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Abstract

Many single-celled eukaryotes have complex cell morphologies defined by cytoskeletal elements
comprising microtubules arranged into higher-order structures. Trypanosoma brucei (T. brucei)
cell polarity is mediated by a parallel array of microtubules that underlie the plasma membrane
and define the auger-like shape of the parasite. The subpellicular array must be partitioned and
segregated using a microtubule-based mechanism during cell division. We previously identified
an orphan kinesin, KLIF, that localizes to the division plane and is essential for the completion of
cytokinesis. To gain mechanistic insight into how this novel kinesin functions to complete cleavage
furrow ingression, we characterized the biophysical properties of the KLIF motor domain in vitro.
We found that KLIF is a non-processive dimeric kinesin that dynamically crosslinks microtubules.
Microtubules crosslinked in an antiparallel orientation are translocated relative to one another by
KLIF, while microtubules crosslinked parallel to one another remain static, resulting in the
formation of organized parallel bundles. In addition, we found that KLIF stabilizes the alignment
of microtubule plus ends. These features provide a mechanistic understanding for how KLIF
functions to form a new pole of aligned microtubule plus ends that defines the shape of the new

posterior, which is a unique requirement for the completion of cytokinesis in T. brucei.

Introduction

Many parasites display high degrees of cell polarity and organization that play essential
roles in host colonization and subsequent transmission while mitigating the host immune
response. In eukaryotic parasites, cell polarity is frequently established by microtubule-containing
structures, such as the cortical microtubules in Toxoplasma gondii and the ventral disc in Giardia
lamblia (1, 2). The assembly and maintenance of these structures require unique adaptations to
fundamental cellular processes, such as cell division, that must duplicate and position them within
highly polarized cell bodies (3, 4). Understanding how cell division pathways have been tuned to

account for the specialized morphologies of these organisms, which have evolved along different
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evolutionary tracks than most well-studied eukaryotes, could provide insight into the range of

potential mechanisms available for building a new cell.

Cytokinesis occurs during the last stages of cell division and is responsible for segregating
the duplicated organelles to form two new daughter cells. In most highly studied eukaryotes,
cytokinesis is driven by the formation of a tension-generating actomyosin ring that provides the
force for cleavage furrow ingression at a symmetric point within the cell body (5-7). However, the
ubiquity of this mechanism has been called into question by the sequencing of a broader range
of eukaryotes, especially among the unicellular organisms that make up the bulk of eukaryotic
diversity (8). For example, the protist parasite Trypanosoma brucei (T. brucei) lacks myosin Il (5-
7) and does not appear to require actin for cell division in the procyclic form, which suggest that
an actomyosin ring is not employed for cytokinesis (5, 9). These differences argue that cytokinesis
may be a more mechanistically diverse process than previously considered, which opens the
possibility that actomyosin represents a niche approach to an essential cell-cycle event when put

in the context of a broader range of eukaryotes.

T. brucei is the causative agent of Human African Trypanosomiasis and the related illness
nagana in ungulates. The parasite has an extended, corkscrew-like morphology essential for its
motility and infectivity that is mediated by a subpellicular array of highly crosslinked microtubules
(MTs) underlying the plasma membrane. The MTs comprising the array are arranged with their
plus ends concentrated at the cell posterior and minus ends at the cell anterior. The parasite
retains its shape throughout cell division, which requires the enlargement and reorganization of
the subpellicular array so that the daughter cells can be built from the existing polarized structure
(10). Cytokinesis in T. brucei occurs via a furrow that ingresses unidirectionally from the anterior
end of the cell towards the posterior. Ultrastructural studies have shown that the cleavage furrow
initially moves along an in-folded section of the subpellicular array that likely facilitates the

rearrangement of the MTs into two discrete MT arrays (11). During the last stages of cytokinesis,


https://doi.org/10.1101/2021.11.04.467292
http://creativecommons.org/licenses/by-nc-nd/4.0/

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.04.467292; this version posted November 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

a new cell posterior is constructed via an unknown process that brings together a bundle of

aligned MT plus ends that define the shape of the new posterior (11, 12).

We previously used proteomic approaches to identify a number of novel proteins that play
essential functions during T. brucei cytokinesis (13). Among these proteins is a previously
unstudied kinesin we named KLIF (Kinesin Localized to the Ingressing Furrow). KLIF localizes to
the site of cleavage furrow initiation, which is present at the anterior end of the duplicating cell,
and subsequently along the furrow as it ingresses towards the posterior (13). Initial in vitro
characterization of the KLIF motor domain determined that it moves slowly along MTs and is plus
end directed. Depletion of KLIF using RNAI results in cell cycle arrest and an accumulation of
cells with partially ingressed cleavage furrows, indicating that the motor is needed to complete

the final stages of cytokinesis as the new cell posterior is created.

Kinesins are the only universally conserved class of molecular motors found in eukaryotes
(14). While the motor domains show some degree of conservation across kinesin families, their
overall domain architectures are highly divergent, suggesting that there are a wide variety of
kinesin configurations that transform the force generated by the motor into cellular function. This
variety includes the position of the motor domain within the polypeptide chain, the number and
location of the other specialized domains involved in protein binding, and the oligomerization state
and orientation of the motor heads. A bioinformatic survey of kinesins from a broad range of
eukaryotes identified 105 different domain architectures, of which only 28 are highly conserved,
suggesting a high degree of specialization at the organismal level. While conserved domain
architectures can be used to predict related functions across organisms, KLIF falls into a category
of “orphan” or ungrouped kinesins that lack homology to established motor families (14, 15). This
makes it difficult to propose a specific function for KLIF in T. brucei cytokinesis, where it could be
functioning in processes such as the delivery of essential cargo to the furrow using the array MTs

as a track or the reorganization of the array MTs to duplicate the subpellicular array.
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100 In this work, we have used in vitro approaches to visualize how KLIF interacts with a
101  simplified set of MTs that mimic the T. brucei subpellicular array. This approach has revealed that
102  while the sequence of KLIF diverges from any known class of kinesin, its molecular function
103  shares similarities with kinesins that organize MT networks. These data are the first biophysical
104  description of any kinesin in T. brucei and provide essential insight into how KLIF functions to
105 complete the final stages of cytokinesis. We show that a minimal KLIF motor domain construct is
106  sufficient to crosslink and sort MTs into parallel bundles in vitro, which are general features of an
107  MT organizer. Electron microscopy (EM) and hydrodynamic analysis reveal that KLIF is a parallel
108 dimer suggesting a novel motility mechanism to sort and organize microtubules. The KLIF motor
109 domain contains a series of active site mutations found in other MT-organizing motors that slow
110  the overall rate of the motor but increase its bundling capacity. An intrinsically disordered N-
111  terminal extension serves as a secondary MT binding domain and is essential for bundling. In
112  addition to crosslinking MTs, KLIF forms stable links between MT plus ends, thereby aligning their
113  ends. Together, these results indicate that KLIF may function in the cell to form a bundle of aligned
114  MT plus ends that make up the new posterior end just prior to the completion of cytokinesis. These
115  studies show at a mechanistic level how the activities of a novel MT organizing kinesin is integral

116  to the completion of division and transmission of cell shape.

