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Dynein and kinesin motors mediate long-range intracellular transport,

translocating towards microtubule minus and plus ends, respectively.
Cargoes often undergo bidirectional transport by binding to both

motors simultaneously. However, it is not known how motor activities are
coordinatedin such circumstances. In the Drosophila female germline,
sequential activities of the dynein-dynactin-BicD-Egalitarian (DDBE)
complex and of kinesin-1 deliver oskar messenger RNA from nurse cells to
the oocyte, and within the oocyte to the posterior pole. We show through
invitro reconstitution that Tml-1/C, atropomyosin-lisoform, links kinesin-1
inastrongly inhibited state to DDBE-associated oskar mRNA. Nuclear
magnetic resonance spectroscopy, small-angle X-ray scattering and
structural modeling indicate that Tm1-1/C suppresses kinesin-1activity by
stabilizingits autoinhibited conformation, thus preventing competition
with dynein until kinesin-1is activated in the oocyte. Our work reveals a new
strategy for ensuring sequential activity of microtubule motors.

Motor-driven transportalong microtubulesis critical for the localiza-
tion of many cellular constituents. Dynein and kinesin motors trans-
locate towards microtubule minus ends and plus ends, respectively.
However, their cargoes often travel bidirectionally because of astable
association with both motor classes*?. The distribution of such car-
goes in the cell is determined by the relative activities of the bound
dyneins and kinesins but how this is orchestrated at the molecular
levelis unclear.

Individual motors appear to be inan autoinhibited state by default,
with activationdriven by adaptor proteins and cargoes. Dynein motil-
ity is switched on by the dynactin complex and one of a number of
coiled coil-containing activating adaptors®”’. The prototypical kine-
sin motor, kinesin-1, is a tetramer of two kinesin heavy chains (Khc)
and two kinesin light chains (Klc)®. Khc contains an N-terminal globu-
lar motor domain, a coiled-coil stalk domain and a C-terminal dis-
ordered tail domain (Fig. 1a), and is autoinhibited by docking of a

conserved isoleucine-alanine-lysine (IAK) motif in the tail on the
motor domain® The autoinhibited conformation is stabilized by
Klc™™, which binds to the Khc stalk™>' and contributes to cargo rec-
ognition”. Theroles these interactions play in controlling dynein and
kinesin activity during bidirectional transport are not understood.
oskar (osk) mRNA localization in the Drosophila egg chamberis an
attractive system for studying dual motor transport. Delivery of osk to
the posterior pole of the developing oocyte, which drives abdominal
patterning and germline formation in the embryo', is driven by the
successive activities of dynein' and kinesin-1 (refs. 20,21). In early
oogenesis, osk mRNA that is synthesized in the nurse cells is trans-
ported into the interconnected oocyte by dynein in complex with
dynactin and theactivating adaptor Bicaudal D (BicD), whichis linked
to double-stranded mRNA localization signals by the RNA-binding
protein Egalitarian (Egl)®***. Association of Egl with BicD and con-
sequent dynein activation are enhanced by binding of Egl to RNA%?¢,
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Fig.1|Invitro reconstitution reveals aninhibitory effect of Tm1on Khc
motility. a, Domain architecture of Drosophila Khc and atypical Tm1.In
isolation, Khc and Tm1 form coiled-coil homodimers (parallel and antiparallel,
respectively). When in complex, Tm1and Khc forma trimeric coiled coil
comprising two parallel Khc chains and one antiparallel Tm1 chain®’. Boxed
regions of Khc represent binding sites for Klc or cargo. b, Scheme of TIRF-based
invitro motility assay. ¢, Kymographs (projecting the position of fluorescently
labeled particles over time along an individual microtubule; moving particles
have a horizontal component, whereas static particles are projected as vertical
lines) showing the motile behavior of Alexa Fluor 647 (A647)-labeled Khc FL
(labeling efficiency: 79.75%) and Cy3-labeled osk 3’ UTR (labeling efficiency
~100%) with or without Alexa Fluor 488 (A488)-labeled Tm1FL (labeling
efficiency: 57%). Microtubule plus and minus ends are oriented toward the right
and left of each kymograph, respectively. d, Velocity distributions of Khc FL
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with or without Tm1FL. Mean # s.d. isindicated (for breakdown of means across
independent experimental replicates, see Fig. 2a). e,f, Frequency of processive
KhcFL (e) and fraction of Khc FL binding events that underwent processive
motility (f) with or without Tm1FL. Mean £ s.d. is shown and is derived from
38-59 microtubules (N), representing analysis of 205-748 individual complexes
from10-15imaging chambers and 5 independent experiments (n) per condition
(Supplementary Table 1). Mean values for each independent experiment (large
dots) are superimposed on values for individual microtubules (small dots). In all
panels, black or white circles indicate the presence or absence of the indicated
components, respectively. Parallel experiments within the figure are shown with
large dots of the same color. Cy3-osk 3’ UTR was included in all experiments.
Statistical significance was determined by unpaired two-tailed ¢-tests with
Welch’s correction using N values (total number of individual complexes (d) or
total number of microtubules (e,f)).

indicating a role for the cargo in promoting dynein activity. In early
oogenesis, microtubule minus ends are nucleated in the oocyte, con-
sistent with the dynein-based delivery of mRNAs into this cell. During

mid-oogenesis, the polarity of the microtubule network shifts dra-
matically, with plus ends pointing towards the oocyte posterior. At
this stage, Khc translocates osk to the posterior pole”. This process is

Nature Structural & Molecular Biology | Volume 31| March 2024 | 476-488

477


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-024-01212-x

a P<0.0001 P=0.345 P<0.0001 P<0.0001 b P<0.0001 P=0.2111 P<0.0001 P=0.0005 C P <0.0001 P=0.5950 P <0.0001 P<0.0001
*kkk NS *kkk *kkk *kkk NS *kkk *k%k *kkk NS *kkk *kkk
N 748 205 755 2185 1802 662 162 81 N 59 38 16 pal 28 26 36 53 N 59 38 16 pal 28 26 36 53
m G 6 @ @ & & @ @ mn G G @ @ 6 @ 6 @ m G 6 @ @ B B B @
3 3
£ 5 Rilulal
T 2 P g
1%} — E —_
£ 2 ©
2 P <
Q o=
g :
= g 8
A S &
v &
0 L= A A
A647-KhcFL. @ @ O O O O O O ®®@ OO O0OO0O0 [ J OO0OO0OO0OO0OO0
AB47-Khc9l0 O O @ @ O O O O OO @®@e®OO0OO0O0 @] ®®O0OO0OO0
A647-Khc940 O O O O @ ®@ O O OO0OO0OO0Ce®e®O0OOo O OO e® e OO0
A647-KhcaAMB O O O O O O @ @ OO0OO0OO0O0OO0Cee O OO0OO0OOCewe
Cy3-0sk3UTR @ © © © © ® @ © o0 000000 o o0 0000
A488-TmFL O @ O @ O @ O @ CeoOoeoceoce @) COe e e

