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ABSTRACT Supplying the appropriate amount of correctly folded o/B-tubulin heterodimers
is critical for microtubule dynamics. Formation of assembly-competent heterodimers is re-
markably elaborate at the molecular level, in which the - and B-tubulins are separately pro-
cessed in a chaperone-dependent manner. This sequential step is performed by the tubulin-
folding cofactor pathway, comprising a specific set of regulatory proteins: cofactors A-E. We
identified the fission yeast cofactor: the orthologue of cofactor C, Thc1. In addition to its
roles in tubulin folding, Tbc1 acts as a GAP in regulating Alp41/Arl2, a highly conserved small
GTPase. Of interest, the expression of GDP- or GTP-bound Alp41 showed the identical micro-
tubule loss phenotype, suggesting that continuous cycling between these forms is important
for its functions. In addition, we found that Alp41 interacts with Alp1°, the orthologue of
cofactor D, specifically when in the GDP-bound form. Intriguingly, Alp1P colocalizes with mi-
crotubules when in excess, eventually leading to depolymerization, which is sequestered by
co-overproducing GDP-bound Alp41. We present a model of the final stages of the tubulin
cofactor pathway that includes a dual role for both Tbec1 and Alp1P in opposing regulation of
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the microtubule.

INTRODUCTION

Microtubules are dynamical protein structures that act as cellular
scaffolding within the cell. The structures are involved in a large
array of functions, ranging from fundamental activities such as cell
polarity, mitosis, and cell division to intricate regulatory processes
such as nuclear positioning. Owing to the importance of their
cellular functions, study of microtubules is an expanding field of
research. Several studies have aimed at deciphering the mecha-
nisms of its various roles in regulation, such as those involving
microtubule-associated proteins (MAPs), posttranslational modifi-
cations, and dynamical instability. Surprisingly, however, far less is
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known about the basics of microtubules, in particular tubulin
biogenesis.

For proteins to fold into the necessary macromolecular struc-
tures, so-called helper proteins termed molecular chaperones assist
proteins to achieve their functionally active conformation. Chaper-
onins are chaperones that depend on ATP hydrolysis. One group of
important chaperonins makes up the chaperonin-containing TCP-1
(CCT; or c-cpn) complex, with which both tubulin (Llorca et al., 2000)
and actin (Llorca et al., 1999) must interact to reach their native state
before proper folding. This CCT complex, in combination with the
molecular chaperone prefoldin, is the first step of the tubulin cofac-
tor pathway (Yaffe et al., 1992).

The tubulin cofactor pathway consists of a specific set of chap-
erones that aid the folding of - and B-tubulin monomers into a
functional heterodimer. The pathway was first established in vitro,
in which folding assays showed that there were several proteins
required to sufficiently fold tubulin (Gao et al., 1992, 1993, 1994).
Since then, a full set of the required cofactor molecules have been
identified as cofactors A-E (Tian et al., 1996, 1997, 1999;
Lopez-Fanarraga et al., 2001), and a model pathway has been es-
tablished that intricately assigns these cofactors to efficiently fold
a functional heterodimer (schematically shown in Figure 1A). As
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mentioned earlier, the native o- and B-tubulin monomers are first
captured by the CCT complex. After release, the a-tubulin mono-
mer is captured by cofactor B, which then delivers it to cofactor E.
In parallel, the B-tubulin monomer is captured by cofactor A, which
is then replaced by cofactor D. The two parallel pathways con-
verge at this stage, and with the introduction of cofactor C, GTP
hydrolysis occurs, triggering the release of the newly folded o/f-
tubulin heterodimer for addition to the plus end of the
microtubule.

After the in vitro studies of the tubulin cofactor pathway, we in-
vestigated the fission yeast orthologues of the cofactors to observe
their in vivo function. Studies of the pathway in vivo had been lim-
ited due to the high degree of essentiality of these proteins, and
therefore Schizosaccharomyces pombe was an ideal model organ-
ism in which to isolate mutants and functionally characterize the co-
factors with regard to microtubules. The orthologues had been
identified in a screen for temperature sensitivity, with defects in cell
morphology (Hirata et al., 1998; Radcliffe et al., 1998) and mito-
chondria distribution (Yaffe et al., 1996). Among them, the cofactors
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FIGURE 1: Fission yeast Tbc1 is a conserved orthologue of tubulin-folding cofactor C. (A) Model
of the canonical tubulin-folding pathway. The native o- and B-tubulin monomers are folded into
functional heterodimers by a specific set of chaperones, cofactors A-E. (B) The conserved
domains of the human TBCC domain containing proteins and fission yeast Tbc1. The TBCC
domain is shown in blue, with the dark blue indicating two CARP domains usually found in CAP
proteins. The coiled-coil regions shown in magenta suggest a protein—protein interaction
domain, and the nucleotide diphosphate kinase (NDPK) shown in green is a phosphocarrier
domain. (C, D) Immunoprecipitation of Alp1P-3Pk, Alp21E-3FLAG, and Tbc1-3HA. The
immunoblot from IP against an anti-Pk antibody and an anti-FLAG antibody is shown in C and D,
respectively. In both blots, the first lane shows the single-tagged strain and the second lane the
doubly tagged strain. The third lane on the far right is the result from the triply tagged strain.
For each IP 5 mg of protein was used, and 30 pg of whole-cell extract was loaded as a control.

cofactors rather than in parallel with Alp21E.
This indicated that it was likely that Alp1P
was required not only for the B-tubulin path-
way, but also for the o-tubulin pathway, sug-
gesting its unique importance compared
with the other cofactors.

The fission yeast pathway provided some
interesting insights regarding the functional
hierarchy of the cofactors. However, to com-
plete the path, a player was missing—the
orthologue of cofactor C had not yet been
identified. In humans, cofactor C has two
related proteins—retinitis pigmentosa 2
(RP2) and TBCCD1. RP2 is an extensively
studied protein due to its significance in
disease (Schwahn et al., 1998; Chapple et al., 2001). It acts as a
GTPase-activating protein (GAP) for small GTPase Arl3 (Veltel et al.,
2008a,b) and has functions related to ciliogenesis in photorecep-
tors, as well as other cilia-related functions in kidney (Schrick et al.,
2006), Golgi apparatus (Evans et al., 2010), and G protein trafficking
(Schwarz et al., 2012). The other related protein, TBCCD1, was
shown in Chlamydomonas reinhardtii to have functions in the centri-
ole, with mutants showing defective spindle orientation and posi-
tioning (Feldman and Marshall, 2009). Data from mammalian cells
also show that human TBCCD1 is an integral centrosome compo-
nent, with depletion resulting in defects in primary cilia and Golgi
apparatus anchoring (Goncalves et al., 2010). Both of these related
proteins are involved in microtubule function, showing their close
functional conservation with cofactor C.

