The J-domain cochaperone Rsp1 interacts with
Mto1 to organize noncentrosomal microtubule
assembly
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ABSTRACT Microtubule biogenesis initiates at various intracellular sites, including the cen-
trosome, the Golgi apparatus, the nuclear envelope, and preexisting microtubules. Similarly,
in the fission yeast Schizosaccharomyces pombe, interphase microtubules are nucleated at
the spindle pole body (SPB), the nuclear envelope, and preexisting microtubules, depending
on Mto1 activity. Despite the essential role of Mto1 in promoting microtubule nucleation,
how distribution of Mto1 in different sites is regulated has remained elusive. Here, we show
that the J-domain cochaperone Rsp1 interacts with Mto1 and specifies the localization of
Mto1 to non-SPB nucleation sites. The absence of Rsp1 abolishes the localization of Mto1 to
non-SPB nucleation sites, with concomitant enrichment of Mto1 to the SPB and the nuclear
envelope. In contrast, Rsp1 overexpression impairs the localization of Mto1 to all microtubule
organization sites. These findings delineate a previously uncharacterized mechanism in which

ARTICLE

Monitoring Editor
Thomas Surrey
The Francis Crick Institute

Received: May 8, 2018
Revised: Oct 30, 2018
Accepted: Nov 9, 2018

Rsp1-Mto1 interaction orchestrates non-SPB microtubule formation.

INTRODUCTION

Microtubules play crucial roles in a wide range of cellular activities,
and microtubule nucleation is initiated at multiple intracellular sites in
a cell type—and/or cell cycle-dependent manner (Xia et al., 2014; Lin
etal., 2015; Petry and Vale, 2015; Roostalu and Surrey, 2017; Wu and
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Akhmanova, 2017). These multiple intracellular sites, termed micro-
tubule-organizing centers (MTOCs), include the centrosome, the nu-
clear envelope, the Golgi apparatus, the cell cortex, and preexisting
microtubules (Wu and Akhmanova, 2017). Generally, microtubule
nucleation begins with recruitment of y-TuRC (y-tubulin ring com-
plex), which comprises y-tubulin and GCP2-6 (y-tubulin complex pro-
teins 2-6), to MTOC:s (Lin et al., 2015; Oakley et al., 2015; Petry and
Vale, 2015). The CM1 (centrosomin motif 1) motif-containing protein
CDKS5RAP2 (CDKS5 regulatory subunit-associated protein 2) has been
shown to be a key player in recruiting y-TuRC to noncentrosomal
MTOCs. Additionally, CDK5RAP2 functions to activate y-TuRC-medi-
ated microtubule nucleation (Fong et al., 2008; Choi et al., 2010;
Hanafusa et al., 2015). The homologues or the functional counter-
parts of CDK5RAP2 have been identified and functionally character-
ized in Caenorhabditis elegans (Hamill et al., 2002; Woodruff et al.,
2017), Drosophila melanogaster (Terada et al., 2003), Saccharomyces
cerevisiae (Knop and Schiebel, 1998; Usui et al., 2003), and Schizo-
saccharomyces pombe (Sawin et al., 2004; Anders et al., 2006).

The fission yeast Schizosaccharomyces pombe has been an ex-
cellent model organism for the study of microtubules due to the
simplicity of its microtubule organization (Hagan and Hyams, 1988;
Hagan, 1998). Interphase fission yeast cells contain 2—-6 microtubule
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FIGURE 1: The absence of Rsp1 impairs formation of non-SPB microtubules on preexisting microtubules. (A) Maximum
projection images of WT and rsp1-deletion (rsp1A) cells expressing Ase1-GFP (a microtubule bundler) and mCherry-
Atb2 (o-tubulin). Note that most of the rsp1A cells displayed 1-2 Ase1-GFP foci adjacent to the nucleus, whereas WT
cells displayed dispersed Ase1-GFP along microtubules, with some Ase1 displaying as bar structures around the middle
of the cells. DIC indicates differential interference contrast. Scale bar: 10 pm. (B) Western blot analysis of Ase1-GFP
expression in the indicated cells (a—c). Antibodies against GFP and tubulin were used. See the full membranes in
Supplemental Figure S1. The ratio of GFP/tubulin intensity is shown in parentheses. (C) Quantification of Ase1 focus
number per cell for WT and rsp1A cells. The p value was calculated by Wilcoxon-Mann-Whitney test, and n indicates
cell number. (D) Quantification of Ase1 focus number per microtubule bundle for WT and rsp1A cells. The p value was
calculated by Wilcoxon-Mann-Whitney test, and n indicates MT bundle number. (E) Maximum projection time-lapse
images of WT and rsp1A cells expressing Ase1-GFP and mCherry-Atb2. Note that a new microtubule (marked by the
dashed circles) emerged on a preexisting microtubule and elongated toward the central microtubule overlapping
region. In the absence of Rsp1, Ase1 residing at the central microtubule region appeared to be stably maintained. Scale
bar: 5 pm. (F) Kymograph analysis of microtubule and Ase1-GFP dynamics in WT and rsp1A cells. Newly generated

