission yeast cytokinetic mutants, a cyk3A mutant was
found to be sensitive to loss of the cytokinetic checkpoint mediated
by the Cdc14 family phosphatase (Mishra et al., 2004). In addition,
fission yeast Cyk3p was recently found to coprecipitate from cell
extracts with F-BAR protein Cdc15p (Roberts-Galbraith et al., 2010),
an essential component of the contractile ring (Fankhauser et al.,
1995).

In this study, we define roles for Cyk3p in fission yeast cytokinesis
and morphogenesis and identify an inactive C-terminal TGase motif
as the critical functional element. Overall, our study provides new
insights into the mechanisms of Cyk3p function, cytokinesis, and cell
morphogenesis in fungi, and more broadly identifies an important
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Like other known fungal members of this
protein family (Korinek et al., 2000; Reijnst
et al., 2010), fission yeast Cyk3p possesses
an N-terminal SH3 domain (Figure 1B). In
addition, we identified a TGase-like domain
in the C-terminal half of the protein (Figure
1B), adomain preserved in Cyk3p sequences
from other fungi. This 111-amino acid do-
main showed homology to TGase domains
in S. cerevisiae Cyk3p (30% identical/51%
similar) and animal TGases (e.g., 17%/41%
vs. human factor Xlll). The catalytic core of
the TGase domain can be separated into
three motifs centered on the conserved
cysteine, histidine, and aspartic acid active-
site residues that form the catalytic triad. Interestingly, the catalytic
triads of the fungal Cyk3p proteins are all incomplete, containing
the conserved histidine and aspartic acid residues in motifs Il and Il
but lacking the active site cysteine in motif | (Figure 1A).

Deletion of cyk3 had no obvious effect on morphology or growth
at 25-32°C. However, cyk3A cells exhibited temperature-sensitive
defects in cell separation at 36°C, as reflected by the appearance of
elongated cells with multiple septa and multiple nuclei (Figure 2A).
In addition, cyk3A cells showed a greater tendency to adopt a
rounded/swollen morphology, as opposed to the typical cigar shape
of fission yeast (Figure 2A). Consistent with a significant role for
Cyk3p in cytokinesis, the cyk3A mutation showed synthetic defects
when combined with mutations in genes encoding known contrac-
tile ring components, such as Myo2p (myosin ), Cdcdp (essential
light chain), Cdc12p (formin), and Cdc15p (F-BAR protein) (Figure 2,
B and C, and Supplemental Figure S1). Although the contractile
rings typically assembled in such double mutants, they showed ob-
vious defects in cytokinesis (Figure 2D), suggesting a role for Cyk3p
in ring constriction.

Surprisingly, unlike myo2-E1 and many other cytokinetic muta-
tions (Bezanilla et al., 1997; Motegi et al., 1997), cyk3A did not ex-
hibit synergistic cytokinetic defects when combined with a myp2
null (Figures 2E and S1). Myp2p is a nonessential myosin Il required
for normal cytokinesis (Bezanilla et al., 1997; Motegi et al., 1997),
and the lack of an additive phenotype suggests that Cyk3p and
Myp2p may share a specific function in cytokinesis. Myp2p is known
to associate with chitin synthase (Chs2p), an inactive form of the
enzyme that localizes to the contractile ring and contributes to sep-
tum formation in fission yeast (Martin-Garcia et al., 2003; Martin-
Garcia and Valdivieso, 2006). We therefore also examined a cyk3A
chs2A double mutant. Interestingly, loss of Chs2p completely sup-
pressed the cytokinetic defects associated with loss of Cyk3p
(Figures 2F and S1), suggesting a functional relationship between
these two proteins at the septum.

Cyk3p localizes to the contractile ring, division septum,

and sites of polarized growth

We used gene replacement to generate single and triple chromo-
somal green fluorescent protein (GFP) fusions to examine the sub-
cellular localization of endogenous Cyk3p. The fusion proteins were
functional based on their ability to fully support Cyk3p function in a
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FIGURE 2: Cyk3p functions in cytokinesis and polarized growth.

(A) Representative DIC images of wild-type (MLP 11) and cyk3A (MLP
3) cells following growth at 36°C in YE5S medium. Plots below
provide quantification of morphological defects observed under these
conditions. Left, percentages of multinucleate cells (following
treatment with 4’,6-diamidino-2-phenylindole stain: 3+ nuclei/cell, [J;
n =750) and of cells possessing >1 division septa, B (which account
for the majority of multinucleate cells). Right, percentages of cells with
a rounded/swollen shape (n = 750). (B) Representative cdc4-8 (TP 6)
and cdc4-8 cyk3A (MLP 178) cells following growth at 27.5°C on YE5S
medium. (C) Growth of wild-type, cyk3A, cdc4-8, and cdc4-8 cyk3A
strains at 30°C. Five-microliter cell suspensions of identical optical
density were spotted along with five 10-fold serial dilutions onto a
YESS plates. The plate contained 5 pg/ml phloxin B, a pink dye that
accumulates inside dead cells (note the pink color of the cdc4-8 and
cdc4-8 cyk3A colonies). (D) Representative myo2-E1 (TP 73) and
myo2-E1 cyk3A (MLP 17) cells following growth at 27.5°C on YES5S
medium. Top panels, DIC images; bottom panels, Rlc1p-GFP
localization at rings (as denoted by arrowheads). (E) Representative
myp2A (MLP 34) and myp2A cyk3A (MLP 35) cells following growth at
36°C on YE5S medium. (F) Representative cyk3A and cyk3A chs2A
(LP 112) cells following growth at 36°C on YE5S medium. Counts of
the percentages of multinucleate cells for the strains shown in (B), (D),
(E), and (F) are provided in Figure S1.

cdc4-8 background. During vegetative growth, Cyk3p localized to
three distinct sites: contractile rings, division septa, and cell tips
(Figure 3A). The Cyk3p signal was most prominent at contractile
rings. Time-lapse analysis revealed that Cyk3p joins the ring at the
final stages of its assembly, is present at both rings and across grow-
ing septa during ring constriction, and remains as a band spanning
the septum following ring disassembly (Figure 3B). This pattern was
particularly clear when Cyk3p was colocalized with the myosin ||
regulatory light chain Rlc1p, which assembles earlier and disap-
pears following ring contraction (Figure 3C and Supplemental
Movie S1).