Moreover, cofactor C, RP2, and TBCCD1 have in common a con-
served tubulin-folding cofactor C (TBCC) domain that is responsible
for GAP activity. Structural studies showed that, in addition to the
TBCC domain, these three proteins also share a CARP domain,
which is found in cyclase-associated proteins (Bartolini, 2002), as
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1997) and the surrounding regions crucial
for GAP activity (Figure 1B and Supplemen-
tal Figure S1).

After sequence analysis, we confirmed
its identity by observing its interaction part-
ners. We assessed whether Thc1 was able
to interact with the other cofactors; as previ-
ously described, at the final stages of the
cofactor pathway, cofactor D bound to B-
tubulin and cofactor E bound to a-tubulin
come together to form a supercomplex with
cofactor C (Tian et al., 1996). We would
therefore expect the orthologue of cofactor
C to interact with these other two cofactors.
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FIGURE 2: Isolation and characterization of tbc1 ts mutants. (A) Serial dilution spot test of tbc1
ts mutants. Mutants were spotted onto rich media plates containing phloxine B or TBZ and
incubated at either 27 or 36°C. Three representative alleles are shown. (B) Microtubule
morphology. Wild-type and tbc1-11 mutant cells containing GFP-labeled Atb2 (0:2-tubulin) were
incubated at 36°C for 8 h and observed for microtubule defects. Bar, 10 pm. Bottom, single-cell
images of wild-type and tbc1-11 mutant cells with an additional Cut11-RFP label (a marker for
the nuclear envelope). The arrowhead indicates a bright GFP dot localizing in the nuclear
periphery. Bar, 5 um. (C) Quantification of microtubule phenotypes. Three hundred cells were
counted and characterized into three classes: no microtubules, cells with no microtubules but
with a bright GFP dot, and normal microtubule structures. Percentage of cells showing these
phenotypes are shown for cells after 4 and 8 h of incubation at the restrictive temperature.

(D) The o-tubulin concentration in various cofactor mutants. Protein was extracted from each
wild-type/mutant strain after 0 and 8 h of incubation at 36°C. An immunoblot was performed
using 30 pg of protein for each strain, and the intensity of each band was calculated using

Photoshop CS3 normalized against a control band.

shown in Figure 1B. In the fission yeast system, no orthologues of
any of these proteins have been reported, making the identification
and characterization of the cofactor C orthologue all the more
important.

In this study, we identified the fission yeast orthologue of cofac-
tor C—Tbc1—and isolated temperature-sensitive mutants to ob-
serve its in vivo function in fission yeast cells. It acts as a GAP for the
small GTPase Alp41, which, when in its GDP-bound form, interacts
with another cofactor in the pathway—the cofactor D orthologue
Alp1P. This led us to propose a model of the final stages of the tu-
bulin cofactor pathway in which a dual role of both Thc1 and Alp1P
is involved in opposing regulation of the microtubule.

RESULTS

Fission yeast Tbc1 is able to interact with the other
cofactors in the pathway

We first identified the potential cofactor C orthologue from a screen
carried out for the a-tubulin mutant atb2-983 (Asakawa et al., 2006).
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We tagged the fission yeast cofactors D and
E—AIp1® and Alp21E, respectively—at
the C-terminus with 3pk and 3FLAG. We
similarly tagged Tbc1 with 3x hemagglutinin
(3HA). As shown in Figure 1C, both Alp21E-
3FLAG and Tbc1-3HA coimmunoprecipi-
tated with Alp1P-3pk. The reciprocal immu-
noprecipitation (IP) showed identical results
(Figure 1D). From this we conclude that
Tbc1 is the orthologue of cofactor C and is
able to form a supercomplex with Alp1P and
Alp21E.

Temperature-sensitive mutants of tbc1
show loss of microtubules

Tbc1 is essential in fission yeast (Kim et al.,
2010). Therefore, to observe the defects
caused by the loss of function of this gene,
we isolated temperature-sensitive (ts) mutants of tbc1 by PCR-based
random mutagenesis. From the mutants isolated, Figure 2A shows
a selection of alleles spotted on plates containing phloxine B and
10 pg/ml thiabendazole (TBZ). Phloxine B stains dead cells red, and
TBZ is a microtubule drug often used for observing mutants with
microtubule defects. All three alleles shown are growth sensitive to
both temperature and TBZ. From these, we used the mutant strain
tbc1-11 for further analysis, as it showed stronger sensitivity to both
conditions. When sequenced, this mutant was found to have a point
mutation at F174S, which lay in the conserved GAP (CARP-TBCC)
domain of Tbe1 (Supplemental Figure S1).

The TBZ sensitivity indicated that this mutant had microtubule
defects. To further observe the microtubules in living cells, we used
the mutant strain with a2-tubulin Atb2 tagged with green fluores-
cent protein (GFP) at the N-terminus under the SV40 promoter
(Pardo and Nurse, 2005; Bratman and Chang, 2007). After 8 h of
incubation at the restrictive temperature, the mutant showed severe
morphological and microtubule defects (Figure 2B). Wild-type
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fission yeast cells showed an even rod shape with smooth and con-
tinuous microtubule structures that extended along the full length of
the cell. In contrast, the mutant cells showed a characteristic bent or
branched morphology, and almost all of the cells had no remaining
microtubules. On quantification of cells (n=300), after 4 h of incuba-
tion 71% of cells showed complete loss of microtubules and a fur-
ther 9% showed no filamentous microtubule structures but only
bright GFP dots within the cell (Figure 2C). The percentage of cells
showing these phenotypes increased further after 8 h, with 92% of
cells showing no microtubules and 6% showing the bright GFP dots.
These bright dots of GFP often were located in close proximity to
the nucleus, as seen localizing in the vicinity of the Cut11-red fluo-
rescent protein (RFP) signal (Figure 2B, bottom), which marks the
nuclear envelope (West et al., 1998). This suggests that the microtu-
bules attempted to nucleate and failed to do so, resulting in local
accumulation of tubulin. The remaining cells showed some residual
microtubules, although they were broken or shorter than those in
wild-type cells. Of interest, in the mutant cells, the microtubules al-
ready appeared more fragile even at the permissive temperature
(Figure 2B). This loss of microtubules not only was consistent with
other cofactor mutants such as Alp1P (Hirata et al., 1998), but it also
confirmed Tbc1’s involvement in the tubulin cofactor pathway, as
the loss of its function led to a clear decrease in microtubules.