117 Results

118  KLIF is a double-headed non-processive motor

119 The domain structure of KLIF is similar to most N-terminal kinesins, which serve diverse
120  functions including cargo transport and MT organization (16). KLIF contains an N-terminal
121  catalytic motor domain that binds MgATP and MTs. The motor domain also contains an
122  intrinsically disordered region of 126 amino acids at its N-terminus (NT) that is enriched in proline,
123 serine, threonine, and basic residues. The motor domain is followed by a stalk that is composed

124  of ~800 amino acids of predicted coiled-coil sequence, which generally serves to oligomerize the
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125  heavy chains of other kinesin classes to ensure that pairs of motors can take coordinated steps
126  on MT tracks (17). The second half of the stalk domain is composed of amino acid repeats which
127  are followed by a small globular tail at the C-terminus that lacks homology to any known domain
128  (Fig. 1A).

129 To examine the properties of KLIF in vitro, we expressed and purified a construct
130  containing the KLIF motor domain and a ~170 amino acid portion of the stalk fused to a C-terminal
131  biotin (KLIF-MD-Bio) or GFP tag (KLIF-MD-GFP) (Fig. 1A, Supplemental figure S1). These
132 constructs lack the globular tail and repetitive sequences in the stalk in order to simplify our
133 analysis of the motor. We first used negative stain electron microscopy (EM) to determine the
134  stoichiometry and organization of KLIF-MD-Bio and KLIF-MD-GFP constructs. Images of KLIF-
135 MD-Bio showed two distinct globular densities at one terminus (Fig. 1B, blue arrowheads,
136  Supplemental figure S2A), consistent with a two-headed dimer. In a subset of these images,
137  smaller nearby structures (Fig. 1B, yellow arrowheads) could be observed, which are likely the
138  C-terminal biotin tags. Pairs of heads were also observed with KLIF-MD-GFP (Fig. 1C, blue
139  arrowheads, Supplemental figure S2B). Because the two motor domains are together on one

140 terminus, these data indicate that the KLIF is likely a parallel dimer.

141 We explored the possibility that KLIF-MD-Bio dimers could further oligomerize in solution
142 at higher protein concentrations than what is used for EM analysis. To test this possibility, we
143  performed sedimentation velocity experiments using a range of protein concentrations
144  (Supplemental figure S3A-B). Under all concentrations tested, KLIF MD-Bio sedimented as a
145  major species with an S-value of ~6.0-6.3S, which corresponds to a molecular weight of
146  approximately 150-185 kDa, indicating that KLIF-MD-Bio is most likely a dimer in solution. The
147  sample exhibited a high frictional coefficient (f/fo=1.64-1.79) with a broad major peak, which

148 indicates an extended conformation, consistent with the EM structures (Fig. 1B-C). These data


https://doi.org/10.1101/2021.11.04.467292
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.04.467292; this version posted November 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

149  show that there is no concentration dependence on the S-value up to 48.7 uM (Supplemental

150 figure S3B).

151 We next visualized the movement of KLIF on MTs by conjugating the KLIF-MD-Bio
152  construct to streptavidin quantum dots (Qdots) (Fig. 1D-E). These nanometer-sized fluorescent
153  semiconductor crystals function as an artificial cargo and allow the formation of complexes
154  containing one or more motors which can be visualized by fluorescence microscopy. Total internal
155  reflection fluorescence (TIRF) microscopy was used to track the movement of Qdot-bound motors
156  along rhodamine-labeled MTs immobilized inside a flow chamber. Cargo transporting motors are
157  typically processive, which allows them to walk micron-long distances on cytoskeletal tracks as a
158  single molecule without dissociating. To determine if KLIF can move processively on MTs, the
159  motor was conjugated to streptavidin-coated Qdots through its C-terminal biotin tag at a ratio of
160 1 motor to 5 Qdots to ensure that the majority of Qdots are bound to a single motor (Fig. 1D).
161  Under these conditions we observed transient associations of Qdots with MT tracks but no
162  movement (Fig. 1D, Supplemental movie S1), indicating that the motor is non-processive under
163  the conditions of our assay. We next tested if teams of motors bound to a single Qdot can move
164  continuously on MTs. KLIF-MD-Bio was mixed with Qdots at a 50:1 molar ratio to ensure
165  saturation of the Qdot (Fig. 1E). Considering its occupancy and size, this allows each Qdot to
166  recruit 4-6 motors (18). Small teams of KLIF support robust motion on MTs (Fig. 1E,
167  Supplemental movie S2) with a characteristic run length of 1.7 £ 0.2 ym (Fig. 1F) and average
168  velocity of 4.1 £ 2.2 nm/sec (Fig. 1G). Given the slow speed of the motor, the observed long run
169 lengths require the motor ensembles to remain attached to the MT for long periods of time. Fitting
170  association time distributions to an exponential decay shows that motors stay associated with
171  MTs while moving with a half-life of over 5 minutes (Fig. 1H).

172  KLIF contains features that optimize it for MT crosslinking
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173 Because KLIF is slow compared to other cargo-transporting kinesins (which typically
174  support speeds of ~500 nm/sec) and not able to carry out processive transport on a single MT, it
175 is unlikely that this motor traffics cargo in T. brucei. Instead, we considered that KLIF may function
176  to crosslink MT networks in a manner analogous to mitotic kinesins. To test this hypothesis, the
177  KLIF motor domain construct fused to GFP (KLIF-MD-GFP) and the cargo-transporting kinesin |
178  motor domain construct fused to GFP (Kinesin I-MD-GFP) were purified and used in an in vitro
179  MT bundling assay (Fig. 2A-B, Supplemental figure S1). The motors were premixed with
180 rhodamine-labeled MTs in the presence of MgATP, adhered to flow chambers and the resulting
181  MT structures were imaged using epifluorescence microscopy. KLIF has a strong tendency to
182  bundle MTs (Fig. 2B). In contrast, bundling was not observed in the absence of motor or with
183  Kinesin |-GFP under the same conditions employed for KLIF (Fig. 2B). Taken together, these
184  results indicate that KLIF has the properties of a MT organizer rather than a cargo transporter.
185 KLIF has a set of amino acid substitutions in the catalytic domain that are invariant across
186  a broad set of kinesins from other organisms. A sequence alignment with other well-characterized
187  kinesins shows that KLIF lacks a well-conserved proline in the adenine base-binding N1 motif
188  (RxRP). Other kinesins that lack this conserved proline include several BimC family members that
189  function in spindle maintenance. This class of motors crosslinks MTs and are characteristically
190 slow (19-21). In addition to this site, KLIF also contains an asparagine to histidine substitution in
191  the switch | motif that is involved in hydrolysis of the y-phosphate bond of MgATP (22, 23) (Fig
192  2C). We sought to determine if these unusual mutations could be contributing to slow rate and
193  MT-organizing properties of the KLIF motor domain.

194 KLIF-MD-GFP domains containing point mutations in the RxRP motif (A145P) and switch
195 | (H341N), which restore these amino acids to their consensus motifs, were expressed and
196  purified to understand how these substitutions tune the activity of the motor (Fig. 2D,
197  Supplemental figure S1). An in vitro gliding filament motility assay was used to determine if

198 these changes altered the speed of the motor. In this assay, the motor is attached to the surface
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199 of a flow chamber via the GFP to orient the heads away from the coverslip. Rhodamine-labeled
200 MTs are added to the chamber and are captured by KLIF. After washing away unbound MTs,
201  motility buffer containing 1 mM MgATP was added to activate the motor. Filament gliding across
202  the surface over time was monitored by epifluorescence microscopy. We found that the A145P
203  mutation resulted in a ~2-fold increase in speed (16.6 £ 2.1 nm/sec) compared to WT (8.8 £ 1.2
204  nm/sec), while the H341N mutation results in a ~4-fold increase in velocity (36.0 £ 2.3 nm/sec).
205  Mutating both residues (A145P, H341N) results in a ~5-6-fold increase in velocity (50.7 £ 6.2
206 nm/sec), suggesting that the mutations result in an additive increase in rate (Fig. 2E). It is worth
207  noting that while this enhanced speed is significantly faster than wild type KLIF, it is still ~10-fold
208  slower than conventional cargo-transporting kinesins (24). We identified two additional amino
209  acids in switch | (A347) and switch Il (C379) that diverge from conserved sequence motifs.
210 However, mutating these to residues had minimal effects on the speed of the motor
211 (Supplemental figure S4).