Volume 30 January 15, 2019 Microtubule assembly by Rsp1 and Mto1 | 257



bundles arranged in an antiparallel configuration within the cyto-
plasm (Drummond and Cross, 2000; Sagolla et al., 2003; Sawin and
Tran, 2006; Bratman and Chang, 2008). Within the bundles, four to
five microtubules with mixed polarity are present (Hoog et al., 2007).
The evolutionarily conserved microtubule bundling protein Ase1 is
a key player in mediating formation of the antiparallel microtubules
(Loiodice et al., 2005; Yamashita et al., 2005; Janson et al., 2007).
Microtubule nucleation in fission yeast resembles that of higher eu-
karyotic cells, taking place at multiple MTOCs, including the SPB
(spindle pole body, the counterpart of the centrosome), the equato-
rial MTOC (eMTOC) at the constriction ring region during late ana-
phase, the nuclear envelope (the interphase MTOC [iMTOC]), and
preexisting microtubules (iMTOC) (Horio et al., 1991; Sawin and
Tran, 2006; Lin et al., 2015). Similarly, fission yeast possesses -
tubulin and GCP2-6. GCP2 (Alp4), GCP3 (Alpé), and y-tubulin (Gtb1)
initially form the complex of y-TuSC (y-tubulin small complex) and
then y-TuRC by associating with GCP4 (Gfth1), GCP5 (Mod21), and
GCP6 (Alp16) (Fujita et al., 2002; Anders et al., 2006; Lin et al.,
2015). Recently, Mzt1, the fission yeast homologue of MORZART
(GCP7-8), was added to the expanding GCP protein list and was
reported to be required, but not sufficient, for recruiting y-TuRC to
the SPB (Dhani et al., 2013; Masuda et al., 2013).

In contrast to Mzt1, the fission yeast CDK5RAP2 homologue
Mto1 is essential for recruiting y-TuRC to the multiple non-SPB
MTOCs, where it functions to activate y-TuRC (Sawin et al., 2004;
Lynch et al., 2014). The C-terminal MASC (Mto1 and Spc72 C termi-
nus) region of Mto1 is responsible for targeting Mto1 to the SPB and
eMTOC, while the N-terminal CM1 motif interacts with y-TuRC
(Samejima et al., 2008, 2010). Moreover, Mto1 forms higher-order
complexes with Mto2 to activate y-TuRC-dependent microtubule
nucleation (Lynch et al., 2014). Owing to the limited availability of
free Mto1 (Lynch et al., 2014), Mto1 must be redistributed at multi-
ple MTOCs to promote new microtubule nucleation. How such
redistribution is regulated remains unknown.

The J-domain cochaperone Rsp1 has been demonstrated to be
a key player in promoting disassembly of the postanaphase micro-
tubule array (PAA) emanating from eMTOCs during cytokinesis
(Zimmerman et al., 2004). PAA disassembly is important for proper
localization of Alpd/GCP2, the y-TuRC component, to preexisting
microtubules in the cytoplasm (Zimmerman et al., 2004). Intrigu-
ingly, PAA formation depends on Mto1 (Sawin et al., 2004; Zimmer-
man and Chang, 2005). These highly relevant findings prompted us
to ask whether Rsp1 could promote Mto1 redistribution at the mul-
tiple iMTOCs to organize microtubule assembly. We found that
Rsp1 physically interacts with Mto1 and that the interaction is re-
quired for organizing noncentrosomal microtubules within the cell.

RESULTS

Rsp1 is required for non-SPB microtubule formation on
preexisting microtubules

It has been reported that the absence of Rsp1 impairs interphase
microtubule organization (Zimmerman et al., 2004). To revisit the

microtubule phenotype, we examined wild-type (WT) and rsp1A
cells expressing Ase1-GFP (Ase1—-green fluorescent protein ) (micro-
tubule bundling factor) and mCherry-Atb2 (o-tubulin) by live-cell
microscopy at 5-s intervals. As shown in Figure 1A, AseT in WT cells
dispersed on microtubule bundles either as bar or dot structures
with various sizes, indicative of formation of complex microtubule
arrays within the bundles. By contrast, Ase1 in most of the rsp1A
cells concentrated as 1- to 2-dot structures on microtubules, indica-
tive of defective microtubule organization within microtubule bun-
dles (Figure 1, C and D). Such defective microtubule organization
was not due to altered expression of Ase1, because the expression
levels of Ase1 in WT and rspTA cells were comparable (Figure 1B).
Furthermore, time-lapse microscopic analysis showed that newly
formed non-SPB microtubules (marked by Ase1-GFP) were clearly
visible on preexisting microtubules in WT cells, but not in rsp 1A cells
(Figure 1, E=G). Intriguingly, the size and the positioning of the mi-
crotubule overlapping regions marked by Ase1-GFP were appar-
ently more stable in rspT1A cells than in WT cells. We then sought to
quantify the occurrence frequency of the non-SPB microtubules and
the distance between the non-SPB microtubule nucleation site and
the medial microtubule overlapping region marked by Ase1-GFP
(Figure 1G). The occurrence frequency of the non-SPB microtubule
assembly decreased significantly in rsp1A cells, with the majority of
the rsp1A cells displaying no or few newly formed non-SPB microtu-
bules (Figure TH). These quantification data confirmed that the ab-
sence of Rsp1 impairs the formation of non-SPB microtubules within
microtubule bundles. In some rsp 1A cells, non-SPB microtubule as-
sembly was initiated at a low frequency, and such non-SPB microtu-
bules appeared to be positioned closer to the medial microtubule
overlapping region than those of WT cells (Figure 1l1). Thus, we con-
cluded that Rsp1 is a key player in regulating the formation of non-
SPB microtubules using preexisting microtubules.

