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ABSTRACT Fission yeast cells depend on the anillin-related protein Mid1p for reliable cytoki-
nesis. Insolubility limits the purification of full-length Mid1p for biophysical analysis, and lack
of knowledge about the structural domains of Mid1p limits functional analysis. We addressed
these limitations by identifying in a bacterial expression screen of random Mid1p fragments
five soluble segments that can be purified and one insoluble segment. Using complementa-
tion experiments in Amid1 cells, we tested the biological functions of these six putative do-
mains that account for full-length Mid1p. The N-terminal domain (residues 1-149) is essential
for correct positioning and orientation of septa. The third domain (residues 309-452) allows
the construct composed of the first three domains (residues 1-452) to form hydrodynamically
well-behaved octamers. Constructs consisting of residues 1-452 or 1-578 carry out most
functions of full-length Mid1p, including concentration at the equatorial cortex in nodes that
accumulate myosin-ll and other contractile ring proteins during mitosis. However, cells de-
pending on these constructs without the insoluble domain (residues 579-797) form equatori-
ally located rings slowly from strands rather than by direct condensation of nodes. We con-
clude that residues 1-578 assemble node components myosin-ll, Rng2p, and Cdc15p, and

Monitoring Editor
Yu-Li Wang
Carnegie Mellon University

Received: Jun 14, 2012
Revised: Aug 14, 2012
Accepted: Aug 14, 2012

the insoluble domain facilitates the normal, efficient condensation of nodes into rings.

INTRODUCTION

The fission yeast, Schizosaccharomyces pombe, divides by medial
fission dependent on a contractile ring of actin filaments and myo-
sin-Il (Pollard and Wu, 2010). Cells prepare for cytokinesis early
in interphase by accumulating proteins in multiple punctate cortical
structures called nodes. These interphase nodes contain the kinases
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Cdr2p, Cdr1p, and Weelp, putative RhoGEF Gef2p, kinesin-like
protein Klp8p, and uncharacterized protein Blt1p (Morrell et al.,
2004; Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009).
Late in interphase the anillin-related protein Mid1p begins to move
from the nucleus to interphase nodes at the cell equator (Paoletti
and Chang, 2000; Moseley et al., 2009). As cells enter mitosis, inter-
phase nodes mature into cytokinetic nodes by recruiting contractile
ring proteins through two parallel pathways: Mid1p recruits IQGAP
protein Rng2p and conventional myosin-I (hereafter called Myo2,
consisting of heavy chain Myo2p and light chains Cdc4p and Ric1p);
and Mid1p recruits F-BAR protein Cdc15p (Wu et al., 2003, 2006;
Almonacid et al., 2011; Laporte et al., 2011; Padmanabhan et al.,
2011). Both pathways help to recruit formin Cdc12p to nodes
(Laporte et al., 2011). Cdc12p then generates actin filaments that
interact with Myo2 in adjacent nodes as the nodes condense into a
contractile ring (Kovar et al., 2003; Vavylonis et al., 2008).
Cytokinesis is unreliable in cells without Mid1p. One-third of cells
fail to assemble contractile rings (see accompanying article, Saha
and Pollard, 2012) and contractile rings are misplaced or oriented
obliquely in many other cells (Sohrmann et al., 1996; Paoletti and
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Chang, 2000). Cells lacking Mid1p or expressing Mid1p mutants
assemble contractile rings from strands of actin filaments and Myo2
(Chang et al., 1996; Paoletti and Chang, 2000; Sohrmann et al.,
1996, Motegi et al., 2004; Hachet and Simanis, 2008; Huang et al.,
2008). The accompanying article (Saha and Pollard, 2012) shows
that without Mid1p, cytokinetic nodes are scattered in the cortex,
where they accumulate formin Cdc12p but not Myo2, Rng2p, or
Cdc15p. Actin filaments produced by Cdc12p attract myosin-Il into
strands dispersed throughout the cortex that slowly merge into a
contractile ring.

Analysis of Mid1p constructs with deletions or point mutations
mapped regions of the protein important for intracellular localiza-
tion, interactions with other cytokinesis proteins (Paoletti and Chang,
2000; Celton-Morizur et al., 2004; Clifford et al., 2008; Almonacid
etal., 2009, 2011; Lee and Wu, 2012; Ye et al., 2012), and assembly
of oligomers (Celton-Morizur et al., 2004). However, many questions
remained about the contributions of the various parts of Mid1p to
cytokinesis. Sequence analysis revealed only the C-terminal pleck-
strin homology (PH) domain (Sohrmann et al., 1996), leaving open
questions about the boundaries of any independently folded do-
mains in the large (920 residues) Mid1p protein and number of sub-
units in the native protein, information required to understand the
interactions of Mid1p that contribute to cytokinesis.

Challenges in purifying the largely insoluble Mid1p have limited
biophysical studies, so we took the alternate strategy of identifying
and characterizing soluble parts of Mid1p. We used a bacterial ex-
pression screen to identify five soluble segments of the protein and
one large insoluble segment that account for the entire length of
Mid1p. We refer to these segments as putative domains, pending
further structural studies. Knowledge of the structural domains of
Mid1p is equally valuable for functional studies because mutations
and deletions that result in loss of functions are less likely to be arti-
facts when based on structural domains rather than arbitrary pieces
of such a large protein.

RESULTS

Five soluble domains and one insoluble domain account

for entire length of Mid1p

We used a bacterial expression screen to identify soluble regions of
the large, insoluble Mid1p. Our screen was inspired by two previous
studies (Kawasaki and Inagaki, 2001; Jacobs et al., 2005) and based
on the observation by Waldo et al. (1999) that the fluorescence of
bacteria expressing polypeptides fused upstream of GFP correlates
with the solubility of the fused polypeptide. We used this strategy to
identify random pieces of Mid1p that expressed well in bacteria
when fused to the N-terminus of monomeric enhanced green fluo-
rescent protein (MEGFP). We used tagged random primer PCR
(Grothues et al., 1993) to construct a library of fragments of the cod-
ing sequence of Mid1p. We cloned fragments of 200 base pairs to
2.8 kb (full-length Mid1) in a plasmid vector upstream of mEGFP and
transformed Escherichia coli cells with the plasmid library. We se-
lected transformed cells by growth on Luria-Bertani (LB) plates con-
taining ampicillin and identified brightly fluorescent colonies ex-
pressing Mid1p polypeptides fused upstream of mEGFP (Figure 1,
A and B).

We sequenced cDNA inserts from fluorescent colonies to
identify expressed Mid1p fragments (Figure 1C). Some bright
colonies were false positives and expressed only mEGFP without
any upstream Mid1p fragment. Plasmids from some colonies
with low or no fluorescence contained fragments of Mid1 cDNA
in-frame with mEGFP, whereas others were out of frame with
mEGFP. We constructed and screened additional fragment li-
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braries from regions of Mid1 ¢cDNA underrepresented in initial
rounds of screening.

Our screen of ~27,600 colonies through five rounds (Supplemen-
tal Table S1) yielded 16 highly expressed fragments of Mid1p (Fig-
ure 1C), which we used to define the approximate boundaries of six
putative domains: M1-1 (residues 1-149), M1-2 (150-308), M1-3
(309-452), M1-4 (453-578), M1-5 (579-797), and M1-6 (798-920).
The location of M1-5 was inferred from the lack of soluble fragments
including residues 579-797. The DomPred Protein Domain Predic-
tion Server (Marsden et al., 2002) predicted the boundaries between
M1-2 and M1-3 and between M1-5 and the C-terminal PH domain
(Figure 1C, filled bars).