The requirement of Thc1 for microtubule biogenesis was further
confirmed by assessing a-tubulin concentration within the mutant
cells. Wild-type and mutant strains were grown up to 8 h at the re-
strictive temperature, protein extracted, and then blotted with an
anti—o-tubulin antibody. The ts mutants for alp? (alp1-1315) and
alp11 (alp11-924) were used as positive controls that displayed re-
duced levels of o-tubulin (Hirata et al., 1998; Radcliffe and Toda,
2000). As expected, the tbcT-11 mutant showed a decrease in
o-tubulin levels (Figure 2D), together with the other cofactor mutants.
This further indicated that tubulin regulation had been disrupted in
this mutant, possibly through a similar mechanism by which the
other cofactor mutants showed defective microtubules.

Temperature-sensitive mutants of alp41 show a similar loss
of microtubules

Having confirmed that Tbc1 is the orthologue of cofactor C and
plays a role in the tubulin-folding pathway, we investigated the pos-
sible functions of Tbc1 in microtubule regulation. The conservation
of the functional domains seen in human cofactor C and its related
protein RP2 led us to hypothesize that Tbc1 might also have GAP
function. We therefore searched for a G protein for which Thc1
might be regulating as a GAP and identified Alp41, the orthologue
of human Arl2, as a possible candidate. Previous studies of Alp41
found it to be essential, with lethal deletion mutants showing the
characteristic branched and bent morphology similar to that of the
other cofactor mutants (Radcliffe et al., 2000). However, the gene
was not extensively studied, as no conditional mutants were
available.

Therefore we isolated temperature-sensitive mutants of alp47 to
observe the microtubule defects caused by loss of function. Figure
3A shows selected alleles spotted onto plates containing phloxine B
or TBZ. Each allele showed sensitivity to both temperature and TBZ,
albeit some slightly weaker than with the tbc1 mutants (Figure 2A).
To observe the microtubule phenotype, we endogenously tagged
02-tubulin Atb2 with GFP for visualization. After 8 h of incubation at
the restrictive temperature, we observed a similar morphological
phenotype to that of the tbcT mutants, with the cells appearing
bent, short, or branched (Figure 3B). The microtubules within these
mutant cells were either short or fragmented, with some cells
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showing a complete loss of microtubules. When quantified, the ma-
jority of the cells had defective microtubules of varied degrees. The
phenotypes were put into four classes as shown in Figure 3C. The
interphase microtubules were classified as being short or curled,
some cells showed a complete loss of microtubules, and spindle
defects were observed in some cells.

Not only were these defective microtubule phenotypes consis-
tent with the other cofactor mutants, but these results also showed
that Alp41 must play a crucial role in microtubule regulation and
formation. Previously fission yeast Alp41 and human Arl2 had not
been named as “cofactors” in the pathway per se, but these data
suggest that they might be involved very closely in its regulation.
On sequence analysis, we found that all the mutants isolated had
mutations within the N-terminus (Supplemental Figure S2), where
the conserved domains such as the switch regions of the small
GTPases lie (Kihnel et al., 2006). This strongly suggests that the
mutations might affect the activity of Alp41 as a GTPase.

Fission yeast Thc1 is a GAP for Alp41

Owing to structural conservation and their possible roles in the co-
factor pathway, we hypothesized that Tbc1 and Alp41 are involved
in the regulation of one another. To confirm this, we examined
whether the two proteins were able to interact biochemically and
genetically. Figure 3D shows the interaction of Tbc1 and Alp41 by
immunoprecipitation using strains with 3HA-tagged Tbc1 and GFP-
tagged Alp41. Tbc1-3HA coimmunoprecipitated with GFP-Alp41.

We investigated this interaction further by using an in vitro pep-
tide array assay to determine whether the interaction was direct.
The advantage of this system is that it uses purified recombinant
proteins, which, in contrast to immunoprecipitation, means that
there are no other associated proteins such as MAPs or tubulins that
could allow them to interact indirectly. The peptide arrays that were
synthesized covered the entire region of Tbcl or Alp41. Twenty
amino acid residues per spot were spotted onto a cellulose mem-
brane, with two residue increments between the spots. Hexahisti-
dine-tagged Alp41 and Tbc1, expressed in and purified from bacte-
ria (see Materials and Methods), were incubated with the membrane
and the interactions detected using an anti-histidine antibody by
immunoblotting. As shown in Figure 3E, there is clear interaction
between Tbc1 and Alp41. This also allowed us to determine the
domains that are important for binding between the two proteins,
which is shown schematically on the right of the figure. In the case
of Alp41, the largest interacting region lies in the N-terminal of the
protein, where the P-loop and the two switch regions lie. These are
the regions important for GTPase activity, which would further
strengthen our results showing that Thc1 is a GAP for Alp41. The
result for Tbc1 showed that the interaction regions span the entire
Tbc1, with some regions lying at the end of the coiled-coil domain,
as well as in the GAP/TBCC domain. Taken together, these results
confirm that Tbe1 and Alp41 directly interact.