On contractile ring disassembly, Cyk3p localization at the sep-
tum was relatively faint, but it became brighter a short time later,
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forming a tight spot at the center of the septum just before cell
separation and remaining at the new cell poles following separation
(Figure 3, A and D). This unipolar tip localization became bipolar as
Cyk3p accumulated at the old cell poles later in the cell cycle (Figure
3D). Although the bipolar tip localization was relatively faint when
the tagged Cyk3p was expressed at endogenous levels, it became
more conspicuous when Cyk3p-GFP was expressed from a multi-
copy plasmid (Figure 3E).

In summary, Cyk3p localizes in a manner consistent with roles in
cell morphogenesis during both division and polarized cell growth.

Cyk3p is a component of the contractile ring

and promotes ring dynamics

Given its prominent localization at the actomyosin ring, we tested
whether Cyk3p was truly a component of this structure. Fluorescence
recovery after photobleaching (FRAP) studies have shown that ring
components exchange rapidly and that myosin Il Myo2p exchanges
with different kinetics in nonconstricting and constricting rings
(Sladewski et al., 2009; Stark et al., 2010). Examination of Cyk3p-GFP
exchange revealed almost identical kinetics to those of Myo2p in
both nonconstricting (t, = 27 s vs. ~37 s for Myo2p), and constricting
(ty, =12 s vs. ~13 s for Myo2p) rings (Figure 4, A and B; Sladewski
et al., 2009). Depolymerization of the actin cytoskeleton with latrun-
culin A blocked the formation of both myosin Il and Cyk3p rings and
led to a buildup of both proteins as ring precursors at the incipient
medial division sites (Figure 4C). Taken together, these results sug-
gest that Cyk3p is indeed a component of the actomyosin ring.

To test for a possible role of Cyk3p in contractile ring dynamics,
we first monitored contractile ring behavior, using Rlc1p-GFP as a
marker, in relation to mitotic progression, as judged by the spindle-
pole body (SPB) protein Sad1p-GFP (Figure 5A, left box). Using the
beginning of SPB separation as a reference point, we found that ring
assembly time and constriction rate were affected little or not at all
in a cyk3A mutant grown at 25°C, whereas the preconstriction
“dwell” time was significantly lengthened (Figure 5, A and B, and
Table 1). Interestingly, the delay was paralleled by a delay in the
completion of spindle elongation: although ring constriction began
~8-9 min following spindle breakdown in both wild-type and cyk3A
cells, spindle breakdown (like ring constriction) was delayed ~6 min
in the mutant relative to wild-type (Figure 5B). The reason for this
delay is not clear, but it appeared to be due mostly to a slower
spindle elongation during the phase of contractile ring assembly
(Figure 5B).

The ability of cyk3A cells to grow at 36°C allowed a further infor-
mative analysis in which cells grown at 36°C were subsequently im-
aged at 23°C. In this case, the assembly, dwell, and constriction
phases were all significantly affected, with the largest effect on the
dwell time (Figure 5C and Table 1), probably because the absence
of Cyk3p during growth at 36°C produced changes in the levels of
Cyk3p-interacting proteins that could affect ring dynamics even after
a return to lower growth temperature. In summary, although Cyk3p
appears to be involved in all phases of contractile ring function, its
most important role seems to be in promoting ring constriction.

Cyk3p participates in cell separation following disassembly
of the contractile ring

The localization of Cyk3p to the septal region (Figure 3) and muilti-
septate phenotype of cyk3A mutants (Figure 2A) suggested Cyk3p
might play a role in the maturation of the septum, its splitting at cell
division, or both. Consistent with such a role(s), cyk3A cells showed
increased percentages of septated cells (Figure 6A) and of cells
that apparently failed to separate (Figure 6B), as well as an increase
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FIGURE 3: Cyk3p localization dynamics during cell division and
growth. (A) Localization of Cyk3p-GFP to contractile rings, septa, and
cell tips (in strain MLP 15). Box, magnification of the division site of a
cell undergoing ring constriction and septation; arrows, Cyk3p
appearing at newly formed cell tips during cell separation;
arrowheads, Cyk3p visible at both cell poles in separated cells.

(B) Time-lapse observations of Cyk3p-3GFP (LP 37) at the division site
from completion of ring assembly to shortly after ring disassembly.
(C to D) Colocalization of Cyk3p and the myosin Il RLC.

(C) Representative cells (MLY 757) illustrating the distinct localization
profiles of Cyk3p-3GFP (left and green in merge) and Rlc1p-Cherry
(center and red in the merge). Left box, a cell showing the continuing
presence of Cyk3p at the division site following disappearance of the
contractile ring; center box, absence of Cyk3p during ring assembly;
right box in merge, overlapping Cyk3p and Rlc1p signals in the
contractile ring (yellow) and the relatively faint Cyk3p signal in the
septum surrounding the ring (green). (A time-lapse movie of this field
of cells is provided in Movie S1.) Bottom panels, time-lapse
observations showing the localization patterns of Cyk3p and Ric1p.
The 10-min image (asterisk) corresponds to the assembling-ring
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in the average time from septum completion to cell separation
(Figure 6, C and D), during growth at 36°C. These effects were not
seen at 25°C (Figure 6D), and even at 36°C, septum completion
appeared to coincide with the completion of contractile ring con-
striction, as in wild-type cells (Figure 6C). Thus, in addition to a role
in actomyosin ring constriction, Cyk3p also contributes to cell
separation.

Cyk3p concentrates in dynamic cortical puncta

during stationary phase

When cells expressing Cyk3-GFP grew to stationary phase, they dis-
played a pattern of localization that appeared to be distinct from the
division site and cell tip localization seen during vegetative growth.
In particular, Cyk3p was found randomly throughout the cortex as
discrete, dynamic puncta (Figure S2 and Movies S2 and S3). Although
these puncta were similar in size and distribution to endocytic actin
patches, Cyk3p did not colocalize with the actin-patch component
Fim1p (fimbrin) during stationary phase (Figure S2), and the Cyk3p
puncta had a considerably longer average lifetime (~4 min) than did
Fim1p or actin patches (~20 s; Figure S2; Sirotkin et al., 2010). In ad-
dition, unlike typical endocytic patches, the Cyk3p puncta did not
depend on actin (Figure S2) and often showed considerable lateral
motility (Movies 2 and 3). These observations suggest that Cyk3p
may play a more general role in cell-surface organization in addition
to its roles at specific sites during the vegetative cell cycle.

