
UC Davis
UC Davis Previously Published Works

Title
Katanin maintains meiotic metaphase chromosome alignment and spindle structure in 
vivo and has multiple effects on microtubules in vitro

Permalink
https://escholarship.org/uc/item/4jv3r7zg

Journal
Molecular Biology of the Cell, 25(7)

ISSN
1059-1524

Authors
McNally, Karen
Berg, Evan
Cortes, Daniel B
et al.

Publication Date
2014-04-01

DOI
10.1091/mbc.e13-12-0764
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4jv3r7zg
https://escholarship.org/uc/item/4jv3r7zg#author
https://escholarship.org
http://www.cdlib.org/


Volume 25  April 1, 2014	 1037 

MBoC  |  ARTICLE

Katanin maintains meiotic metaphase 
chromosome alignment and spindle structure 
in vivo and has multiple effects on microtubules 
in vitro
Karen McNallya, Evan Berga, Daniel B. Cortesa, Veronica Hernandeza, Paul E. Mainsb, 
and Francis J. McNallya

aDepartment of Molecular and Cellular Biology, University of California, Davis, Davis, CA 95616; bGenes and 
Development Research Group, Department of Biochemistry and Molecular Biology, University of Calgary, Calgary, 
AB T2N 4N1, Canada

ABSTRACT  Assembly of Caenorhabditis elegans female meiotic spindles requires both MEI-1 
and MEI-2 subunits of the microtubule-severing ATPase katanin. Strong loss-of-function 
mutants assemble apolar intersecting microtubule arrays, whereas weaker mutants assemble 
bipolar meiotic spindles that are longer than wild type. To determine whether katanin is also 
required for spindle maintenance, we monitored metaphase I spindles after a fast-acting mei-
1(ts) mutant was shifted to a nonpermissive temperature. Within 4 min of temperature shift, 
bivalents moved off the metaphase plate, and microtubule bundles within the spindle length-
ened and developed a high degree of curvature. Spindles eventually lost bipolar structure. 
Immunofluorescence of embryos fixed at increasing temperature indicated that MEI-1 was 
lost from spindle microtubules before loss of ASPM-1, indicating that MEI-1 and ASPM-1 act 
independently at spindle poles. We quantified the microtubule-severing activity of purified 
MEI-1/MEI-2 complexes corresponding to six different point mutations and found a linear 
relationship between microtubule disassembly rate and meiotic spindle length. Previous work 
showed that katanin is required for severing at points where two microtubules intersect in 
vivo. We show that purified MEI-1/MEI-2 complexes preferentially sever at intersections be-
tween two microtubules and directly bundle microtubules in vitro. These activities could 
promote parallel/antiparallel microtubule organization in meiotic spindles.

INTRODUCTION
The microtubule-severing enzyme katanin is widely conserved 
among eukaryotes and plays diverse roles in a number of cellular 
processes. Katanin was originally purified from sea urchin eggs 
based on its ATP-dependent microtubule-severing activity and 

consists of a heterodimer composed of a 60-kDa catalytic sub-
unit and an 80-kDa accessory subunit (McNally and Vale, 1993; 
Hartman et  al., 1998). The catalytic subunit is a member of a 
family of closely related AAA ATPases and has been shown to 
have microtubule-binding and microtubule-severing activity in 
the absence of the accessory subunit (Hartman and Vale, 1999; 
Stoppin-Mellet et  al., 2007; Eckert et  al., 2012). The cellular 
function of the accessory subunit has remained elusive; however, 
genomes of eukaryotes that contain katanin catalytic subunits 
invariably contain katanin accessory subunits, and mutations in 
the accessory subunits cause the same phenotype as mutations 
in catalytic subunits in Caenorhabditis elegans (Mains et  al., 
1990), Tetrahymena (Sharma et al., 2007), and Chlamydomonas 
(Dymek et al., 2004; Dymek and Smith, 2012). These observa-
tions suggest that the cellular activity of katanin absolutely 
requires a complex of both subunits.
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constantly during the 10 min of observation (illustrated for four 
consecutive, 15-s time points in Figure 1D). Some individual bun-
dles developed a high degree of curvature resulting in some bun-
dles bending out of the focal plane (dark region at 7′45″ in 
Figure 1C). At late time points, spindle fibers splayed outward from 
the central spindle in 8/11 embryos (arrow at 6′15″ in Figure 1C). 
The splayed fibers had a length indicating they extended past the 
spindle midpoint before splaying out of the spindle. Finally, in 6/11 
mei-1(or642) spindles, it appeared that one or both poles had 
come apart, however, as discussed below, this was difficult to docu-
ment by live imaging (Figure 1C, 11′). A plot of spindle length ver-
sus time shows a metaphase spindle growing for the first 3.5 min 
after the temperature shift, then decreasing in pole-to-pole length 
as the spindle fibers bend, and finally decreasing dramatically in 
length as one spindle pole breaks (Figure 1E). In contrast, 10/10 
metaphase-arrested, wild-type spindles maintained a constant 
shape, length, and chromosome position during the ∼11 min moni-
tored after temperature shift to 25°C (pole-to-pole spindle length: 
8.11 ± 0.19 μm at 0 min, 8.12 ± 0.18 μm at 10 min; Figure 1, A and 
D). mei-1(or642) spindles maintained at 20–21°C exhibited an in-
termediate phenotype, lengthening modestly from 8.46 ± 0.26 μm 
at 0 min to 8.84 ± 0.33 μm at 10 min (n = 9; Figure 1B). These results 
indicated that katanin acts continuously during metaphase to pre-
vent lengthening of microtubule bundles and splaying of microtu-
bule bundles out from the midzone and to maintain metaphase 
chromosome positioning.

Point mutations in MEI-1 and MEI-2 reveal a linear 
relationship between in vitro microtubule-disassembly 
activity and in vivo meiotic spindle length
To test the relationship between microtubule-severing activity and 
meiotic spindle length more rigorously, we quantified microtubule-
disassembly activities of four viable and two lethal MEI-1 or MEI-2 
point mutants (Table 1). Untagged 1:1 complexes of wild-type MEI-1 
and MEI-2 were first purified (Figure 2A) and shown to sever Taxol-
stabilized microtubules in vitro in the presence of ATP and to depo-
lymerize microtubules from both severed ends (Figure 2, B–D). To 
quantify the rate of microtubule disassembly, we determined the 
average pixel value of all the microtubules in a field of view (typically 
> 100 microtubules and > 3000 μm of total microtubule length, e.g., 
Figure 2C) for each frame of a time-lapse sequence, background 
subtracted and normalized to 100% in the first frame. A plot of nor-
malized fluorescence intensity over time for a single reaction 
(Figure 2E) revealed a lag period of 50 s followed by a fast linear 
phase and then a plateau caused by substrate depletion. The slope 
of the fast linear phase, which corresponds to the rate of removal of 
tubulin subunits from the lattice, was averaged from multiple assays 
from two independent preparations of wild-type MEI-1/MEI-2 
(Table 1 and Figure 2F). The small variation in rate between assays 
utilizing independent preparations of protein and the linear relation-
ship between disassembly rate and MEI-1/MEI-2 concentration 
(Table 1 and Figure 2F) justified a quantitative comparison of the 
disassembly rates for different point mutations isolated as intragenic 
suppressors of the dominant mei-1 allele, ct46 (Mains et al., 1990; 
Clandinin and Mains, 1993). Two independent preparations for each 
mutant were normalized to the same concentration of MEI-1 
(Figure 2G), and microtubule disassembly rates from multiple assays 
were averaged (Table 1). A plot of metaphase I spindle length 
(Table 2; McNally et al., 2006; McNally and McNally, 2011) against 
microtubule disassembly rate at 0.187 μM MEI-1/MEI-2 revealed a 
linear relationship with an R2 of 0.89 (Figure 2H). This result strongly 
supports the hypothesis that the microtubule disassembly activity of 