The localization of Mto1 to preexisting microtubules
requires Rsp1

We reasoned that the defective formation of non-SPB microtubules
in rspT1A cells could be caused by Mto1 malfunctions, because Mto'
localizes to all IMTOCs and is the key player in promoting microtu-
bule nucleation (Sawin et al., 2004). To test this possibility, we exam-
ined the localization of Mto1, as well as its associated protein Mto2,
which is required for the formation of Mto1 and Mto2 higher-order
structures, and the v-TuURC component Alp4, by live-cell microscopy.
In WT cells, Mto1 appeared as many particles on microtubule bun-
dles (Figure 2, A and C). By contrast, the number of Mto1 particles
was drastically reduced in rspTA cells (Figure 2, A and C), and in-
triguingly, the remaining few Mto1 particles were significantly larger
than those of WT cells (Figure 2D), indicative of Mto1 accumulation.
This was confirmed by measurements of the average fluorescence
intensity of each Mto1 focus (Figure 2E). The dramatic change of
Mto1 in localization likely was not caused by altered protein expres-
sion, because the protein levels of Mto1 in WT and rsp 1A cells were
comparable (Figure 2B). Similar phenotypes were observed for

microtubules on preexisting microtubules (indicated by white arrows) were often detected in WT cells but not in rsp1A
cells. Note that while the central microtubule overlapping regions in WT cells are dynamic, the ones in rsp1A cells are
stably maintained. Scale bars at the bottom and on the right represent 5 pm and 2 min, respectively. (G-I) Diagrams
illustrating new microtubule generation (indicated by dashed circles) on preexisting microtubules in WT and rsp1A cells
(G). The frequency of newly generated microtubules on preexisting microtubules is shown in H. The “d” in the diagram
indicates the distance of a newly generated microtubule from the central microtubule overlapping region, and the
corresponding quantification is shown in I. Note that both the frequency and the distance are significantly decreased in
rsp1A cells. The p values were calculated by Student’s t test, and n indicates microtubule bundle number.

258 | J.Shen, T. Li, X. Niu, et al.

Molecular Biology of the Cell



A Mto1-3GFP mCherry-Atb2 merge B
| anti GFP @ b (©
<} 180 kDa = - ee
anti tubulin
55 kDa~ MR S S—
(27.14) (29.14)
(@ WT GFP/tubulin

(b) WT Mto1-3GFP mCherry-Atb2
(€) rsp1A Mto1-3GFP mCherry-Atb2

@)

P<0.001

4 P<0.001
*—9
n=261 n=51

*—=
x10° 961 n=51

P<0.001
*—0
n=20 n=23

N
(S}

NN
[(6)}
-—

N
o o1 O
oo ©

WT  rspi1A

-
O -
(&)

o o =
M o o B

o wm
e

o

Mto1 focus number
per cell
Mto1 focus area (um?) ©
(8}
Average Intensity of

each Mto1 focus (A.U.)

'n
0)

anti GFP gﬁa) b) ()

E 66 kDa=
i
66 kDa=
anti tubulin
(0.64) (0.66)
(@ WT GFP/tubulin

(b) WT Mto2-GFP Mto1-tdTomato
() rsp1A Mto2-GFP Mto1-tdTomato

I

anti GFP @ O «©

|

EORET . - -
ey

55 kDa D - —

anti tubulin (0.58) (0.68)
GFP/tubulin

(@ WT
(b) WT Alp4-GFP Mto1-tdTomato
(c) rsp1A Alp4-GFP Mto1-tdTomato

rsp1A

FIGURE 2: The absence of Rsp1 abolishes the localization of Mto1, Mto2, and Alp4 to microtubules. (A) Maximum
projection images of WT and rsp1A cells expressing Mto1-3GFP and mCherry-Atb2. Note that Mto1 localized along
microtubules as many dots in WT cells, whereas in rsp1A cells, Mto1 became concentrated at the presumable SPB and/
or the iIMTOCs on the nuclear envelope (also see Supplemental Figure S2D for colocalization of Mto1 and Cut11-RFP
[the nuclear envelope marker]). Scale bar: 10 pm. (B) Western blot analysis of Mto1-3GFP expression in the indicated
cells (a—c). Antibodies against GFP and tubulin were used. See the full membranes in Supplemental Figure S2A. The
ratio of GFP/tubulin intensity is shown in parentheses. (C) Quantification of Mto1 focus number per cell for WT and
rsp1A cells. The p value was calculated by Wilcoxon-Mann-Whitney test, and n indicates cell number. (D) Dot plot of
Mto1 focus area for WT and rsp1A cells. The p value was calculated by Student’s t test, and n indicates focus number.
(E) Dot plot of the average intensity of each Mto1 focus in WT and rsp1A cells. The p value was calculated by
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Mto2 and Alp4, despite the fact that fewer Alp4 particles were pres-
ent on microtubule bundles than Mto1 and Mto2 particles, even in
WT cells (Figure 2, F-I, and Supplemental Figure S2, E-J). This is
consistent with the notion that Mto1 particles on microtubules are
capable of recruiting y-TuRC components for promoting microtu-
bule nucleation, though possibly not simultaneously (Sawin et al.,
2004). To reveal the precise localization of the enlarged Mto1 foci in
rsp1A cells, we furtherimaged Mto1-3GFP in cells expressing Cut11-
RFP (Cut11-red fluorescent protein; a protein localizing at the nu-
clear envelope and concentrating at the SPB) and mCherry-Atb2
before and after microtubule depolymerization by the drug methyl
benzimidazol-2-yl-carbamate. As shown in Supplemental Figure
S2D, the enlarged Mto1 foci in rsp1A cells clearly localized to the
SPB and the nuclear envelope, presumably at the IMTOCs on the
nuclear envelope. Hence, Rsp1 is required for the proper localization
of Mto1, Mto2, and Alp4 on microtubule bundles.