Physical properties of Mid1p constructs
Mid1p fragments M1-1, M1-2, M1-3, M1-4, and M1-6 were soluble
when expressed in E. coli, but fragment M1-5 was insoluble (Figure
1D). We purified the soluble fragments of Mid1p and combinations
of fragments (M1-12, M1-13, M1-14, and M1-124) using for each an
optimized combination of nickel-nitriloacetic acid (Ni-NTA) affinity,
ion-exchange, and size-exclusion chromatography. Mid1p domains
M1-4 and M1-6 contain tryptophan, so we used differences in intrin-
sic tryptophan fluorescence emission spectra +5.6 M urea to show
that both had tertiary structure (Supplemental Figure S1, A and B).
Sedimentation velocity analytical ultracentrifugation showed
that domain M1-3 allows Mid1p to form hydrodynamically well
behaved oligomers (Figure 2, A-C). Both constructs M1-12 (con-
sisting of domains M1-1 and M1-2) and M1-13 (consisting of do-
mains M1-1 through M1-3) were homogeneous (Figure 2, A and
B), and their sedimentation coefficients were independent of con-
centration over a 7- to 10-fold range, extrapolating to Sy, values
of 2.1 S for M1-12 and 14.6 S for M1-13 (Figure 2C). We mea-
sured diffusion coefficients (D) from boundary spreading of the
homogeneously sedimenting species and by size-exclusion chro-
matography (Table 1). The values of D from the two methods
agreed for the range of concentrations of M1-12 but differed for
the lowest concentration of M1-13, likely due to low signal-to-
noise ratio (Supplemental Table S2) rather than dissociation of the
oligomer, because the sedimentation was independent of con-
centration (Supplemental Table S2). Molecular weights calculated
from S and D showed that M1-12 is a monomer and M1-13 is a
discrete oligomer of six to eight subunits, depending on the value
of D used in the calculation (Table 1 and Supplemental Table S2).
Using the most reliable value of D, we find that the molecular
weight of 403 kDa indicates that M1-13 is most likely an octamer.
The frictional ratio (f/fy) shows that M1-13 octamers are more
symmetrical than M1-12 monomers (Table 1), suggesting that the
octamers of M1-13 form by lateral association of elongated
monomers. Octamers of M1-13 showed secondary structure by
circular dichroism (CD) spectroscopy (Supplemental Figure S1C).
A larger Mid1p fragment consisting of domains 1-4 (M1-14)
was soluble and showed secondary structure by CD spectros-
copy (Figures 1D and Supplemental Figure S1D) but sedimented
as multiple species (Supplemental Figure S2, C and D). M1-14
consists of only ~30% more amino acids than M1-13, but about
half of M1-14 sedimented approximately five times faster than
M1-13 (compare Supplemental Figure S2, B and C), and so these
higher-order oligomers of M1-14 contain more than eight sub-
units (Supplemental Figure S2, C and D). On the other hand,
construct M1-124 (M1-14 lacking domain M1-3) sedimented as
two species, neither of which, based on estimated molecular
weights, is an oligomer (Supplemental Figure S2E and Supple-
mental Table S2).
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Five soluble domains and one insoluble domain account for entire length of Mid1p. (A) Fluorescence image
of a Petri dish of E. coli colonies expressing a library of Mid1 cDNA fragments fused to mEGFP. Cells were transformed
with constructs coding for fusion proteins consisting of random sections of Mid1 fused to the N-terminus of mEGFP,
grown on LB agar plates containing 0.1 mg/ml ampicillin and 0.2 mM IPTG at 37°C for 18 h followed by 24 h at 33°C,
and imaged under UV illumination. (B) Grayscale image of the box in A. (C) Map of 20 Mid1p fragments that produced
fluorescent E. coli colonies when expressed fused upstream of mEGFP. The left column lists N- and C-terminal
boundaries of each fragment. The open bars represent Mid1p fragments identified in the bacterial expression screen.
The filled bars are domains predicted by the DomPred Protein Domain Prediction Server. Broken lines represent
approximate domain boundaries. The boundary residue numbers are listed below the broken lines. (D) SDS-PAGE of
Mid1p domains purified from E. coli. M1-1 (residues 1-149), M1-2 (150-308), M1-3 (309-452), M1-4 (453-578), M1-6
(798-920), M1-12 (1-308), M1-13 (1-452), and M1-14 (1-578) were soluble and purified by a combination of Ni-NTA
affinity, ion-exchange, and size-exclusion chromatography, optimized for each construct. M1-5 (579-797) was insoluble
in bacterial lysates made in 50 mM sodium phosphate, 300 mM NaCl, and 10 mM imidazole, pH 8.0 (black arrow). See
also Supplemental Figure S1.

Complementation of cell division defects in Amid1 cells with
Mid1p deletion constructs

We used complementation experiments to assay the ability of six
constructs lacking single domains of Mid1p to correct the abnormal
position and orientation of the septum in Amid1 cells (Figure 3). All
six constructs mitigated these defects, but to different extents. The
ability of these deletion constructs to correct the position of the
septum correlated with their ability to correct the orientation of the
septum (linear fit; > = 0.83; Figure 30), and the variability of both
parameters among cells scaled inversely with the ability of each con-
struct to correct both defects. The outcomes in cells depending on
Mid1p lacking domain M1-2, M1-3, M1-4, or M1-6 were equal to
those with full-length Mid1p, but cells divided more slowly than nor-
mal with Mid1p constructs lacking single domain M1-2, M1-4, or
M1-6 (Supplemental Table S3). The construct lacking the N-terminal
domain M1-1 (even with an added nuclear export sequence) was
the least active, whereas the construct without insoluble domain
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M1-5 corrected most but not all of the defects. Thus M1-1 is the
most important Mid1p domain for cytokinesis.

Localization of constructs composed of Mid1p domains
We used confocal microscopy of live Amid1 cells to study the intra-
cellular distributions of 16 different constructs consisting of one or
more Mid1p domains fused to a fluorescent protein (Figure 4).

Localization to the nucleus. As expected from the presence of
nuclear localization sequences in residues 450-506 (Almonacid
et al., 2009) and 691-695 (Paoletti and Chang, 2000), construct
M1-4 concentrated inside the nucleus (Figure 4L) and insoluble
domain M1-5 associated with the nuclear envelope (Figure 4M).
M1-13 and three other single domains (M1-2, M1-3, and M1-6)
targeted mMEGFP, 2mEGFP, or tdTomato to the nucleus but to a
lesser extent than did M1-4 (Figure 4, J-L, N, and P). However, the
combination of domains M1-2, M1-3, M1-5, and M1-6 was
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FIGURE 2: Analysis of Mid1p constructs by sedimentation velocity analytical ultracentrifugation. (A, B) Distributions of
sedimentation coefficients, assuming a continuous ¢(S) distribution. Bin width: 1/100 of the range of sedimentation
coefficients plotted. Insets show cartoons defining M1-12 and M1-13 and SDS-PAGE of recombinant M1-12 and M1-13
stained with Coomassie blue. (A) Three concentrations of M1-12 (residues 1-308): black, 8.7 uM; blue, 17.4 uM; and red;
69.4 pM. Conditions: 42,000 rpm in 20 mM Tris, 150 mM NaCl, 1 mM TCEP, pH 8.0, at 20°C. (B) Three concentrations of
M1-13 (residues 1-452): black, 4.6 uM; blue, 23.0 pM; and red, 46.0 uM. Conditions: 28,000 rpm in 20 mM Tris, 150 mM
NaCl, and 1 mM TCEP, pH 7.3, at 20°C. (C) Dependence of sedimentation coefficients on the concentrations of
(triangles) M1-12 and (squares) M1-13. The y-intercepts of linear fits represent sedimentation coefficients at 20°C in

water (Spo,w)- See also Supplemental Figure S2.

insufficient to concentrate M1-A4 or a Mid1p nuclear shuttling
mutant (Almonacid et al., 2009) in the nucleus (Figure 4F), so any
nuclear localization sequences in these domains must be weak in
the context of the full-length protein.

Localization to nodes. In late interphase and mitosis, the nuclear
export sequence (NES) in M1-1 (residues 69-81; Paoletti and Chang,
2000) allows Mid1p to leave the nucleus and localize to nodes in the
cortex. We define nodes to be punctate structures in the cortex that
condense into a contractile ring or structures that eventually form a
contractile ring. No single Mid1p domain could localize 2mEGFP or
tdTomato to nodes (Figure 4, I-N), so some combination of the six
domains mediates localization in nodes. We used deletion constructs
to identify these domains. Mid1p constructs lacking domain M1-2,
M1-3, M1-4, M1-5, or M1-6 localized to nodes (Figure 4, D-H). The
Mid1p construct lacking the N-terminal domain M1-1 (with an
added nuclear export sequence) localized to punctate structures
in the cortex generally surrounding the nucleus, but in contrast
to nodes, these puncta did not condense into a contractile ring
(Figure 4C), similar to Mid1p constructs with mutations or deletions

in domain M1-1 (Almonacid et al., 2011). Therefore domain M1-1 is
required but not sufficient to localize full-length Mid1p to nodes.
M1-13 consisting of domains M1-1 through M1-3 was the smallest
Mid1p construct that concentrated in nodes (Figure 4P). The
construct Mid1p (300-450) consisting of nine residues of M1-2 and
most of M1-3 localized to punctate structures in the medial cortex
(Almonacid et al., 2009), but it was unclear whether these puncta
contributed to assembly of the contractile ring.