In C. elegans, the katanin p60 catalytic subunit MEI-1 and the 
accessory subunit MEI-2 are required for the formation of female 
meiotic spindles (Mains et al., 1990) and are concentrated at meiotic 
spindle poles and chromosomes (Clark-Maguire and Mains, 1994a; 
Srayko et al., 2000; McNally et al., 2006). Wild-type oocyte meiotic 
spindles are composed of dense parallel/antiparallel microtubule 
bundles (McNally et al., 2006; Wignall and Villeneuve, 2009) com-
posed of very short microtubules (Srayko et al., 2006). mei-1(null) 
spindles contain only very long microtubules (Srayko et al., 2006) 
that are assembled around chromosomes as apolar arrays of inter-
secting microtubules (Mains et  al., 1990; McNally and McNally, 
2011). Weaker alleles of both mei-1 and mei-2 promote the assem-
bly of meiotic spindles that are bipolar but longer than wild type 
(McNally et  al., 2006; McNally and McNally, 2011; Gomes et  al., 
2013). The length of these spindles is stable during metaphase, sug-
gesting that weak mei-1 and mei-2 alleles might only affect spindle 
length during the assembly stage.

Katanin might promote the formation of parallel/antiparallel mi-
crotubule bundles and bipolar meiotic spindles by several not mutu-
ally exclusive mechanisms. Microtubule severing might promote 
parallel/antiparallel structures simply by shortening microtubules, 
and short microtubules may bundle more efficiently, because they 
can pivot, diffuse, or be transported more quickly. Alternatively, ka-
tanin might promote parallel/antiparallel microtubule formation by 
selectively severing microtubules at the intersections where two mi-
crotubules cross each other, a phenomenon observed in vivo in spe-
cific cell types of Arabidopsis (Wightman and Turner, 2007; 
Lindeboom et al., 2013; Zhang et al., 2013). A third possibility is that 
katanin directly cross-bridges microtubules to promote the forma-
tion of microtubule bundles. In this study, we utilized a fast-acting 
mei-1(ts) mutant to explore whether katanin activity is required to 
maintain spindle structure. We found that MEI-1/MEI-2 complexes 
are required continuously in vivo to maintain chromosome position, 
spindle length, and parallel/antiparallel microtubule organization. 
We also analyzed the in vitro activities of MEI-1/MEI-2 complexes to 
rigorously test the relationship between microtubule severing and 
meiotic spindle length.

RESULTS
Rapid inactivation of katanin during metaphase causes 
chromosome misalignment associated with lengthening 
and bending of spindle fibers
Previous studies of meiotic spindle defects in mei-1 and mei-2 mu-
tants (Mains et al., 1990; Yang et al., 2003; McNally et al., 2006; 
McNally and McNally, 2011; Srayko et al., 2006) were of spindles 
assembled in the absence of wild-type MEI-1/MEI-2. To test 
whether the activity of MEI-1/MEI-2 is also required continuously to 
maintain structure after spindle assembly, we did temperature-shift 
experiments with a fast-acting temperature-sensitive (ts) mutant, 
mei-1(or642) (O’Rourke et al., 2011). Embryos within the uterus of 
mei-1(or642) worms grown at 16°C were arrested after spindle 
assembly at metaphase I by depletion of a component of the 
anaphase-promoting complex mat-1 (Davis et  al., 2002) by RNA 
interference (RNAi). The embryos were initially imaged on a tem-
perature-controlled stage set at the permissive temperature of 
20°C; the temperature control setting was then quickly shifted to 
25°C. Time-lapse imaging of green fluorescent protein (GFP)::tubulin 
and mCherry::histone revealed that in 8/11 mei-1(or642); mat-
1(RNAi) embryos, chromosomes moved off the metaphase plate 
within 4 min of temperature shift (Figure 1C, 3′30″). The pole–pole 
spindle length increased from 8.63 ± 0.14 μm to 9.53 ± 0.36 μm 
(n = 11). The shape of individual microtubule bundles changed 
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instead form completely apolar structures that lack any discrete 
focus of the spindle pole marker ASPM-1 (Table 3; McNally and 
McNally, 2011). Importantly, MEI-1(b284) is present at wild-type 
concentrations as assayed by immunoblotting (McNally and 
McNally, 2011), and the potent dominant lethality caused by 
mei-1(ct46ct82) (Mains et  al., 1990) indicates that the protein is 

MEI-1/MEI-2 limits the length of microtubules within spindle fibers 
during meiotic metaphase.

Strikingly, the y-intercept of the plot in Figure  2H predicts a 
spindle length of only 134% of wild type at a severing rate of zero. 
However, inviable mutants with no detectable in vitro microtubule-
severing activity, such as mei-1(b284) and mei-2(ct46ct82) (Table 1), 

Figure 1:  MEI-1 is required for maintenance of metaphase meiotic chromosome position and spindle structure. 
Metaphase-arrested mat-1(RNAi) and mat-1(RNAi) mei-1(or642) embryos expressing GFP::tubulin and mCherry::histone 
were grown at 16°C and imaged on a temperature-controlled microscope stage initially set at 20°C. After the first 
image was captured, the temperature was either shifted to 25°C for (A) and (C) or maintained at 20–21°C for (B). Images 
were captured at 15-s intervals for 10–11 min. Imaged spindles were in the +1 embryo, i.e., the most recently fertilized 
embryo in the uterus. (A) mat-1(RNAi). (B) mat-1(RNAi) mei-1(or642). (C) mat-1(RNAi) mei-1(or642) shifted to 25°C. Scale 
bars: 5μm. (D) For documentation of spindle fiber mobility, spindle fibers were traced in four consecutive images 
captured 5–7 min after the start of filming. The order of the tracings was blue, green, yellow, and, finally, red. Tracings 
were overlapped in their respective colors and also in black. (E) The pole-to-pole length of the spindle imaged in (C) was 
measured for each time point. An arrow indicates the time when the spindle begins to bend; an arrowhead indicates the 
time when one pole began to come apart.
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Rapid inactivation of katanin results in complete 
loss of ASPM-1 positive spindle poles
During live in utero imaging of temperature-shifted mei-1(or642) 
embryos, the mei-1(null) apolar spindle phenotype was not 

present in vivo. To investigate the strong, apolar spindle pheno-
type in more detail, we analyzed temperature-shifted mei-
1(or642ts) embryos by fixed immunofluorescence with anti–
ASPM-1 and anti–MEI-1 antibodies.