212 Along with unique mutations within the motor domain, KLIF has an intrinsically disordered
213 N-terminal extension (NT) that is rich in proline and basic residues (Fig. 3A). Disordered N-
214  terminal extensions are present in several of the kinesin-5 family of motor proteins, which function
215  in bipolar spindle assembly and elongation, and appear to enhance their MT binding properties,
216 which is likely an important feature for maintaining MT crosslinks (25, 26). The N-terminal
217  sequence fused to a GFP-Bio and 8x HIS tag (KLIF-NT-GFP-Bio) was expressed and purified to
218  determine if the N-terminal extension of KLIF can bind MTs on its own. The same construct lacking
219  the N-terminal KLIF sequence (GFP-Bio) was purified as a control (Fig. 3A, Supplemental figure
220  S1). KLIF-NT-GFP-Bio or GFP-Bio were added to a blocked flow chamber with surface-adhered
221  rhodamine-labeled MTs, followed by epifluorescence microscopy to monitor the GFP signal. The
222 KLIF-NT-GFP-Bio bound to MTs, while minimal binding was seen with the GFP-Bio control. These
223  data indicate that the N-terminal domain contains an MT-binding domain that is independent of

224 the motor domain (Fig. 3B).
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225 The presence of two MT binding domains at the N-terminus of KLIF suggests that they
226  may work in tandem to enhance motor binding. To determine the contribution of the N-terminal
227  extension, the KLIF motor domain lacking the N-terminal extension fused to GFP (KLIF-MDANT
228 -GFP) (Fig. 3C, Supplemental figure S1) was expressed, purified, and then used in gliding
229 filament motility assays. High motor densities were necessary for KLIF-MDANT-GFP to capture
230  MTs to the surface of the imaging chamber. This construct supported gliding in the presence of
231  MgATP with a broad speed distribution averaging 13.9 £ 5 nm/sec (Fig 3D-E). Under the same
232 surface motor densities, KLIF-MD-GFP translocated filaments with an average speed of 4.3 *
233 0.68 nm/sec (Fig 3D-E), which is reduced compared to previous in vitro motility assays (Fig 2C)
234 due to the high motor densities used in this experiment. These data indicate that the motor can
235 interact with MTs independent of its N-terminal extension and support gliding. However, in gliding
236  assays using the KLIF-MDANT-GFP construct, MTs were not persistently attached compared to
237  WT and dissociated from the surface over time (Fig 3D, Supplemental movie S3-S4). We
238 measured dissociation times of MTs in the in vitro motility assay and plotted these times in a
239  Kaplan-Meier survival plot. Over 50% of the filaments dissociated from surface bound KLIF-
240 MDANT-GFP within 2.5 minutes, while no filaments dissociated from wild type motors under the
241  same conditions (Fig 3F). This indicates that the N-terminal extension is not required for motility
242 but functions to enhance MT binding.

243 The KLIF motor domain mutants (Fig. 4A) were tested for changes in their ability to
244  bundle MTs. Different concentrations of KLIF constructs were incubated with rhodamine-biotin-
245  labeled microtubules in solution for 20 minutes. The microtubules were then captured to the
246  surface of a blocked biotin-neutravidin coated flow chamber and imaged using epifluorescence
247  microscopy. In control experiments, KLIF-MD-GFP bundled MTs down to a concentration of 40
248 nM (Fig. 4B-C, red, Supplemental figure S3). The KLIF-MD-2mut-GFP mutant, which enhanced
249  the in vitro motility speed of the motor ~5-fold, showed a significantly reduced bundling activity at

250 150 nM and 40 nM compared to wild type (Fig. 4B-C, blue, Supplemental figure S3). The KLIF

10
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251  MD construct lacking the N-terminal extension (KLIF-MDANT-GFP) showed no MT bundling at
252 any concentration, indicating that the N-terminal extension is required for KLIF bundling activity
253  (Fig. 4B-C, grey, Supplemental figure S3). A construct containing just the KLIF N-terminal
254  extension (KLIF-NT-GFP-Bio) did not bundle MTs at any protein concentration (Fig. 4B-C,
255 magenta, Supplemental figure S3). From these data we can conclude that both the motor
256 domain and its N-terminal extension are required for MT bundling in vitro, and that the mutations
257  that enhance the speed of the motor diminish its ability to bundle.

258  KLIF sorts MTs into parallel bundles in vitro

259 MT crosslinking proteins can produce MT bundles with the MTs arranged in either a
260 parallel or anti-parallel orientation. Each of these arrangements would provide important
261 information about KLIF’s ability to organize MTs, so we devised a strategy to determine the MT
262  orientation within bundles using a modified in vitro motility assay adapted from Braun et al (27).
263  MTs were polarity marked at their minus-ends by growing rhodamine-labeled tubulin (Fig. 5A,
264  red) from Cy5-labeled seeds (Fig. 5A, green). Bundles were first formed in solution by mixing
265  KLIF-MD-Bio with MTs in the presence of MgATP for 40 minutes to provide sufficient time for
266  sorting. The bundles were then added to a flow chamber and adhered to the surface by KLIF,
267  forming a dynamic attachment. Unlike in previous assays which used a static attachment, surface
268  bound KLIF is capable of dissociating bundles into individual filaments in the presence of MgGATP
269  using an in vitro motility assay (Fig. 5A). Because KLIF can only move MTs with their minus-ends
270 leading (13), the orientation of each filament in the bundle is determined by the direction of their
271  disassembly. We observed predominantly unidirectional disassembly (Fig. 5B, Supplemental
272  movie S5) which was quantitated by measuring the angle of disassembly after 5 minutes relative
273  to the axis of the bundle at time 0 (Fig. 5B). Using this approach, angles approximating 0° exit
274  the bundle forwards and are parallel while angles near 180° result from filaments running anti-
275  parallel in the bundle. To simplify the analysis, only bundles less than 30 um in length were

276  measured. Binning the angles on a polar coordinate plot shows that filaments dissociate from the

11
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277  bundle unidirectionally (Fig. 5C), which argues that KLIF forms bundles that are almost
278  exclusively composed of parallel MTs.

279 To probe the mechanism KLIF employs to construct parallel MT bundles, we used an
280  assay that visualizes the dynamics of a simplified bundle comprising two MTs that are crosslinked
281 in a parallel (Fig. 6A) or antiparallel (Fig. 6D) orientation. Polarity marked MTs containing biotin
282  were attached to a neutravidin-bound flow chamber and washed to clear unbound MTs. KLIF-
283  MD-GFP and polarity marked MTs without biotin were then added at concentrations that promote
284  the crosslinking of non-biotinylated MTs with surface-adhered MTs. We then imaged the
285  dynamics of crosslinked MTs using epifluorescence microscopy in the presence of 1 mM MgATP.
286  When MTs are in a parallel orientation, they remained static over long periods of imaging (Fig.
287  6B). The two-MT overlap that ends at a polarity marked minus-end can be clearly observed when
288  taking an intensity line scan over the MT pair (Fig. 6C). When MTs were crosslinked in an
289  antiparallel orientation (Fig 6D), KLIF translocated the filaments relative to each other (Fig. 6E,
290  Supplemental movie S6) with an average speed that is approximately double relative to single
291 filament gliding in an in vitro motility assay (Fig. 6F). This doubling of speed indicates that KLIF

292 walks on both of the MTs that it crosslinks.