We also observed the genetic interaction of the two proteins by
crossing the tbc1 and alp41 mutants to observe any rescue of tem-
perature sensitivity. According to our hypothesis, Tbc1 is a GAP for
Alp41. Therefore, if Tbcl loses its GAP activity as in the tbc1-11
mutant, Alp41 will no longer be converted from its active, GTP-
bound state to the inactive, GDP-bound state. This interferes with
the balance between the GTP- and GDP-bound states of Alp41 in
the cell. Therefore, by crossing the two mutants, the balance may be
restored and consequently the cells may show a wild-type pheno-
type. Of interest, we found that when tbc1-171 was crossed with
alp41-8, there was no rescue, and there was still strong temperature
sensitivity, as shown in Figure 3F, top. However, as Figure 3F,
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FIGURE 3: Isolation and characterization of alp41 ts mutants and the physical interaction
between Alp41 and Tbc1. (A) Serial dilution spot test of alp41 ts mutants. Mutants were
spotted onto rich media plates containing phloxine B or TBZ and incubated at either 27 or
36°C. Three representative alleles are shown. (B) Microtubule morphology. Wild-type and
alp41-5 mutant cells with GFP-labeled Atb2 were incubated at 36°C for 4 and 8 h and
observed for microtubule defects. Bottom, representative cells from wild-type and mutant
strains. Bar, 5 pm. (C) Quantification of microtubule phenotypes. Three hundred cells were
quantified and characterized into five microtubule phenotypes: “spindle defects” showing
malformed/dysfunctional mitotic spindle, no microtubules, curled microtubules, short
interphase microtubules, or normal microtubules. (D) Immunoprecipitation of Alp41 and Thc1.
IPs were performed using a doubly tagged strain expressing GFP-Alp41 and Tbc1-3HA. First
lane, control strain expressing GFP-Alp41 only; second lane, Thc1-3HA only; third lane, doubly
tagged strain. A 30-pg amount of whole-cell extract was loaded. Asterisk, unspecific band
detected by antibody. (E) Peptide array assay showing interaction of Tbc1 and Alp41.
Recombinant Alp41 and Thc1 proteins (hexahistidine tagged) were purified from E. coli and
incubated with synthesized peptides. Left, immunoblots against an anti-histidine antibody;
right, schematic of the interacting regions with the known domains. Numbers on the blot
mark the amino acid number at the beginning of the row. Top blot, cellulose membrane
spotted with Tbc1 peptide incubated with Alp41 protein. Bottom blot, cellulose membrane
spotted with Alp41 peptide incubated with Tbc1 protein. (F) Mutual rescue of tbc1 and alp41
ts mutants. Double mutants of tbc1 and alp41 were spotted onto rich media plates with
added phloxine B. Plates were incubated at 27, 34, and 36°C. Two alleles of alp41 (-8 and
-14) were crossed with tbc1-11.
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bottom, shows, when tbc1-11 was crossed
with alp41-14, there was a clear rescue. The
precise reason for this allele specificity re-
mains to be determined. Nonetheless, bio-
chemical as well as genetic results indicate
that Thc1 is a GAP for the Alp41 GTPase.

Overproduction of GTP or GDP form
of Alp41 is toxic to the cell

Having established that Tbc1 is a GAP for
Alp41, we investigated further the effect of
defective Alp41 regulation. Alp41’s identity
as a small GTPase implies that it can be in
either of two states: the active, GTP-bound
or inactive, GDP-bound form. To determine
the possible effect of the imbalance in the
Alp41 nucleotide state, we introduced mu-
tations into alp41 that would render it either
constitutively GTP or GDP bound. These
mutations, compiled from a range of litera-
ture on the related G proteins (Bhamidipati
et al., 2000; Kihnel et al., 2006), included
Alp41-Q70L, a GTPase-deficient form of
Alp41 that renders it GTP bound; Alp41-
T30N, which loses the ability to bind with
GTP and is therefore constitutively GDP
bound; and another GDP-bound form,
Alp41-T47A, which induces a defect in the
effector loop that inhibits the switching from
GDP to GTP. The mutant forms of Alp41
were overproduced in wild-type cells under
the inducible nmt1 promoter (Maundrell,
1990). These cells were spotted onto plates
with or without thiamine, and the growth
was observed. Figure 4A shows that under
minus-thiamine conditions when the pro-
moter is on, the cells overproducing either
form of the nucleotide states of Alp41
showed severe toxicity, resulting in com-
plete lack of growth. The overproduction of
the wild-type Alp41, however, had no effect
on cell growth.

To examine whether the toxicity was
caused by microtubule defects, we trans-
formed the plasmids into strains with GFP-
tagged Atb2 and monomeric RFP-tagged
Cut11. After incubation in media lacking
thiamine (the nmt1 promoter derepressed),
there was a striking morphological pheno-
type and severe loss of microtubules in both
the GTP-bound and GDP-bound states
(Figure 4B). The phenotype was similar to
that of the tbc1 and alp41 ts mutants, for
which there were no microtubules at all,
short, fragmented microtubules, or bright
spots of GFP dots that accumulated around
the nuclear envelope. Of interest and rather
unexpectedly, identical phenotypes were
seen in both GTP- and GDP-bound Alp41
overproduction strains, even though they
are in completely opposite nucleotide
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pREP1
(Alp41+)

bound state (Bhamidipati et al., 2000). Our
data indicate that Alp1P is an interacting
partner of Alp41 and that the interaction is
specific to when Alp41 is in the inactive,
GDP-bound form.

To confirm this regulation of Alp41 and

_________

T e

pREP1
(Alp41-T30N)

Alp1P, we crossed the mutants of these two
genes, respectively alp41-14 and alp1-1315
(Hirata et al., 1998), and examined them for
possible genetic interaction. We found that
the double mutants were all synthetically le-
thal (Figure 5D). Because the rescue be-

pREP1 @
(Alp41-Q70L)

ffff

tween the tbcT mutant tbcT-11 and alp41
mutants was allele specific, we crossed sev-
eral alleles of alp41, but they all showed
synthetic lethality with alp-1315. Similarly,
tbc1-11 also showed synthetic lethality with
alp1-1315. Because alp1 and tbc1 are both

Phenotypic consequences from overproduction of constitutively GTP/GDP-bound
forms of Alp41. (A) Spot test. Plasmids expressing constitutively GTP- or GDP-bound form of
Alp41 were transformed into wild-type cells and transformants spotted onto minimal media

cofactors in the same tubulin-folding path-
way, this synthetic lethality was unsurprising,
but its lethality with alp41 suggests possible
relevance to its function in the pathway.

plates with or without thiamine (promoter is OFF when thiamine is added, ON when without, as

indicated). (B) Microtubule morphology. Strains containing GFP-tagged Atb2 and Cut11-RFP
were transformed with the foregoing plasmids and incubated in minus-thiamine conditions
(promoter ON) for 32 h. Far right, representative cell from each condition. Bars, 5 pm.

states. These microtubule and morphological phenotypes were not
seen when the plasmid containing the wild-type Alp41 was overex-
pressed within these cells, suggesting that in wild-type conditions
the balance between the two nucleotide forms must be maintained
to prevent toxicity. This highlights the importance of the continuous
cycling between the two states of Alp41.