Overexpression of Cyk3p leads to defects in cytokinesis

and cell shape

To explore further the roles of Cyk3p in vegetative cells, we overex-
pressed it in otherwise wild-type cells. On overexpression, cells dis-
played gross morphological defects characterized by multinucleate
cells with abnormal septa and rounded/swollen shapes that had lost
the typical cigar shape of fission yeast (Figures 7 and S3). A combi-
nation of both phenotypes was evident in some cells (Figure 7), but
time-lapse observations revealed that the phenotypes were often
independent of one another (Figure S3), so that cell swelling was not
simply a secondary effect of cytokinetic failure. These phenotypes
paralleled those of cyk3A cells (Figure 2A), presumably reflecting
roles for Cyk3p in both cytokinesis and cell shape determination.

Cyk3p function depends on its transglutaminase domain

but not its SH3 domain

To gain insight into Cyk3p function, we created plasmids expressing
proteins that lacked the SH3 domain or contained mutations in the
transglutaminase domain (see Materials and Methods). Surprisingly,
Cyk3p-SH3A appeared to retain full function during cytokinesis
(Figure 8, A and B) and to support normal polarized growth (Figure
8A). Moreover, like wild-type, this truncated form localized normally
(Figure 8C), produced cytokinetic defects and morphological abnor-
malities when overexpressed (Figure 8D), and was expressed at nor-
mal levels (Figure 8E). In contrast, mutation of the conserved
aspartate residue of the catalytic triad (in the TGase core) led to a
seemingly complete loss of Cyk3p function (Figure 8, A, B, and D),
even though the protein localized normally (Figure 8C) and was

stage, as marked with an asterisk in (C). (D) Time-lapse observations
of Cyk3p-3GFP localization from 12 min after completion of ring
constriction and septation, which is also 12 min before cell separation.
(E) Cyk3p-GFP localization following expression from a multi-copy
plasmid with cyk3-GFP under control of the weak-strength 8 Tnmt1-
inducible promoter. cyk3A cells were transformed and grown in EMM
lacking uracil at 30°C. Scale bars (A-E): 4 pm.
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FIGURE 4: Cyk3p is a contractile ring component. (A and B)
Measurement of Cyk3p exchange rates in contractile rings using FRAP.
cyk3-GFP (MLP 15) cells were grown in YE5S medium at 25°C and
examined at room temperature, as described in Materials and Methods.
(A) Representative images comparing the recovery of Cyk3p-GFP
fluorescence in nonconstricting (top) and constricting (bottom) rings.
Left, cells before bleaching; the ROIs (white boxes) were then bleached
at time zero. Right, recovery of signal over 110 s after bleaching.

(B) Quantitation of FRAP in experiments like those in (A). Fluorescence
intensities measured prebleach (—1.5 s) and postbleach (every 5 s for
0-110 s) are plotted. Individual ROI traces (thin lines) are shown

(n =7-8) along with the averages (filled circles, thick line). (C) Cyk3p ring
assembly relies on actin filaments. Cells (LP 116) were arrested at the
G2 phase of the cell cycle by invoking the temperature-sensitivity of the
cdc25-22 mutation via 4 h of growth at 36°C. Cells were released from
the arrest by growth at 25°C for 30 min in the presence of dimethyl
sulfoxide (control) or 10 pM latrunculin A to prevent actin
polymerization and contractile ring formation. In the presence of
latrunculin, Cyk3p and myosin Il (Rlc1p-Cherry) localize at the division
site in (actin-independent) broad bands. Scale bars (A, C): 4 um.

expressed at normal levels (Figure 8E). We further tested the impor-
tance of the TGase domain using another mutation (His-577-Ala) in
the catalytic triad (Figure 1). This mutant protein was expressed ef-

Volume 23 July 1, 2012

fectively, localized normally, and rescued the growth of a cdc4-8
cyk3A mutant (Figures 8E and S4). However, closer inspection re-
vealed that Cyk3p-His-577-Ala retained only partial function: it was
unable to fully relieve the morphological and cytokinetic defects as-
sociated with loss of Cyk3p, and it produced relatively mild morpho-
logical defects when overexpressed (Figure S4). In summary, the
TGase domain, but not the SH3 domain, is critical for Cyk3p func-
tion in fission yeast.

Cyk3p links the contractile ring and division septum

during cytokinesis

Contractile ring constriction and septum formation are coupled in
yeast. The unique localization of Cyk3p in both rings and septa
prompted us to further examine its roles in these structures. Be-
cause S. cerevisiae Cyk3p division site localization depends on the
MEN pathway (Meitinger et al., 2010), we tested whether the ho-
mologous pathway (the septation initiation network, or SIN) gov-
erned Cyk3p localization in fission yeast. The SIN is essential for
initiating septum formation and ring constriction (McCollum and
Gould, 2001). Use of a temperature-sensitive sid2-250 mutant dem-
onstrated that localization of Cyk3p to rings was not dependent on
the SIN (Figure S5). Thus, as with other contractile ring proteins, the
formation of Cyk3p rings is actin-dependent (Figure 4C) but does
not rely on septum formation. This indicates that Cyk3p is a core
component of the ring that must interface with the leading edge of
the trailing septum during cytokinesis, presumably leading to its in-
corporation across the septum (Figure 3C).

We turned to electron microscopy (EM) to directly assess Cyk3p’s
role in ring constriction and septation, and, in particular, how the
contractile ring defects of cyk3 mutants affected growth of the sep-
tum. Although septation was generally normal in the absence of
Cyk3p (Figure 9A, compare a-d with e—g; Figure 9C), a few cyk3A
cells (3 of 114 cells examined) contained an apparently complete
septum with a gap in the electron-translucent central layer (Figures
9Ah and 9C) that was never observed in wild-type cells. Actomyosin
ring mutants also displayed defects in septum structures (Figure 9B,
a, b, f, and g), which became much more severe in double mutants
lacking cyk3A (Figure 9B, c—e and h—j). Although these double mu-
tants were viable, their septa were typically abnormally thickened
and often appeared misdirected across the division plane (Figure 9,
B and C). Consistent with the genetic data indicating that Cyk3p
functions in the same pathway as Myp2p (Figures 1E and S1), the
EM analysis revealed little or no exacerbation of the myp2A septa-
tion defect by loss of Cyk3p (Figures 9C and S6). Taken together
with the localization of Cyk3p, these direct observations of the septa
imply a role for Cyk3p in coupling ring constriction and septum
growth during cytokinesis.