Rsp1 prevents Mto1 accumulation

Microtubules are nucleated at the SPB and the non-SPB iMTOCs on
the nuclear envelope and preexisting microtubules in interphase fis-
sion yeast cells (Sawin and Tran, 2006). These multiple intracellular
nucleation sites complicated our dissection of the effect of Rsp1 on
Mto1. To reduce the complexity of the analysis, we sought to focus
our effort on analyzing Mto1 in anucleate cells, which do not have
the SPB and the nuclear envelope iMTOCs. Most of the WT and
rsp1A anucleate cells contained microtubules (Figure 3, A and B).
Notably, the absence of Rsp1 in anucleate cells also led to abnormal
accumulation of Mto1 in the middle of short and dense microtu-
bules and Mto1 accumulation was distinct from that seen in the
anucleate WT cells, in which small, scattered Mto1 particles deco-
rated long microtubules (Figure 3, A, C, and D). In addition, the
enlarged Mto1 foci in rspT1A cells displayed higher average fluores-
cence intensity (Figure 3E), suggesting Mto1 accumulation in the
absence of Rsp1. Therefore, we concluded that Rsp1 is required to
prevent excessive accumulation of Mto1.

Rsp1 colocalizes with Mto1 on microtubules

We then assessed the endogenous colocalization of Rsp1 and Mto1.
Rsp1 is expressed at a very low level (see Figure 6, A and B, later in
this article), making it challenging to observe endogenously, and
previous work had to ectopically express Rsp1 at a moderate level
for analyzing Rsp1 localization (Zimmerman et al., 2004). We over-
came this challenge by using mNeonGreen, a fluorescent protein ~3
times brighter than GFP (Shaner et al., 2013). Rsp1 was fused to a
tandem mNeonGreen tag and expressed at its own locus. This sig-
nificantly improved Rsp1 signals (Figure 4A). In agreement with the
previous data obtained by ectopic expression of Rsp1, endogenous
Rsp1 localized both to microtubule plus ends and as scattering par-
ticles on microtubules (Figure 4, A and B). Some, but not all, Rsp1
particles colocalized with Mto1 (Figure 4C). Live-cell microscopic

analysis further revealed that the colocalized Rsp1 and Mto1 signals
could disappear during the observation (Figure 4D). These results
suggest a dynamic localization relationship between Rsp1 and
Mto1.

Rsp1 physically interacts with Mto1

Next, we tested the physical interaction between Rsp1 and Mto1
using yeast two-hybrid assays. As shown in Figure 5A, two Rsp1 C-
terminal regions (i.e., aa 290-396 and 487-494) were required for
interaction with Mto1. To reduce the complexity of analyzing trunca-
tion mutants, we chose to use Rsp1(1-486) which lacked the 8 amino
acids at the extreme C-terminus (i.e., 487-494) for further biochemi-
cal and functional characterization. First, GST (glutathione S-trans-
ferase) pull-down and coimmunoprecipitation assays confirmed that
Rsp1(1-486) displayed compromised interaction with endogenous
Mto1 (Figure 5, B-D). Second, microscopic analysis showed that
Rsp1(1-486) displayed significantly fewer particles within a cell than
its full-length version (Figure 5E). Furthermore, Rsp1(1-486) mainly
localized to the SPB and/or to the iMTOCs on the nuclear envelope
but with significantly decreased signals on microtubules (Figure 5, F
and G, and Supplemental Figure S3D). Consistent with these find-
ings, the defective localization of Rsp1 (1-486) significantly impaired
the localization of Mto1 to microtubules, but not to the SPB and/or
the iIMTOCs on the nuclear envelope, which phenocopied rsp1A
cells (Figure 5, G and H). Interestingly, the absence of Mto1 also
compromised the localization of Rsp1 to microtubules, but not to
the SPB (Figure 5, | and J). Taken together, these results led us to
conclude that Rsp1 physically interacts with Mto1 and that the inter-
action is important for both proteins to localize to microtubule
bundles.

Rsp1 overexpression compromises the localization of Mto1
to preexisting microtubules

What could be the role of the interaction between Rsp1 and Mto1?
The absence of Rsp1 causes excessive accumulation of Mto1 at the
SPB and/or at the iMTOCs on the nuclear envelope, compromising
the microtubule localization of Mto1 (Figure 2). These phenotypes,
together with the finding that Rsp1 localizes to microtubules in an
Mto1 dependent manner (Figure 5), prompted us to hypothesize
that Rsp1 may function through promoting Mto1 redistribution at
MTOC:s. If this is the case, Rsp1 overexpression should impair Mto'1
localization to all MTOCs, because an excessive amount of Rsp1 will
sustain the interaction between Rsp1 and Mto1 and abnormally de-
stabilize Mto1 at MTOCs.