Alp41 GTPase interacts with cofactor D, Alp1P, only when
bound to GDP
To determine the exact function of the Alp41 GTPase, we searched
for its potential interactors. Previous studies in higher eukaryotes
showed that the human orthologue Arl2 was able to interact with
tubulin-folding cofactor D (Bhamidipati et al., 2000). We picked up
Alp1P to be a potential interactor of Alp41 and carried out immuno-
precipitation experiments to establish whether this interaction could
be seen in fission yeast. Strains were constructed in which Alp1P and
Alp41 were tagged with 3pk and GFP, respectively, and immunopre-
cipitation performed with beads coupled with GFP antibody. Sur-
prisingly, we found that there was no interaction in either the control
or the double-tagged strain (Figure 5A). The reciprocal immunopre-
cipitation showed identical results (unpublished data).

Next we investigated whether the nucleotide state could deter-
mine the interaction. Strains with GFP-tagged, GTP/GDP-bound
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Alp1P overproduction causes
disruption of microtubules

Alp41, when in its GDP-bound form, inter-
acts with Alp1P, which is known to function
in the tubulin-folding pathway. However, its interaction with spe-
cifically the GDP-bound form of Alp41 suggests that it might have
additional roles. Previous studies in fission yeast showed that
Alp1P seems to function most downstream of the other cofactors
(Radcliffe et al., 1999). Considering that Alp1P interacts with Alp41
only when in the GDP-bound form, the interaction must be signifi-
cant for the function of Alp1P. Therefore, to elucidate this function,
we overproduced Alp1P within the cell to observe any effects.
For this purpose, we overproduced GFP-tagged Alp1P in a strain
containing Atb2 tagged with mCherry. As shown in Figure 6A, the
cells were drastically elongated or misshapen, branched, or bent.
In addition, there were severe microtubule defects: microtubules
appeared short or fragmented or were completely lost. Most strik-
ing of all, the GFP-Alp1P signal strongly colocalized with the
residual microtubules. The Alp1P signal appeared to strongly
colocalize with, or “paint,” the whole of the microtubule struc-
tures at all cell cycle stages. Previous studies suggested that Alp1P
behaves like a MAP biochemically (Hirata et al., 1998), but here
we show for the first time such an extent of colocalization within
live cells. On longer incubation, the Alp1P localization further ac-
cumulated on the microtubules, and eventually the microtubules
became shorter and disassembled (Figure 6B and Supplemental
Figure S3). We believe that this microtubule localization is specific

Molecular Biology of the Cell
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FIGURE 5: Alp41 interacts with Alp1P only when in its GDP-bound
form. (A-C) Immunoprecipitation. IPs were performed using a doubly
tagged strain expressing the mutated form of Alp41 tagged with GFP
and Alp1P-3Pk. First lane, control strain expressing GFP-Alp41 only;
second lane, Alp1P-3Pk only; third lane, the doubly tagged strain.

A 30-ug amount of whole-cell extract was loaded as a control.

(A) Wild-type Alp41, (B) GTP-bound Alp41-Q70L, and (C) GDP-bound
Alp41-T47A. (D) Genetic interactions between Tbc1, Alp41, and
Alp1P. Mutants of each gene were crossed and growth/lethality
observed. SL, synthetic lethality.

to Alp1P, as no such localization has been reported for overpro-
duced Tbc1 or Alp21 (Matsuyama et al., 2006). Regarding Alp41,
we observed localization of the various forms of Alp41 (wild type,
GTP bound, and GDP bound) when overproduced and found that
each form exhibited cytosolic localization (Supplemental Figure
S4). Of interest, we saw no microtubule localization when we ex-
pressed Alp1P under its endogenous promoter in any conditions
(Supplemental Figure S5), suggesting that this disruptive function
of Alp1P occurs only when it is present in excess. We conclude
from this result that localization of overproduced Alp1P leads to
disassembly of the microtubule.
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GDP-bound Alp41 sequesters overproduced Alp1° from
microtubules and rescues abnormal microtubule structures
The results in Figure 6, A and B, suggest that microtubule localiza-
tion of overproduced Alp1P causes disruption of microtubules. In
addition, the interaction data in Figure 5 suggest that Alp41, when
in the GDP-bound form, which is cytoplasmic (Supplemental Figure
S4), is capable of binding to Alp1P. Taken these results together, we
speculated that GDP-bound Alp41 absorbs the excess Alp1P within
the cell. To address this, we co-overproduced Alp1P and one of the
forms of Alp41 together to observe any change in localization of
Alp1P. Strikingly, we found that when the GDP-bound form of Alp41
(T30N) was co-overproduced with Alp1P, there was no longer local-
ization of Alp1P on the microtubules. Instead there was cytosolic
localization, and the microtubules remained intact (Figure 6C). In
contrast, when GTP-bound Alp41 was overproduced together with
Alp1P, there was no change in localization, with Alp1P strongly
painting the microtubules and causing disruption. The wild-type
form of Alp41 showed intermediate results, with some cells showing
localization on the microtubule and some not. This was clarified fur-
ther after quantification, by which 200 cells showing Alp1P overpro-
duction were categorized into those showing clear localization of
Alp1P on the microtubules and those that did not (Figure 6D).
Whereas 81% of cells co-overproducing GTP-bound Alp41 showed
colocalization with microtubules, only 2% were seen in the cells co-
overproducing GDP-bound Alp41. The overproduction of Alp1P
only showed 66% of cells showing colocalization, which was reduced
to 39% when wild-type Alp41 was co-overproduced. This clear dis-
sociation of Alp1P from the microtubules when GDP-bound Alp41 is
co-overproduced strengthens our proposal that GDP-bound Alp41,
produced by the GAP activity of Thc1, is able to suppress the toxic
microtubule binding of Alp1P by physical association.