DISCUSSION

Our work highlights the role of a TGase-related protein in cell mor-
phogenesis. Fission yeast Cyk3p participates in actomyosin ring
constriction, septation, and cell separation during cytokinesis, and
also plays a relatively minor role in cell shape and integrity during
vegetative growth and stationary phase. Inactive TGases such as
Cyk3p are found throughout eukaryotes and our results demon-
strate that the TGase domains of such proteins can have key roles in
the cell.

Fission yeast Cyk3p functions in cytokinesis

and cell wall remodeling

Cyk3p functions in cytokinesis, promoting ring constriction and sub-
sequent cell separation. Correspondingly, Cyk3p appears in two
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FIGURE 5: Cyk3p affects contractile ring dynamics. Ring dynamics and mitotic spindle behavior were assessed by
tracking Rlc1p-GFP and Sad1p-GFP, respectively. (A) Time-lapse observations (maximum projections from six Z-sections
captured every 3 min) on representative wild-type (MLY 572) and cyk3A (MLY 657) cells grown in YE5S medium at 25°C.
The observations begin immediately before SPB separation. Right, schematic shows the normal timing of ring (red)
assembly, dwell, and constriction phases relative to mitotic progression based on SPB dynamics. (B) Plots summarizing
the results from wild-type and cyk3A cells examined as in (B). For each strain, mean ring diameters (red) and SPB

separation distances (black) were aligned based on the times at which each ring initiated constriction, and time zero was
defined as the mean time from initial SPB separation to initiation of ring constriction. The times at which ring assembly
was completed and spindle breakdown began are indicated by arrows; error bars show standard deviations. Dwell
phases (horizontal portion of curve) and constriction phases (diagonal portion of curve) are evident. Table 1 contains
average values and statistics. (C) Traces showing the ring assembly, dwell, and constriction phases for 20 individual cells
(red) and the corresponding means (black) from wild-type (MLP 198) and cyk3A (MLY 655) cells examined by time-lapse
microscopy in YE5S medium at 23°C after growth in the same medium at 36°C. Time zero is defined as the completion

of ring assembly for each cell and thus represents the transition from assembly to dwell phases. SPB analysis was not
performed in cells pregrown at 36°C, because Sad1p-GFP fails to mark SPBs under these conditions.

distinct structures, the actomyosin ring and the division septum.
Cyk3p is an integral component of the ring and is incorporated late
in ring assembly. Around this time cyk3A cells exhibit a cell cycle
delay reflected by a brief stall in anaphase B and a delay in the initia-
tion of ring constriction. While the defects are subtle, cyk3A mutants
(like other cytokinetic mutants) invoke lethality in the absence of the
Cdc14 family phosphatase Clp1p/Flp1p (Mishra et al., 2004). When
ring integrity is compromised Clp1p activates a cytokinetic check-
point, during which Clp1p activity is also mobilized to stabilize ring
structures (Mishra et al., 2004). Thus actomyosin rings lacking Cyk3p
rely on compensatory maintenance to support cytokinesis and
growth.

Although we do not yet understand the molecular mechanisms
by which Cyk3p carries out its role at the ring, they probably involve
three other factors: the F-BAR protein Cdc15p, the nonessential
myosin || Myp2p, and the chitin synthase Chs2p. Cyk3p coprecipi-
tates with Cdc15p from cell lysates and (along with other ring com-
ponents) was found to accumulate at the division site upon prema-
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ture self-assembly of a constitutively dephosphorylated form of
Cdc15p (Roberts-Galbraith et al., 2010). Our genetic analysis
showed that myp2A was epistatic to cyk3A. Myp2p stabilizes rings
as they constrict and ensures normal septation (Bezanilla et al.,
1997; Motegi et al., 1997; Mulvihill and Hyams, 2003). Correspond-
ingly, direct analysis of septation by EM in myo2-ET cyk3A and
cdc4-8 cyk3A double mutants indicated a role for Cyk3p in coordi-
nating septum deposition with ring constriction. Chs2p is a trans-
membrane protein involved in septum formation and maintaining
contractile ring integrity during the latter stages of constriction
(Martin-Garcia et al., 2003; Martin-Garcia and Valdivieso, 2006). The
ability of the chs2A mutation to suppress cytokinetic defects associ-
ated with loss of Cyk3p suggests that Chs2p and Cyk3p work in a
specific pathway with Myp2p. The actin-independent accumulation
of Cyk3p at the division site probably relies on Cdc15p at ring pre-
cursors (nodes), given that Myp2p and Chs2p only localize to the
division site once rings have formed (Bezanilla et al., 2000; Martin-
Garcia and Valdivieso, 2006).
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Rlc1p-GFP ring property (+ SD)?

Assembly Dwell Constriction Lifetime®

Strain (min) (min) (ym/min) (min)
25°C

cyk3* 17.9+ 3.1 15.0+ 3.1 0.40 £ 0.05 42.5
cyk3A 18.6+ 3.9 20.7£5.7 0.35+0.10 52.1
36°C

cyk3* 120+ 1.7 126122 0.48 £0.05 35.5
cyk3A 185+4.8 27.2+14.0° 0.37+0.10 56.9

n = 50-73 rings/strain (25°C); n = 20 rings/strain (36°C). Altered ring properties
(in wild-type vs. cyk3A cells) were confirmed by paired Student's t tests (in which
a p < 0.05 indicates a significant difference between data sets). Ring assembly
(36°C): p =0.0023; dwell (25°C): p < 0.0001; dwell (36°C): p = 0.0002; constric-
tion (36°C): p = 0.0003.

bLifetimes are the sum of the average dwell and constriction times. Constriction
time was estimated by dividing a representative contractile ring circumference
(11 pm) by the average constriction rate.

The relatively high SD for the cyk3A dwell time (36°C) reflects the protracted
dwell phases observed in some cells. However, only rings that subsequently go
on to complete constriction were included in the analysis.

TABLE 1: Influence of Cyk3p on contractile ring dynamics.