For testing the hypothesis, Rsp1 fused to GFP was expressed
from endogenous, asel (Pyse1), or cam1 (Peam) promoter. Western
blot analysis showed that the expression level of endogenous Rsp1
is much lower than the levels of ectopically expressed Rsp1 and that
the strain with the cam1 promoter has the highest expression level
(Figure 6B). This was consistent with our observations under the

Student’s t test, and n indicates focus number. (F) Maximum projection images of WT and rsp1A cells expressing
Mto2-GFP and Mto1-tdTomato. Similar to Mto1, Mto2 was concentrated at the SPB and/or the iMTOCs on the nuclear
envelope. See quantification of Mto2 focus number and measurements of Mto2 focus area and the average intensity of
each Mto2 focus in Supplemental Figure S2, E and G. Scale bar: 10 pm. (G) Western blot analysis of Mto2-GFP
expression in the indicated cells. See the full membranes in Supplemental Figure S2B. The ratio of GFP/tubulin intensity
is shown in parentheses. (H) Maximum projection images of WT and rsp 1A cells expressing Alp4-GFP and Mto1-
tdTomato. Similarly, Alp4 was concentrated at the SPB and/or the iMTOCs on the nuclear envelope. See quantification
of Alp4 focus number and measurements of Alp4 focus area and the average intensity of each Alp4 focus in
Supplemental Figure S2, H-J. Scale bar: 10 pm. (I) Western blot analysis of Alp4-GFP expression in the indicated cells.
See the full membranes in Supplemental Figure S2C. The ratio of GFP/tubulin intensity is shown in parentheses.
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FIGURE 3: Mto1 localization in anucleate cells. (A) Maximum projection images of WT and rsp 1A cells expressing
Mto1-3GFP, mCherry-Atb2, and Cut11-RFP (the nuclear envelope marker). Cells without the nuclei were prepared by
high-speed centrifugation (indicated by dashed lines). Note that the absence of Rsp1 caused Mto1 concentration
independent of the SPB and the nuclear envelope. (B) Quantification of the nucleus-lacking WT and rsp1A cells bearing
microtubules. n indicates cell number. (C) Quantification of Mto1 focus number per cell for WT and rsp 1A anucleate
cells. The p value was calculated by Wilcoxon-Mann-Whitney test, and n indicates cell number. (D) Dot plot of Mto1
focus area for WT and rsp 1A cells. The p value was calculated by Student’s t test, and n indicates focus number. (E) Dot
plot of the average intensity of each Mto1 focus in WT and rsp1A cells. The p value was calculated by Student’s t test,

and n indicates focus number.

microscope (Figure 6A). The number of microtubule bundles de-
creased significantly as the expression levels of Rsp1 increased
(Figure 6, A and C), consistent with the results derived from similar
Rsp1 overexpression experiments (from the thiamine-repressible
promoter nmt1), as reported previously (Zimmerman et al., 2004).
Intriguingly, we found that microtubules in cells expressing Rsp1
from the cam1 promoter are long and bent and detached from the
SPB, a phenomenon also observed in cells lacking Mto1 (Figure 6A,
bottom panel). Quantification data showed that the distribution pat-
terns of microtubule bundle number are similar in mto1A and Pz 1-
Rsp1-GFP cells (Figure 6C). Furthermore, direct visualization of
Mto1-3GFP in cells expressing Rsp1 from the cam1 promoter re-
vealed defective localization of Mto1 to all MTOCs (Figure 6D).

We further tested whether such impairment of Mto1 localization
to microtubules by Rsp1 overexpression could affect the activity of
Mto1 in activating microtubule nucleation. We performed coimmu-
noprecipitation experiments to analyze the binding between Mto'
and Alp4, the y-TuSC component. The results showed that the
amount of Alp4 that bound Mto1 significantly decreased in cells
overexpressing Rsp1 (Figure 6, E and F), suggesting that the sus-
tained interaction between Rsp1 and Mto1 by Rsp1 overexpression
most likely attenuates the activity of Mto1 in activating microtubule
nucleation. Taken together, these results support the idea that Rsp1
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promotes Mto1 redistribution to organize microtubule assembly
within the cell.

DISCUSSION

In the present work, we demonstrate that the J-domain cochaperone
Rsp1 ensures proper interphase microtubule organization by regulat-
ing the distribution of Mto1 among multiple MTOCs (Figure 7). Our
work identifies Rsp1 as a new regulatory protein of Mto1 (Figure 2).
The two proteins physically interact (Figure 5, A-D), and the interac-
tion is required for the proper localization of Mto1 to the iMTOCs on
preexisting microtubules (Figure 5, G and H) and for non-SPB micro-
tubule assembly on preexisting microtubules (Figure 1).

It has been shown that Mto1 and Mto2 form higher-order struc-
tures to recruit -TuRC to multiple MTOCs and activate y-TuRC—
mediated microtubule nucleation (Lynch et al., 2014). Owing to the
limited availability of free Mto1 (Lynch et al., 2014), the SPB and
the multiple iIMTOCs, both on the nuclear envelope and on preex-
isting microtubules, must compete for Mto1. Therefore, it is con-
ceivable that promoting Mto1 redistribution will greatly enhance
the ability of a cell to supply Mto1 for new microtubule nucleation.
Our current work shows that the absence of the J-domain cochap-
erone Rsp1 results in impaired localization of Mto1 to the iMTOCs
on microtubules and drastic Mto1 accumulation at the SPB and the

Microtubule assembly by Rsp1 and Mto1 | 261



mCh-Atb2

50
60
70 I |
oo HT
90 TR

Rsp1-2NeonGreen mCherry-Atb2 >

merge

DIC Rsp1-2mNeonGreen Mto1-tdTomato merge

31 Mto1
0.8 Vo Rsp1
S06)y N 4
'%o.4
EO'Z
0 0246 81012

D
merge Rsp1-2mN Mto1-tdT merge Rsp1-2mN Mto1-tdT merge Rsp1-2mN Mto1-tdT
| | s PFESED oy ¢ B - >
[ v | o 0, S| - | .
[ s | " it
[ | gt -
_ ; - E —~
- a4 -
Ay BT -
. ot ~ [ e -
. W - - | .y
£ ERIE - S Bl T8 - S
|~ . E T . E
N - ) i R N . | . A
[ | T - BT -
[ | | ” B .
TR s | [ | e [TT L .
e L " BT -
[ ] T | " Y | -
[ [ T S| -
| S | BTN .
[ | [T "o | -
[ M-~ v TN - 4