Figure 2:  A linear relationship between in vitro microtubule disassembly rates and in vivo spindle length. (A) The 
untagged short isoform of MEI-1 was coexpressed with MBP-TEV-MEI-2 in E. coli and purified by amylose affinity 
chromatography, eluted with TEV protease, resolved by SDS–PAGE, and then stained with Coomassie Brilliant Blue 
G250. hss, high-speed supernatant of E. coli lysate; TEV, TEV elution from amylose column; Ni++, elution of TEV fraction 
from Ni2+ chelate column. Untagged MEI-2 binds to Ni2+ chelate columns. Ni2+-purified MEI-1/MEI-2 was used only in 
Figure 6, B and C. (B–D) Fluorescence micrographs of Taxol-stabilized microtubules assembled from rhodamine-labeled 
porcine tubulin and immobilized in a flow cell. (B) Time-lapse images of a single microtubule undergoing MEI-1/
MEI-2–dependent severing and depolymerization from the sites of internal breakage. (C, D) Representative images of 
an entire field of view used to quantify the average pixel value of all the microtubules during time-lapse imaging. Bright 
spots at 230 s are tubulin aggregates generated during the reaction. (E) Representative plot of background-subtracted 
average pixel values of all of the microtubules in a field of view scaled to 100% in the first frame. (F) Rates of 
microtubule disassembly determined from the linear phase of plots like that shown in (E) show a linear relationship with 
MEI-1/MEI-2 concentration. (G) Representative Coomassie Brilliant Blue G250–stained SDS–PAGE of different MEI-1 
and MEI-2 point mutants purified from E. coli showing equalized concentration. (H) Microtubule disassembly rates of 
four different MEI-1/MEI-2 mutants from Table 1 plotted against metaphase I spindle length expressed as percent of 
wild type. Spindle length data were taken from Table 2, McNally et al. (2006), and McNally and McNally (2011). 
Expression levels for these mutants were shown in McNally and McNally (2011) and Srayko et al. (2000).
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rigorously documentable for two possible reasons. First, the mount-
ing arrangement for in utero imaging makes it impossible to mea-
sure the temperature at the worm, and thus it is possible that the 
worm did not reach 25°C until late during the 10-min observation 
period. Second, metaphase spindles often move, even as they are 
anchored at the cortex, and a spindle pole that moves into an odd 
orientation relative to the focal plane can be difficult to image and 
mistaken for a missing spindle pole. Both limitations were circum-
vented in fixed immunofluorescence experiments because worms 
were temperature shifted by transfer to a large volume of buffer at 
the appropriate temperature and because complete Z stacks could 
be captured of fixed spindles stained with anti–ASPM-1 antibody. 
Fixed embryos were not mat-1 arrested because the length of arrest 
cannot be estimated for embryos that have been removed from the 
uterus and prolonged metaphase arrest causes severe spindle and 
chromosome defects (Sonneville and Gönczy, 2004). Only spindles 
that were bipolar before the temperature shift were included in the 
sample. Such spindles were easily distinguished from spindles as-
sembled during the temperature shift, because MEI-1 is required for 
translocation of metaphase spindles to the cortex, and thus spindles 
assembled in the absence of MEI-1 are located internally (Yang 
et al., 2003). One hundred percent of embryos in worms grown at 
16°C and shifted to 25°C for 10 min lacked ASPM-1–positive spindle 
poles (Figure 3A and Table 4). These spindles also completely lacked 
MEI-1 protein (Figure 3B and Table 4). This result indicates that bi-
polar spindles assembled at 16°C completely collapsed into apolar 
mei-1(null) structures in mei-1(or642) embryos at 25°C. Thus MEI-1 
is required for maintenance of metaphase spindle poles.

The relationship between MEI-1/MEI-2 and ASPM-1 
is likely indirect
ASPM-1 is found at C. elegans acentriolar meiotic spindle poles, 
where it is required for targeting of LIN-5 and dynein to spindle 
poles (van der Voet et al., 2009). The findings that ASPM-1 foci 
are lost upon temperature shift of mei-1(or642) (Figure  3 and 
Table 4) and that ASPM-1 foci are absent from lethal alleles of 
mei-1 or mei-2 (McNally and McNally, 2011; Table 3) suggests 
that MEI-1/MEI-2 might directly target ASPM-1 to spindles. 
However, in mei-1(or642) embryos shifted to 16 or 20°C for 
10 min, the concentration of MEI-1 on spindle poles was 37% 
that of wild type, whereas the concentration of ASPM-1 at 

MEI-1 
(short) MEI-2 [μM]

Severing 
rate (%/s) SEM n

None 0 0.023 0.002 3

wt wt 0.187 0.61 0.03 5

wt wt 0.25 0.95 0.02 4

wt wt 0.5 2.24 0.26 4

ct46 wt 0.187 0.55 0.11 4

wt sb121 0.187 0.68 0.13 4

ct46 sb121 0.187 0.29 0.035 4

ct46ct103 wt 0.187 0.41 0.06 4

wt ct98 0.187 0.049 0.014 4

b284 wt 0.5 0.034 0.03 2

ct46ct82 wt 0.5 0.025 0.017 2

MEI-1(short) indicates the shorter of two alternatively spliced mei-1 mRNAs 
(Clark-Maguire and Mains, 1994b). [μM] indicates the concentration of MEI-1. 
The severing rate for a single flow cell is the rate of decrease in the average 
fluorescence intensity of all the microtubules in a field of view normalized to 
100% in the first frame. Severing rates shown are the average rate from multiple 
flow cells. n = number of flow cells.

TABLE 1:  In vitro microtubule-disassembly rates of MEI-1/MEI-2 
complexes.

Genotype
MI spindle 

length (μm)a
Number of 

spindles

mei-1(+) mei-2(+) 8.10 ± 0.15 12

mei-1(ct46) mei-2(+) 7.46 ± 0.15 8

mei-1(+) mei-2(sb121) 8.39 ± 0.09 11

mei-1(ct46), mei-2(sb121)  
reconstructed

9.55 ± 0.25 12

aMetaphase I spindle lengths were determined from time-lapse sequences of 
GFP::tubulin–labeled meiotic spindles filmed in utero. Only spindles that main-
tained a constant length for at least 3 min were used.

TABLE 2:  Metaphase I spindle lengths.

Genotype Bipolar

Average pixel  
intensity of α-tubulin 

spindle/cytoplasm

Average pixel 
intensity of MEI-1 
spindle/cytoplasm

Average pixel 
intensity of ASPM 
spindle/cytoplasm

Embryos with  
MEI-1on  

chromosomes

mei-1(+) mei-2(+) Yes 4.93 ± 0.42
  n = 14

2.56 ± 0.33
  n = 14

2.42 ± 0.32
  n = 14

16/16

mei-1(+) mei-2(ct98) Yes 3.49 ± 0.31
  n = 14

1.25 ± 0.08
  n = 14

n.d. 10/14

mei-1(+) mei-2(ct102) No 3.03 ± 0.33
  n = 12

1.14 ± 0.04
  n = 12

1.21 ± 0.30
  n = 12

0/12

mei-1(ct46ct101) mei-2(+) No 2.24 ± 0.10
  n = 14

0.87 ± 0.04
  n = 14

n.d. 0/14

mei-1(b284) mei-2(+) No 2.96 ± 0.53
n = 8

1.12 ± 0.05
n = 9

1.21 ± 0.04
n = 8

0/9

Embryos from worms with the indicated genotypes were fixed and stained either with anti–MEI-1 and anti-tubulin antibodies or with anti–ASPM-1 and anti-tubulin 
antibodies.