Fig.2| Tmlinhibits Khc motility via Khc’s regulatory tail. a-c, Velocity of
motile Khc complexes (a), frequency of processive Khc movements (b) and
fraction of Khc microtubule-binding events that underwent processive motility
(c) for Khc FL, Khc910, Khc940 and KhcAAMB with or without Tm1FL. Labeling
efficiencies for Khc FL, Khc910, Khc940 and KhcAAMB were 79.8%, 54%, 78% and
78.8%, respectively, so that total run numbers are underestimated. For all plots,
themean +s.d.isshown andis derived from162-2,185 individual complexes

(a; N) or16-59 microtubules (b,c; N) from 4-15 imaging chambers and 2-5
independent experiments (n) per condition (Supplementary Table1). Mean
values for eachindependent experiment (large dots) are superimposed on a
violin plot showing the distribution of values from individual complexes (a) or

onvalues for individual microtubules (small dots; b,c). Black or white circles
indicate the presence or absence of the indicated components, respectively.
Parallel experiments within the figure are shown with large dots of the same
color. Cy3-osk 3’ UTR was included in all experiments. Statistical significance was
determined by unpaired two-tailed Mann-Whitney test (a) or unpaired two-tailed
t-tests with Welch'’s correction (b,c) using N values (total number of individual
complexes (a) or total number of microtubules (b,c)). NS, not significant
(P>0.05). Although Tm1significantly increased the metrics of KhcAAMB activity
when comparing data that were aggregated between independent replicates,
consistent effects were not seen between experiments. Data for Khc FL are
reproduced from Fig. 1d-f.

independent of KIc***, raising the question of how Khc is linked to osk

and how its motor activity is regulated.

Transport of osk RNA by Khc requires the unique I/C isoform of
tropomyosin-1, Tml1-I/C (hereafter Tm1)**>". Tm1l binds to a nonca-
nonical but conserved cargo-binding region in the Khc tail and sta-
bilizes interaction of the motor with RNA, suggesting a function as
an adaptor®. Both Khc and Tm1 are loaded onto osk ribonucleopro-
tein particles (RNPs) shortly after their export from the nurse cell
nuclei, although the motor only appears to become active in the
mid-oogenesis oocyte®. Similarly, dynein remains associated with
osk RNPs during Khc-mediated transport within the oocyte, but is
inactivated by displacement of Egl by Staufen®***. How the two motors
arelinked simultaneously to osk RNPs, and how Khcis inhibited during
dynein-mediated transportinto the oocyte, is not known.

Here, we show that Tmlinhibits Khc by stabilizing its autoinhibited
conformation through anew mechanisminvolving the motor’s regula-
torytail domainand stalk. Tmlalso links Khc to the dynein-transported
osk RNP, thereby allowing cotransport of inactive Khc on osk RNA by
dynein. In vivo, such amechanism would avoid competition between
the two motors during delivery of osk RNPs to the oocyte by dynein,
while ensuring that Khc is available on these structures to mediate
their delivery to the oocyte posterior in mid-oogenesis. With its
cargo-binding and motor regulatory functions, we propose that Tml
isanoncanonical light chain for kinesin-1.

Results

Khc transports RNA and is inhibited by Tm1l

To test the ability of Khc and the Khc-Tm1 complex to transport osk
RNA along microtubules, we performed single-molecule resolution
in vitro motility assays with recombinant proteins (Fig. 1a,b)*. In the
absence of Tm1, we observed occasional comigration of the osk 3’
untranslated region (UTR) with Khc (47 of 748 Khc complexes (6.3%);

Fig. 1c). This frequency did not change significantly in the presence
of Tm1(9 of 205 Khc complexes (4.2%); P= 0.4016, Fisher’s exact test),
despite 44.6% of Khc signals colocalizing with Tm1signals. Correcting
for the efficiency of fluorophore labeling of Tm1 (57%) indicated that
~95% of Khc molecules were bound to Tm1. The high occupancy of Khc
with Tmlis consistent with the strong binding observed previously
with these proteins®’. Mass photometry confirmed high occupancy of
Khcwith Tmlatnanomolar concentrations (Supplementary Fig.1), as
well as the proposed 2:1stoichiometry of the Khc-Tm1 complex®. We
conclude fromthese experiments that Khc can associate with osk and
that the Khc-Tml complex does not have substantially higher affinity
for the RNA in these assay conditions.

We next examined the effect of Tm1 on Khc motility. Without Tm1
present in the assay, microtubule-associated Khc complexes moved
with a mean velocity of 0.240 um s™ (Fig. 1d). In the presence of Tm1,
the mean velocity of Khc decreased to 0.099 pm s™ (Fig. 1d). Inclu-
sion of Tml also reduced the frequency of processive Khc movement
(Fig. 1e) and microtubule-binding events (Extended Data Fig. 1), as
well as the fraction of Khc microtubule-binding events that resulted
in processive motility (Fig. 1f). These data reveal an inhibitory effect
of Tm1on Khc motility.

In addition to the 3’ UTR, an RNA structure in the osk coding
sequence—the spliced oskar localization element (SOLE)—is impor-
tant for Khc-mediated transport of osk to the oocyte posterior®>°, We
tested whether an RNA including the SOLE could stimulate the motility
of Khcin the presence of Tml by replacing the osk 3’ UTR in our assay
with a 135-nucleotide RNA (osk min) comprising the SOLE and the
oocyte entry signal of osk (Supplementary Fig. 2a), which resides in
the 3’ UTR and promotes dynein-mediated transport®. Khc motility
was also impaired by Tm1in the presence of osk min (Supplementary
Fig.2b-d). Thus, Tmlinhibits motility of Khc in both the presence and
absence of the SOLE.
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Fig.3|The N-terminal region of Tmlis sufficient for Khcinhibition.

a, Kymographs showing motile behavior of Khc FL and osk 3’ UTR with or without
Tm11-335. Microtubule plus and minus ends are oriented toward the right and
left of each kymograph, respectively. Khc movements that colocalize with Tm1
areindicated by white arrowheads. b-d, Velocity of motile Khc FL

(b), frequency of processive Khc FL movements (c¢) and fraction of Khc FL binding
events that underwent processive motility (d) in the presence or absence of Tm1
1-335. For all plots, mean + s.d. is shown and is derived from 341-398 individual
complexes (b; N) or 25-34 microtubules (c,d; N) from 4-6 imaging chambers and
2independent experiments (n) per condition (Supplementary Table 2). Mean
values for eachindependent experiment (large dots) are superimposed on a
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violin plot showing the distribution of values from individual complexes

(b) or on values for individual microtubules (small dots; ¢,d). Black or white
circles indicate the presence or absence of the indicated components,
respectively. Parallel experiments within the figure are shown by large dots of the
same color. Cy3-labeled or unlabeled osk 3’ UTR was included in all experiments.
Statistical significance was determined by unpaired two-tailed Mann-Whitney
test (b) or unpaired two-tailed ¢-tests with Welch’s correction (c,d) using N values
(total number of individual complexes (b) or total number of microtubules (c,d)).
The experiment shown in cyan also compared Khc FL metrics with or without Tm1
FL (datasetalsoincorporatedin Figs.1d-fand 2).