The actomyosin ring disassembles once ring constriction and
septum formation are completed (Rajagopalan et al., 2003). Com-
pletion of cytokinesis and cell separation occur a short time later
upon septum maturation and subsequent digestion of the primary
septum by the Eng1p and Agn1p endoglucanases (Martin-Cuadrado
et al., 2003; Dekker et al., 2004). Cell separation was significantly
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FIGURE 6: Cyk3p promotes cell separation. The role of Cyk3p was
examined by comparing the efficiencies with which wild-type (MLP
198) and cyk3A (MLY 655) cells transitioned from septation to
separation during growth on YE5S medium. (A and B) Histograms
comparing the percentages of (A) cells with visible septa (n = 500) and
(B) cell separation failure (n = 128-146) following growth at 36°C.
Separation failure was defined as the failure of a septated cell to
separate during the course of the 3-h time-lapse movie. Because
cyk3A cells averaged 75.6 min from septum completion to cell
separation during growth at 36°C (D), we only scored a cell as failing
when a septum had been present >76 min by the end of the movie.
(C) Single-cell images tracking medial division sites from septum
completion (0") to cell separation (defined as the loss of continuity
between daughter cells as they split apart; see far right panels) for
representative cells grown at 36°C. Completion of septation coincides
with completion of contractile ring constriction (indicated by the
fluorescence images of the disassembling Rlc1p-GFP ring, which is
transiently observed at mid-cell as a smear following constriction).

(D) Summary of average separation intervals (£ SD) from experiments
like those in (C), performed at 25 and 36°C (n = 11-15).
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FIGURE 7: Cyk3p overexpression perturbs cell shape. Wild-type
(MLP 11) cells were transformed with plasmid nmt1r™ (control) or
nmt1Pm-cyk3 (to overexpress Cyk3p from the full-strength nmt1
promoter). Cells were grown initially on EMM-uracil plates containing
5 pg/ml thiamine, and were then resuspended in EMM- uracil liquid
medium without thiamine and grown for 24 h to induce
overexpression. Top, representative DIC images of control and Cyk3p-
overexpressing cells. Bottom, such images were scored for the
indicated abnormal cell morphologies (n = 500 for each count). Scale
bars: 4 ym.

slower in cyk3A cells, suggesting an important role throughout this
process for Cyk3p, consistent with its accumulation across the trail-
ing septum during ring constriction and its polarization at the center
of the septum immediately prior to cell separation. Outside of cy-
tokinesis, Cyk3p localized at growing cell tips and redistributed
throughout the cortex during stationary phase. These localizations
and other results suggest that Cyk3p is mobilized for polarized
growth during cell elongation and maintenance of cortical integrity
upon cell cycle arrest and entry into the dormant phase. One consis-
tent feature of Cyk3p localization is its appearance at the cortex
during cell wall remodeling, both in growing cells and during sta-
tionary phase (when reinforcement and thickening of the wall occur
to maintain cell integrity; Herman, 2002; Rincon et al., 2006). Thus
we hypothesize that Cyk3p is generally involved in facilitating cell
wall synthesis and remodeling at relevant sites on the cortex.

Cyk3p: an inactive transglutaminase

with physiological relevance

At a mechanistic level, how does Cyk3p contribute to morphogen-
esis? The SH3 domain of S. cerevisiae Cyk3p is important, mediat-
ing its localization and association with the C2-domain protein Inn1p
at the division site (Jendretzki et al., 2009; Nishihama et al., 2009).
Similarly, the SH3 domain of the S. cerevisiae F-BAR protein Hof1p
also propagates an interaction with Inn1p (Jendretzki et al., 2009;
Nishihama et al., 2009; Meitinger et al., 2010). However, whereas
loss of Inn1p typically results in lethality or extremely poor growth
(Sanchez-Diaz et al., 2008; Jendretzki et al., 2009; Nishihama et al.,
2009), cyk3A or hof1A cells show relatively minor defects in cytoki-
nesis and growth (Kamei et al., 1998; Lippincott and Li, 1998;
Korinek et al., 2000). Moreover, reminiscent of the lethal phenotype
of a cyk3A hof1A double mutant, a double mutant possessing trun-
cated forms of both Cyk3p and Hof1p (lacking their SH3 domains)
does not grow (Jendretzki et al., 2009). In contrast, in fission yeast,
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FIGURE 8: Cyk3p function depends on its transglutaminase domain but not its SH3 domain.

(A and B) Rescue of the cdc4-8 cyk3A synthetic phenotype by plasmids expressing wild-type
Cyk3p-GFP or Cyk3p-SH3A-GFP but not by vector alone or a plasmid expressing Cyk3p-Asp-
592-Ala-GFP. cdc4-8 cyk3A cells (MLP 178) were transformed with plasmid pGFP (vector
control), cyk3-GFP, cyk3-SH3A-GFP, or cyk3-Asp-592-Ala-GFP (see Table 3 and Materials and
Methods). (A) Representative fields of cells were imaged by DIC microscopy after growth in
EMM-uracil liquid medium at 32°C (used because the restrictive temperature of the cdc4-8
cyk3A double mutant is higher in minimal than in rich medium). (B) Left, 5-pl aliquots of cell
suspensions (of identical optical density) were spotted along with four 10-fold serial dilutions of
each onto EMM- uracil plates containing 5 pg/ml phloxin B and grown at 30°C. Right, the
cultures described in (A) were scored for cytokinetic defects (as percentages of multinucleate
cells; n =500). (C) Normal localization of wild-type and mutant forms of Cyk3p-GFP to
contractile rings (arrowheads). cyk3A transformants were grown in EMM-uracil liquid medium at
25°C. The variable strength of the Cyk3p-GFP signal presumably reflects the variable copy
number of fission yeast plasmids. (D) Effects of overexpressing mutant forms of Cyk3p.
Wild-type strain MLP 11 was transformed with plasmid nmt1P°™-cyk3-SH3A or nmt1Pom-cyk3-
Asp-592-Ala (Table 3), and were then grown and scored as described in Figure 7. Top,
representative DIC images; bottom, quantification of morphological defects (n = 500).

(E) Wild-type and mutant forms of Cyk3p-GFP are expressed at similar levels. cyk3A strain MLP
3 was transformed with plasmids expressing the indicated proteins and grown as in (C). Extracts
were prepared, normalized for total protein, and evaluated by immunoblotting using anti-GFP
or anti-actin (as a loading control) antibodies. The indicated band has the appropriate apparent
molecular weight (~125 kDa) for a full-length Cyk3p-GFP fusion; as expected, the Cyk3p-SH3A-
GFP fusion runs slightly faster. Scale bars: 4 pm.

the Cyk3p SH3 domain is not critical for function and does not share
a redundant role with the SH3 domains of the F-BAR proteins
Cdc15p and Imp2p. Irrespective of the status of Cyk3p, removal of
the SH3 domains from both F-BAR proteins is enough to prevent
recruitment of the C2-domain protein Ficlp to the division site
(Roberts-Galbraith et al., 2009).