TABLE 3:  MEI-1 and ASPM-1 localization on meiotic spindles of strong mei-1 and mei-2 alleles.
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For further investigation of the relation-
ship between ASPM-1 and katanin, aspm-
1(RNAi) meiotic spindles were stained with 
anti–MEI-1 or, as a control, anti-ASPM 
(Figure 4, A and B). No labeling of spindles 
with anti-ASPM was observed, indicating 
that the RNAi-mediated depletion of ASPM 
was complete. ASPM-1–depleted spindles 
had very elongated, pointed spindle poles 
that retained strong anti–MEI-1 staining, 
suggesting that MEI-1/MEI-2 might hold 
spindle poles together in the absence of 
ASPM-1. For further examination of this hy-
pothesis, mei-1(or642) embryos were de-
pleted of ASPM-1 and imaged at the inter-
mediate temperature of 20°C. Of the 
double-mutant spindles, 17/17 had no bi-
polar structure (Figure  4C) compared with 
9/9 mei-1(or642) single-mutant spindles, 
which retained bipolar structure at 20°C 
(Figure  1B), suggesting the limited MEI-1 
activity in these embryos was not sufficient 
to maintain spindle poles in the absence of 
ASPM-1. These results suggest that katanin 
acts before and independently of ASPM-1, 
because, in the absence of ASPM, katanin-
bound spindle poles were present, whereas, 
in conditions in which katanin was limited or 
absent, no spindle poles or ASPM-1 local-
ization were observed.

Progressive loss of katanin leads to a 
progressive loss in the organization of 
pole-to-pole microtubule bundles
Wild-type metaphase spindles are com-
posed of microtubule bundles that extend 
from pole to pole and have extremely uni-
form thickness, brightness, and spacing be-
tween bundles (Figures  1A, 3B, and 5A). 

The spaces between the bundles are occupied by chromosomes, 
and the bundles completely ensheathe chromosomes, as there is 
uniform tubulin intensity around each chromosome viewed down 
the pole-to-pole axis (Figure 5B). The regularity in bundle thickness 
and spacing is clearly seen for wild type in the intensity plot shown 
in Figure 5A. After mei-1(or642) embryos were shifted to increasing 
temperatures, pole-to-pole bundles became wider, and the spacing 

spindle poles was unaffected at these temperatures (Table 4 and 
Figure  3). In contrast, displacement of chromosomes from the 
metaphase plate was already severe at 20°C (Table 4). These re-
sults suggest that ASPM-1 is not targeted to spindles by direct 
binding to MEI-1/MEI-2 and that loss of ASPM-1 from mei-1 mu-
tant spindles is not the cause of the chromosome-alignment 
phenotype.
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Figure 3:  Increased incubation temperature of mei-1(or642) worms results in depletion of 
MEI-1 and ASPM-1 from metaphase meiotic spindles, chromosome mispositioning, and loss of 
organized parallel microtubule structure. (A) Images of metaphase spindles from wild type 
incubated for 10 min at 23°C and from mei-1(or642) incubated for 10 min at the temperatures 
shown. Embryos were fixed and stained with anti–ASPM-1 (red), anti-tubulin (green), and DAPI. 
Scale bar: 5 μm. (B) Images of metaphase spindles from embryos incubated and fixed as in (A) 
and stained with anti–MEI-1 (red), anti-tubulin (green), and DAPI. Scale bar: 5 μm. Arrows 
indicate the position of polar bodies.

Strain
Tubulin spindle/ 

cytoplasm
MEI-1 spindle/ 

cytoplasm
Percent spindles with all bi-
valents at metaphase plate n

ASPM-1 spin-
dle/ cytoplasm n

Wild type 23°C 4.93 ± 0.42 2.56 ± 0.33 92.9 14 1.47 ± 0.11 11

mei-1(or642) 16oC 4.98 ± 0.56 1.80 ± 0.18 66.7 12 1.42 ± 0.07 11

mei-1(or642) 20oC 4.80 ± 0.43 1.58 ± 0.08 23.5 17 1.45 ± 0.05 12

mei-1(or642) 23oC 4.27 ± 0.41 1.25 ± 0.04 0 17 1.16 ± 0.03 11

mei-1(or642) 25°C 3.41 ± 0.31 1.06 ± 0.05 0 15 1.03 ± 0.02 11

mei-1(null) 2.45 ± 0.13 0.93 ± 0.04 0 14 n.d. n.d.

mei-1(or642) worms were shifted from 16°C to increasing temperatures for 10 min before embryos were dissected, fixed, and stained with either anti-tubulin and 
anti–MEI-1 antibodies or with anti–ASPM-1 and anti-tubulin antibodies.

TABLE 4:  MEI-1 and ASPM-1 staining intensities on mei-1(or642) meiotic spindles at increasing temperatures.
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Consistent with this model, MEI-1/MEI-2 complexes but not MEI-1 
alone bundled Taxol-stabilized microtubules in vitro (Figure 6, A and 
B). It is unlikely that in vitro microtubule bundling by MEI-1/MEI-2 is 
due to nonspecific aggregation, as MEI-1/MEI-2 sedimented as a 
single peak during sedimentation through a sucrose gradient 
(Figure 6C), and peak fractions from the sucrose gradient still bun-
dled microtubules (Figure 6B). It is also unlikely that MEI-1 alone 
does not bundle, simply because it does not bind microtubules. 
Cosedimentation assays under conditions in which MEI-1/MEI-2 
bundled but MEI-1 did not bundle demonstrated that similar sto-
chiometries of MEI-1 are bound to microtubules (Figure 6D). Thus 
MEI-1/MEI-2 complexes can cross-bridge two microtubules in vitro.

The lengthening and bending of in vivo microtubule bundles 
after temperature shift of mei-1(or642) embryos suggested that 
MEI-1/MEI-2 might sever microtubules continuously within micro-
tubule bundles in vivo to maintain a specific bundle length. For 
testing whether MEI-1/MEI-2 complexes can disassemble microtu-
bules within bundles formed by MEI-1/MEI-2 complexes in vitro, 
microtubule bundles were first formed by mixing 1 μM MEI-1/
MEI-2 with 2 μM rhodamine-labeled Taxol-stabilized microtubules 
in the absence of nucleotide. Bundles were then immobilized in 
kinesin-coated flow cells adjacent to single microtubules and per-
fused with 0.187 μM MEI-1/MEI-2 and ATP (Figure 6E). Because 
the resolution of the light microscope precludes direct imaging of 
severing or depolymerization of single microtubules within a 
bundle, the rate of change in fluorescence intensity was used to 
monitor microtubule disassembly within bundles. The average 
pixel intensity of the bundles analyzed ranged from 3 to 13 times 
higher than that of adjacent single microtubules. For quantification 
of disassembly rates, these bundles were assumed to have an aver-
age cross-section of 3–13 microtubules. Fluorescence intensity was 
normalized to 100% for single microtubules and normalized to 
300–1300% for bundles. Bundles were disassembled at a rate of 
3.15 ± 0.5%/s (n = 7 bundles in separate flow cells) as compared 
with adjacent single microtubules in the same flow cells, which 
were disassembled at a rate of 1.48 ± 0.1%/s (n = 14 microtubules 
in 7 flow cells). This result demonstrates that MEI-1/MEI-2 can dis-
assemble microtubules within a bundle of microtubules cross-
bridged by MEI-1/MEI-2.