DISCUSSION

In this study we investigated the fundamentals of microtubule bio-
genesis by resolving the complete fission yeast tubulin-folding path-
way. We identified Tbc1, the fission yeast orthologue of tubulin-
folding cofactor C and found it to be a GAP for the small GTPase
Alp41, the orthologue of human Arl2. We further showed that the
cycling of Alp41 between its GTP- and GDP-bound forms was cru-
cial for its functions in microtubule regulation. Finally, we found that
only the GDP-bound form of Alp41 was able to bind Alp1P, the fis-
sion yeast orthologue of cofactor D. Analysis of Alp1P led us to the
hypothesis that there are two roles of Alp1P: to fold heterodimers in
the tubulin-folding pathway and to depolymerize microtubules,
which is antagonized by its interaction with GDP-bound Alp41.

Tbc1 regulates Alp41 and the critical cycling between

its GDP- and GTP-bound states

The fission yeast orthologues of the tubulin-folding cofactors were
previously identified and studied (Hirata et al., 1998; Radcliffe et al.,
1998, 1999, 2000; Radcliffe and Toda, 2000; Fedyanina et al., 2006),
but cofactor C remained unidentified. Having identified fission
yeast Tbc1, we found that the ts mutants showed loss of microtu-
bules. In addition to its function in supercomplex formation, we
speculated that it may have other roles as a GAP and found Alp41
to be the corresponding small GTPase. The alp41-mutant pheno-
type strongly suggested that it was essential for microtubule forma-
tion. As a small GTPase, Alp41 must exist in both the GTP-bound
form and the GDP-bound form. To see the possible effects of re-
stricting this behavior, we overproduced both the GTP-bound and
GDP-bound form of Alp41 in fission yeast. Rather unexpectedly, we
saw that when either of the two forms of Alp41 was overproduced
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Overproduction of Alp1P causes disruption of microtubule structure, which can be
rescued with co-overproduction of GDP-bound Alp41. (A) Cells transformed with an
overexpression plasmid of Alp1P were cultured under minus-thiamine conditions for 20 h. Note
that cells have not yet undergone complete microtubule disruption, by which colocalization of

Alp1P with the remaining microtubules is visible (marked with arrowheads). (B) Single-cell images

in which there is clear localization of the GFP-Alp1P on the microtubules. (C) Cells were double
transformed with overexpression plasmids of Alp1® and a wild-type, GTP-bound (Q70L), or
GDP-bound (T30N) form of Alp41. Green arrowheads indicate cells that show GFP-Alp1P
colocalizing with microtubules. Red arrowheads indicate cells where this colocalization is not
seen. (D) Quantification of GFP-Alp1P localization. Two hundred cells showing GFP-Alp1P
overproduction were counted and categorized into cells showing colocalization of GFP-Alp1P
signal on microtubules or cells showing no colocalization. Bars, 5 pm.

in wild-type cells, they showed identical microtubule phenotypes.
Given that the two forms are in complete opposite states, this was
surprising and led us to propose that it is not the nucleotide state of
Alp41 that is crucial in its role as a microtubule regulator but instead

the continuous cycling between the two forms.

There are other examples of GTPases, such as the Ran GTPase,
in which it is crucial for the balance of the GTP- and GDP-bound
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states to be maintained by continuous cy-
cling (Matynia et al., 1996). Similar to this
case, it could be the cycling of the GTP and
GDP states of Alp41 that is crucial for at
least its microtubule regulation and not
which state in which it exists. This could also
explain the similar phenotypes seen in the
tbcT mutant, in which Alp41 would be fixed
in the GTP form, as its GAP function would
be compromised. We conclude that the cy-
cling of Alp41 between its GTP- and GDP-
bound states is essential for its function in
microtubule regulation. These results bring
to light important questions: what is the ef-
fector of Alp41, and is there a guanine nu-
cleotide exchange factor (GEF)? Given that
the human orthologue Arl2 has several in-
teractors, including BART (Sharer and Kahn,
1999; Zhang et al., 2009), PDES (Hanzal-
Bayer et al., 2002), and HRG4 (Kobayashi
et al., 2003), we envision that fission yeast
Alp41, when bound to GTP, interacts with an
effector molecule. The identification of this
effector, and possibly a GEF, would be the
next direction of the present study.

The dual roles of Alp1P in microtubule
regulation

We showed that the cofactor D orthologue
Alp1P interacts with Alp41 when in the GDP-
bound state. This is consistent with previous
data that showed that the human cofactor D
preferentially bound to Arl2 when in its GDP
form (Bhamidipati et al., 2000). To further
understand the physiological significance of
this interaction, we overproduced Alp1® in
wild-type cells. A strong toxicity was seen,
with cells showing severe defects in cell
morphology with either short, fragmented
microtubules or none at all. Remarkably,
Alp1P colocalized with, or “painted,” the re-
maining microtubules, which eventually dis-
appeared upon prolonged Alp1P overpro-
duction. Not only did we confirm the
previous result that Alp1P is a MAP (Hirata
et al., 1998) in living cells, but it also in-
dicated that the “painting” of microtubules
by Alp1P caused this depolymerization.
This proposes a dual role of Alp1P: process-
ing tubulin for heterodimer formation, and
acting in a contrary way in depolymerizing
microtubules. It is of note that vertebrate
cofactor D also displays microtubule-depo-
lymerizing activities upon overproduction
(Martin et al., 2000; Tian et al., 2010). Of in-

terest, we found that this otherwise toxic behavior of excess Alp1P
could be suppressed by the co-overproduction of GDP-bound
Alp41. We propose that one of the functions of GDP-bound Alp41,
produced by the GAP activity of Tbc1, is to bind with and absorb

the excess Alp1P within the cell. Our model, given next, describes

the situations that can lead to either polymerization or depolymer-
ization of microtubules (Figure 7).
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FIGURE 7: Model of the final stages of the tubulin-folding pathway. The dual functions of Tbc1 are shown in two
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for Alp41. The subsequently GDP-bound Alp41 is now able to bind to Alp1P, thus preventing excess Alp1P from
localizing on the microtubules, where they would otherwise cause dissociation of microtubules. The lack of interaction
of Alp41 and Alp1P strongly suggests that the two arms of the pathway are independent of one another.