Restriction of cortical Mid1p to nodes. Insoluble domain M1-5 on
its own spread throughout the cortex (Figure 4M), but it did not
concentrate in nodes around the equator. This behavior suggests
that other Mid1p domains help restrict full-length Mid1p to nodes.
The presence of domain M1-1 allowed the constructs lacking
domain M1-2, M1-3, M1-4, M1-5, or M1-6 to concentrate in nodes
(Figure 4, D-H), but the constructs lacking domain M1-3 or M1-4
also spread diffusely throughout the cortex (Figure 4, E and F).
Therefore the presence of domains M1-3 and M1-4 in addition to
M1-1 ensures that full-length Mid1p concentrates in the cortex
exclusively in nodes.

Stokes radius D from

Mid1p (A) from gel D from R, centrifugation Sz0,w from Molecular Order of

construct filtration (em? s7) (em? s7) centrifugation  weight (kDa)  oligomerization  f/f,
1-308 (M1-12) 457 +2.2 4.70 x 1077 4.97 x 1077 2.1 36.8 1.0 2.0
1-452 (M1-13) 625+15 3.43 x 107 3.18 x 107 14.6 403.2 7.9 1.4

Conditions are given in the legend of Figure 2. The following notation is used in the equations given here: Stokes radius (Ry), diffusion coefficient (D), sedimentation
coefficient at 20°C in water (Syg ), Boltzmann constant (kg), temperature in degrees kelvin (T), buffer viscosity (), Avogadro’s number (Na), partial specific volume of
Mid1p constructs (v), buffer density (p), and molecular weight (M). The SEDNTERP software was used to estimate the values of p and 1 from buffer composition, and
v from amino acid composition. The Stokes radius was measured on calibrated size-exclusion columns, and the values given are averages + SD from four indepen-
dent measurements. D was estimated in two ways: from R, using the relationship D = kg T/(6mnR;) and from diffusive boundary spreading during sedimentation ve-
locity ultracentrifugation (see Supplemental Table S2). The signal-to-noise ratio in centrifugation was better at high concentrations, so this table lists values of D for
69.4 M M1-12 and 46.0 uM M1-13. The Sy, values are the y-intercepts of linear fits of sedimentation coefficients vs. concentration (Figure 2C). M was calculated
from Sy and D (from centrifugation): M = Syq,,/D. NakgT/(1 = vp). Orders of oligomerization were calculated from molecular weights divided by subunit molecular
weights calculated from amino acid compositions. Frictional ratio f/fo = Sgohere/ S20,u Where Sephere = M(T = vp)A6TMNAIBMV/(ARN A)]3}Lebowitz et al., 2002).

TABLE 1: Hydrodynamic properties of Mid1p constructs.
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Complementation of defects in septal geometry in Amid1 cells by expression of Mid1p-deletion constructs.
(A) Map of Mid1p constructs. Broken lines represent domain deletions. NES-M1-A1 includes a nuclear exit sequence
(Mid1p residues 69-81) upstream of M1-A1. (B-M) Differential interference contrast (DIC) micrographs. (B) Amid1 cells
with misplaced (arrow), misoriented (arrowhead), and curved (star) septa. (C) Cells expressing Mid1p-mEGFP from the
mid1 locus. (D-M) Amid1 cells expressing (D) M1-A1-2mEGFP from the mid1 locus, (E) NES-M1-A1-2mEGFP from the
mid1 locus, (F) M1-A2-2mEGFP from the mid1 locus, (G) M1-A3-mEGFP from a mid1 promoter in the leuT locus,
(H) M1-A4-mEGFP from a mid1 promoter in the leuT locus, () M1-A5-mEGFP from a mid1 promoter in the leuT locus,
(J) M1-A6-2mEGFP from the mid1 locus, (K) M1-12-tdTomato from the mid1 locus, (L) M1-13-mEGFP from a mid1
promoter in the leu? locus, and (M) M1-14-tdTomato from the mid1 locus. (N) Cartoon of S. pombe defining septal
offset and septum tilt angle 6. (O) Comparison of septal offset and tilt angles in complementation experiments.
Cylindrical or near-cylindrical cells containing a single septum were scored. The larger value of 6 was scored for curved
septa intersecting two sides of a cell at different angles. Error bars are 1 SD. (A, n = 33) Wild-type cells. (O, n=47)
Amid1 cells. Amid1 cells expressing from the mid1 locus, (A, n=62) M1-A1-2mEGFP, (A, n=26) M1-A2-2mEGFP, (A, n=
33) M1-A6-2mEGFP, (8, n = 37) M1-12-tdTomato, (3, n = 33) M1-14-tdTomato, or (5, n = 35) NES-M1-A1-2mEGFP. Amid1
cells expressing from a mid1 promoter in the leuT locus (A, n = 35) M1-A3-mEGFP, (A, n=19) M1-A4-mEGFP, (A, n=39)
M1-A5-mEGFP, or (3, n=51) M1-13-mEGFP. The cartoon in N and the values of septal offset and tilt angle in wild-type
and Amid1 cells are reproduced from Saha and Pollard (2012). Scale bars, 5 pm.

Localization to contractile rings. Most but not all Mid1p constructs
that localized to nodes also concentrated in contractile rings,
whereas no Mid1p construct missing from nodes concentrated in
contractile rings. Both constructs M1-Aé (Mid1p lacking domain M1-
6) and M1-14 (Mid1p lacking domains M1-5 and M1-6) localized to
nodes, and nodes marked with M1-A6 condensed into contractile

M1-A2, M1-A3, M1-A4, M1-A5, M1-A6, M1-13, and M1-14 localized
near septa in some cells (Figures 4P and 5A and Supplemental
Figure S3). These structures marked with M1-13 or M1-A5 appeared
to constrict over time (Supplemental Figure S3, H and ).
Reconstructions of cells showed that M1-13 concentrated in a disk
rather than in the contractile ring marked with Rlc1p-mCherry

rings, but we did not detect M1-14 in contractile rings (Figures 4H
and 5A). Therefore insoluble domain M1-5 may be required in
addition to domain M1-1 (required for localization to nodes) for
Mid1p to localize to contractile rings.

Localization near septa. Mid1p normally disappears from the

contractile ring before the onset of constriction (Wu et al., 2003), but
we found that small amounts of Mid1p and constructs NES-M1-A1,
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(Supplemental Figure S3I).

Contractile ring assembly in cells depending on Mid1p
constructs lacking domain M1-5

In cells depending on Mid1p constructs lacking the insoluble do-
main M1-5, the pathway of contractile ring assembly from nodes
was abnormal. Surprisingly, three of our Mid1p constructs that
lack domain M1-5 (M1-13, M1-14, and M1-A5) restored the normal
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FIGURE 4: Intracellular localization of Mid1p constructs. Red arrowheads show nodes in the cortex. (A-F, H-J, L, N, O)
Pairs of DIC and maximum-intensity projection fluorescence micrographs of cells expressing Mid1p or various Mid1p
deletion constructs tagged with fluorescent proteins. (A) Cells expressing Mid1p-mEGFP from the mid1 locus. (B-F)
Amid1 cells expressing (B) M1-A1-2mEGFP from the mid1 locus, (C) NES-M1-A1-2mEGFP from the mid1 locus (inset
shows medial focal planes of two cells indicated by arrows), (D) M1-A2-2mEGFP from the mid1 locus, (E) M1-A3-mEGFP
from a mid1 promoter in the leu? locus, and (F) M1-A4-mEGFP from a mid1 promoter in the leu1 locus. (G) Micrographs
of Amid1 cells expressing M1-A5-mEGFP from a mid1 promoter in the leuT locus at two time points: the three panels at
time 0 show (left) a DIC micrograph, (middle) fluorescence micrograph of a single focal plane close to the cortex, and
(right) a maximum-intensity projection fluorescence micrograph of a stack of confocal sections, and at time 25 min a
maximum-intensity projection fluorescence micrograph. M1-A5-mEGFP concentrates in nodes (arrowhead) and strands
(arrow). (H-J) Amid1 cells expressing (H) M1-A6-2mEGFP from the mid1 locus, (I) M1-1-2mEGFP from the mid1 locus,
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position of septa close to the equator in Amid1 cells in spite of a
defective pathway of ring assembly (Figure 3, I, L, M, and O).

Formation of nodes. Constructs M1-13 and M1-14 localized to
nodes containing Myo2 around the equator in mitotic cells (Figures
4, P and Q, and 5, A and J). In cells depending on M1-14, nodes
with Blt1p localized normally, close to the new pole immediately
after cell division and then dispersed in the cortex before
concentrating around the equator (Figure 5B). M1-14 shuttled out of
the nucleus and joined Blt1p in equatorial nodes that accumulated
Myo2 and formin Cdc12p (Figures 5, A, B, D, F, and I-K, and 6,
B-D), although Myo2 arrived ~10 min late (Figure 5L). These
cytokinetic nodes were positioned more normally than in Amid1
cells with mean positions (+SD) of 0.05 + 0.16 for Blt1p nodes,
0.03 + 0.13 for Rlc1p nodes, and 0.02 + 0.06 for Cdc12p nodes
(Figure 6, B-D).