Simultaneous binding of two microtubules by one katanin com-
plex might explain the apparent recognition of microtubule inter-
sections by katanin suggested by in vivo observations in Arabidop-
sis. In some cell types, Arabidopsis cortical microtubules are 
preferentially severed in a katanin-dependent manner at junctions 
created when one microtubule polymerizes past an intersecting mi-
crotubule (Wightman and Turner, 2007; Lindeboom et  al., 2013; 
Zhang et al., 2013). To test whether the apparent multivalent micro-
tubule binding by MEI-1/MEI-2 complexes might allow recognition 
of such intersections, we immobilized orthogonal arrays of Taxol-
stabilized microtubules in kinesin-coated flow cells (Figure  6F). 
These orthogonal arrays were perfused with 0.187 μM MEI-1/MEI-2 
complexes, and severing events were recorded by time-lapse imag-
ing. As shown in Figure 6G, microtubules were frequently severed at 
the junction. To test whether the probability of severing at an inter-
section was greater than that at any random point on a microtubule, 
we determined the number of breaks per micrometer per second 
either at intersections or on segments of microtubule adjacent to 
intersections (Figure 6H). The mean rate of severing per micrometer 
was fivefold faster at junctions than elsewhere. Thus MEI-1/MEI-2 
complexes have two previously undocumented activities: cross-
bridging two microtubules and preferentially severing where two 
microtubules intersect.

between them became less regular (Figure 5A). These changes were 
also observed when viewed down the pole-to-pole axis (Figure 5B). 
The changes might be caused by merging of preexisting bundles, a 
loss of cross-bridging between individual microtubules within a bun-
dle, or by assembly of new microtubules in the spaces between 
bundles. Wild-type microtubule bundles only intersect with other 
bundles at the spindle poles, whereas bundles intersected at closer 
spatial intervals after mei-1(or642) embryos were shifted to increas-
ing temperatures (Figure 5C).

MEI-1/MEI-2 complexes bundle microtubules and 
preferentially sever at intersections between two 
microtubules in vitro
The loss of distinct pole-to-pole microtubule bundles after tempera-
ture shift of mei-1(or642) and the concentration of MEI-1 at spindle 
poles of aspm-1(RNAi) and wild-type spindles suggest that MEI-1/
MEI-2 might directly cross-bridge or bundle microtubules in vivo. 

Figure 4:  MEI-1 localizes to spindle poles and is required for spindle 
pole formation in the absence of ASPM-1. (A) RNAi by feeding 
beginning at the L3 stage was performed for aspm-1, and embryos 
from the resulting adults were fixed and either immunostained with 
anti–MEI-1 (red) and anti-tubulin (green), or they were immunostained 
with anti–ASPM-1 (red) and anti-tubulin (green). Chromosomes were 
stained with DAPI. Scale bars: 5 μm. (B) The ratio of the average pixel 
intensity in the spindle to the average pixel intensity in the cytoplasm 
was determined for MEI-1 staining and ASPM-1 staining in each of 
14 aspm-1(RNAi) embryos, and the averages of these ratios are 
shown. The results indicate that ASPM-1 depletion was 100%. 
(C) mei-1(or642)ASPM-1(RNAi) embryos expressing GFP::tubulin and 
mCherry::histone were imaged in utero using a temperature-
controlled stage set at 20°C. No bipolar spindles were identified in 
17/17 metaphase I embryos. Scale bar: 5 μm.
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activity or its specific ability to sever inter-
secting microtubules.

Electron microscope tomography results 
indicate that microtubule bundles in wild-
type meiotic spindles are composed of very 
short overlapping microtubules (Srayko 
et al., 2006). Thus the length of overlap be-
tween individual microtubules within these 
microtubule bundles is likely determined by 
the microtubule sliding motors dynein, 
BMK-1, KLP-18, and KLP-15/16, in addition 
to average microtubule length, which is 
likely controlled by the dynamic instability 
regulators ZYG-9, KLP-7, and CLS-2, in ad-
dition to severing by MEI-1/MEI-2. During 
wild-type metaphase, bivalents are held be-
tween microtubule bundles with regular in-
terbundle spacing (Wignall and Villeneuve, 
2009; Figures  1A and 7A). If one bundle 
lengthens faster than an adjacent bundle 
after MEI-1 inactivation, this might force the 
longer bundle to bend acutely and also 
change the spacing between bundles. Biva-
lents might then move off the metaphase 
plate to maintain contacts with surrounding 
bundles that have the correct spacing 
(Figure  7A). Continued lengthening of mi-
crotubules within bundles might eventually 
overwhelm the sliding motors, so microtu-
bules splay outward from the central spindle 
and eventually from spindle poles.

Alternatively, MEI-1/MEI-2’s ability to 
sever preferentially at microtubule inter-
sections and/or its cross-bridging activity 
might be essential to maintain parallel/an-
tiparallel microtubule orientation within 
bundles. In wild-type spindles, which lack 
centrosomes or the branched nucleator 
augmin (Kamasaki et  al., 2013), microtu-
bules are likely to be nucleated with ran-

dom orientations. Preferential severing at intersections might 
prune microtubules that are not parallel or antiparallel to each 
other. Likewise, the cross-bridging activity of MEI-1/MEI-2 might 
collect randomly oriented microtubules into parallel/antiparallel 
bundles. Severing at intersections might also maintain the tunnels 
of low microtubule density in which metaphase bivalents reside, 
and polymerization of microtubules across these tunnels might 
contribute to the chromosome displacement observed upon rapid 
MEI-1 inactivation. MEI-1/MEI-2 is concentrated on chromosomes, 
and its loss from chromosomes correlates with loss of spindle bi-
polarity (Figure 3B and Table 3). These results suggest a feedback 
mechanism in which katanin on chromosomes organizes the tun-
nels of low microtubule density that serve to position the 
chromosomes.

Testing the in vivo significance of katanin’s in vitro bundling activity 
will be critical in elucidating the mechanism of spindle assembly and 
maintenance. Overexpression of Arabidopsis katanin catalytic subunit 
induced microtubule bundling in vivo (Stoppin-Mellet et al., 2006). 
Likewise, in vivo microtubule bundling in HeLa cells was induced by 
co-overexpression of a severing-deficient human catalytic subunit 
with the MEI-2–like region of a human regulatory subunit (McNally 
et al., 2000). Although we have not found a point mutation in MEI-1 

DISCUSSION
Katanin from multiple species severs microtubules in vitro (Hartman 
et al., 1998; McNally et al., 2000; Stoppin-Mellet et al., 2007) and 
is required for assembly of a variety of microtubule structures in 
vivo (Mains et  al., 1990; Burk et  al., 2001; Sharma et  al., 2007; 
Dymek and Smith, 2012), but the mechanistic relationship between 
in vitro severing and katanin’s in vivo functions is unclear. The find-
ing that rapid inactivation of MEI-1 causes lengthening of a pre-
formed spindle and the discovery of a linear relationship between 
spindle length and in vitro microtubule disassembly activity both 
support the hypothesis that continuous microtubule severing limits 
the length of individual microtubules within parallel/antiparallel 
microtubule bundles and thus limits the length of the metaphase 
meiotic spindle in C. elegans.