Tmlinhibits Khc motility via the Khc regulatory tail

We next set out to identify the region(s) of Khc involved in inhibition
by Tml. Regulatory functions have been attributed to an auxiliary,
ATP-independent microtubule-binding (AMB) domain and the auto-
inhibitory IAK motif within the Khc tail (Fig. 1a)"***°, Whereas the AMB
domain promotes microtubule-sliding by Khc*’, the IAK motifinhibits
Khc’s ATPase activity®", and thus processive motility, by binding to
the Khc motor domain and thereby preventing neck-linker undock-
ing and ADP release. We tested whether the tail is responsible for
Tmil-mediated inhibition of Khc by assessing the effect of Tm1on the
motility of a Khc truncation lacking both the AMB domain and the
IAK motif (Khc 1-910 (hereafter Khc910); Fig. 1a). Consistent with the
removal of autoinhibitory elements, Khc910 was more active than
full-length Khc (Khc FL), exhibiting increased velocity, as well as more
frequent processive runs and microtubule-binding events, and an

increased likelihood of processive movement upon microtubule bind-
ing (Fig. 2a-c, Extended DataFigs.1and 2aand Supplementary Table1).
AswithKhcFL, Tm1did not affect the ability of Khc910 to interact with
oskRNA (Extended DataFig.3a). Unlike Khc FL, however, Khc910 motil-
ity was not impaired by Tm1 (Fig. 2a-c, Extended Data Fig. 2a and Sup-
plementary Table1). Thus, the Khc tail mediates inhibition by Tml1.
We next assessed the requirement of the IAK motif for
Tml-mediatedinhibition by truncating Khcjust after the AMB domain
and just before the IAK motif (Khc940). In keeping with the role of
the IAK in Khc inhibition, Khc940 exhibited an increase in velocity,
microtubule-binding events, processive runs and the fraction of
microtubule-binding events that resulted in processive motility relative
to Khc FL (Fig. 2a-c, Extended Data Figs.1and 2b and Supplementary
Table 1). Addition of Tm1 to Khc940 consistently decreased each of
these metrics (Fig. 2a—c, Extended Data Fig. 2b and Supplementary
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Table 1). These observations show that inhibition of Khc motility by
Tmlis not dependent on the IAK motif.

Khcinhibition by Tmlis mediated by the AMB domain

Totest whether the AMB domainin the Khc tail isrequired for inhibition
by Tm1, we produced a Khc mutant that lacks only the AMB domain
(amino acids 911-938; KhcAAMB). Relative to Khc FL, KhcAAMB did
not consistently increase velocity, frequency of processive movement,
microtubule binding or the likelihood of processive movement upon
microtubule binding (Fig.2a-c, Extended Data Figs.1and 2c and Sup-
plementary Table 1). These observations indicate that autoinhibition
isnot disruptedinthe absence of the AMB. Strikingly, despite the con-
tinued ability of KhcAAMB to associate with both Tm1 and osk RNA
(Extended DataFig.3a,b), the velocity, frequency, microtubule-binding
activity and likelihood of processive KhcAAMB movements were not
decreased by Tml (Fig. 2a-c, Extended Data Figs.1and 2c and Supple-
mentary Table1). We conclude that the AMB domain of Khcis essential
forinhibition by Tm1 but not for Tm1binding.

The N-terminal region of Tml mediates Khc inhibition

We nextinvestigated which features of Tm1are responsible for Khcinhi-
bition. We previously showed that atruncated Tml protein (amino acids
1-335of the 441-amino acid full-length protein (Tm11-335)) comprising
the disordered N-terminal domain and the minimal Khc-binding region
ofthe coiled-coil domain (Fig. 1a) is sufficient for osk RNA localization
invivo®. In our in vitro motility assay, Tm11-335 retained its ability
to bind Khc FL (71% of Khc signals colocalized with Tm1 signals; 242
of 341 complexes) and strongly inhibited its motility (Fig. 3a-d and
Supplementary Table 2). These data show that the N-terminal region
of Tmlis sufficient to inhibit Khc.

Tmlbinding affects the disordered region of the Khc tail
Because the inhibitory effect of Tm1is mediated through the AMB
domain, we hypothesized that Tm1alters microtubule binding by the
Khctail. To test this, we performed microtubule-pelleting assays with
therecombinant Khc tailand Tml. As a positive control, we confirmed
thatafraction of both Khc FL and Khc tail (Khc 855-975) pelleted with
microtubules (Extended DataFig. 4a,b). A small fraction of Tm11-335
also associated with microtubules. However, we did not observe
increased binding of the Khc tail to microtubules in the presence of
Tm11-335 (Extended Data Fig. 4b). Thus, association with Tm1 does
not stimulate microtubule binding of the Khc tail.

Inthecrystal structure of the Khc tailbound to Tm1, the Khc coiled
coil extends into the AMB domain (last visible amino acid: 923)**.
Attemptsto crystallize the same Khc protein alone were unsuccessful,
raising the possibility thatitis more flexible in the absence of Tml. Itis
conceivable that the extended coiled coil of Khcisinduced upon Tm1l
binding, which could reduce the flexibility of the tail, potentially lock-
ingitina conformation that impairs Khc activity. To test this hypoth-
esis, we probed the solution structure of the Khc tail (Khc 855-975) by
nuclear magnetic resonance (NMR) spectroscopy. The 'H-"N HSQC
NMR spectrum of the Khc tail showed 34 resonances, each correspond-
ing to a backbone N-H correlation (Fig. 4a). Backbone assignment
experiments and the resulting secondary chemical shifts revealed that
the visible peaks are disordered and correspond to amino acids 937-
975, the part of the Khc tail containing the IAK motif (Supplementary
Fig.3).Resonances for amino acids 855-936 were broadened beyond

detection because of short transverse relaxation times. This observa-
tion is consistent with this part of the protein forming an extended
coiled coil, because these structures exhibit slow rotational tumbling
of the axis perpendicular to the helix orientation*. Circular dichro-
ism (CD) measurements for Khc 855-975 produced a signal with a
222/208 nm molar residue ellipticity ratio of 0.97, consistent with
extensive coiled-coil sequence*” (Supplementary Fig. 4). Collectively,
these datasuggest that the region containing the AMB domainis at least
partly coiled coil in nature evenin the absence of Tm1.