293  KLIF forms stable links between MT plus-ends

294 When antiparallel MTs gliding relative to each other aligned their plus ends in the two-MT
295  assay, we frequently observed long-lived associations between MT plus ends that resulted in
296  pivoting of the free filament about a fixed point with a high degree of rotational freedom. This is
297 llustrated by the multiple orientations the free filament exhibits relative to the immobilized MT
298 (Fig. 7A, plus-end to plus end tethering, Supplemental movie S7). On occasion, we also
299  observed instances where a plus end associates with the minus end of an immobilized filament
300 (Fig. 7A, capture). However, this interaction results in antiparallel overlap that will undergo

301 relative gliding until the plus ends align (Fig. 7A). Plus end to plus end tethering typically results
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302 in dissociation of the filament or bundling in a static parallel orientation that aligns plus ends.
303  Measuring the tethering times of multiple events and combining them into a histogram shows that
304 these events are long lived with a fitted half-life of 1.7 minutes (Fig. 7B). These tethering times
305 are considerably longer than the MgATP hydrolysis rate of KLIF (~1 sec™) (based on its in vitro
306  motility speed) which suggests the existence of a static binding mode at the end of the filament

307 thatis distinct from interactions along the length of the MT that support gliding.

308 Interestingly, we occasionally observed free filament plus ends tethered to the side of
309 template MTs (Fig. 7C-E), which were subsequently transported by KLIF towards the plus end of
310 immobilized MTs at a speed that is consistent with the in vitro motility rate of KLIF ensembles
311  walking on a single MT (Fig. 7D, Supplemental movie S8). Imaging KLIF-MD-GFP while a MT
312  end is being transported shows the accumulation of KLIF at the point where the MTs connect
313  (Fig. 7E), suggesting that multiple motors likely facilitate the association of MT ends with the
314  interacting filament. This is consistent with our findings that KLIF is non-processive and cannot

315  support movement along a microtubule as a single molecule (Fig. 3D-E).
316 Discussion

317 Depletion of KLIF in T. brucei results in a severe cytokinesis defect where the daughter
318 cells fail to construct a new posterior end, which is essential for the completion of cell division
319 (13). To understand how KLIF functions in this process, we studied the properties of a simplified
320 motor domain construct of KLIF in vitro. Using single-molecule techniques, we showed that KLIF
321 is non-processive because it is unable to move micron-long distances as a single molecule.
322  Because single molecule processivity is a hallmark of a cargo transporter, we considered that
323  KLIF may function instead to organize MTs much like the mitotic kinesins. Consistent with this
324  idea, we found that KLIF has a strong tendency to crosslink MTs and to form MT bundles in the
325  presence of MgATP, which is a feature of a MT-organizing motor. KLIF can also sort MTs into

326  parallel bundles and stabilize the alignment of MT plus ends. Because of these unique features,
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327  we propose that KLIF functions to complete cytokinesis by remodeling MTs to form a bundle of
328  aligned plus ends that define the shape of the newly emerging posterior end (Fig. 7F). Once these
329 MTs are organized by KLIF, other MT crosslinking proteins likely function to stabilize the new

330 structure.

331 How does KLIF gather MT plus-ends at the site of the new posterior?

332 We show that KLIF can form static links between MT plus ends that persist for several
333  minutes (Fig 7B), and in some instances KLIF can link the plus ends of MTs to the side of a
334 template MTs. Considering KLIF is non-processive, these interactions are likely stabilized by a
335 complex containing multiple motors. Time-lapse imaging of MT plus ends bound to the side of a
336 template MT showed that KLIF is capable of plus end directed transport of these MTs with a speed
337 that corresponds to the gliding filament speed. This indicates that KLIF forms a static complex at
338  MT plus ends that is capable of transport along the stationary MT. Negatively stained images of
339 the T. brucei subpellicular array show that short MTs become intercalated in the array late in the
340 cell cycle (28). These MTs only associate with long MTs in the array by their ends. Given that
341  KLIF can support plus end directed transport by their ends, it is an intriguing possibility that these
342  short MTs may be transported by KLIF along MTs in the array to the site of the new posterior.
343  This is one potential mechanism for how KLIF could gather MT plus ends to the site of the new
344  posterior during cytokinesis. Xmap215, a MT plus end binding protein, enriches at the site of the
345 new posterior in the late stages of cytokinesis in T. brucei (11). This localization corresponds
346  temporally with the arrival of KLIF to the new posterior end (13), providing further evidence for the

347  role of the motor in concentrating MT plus ends at the site of the new posterior.

348 Comparisons with other kinesins

349 Despite a lack of sequence homology with known classes of kinesins, KLIF has

350 remarkably similar biophysical properties to kinesins that function in the creation and maintenance
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351 of the mitotic spindle. Kinesin-5 proteins, which include Eg5, are essential for the bipolar
352  organization of the mitotic spindle. Their tetrameric bipolar head configuration allows these
353  kinesins to crosslink and slide interpolar MTs relative to one another (29, 30). For both KLIF and
354  Egb5, this sliding activity depends on the relative orientation of the crosslinked MTs, with
355  antiparallel MTs gliding and parallel MTs statically crosslinked. The Eg5 gliding speed for two
356  antiparallel MTs relative to one another is twice its in vitro motility velocity, indicating that the
357  motor walks on both of the MTs it crosslinks, which is a functional consequence of its bipolar head
358  configuration (31). The speed of KLIF in the two-MT assay is also twice the sliding filament
359 velocity, implying that KLIF also walks on both MTs it crosslinks. However, our EM and
360 sedimentation data show that KLIF is organized as a parallel dimer. Thus, the mechanism it
361 employs to organize MTs must be different from that of Eg5. Minus end directed Kinesin-14
362  motors also can slide antiparallel MTs relative to one another. This class of kinesins bind one MT
363  through its head and another through an MgATP-independent binding site in the tail and moves
364  collectively toward the minus-end to move MTs relative to one another (27, 32-36). Because the
365 KLIF motor domain construct in this study lacks its tail, its mechanism of action must also differ

366 from this class.

367 Features that enable KLIF to crosslink MTs

368 We identified several features in KLIF that promote MT crosslinking. The first is an
369 intrinsically disordered N-terminal domain (NT) that is sufficient for binding MTs. KLIF lacking the
370  NT requires high surface densities to capture MTs to the surface of a motility chamber compared
371  to the wild type motor domain. MTs captured by the NT mutant quickly dissociate after adding a
372 buffer containing MgATP, indicating that the association of KLIF with MTs is weak in the absence
373  of the NT. While MTs were held transiently to the surface, this construct supported motility,
374  indicating that this NT domain is not essential for the catalytic activity of the motor. These results

375  suggest that the function of the NT is to provide an additional MT-interacting domain to enhance
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376  the affinity of the motor, which is likely a necessary adaptation that allows the dimeric motor to
377  maintain crosslinks with two MTs as it steps. Disordered N-terminal extensions are observed in
378  other kinesins (25). Like KLIF, the mammalian kinesin-3 Kif14 also contains an intrinsically
379  disordered N-terminal domain. This kinesin localizes to mitotic spindle midbody and its depletion
380 causes failed cytokinesis but the mechanism for how this motor functions in cytokinesis is
381 unknown (37, 38). Recent work has shown that the Kif14 NT is sufficient for crosslinking MTs and
382  also confers processivity to the dimeric motor, enabling it to move in crowded environments (26).
383  While the KLIF NT does not provide KLIF with processive movement and is not able to crosslink
384  MTs in the absence of the motor domain, enhanced MT binding may be a necessary feature to
385 allow KLIF to remain attached to MTs in crowded environments such as the trypanosome

386  subpellicular array, which is heavily crosslinked by MT associated proteins (MAPs) (39).