Other changes in spindle structure occurring after MEI-1 inac-
tivation include movement of chromosomes off the metaphase 
plate, dynamic bending of microtubule bundles, loss of the dis-
crete spacing between pole-to-pole microtubule bundles, splay-
ing of microtubules out of the spindle, and, finally, loss of ASPM-
1–positive spindle poles. These changes in spindle structure might 
all result from an increase in the average length of microtubules or 
they might result from loss of katanin’s microtubule-bundling 

Figure 5:  Microtubule fibers in mei-1(or642) spindles become less focused and are increasingly 
intersected with higher incubation temperatures. (A) Pixel intensities were examined across the 
midzone (indicated by red lines) of fixed wild-type and mei-1(or642) spindles. Microtubule 
bundles became wider and the spacing between bundles became less regular with increased 
temperature of incubation for the mutant. Bundle organization did not vary at different 
temperatures for wild type (unpublished data). (B) Cross-sections of metaphase meiotic spindles 
in live wild-type and mei-1(or642) worms expressing GFP::tubulin and mCherry::histone. The 
mei-1(or642) image was captured 10 min after a temperature increase to 23°C. Scale bars: 4 μm. 
(C) Increased temperature of incubation leads to a decrease in parallel microtubule organization 
in mei-1(or642) spindles. The three longest stretches of nonintersected microtubule bundle were 
measured in each of six fixed and stained spindles for each sample.
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molecule, preferably with a geometry that favors binding two differ-
ent microtubules rather than two tubulin dimers within the same 
microtubule. Considerable indirect evidence supports a model in 
which katanin forms a transient radial hexamer with six N-terminal 

or MEI-2 that blocks in vitro microtubule bundling, both in vitro bun-
dling and in vivo spindle assembly require both MEI-1 and MEI-2.

Both microtubule bundling and recognition of microtubule inter-
sections require at least two microtubule-binding sites in the same 

Figure 6:  MEI-1/MEI-2 bundles microtubules and severs more frequently at microtubule intersections than on 
single microtubules. (A) Fluorescence images of 2 μM rhodamine microtubules incubated with 1 μM of the indicated 
proteins for 10 min before spreading between a slide and coverslip. (B) Light-scattering assay of microtubule 
bundling.Microtubules (2 μM) and the indicated proteins were mixed, and absorbance at 370 nm was recorded after 
5 min. Data points with error bars are the average of three assays. Error bars indicate SEM. (C) Coomassie-stained 
SDS–PAGE of MEI-1/MEI-2 fractionated by velocity sedimentation on a sucrose gradient. Indicated S values are for 
alcohol dehydrogenase and apoferritin centrifuged in parallel. The peak fraction was used for the bundling assays in (B). 
(D) Anti–MEI-1 immunoblot of pellets (P) and supernatants (S) from microtubule cosedimentation assays. MT, 3 μM 
polymerized tubulin. (E) Time-lapse fluorescence images of a microtubule bundle formed by incubation with MEI-1/
MEI-2 before immobilization next to single microtubules bound in a kinesin-coated flow cell followed by perfusion with 
MEI-1/MEI-2 and ATP. Disassembly rates show the average rate of decrease in fluorescence intensity of bundles and 
adjacent single microtubules. (F) Representative array of intersecting rhodamine-labeled microtubules formed in a 
crossed flow cell. (G) High-magnification time-lapse images of rhodamine microtubules exposed to 0.187 μM MEI-1/
MEI-2 showing a severing event at an intersection. (H) The average rate of severing at intersections among six flow cells 
was 4.2 ± 0.9–fold faster than on adjacent segments of single microtubule (n = 229 intersections, 3183 μm of total 
adjacent microtubule length). Scale bars: (A and F) 10 μm; (G) 1 μm.
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expresses at higher levels in Escherichia coli and because the three-
amino-acid insertion in the long isoform is not present in katanin 
catalytic subunits from other organisms. An E. coli codon-optimized 
gene encoding the short isoform of C. elegans MEI-1 was synthe-
sized by Genscript (Piscataway, NJ) and inserted into pET28a (6his 
tag, kanamycin resistant, ColE1 ori) and pCDF-Duet (untagged, 
streptomycin resistant, CDF ori). An MEI-2 cDNA was cloned into 
pMAL-CRI with a TEV (tobacco etch virus protease) cleavage site 
(MBP [maltose-binding protein] tag, ampicillin resistant, ColE1 ori-
gin). Point mutants of MEI-1 or MEI-2 were synthesized by Genscript 
and confirmed by sequencing. E. coli BL21DE3 was cotransformed 
with pCDF-Duet-MEI-1 and pMAL-CRI-TEV-MEI-2 or pet28-MEI-1 
alone. One-liter cultures were grown to log phase at 37°C, shifted to 
16°C, and then induced with isopropyl β-d-1-thiogalactopyranoside. 
Fresh cultures were harvested by centrifugation; resuspended in 
100 ml lysis buffer with 40 mM HEPES (pH 7.5), 500 mM NaCl, 2 mM 
MgCl2, 10% glycerol with protease inhibitors; microfluidized; and 
centrifuged at 10,000 × g. Supernatants were flash frozen and stored 
at −80°C. Fifty milliliters of 6his-MEI-1 supernatant was brought to 
30 mM imidazole, applied to a 5-ml bed volume of Ni2+-charged 
His-Bind resin (EMD Millipore, Billerica, MA), washed with lysis buf-
fer, and then eluted with 40 mM HEPES (pH 7.5), 375 mM NaCl, 
250 mM imidazole, 2 mM MgCl2, 10% glycerol. Fifty milliliters of 
MEI-1/MBP-TEV-MEI-2 supernatant was applied to a 5-ml amylose 
resin (New England Biolabs, Ipswich, MA) column and washed with 
lysis buffer. For TEV protease digestion, 200 μg TEV protease was 
diluted in 6 ml of lysis buffer and flowed through the column. Diges-
tions were carried out in the column for 2 h at 16 or 22°C; this was 
followed by elution with lysis buffer at 4°C. For determination of 
protein concentrations, MEI-1/MEI-2 preparations were resolved by 
SDS–PAGE, along with bovine serum albumin (BSA) standards, and 
stained with Coomassie Brilliant Blue G250; infrared fluorescence 
was quantified with a LI-COR Odyssey (LI-COR Biosciences, Lincoln, 
NE). Concentrations of MEI-1 were calculated by comparison with 
the infrared fluorescence of the BSA standards and corrected for 
molecular weight. The stoichiometry of MEI-1:MEI-2 did not vary 
among mutants (Figure 2G). For wild type and each mutant, a sec-
ond plasmid preparation was sequenced to verify the mutation, and 
the newly confirmed DNA preparation was transformed into 
BL21DE3 and used for a second protein purification. Data in Table 1 
are averaged from assays using both preparations.