Although its SH3 domain is dispensable, the fission yeast Cyk3p
TGase domain is required for function (an issue that does not ap-
pear to have been investigated for the S. cerevisiae protein). Each of
the conserved active-site residues cysteine, histidine, and aspartic
acid, which make up the catalytic triad at the core of TGases, is es-
sential for enzymatic activity (Hettasch and Greenberg, 1994;
Micanovic et al., 1994; Pedersen et al., 1994; Yee et al., 1994), and
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mutagenesis of the corresponding aspartic
acid (Asp-592) or histidine (His-577) residues
of fission yeast Cyk3p led to complete or
partial loss of function, respectively. Al-
though these results demonstrate the im-
portance of the TGase domain, it cannot
function enzymatically because it lacks the
cysteine residue to complete the catalytic
triad (Figure 1A). The nearest cysteine resi-
due (Cys-554) is 18 amino acids downstream
from where the catalytic cysteine would be
expected (Figure 1A). Nonetheless, this
cysteine is conserved among Cyk3p homo-
logues (Figure 1A) and could theoretically
form a catalytic triad with His-577 and Asp-
592. However, analysis of a Cys-554-Ala
point mutant indicated that this was not the
case. The Cys-554-Ala protein was ex-
pressed normally and behaved just like wild-
type Cyk3p in vivo (Figures 8E and S4). In
addition, the fact Cyk3p-His-577-Ala (but
not -Asp-592-Ala) retains partial function (as
opposed to complete loss or full function)
also argues against an enzymatic role for the
TGase domain in Cyk3p function.

The inactive nature of the Cyk3p TGase
domain may reflect a structural/cytoskeletal
role for this domain in cell wall remodeling,
in which the charged His-577 and Asp-592
residues could help mediate electrostatic in-
teractions between the TGase domain and
Cyk3p binding partners. Similarly, a structural
role has been proposed for band 4.2, the in-
active TGase implicated in human disease
that functions at the membrane of red blood
cells (Satchwell et al., 2009). Alternatively,
the inactive Cyk3p TGase domain may be a
mimic that functions as a dominant-negative
regulator of other TGases. In this case, the
localization of Cyk3p to sites of cell wall re-
modeling may promote cell wall dynamics
and plasticity by sequestering substrates and
thus limiting their cross-linking and stabiliza-
tion by active endogenous TGases. This hy-
pothesis is supported by the observations
that TGase-mediated cross-linking contrib-
utes to cell wall organization in S. cerevisiae
(Iranzo et al., 2002), C. albicans (Ruiz-Herrera
et al, 1995), and the green alga Chlamy-

domonas reinhardtii (Waffenschmidt et al., 1999). Inhibition of cell
wall cross-linking by Cyk3p might explain why its overexpression
leads to the loss of polarity and ballooning of cells that could accom-
pany loss of rigidity/excessive plasticity within the cell wall.

In conclusion, our work on fission yeast Cyk3p highlights the im-
portance of the inactive subclass of the TGases that are found
throughout eukaryotes. Animal TGases are thought to have evolved
from bacterial thiol proteases, because they utilize the same cata-
lytic triad and share the same core structural fold (Pedersen et al.,
1994; Yee et al., 1994). Thus, in addition to adaptations favoring
substrate cross-linking (via a reversion of the proteolytic reaction),
adaptations associated with loss of enzymatic activity also appear to
have been selected during the course of evolution.
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FIGURE 9: EM analysis of septation with and without Cyk3p. (A) Deletion of cyk3 alone has a
mild effect on septum morphology. Representative electron micrographs of wild-type (a—d) and
cyk3A (e-h) cells grown at 27.5°C in YE5S medium are shown. Cells in the initial (a and ) and
late (b, ¢, f, and g) stages of septation are shown, as are cells with complete septa (d and h).
Scale bars: 0.5 um. (B) Deletion of cyk3 exacerbates the septum morphology defects in cdc4-8
(a—e) and myo2-E1 (f—j) mutants. Cells were cultured as in (A); representative images are shown.
Black scale bars: 0.5 pm; white scale bars (e and j): 2 ym. (C) Quantitative analysis of septum
morphology in wild-type and mutant strains. Cells were grown in YESS medium at 27.5°C,

except for two cultures that were incubated at 37°C for 4 h following overnight growth at 25°C.

The septa observed by EM were classified as follows: 1, an incomplete sharp septum with an
electron-translucent (white) band reaching its leading edge; 2, an incomplete bulged septum
with a white band reaching its leading edge; 3, an incomplete bulged septum with a white
band(s) not reaching its leading edge; 4, an incomplete bulged septum with no white band;
5, a complete septum across the division plane; 6, a complete but deformed septum with
interrupted white bands.
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MATERIALS AND METHODS