We next determined 'H-"N HSQC spectra for Khc 855-975 fol-
lowing titration of increasing amounts of unlabeled Tm11-335. Tm1
decreased the intensity of resonances corresponding to several resi-
duesinthelAK and flanking regions (Fig. 4b,c), indicating changes to
their chemical environment. This effect could be observed bothinthe
presence and absence of a U10 RNA (Fig. 4¢,d), and depended on the
N-terminal domain of Tml because a Tm1 construct containing only
the coiled-coil region (amino acids 252-334) did not affect the spectra
(Fig. 4e). These findings are in agreement with our observations that
Tmlinhibits Khc motility despite infrequent RNA binding (Extended
Data Fig. 3a) and that the N-terminal region of Tmlis required for this
effect (Fig.3).Inthe presence of Tm11-335, the intensities of the most
strongly affected Khc resonances typically decreased by ~50%. This
observation indicates an effect of Tm1 on half the Khc tail molecules.
Considering the 2:1stoichiometry of Khc-Tm1 (Supplementary Fig.1)*
we envisage Tmlaffecting only one chain of the Khc tail dimer. Because
signals from the affected Khctails were broadened beyond detection,
we could not assess secondary chemical shifts and thus whether the
corresponding tail region undergoes a conformational change in the
Tml-boundstate. Nonetheless, the intensity changes observed for the
IAK motif and its proximal residues indicate either an induced confor-
mational change or asecond interaction of the Tm1N-terminal domain
with thisregion. Therefore, although the IAK motifis not required for
Tml-mediated inhibition of Khc (Fig.2a-cand Supplementary Table1),
its chemical environment is affected by Tm1 binding. These findings
suggest that Tmlmodulatesinteraction of the Khc motor with the tail.

Tmldoes not abrogate the Khc motor-tail interaction

To evaluate the effect of Tml on the Khc motor-tail interaction, we
performed NMR experiments in which the motor domain (amino acids
1-365) was added to the tail domain (amino acids 855-975) in the pres-
ence and absence of Tm11-335. Without Tm11-335, titration of the
motor domainto the tail caused intensity losses for several resonances
within the tail, including those corresponding to the IAK motif (amino
acids 941-948) and its flanking residues (amino acids 936-962; Fig.
4f,g). Some resonances in this region also showed chemical shift per-
turbations (Fig. 4f,h). These data are consistent with the previously
characterized interaction of the IAK motif with the motor domain.
Although most resonances of the Khc tail-motor complex were unaf-
fected by addition of Tm11-335, those corresponding to the IAK motif
and flanking residues saw further intensity decreases (Fig. 4f,g). Taken
together, these data indicate that Tm1 can bind the Khc tail when it is
complexed tothe motor domain but does not abrogate theinteraction
oftheisolated motor domain with the isolated tail domain. These con-
clusions were corroborated with glutathione S-transferase (GST)-tag
pulldown experiments in which Khc 855-975 was tethered to beads
and incubated with the motor domainin the presence and absence of
Tml (Extended Data Fig. 4c,d).

Fig. 4| Tm1binding affects the free and motor-bound Khc tail. a,"H-"N HSQC
spectrum of the Khc tail construct Khc 855-975 with backbone assignments
indicated. b,c,'"H-*N HSQC titration experiment with U10 RNA and Tm11-335.
Overlaid spectra (b) and plotted intensity ratios of individual residues (c). RNA
was added before Tml. d, Intensity ratios of a titration experiment with Tm1
1-335and U10 RNA in which Tmlwas added before RNA. e, Intensity ratios of a
titration experiment with U10 RNA and Tm1252-334 in which RNA was added

before Tml. f-h, 'H-"N HSQC titration experiment of the Khc tail (Khc 855-975)
with the motor domain (Khc1-365) and Tm11-335. Overlaid spectra (f), plotted
intensity ratios (g) and chemical shift perturbation (CSP) plot (h) of individual
residues are presented. Khc 1-365 was added before Tm11-335. Dataare
presented as measured value + s.d. Error bars represent estimates of propagated
measurement errors of the experimental uncertainties in signal amplitudes.
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coiled-coil stalk domain, likely including the AMB domain. To obtain
information about Khc’s predominant conformation in its free and
Tml-bound states, we measured small-angle X-ray scattering (SAXS) of

Tmlalters the autoinhibited conformation of Khc
We next reasoned that Tm1 binding might stabilize the autoinhibited
conformation of Khc FL by favoring additional interactions within the
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Fig. 5| Tm1binding promotes compaction of the folded Khc conformation.
a, Experimental SAXS curves overlaid with theoretical SAXS curves of best
CRYSOL fits (R,) for Khc (left) and Khc-Tm1 (right). /(g) is the scattering intensity
atscattering vector g. b, Dimensionless Kratky plot of scattering profiles of

Khc and the Khc-Tm1 complex compared with aglobular protein (lysozyme),
adisordered protein with short secondary structure elements (SASBDB® CY4)
and afully disordered extended protein (SASBDB®® A57) toillustrate differences
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AMB domains marked in red; Tmlis shown in pink. cc1-4 denote the four coiled-
coil regions of the Khc stalk domain. d, Schemes showing the orientations of
Khc's stalk coiled coils in the structures with best CRYSOL fits. Angles between
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KhcFLinisolation and in complex with Tm1FL (Fig. 5a). A dimension-
less Kratky plot**** of both scattering profiles (Fig. 5b) showed that
Khc and Khc-Tm1 are extended molecules with flexible elements. To
identify structures that can explain the scattering curves, we generated
large pools of Khc and Khc-Tm1 models by connecting coordinates of
the structured parts generated by AlphaFold2 (refs. 45,46). Based on
AlphaFold2 predictions, the Khc stalk contains four coiled-coil regions
(cc1-4) connected by flexible hinge regions (hinges 2-4). The stalk is
connected to the motor domain’s neck coiled coil by another flexible
region (hinge 1; Extended Data Fig. 5a). We subsequently randomized
backbone anglesinthe connectinglinker and tail regions of Khc to cre-
atealarge pool of 5,000 possible structures for both Khc and Khc-Tmil.
Inasecond step, the C-terminal tail of one Khc chain was pulled into
the binding pocket of the motor domain resulting in a second pool of
5,000 structures for both Khc and Khc-Tm1 with random orientation
of the stalk region and the IAK peptide bound to the motor domain
dimer. Each pool of structures was sorted by the quality of the fit to
the respective SAXS data.