387 Phosphoproteomic data indicate that 12 amino acids in the NT of KLIF are phosphorylated
388  (40). Given that the NT is necessary for crosslinking MTs, phosphorylation may serve as a key
389  regulatory mechanism to ensure spatial and temporal control over its activity during cytokinesis.
390 Phosphorylation would most likely limit the ability of the NT domain to bind MTs due to the
391 increased negative charge, which would weaken the interaction with the acidic C-terminal tails
392  present on alpha and beta tubulins. A similar mechanism that may reduce MT binding has been
393  proposed for the chromokinesin Kid, which is phosphorylated on the second MT-binding region

394  within the stalk (41).

395 The MT crosslinking activity of KLIF is also influenced by mutations in highly conserved
396 amino acid residues in the N4 and switch | motifs that reduce the speed of the motor ~6-fold but
397 enhance the bundling activity of the motor. These amino acid changes are conserved in KLIF
398 orthologs the related parasites Leishmania and Trypanosoma cruzi, and the ortholog present in
399 the free-living kinetoplastid Bodo saltans. The switch | change in KLIF, which reduces the velocity

400 of the motor 4-fold, is likely involved in nucleophilic attack of the y-phosphate bond of MgATP (23,
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401  42), while the missing proline in the N4 (RxRP) motif that reduces the speed of the motor 2-fold
402 is likely caused by changes in adenine binding (43). Interestingly, five other kinesin-5 family
403 members lack this conserved proline (S. pombe Cut7, Aspergillus nidulans BimC, Arabidopsis
404  thaliana ATFC1a, and S. cerevisiae Kip1 and Cin8), which may indicate a convergent evolutionary
405  adaptation to enhance the crosslinking activity of MT-reorganizing kinesins at the expense of the

406  speed of the motor (21).

407 This study presents the first biophysical description of any molecular motor in T. brucei.
408  The biophysical features of KLIF are similar to those of well-studied MT reorganizing kinesins, yet
409 the activity of the motor is utilized very differently: to remodel subpellicular MTs to create new
410 posterior within the confines of an existing MT array. It is possible that the properties of these
411  motors have convergently evolved due to the similarities in the MT architecture they create. Thus,
412  studies on vastly different systems serve to inform our general understanding of how MT

413  organizing motors function in cell division and morphogenesis.

414 Methods

415  Kinesin expression and purification

416  T. brucei KLIF (Tb927.8.4950) amino acids 1-672 was amplified by PCR from Trypanosoma
417  brucei Lister strain 427 genomic DNA and inserted into the bacterial expression vector pET30a
418  containing either a C-terminal biotin tag (KLIF MD-Bio) or mClover3 variant of GFP (KLIF MD-
419  GFP) (44) and His8 tag for affinity purification. A KLIF construct containing only the intrinsically
420  disordered N-terminal extension (NT-IDD) (amino acids 1-129) was fused to mClover3-biotin tag
421  followed by a His8 tag and inserted into pET30a. As a control, the mClover3-biotin-His8 tag was
422  cloned into pET30a. Kinesin-1 (NCBI:NM_008449.2) containing the N-terminal 406 amino acids
423  of mouse kinesin-1 (kinesin406) was amplified by PCR and subcloned into pET30a containing

424  either a C-terminal biotin-His8 tag or mClover3-His8 tag. A kinesin406 bacterial expression
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425  construct in pET21a containing a G235A “rigor” point mutation was a kind gift from Dr. Kathy
426  Trybus. This mutant binds tightly to MTs but does not support matility in the presence of MgATP
427  and is used for static attachment of MTs to the flow cell surface. Kinesin constructs were purified
428 as described previously (13) with the exception that the protein was further purified by ion
429  exchange using a Mono Q™ 5/50 GL column in buffer Q (50 mM Imidazole pH 6.7, 50 mM NaCl,
430 3 mM MgClz, 1 mMEGTA, 0.1 mM EDTA, 2 mM 3-mercaptoethanol, 0.05 mM MgATP) and eluted
431  using a 50 mM to 500 mM NaCl salt gradient. The KLIF NT-IDD construct was further purified by
432 ion exchange in buffer QT (50 mM Imidazole pH 8.0, 50 mM NaCl, 3 mM MgCl,, 1 mM EGTA, 0.1
433 mM EDTA, 2 mM B-mercaptoethanol) and eluted using a 50 mM to 500 mM NaCl salt gradient.
434  For EM and analytical ultracentrifugation, KLIF protein preparations were dialyzed against buffer
435 E (10 mM K-PIPES pH 7.4, 300 mM KCI, 2 mM MgClz, 0.1 mM EGTA) containing 1 mM DTT and

436  further purified using a Superdex 200 10/300 GL gel filtration column.
437  Tubulin preparation

438  Cycled bovine tubulin (PurSolutions) was thawed briefly in a 37°C water bath and clarified at
439 400,000 x g for 6 min at 2°C. The concentration was determined using Bradford reagent and
440  diluted to 100 pM in ice cold BRB80 (80 mM PIPES, pH 7.0, 0.5 mM EGTA and 2 mM MgCl.,)
441  supplemented with 1 mM GTP. Labeled MTs were generated by mixing 4uL of 20 yM Cy5
442  (PurSolutions) or Rhodamine (Cytoskeleton, Denver, CO) labeled tubulin with 9 L unlabeled MTs
443  and transferred to a 37°C water bath for 20 min and stabilized by adding 10 uM paclitaxel
444  (Cytoskeleton, Denver, CO). MTs were stored at room temperature. The preparation of polarity
445  marked MTs was adapted from previous methods (45) except Rhodamine-labeled tubulin was
446  polymerized from Cy5 labeled seeds which generated Rhodamine-labeled MTs containing Cy5-
447  labeled minus ends. Biotin-labeled tubulin was also included for generating polarity marked biotin

448  labeled template MT used in two-MT assays.

449  Single and multiple motor motility assays
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450 MT gliding filament assays were done as described previously (13). For quantum dot
451  (Qdot) motility assays, KLIF MD-Bio was diluted into buffer M (10 mM Imidazole pH 7.4, 4 mM
452 MgClz, 1 mM EGTA, 300 mM KCI, 0.1 mM MgATP), clarified 400,000 x g for 15 min at 4°C and
453  its concentration was determined by Bradford. For singe molecule experiments, 33 nM KLIF MD-
454  Bio was mixed with 167 nM Qdots (1:5 ratio) in clarification buffer containing 4 mg/mL BSA. At
455  this ratio, the majority of Qdots are bound to a single motor. For ensemble experiments, 900 nM
456  KLIF-Bio was mixed with 20 nM Qdots (45:1 ratio) which promotes the binding of multiple motors
457  per Qdot. For attaching Rhodamine-labeled MTs, kinesin4d06 G235A (“rigor” kinesin) was
458  absorbed to the surface of a flow chamber and then blocked with blocking buffer (BRB80, 10mM
459 DTT, 0.5% K-casein, 2 mg/mL K-casein). Rhodamine-labeled MTs were then added and the flow
460 chamber was washed with buffer B (BRB80, 10 mM DTT) containing 10 uM taxol. The KLIF/Qdot
461 mixture was then diluted ~1:400 in Go buffer (BRB80, 10 mM DTT, 2 mg/mL K-casein, 0.5%
462  Pluronic F127, oxygen scavenging system (3 mg/ml glucose, 0.1 mg/ml glucose oxidase, and
463  0.18 mg/ml catalase), 2 mM MgATP, 10 uM taxol), added to the flow chamber and imaged every

464 2 seconds for 40 minutes using Total Internal Reflection Fluorescence (TIRF) microscopy.