FIGURE 4: Endogenous localization and dynamics of Rsp1. (A) Maximum projection images of WT cells expressing
Rsp1-2mNeonGreen and mCherry-Atb2. Rsp1 localized to microtubule plus ends (green arrowheads) and on
microtubules (pink arrowheads). Scale bar: 10 pm. (B) Maximum projection time-lapse images of a microtubule (marked
by mCherry-Atb2) and Rsp1-2mNeonGreen. The microtubule plus end is indicated by a white arrow. Scale bar: 10 um.
(C) Maximum projection images of WT cells expressing Rsp1-2mNeonGreen and Mto1-tdTomato. Line-scan fluorescence
intensity measurements showed that not all Rsp1 colocalized with Mto1-tdTomato. The yellow arrows indicate
colocalization of the two proteins, while the green and pink arrows mark those that do not colocalize. Scale bar: 10 pm.
(D) Maximum projection time-lapse images of WT cells expressing Rsp1-2mNeonGreen and Mto1-tdTomato. Pink
arrows mark colocalization of Rsp1 and Mto1. Scale bar: 10 ym.

nuclear envelope and causes a great reduction of non-SPB micro- ~ Mto1 redistribution for regulating non-SPB microtubule organiza-
tubules on preexisting microtubules (Figures 1 and 2A). We inter-  tion. Mechanistically, we speculate that Rsp1 may act by promoting
pret these data as evidence that Rsp1 is a key player in promoting ~ Mto1 disassembly/turnover at the multiple MTOCs, particularly at
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lysate containing Mto1-3GFP. Western blot analysis was performed with antibodies against GFP and GST (also see the
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interaction between GST-Rsp1(1-486) and Mto1-3GFP was impaired. (C, D) Coimmunoprecipitation assays with cells
expressing Mto1-13Myc and either Rsp1-GFP or Rsp1(1-486)-GFP. Anti-GFP (C) or anti-Myc (D) antibody-bound protein
G beads were incubated with the cell lysate, and Western blot analysis was carried out with antibodies against

GFP and Myc (also see the full membranes in Supplemental Figure S3, B and C). The ratio of Myc/GFP intensity is
shown in parentheses. (E) Maximum projection images of Rsp1-2mNeonGreen and Rsp1(1-486)-2mNeonGreen
expressing cells. Rsp1(1-486) failed to localize along microtubules, and quantification of Rsp1-2mNeonGreen and
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the SPB and the iIMTOCs on the nuclear envelope. This idea is
consistent with the findings that J-domain proteins are able to dis-
mantle higher-order protein structures, including the clathrin cage
(Xing et al., 2010; Rothnie et al., 2011) and the spliceosome (Sahi
etal., 2010). Canonically, J-domain proteins work as cochaperones
to enhance the ATPase activity of Hsp70 and, together with Hsp70,
function to facilitate refolding of unfolded proteins, to prevent pro-
tein aggregation, and to control the stability and activity of their
client proteins (Kampinga and Craig, 2010; Ajit Tamadaddi and
Sahi, 2016). Our idea that Rsp1 promotes Mto1 disassembly/turn-
over is also consistent with the finding that Rsp1 is require to disas-
semble the equatorial PAA microtubules (Zimmerman et al., 2004),
the formation of which depends on the Mto1-Mto2 complex (Sawin
et al., 2004; Samejima et al., 2005; Lynch et al., 2014). Further-
more, the rsp1-1 mutant that is defective in interacting with Hsp70/
Ssal displays disorganized interphase microtubule arrays (Zimmer-
man et al., 2004). It is therefore conceivable that Rsp1 works in
concert with Hsp70/Ssal to regulate Mto1 for proper interphase
microtubule organization. Other mechanisms of Rsp1 for regulat-
ing Mto1 are possible. These include the following: 1) Rsp1 regu-
lates the affinity of Mto1 to microtubules by the microtubule tar-
geting mechanism reported previously (Samejima et al., 2010); 2)
Rsp1 functions as a size-controller of Mto1 by a mechanism yet
unknown; and 3) Rsp1 interacts with Mto1 to regulate its activity,
which is required for microtubule nucleation, as reported previ-
ously (Samejima et al., 2008) (also see Figure 6, D-F). These pos-
sibilities await further investigation.

Mto1 preferentially accumulates at the SPB and the iMTOCs on
the nuclear envelope, but not at the iMTOCs on preexisting micro-
tubules, in cells lacking Rsp1 or expressing Rsp1(1-486) (Figures 2A
and 5H and Supplemental Figure S2D). This preferential accumula-
tion indicates that Mto1 may have a higher affinity to the SPB and
the iIMTOCs on the nuclear envelope than the iIMTOCs on microtu-
bules. Alternatively, Mto1 may preferentially associate with the
adaptor proteins at the SPB and the iIMTOCs on the nuclear enve-
lope, but not the iIMTOCs on preexisting microtubules. However,
the respective adaptor proteins have not been identified, despite
the fact that Sid4p and Cdc11p, the SPB proteins responsible for
recruiting the septation initiation network components, have been
shown to be required for Mto1 localization to the SPBs during mito-
sis, but not during interphase (Samejima et al., 2010). Intriguingly,
Mto1 aggregates in anucleate cells lacking Rsp1 (Figure 3). This re-
sult underscores the nature of Mto1 to form higher-order structures
in an SPB/nucleus-independent manner and highlights the crucial
role of Rsp1 in disassembling Mto1 aggregates.