ForbothKhcand Khe-Tmi, the structures with the lowest x*values
(the best quality fits) all exhibited compact conformations with con-
siderably lower than average radius of gyration (R,) values. Because the
autoinhibited conformations were more compact than the initial pool
with randomized linker conformations, there were more structures

withlow x?values in the pools of structures with the IAK motifbound to
the motor domains (Extended DataFig. 5b). Inspection of the structural
models that best fit the scattering curves indicated that the arrange-
ment of the Khc coiled coilsis different for Khc and Khc-Tm1 (Extended
DataFig.5c). Inthe ensemble of well-fitting Khc models (Extended Data
Fig. 5d), the conformation of the Khc hinge regions (hinge 2: amino
acids 586-603; hinge 3: amino acids 707-710; and hinge 4: amino
acids 839-843) (Extended Data Fig. 5a) leads to bent structures of
the coiled-coil regions ccl-cc2 and cc3-cc4, as well as an elongated
cc2-cc3 orientation, resulting in a triangular shape of the molecule
(Fig. 5c,d and Extended Data Fig. 5d). In this conformation, the N-and
C-terminal parts of the Khc stalk are separated, and the AMB domain,
which mediates inhibition by Tm1, is not in proximity with other stalk
regions (Fig. 5c,d and Extended Data Fig. 5d,e). In well-fitting Khc-Tm1
models, the stalk folds at hinge 3 (Fig. 5c,d and Extended Data Fig. 5d),
bringing the N- and C-terminal halves of the stalk in closer proximity
than observed for Khc alone, with the AMB domain oriented parallel
tothe N-terminal stalk region (Extended Data Fig. 5f).

During the course of our work, two studies*’** proposed compact
structural arrangements for mammalian kinesin-1 with a more rigid
stalk that cannot fold at hinge 2. We therefore repeated our modeling
with new structure pools resembling this rigid stalk conformation.
The resulting structure that best fits the SAXS data for Khc exhibits a
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x2increase of 15% compared with our previous best-fitting model (3.54
compared with 3.07; Extended Data Fig. 6a,b), suggesting aless-good
fit. Inall of the best-fitting models, the stalk exhibits a larger distance
between the cc3-cc4 linker region and ccl-cc2 and thus, similar to
our original models, a triangular stalk arrangement, rather than a
compact packing of cc3 and cc4 onto ccl-cc2 (Extended Data Fig. 6¢).
By contrast, the best-fitting Khc-Tm1 models have a topology and x?
values comparable with those of the structures obtained by our original
models (Extended Data Fig. 6a,b), which showed a similar compact
arrangement with folding of the stalk at hinge 3 (Extended Data Fig. 6¢).
Thus, we find similar results using both flexible and rigid stalk arrange-
ments. Although compact stalk arrangements do not fit our SAXS data
forKhc, they fit well for the Khc-Tm1 complex. Although our fits cannot
account for alternative Khc conformations (both autoinhibited and
open) that may exist as part of dynamic conformational equilibria, the
good agreement ofindividual models with SAXS data suggests that they
represent predominant conformations for Khc with and without Tml1.
These datatherefore suggest that binding of Tm1to Khc resultsin a shift
inthe conformational equilibrium towards more compact structures
of the Khc stalk domain, and that the autoinhibited conformation of
Khcis likely to be stabilized by interactions within the Tm1-bound stalk
inaddition to the motor-tail interaction. This isin agreement with our
finding that the Khc AMB domain can mediate inhibition of motor
activity by Tmlindependently of the IAK motif.

Tmllinksinhibited Khc to dynein-driven osk RNPs
As described in the Introduction, Khc and Tm1 are loaded onto osk
RNPs in nurse cells before their delivery into the oocyte by dynein®.
We reasoned that during this process enhanced inhibition of Khc by
Tmlwould prevent opposition to dynein motility that could result in
counterproductive movements of RNPs away fromthe oocyte. To assess
whether thisis the case, we set out to reconstitute microtubule-based
transport of osk RNPs containing Khc FL, Tm1FL and dynein.
Because dynein and kinesin require different conditions for
optimal motility in vitro, we used a modified assay buffer that allows
movement of both motor classes*. To exclude the possibility that Tm1
promotes minus-end directed movement of osk RNPs by stimulating
dynein directly, we first assessed its effects on the motile properties
of dynein in the presence of DDBE and an osk 3’ UTR fragment that is
sufficient for dynein-mediated transportinvivoandinvitro (osk3’ UTR
2+3)**¥, Although Tm1 could translocate with dynein and osk (Extended
Data Fig. 7a), its presence did not alter dynein velocity or run length
(Extended Data Fig. 7b,c and Supplementary Table 3). Furthermore,
Tml did not affect dynein binding to microtubules or the frequency
of processive motion (Extended Data Fig. 7d-f and Supplementary

Table 3). Thus, Tml does not directly influence dynein motility. Treat-
ment of these reconstituted RNPs with RNase A dramatically reduced
association of Tm1with DDBE-o0sk 3’ UTR 2+3 (Extended DataFig. 7g,h),
indicating that Tmlis linked to the dynein machinery through osk RNA
rather than protein-protein interactions.

We next assessed the behavior of Khc FL in the presence of DDBE
and osk 3’ UTR 2+3 but without Tml1. In these conditions, dynein and
associated osk RNA exhibited many long movementsin the minus-end
direction (Fig. 6a), as shown by polarity marking of the microtubules
(Supplementary Fig. 5). By contrast, movement of Khc FL on microtu-
bules wasrelatively infrequent (Fig. 6a,b and Supplementary Table 4).
Plus-end directed runs accounted for only ~22% of observed Khc
motility (Extended Data Fig. 8a), and were seldom associated with osk
(Fig. 6a,c). The remainder of these infrequent Khc movements were
shortand towards the microtubule minus ends in transient association
with dynein and the RNA (Fig. 6a,c and Extended Data Fig. 8a), reveal-
ingsomeinherent capacity of Khc FLto associate with DDBE-o0sk RNA
complexes. Khc motors in these complexes appeared to retain some
activity, as they occasionally exhibited sudden plus-end directed move-
ments following periods of minus-end directed transport by dynein
(9 of 127 complexes (7.1%); Extended Data Fig. 9).

Inclusion of Tm1FL in the assay caused an approximately tenfold
increase in the incidence of Khc transport events (Fig. 6a,b and Sup-
plementary Table 4), almost all of which were minus-end directed
(Extended DataFig.8a) and overlapped with dynein and osk RNA signals
(Fig. 6¢). Although plus-end directed Khc FL movements were very
rare in the presence of Tml, they were more likely to colocalize with
dynein and osk RNA (45% of complexes) than were plus-end directed
movements of the motor in the absence of Tm1 (13% of complexes;
P=0.003, Fisher’s exact test) (Fig. 6¢). Collectively, these findings
demonstrate that Tmlenhances association of Khc with DDBE-osk, and
that this imparts a very strong minus-end directed bias to Khc move-
ment. Treatment with RNase A strongly suppressed the Tm1-induced
association of Khc with DDBE-osk (Extended Data Fig. 10), revealing
that Tmlachieves this effect viabinding to the RNA.