465  KLIF N-terminal extension MT binding assay

466  The KLIF N-terminal extension containing a C-terminal mClover3-biotin (KLIF NT-GFP-Bio) or
467  mClover3-biotin (GFP-Bio) diluted into BRB80 containing 10 mM DTT and clarified at 400,000 x
468 g for 20 min at 4°C. The concentration of clarified protein was determined using Bradford and
469  diluted to 1 uM in ice cold imaging buffer (BRB80, 10 mM DTT, 2 mg/mL K-casein, 0.5% Pluronic
470  F127, oxygen scavenging system (3 mg/ml glucose, 0.1 mg/ml glucose oxidase, and 0.18 mg/ml
471  catalase), 10 uM taxol). For attachment of Rhodamine labeled MTs, kinesin406 G235A (“rigor”
472  kinesin) was absorbed to the surface of a flow chamber and then blocked with blocking buffer
473  (BRB80, 10 mM DTT, 2 mg/mL K-casein, 0.5% Pluronic F127). Rhodamine labeled MTs were

474  added to bind the surface in BRB80 containing 2 mg/mL K-casein and then washed to remove
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475 unbound MTs. KLIF NT-GFP-Bio or GFP-Bio (control) was diluted 1/10 in imaging buffer and
476  allowed to bind the MTs. The flow chamber was washed with imaging buffer to washout unbound
477  protein. Rhodamine labeled MTs and mClover3 fusion proteins were imaged using

478  epifluorescence microscopy.

479  MT bundling and bundle dissociation assays

480  For MT bundling assays, KLIF containing a C-terminal mClover3 tag (KLIF MD-GFP) was clarified
481 400,000 x g for 15 min at 4°C and mixed at the indicated concentrations with 0.4 uM Rhodamine-
482 biotin-labeled MTs in Go buffer (BRB80, 10 mM DTT, 2 mg/mL K-casein, 0.5% Pluronic F127,
483  oxygen scavenging system (3 mg/ml glucose, 0.1 mg/ml glucose oxidase, and 0.18 mg/ml
484  catalase), 2 mM MgATP, 10 uM taxol) for 20 minutes at room temperature. During the incubation,
485  Neutravidin flow cells were prepared by first binding 0.5 mg/mL Biotinylated BSA, followed by
486  blocking with blocking buffer (BRB80, 10 mM DTT, 2 mg/mL K-casein, 0.5% Pluronic F127) and
487  then 0.05mg/mL Neutravidin. The flow cell was washed extensively with buffer B (BRB80, 10 mM
488 DTT) to remove unbound Neutravidin. The KLIF MD-GFP and Rhodamine-biotin-labeled MT
489  mixture was applied to a flow chamber for 3 minutes to allow MT structures to bind to the
490 Neutravidin surface, washed 2 times with Go buffer and immediately imaged using

491  epifluorescence microscopy.

492 Bundle dissociation assays were described previously (27). KLIF MD-Bio was clarified
493 400,000 x g for 15 min at 4°C and diluted to 150 nM with 0.4 yM polarity marked MTs and
494  incubated 30 minutes at room temperature in Go buffer to form bundles in the presence of 2 mM
495  MgATP. The mixture was added to an unblocked flow chamber to allow KLIF MD-Bio and bundled
496  MTs to bind to the surface. The flow chamber was then washed with Go buffer to remove unbound
497  motor and MTs. Addition of Go buffer containing MgATP allows the surface bound motors to

498 disassemble MT bundles into individual MTs on the surface with their minus ends leading.
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499 Disassembly of bundles was imaged using epifluorescence microscopy every 10 seconds for 30

500 minutes.

501 Two MT assay

502 Template polarity marked MTs containing biotinylated tubulin were bound to a Neutravidin
503 coated flow chamber (described above) in the presence of 0.5 mg/mL K-casein and washed to
504 remove unbound MTs. KLIF MD-GFP was clarified 400,000 x g for 15 min at 4°C and diluted to
505 90 nM with 60 nM polarity marked free MTs that do not contain biotinylated tubulin and
506 immediately added to the flow chamber to promote crosslinking of free MTs to template MTs by
507 KLIF MD-GFP. The flow chamber was then imaged using epifluorescence every 15 seconds for

508 30 minutes.

509 Analytical ultracentrifugation

510 Gel purified KLIF MD-Bio was dialyzed overnight in buffer U (10 mM K-PIPES pH 7.4, 200
511 mM KCI, 2 mM MgCI2, 0.1 mM EGTA) at 4°C. Sedimentation velocity analysis was conducted at
512  20°C and 35,000 RPM using absorbance optics with a Beckman-Coulter Optima AUC analytical
513  ultracentrifuge. Double sector cells equipped with quartz windows were used. The rotor was
514  equilibrated under vacuum at 20°C and after an equilibration period of ~30 minutes the rotor was
515  accelerated to 35,000 RPM. Absorbance scans at 280 nm were acquired at 20 seconds intervals

516 for ~8 hours.

517 Negative stain electron microscopy

518 Gel purified KLIF MD-Bio in buffer E (10 mM PIPES pH 7.4, 300 mM KCI, 2 mM MgCla,
519 0.1 mM EGTA, 0.05 mM ATP, 1 mM TCEP) was diluted to 10-25 nM in BRB80 containing 1 mM
520 TCEP. The diluted sample was applied to UV-treated, carbon-coated copper grids and stained
521  with 1% uranyl acetate. Micrographs were recorded using an AMT XR-60 CCD camera at room

522  temperature on a JEOL 1200EX Il microscope at a nominal magnification of 60,000.
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523 Imaging and data analysis

524 Images were taken on a Zeiss Axio Observer.Z1 microscope (Carl Zeiss Microscopy—
525  Oberkochen, Germany) equipped with epifluorescence and a spinning illumination ring
526  VectorTIRF system (Intelligent Imaging Innovations, Inc.) housing 405/488/561/640 nm lasers.
527  Both modalities use an Alpha Plan-Apochromat 100X/1.46 NA oil TIRF objective, Prime 95B Back
528 llluminated Scientific CMOS camera with a resolution of 110 nm/pixel (Teledyne Photometrics—
529  Tuscon, AZ) and a Definite Focus.2 system (Carl Zeiss Microscopy) for automatic focus correction

530 and run by Slidebook software (Intelligent Imaging Innovations, Inc.).