Non-SPB microtubule biogenesis appears to be important in
maintaining dynamic microtubule overlapping regions adjacent to
the nucleus (Figure 1, A and F). The physiological significance of

such dynamic structures is unclear, but our work clearly suggests
that Rsp1 is a critical player in maintaining these structures. Without
Rsp1, microtubule overlapping regions are short and stable, which
is in a sharp contrast to the dynamic microtubule overlapping re-
gions in WT cells (Figure 1F). Presumably, the abnormal stability of
microtubule overlapping regions in cells lacking Rsp1 is caused by
Mto1 accumulation at the SPB and the nuclear envelope iIMTOCs
(Figure 2A). Therefore, Rsp1 is also a key player in organizing overall
microtubule structures within the cell.

In addition to promoting Mto1 redistribution, Rsp1 may have ex-
tra complex functions, because Rsp1 localizes not only on microtu-
bules but also at microtubule plus ends (Figure 4, A-C). The localiza-
tion of Rsp1 to the microtubule surface supports the role of Rsp1 in
promoting non-SPB microtubule formation. However, the role of
Rsp1 at microtubule plus ends is still unknown. We speculate that
Rsp1 at microtubule plus ends could functionally and/or physically
associate with unidentified proteins to orchestrate microtubule dy-
namics. This awaits further investigation.

Mto1 belongs to the CM1 motif protein family that is conserved
through evolution. Proteins in this family function similarly to recruit
and activate y-TuRC (Wu and Akhmanova, 2017). By contrast, the
counterparts of the J-domain cochaperone Rsp1 in mammals have
not been identified. Nevertheless, a large number of J-domain co-
chaperones are present in mammalian cells (Kampinga and Craig,
2010; Ajit Tamadaddi and Sahi, 2016). Given this and the conserva-
tive nature of Mto1, we expect that the distribution of Mto1 coun-
terparts/lhomologues in higher eukaryotic cells may be regulated by
a similar J-domain cochaperone-dependent mechanism. This merits
further investigation.

In conclusion, we demonstrated that Rsp1 specifies the localiza-
tion of Mto1 to noncentrosomal microtubules to orchestrate their
cellular dynamics. Our findings provide novel insights into the func-
tion and molecular mechanism of Rsp1-Mto1 interaction in spatial
control of the microtubule network and plasticity in eukaryotic cells.

MATERIALS AND METHODS

Yeast genetics

Yeast strains were created either by random spore digestion or by
tetrad dissection, as described previously (Forsburg and Rhind,
2006). Gene deletion and tagging were performed by the PCR-
based method using the pFAéa series of plasmids (Hentges et al.,
2005), and yeast transformation was carried out by the lithium ace-
tate method. Culture media were purchased from Formedium
(www.formedium.com), and the drugs G418, nourseothricin, and
hygromycin B were purchased from Formedium, Werner Bioagents
(www.webioage.de), and Sigma Aldrich (www.sigmaaldrich.com),
respectively. For live-cell imaging, cells were cultured in Edinburgh
minimal medium supplied with adenine, leucine, uracil, histidine,

Rsp1(1-486)-2mNeonGreen dots within the cells showed that Rsp1 dot number decreased significantly in the mutant
cells. The p value was calculated by Wilcoxon-Mann-Whitney test, and n indicates cell number. Scale bar: 5 pm.

(F) Maximum projection images of cells expressing mCherry-Atb2 and either Rsp1-2mNeonGreen or Rsp1(1-486)-
2mNeonGreen. Pink and green arrowheads mark Rsp1 on microtubules and at the microtubule plus end. The
microtubule localization of Rsp1(1-486)-2mNeonGreen was impaired. Scale bar: 5 um. (G) Maximum projection images
of cells expressing Mto1-tdTomato and either Rsp1-2mNeonGreen or Rsp1(1-486)-2mNeonGreen. Scale bar: 5 pm.
(H) Maximum projection images of Rsp1 and Rsp1(1-486) cells expressing Sid4-tdTomato and Mto1-3GFP. Rsp1(1-486)
caused Mto1-3GFP concentration at the SPB (pink arrow) and/or the nuclear envelope iIMTOC(s) (green arrow). Scale
bar: 5 pm. (I) Maximum projection images of mto 1A cells expressing Rsp1-2mNeonGreen and mCherry-Atb2. Note that
Rsp1-2mNeonGreen localized to only the SPB in the absence of Mto1. Scale bar: 5 pm. (J) Diagram illustrating the
localization relationship between Rsp1 and Mto1. Both proteins localize on microtubules in an interdependent manner