Microtubule-severing assays
The K560 fragment of human G234A kinesin was first flowed into a 
flow cell composed of a slide, coverslip, and two strips of Scotch 
double-sided tape. Kinesin-free surfaces were blocked with 5% 
Pluronic F150 in PME (100 mM PIPES 6.8, 1 mM MgCl2, 1 mM eth-
ylene glycol tetraacetic acid [EGTA]) and then washed with PME. 
Taxol-stabilized microtubules (0.1 μM) assembled from tetramethyl-
rhodamine–labeled, MAP (microtubule-associated protein)-free 
porcine brain tubulin were allowed to adhere in the flow cell, and 
then nonadherent microtubules were washed out with assay buffer 
(25 mM HEPES, pH 7.5, 10% glycerol, 2 mM MgSO4, 0.5 mM EGTA). 
For time-lapse assays, adhered microtubules were first perfused 
with assay buffer with 20 μM Taxol, 1 mM ATP, and an oxygen-scav-
enging system composed of catalase, glucose oxidase, glucose, 
and β-mercaptoethanol. The flow cell was placed on the micro-
scope, and microtubules were quickly brought into focus with brief 
illumination. Forty microliters of MEI-1/MEI-2 diluted into assay buf-
fer with 20 μM Taxol, 1 mM ATP, and oxygen scavengers was quickly 
flowed through the 10-μl flow cell, and shuttered time-lapse acquisi-
tion was initiated. All dilutions of MEI-1/MEI-2 from 500 mM NaCl 

microtubule-binding domains extending radially outward from a 
central AAA ring (Hartman et al., 1998; Hartman and Vale, 1999; 
Roll-Mecak and Vale, 2008; Roll-Mecak and McNally, 2010). Because 
tubulin subunits within a microtubule have linear rather than radial 
symmetry, two microtubule-binding domains within the same tran-
sient hexamer might be able to cross-bridge two different microtu-
bules but not bind to two tubulin dimers within the same microtu-
bule (Figure 7B). Elucidating the structure of a microtubule-bound 
MEI-1/MEI-2 oligomer may allow the design of separation-of-func-
tion mutants that could reveal the relative importance of severing 
and bundling in vivo.

MATERIALS AND METHODS
Purification of MEI-1/MEI-2 complexes
Two alternatively spliced MEI-1 mRNAs distinguished by a three-
codon insertion have been reported (Clark-Maguire and Mains, 
1994b). The short isoform was chosen for this study because it 

Figure 7:  Models for chromosome displacement after katanin 
inactivation and a mechanism for microtubule bundling. (A) Cartoon of 
a mei-1(ts) metaphase I spindle at permissive temperature. Bivalents 
are positioned between bundles composed of overlapping short 
microtubules. After a shift to nonpermissive temperature, 
microtubules lengthen, causing microtubule bundles to lengthen. The 
top bundle lengthens faster than the lower bundles, causing the top 
bundle to bend outward, changing the spacing between bundles. 
One bivalent moves to maintain lateral contact with the bending 
bundle. (B) Cartoon of a MEI-1/MEI-2 hexameric ring between two 
antiparallel microtubules. Arrows indicate the symmetry of the protein 
structures. Only four tubulin protofilaments are drawn for simplicity.
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strain FM125 ruIs57[pAZ147:pie-1/β-tubulin::GFP; unc-119(+)]; 
itIs37[pie-1::mCherry::H2B; unc-119(+)]. The mei-1(or642) strain 
EU1334 was used for fixed immunofluorescence imaging; for live 
fluorescence imaging, GFP::tubulin and mCherry::histone from 
FM125 were crossed into EU1334 to generate the strain FM240 
mei-1(or642) I; ruIs57; itIs37. Additional strains used were FM38, 
mei-1(ct46) unc-13(e1091) I; ruIs57; FM24, mei-1(ct46) mei-2(sb121) 
unc-13(e1091) I; ruIs57; HR1549, mei-2(sb121) unc-13(e1091) 
unc-29(e1072) I; uIs57[pAZ147:pie1/GFP::tbb-2]; itIs37; HR1557, 
mei-1(ct46) mei-2(sb121) unc-13(e1091) dpy-5(e61) I; ruIs57; itIs37; 
HR1548, mei-1(ct46ct82) unc-29(e1072) I/hT2 [bli-49(e9370) let-
9(q7820) qIs48] III; FM12, mei-2(ct98) I; ruIs57; FM10, mei-1(ct46ct101) 
unc-13(e1091) daf-8(e1393)/hT2[bli-4(e937) let(h661)] I; hT2/+ III; 
ruIs57; HR1391, mei-2(ct102) unc-13(e1091)/hT2[bli-4(e937) let(h661)] 
I; and BW1036, dpy-5(e61) mei-1(b284) unc-29(e1072)/unc-13(e1091) 
lin-11(n566) I. N2, FM125, and BW1036 were maintained at 20°C; all 
temperature-sensitive mutants were maintained at 16°C. For mea-
surement of spindle lengths at restrictive temperatures, strains were 
shifted to 25°C for 24 h before imaging.

mei-2(sb121) was isolated as a dominant suppressor of mei-
1(ct46) (Clandinin and Mains, 1993). After 10 outcrosses, we found 
that the strain mei-1(ct46sb16) (McNally and McNally, 2011) con-
tained an R233Q lesion in mei-2 rather than the sb16 mutation in 
mei-1. An mei-1(ct46) mei-2(sb121) double mutant reconstructed 
from the outcrossed mei-2(sb121) had the same long-spindle phe-
notype (Table 2) previously observed in the original suppressor 
strain (McNally and McNally, 2011). At 25°C, outcrossed sb121 
showed 95% hatching, while mei-2(sb121) mei-1(ct46) showed 87% 
hatching (vs. 0% for mei-1(ct46). The suppression of ct46 cosegre-
gated with the sb121 lesion in 21/21 crossovers in the 2 cM region 
(dpy-5 to unc-13) that flanks mei-2.

RNA interference
mat-1 and aspm-1 RNAi experiments were carried out by feed-
ing bacteria (HT115) induced to express double-stranded RNA 
corresponding to each gene as described (Kamath et al., 2001; 
Timmons et  al., 2001; Source Bioscience, Nottingham, United 
Kingdom). L3 hermaphrodites were transferred to RNAi plates 
and allowed to feed on the RNAi bacterial lawn for 40–44 h. For 
metaphase-arrested embryos, FM125 or FM240 worms were fed 
at 16°C; for ASPM-1 depletion, N2 worms were fed at 20°C.