Tml also increased the distance Khc FL traveled in association
with minus-end directed DDBE-o0sk RNPs by ~60% (Fig. 6d and Sup-
plementary Table 4) and reduced the incidence of plus-end directed
Khc FL movements following minus-end directed DDBE-osk motion
(6 0of 848 complexes (0.7%); P < 0.0001 compared with inthe absence of
Tml (Fisher’sexact test)). Together, these data are consistent with Khc
activity in these complexes being curbed by Tm1. To explore this idea,
we compared velocities of Khc-bound dynein complexesinthe presence
and absence of Tm1. Consistent with aninhibitory effect of TmlonKhc,
DDBE-0sk RNA complexes bound by Khc moved towards the minus end

Fig. 6| Tm1 promotes association of inhibited Khc with minus-end directed
DDBE-o0sk RNPs. a, Kymographs showing motile behavior of DDBE (via
tetramethylrhodamine (TMR)-dynein), Alexa Fluor 647 (A647)-Khc FL and
AlexaFluor 488 (A488)-0sk3’ UTR 2 + 3 in the presence or absence of unlabeled
Tm1FL. Plus-and minus-end directed Khc movements in the absence of Tm1

FL areindicated by white and yellow arrowheads, respectively. Microtubule
plus and minus ends are oriented toward the right and left of each kymograph,
respectively. b, Frequency of processive Khc FL and Khc940 movements
towards microtubule minus ends (towards left of x axis, purple) and plus

ends (towards right of x axis, magenta) with or without Tm1FL. Mean +s.d. is
shownand is derived from 60-88 microtubules (N), representing analysis of
178-1,795 individual complexes from 5-6 imaging chambers and 3 independent
experiments (n) per condition (Supplementary Table 4). Mean values for each
independent experiment (large dots) are superimposed on values for individual
microtubules (small dots). ¢, Cumulative fraction of plus- and minus-end
directed Khc FL and Khc940 signals that comigrated with other labeled assay
components with or without Tm1FL. Rare instances of minus-end directed Khc
FL that do not colocalize with dynein signal are likely due to incomplete dynein
labeling or photobleaching. Numbers refer to total number of complexes (V)

analyzed and independent experiments for each condition (n) in the format N(n).
d, Distance traveled by Khc FL towards minus end in the presence or absence

of Tm1FL.1-Cumulative frequency distributions of measured run lengths were

fit as one-phase decays with the decay constant T + 95% confidence interval
shown. Hollow triangles represent empirical bin values used for fitting and were
derived from analysis 0f158-1,259 individual complexes (V) from 3 independent
experiments (n) per condition (Supplementary Table 4). e, Velocity of minus-end
directed DDBE-o0sk 3’ UTR 2 + 3 complexes with comigrating Khc FL signal in

the presence or absence of Tm1 FL. Median + interquartile range is shown and is
derived from analysis 0f 158-1,259 individual complexes (N) from 5-6 imaging
chambers and 3 independent experiments (n) per condition (Supplementary
Table 4). Median values for each independent experiment (large dots) are
superimposed ona violin plot showing distribution of values from individual
complexes. Black or white circles indicate the presence or absence of the
indicated components, respectively. Inb and e, parallel experiments are shown
with large dots of the same color. Statistical significance was determined by

an unpaired two-tailed t-test and ¢-test with Welch’s correction (b) or unpaired
two-tailed Mann-Whitney test (d,e) using N values (total number of microtubules
(b) or total number of individual complexes (d,e)). NS, not significant (P> 0.05).
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nearly twice as fast in the presence of Tm1 (Fig. 6e and Supplementary
Table 4). This observationindicates that Tmlreinforces the autoinhibi-
tion conferred by the Khc tail, presumably by limiting engagements of
Khcwith microtubules that oppose dynein movement. Our datasupport
amodelinwhich Tmlenables efficient minus-end directed transport of
Khcand dynein-associated RNPs from the nurse cells into the oocyte by
coupling Khc to these structures in a strongly inhibited state.

To determine whether Tm1 canalso promote minus-end directed
transport of a Khc motor by DDBE-osk when Khc autoinhibition by
the IAK motifis relieved, we performed equivalent experiments with
the Tml-sensitive Khc940 tail truncation. In the absence of Tml, we
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T™R-DDBE @) H
A488-0sk 3UTR 2+3 @)
A647-khe FL @)

1L ) ..

TMR-DDBE @)
A488-0sk 3UTR 2+3 @)

A647-khe FL @)

TmiFL @

A488-osk 3'UTR 2+3

observed a large number of processive Khc940 movements (Fig. 6b
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osk signals (Fig. 6¢), consistent with our observation of some interac-
tion of Khc FL with dyneinin the absence of Tm1.

The presence of Tm1was sufficient toimpart an overall minus-end
bias to Khc940 transport events, with only 42% of these motors now

A647-Khc FL Merge

b 3

5um
b Minus-end directed Plus-end directed N (n) d 10 -
-~ . I8 A~ DDBE-osk 3'UTR 2+3 + Khc FL
= 3 T=2.54+0.30 pm
000 OO &, 66(3) S o84 N(n): 158(3)
Q * =]
o X o
v * ) o i - DDBE-osk 3'UTR 2+3 + Khc FL
a 60 (3) E 06" Tl FL
2 X T=379£016 um
00000 ;, (Jwe 5 oedl M
O * x O 3 v
o3 i ig E 02+ v P <0.0001
00000 il acEiE S 80Ny
& 2 T 8 T T T T T T T T T T 1 0 ’*M%W
8 2 £ 9 E 05 04 03 02 01 O O01 02 03 04 05 0 10 20 30 40
L E X £ &
% 2 r;r' ,f Frequency of Khc transport events Travel distance of Khc to
2 e 3 (um™ min™) minus end (um)
3 <
%
3 P < 0.0001
< Khkk
N 158 1,259
n, 3 3
c 4 4 ‘ e (n @ @
Minus-end directed Plus-end directed 15 -
Fluorescent signal
. . . O O EEE) ) detected: .%_,.\
<
> 1.0
. . . O . 668(3) 33(3) Khc only he] g
-2
. . O ‘ O Khc + osk 3'UTR 2+3 S >
178(3) 380(3) Q'c
Khe + dynein g O 054
9]
0000 372(3) 184(3) ™ Khc + osk 3UTR 2+3 <~
+dynein

T T T T 1 l T T T
08 06 04 02 0O O

Tm1FL

Fraction of Khc signals
(cumulative)