531 MTs and Qdots were tracked with Imaged (National Institutes of Health — Bethesda, MD)
532  using the particle-tracking plug-in MTrackd (46). Intensity measurements of MTs were made using
533 the straight-line feature in Imaged. All frequency distributions were created in GraphPad
534  (GraphPad software, LLC). Polar histograms were generated in using the Rose Plot function in

535  MatLab (The MathWorks, Inc).

536 Analytical ultracentrifuge analysis was conducted using Sedfit, version 16.36. The direct
537  boundary modeling program was used to fit individual data sets based on numerical solutions to
538 the Lamm equation (47). The continuous sedimentation coefficient (c(s)) distribution plots were
539 sharpened, relative to other analysis methods, because the broadening effects of diffusion are
540 removed by use of an average value for the frictional coefficient. The c(s) analyses were done at

541  aresolution of 0.05 S, using maximum entropy regularization with a 68% confidence limit.
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706  Figure legends

707  Figure 1. Negatively stained EM images of KLIF motor domain constructs and experimental
708  setup for single and multiple motor motility assays of KLIF on microtubules. (A) Domain
709  structure of full-length KLIF compared to motor domain constructs fused to C-terminal biotin tag
710  (KLIF-MD-Bio) or GFP tag (KLIF-MD-GFP). Gallery of representative images of (B) KLIF-MD-Bio
711  and (C) KLIF-MD-GFP negatively stained and imaged by EM. Blue arrowheads indicate the KLIF
712 motor domain, which are typically observed in pairs. Pairs of smaller globular structures (yellow
713  arrowheads) are observed in a subset of KLIF-MD-Bio images. Experimental setup and TIRF
714  microscopy images showing (D) no movement of a single KLIF-MD-Bio bound to a Qdot (green)
715  on MTs (magenta) versus (E) continuous movement of small motor ensembles bound to a Qdot
716  at 1 mM MgATP. (F) Frequency distribution of run lengths for KLIF-MD-Bio motor ensembles
717  moving on MTs at 1 mM MgATP. Characteristic run length, A, was determined by fitting the
718  distribution to an exponential function (y = Ae™?) (red line). Error for A is in SE of the fit. (G) Speed
719  distribution of KLIF-MD-Bio motor ensembles bound to a Qdot. The average speed is a
720 geometrical average to a Gaussian fit to the binned data is 5.4 £ 3.7 nm/sec SD. (H) Distribution
721  of motor association times with MTs. Half-life was determined using a fit to an exponential curve

722 Y=Ae¥*
723

724  Figure 2. Images of MTs in the presence of KLIF or Kinesin | and speed distributions of
725 expressed KLIF motor domain constructs carrying point mutations. (A) Schematic of the
726  domain structure of the KLIF motor domain (KLIF-MD-GFP) and the Kinesin | motor domain
727  (Kinesin I-MD-GFP) containing a C-terminal GFP tag. (B) Epifluorescence images showing
728  rhodamine-labeled MTs without motor, MTs with 150 nM KLIF-MD-GFP, or MTs with Kinesin I-
729  MD-GFP, mixed an incubated for 20 minutes in the presence of 1 mM MgATP, and applied to a

730  flow chamber for imaging. (C) Alignment of KLIF N1 and switch | motifs showing divergence in
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731  conserved residues with other kinesin classes. (D) Schematic of the domain structure of a KLIF-
732 MD-GFP containing A145P and H341N substitutions (KLIF-MD-2mut-GFP). (E) Representative
733  speed distributions of WT (n=100) and mutant KLIF-MD-GFP motor domain constructs containing
734  the A145P (n=101), H341N (n=79) or both (n=98) point mutations in an in vitro motility assay.
735 Mean = SD is shown. Means are significantly different from WT (P < 0.0001, t test comparing the

736  Gaussian distributions).

737

738  Figure 3. MT binding of the N-terminal extension of KLIF and motility of a truncated KLIF
739  construct lacking its N-terminal extension. (A) Domain structure of GFP fused to biotin (GFP-
740  Bio) and the 126 amino acid N-terminal extension of KLIF fused to GFP-biotin (KLIF-NT-GFP-
741  Bio). The sequence of the N-terminus is shown with proline residues indicated in blue and basic
742  amino acids in red. (B) Epifluorescence microscopy images showing that the N-terminal extension
743 of KLIF fused to GFP-biotin (KLIF-NT-GFP-Bio) but not GFP-biotin (GFP-Bio) (left panel) interacts
744  with rhodamine-labeled MTs in vitro (right panels). (C) Schematic of the domain structure of a
745  KLIF construct lacking its N-terminal extension (KLIF-MDANT-GFP). (D) Epifluorescence images
746 showing rhodamine-labeled MT gliding by (top) KLIF-MDANT-GFP versus (bottom) KLIF-MD-
747  GFP in an in vitro motility assay. (E) Speed distribution comparing KLIF-MD-GFP (blue; n=102)
748  and KLIF-MDANT-GFP (green; n=93) in vitro motility. Mean + SD is shown. (F) Kaplan-Meier
749  survival plot comparing MT dissociation times during an in vitro motility assay for KLIF-MD-GFP
750  (blue; n=102) and KLIF-MDANT-GFP (green; n=144). Survival curves are significantly different

751  (P<0.0001 using a Mantel-Cox test).

752

753  Figure 4. Epifluorescence imaging of MTs bundled by KLIF. (A) Domain structure of KLIF

754  constructs used in MT bundling experiments. (B) Epifluorescence images showing the resulting
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755  MT organization when mixing rhodamine-labeled MTs with 150 nM of the indicated KLIF construct
756  in solution for 20 minutes in the presence of 1 mM MgATP and applied to a flow chamber. (C)
757  Scatter plot showing the fluorescence intensity distributions of rhodamine-labeled MTs mixed with
758  KLIF constructs at 150 nM, 40 nM and 10 nM of the indicated KLIF construct. Intensity
759  measurements were generated by taking maximum intensity pixel over a cross section of each
760  MT structure. Mean intensity + SD for KLIF MD-GFP (red) at 150 nM (1089 + 741.2, n = 133), 40
761  nM(559.2 £+ 144.4,n =202), 10 nM (483.2 £ 59.4, n = 217). For KLIF MD 2mut-GFP (blue) at 150
762  nM (851.2 £ 581.1, n = 172), 40 nM (458.4 + 86.9, n = 232), 10 nM (472.8 + 48.9, n = 214). For
763  KLIF MD ANT-GFP (green) at 150 nM (457.5 £ 55.48, n = 216), 40 nM (430.8 + 44.6, n = 216),
764 10 nM (432 £ 45.5, n = 221). For KLIF NT-GFP-Bio (magenta) at 150 nM (460.9 £+ 50.91, n = 225),
765 40 nM (413.5+£42.8,n=218), 10 nM (434.3 + 39.9, n = 219). The fluorescence intensity of MTs
766  bundles with KLIF MD-GFP is statistically greater at 150 nM and 40 nM concentrations compared

767  with KLIF MD 2mut-GFP (P < 0.05, Mann—Whitney test).

768

769  Figure 5. Modified in vitro motility assay schematic and polar coordinate plot showing
770  angles of bundle disassembly. (A) Schematic of a modified in vitro motility assay to determine
771  bundle polarity. Bundles are formed with polarity marked MTs in solution for 40 min in the
772 presence of 1 mM MgATP and applied to a flow chamber. Once attached, the bundle
773  disassembles by KLIF in vitro motility and the orientation of each filament is determined by the
774  direction gliding relative to other filaments in the bundle. (B) Epifluorescence microscopy images
775 showing a bundle formed by incubating polarity marked (green, letters) MTs, unidirectionally
776  disassembling in an in vitro motility assay in the presence of 1 mM MgATP. Unidirectional
777  disassembly indicates that the bundle is formed from parallel MTs. (C) Polar coordinate plot
778  showing the angles of disassembly from the bundle after 5 minutes of in vitro motility (n = 109).

779 The axis was determined after initial attachment of the bundle to the surface of a flow chamber.
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780 Angles approximating 0° indicate filaments that were parallel in the bundle and angles

781  approximating 180° indicate filaments that were oriented antiparallel.