The interplay among Tbc1, Alp41, and Alp1P in microtubule
biogenesis

After the processing of the a- and B-tubulin monomers by the CCT
complex, they are captured by Alp118 and Alp314, respectively,
which are then replaced by Alp218 and Alp1P. In the final stage of
the pathway, the o-tubulin-bound Alp218 and B-tubulin-bound
Alp1P converge to form a supercomplex with Tbc1. Here two paral-
lel situations can arise. If Tbc1 is readily available to form the super-
complex, the forward process ensues as normal, with GTP hydrolysis
being triggered by the combined actions of the cofactors, releasing
the newly folded o/p heterodimer for incorporation into the plus
end of the microtubule (Figure 7, top path). However, in the alterna-
tive situation in which Tbc1 readily acts as a GAP for Alp41, there is
excess Alp1P within the cell as supercomplex formation is restrained.
This excess Alp1P, assuming that the B-tubulin monomer pool is
steady, would be free and go on to “paint” the preexisting microtu-
bules, preventing further polymerization and leading to eventual
depolymerization of the microtubules (Figure 7, lower path, far
right). To maintain and regulate microtubule dynamics, this must be
inhibited. This is done by the action of Alp41, which is now GDP
bound by the action of Thc1 and able to bind and absorb the free
Alp1P within the cell (Figure 7, lower path, center).

This model indicates that there are several competitive events
within these final stages of the pathway. First there is competition
regarding the protein to which Tbc1 is bound: Alp41 or the super-
complex. The ability of Alp1P to bind to Alp41 only when it is GDP
bound shows that when in the GTP-bound form, Tbc1 is readily able
to bind Alp41. There is also competition for Alp1P binding: if Tbc1
is not acting as a GAP for Alp41, itis able to form the supercomplex,
which in turn absorbs the excess Alp1P within the cell. If there is
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excess, it is absorbed by GDP-bound Alp41. We believe that the
two pathways are parallel and that Tbc1 does not perform both its
functions as part of the same supercomplex. The lack of interaction
between Alp41 and Alp1P (Figure 5A) supports this notion, together
with previous results (Bhamidipati et al., 2000; Shern et al., 2003).
This intricate balance of Alp1P, Alp41, and Tbhc1 binding suggests a
homeostatic mechanism to maintain the tubulin heterodimer pool
and microtubule dynamics within the cell.

Physiological implications for microtubule dynamics

In this study we presented an in vivo model of the coordinated func-
tions of Tbc1, Alp1P, and the Alp41 GTPase. The complex interplay
among these proteins leads to an inhibition of the toxic effects
caused by the cofactors themselves. The cofactors’ primary roles
were initially believed to be the production of functional heterodim-
ers from o- and B-tubulin monomers. However, studies gave evi-
dence of their potentially destructive nature (Bhamidipati et al.,
2000; Martin et al., 2000; Kortazar et al., 2006, 2007), indicating that
there may be two conserved faces to these cofactors and how they
contribute to microtubule regulation. Not only have the cofactors
been shown to destabilize and disrupt the native tubulin hetero-
dimer in vitro (Bhamidipati et al., 2000), but in addition in vivo the
cofactors have been shown to destroy microtubule structures (Martin
et al., 2000; Cunningham and Kahn, 2008; Fanarraga et al., 2010;
Tian et al., 2010) (although there are slight discrepancies in the
extent of disruption, depending on the species). We found that within
the fission yeast system, the overproduction of the cofactor D ortho-
logue Alp1P led to the complete depolymerization of microtubules
within the cell. Although we did not assess the biochemical proper-
ties of Alp1P in comparison to its bovine or human counterparts, this
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localization pattern of Alp1P as a MAP shows its capability for micro-
tubule depolymerization. Its regulation appears to be through a
stoichiometric competition among Tbc1, Alp41, and Alp1P and thus
highlights this dual role of cofactors and their possible functions
within the cell. Evidence shows that together with the actions of
cofactor B, cofactor E is also capable of depolymerizing microtu-
bules (Feierbach et al., 1999; Radcliffe et al., 1999; Kortazar et al.,
2006, 2007; Carranza et al., 2013), which is consistent with our work
suggesting that there is potential that the other cofactors have roles
aside from heterodimer folding.

Several reports link cofactor function to human disease. It has
been suggested that cofactor C is involved in tumor cell regulation
(Hage-Sleiman et al., 2010, 2011), in which an increased sensitivity
to the S phase-targeting drug gemcitabine and microtubule-target-
ing drugs has been observed. Cofactor D has emerged as a possible
centriolar protein, with its silencing leading to defective ciliogenesis
and multiciliated cells (Fanarraga et al., 2010). These emerging roles
of cofactors, which can lead to more widespread consequences,
may increase the significance of these studies and shine new light
on the tubulin-folding pathway.

MATERIALS AND METHODS

Fission yeast culture and genetics

All yeast strains used are described in Supplemental Table S1.
Fission yeast cells were grown and maintained in standard condi-
tions as described (Moreno et al., 1991). For temperature-sensitive
mutants, cells were cultured in rich YE5S medium until mid-log
phase at 27°C and subsequently shifted to the restrictive tempera-
ture of 36°C for further culture until observation. For overexpression
using nmt1 series plasmids, cells were grown in Edinburgh Minimal
Medium (EMM) with required amino acid supplements plus 15 pM
thiamine overnight. Thiamine was then washed out by filtration
pump and cultured in the same EMM minus thiamine conditions for
~16-32 h as necessary.

Spot tests were carried out by first equalizing cells to a concen-
tration of 2 x 107 cells/ml. Subsequently 10-fold dilutions were spot-
ted onto plates. Plates were then incubated at the necessary tem-
perature between 27 and 36°C. Plates contained rich YE5S medium,
rich medium with added TBZ (10 ug/ml) or phloxine B (7.5 pg/ml), or
EMM with added supplements with or without 15 uM thiamine.

Yeast strain construction

Temperature-sensitive mutants were isolated by random muta-
genesis. tbcl or alp41 was tagged with an Hph® selection cas-
sette and the fragment randomly mutagenized by error-prone
PCR amplification (10x dGTP compared with other dNTPs) using
Vent DNA polymerase (New England Biolabs, Ipswich, MA).
Products were ethanol precipitated and transformed into a wild-
type strain. Hph-resistant clones were selected by replica plating
and temperature sensitivity assessed by further replica plating
onto YESS plates containing phloxine B. We screened 9000 and
10,000 clones for tbcT and alp41, respectively. We isolated 11
mutants for tbc1 and 14 for alp41. These were backcrossed to
ensure proper integration of the Hph-resistant marker by check-
ing the cosegregation of the drug marker with temperature sensi-
tivity and removing any off-site mutations. Mutants were se-
quenced (mutation sites of representative alleles are shown in
Supplemental Figures S1 and S2).