TMR-DDBE
A488-0sk-3'UTR 2+3
A647-Khe FL
A647-Khc940

T
02 04 06 08 10

o
t™rODBE @ @
rags-osk3UTR2+3 @ @
rearkhcr. @ @
mi O @

Nature Structural & Molecular Biology | Volume 31| March 2024 | 476-488

484


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-024-01212-x

a Active Khe

1AK
AMB
Cargo

—
Khc tail

Motor and IAK
motif interact T

+Tm1
the Khc stalk

Khc stalk

Khc motor

b

Fig.7|Model of Khc regulation by Tm1in osk RNPs. a, Model of Tm1l-mediated
stabilization of autoinhibited conformation of Khc. Whereas both the motor
domain-IAK motifinteraction and interactions within the Tm1-bound, rearranged
Khcsstalk region (including the AMB domain) can partially inhibit Khc, synergy
between these weak interactions stabilizes the inhibitory head-tail interaction.

b, Model of Tm1’s role in dynein-mediated transport of osk. By linking Khc to the

Partial inhibition

Interactions within

Stable inhibition

Synergistic inhibitory
interactions

dynein-transported osk RNA and promoting Khc inhibition, Tm1allows the first,
dynein-mediated transport step from the nurse cells to the oocyte to proceed
without competition between the motors. These events also position Khc on the
RNP for the second, Khc-mediated transport step within the oocyte. AAAAA and
m7Gindicate poly A tail and cap structure of osk, respectively.

plus-end directed (Extended Data Fig. 8a,b). This was associated with
an approximately threefold increase in the frequency of minus-end
directed motion in association with DDBE-osk at the expense of
plus-end directed runs (Fig. 6b). Unlike the case with Khc FL, minus-end
directed dynein complexes bound to Khc940 did not move significantly
faster or for greater distances in the presence of Tm1 (Extended Data
Fig.8c,d). Thismaybebecause the truncated motoris more competent
tobind microtubules than Khc FL even when Tmlis present (Extended
Data Fig. 1) and can therefore resist dynein motion regardless of Tm1l
association. Nonetheless, these observations show that Tml is suf-
ficient to impart a minus-end directed bias to the movement of Khc
motorsinthe presence of DDBE-osk even without the inhibitory effect
of the IAK motif. Thus, shutting down Khc activity during minus-end
directed osk RNP transport requires multiple inhibitory interactions
involving the Khc tail.

Discussion

Tmil was recently implicated as an RNA adaptor for kinesin-1 (refs.
30-32). Our current study reveals a previously unknown role of Tm1l
in osk transport. We show that Tm1 negatively regulates Khc activity,
whichwe propose occurs viaa conformational change in the Khc stalk
that stabilizes the Khc motor-tail interaction and thereby enhances
autoinhibition (Fig. 7a).

With its functions in cargo binding® and motor regulation, we
speculate that Tmlis an alternative Klc in the Drosophila female ger-
mline?. Because precise osk RNA localization during oogenesis is
critical for development, positive regulators of Khc function such as
PAT1*® and negative regulators such as Tm1 may have replaced Klc to
provide nuanced control of Khc activity. If our hypothesis is correct,
Klc should also be dispensable for Tml-dependent RNA localization
in somatic tissues®"".
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We find that Tm1 also stimulates association of Khc in a strongly
inhibited state with dynein-associated osk RNPs. This mechanism would
allow dynein-mediated transport of osk RNPs from the nurse cells to
the oocyte to proceed without competition with Khc, while position-
ing the plus-end directed motor on the RNPs for their posteriorward
transport within the ooplasm in mid-oogenesis (Fig. 7b).

Kinesin-1autoinhibition mechanisms

Kinesin-1autoinhibition is not fully understood, in part because of a
paucity of structural information for the full-length molecule. It has
been proposed that interaction of the tail’s IAK motif with the motor
domain plays a key role in kinesin-1autoinhibition. Consistent with
this notion, we observed strongly enhanced motility of Drosophila Khc
when the IAK motif was deleted. However, it was recently shown that
Klcinhibits Khc activity independently of the IAK-motor interaction™.
We also find that the IAK motif is not needed for inhibition of Khc by
Tml. Instead, we find that Tm1-mediated inhibition occurs viathe Khc
AMB domain, a region adjacent to the IAK motif that is essential for
osklocalization™.

Our structural analyses suggest that Tm1 stabilizes the autoin-
hibited folded conformation of Khc by inducing rearrangement of the
Khc coiled-coil stalk. We therefore propose amodelin whichboth the
motor-lIAK interaction and interactions within the Tm1-bound stalk
thatinclude the AMB domain act synergistically to achieve the stable
inhibited conformation of Khc (Fig. 7a).

Two recent studies have proposed compact structural arrange-
ments for mammalian kinesin-1 (refs. 47,48). Those studies used
chemical crosslinking and cryo-EM, which are likely to enrich for a
homogeneous population of compact conformations of Khc and Khc-
Klc tetramers, to provide detailed static structural information. By
contrast, in our study of Drosophila Khc and Khc-Tm1 complexes, we
employed NMR and SAXS, which provide insight into the different con-
formational states, and thus flexibility, of kinesin-1by enabling analysis
of structures in solution. Tan et al. observed the compact, inhibited
conformation in the isolated Khc, showing that Klc-binding does not
induce anew fold of Khc but rather stabilizes the inhibited conforma-
tion*. This is in agreement with our model, in which Tm1, a putative
alternative Klc, shifts the structural equilibrium of Khc towards the
autoinhibited state by stabilizing its compact conformation.

Coordination of kinesin-1and dynein on osk RNPs

Although it is known that many cargo types are transported by the
concerted action of dynein and kinesins, the underlying regulatory
mechanisms have been elusive. We have identified one of very few
examples of a factor that not only links dynein and kinesin-mediated
transport, but also modulates transport through differential motor
regulation. Linkage of dynein and kinesin-3 by the dynein-activating
adaptor Hook3 has been demonstrated™**, but the cellular events
for which this is relevant are still emerging. Recently, reconstituted
coupling of dynein and kinesin-1 by TRAK1 and TRAK2 has provided
insightinto how the motors are recruited and regulated for mitochon-
drial transport>>°°. However, unlike our integration of DDBE and Khciin
reconstituted osk RNPs, these systems lacked intact native cargoes and
thereby excluded potential cargo-directed positioning and modulation
of motor complexes.

Several studies have reported that active dynein and kinesin
motors engage in a tug-of-war when artificially coupled® . We also
observe motor opposition in reconstituted RNPs containing DDBE
and Khc, presumably because of the stochastic engagement of auto-
inhibited Khc with microtubules. However, our observation that Tm1
supports efficient dynein-mediated RNA transport through robust
inhibition of Khc highlights the importance of regulatory factors in
addition to mechanical coupling in native transport complexes. Sup-
porting the in vivo relevance of negative regulation of Khc during bidi-
rectional transport, kinesin-1-activating IAK mutations were recently

shown to impair dynein-mediated transport processes in Aspergillus
nidulans®. Collectively, these observations point to complex interplay
between opposite-polarity motors that are bound simultaneously
to cargoes. Further reconstitutions of dual motor systems on native
cargoes should reveal generalities of dynein-kinesin crosstalk, as well
asany cargo-specific regulatory mechanisms.