Assembly of contractile ring from nodes. Despite near-normal
starting conditions with nodes around the equator and good final
outcomes with centrally placed septa, cells depending on M1-13 or
M1-14 did not assemble contractile rings normally, accounting for
the more variable orientation of the septa than normal (Figure 30).
In cells depending on M1-13, nodes containing Myo2 initially
coalesced into strands that eventually formed the contractile ring
(Figure 4, Q and R). We studied ring assembly in more detail in the
M1-14 strain than the M1-13 strain. Starting from apparently normal
initial conditions (equatorial nodes containing both Myo2 and
Cdc12p), the nodes formed one or more strands containing M1-14,
Blt1p, Myo2, and Cdc12p (Figure 5, A, C, D, F, and G). These strands
slowly closed into a ring in most cells over the same median time of
32 min as strands in Amid1 cells (Figure 5, D-F and L). The outcome
in terms of the position and orientation of the rings (Figure 30) was
much better than in Amid1 cells because the strands were generally
confined within a narrow zone around the equator (Figure 5E and
Supplemental Video S1), in contrast to being dispersed over a larger
area of the cortex in Amid1 cells (see accompanying article, Saha
and Pollard, 2012). M1-14 was not detected in complete contractile
rings. Similar to Amid1 cells, rings in M1-14 cells constricted as soon
as strands closed into rings (Figure 5, E, H, and L).

Insoluble domain M1-5 is the more important of the two Mid1p
domains missing in M1-14 because the outcomes were indistinguish-
able in cells depending on M1-14 or M1-A5 (Figure 30), whereas
cells depending on M1-Aé had outcomes similar to cells depending
on full-length Mid1p (Figure 30). Nodes in cells dependent on
Mid1p without domain M1-5 initially formed strands rather than di-
rectly condensing into a contractile ring (Figure 4G). We did not de-
tect Mid1p constructs lacking domain M1-5 in contractile rings that
formed slowly from strands, perhaps because these constructs no
longer associated with contractile rings ~30 min after spindle pole
body separation like full-length Mid1p (Wu et al., 2003).

Contributions of Mid1p domains to cellular morphology

and polarity

We tested the ability of various Mid1p constructs to correct the de-
fects in cellular morphology and polarity in Amid1 cells reported in
the accompanying article (Saha and Pollard, 2012). These defects
include branches, curves, and ectopic bulges, along with some loss
of polarization of Tea1p-mEGFP (compare Figure 7, A and B).

Complementation experiments showed that 9 of 10 Mid1p con-
structs with domain deletions corrected most morphological defects
of many Amid1 cells (Figure 7E). The ability of these constructs to
correct septal placement defects was correlated directly with their
ability to correct defects in cellular morphology (linear fit; ? = 0.88;
Figure 7E). The tiny construct M1-12 had limited capacity to correct
the morphological defects, whereas M1-13 and M1-A1 had substan-
tial effects on morphology (Figure 7E). Although M1-12 and M1-A1
are equally limited in their ability to correct septal defects in Amid1
cells, M1-A1 corrected the morphological defects better than M1-
12. This difference suggests that defects in cytokinesis may not be
the only cause of morphological defects in Amid1 cells.

Both M1-A1 and M1-14 mitigated the defects with polarization
of Tealp in Amid1 cells. In cells depending on these Mid1p con-
structs the localization of Tealp-mEGFP at the poles was more fo-
cused than in Amid1 cells, but a few discrete Tealp dots also scat-
tered away from the poles (Figure 7, C and D). Thus some
combination of domains M1-2, M1-3, and M1-4 helps to maintain
polarity.

DISCUSSION

Identification of five soluble domains and one insoluble domain of
the large Mid1p protein opened up biophysical studies and im-
proved the design and simplified the interpretation of biological
experiments, but crystal structures will be required to establish the
domain architecture definitively. Figure 8 summarizes the roles of
Mid1p domains in cytokinesis, and Figure 9 compares our comple-
mentation experiments with previous studies that used constructs
composed of arbitrary pieces of Mid1p. In spite of the arbitrary de-
sign, many of these pieces sufficed for some aspects of the intracel-
lular localization or functions of full-length Mid1p because they were
large and contained many of the Mid1p domains that mediate an
impressively redundant network of interactions. Our work helps to
map these interactions to individual domains and to verify direct
interactions between Cdr2p (Almonacid et al., 2009), Gef2p (Ye
et al., 2012), or Clp1p (Clifford et al., 2008) and specific parts of
Mid1p (Figure 9) as suggested mainly based on loss-of-interaction
deletions in Mid1p.

We show for the first time that the Mid1p construct M1-13 (resi-
dues 1-452) forms homogeneous octamers that carry out many of
the functions of the full-length protein. Oligomerization may con-
tribute to the activity of Mid1p as a scaffold for other proteins in
cytokinetic nodes and contractile rings. M1-13 lacks the insoluble

and (J) M1-2-2mEGFP from the mid1 locus. (K) DIC and a medial confocal section fluorescence micrograph of Amid1
cells expressing M1-3-2mEGFP from the mid1 locus. (L) Amid1 cells expressing M1-4-2mEGFP from the mid1 locus. (M)
DIC and medial focal plane fluorescence micrograph of Amid1 cells expressing M1-5-tdTomato for 16 h from a 3xnmt1
promoter in the leu? locus. (N) Amid1 cells expressing M1-6-tdTomato for 18 h from a 3xnmt1 promoter in the leu
locus. (O) Amid1 cells expressing M1-12-tdTomato from the mid1 locus. (P-R) Amid1 cells expressing M1-13-mEGFP
from a mid1 promoter in the leu? locus and Rlc1p-mCherry from the rlc1 locus. (P) DIC and time-lapse maximum-
intensity projection fluorescence micrographs (green channel only). (Q, R) Time-lapse two-dimensional projections of
fluorescence micrographs. (Q) Nodes containing M1-13-mEGFP and Rlc1p-mCherry form strands. Planes of image
projection at 0 and 9 min are rotated 240° with respect to each other around the long axis of the cell. (R) Strands
containing Rlc1p-mCherry form contractile ring. Scale bars, 5 um. See also Supplemental Figure S3.
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FIGURE 5: Assembly of contractile rings in Amid1 cells expressing Mid1p (1-578; M1-14). (A-K) Amid1 cells expressing
M1-14-tdTomato from the mid1 locus. (A, B) Pairs of DIC and maximum-intensity projection fluorescence micrographs
showing the localization of (A) M1-14-tdTomato and (B) Blt1p-mEGFP. M1-14-tdTomato localizes to nodes in the cortex
surrounding the nucleus (A, arrowhead) and strands (A, arrow). Nodes of Blt1p concentrate near the new pole of short
cells (B, arrowhead), form a broad band at the cell equator in long cells (B, star), and eventually form contractile rings (B,
arrow). (C) Time-lapse maximum-intensity projection fluorescence micrographs of the equatorial region of a cell showing
nodes with Blt1p (arrowhead) coalesce into strands (arrow) that eventually close into a ring. The long axis of the cell is
vertical. (D, E) Time-lapse two-dimensional projections of fluorescence micrographs showing the generation of (D)
strands (arrow) from nodes (arrowhead) and (E) contractile ring (arrow) from strands (arrowhead) marked by Rlc1p-3GFP.
Images in D show a single cell with the long axis vertical, and E show many cells. (F-H) Time-lapse maximum-intensity
projection fluorescence micrographs show (F) nodes (arrowhead) coalescing into strands (arrow) that eventually close
into a ring, (G) an elongated strand (arrow), and (H) constriction of a contractile ring marked by Cdc12p-3GFP. Images in
F and G show single cells with their long axes vertical, and H shows the equatorial region of a cell containing the ring.
(I-K) Fluorescence micrographs of the equator showing colocalization of M1-14-tdTomato and (I) Blt1p-mEGFP, (J) Rlc1p-
3GFP, and (K) Cdc12p-3GFP. Images in | and K are maximum-intensity projections; J is a two-dimensional projection in a
plane tilted 30° from the xy-plane. (L) Time courses of recruitment of myosin-Il to the cortex and formation and
constriction of the contractile ring relative to the time of spindle pole body division tracked by Sad1p-mRFP1 or
Sad1p-mEGFP defined as time zero. Appearance of Rlc1p-mEGFP in the cortex in (0, n = 34) Amid1 or Rlc1p-3GFP in
(M, n=16) wild-type and (M, n = 54) M1-14 cells; formation of contractile ring (tracked by Rlc1p-mEGFP or Rlc1p-3GFP)
in (A, n=17) wild-type, (A, n=63) Amid1, and (A, n = 39) M1-14 cells; onset of contractile ring constriction (tracked by
Rlc1p-mEGFP or Rlc1p-3GFP) in (®, n = 16) wild-type, (O, n =57) Amid1, and (®, n = 31) M1-14 cells. Bin width, 5 min.
The sample included only cells for which Rlc1p persisted in the cortex long enough to document formation of strands or
rings. Data on timing of cytokinetic events in wild-type and Amid1 cells are reproduced from Saha and Pollard (2012).
Scale bars, 5 pm. See also Supplemental Video S1.
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FIGURE 6: Positions of cytokinetic nodes in wild-type, Amid1, and
Amid1 cells expressing Mid1p (1-578; M1-14). (A) Cartoon of S.
pombe defining node position. (B) Histogram showing distributions of
nodes marked with Cdc12p-3GFP in mitosis, scored in maximum-
intensity projection fluorescence micrographs. Data from multiple
cells were pooled together and distributed into bins of width 1/11 of
the cell length. The frequency was normalized to the total number of
nodes and plotted at the midpoint of each bin. Mean + SD node
positions are color coded to match that of the distribution of different
types of nodes. ¢, Wild-type cells (n = 69 from 11 cells); ¢, M1-14 cells
(n=76 from 13 cells); and ¢, Amid1 cells (n = 68 from 12 cells). (C, D)
Comparison of the distribution of Cdc12p node positions among (M)
11 wild-type, (ll) 13 M1-14, and (@) 12 Amid1 cells from data shown in
B. (C) Histogram showing the variation in center of the distribution. In
each cell, the mean position of nodes containing Cdc12p was
calculated. The SD among cells in these mean positions is plotted.