782

783  Figure 6. Two MT in vitro motility assay schematic and speed distributions for two MT
784  movement compared to KLIF in vitro motility speeds. (A) Experimental setup for imaging the
785  dynamics of parallel arranged MTs over time. (B) Epifluorescence microscopy images showing
786  parallel arranged MTs (magenta) crosslinked by KLIF are non-motile. The polarity marked end
787  (green) of the non-surface filament (free filament) is indicated with a white arrowhead. The
788 template MT is biotinylated for attachment to the surface through biotin-streptavidin. (C) Intensity
789  profile referring to the filament in B showing the location of two-MT overlap. The red line was
790 generated using a custom step-finding algorithm. (D) Experimental setup for imaging the
791 dynamics of antiparallel arranged MTs over time. (E) Epifluorescence microscopy images
792  showing the movement of the free filament relative to the surface bound filament that is
793  crosslinked by KLIF in an antiparallel orientation to a surface bound filament. (F) Speed
794  distributions of KLIF MT gliding in a classic in vitro motility assay (blue) (n = 113) compared to the

795  speeds of MT movement in a two-MT assay (red) (n = 89). Mean  SD is shown.

796

797  Figure 7. MT tethering and transport by KLIF and negatively stained EM images of KLIF. (A)
798  Epifluorescence microscopy images showing the capture of a free MT by its plus end to the minus
799  end of a surface-bound MT in a two-MT assay. The free MT then becomes crosslinked by KLIF
800 in an antiparallel orientation and translocated to the end of the surface bound filament whereby
801 the plus ends are aligned and tethered. (B) Distribution of times MTs remained tethered to
802  immobilized filaments. Half-life was generated from the fit (red). n = 101. (C) Schematic of a MT

803 being transported at its end by KLIF to the plus end of an immobilized filament. (D)
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804  Epifluorescence microscopy images showing a MT attached to the side of immobilized MT by its
805 end being transported to the plus end of a polarity marked MT at the rate of 8.1 nm/sec. The
806  decreasing length of the white bracket indicates movement over time. The image was rotated to
807 account for movement of the bottom filament halfway through imaging. (E) Epifluorescence
808  microscopy images showing rhodamine (top) and KLIF-MD-GFP (bottom) imaging of a MT being
809 transported by KLIF on a surface attached MT by its end. White arrow indicates the start of the
810  run. (F) Model for how KLIF (blue) functions to complete cytokinesis in T. brucei by focusing MT

811  plus-ends (magenta) to the site of the new posterior (inset).

812

813  Supplementary figure S1. KLIF constructs used in this study. SDS-PAGE gel showing the
814 indicated KLIF construct used for in vitro assays. Asterisk denotes a GFP-containing degradation

815  product that was confirmed using anti-GFP western blotting.

816

817  Supplementary figure S2. A field of negatively stained images of (A) KLIF-MD-Bio and (B)

818  KLIF-MD-GFP.

819

820  Supplementary figure S3. Sedimentation of KLIF-MD-Bio. (A) Sedimentation plots showing that
821 the indicated concentrations of KLIF MD-Bio sedimented with an S value of ~6.0-6.3S which
822  corresponds to a molecular weight of approximately 150-185 kDa. c(s) distributions were
823 normalized to the max c(s) peak for the four samples. (B) Table showing peak type and
824  percentage for the main peak seen for each sample concentration, as determined by the c(s)

825 analysis.

826
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827  Supplementary figure S4. Speed distribution of mutant KLIF constructs. (A) Alignment of KLIF
828  switch | and switch Il motifs with other kinesin classes. Speed distributions of KLIF-MD-GFP
829  (n=100) compared to constructs containing a (B) A347S mutation (n=68) and (C) C379S mutation
830 (n=101). Mean = SD is shown. Means are significantly different from WT (P < 0.0001, t test

831 comparing the Gaussian distributions).

832

833  Supplementary figure S5. Epifluorescence imaging of MTs bundled by KLIF constructs at
834  different concentrations of motor. (A) Epifluorescence images showing the resulting MT
835  organization when mixing rhodamine-labeled MTs with the indicated KLIF construct in solution for
836 20 minutes in the presence of 1 mM MgATP over a range of concentrations and applied to a flow
837  chamber. (B) Scatter plot showing the fluorescence intensity distributions of rhodamine-labeled
838  MTs mixed with KLIF constructs at 150 nM, 100 nM, 40 nM, 20 nM and 10 nM of the indicated
839  KLIF construct. Intensity measurements were generated by taking maximum intensity pixel over
840 a cross section of each MT structure. Mean intensity + SD for KLIF-MD-GFP (red) at 150 nM
841 (1089 £ 741.2,n=133), 100 nM (1224 + 893.4, n = 175), 40 nM (559.2 + 144.4, n = 202), 20 nM
842  (445.3£47.5,n=200), 10 nM (483.2 £ 59.4, n = 217). For KLIF-MD-2mut-GFP (blue) at 150 nM
843  (851.2+581.1,n=172), 100 nM (781.3 £ 465.2, n = 216), 40 nM (458.4 + 86.9, n = 232), 20 nM
844  (448.5+52.4,n=228),10 nM (472.8 + 48.9, n = 214). For KLIF-MDANT-GFP (green) at 150 nM
845  (457.5 £ 55.48, n = 216), 100 nM (466.4 + 68.3, n = 213), 40 nM (430.8 £ 44.6, n = 216), 20 nM
846  (428.7 £48.3,n=222),10 nM (432 + 45.5, n = 221). For KLIF-NT-GFP-Bio (magenta) at 150 nM
847  (460.9 £ 50.91, n = 225), 100 nM (431.9 £ 50.8, n = 217), 40 nM (413.5 + 42.8, n = 218), 20 nM

848  (400.3 +43.5,n =216), 10 nM (434.3 £ 39.9, n = 219).

849
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850  Supplementary movie S1. TIRF single molecule motility assay showing that KLIF-MD-Bio bound

851 to Qdot (green) transiently associated with MTs (magenta) but does not support motility.

852

853  Supplementary movie S2. TIRF multiple motor motility assay showing that multiple KLIF-MD-Bio

854  motors bound to a Qdot (green) support continuous movement on MTs (magenta).

855

856  Supplementary movie S3. In vitro motility assay with KLIF-MDANT-GFP showing that surface

857  bound KLIF-MDANT-GFP supports MT gliding but MTs dissociate over time.

858

859  Supplementary movie S4. In vitro motility assay with KLIF-MD-GFP showing that surface bound

860  KLIF-MD-GFP supports robust MT gliding.

861

862  Supplementary movie S5. Microtubule sorting assay. MTs (magenta) were polarity marked at their
863 minus end (green) and incubated with KLIF-MD-Bio in solution in the presence of MgATP.
864  Resulting bundled MTs were then applied to a KLIF-bound flow cell to dissociate MTs to determine

865  how they were organized in the bundle.

866

867  Supplementary movie S6. Two microtubule assay showing the relative gliding of a non-
868  biotinylated (free) polarity marked MT by KLIF-MD-Bio that is bound in an antiparallel orientation

869 relative to a surface bound (template) polarity marked template MT.

870
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871  Supplementary movie S7. Two microtubule assay showing capture of a free polarity marked MT
872 by its plus end. This is followed by antiparallel association and relative gliding by KLIF-MD-Bio,

873  plus end to plus end tethering and dissociation.

874

875  Supplementary movie S8. Two microtubule assay showing the movement of a microtubule end

876  relative to an interacting polarity marked MT.
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