Fission yeast strains, plasmids, and
genetic methods

Strains were grown in EMM (Edinburgh
minimal media) or YES5S (yeast extract plus
supplements) medium, and standard ge-
netic and cell biology protocols were used
(Moreno etal., 1991). Table 2 lists the strains
used in this study. Gene deletion mutants
and strains expressing fusion proteins
tagged with GFP, 3GFP, or Cherry were
constructed using genomic integrations
with the relevant kan® or nat® cassettes
(Bahler etal., 1998). Cyk3p-GFP and Cyk3p-
3GFP fusions were functional based on
their ability to fully support Cyk3p function
in a cdc4-8 background. Plasmids used in
this study are listed in Table 3. The cyk3
open reading frame (ORF) was amplified
from a genomic library using the primers: 5
Xhol-cyk3 CTCGAGATGTCCATTCCTAAA-
CAACTACCATGC; 3" Notl-cyk3 GCGGC-
CGCCAACCGCCTGCCAGGTTGCATAGC.
The ORF was ligated into Xhol/Notl-linear-
ized pDS572a (overexpression vector with
the nmt1 high-strength promoter) and
pDS572-81 (nmt1-81 weak-strength pro-
moter vector for plasmid-based comple-
mentation). A Cyk3p N-terminal truncation
construct lacking amino acids 3-65 (span-
ning the entire SH3 domain and seven up-
stream residues) was made using the 5’
primer:  Xhol-cyk3-SH3A:  CTCGAGAT-
GAGTGATATTCCCACGGTACGACCT-
GGC. A Cyk3p Asp-592-Ala point mutant
was constructed using overlap extension
(Ho et al., 1989) to amplify a mutated 3’
800-base pair fragment of the cyk3 ORF.
Overlapping subfragments were generated
using the  following  primers: 1)
5" Sspl-cyk3: CTGTAGGTACTAATATTCA-
TAACATGand3’Asp-592-Ala: GGCAAAAC-
TAGCAGCAATTAGACG; and 2) 5 Asp-
592-Ala: CGTCTAATTGCTGCTAGTTTTGCC
and 3’ Hpal-cyk3: GTTTCCCAGAAAGCCT-
GTGTTAACGTG. The mutant fragment was
amplified from the overlapping fragments
(using the 5" Sspl and 3" Hpal primers) and
subcloned into a Topo-cyk3 clone via the
unique Sspl and Hpal sites (which reside in
the 3" region of the cyk3 ORF). The mutated
cyk3 ORFs were inserted into the pDS572a
and pDS572-81 vectors. The same strategy
was used to generate Cyk3p-Cys-554-Ala
and -His-577-Ala mutants with the follow-
ing primers (and their 3" complements): 5’
Cys-554-Ala: GCACTAGATTTATGGGCTG-
AGGTTATCG and 5’ His-577-Ala: CCAGA-
GATATTAATATAAATGCTGCTTGGAATG.
The fidelity of cyk3 sequences was con-
firmed by DNA sequencing.
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Strain Genotype

Source

TP 6 h* leu1-32 his7-366 ade6-M216 cdc4-8 M. Balasubramanian?

TP 19 h leu1-32 ura4-D18 his7-366 ade6-M216 cdc12-112 M. Balasubramanian?

TP 30 h* leu1-32 ura4-D18 his7-366 ade6-M210 cdc15-127 M. Balasubramanian?®

TP 73 h~ leu1-32 ura4-D18 his7-366 ade6-M216 myo2-E1 M. Balasubramanian?

MLP 3 h* leu1-32 ura4-D18 his7-366 ade6-M210 cyk3A::kan® This study

MLP 11 h* leu1-32 ura4-D18 his7-366 ade6-M210 This study

MLP 15 h* leu1-32 ura4-D18 his7-366 ade6-M210 cyk3-"GFP::kan® This study

MLP 17 h~ leu1-32 ura4-D18 his7-366 ade6-M210 myo2-E1 cyk3A::kan® This study

MLP 18 h™ leu1-32 ura4-D18 his7-366 ade6-M216 cyk3A::kan® This study

MLP 34 h* leu1-32 ura4-D18 his7-366 ade6-M210 myp2A::his7* T. Pollard

MLP 35 h~leu1-32 ura4-D18 his7-366 ade6-M210 myp2A::his7* cyk3A::kan® This study

MLP 178 h~ leu1-32 ura4-D18 his7-366 ade6-M210 cdc4-8 cyk3A::kan® This study

MLP 198 h* leu1-32 ura4-D18 his7-366 ade6-M210 rlc1-"GFP:kanR This study

MLP 319 h~ leu1-32 ura4-D18 his7-366 ade6-M216 myo2-E1 rlc1-"GFP:kan® This study

MLP 323 h~ leu1-32 ura4-D18 his7-366 adeé cdc12-112 cyk3A::kan® This study

MLP 326 h™ leu1-32 ura4-D18 his7-366 adeé cdc15-127 cyk3A::kan® This study

MLY 572 h~leu1-32 ura4-D18 adeé his3-D1 rlc1-"GFP:kanR sad1-"GFP:kanR This study

MLY 655 h™leu1-32 ura4-D18 his7-366 ade6 cyk3A::kan® rlc1-"GFP:kanR This study

MLY 657 h~ leu1-32 ura4-D18 adeé his3-D1 cyk3A::kan® rlc1-"GFP:kanR sad1-"GFP:kanR This study

MLY 757 h~ leu1-32 ura4-D18 his3-D1 adeé cyk3-3xGFP::kanR rlc1-Cherry::nat? This study

LP 33 h™leu1-32 ura4-D18 his3-D1 adeé cyk3-3xGFP::kan® fim1-Cherry::nat® This study

LP 37 h* leu1-32 ura4-D18 his3-D1 adeé cyk3-3xGFP::kan® This study

LP 69 h~ leu1-32 ura4-D18 his3-D1 adeé sid2-250 cyk3-3xGFP::kan® rlc1-Cherry::nat® This study

LP 109 h* leu1-32 ura4-D18 his7-366 ade6-M216 myo2-E1 cyk3A::kan® This study
rlc1-mGFP:kan®

LP 112 h~ leu1-32 ura4-D18 his3-D1 adeb chs2A::urad* cyk3A::kan® This study

LP 116 h* leu1-32 ura4-D18 his3-D1 adeé cdc25-22 cyk3-3xGFP::kan This study
rlc1-Cherry::nat®

HVP 280 h~leu1-32 ura4-D18 his3-D1 adeé chs2A::ura4* Henar Valdivieso®

#Temasek Life Sciences Laboratory, Singapore.
° University of Salamanca, Spain.

TABLE 2: Fission yeast strains.

Microscopy

Differential interference contrast (DIC) and epifluorescence cell im-
ages were captured using a Nikon (Melville, NY) TE2000-E2 inverted
microscope with motorized fluorescence filter turret and a Plan Apo
60x/1.45 numerical aperture (NA) objective. For fluorescence, an
EXFO X-CITE 120 illuminator was utilized. NIS Elements software
was used to control the microscope, two Uniblitz shutters, a Photo-
metrics CoolSNAP HQ2 14-bit camera, and auto-focusing. Time-
lapse movies of cells monitored Cyk3p and/or Rlc1p contractile ring
dynamics (every 2-3 min for 2-3 h) and Cyk3p and/or Fim1p cortical
patch lifetimes (by capturing images every 5-10 s for 5-10 min) us-
ing appropriate filters. For ring movies, autofocusing was performed
on the DIC channel before each image capture. Cell suspensions
(3 pl) were mounted on flat 30-ul media pads (solidified by 1% aga-
rose) prepared on the slide surface. VALAP (1:1:1
vasoline:lanolin:paraffin) was used to seal slides and coverslips. For
simultaneous tracking of SPBs (Sad1p-GFP) and rings (Rlc1p-GFP), a
Z-stack of six images (taken every 0.75 pm spanning the depth of
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the cell) was collected every 2-3 min for 90-120 min. Images were
captured using Nikon (Melville, NY) ND software, and analysis of
ring and patch dynamics was performed using Image J, Microsoft
Excel, and KaleidaGraph software. Ring dynamics were quantified
by assessing individual phases: assembly was time taken for Rlc1p-
GFP to compact into a mature ring following its appearance as a
broad band of nodes; dwell was time from completion of ring com-
paction until initiation of constriction; constriction was change in
ring circumference over time. Dwell times and constriction initiation
were discerned by plotting ring diameter over time for each ring,
and constriction rates were derived from the slopes of these plots.
FRAP experiments used confocal laser-scanning microscopy
with a Zeiss LSM 510 META system equipped with an argon laser,
META detector, and a Plan-Apo 100x/1.4 NA objective. Cells were
mounted on 1% agarose pads (as described above) prior to mi-
croscopy at room temperature. A region of interest (ROI) was se-
lected on Cyk3p-GFP rings for directed bleaching. Photobleaching
iterations were performed briefly at high laser power, resulting in
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Plasmid Comment Source