(D) Histogram showing the width of the distribution expressed as the
average among cells in the SD of position of nodes containing
Cdc12p. In each cell, the SD among positions of nodes containing
Cdc12p was calculated. The mean of these SD values across cells is
plotted. The cartoon in A and the data on the position of Cdc12p
nodes in wild-type and Amid1 cells in B-D are reproduced from Saha
and Pollard (2012).

domain M1-5 that is required for the normal, efficient condensation
of nodes directly into the contractile ring. It is surprising that in spite
of the defects in the pathway of ring assembly in absence of M1-5,
restriction of contractile ring precursors in nodes within a narrow
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zone around the equator of cells depending on M1-14 (residues
1-578) suffices to reliably place the plane of cell division close to the
equator.

Contributions of Mid1p domains to oligomerization
Domain M1-3 (residues 309-452) allows the Mid1p fragment M1-13
(residues 1-452) to form homogeneous, relatively compact octam-
ers. M1-3 most likely supports oligomerization of full-length Mid1p
in fission yeast cells because the concentration of Mid1p in mature
contractile rings is >4 pM (Wu and Pollard, 2005), well above the
concentration where M1-13 octamers are stable (Figure 2B). Further
support comes from quantitative fluorescence measurements in
live cells, where nodes transition early in mitosis from having ~17 to
~28 molecules of full-length Mid1p tagged with monomeric yellow
fluorescent protein (Laporte et al., 2011). This quantal change can
be explained by interphase nodes with two octamers of Mid1p ac-
quiring one or two additional octamers of Mid1p during mitosis.
The behavior of Mid1p oligomers in detergent extracts of whole
cells (Celton-Morizur et al., 2004) is consistent with the behavior of
purified M1-13 with a sedimentation coefficient of 14.6 S. In ex-
tracts, construct Mid1p (1-506), similar to M1-13 but with an addi-
tional 54 residues of M1-4, sedimented at ~12 S (our calculation),
similar to a small fraction of full-length Mid1p tagged to GFP
(Celton-Morizur et al., 2004). Full-length Mid1p and Mid1p (507-
920, consisting of part of M1-4 through the C-terminus) were het-
erogeneous, with sedimentation coefficients ranging from 20 S to
much higher values (our calculation). These constructs also self-as-
sociated in coimmunoprecipitation experiments (Celton-Morizur
et al., 2004).

Contributions of Mid1p domains to cytokinesis

Mid1p association with nodes. Individually none of the six
domains of Mid1p targets 2mEGFP or tdTomato to nodes, and
constructs lacking single domains except for M1-1 concentrate in
nodes, so cooperation between M1-1 and different subsets of
domains M1-2 through M1-6 suffice for interaction with nodes.
Construct M1-13 is the smallest fragment of Mid1p that not only
concentrates in nodes, but also supports reliable cytokinesis.
Domain M1-3 cooperates with M1-1 to target M1-13 to nodes.
Domain M1-2 does not suffice without domain M1-3, since
construct M1-12 is absent from nodes. M1-3 may contribute to
node association through direct interactions with partners or
reactions dependent on oligomerization mediated by M1-3. A
construct similar to M1-3 concentrated in punctate structures in
the medial cortex (Almonacid et al., 2009), but it is unclear whether
these puncta contribute to assembly of the contractile ring.
Constructs M1-A3 and M1-A4, lacking domains M1-3 or M1-4,
localize to nodes, but a fraction of these proteins spread
throughout the cortex, suggesting that interactions mediated by
both these domains are required for full-length Mid1p to localize
in the cortex exclusively in nodes.

Roles of interphase node proteins in recruiting Mid1p to
nodes. M1-13 is soluble and does not bind diffusely to the cortex,
so domains M1-1 through M1-3 likely interact with node proteins.
The binding partners in interphase nodes for domains M1-1 and
M1-2, if any, remain unknown. One candidate receptor in nodes for
M1-3 is Cdr2p, which is proposed to recruit precursors to interphase
nodes following a simple linear hierarchy: Cdr2p — (Blt1p, Mid1p)
— contractile ring proteins (Martin and Berthelot-Grosjean, 2009;
Moseley et al., 2009). M1-3 may interact with Cdr2p or the putative
Rho-GEF Gef2p because deletions in domain M1-3 weaken the
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35) M1-A3-mEGFP, (A, n, = 233 and n,=19) M1-A4-mEGFP, (A, n, = 665 and ny = 39) M1-A5-mEGFFP, or (A, n, =672 and

n,=51) M1-13-mEGFP. Error bars, 1 SD. Scale bars, 5 pm.

interaction of Mid1p with Cdr2p (Almonacid et al., 2009) and Gef2p
(Ye et al., 2012) in coimmunoprecipitation experiments (Figure 9).
Nevertheless, other interactions must contribute to the association
of Mid1p with nodes because the construct M1-A3 lacking domain
M1-3 localizes to nodes, and septa are placed correctly in cells
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FIGURE 8: Role of Mid1p domains in cytokinesis. Black lines indicate
domains of Mid1p required for the role denoted below each line. The
blue line indicates that domain M1-3 is required to form oligomers of
Mid1p constructs consisting of subsets of the first four domains of
Mid1p (M1-1 through M1-4). Open rectangles indicate domains of
Mid1p sufficient for the role denoted below each rectangle.
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depending on M1-A3 or in cells lacking Cdr2p (Almonacid et al.,
2009) or Gef2p (Ye et al., 2012).