but localize to the SPB in an independent manner.
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FIGURE 6: Rsp1 overexpression results in defective microtubule localization of Mto1-3GFP and reduces microtubule
number. (A) Maximum projection images of WT and rsp1A cells expressing mCherry-Atb2 and either endogenous Rsp1-GFP
or Rsp1-GFP from the ase1 promoter (P,7) and the cam1 promoter (P,,1). The bottom panel shows mto1A cells
expressing only mCherry-Atb2. Overexpression of Rsp1 reduced microtubules number and appeared to detach microtubules
from the SPB (marked by pink arrowheads and highlighted in the Pcam1-Rsp1—expressing cells 1, 2, and 3), a phenotype also
observed in mtoTA cells. Note that all images were scaled consistently for comparison, except the one indicated as “Scaled,”
which was scaled to display the saturated GFP signals. Scale bar: 10 um. (B) Western blot analysis of Rsp1-GFP expression in
the indicated cells (also see the full membranes in Supplemental Figure S4A). The ratio of GFP/tubulin intensity is shown in
parentheses. (C) Quantification of microtubule bundle number for the cells in A. Rsp1-overexpressing and Mto1A cells give
similar distribution patterns of the quantification. (D) Maximum projection images of Pcam1-Rsp1 cells expressing Mto1-
3GFP and mCherry-Atb2. The microtubule localization of Mto1 was impaired. Scale bar: 10 pm. (E, F) Coimmunoprecipitation
of Mto1-13Myc and Alp4-GFP. GFP (E) or Myc (F) antibody-bound protein G beads were used for the coimmunoprecipitation
experiments, and Western blot analysis was carried out with antibodies against GFP and Myc (see also the full membranes in
Supplemental Figure S4, B and C). The ratio of Myc/GFP intensity is shown in parentheses.
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FIGURE 7: Working model of Rsp1 regulation of Mto1. Diagrams
illustrate coordination of Rsp1 and Mto1 in regulating non-SPB
microtubule assembly. In WT cells, the proper localization of Mto1 at
the iIMTOCs along microtubule bundles requires Rsp1. In cells lacking
Rsp1 (rsp1A) or expressing Rsp1(1-486) that does not interact with
Mto1, Mto1 accumulates at the SPB and/or the iMTOC on the nuclear
envelope. Rsp1 overexpression compromises the localization of Mto1
to all MTOCs, including the SPB. We propose that Rsp1 functions to
promote the redistribution of Mto1 at the multiple MTOCs (the SPB,
iMTOCs on microtubule bundles, and iMTOCs on the nuclear
envelope) for proper microtubule organization.

and lysine (0.225 g/l each), and for biochemistry, cells were cultured
in yeast extract (YE) medium containing the five supplements. The
yeast strains used in this study are listed in Supplemental Table S1.

Molecular cloning

Cloning was performed with enzymes purchased from NEB (www
.neb.com), and the QuikChange Il XL Site-Directed mutagenesis kit
was used to generate mutations (www.agilent.com). All plasmids
used in this study are listed in Supplemental Table S2.

Yeast two-hybrid assays

For yeast two-hybrid assays, the Matchmaker Gold Yeast Two-
Hybrid System was used (www.clontech.com). Briefly, the indicated
Mto1 truncation mutant was cloned into the pGADT? vector and
full-length Rsp1 and its truncation mutants were cloned into the
pGBKT7 vector. The interaction between Mto1 and Rsp1 was then
tested by transforming the pGADT7 and pGBKT7 plasmids into
Y2H gold budding yeast cells grown on SD/-Leu/-Trp dropout
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(double-dropout [DDQ)]) plates and SD/-Ade/-His/-Leu/-Trp drop-
out (quadruple-dropout [QDQ]) plates containing aureobasidin A
and X-a-Gal.

Biochemistry

Recombinant GST fusion proteins were produced in Escherichia coli
BL21 or Rosetta cells and were purified with glutathione Sepharose
4B resins (www.gelifesciences.com). For GST pull-down assays, glu-
tathione Sepharose 4B resins with immobilized GST fusion proteins
were incubated with precleaned yeast cell lysate, prepared by liquid
nitrogen grinding with a mortar grinder RM 200 (www.retsch.com),
in TBS buffer containing 0.1% Triton X-100 and cocktail protease
inhibitors for 2 h at 4°C, and the resins were then washed with the
TBS+0.1% Triton X-100 buffer five times and with TBS buffer one
time. Finally, the glutathione Sepharose 4B resins were boiled in
SDS sample buffer for further SDS-PAGE and Western blot analysis.
Similarly, coimmunoprecipitation assays were performed with Dyna-
beads protein G beads (www.thermofisher.com) and strains express-
ing the indicated GFP and 13Myc proteins in TBS plus 0.1% Triton
X-100. Immunoprecipitated proteins were then analyzed by West-
ern blotting with antibodies against GFP (www.rockland-inc.com)
and myc (www.rockland-inc.com). For testing protein expression
levels, cells in the exponential phase were collected, and protein
extract was prepared using the NaOH method, as previously de-
scribed (Matsuo et al., 2006). Protein extract was then analyzed by
Western blotting with antibodies against GFP and tubulin (www
.enogene.com).

Preparation of anucleate cells

Anucleate cells were generated by centrifugation with an Optima
MAX-XP tabletop ultracentrifuge equipped with a TLA-100 rotor
(www.beckmancoulter.com). Briefly, cells in the exponential phase
were centrifuged at 25,000 rpm for 10 min at 4°C, and the cells were
then suspended in fresh YE medium and recultured at 30°C for 10—
20 min before microscopic observation.

Microscopy and data analysis

Live-cell microscopic experiments were carried out with a Perkin-
Elmer UltraVIEW VoX spinning-disk microscope equipped with a
Hamamatsu C9100-23B EMCCD camera and a CFl Apochromat
TIRF 100x objective (NA = 1.49). Imaging was performed using
agarose-pad slides at room temperature, as described previously
(Tran et al., 2004). For maximum projection imaging, stack im-
ages containing 11 planes with 0.5-um spacing were acquired; for
high-temporal-resolution imaging, single-plane images were ac-
quired. MetaMorph v. 7.7 software (www.moleculardevices.com),
together with ImageJ v. 1.5 (imagej.nih.gov), was used to analyze
microscopic data, to create the kymograph graphs, and to per-
form the fluorescence intensity measurements. Plot graphs were
generated with KaleidaGraph v. 4.5 (www.synergy.com), and sta-
tistical analysis was performed with either Microsoft Excel or
KaleidaGraph.
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