The C- or N-terminus-tagged proteins were constructed by
chromosomal integration of PCR-amplified fragments (Bahler et al.,
1998; Sato et al., 2005). Proper tagging was confirmed by immuno-
blot and colony PCR.

1722 | R. Moriand T Toda

Fluorescence microscopy

Live cells were imaged in an imaging chamber containing 800 pl of
agarose sealed with a glass coverslip. The DeltaVision-SoftWoRx
system (Olympus, Tokyo, Japan, and Applied Precision, Issaquah,
WA) was used for obtaining all fluorescence microscopy data. The
images were acquired using an Olympus IX71 wide-field inverted
epifluorescence microscope in a temperature-controlled environ-
mental chamber. The images were taken with the Olympus UPlan
Sapo 63x or 100x/numerical aperture 1.4, oil immersion objective
and captured with a CoolSNAP-HQ digital charge-coupled device
camera (Photometrics, Tucson, AZ). Fifteen sections were taken
along the z-axis at 0.2-pm intervals. The images were further pro-
cessed using deconvolution and then projected into a single projec-
tion. Analysis, including counts and measurements, was done using
MetaMorph (Molecular Devices, Sunnyvale, CA), and further pro-
cessing and analysis used Excel (Microsoft, Redmond, WA) or Pho-
toshop CS3 (Adobe, San Jose, CA).

Immunoprecipitation

Protein was extracted by mechanical shaking of cells in protein ex-
traction buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid [HEPES], 50 mM NaF, 50 mM Na-B-glycerophosphate,
5 mM ethylene glycol tetraacetic acid, 5 mM EDTA, and 0.2% Triton
X-100 with added 1x protease inhibitor cocktail [PIC; Sigma-Aldrich,
St. Louis, MO)) and 1 mM phenylmethylsulfonyl fluoride (PMSF) with
acid-washed glass beads in a FastPrep FP120 apparatus (4 x 30 s;
power, 6.0). Extract was cleared of debris by centrifugation for 1 min
and subsequently 5 min at 13,000 x g, and the concentration was
determined by Bradford assay (Bio-Rad, Hercules, CA). A range of
3-10 mg of protein was used per immunoprecipitation experiment,
in which the extract was incubated with slow rotation for 1 h, 30 min
with protein A Dynabeads coated with antibodies against Pk (AbD
Serotec, Raleigh, NC), GFP (Invitrogen, Carlsbad, CA), FLAG (Sigma-
Aldrich), or HA (BAbCO, Richmond, CA). The beads were then
washed in wash buffer (50 mM Tris-HCI, pH 7.4, 1 mM EDTA,
150 mM NaCl, 0.05% NP-40, 10% glycerol, 1 mM dithiothreitol, and
1.5 mM p-nitrophenyl phosphate with added 1x PIC and 0.1 mM
PMSF) and boiled in Laemmli buffer for 5 min. Protein extract was
loaded and resolved on denaturing 4-12% gradient gels (Bio-Rad)
and transferred by wet transfer onto polyvinylidene fluoride mem-
brane. Membranes were blocked with 10% skimmed milk and blot-
ted with anti-Pk (AbD Serotec), anti-GFP (Roche, Indianapolis, IN),
anti-FLAG (Sigma-Aldrich), or anti-HA (BAbCO) antibodies at a
dilution of 1:1000 in ImmunoShot solution 1 (2B Scientific, Upper
Heyford, United Kingdom). After washing, blots were incubated in
anti-mouse horseradish peroxidase—conjugated secondary antibody
(GE Healthcare, Piscataway, NJ) in ImmunoShot Solution 2 (2B
Scientific) at a dilution of 1:2000. The ECL chemiluminescence kit
(GE Healthcare) was used for detection.

Expression and purification of recombinant proteins

cDNAs encoding Alp41 and Tbc1 were cloned into the pET28a
vector containing the hexahistidine tag. The protein was ex-
pressed in Escherichia coli (BL20) by incubation at 19°C over-
night upon 1 mM isopropyl-B-p-thiogalactoside induction in 2 | of
culture. The cells were pelleted by centrifugation at 8000 x g for
30 min at 4°C, and lysis buffer (50 mM HEPES, 250 mM NaCl,
10% glycerol, 5 mM B-mercaptoethanol, 0.5% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride [PMSF], 1x PIC, 40 mM imidazole)
was added. The sample was mixed vigorously and incubated at
4°C on ice for a further 1 h. After incubation the cells were soni-
cated for 7 s with 30-s intervals seven times or until the sample
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was no longer viscous. The supernatant was collected by cen-
trifugation at 14,800 x g for 20 min at 4°C and added to a
Ni-nitriloacetic acid agarose column (Qiagen, Valencia, CA). The
column was rotated for 1 h and the flowthrough collected. After
four washes with wash buffer (50 mM HEPES, 250 mM NaCl,
10% glycerol, 5 mM B-mercaptoethanol, 0.5% Triton X-100, T mM
PMSF, 1x PIC, 60 mM imidazole), elution buffer (50 mM HEPES,
250 mM NaCl, 10% glycerol, 5 mM B-mercaptoethanol, 0.5%
Triton X-100, 1 mM PMSF, 1x PIC, 250 mM Imidazole) was passed
through the column and 10-ml fractions collected. Laemmli buf-
fer was added and the sample boiled before loading onto an
SDS-PAGE gel.

Peptide array assay

Peptides were synthesized and spotted onto a cellulose membrane
at two—amino acid residue increments, 20 residues per spot. The
membrane was activated by 1 h of incubation at room temperature
in solution with 50% ethanol and 10% glacial acetic acid. It was
then briefly washed, and 20 pg of protein in phosphate-buffered
saline/Tween was added to incubate on a shaker overnight at 4°C.
The membrane was then washed once and then blocked. After
blocking, the membrane was handled forimmunoblot as described
for the immunoprecipitation using the anti-histidine antibody
(Qiagen).
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