Role of Mid1p in recruiting contractile ring proteins to
nodes. IQGAP Rng2p is proposed to link Mid1p to Myo2 in
nodes (Almonacid et al., 2011; Laporte etal., 2011; Padmanabhan
et al., 2011). The first four domains of Mid1p appear to provide
these interactions, since cells depending on M1-14 accumulate
Myo2 in nodes with M1-14 around the equator. Furthermore,
construct Mid1p (1-580), just two residues longer than M1-14,
interacts with Rng2p and myosin-Il essential light chain Cdc4p in
coimmunoprecipitation experiments (Lee and Wu, 2012).
Association with Rng2p likely depends on domain M1-1, since a
purified construct consisting of residues 1-100 of M1-1 binds a
C-terminal fragment of Rng2p (Almonacid et al., 2011). Domain
M1-4 is not required, since construct M1-13 lacking domain M1-4
recruits Myo2 to nodes. Mid1p is believed to interact with
Cdc12p indirectly via F-BAR protein Cdc15p in nodes (Carnahan
and Gould, 2003; Laporte et al., 2011). Construct Mid1p (1-580),
just two residues longer than M1-14, interacts with F-BAR Cdc15p
in coimmunoprecipitation experiments (Lee and Wu, 2012), and
cells depending on M1-14 accumulate formin Cdc12p in nodes
with M1-14. Nevertheless, we found that Cdc12p concentrates in
nodes lacking Mid1p and Cdc15p (see accompanying article,
Saha and Pollard, 2012), so other parallel interactions between
node components and Cdc12p can substitute for Mid1p (Figure
8 in Saha and Pollard, 2012, indicates that these partners are
unknown). Similarly, M1-14 is missing from some nodes with
Bltlp, Myo2, and Cdc12p, indicating that nodes may have
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FIGURE 9: Summary of experiments on regions of Mid1p important for intracellular localization and function. The open
bar at the top shows Mid1p and its six domains: M1-1 (residues 1-149), M1-2 (150-308), M1-3 (309-452), M1-4
(453-578), M1-5 (579-797), and M1-6 (798-920). The red broken lines represent domain boundaries. The open bars
represent constructs of Mid1p sufficient for a particular role listed to the far right. Mutations (black bars) or deletions
(broken lines) in these constructs result in weakening or total loss of activity. Stars represent phosphorylation sites.
Vertical lines group multiple bars together. Vertical lines to the right, group of Mid1p constructs contributing to the
same role; vertical lines to the left, group of Mid1p constructs with roles either in interphase or mitosis. Mid1p
constructs between the groups representing interphase and mitosis function in both of these cell cycle stages. Precise
timing is unclear for rest of the constructs. Boundary residues are listed to the side of or below the open bars, black
bars, broken lines, and phosphorylation sites. The numbers in square brackets to the right of each bar give the
references to the work on each Mid1p construct cited at the bottom of the figure.

binding sites for these proteins in addition to Rng2p, Cdc15p,  nodes and rings close to the equator, but cells depending on Mid1p
and Mid1p. constructs without M1-5 do not condense nodes with clock-like

precision into contractile rings. Instead, nodes transition into strands,
Role of Midlp in contractile ring formation by node  and strands slowly form rings. If the nodes are restricted to the
condensation. Insoluble domain M1-5 is not required to place  equator, as in cells depending on M1-14, they generate strands that

Volume 23 October 15, 2012 Mid1p domains in S. pombe cytokinesis | 4003



are also confined in a narrow zone around the equator. The spatial
proximity among growing strands increases random encounters
between strands, and this allow strands in ~90% cells to merge into
rings with minimal defects in position or orientation. About 10% of
cells depending on M1-14 fail to form a contractile ring (Figure 5L),
probably because strands grow beyond the equatorial region
spanning almost the entire length of the cell (Supplemental Video
S1). The time required for strands to close into a ring in M1-14 cells
varies more than the time for nodes to condense into rings in wild-
type cells, and these rings begin to constrict without the normal
~25-min maturation period after ring formation.

More work is required to understand how domain M1-5 con-
tributes to the normal node condensation mechanism. The cor-
tex-binding activity of M1-5 may be important, because during
early mitosis a Mid1p construct with mutations in a segment of
the domain M1-5 implicated in association with the cortex (resi-
dues 681-698) localized to strands in the cortex (Celton-Morizur
et al., 2004). It remains to be tested whether and how the cortex-
binding activity of M1-5 contributes to the normal pathway of
node condensation.

MATERIALS AND METHODS

Bacterial expression screen

We used primer A, 5° GACCAATGTCAGCTGGGATCCNNNNNN-
NNNNNNNNN 3’, and primer B, 5" GACCAATGTCAGCTGGGATCC
3, for Taq DNA polymerase amplification of a library of Mid1 cDNA
fragments using the two-step tagged random primer PCR (T-PCR)
(Grothues et al., 1993). In the first step, a 25-pl reaction containing
2.2 nM Mid1 cDNA, 100 nM primer A, and 0.2 mM of each deoxyri-
bonucleotide triphosphate (ANTP) was heated at 94°C for 2 min,
followed by two cycles of 94°C x 15's, 42°C x 5 min, 72°C x 3 min
30s, and a final step at 72°C x 10 min. PCR products were purified
by spin column (Qiagen, Valencia, CA) to remove primer A and
eluted into 30 pl of water. Primer B, 5 uM, along with 0.2 mM of each
dNTP, was added to this in the second step, and a 50-pl reaction was
heated at 94°C for 2 min, followed by 30 cycles of 94°C x 15 s,
33°C x 30's, 72°C x 3 min 30 s, and a final step at 72°C x 10 min.
The products from five reactions were run on 0.8% agarose gel, and
fragments varying in size from ~200 base pairs to 2.8 kb (Mid1 cDNA
length) were purified using a Gel Extraction Kit (Qiagen).

Jian-Qiu Wu (Ohio State University) cloned mEGFP c¢DNA into
pQEB8OL vector between the BamHI and Sall sites to obtain the con-
struct hexahistidine-mEGFP (JOW110). We cloned the linker se-
quence 5" GCTAGCGAGAATCTTTATTTTCAGGGAAGT 3’ encoding
the TEV protease cleavage site immediately 3" to the BamHl site in
JAQW110, using the QuikChange Il Site-Directed Mutagenesis Kit
(Stratagene, Santa Clara, CA), to obtain the plasmid vector pSSB3-4.

T-PCR products and pSSB3-4 were digested with BamHI; the
vector was treated with calf intestinal phosphatase, ligated using a
Roche Rapid DNA Ligation Kit (Roche, Indianapolis, IN), transformed
into Invitrogen One Shot TOP10 chemically competent cells (Invitro-
gen, Carlsbad, CA), and plated on LB plates containing 0.1 mg/ml
ampicillinand 0.2 mM isopropyl-B-p-1-thiogalactopyranoside (IPTG).
After incubation at 37°C for 18 h, followed by 24 h at 33°C, the
plates were imaged with an ultraviolet (UV) transilluminator (TE-
312S, 312-nm UV lamp; Slimline; Spectroline, Westbury, NY) using a
Kodak DC290 camera (Kodak, Rochester, NY) with a Kodak F3.0-4.7
3% autofocus lens and a Marumi 49-mm +3 filter (Marumi Optical
Co., Tokyo, Japan). The exposure time was 0.5 s.

Fluorescent colonies were tested for the presence of inserts us-
ing colony PCR, and plasmids from positive clones were retested for
the presence of inserts using BamH| digestion and agarose gel elec-
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trophoresis. Positive plasmids were sequenced using primer 5" CG-
GATAACAATTTCACACAG 3’ to identify inserts of Mid1 cDNA
fragment.

Strain construction

We modified tdTomato-kanMX6 (pFAéa) in a site-directed muta-
genesis reaction using primers 5 CGCTGCAGGTCGACATGG-
GATCCGCTAGCGAGAATCTTTATTTTCAGGGAAGTATGGTGAG-
CAAGGGC 3" and 5" GCCCTTGCTCACCATACTTCCCTGAAAATA-
AAGATTCTCGCTAGCGGATCCCATGTCGACCTGCAGCG 3 to
generate 5" ATG-BamH| site-TEV protease cleavage site-tdTomato-
kanMXé 3’ (pSSB57). mEGFP was cloned into the Xmal site of
pSSB3-4, and the resulting 2mEGFP cassette was used to replace
tdTomato in pSSB57-3 between the Nhel and Ascl sites (pSSB66).
pFAba clones of constructs M1-1-2mEGFP, M1-2-2mEGFP, M1-3-
2mEGFP, M1-4-2mEGFP, M1-A1-2mEGFP, and M1-A6-2mEGFP
were generated by cloning Mid1p (1-149), Mid1p (150-308), Mid1p
(309-452), Mid1p (453-578), Mid1p (150-920), and Mid1p (1-797),
respectively, into the BamHlI site of pSSB66. We generated pFA6a
clone of construct M1-A2-2mEGFP by cloning Mid1p (1-149) into
the BamHI site and Mid1p (309-920) into the Nhel site of pSSB66,
respectively. pFAéa clones of M1-14-tdTomato and M1-12-tdTo-
mato were generated by cloning Mid1p (1-578) and Mid1p (1-308)
into the BamHI site of pSSB57. We PCR amplified M1-1-2mEGFP,
M1-2-2mEGFP, M1-3-2mEGFP, M1-4-2mEGFP, M1-A1-2mEGFP,
M1-A2-2mEGFP, M1-A6-2mEGFP, M1-14-tdTomato, and M1-12-td-
Tomato integration cassettes from pFAb6a clones using primers 5’
TGCTTATATGATACTGTGTCCACATTTTAACACTCGATAAGGTAT-
TATAGTCTGTAAAGTCTAATTAAGCTATCCTGACGTGCAGGTC-
GACATGGGATCC 3" and 5 ACTCCCTCATTTAGTAAATCCGA-
TAAGTAAAAATTATTCAAAAAATACATTAAGACGATTAGTAT-
TCATAAATTCAGATAGAATTCGAGCTCGTTTAAAC 3" and inte-
grated the cassettes into the mid1 locus in SSP40-12 (Amid1 strain),
generating SSP58-5, SSP59-3, SSP64-4, SSP60-3, SSP53-2, SSP54-
3, SSP56-4, SSP45-6, and SSP44-3, respectively (Table 2). We gener-
ated SSP80-1 by inserting the nuclear export sequence Mid1p (69—
81) immediately 5" to the upstream BamHl site in the pFAéa clone of
M1-A1-2mEGFP and integrating the resulting construct into the
mid1 locus in SSP40-12 (Table 2).