Live imaging
Briefly, adult hermaphrodites were anesthetized with tricaine/
tetramisole and immobilized between a coverslip and an agarose 
pad on a slide as previously described (Yang et al., 2003). Time-
lapse imaging was done on a Perkin Elmer-Cetus (Waltham, MA) 
Ultraview spinning-disk confocal microscope utilizing an Olympus 
(Center Valley, PA) 60× Plan-Apo 1.4 objective and a Hamamatsu 
(Hamamatsu City, Japan) Orca ER CCD camera. For imaging of 
meiotic spindles, mei-1(or642), GFP::tubulin, mCherry::histone 
worms or GFP::tubulin, mCherry::histone control worms were 
mounted and placed on a 20/20 Technology BC-110 Bionomic 
Controller stage initially set at 16°C. A +1 embryo (the newly fertil-
ized embryo immediately next to the spermatheca) with a meta-
phase-arrested spindle was then identified, an initial image was 
captured, and the stage was heated to 25°C. The spindles were 
visualized by capturing pairs of single focal-plane red and green 
fluorescence images at 10-s intervals. After completion of filming, 
the temperature of the immersion oil was measured with an Omega 
Engineering HH81 digital thermometer to ensure that the sample 
was at 25°C.

stocks were adjusted to 50 mM NaCl final concentration. All prepa-
rations of MEI-1/MEI-2 used for quantitative analysis were freeze 
thawed once before purification and once after purification. Crossed 
microtubules were made as follows: flow cells were assembled from 
a slide and coverslip with four squares of double-stick tape at the 
four corners of the coverslip; after microtubules were flowed in one 
direction and allowed to adhere, a second solution of microtubules 
was flowed in at 90° and allowed to adhere, and free microtubules 
were then washed out.

Image acquisition was with a Nikon Microphot SA upright micro-
scope equipped with a 60× Plan-Apo 1.4 objective; heat, UV, and 
neutral density filters; an electronic shutter in the excitation path; 
and a QImaging Retiga EXi fast 1394 CCD camera (Burnaby, 
Canada) controlled by Ivision software (Biovision Technologies, 
Exton, PA). For the assays reported in Table 1 and Figures 2 and 6E, 
images were captured at 10-s intervals using 2 × 2 binning to 
minimize photodamage. For the assays reported in Figure 6, F–H, 
images were captured at 3-s intervals with no binning to allow 
unambiguous scoring of individual severing events.

Microtubule-bundling assays
For qualitative bundling assays (Figure 6A), MEI-1/MEI-2 complexes 
were diluted in lysis buffer adjusted to a final salt concentration of 
150 mM NaCl and then centrifuged in a TLA100 rotor for 20 min at 
60,000 rpm. Supernatants were then mixed with tetramethyl-rhod-
amine–labeled microtubules before a 3-μl aliquot was spread be-
tween a slide and coverslip for imaging. For quantitative light-scat-
tering assays (Figure  6B), MEI-1/MEI-2 complexes were further 
purified by Ni2+ chelate chromatography (Figure 2A) and velocity 
sedimentation through a 5–50% wt/vol sucrose step gradient in 
40 mM HEPES (pH 7.5), 150 mM NaCl, 2 mM MgCl2 in a Beckman 
SW41 rotor centrifuged at 35,000 rpm for 14 h (Figure 6C). The peak 
fraction shown in Figure 6C was diluted in the same buffer without 
sucrose and rapidly mixed with unlabeled, Taxol-stabilized, MAP-
free, porcine brain microtubules in a 100-μl quartz cuvette in a Beck-
man Coulter DU530 UV-visible spectrophotometer. Absorbance at 
370 nm was recorded at 5-s intervals. MEI-1/MEI-2 complexes, 
6his-MEI-1, and MBP-MEI-2 exhibited minimal light scattering 
when incubated without microtubules through the 5-min time point 
reported in Figure 6B (unpublished data), supporting the interpreta-
tion that the increased light scattering is caused by microtubule 
bundling rather than aggregation of MEI-1/MEI-2.

Microtubule cosedimentation
MEI-1 or MEI-1/MEI-2 preparations were diluted to 150 mM NaCl, 
40 mM HEPES (pH 7.5), 2 mM MgCl2 and centrifuged at 60,000 rpm 
in a TLA100 rotor for 20 min before being mixed with either Taxol-
stabilized microtubules polymerized from porcine brain tubulin in 
PME or with an equivalent volume of PME. One hundred–microliter 
reactions were incubated at 22°C for 5 min and then loaded onto a 
cushion composed of 30% glycerol, 150 mm NaCl, 40 mM HEPES 
(pH 7.5), 2 mM MgCl2, 20 μM Taxol before being centrifuged at 
60,000 rpm for 20 min in a TLA100 rotor. Supernatants were re-
moved, and pellets were resuspended in 1% SDS. Equivalent ali-
quots of pellets and supernatants were resolved by SDS–PAGE and 
stained with Coomassie Brilliant Blue G-250.

C. elegans strains
Strains were cultured according to standard procedures 
(Brenner, 1974). For fixed immunofluorescence imaging, wild 
type was N2 Bristol; for live fluorescence imaging, wild type 
indicates the integrated GFP::tubulin and mCherry::histone 
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Immunofluorescence
For imaging of fixed embryos from mei-1(or642) worms, adult her-
maphrodites were washed in Petri dishes that had been placed in 
a 20/20 Technology BC-110 Bionomic Controller and containing 
0.8X egg buffer at the appropriate temperatures. The worms were 
quickly transferred to polylysine-coated glass slides (Superfrost 
Plus; Thermo Fisher Scientific, Lafayette, CO), excess liquid was 
wicked away, a coverslip was gently applied to extrude embryos 
from the mother, and the slides were submerged into liquid nitro-
gen for 10 min. After removal from liquid nitrogen, the coverslips 
were quickly flicked off, and the slides were submerged in −20°C 
MeOH for 25 min. Slides were washed twice for 10 min in phos-
phate-buffered saline (PBS) and once for 15 min in PBS containing 
0.05% Tween 20 (PBST). Slides were preblocked in 4% BSA in PBST 
for 45 min at room temperature; this was followed by overnight 
incubation with primary antibodies at 4°C. Slides were washed 
twice for 10 min in PBS and once for 15 min in PBST and then incu-
bated with secondary antibodies and 4′,6-diamidino-2-phenylin-
dole (DAPI) for 1 h at room temperature. Slides were washed twice 
for 10 min in PBS and once for 15 min in PBST and then mounted 
with a coverslip and 1,4-diazabicyclo[2.2.2]octane/Mowiol. Primary 
antibodies were diluted in PBST and 4% BSA in the following ra-
tios: 1:100 anti–MEI-1 (this study), 1:100 anti–ASPM-1 (van der 
Voet et al., 2009), and 1:200 DM1α anti-tubulin (Sigma-Aldrich, St. 
Louis, MO). The secondary antibodies, Alexa Fluor 488 goat anti–
rabbit immunoglobulin G (IgG) and Alexa Fluor 594 goat anti-
mouse IgG (Molecular Probes, Eugene, OR) were diluted 1:200 in 
PBST. DAPI staining was used to visualize DNA. Stained embryos 
were imaged using an Olympus IX71 inverted microscope 
equipped with a 60× Plan-Apo 1.42 numerical aperture objective, 
an Olympus DSU (disk-scanning unit), and a Hamamatsu Orca R2 
deep-cooled C10600-10B digital mono CCD camera. Excitation 
light was regulated with a Sutter shutter, a Sutter Lambda 10–3 
controller, and MetaMorph imaging software through a Sutter ex-
citation filter wheel. Z stacks of images were taken in 0.20-μm step 
size. Images were deconvolved using Huygens Professional X11 
software (Scientific Volume Imaging, Hilversum, Netherlands).
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