pFAba- Template for gene replacement  Bahler et al.,

kanMXé with a kan® cassette 1998

pFAba- Templates for integration of J.-Q. Wu?

kanMXé/ C-terminal tags into the genome ~ W.-L. Lee®

natR-"GFP/ V. Sirotkin®

-3xGFP/-

Cherry

nmt1prom pDS572a (nmt1 promoter, S. Forsburg®
C-terminal GFP, ura4*)

nmt1pPem- pDS572a harboring wild-type This study

cyk3 cyk3

nmt1pPem- pDS572a harboring cyk3-Asp- This study

cyk3-Asp-  592-Ala

592A

nmt1pPem- pDS572a harboring cyk3-His- This study

cyk3-His- 577-Ala

577A

nmtTpPem- pDS572a harboring cyk3-Cys- This study

cyk3-Cys-  554-Ala

554A

nmt1pPem- pDS572a harboring cyk3-SH3A This study

cyk3-SH3A

pGFP pDS572-81 (nmt1-81x promoter, S. Forsburg®
C-terminal GFP, ura4*)

cyk3-GFP  pDS572-81 harboring wild-type ~ This study
cyk3

cyk3-Asp-  pDS572-81 harboring cyk3-Asp-  This study

592A-GFP  592-Ala

cyk3-His-  pDS572-81 harboring cyk3-His-  This study

577A-GFP  577-Ala

cyk3-Cys-  pDS572-81 harboring cyk3-Cys-  This study

554A-GFP  554-Ala

cyk3-SH3A- pDS572-81 harboring cyk3-SH3A  This study

GFP

2Ohio State University, Columbus, OH.

bUniversity of Massachusetts, Amherst, MA.

cSUNY Upstate Medical University, Syracuse, NY.
dUniversity of Southern California, Los Angeles, CA.

TABLE 3: Plasmids.

~90-100% signal loss. Signal recovery was monitored by time-
lapse analysis at low laser power, with images collected every 5 s
postbleach until the recovery signal plateaued (~2 min). The crite-
rion for determining whether Cyk3p rings were constricting or not
lay in their diameters: if rings were clearly narrower than the cell
diameter, we scored them as constricting; if they were the same
diameter as the cell width, we viewed them as nonconstricting.
The LSM 510 software (version 4.2) was used to collect images and
perform data analysis (see Figure 4B legend). Recovery curves of
Cyk3p-GFP signal versus time were plotted and fit using Kaleida-
Graph software. Data sets for each trace were corrected for any
additional bleaching encountered during time-lapse imaging by a
control ROI (derived from an unbleached ring in the same field of
cells). To facilitate curve fitting, zero signal intensity was set for
each trace by subtracting any residual Cyk3p-GFP signal (detected
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at the first time point postbleach, O s) from all trace values. The ty,
values (£ SD) represent the mean generated from the fits of each
individual FRAP experiment.

EM was performed as previously described (Nishihama et al.,
2009), with minor modifications. Cells were cultured overnight in
YE5S medium at 25°C to mid-log phase, diluted to an ODggg of 0.1,
and then regrown at 27.5°C to an ODgqg of 0.5 (or at 37°C for 4 h).
The cells were harvested, fixed with glutaraldehyde and potassium
permanganate, stained with uranyl acetate, and embedded in LR
White resin (Fluka, St. Louis, MO). Thin-section samples were post-
stained with uranyl acetate and lead citrate and were observed us-
ing a JEM1230/JEOL microscope (Tokyo, Japan) equipped with an
ORIUS SC1000A cooled-CCD camera (Gatan, Pleasanton, CA).

Western Blotting

cyk3A cells harboring pGFP (vector alone), cyk3-GFP, cyk3-Asp-592-
Ala-GFP, cyk3-His-577-Ala-GFP, cyk3-Cys-554-Ala-GFP, or cyk3-
SH3A-GFP plasmids were grown to an ODsgs of 1 in 200 ml of EMM
Ura— medium. Cells were then harvested and washed once in water
and once in ice-cold lysis buffer (750 mM KCI, 25 mM Tris-HCI, pH
7.4, 4 mM MgCl,, 20 mM Nay4P,O7, 2 mM ethylene glycol tetraa-
cetic acid, and 0.1% Triton X-100). Pellets were resuspended in an
equal volume of ice-cold lysis buffer with additives consisting of 1
mM dithiothreitol, 4 mM ATP, 2 mM phenylmethylsulfonyl fluoride,
and complete EDTA-free protease inhibitors (Roche, Indianapolis,
IN). From this point forward, all work was performed at 4°C and
samples were stored on ice. Cells were lysed by glass bead beating
with a Fastprep (MP Biochemicals, Solon, OH). Lysates were normal-
ized for total protein using a Bradford mix (Bio-Rad, Hercules, CA),
mixed 1:1 with 2X SDS-PAGE loading buffer, and boiled for 10 min.
Samples were run on a 10% SDS-PAGE gel, transferred to nitrocel-
lulose, and immunoblotted (Sambrook et al., 1989) using anti-GFP
(Clontech, Mountain View, CA) and anti-actin (Chemicon, Temecula,
CA) antibodies diluted 1:1000 in PBS containing 0.1% Tween-20.
Horse radish peroxidase-conjugated secondary antibodies were
used (diluted 1:3000).
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