We inserted 626 base pairs of Mid1 5" untranslated region be-
tween the Kpnl and Xhol sites and cloned M1-A3-mEGFP, M1-A4-
mMEGFP, M1-A5-mEGFP, and M1-13-mEGFP between the Xhol and
Notl sites of pJK148. The resulting pJK148 constructs were linearized
by Nrul digestion and integrated into the leuT locus of SSP40-12,
generating SSP75-1, SSP74-2, SSP76-1, and SSP117-1 respectively.
SSP19-3 and SSP20-6 were generated identically from a pKJ148 con-
struct that contained a 3xnmtT promoter cloned between the Kpnl
and Xhol sites and respectively Mid1p (579-797)-tdTomato and Mid1p
(798-920)-tdTomato engineered between the Xhol and Notl sites.

Microscopy and image analysis
Microscopy and image analysis were performed as in Saha and
Pollard (2012).

Expression and purification of Mid1p fragments

S. pombe DNA sequence coding for M1-1 (Mid1p amino acid
residues 1-149), M1-2 (residues 150-308), M1-3 (residues 309-
452), M1-4 (residues 453-578), M1-5 (residues 579-797), M1-6
(residues 798-920), M1-14 (residues 1-578), M1-13 (residues
1-452), and M1-12 (residues 1-308) were cloned into the BamH|
site of pQE8OL vector. A construct coding for M1-124 (residues
1-308-GSACELGT-453-578) was generated by cloning both
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Strain Genotype Source Strain Genotype Source
SSP1-3 h+ mid1-mEGFP-kanMX6é leu1-32 This study SSP59-3  h+ M1-2-2mEGFP-kanMXé leu1-32 This study
ura4-D18 his3-D1 ade6-M210 ura4-D18 his3-D1 ade6-M210
SSP2-3 h+ Amid1::kanMXé leu1-32 ura4-D18  This study SSP60-3  h+ M1-4-2mEGFP-kanMXé leu1-32 This study
his3-D1 ade6-M210 ura4-D18 his3-D1 ade6-M210
SSP19-3  h+ Amid1::kanMX6 leu1-32::P3xnmt1-  This study SSP64-4  h+ M1-3-2mEGFP-kanMX6 leu1-32 This study
M1-5-tdTomato-leu1+ ura4-D18 his3- ura4-D18 his3-D1 ade6-M210
D1 ade6-M210 SSP73-4  blt1-mEGFP-kanMX6 M1-14-tdToma-  This study
SSP20-6  h+ Amid1::kanMX6é leu1-32::P3xnmt1-  This study to-kanMX6 leu1-32 ura4-D18
M1-6-tdTc -leut 4-D18 his3-
oe dtedé_‘;;;afoo eul+ urad-D18 his3 SSP74-2  h+ Amid1:natMX6 leu1-32:Pmid1-  This study
M1-A4-mEGFP-leul+ ura4-D18 his3-
SSP40-12  h+ Amid1::natMXé leu1-32 ura4-D18  This study D1 ade6-M210
his3-D1 ade6-M210 . . .
SSP75-1  h+ Amid1::natMXé leu1-32::Pmid1- This study
SSP44-3  h+ M1-12-tdTomato-kanMXé leu1-32  This study M1-A3-mEGFP-leul+ ura4-D18 his3-
ura4-D18 his3-D1 ade6-M210 D1 ade6-M210
SSP45-6  h+ M1-14-tdTomato-kanMX6 leu1-32  This study SSP76-1 h+ Amid1::natMXé leu1-32::Pmid1- This study
urad-D18 his3-D1 ade6-M210 M1-A5-mEGFP-leu+ ura4-D18 his3-
SSP48-1  h+ teal-mEGFP-kanMX6 leu1-32 This study D1 ade6-M210
ura4-D18 his3-D1 adeé-M210 SSP80-1  h+ NES-M1-A1-2mEGFP-kanMX6 ~ This study
SSP49-1 h+ teal-mEGFP-kanMXé This study leu1-32 ura4-D18 his3-D1 adeé-
Amid1::natMXé leu1-32 ura4-D18 M210
his3-DT ade6-M210 SSP81-1  teal-mEGFP-kanMX6 M1-Al- This study
SSP50-3  h+ teal-mEGFP-natMXé M1-14- This study tdTomato-kanMXé leu1-32 ura4-D18
tdTomato-kanMX6 leu1-32 ura4-D18 his3-D1 ade6-M210
his3-D1 -M21
is3-D1 ade6-M210 SSP112-5  cdc12-3GFP-kanMX6 M1-14-tdToma-  This study
SSP51-1  h+ rlc1-3GFP-kanMXé M1-14- This study to-kanMX6 leu1-32 urad4-D18 his3-D1
tdTomato-kanMXé leu1-32 ura4-D18 .
ade6-M210 SSP113-7  blt1-mEGFP-kanMX6 M1-14-tdTo- This study
mato-kanMXé sad1-mRFP1-kanMXé
SSP53-2  h+ M1-A1-2mEGFP-kanMXé leu1-32  This study leu1-32 urad4-D18
ura4-D18 his3-D1 ade6-M210
SSP114-5  rlc1-3GFP-kanMX6 M1-14-tdTomato-  This study
SSP54-3 h+ M1-A2-2mEGFP-kanMXé leu1-32 This study kanMX6 sad1-mEGFP-kanMXé leu-
ura4-D18 his3-D1 ade6-M210 32 urad-D18 ade6-M210
SSPS6-4  h+ MI-A6-2mEGFP-kanMX6 leul-32  Thisstudy  g5p117.1  ht AmidT:natMX6 leul-32::Pmid1-  This study
urad-D18 his3-D1 ade6-M210 M1-13-mEGFP-leul+ rlc1-mCherry-
SSP58-5  h+ M1-1-2mEGFP-kanMXé leu1-32 This study natMXé6 ura4-D18 his3-D1 adeé-

ura4-D18 his3-D1 adeé-M210

M210

TABLE 2: S. pombe strains used in this study.

M1-12 (residues 1-308) into the BamHI site and M1-4 (residues
453-578) into the Kpnl site of pQE8OL vector. These clones were
transformed into ArcticExpress cells (Stratagene). Overnight sat-
urated culture of these cells were diluted 1:100 times into LB me-
dium containing 0.1 mg/ml ampicillin and 0.02 mg/ml gentami-
cin, grown for 5-6 h at 25°C, induced using 1 mM IPTG, and
grown overnight at 10°C. The cells from every 1-I culture were
harvested, resuspended in ~10 ml of lysis buffer (50 mM sodium
phosphate, 300 mM NaCl, 10 mM imidazole, pH 8.0), and lysed
using sonication. Every 50 ml of lysis buffer also contained one
protease inhibitor cocktail tablet (Roche), 7.8 mg of benzamidine
HCl, and 1 mM phenylmethanesulfonyl fluoride. Cell lysate was
separated into pellet and supernatant fractions by centrifugation
at 18,000 rpm for 45 min using a Beckman JA-30.50 Ti rotor
(Beckman Coulter, Brea, CA). M1-5 was predominantly found in
the pellet. Other Mid1p fragments were purified from the super-
natant as follows.
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List of buffers used: buffer A (50 mM sodium phosphate,
300 mM NaCl, pH 8.0), buffer B (50 mM sodium phosphate,
300 mM NaCl, 1 mM dithiothreitol [DTT], 0.5 mM EDTA, 6 M urea
[Fluka 02493], pH 8.0), buffer C (20 mM bis-Tris, 50 mM NaCl,
6 M urea, 1 mM DTT, 0.5 mM EDTA), buffer D (50 mM sodium
phosphate, 300 mM NaCl, 1 mM DTT, 0.5 mM EDTA, pH 8.0), buf-
fer E (20 mM Tris, 50 mM NaCl, 1 mM DTT, pH 8.0), buffer F (20
mM Tris, 1 M NaCl, 1 mM DTT, pH 8.0), and buffer G (10 mM Tris,
150 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine hydrochloride
[TCEP], pH 8.0).

M1-1 and M1-3 (from 1 | of bacterial culture)

Step 1. Ni-NTA affinity purification. Samples were purified on
Ni-NTA agarose resin (Qiagen) in buffer A. Samples were loaded
onto a 1-ml column in buffer A with 10 mM imidazole, pH 8.0.
The column was washed with ~25 ml of buffer A with 20 mM
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imidazole, pH 8.0, and the protein was eluted with buffer A con-
taining 250 mM imidazole, pH 8.0.

Step 2. Dialysis. The sample was dialyzed for ~16 h at 4°C into
buffer B.

Step 3. Ni-NTA affinity purification in 6 M urea. The sample was
loaded onto a 1-ml column of Ni-NTA agarose resin (Qiagen) in
buffer B. The column was washed with ~25 ml of buffer B con-
taining 20 mM imidazole, pH 8.0, and eluted with buffer B con-
taining 250 mM imidazole, pH 8.0.

Step 4. Dialysis. The sample was dialyzed for ~16 h at 4°C into
buffer C (at pH 6.4 for M1-1 or pH 7.3 for M1-3).

Step 5. Anion exchange chromatography. The sample was
loaded onto a 0.9-ml column of Q-Sepharose resin (GE Health-
care, Piscataway, NJ) in buffer C. M1-1 and M1-3 eluted in
flowthrough and were refolded by dialysis for ~16 h at 4°C into
buffer D.

M1-2, M1-4, and M1-6 (from 1 | of bacterial culture)

Step 1. Ni-NTA affinity purification. Samples were purified on a
1-ml column of Ni-NTA agarose resin (Qiagen) in buffer A with 10,
20, and 250 mM imidazole, pH 8.0, during loading, washing, and
elution. Approximately 25 ml of buffer was used for washing.

Step 2. Size exclusion chromatography. Eluent from the Ni-NTA
column was concentrated to ~0.4 ml in an Amicon Ultra 5000
MWCO centrifugal filter (Millipore, Billerica, MA) and purified on
a 24-ml column of Superdex 200 (Pharmacia Biotech, GE Health-
care) in buffer A.

Constructs M1-14, M1-13, M1-12, and M1-124. These were
purified in a sequence of three purification steps: Ni-NTA affinity,
anion-exchange, and size-exclusion chromatography as follows.

M1-14 (from 8 | of bacterial culture)

Step 1. Ni-NTA affinity purification. Samples were purified on
Ni-NTA agarose resin (Qiagen) in buffer A. Samples were loaded
onto an 8-ml column in buffer A with 10 mM imidazole, pH 8.0.
The column was washed with ~100 ml of buffer A with 20 mM
imidazole, pH 8.0, and the protein was eluted with buffer A con-
taining 250 mM imidazole pH 8.0.

Step 2. Dialysis. Samples were dialyzed for ~16 h at 4°C into
buffer E.

Step 3. Anion exchange chromatography. Samples were loaded
onto a 6-ml column of Q-Sepharose resin (GE Healthcare) in buffer
E. The column was washed with ~100 ml of 150 mM NaCl in 20 mM
Tris, pH 8.0, and eluted with 1 M NaCl in 20 mM Tris, pH 8.0.

Step 4. Size exclusion chromatography. Eluent from the Q-Sep-
harose column was concentrated to ~1 ml in an Amicon Ultra
10,000 MWCO centrifugal filter and purified on a 120-ml col-
umn of Superdex 200 (GE Healthcare) in 20 mM Tris, 1 M NaCl,
pH 8.0.

M1-13 (from 8 | of bacterial culture)

Step 1. Ni-NTA affinity purification. Samples were purified on
Ni-NTA agarose resin (Qiagen) in buffer A. Samples were loaded
onto an 8-ml column in buffer A with 10 mM imidazole, pH 8.0.
The column was washed with ~150 ml of buffer A with 20 mM
imidazole, pH 8.0, and the protein was eluted with buffer A con-
taining 250 mM imidazole pH 8.0.
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Step 2. Dialysis. Samples were dialyzed for ~16 h at 4°C into
buffer E.

Step 3. Anion exchange chromatography. Samples were loaded
onto an 8-ml column of Mono Q 10/100 GL (GE Healthcare) in
buffer E and washed with 1 column volume of buffer E to wash
out unbound proteins. This was followed by collection of 2-ml
fractions during a linear salt gradient from 10 to 37% buffer F
over 24 column volumes at 0.75 ml/min. M1-13 eluted within the
peak at 19-22% buffer F.

Step 4. Size exclusion chromatography. The early peak fractions
from step 3 (fractions 30-35) containing M1-13 were pooled and
concentrated to <2 ml using an Amicon Ultra 10000 MWCO cen-
trifugal filter and purified on a 120-ml column of Superdex 200
(GE Healthcare) in buffer G.

M1-12 (from 4 | of bacterial culture)

Step 1. Ni-NTA affinity purification. Samples were purified on
Ni-NTA agarose resin (Qiagen) in buffer A. Samples were loaded
onto a 4-ml column in buffer A with 10 mM imidazole, pH 8.0.
The column was washed with ~100 ml of buffer A with 20 mM
imidazole, pH 8.0, and the protein was eluted with buffer A con-
taining 250 mM imidazole, pH 8.0.

Step 2. Dialysis. Samples were dialyzed for ~16 h at 4°C into
buffer E.

Step 3. Anion exchange chromatography. Samples were loaded
onto an 8-ml column of Mono Q 10/100 GL (GE Healthcare) in
buffer E and washed with one column volume of buffer E to wash
out unbound proteins. This was followed by collection of 2-ml
fractions during a linear salt gradient from 10 to 25% buffer F
over seven column volumes at 0.75 ml/min. M1-12 eluted within
the peak at 13-16% buffer F.

Step 4. Size exclusion chromatography. The peak fractions from
step 3 containing M1-12 were pooled and concentrated to <2 ml
using an Amicon Ultra 10000 MWCO centrifugal filter and puri-
fied on a 120-ml column of Superdex 200 (GE Healthcare) in
buffer G.

M1-124 (from 8 | of bacterial culture)

Step 1. Ni-NTA affinity purification. Samples were purified on
Ni-NTA agarose resin (Qiagen) in buffer A. Samples were loaded
onto an 8-ml column in buffer A with 10 mM imidazole, pH 8.0.
The column was washed with ~175 ml of buffer A with 20 mM
imidazole, pH 8.0, and the protein was eluted with buffer A con-
taining 250 mM imidazole, pH 8.0.

Step 2: Dialysis. Samples were dialyzed for ~16 h at 4°C into
buffer E.

Step 3. Anion exchange chromatography. Samples were loaded
onto an 8-ml column of Mono Q 10/100 GL (GE Healthcare) in
buffer E and washed with 1 column volume of buffer E to wash
out unbound proteins. This was followed by collection of 2-ml
fractions during a linear salt gradient from 10 to 37% buffer F
over 24 column volumes at 0.25 ml/min. M1-124 eluted within
the peak at 14.7-16.6% buffer F.

Step 4. Size exclusion chromatography. The peak fractions from
step 3 (fractions 17-23) containing M1-124 were pooled and
concentrated to <2 ml using an Amicon Ultra 10000 MWCO cen-
trifugal filter and purified on a 120-ml column of Superdex 200
(GE Healthcare) in buffer G.
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Spectroscopy

Circular dichroism spectra for Mid1p fragments were collected with
Jasco (Jasco, Tokyo, Japan) and Aviv (Aviv Biomedical, Lakewood,
NJ) CD spectrophotometers, and fluorescence emission scans were
obtained with a AlphaScan fluorimeter (PTI, Birmingham, NJ).

Sedimentation velocity analytical ultracentrifugation

Sedimentation velocity experiments were performed at 20°C with a
Beckman XL-I analytical ultracentrifuge. Samples were clarified by
centrifugation at 14,000 rpm for 5-10 min in a tabletop centrifuge,
and ~400 pl of samples were loaded in two-channel centerpieces
fitted with quartz windows in a four-hole rotor. During centrifugation
at 42,000, 35,000, or 28,000 rom samples were monitored by scan-
ning absorbance at 280 nm versus radial location every 4-5 min.
SEDFIT software was used to analyze the sedimentation profiles,
and SEDNTERP software was used to calculate the density and
viscosity of buffers from their compositions and the partial specific
volume of the proteins from their amino acid composition.
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