Kinesin-1activation mechanisms in the female germline

Our study provides mechanistic insight into two critical aspects of osk
mRNA transport—assembly of the dual motor complex and how Khc
activity is suppressed during dynein-mediated delivery of the tran-
script fromthe nurse cells to the oocyte. However, it is not understood
how Khc takes over from dynein after osk RNPs arrive in the oocyte.
Although our recent work has shown that inactivation of dynein by
the RNA-binding protein Stau is part of this process**, how Tm1- and
IAK-mediated inhibition of Khc is alleviated to allow delivery of the
mRNA to the oocyte posterior is an open question. One candidate to
fulfill this roleis Ensconsin, whichis required for posterior osk localiza-
tionandis enriched in the oocyte relative to the nurse cells®*. Strikingly,
the human counterpart of Ensconsin (MAP7) was recently shown to
stimulate activity of mammalian kinesin-1in vitro'>, Other candidate
Khc activators include the exon junction complex, which, together
with the SOLE RNA structure, is essential for transport of osk to the
oocyte posterior’>**’, Because Tml needs to remain bound to the
osk RNP throughout its posterior translocation®, it is likely that the
activating factor(s) induces a conformational change in the Khc-Tm1
complexrather than dissociation of Tml. Future investigations of these
regulatory mechanisms are likely to elucidate how kinesin-1activity is
orchestrated in other systems.
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Methods

Molecular cloning

KhcFLfor recombinant expression was cloned with a HisSUMO-SNAP-
3C-tagintomultiple cloningsite 1of the pFastBacDual vector by InFu-
sion cloning (Takara) (between BamHI and Hindlll sites). The Khc
mutant constructs were generated by site-directed mutagenesis of
the Khc FL plasmid using primers that either inserted a stop codon
after amino acid 910 (Khc910) or amino acid 940 (Khc940), or deleted
amino acids 911-938 (KhcAAMB), followed by digestion of the template
plasmid with Dpnland transformation of the productinto Escherichia
coliXL1-bluecells. For coexpression of Khc FLand Tm1FL (used for mass
photometry and SAXS experiments), the Tml coding sequence was
inserted into multiple cloning site 2 of pFastBacDual-HisSUMO-SNAP
-3C-Khcby InFusion cloning (between Smal and Kpnl sites). Tm1FL for
invitromotility assays was cloned with a HisSSUMO-SNAP-tag between
the Sacl and HindllI sites of the pET11 vector by InFusion cloning. The
SNAP-Tm1 1-335 truncation was made by site-directed mutagenesis
of the SNAP-Tm1FL plasmid using primers that inserted a stop codon
after amino acid 335, as described above. Khc 855-975 and Khc 1-365
were cloned into pGEX6.1 by InFusion cloning (between BamHI and
EcoRlsites).

Protein expression and purification

N-terminally His6-SUMO-SNAP-3C-tagged Khc FL, Khc910 or 940
and AAMB truncations, and coexpressed Khc-Tm1 complexes were
expressed using the Bac-to-Bac Baculovirus expression system (Gibco).
Oneliter of Sf21 insect cells at 1 x 10° cells mI™ of shaking culture were
infected with 10 ml of P1 virus stock. After expression for 3 days at
27.5°C, cells were harvested by centrifugation at1,000g for 20 min at
4 °C. The pellets were lysed in a dounce tissue grinder in lysis buffer
(20 mM Tris-HCl at pH 7.5, 500 mM NaCl, 1 mM MgCl,, 0.1 mM ATP,
2mM DTT, 5% glycerol, 0.2% Tween-20). The lysates were cleared by
centrifugation and the soluble protein fraction was affinity-purified on
aHisTrap Excel column (GE Healthcare). After elutionina 0-300 mM
imidazole gradient, the HisSSUMO-fusion tag was cleaved either by
Senp2 protease (SNAP-tagged proteins for fluorescent labeling) or 3C
protease (unlabeled proteins) during dialysis in GF150 buffer (25 mM
HEPES/KOH pH 7.3, 150 mM KCI, 1 mM MgCl,, 0.1 mM ATP, and 2 mM
DTT) for 16 h before further purification by anion-exchange chro-
matography on a HiTrap Q HP column (GE Healthcare), followed by
size-exclusion chromatography (SEC) on a Superdex 200 Increase
10/300 column (GE Healthcare).

His6-SUMO-tagged and His6-SUMO-SNAP-tagged Tm1 proteins
and GST-Khc 1-365 were expressed in BL21-CodonPlus(DE3)-RIL cells
(Stratagene) by IPTG induction for 16 h at 18 °C. Cells were grown in
Luria-Bertani medium (0.5% w/v yeast extract (MP Biomedicals), 1%
w/vtryptone (MP Biomedicals), 0.5% w/v NaCl at pH 7.2) supplemented
with antibiotics (100 pg ml™ ampicillin or 10 pg mI™ kanamycin and
34 pg ml™ chloramphenicol). After harvesting, the pellets were lysed
using a microfluidizer processor (Microfluidics) in 20 mM Tris-HCI
(pH 7.5), 500 mM NaCl, 5% glycerol, 0.01% NP-40 and 40 mM imida-
zole buffer supplemented with protease inhibitor cocktail (Roche)
and 2 mM DTT. The lysates were subsequently cleared by centrifuga-
tion. HisSUMO-tagged proteins were affinity-purified by Ni-IMAC
on a HisTrap column (Cytiva) and eluted with an imidazole gradient
(40-300 mM). After cleavage of the His6-SUMO-tag with Senp2 pro-
tease, cleaved tags and protease were removed by a second, subtrac-
tive Ni-IMAC on a HisTrap column (GE Healthcare). The proteins were
further purified on either aSuperose 6 Increase 10/300 GL or aHiLoad
16/600 Superdex 200 SEC column in either GF150 buffer for motility
assays or NMR buffer (25 mM NaPO, pH 6.5,150 mM NaCland 0.5 mM
Tris(2-carboxyethyl)phosphin for NMR experiments.

GST-tagged Khc 1-365 was affinity-purified on a GSTrap column
(Cytiva) and glutathione gradient (1-20 mM). For use in NMR experi-
ments, the GST tag was removed by cleavage with 3C protease and a

second, subtractive affinity purification step on a GSTrap column. The
protein was further purified on a HiLoad 16/600 Superdex 200 SEC
column in GF150 buffer or NMR buffer.

SNAP-tagged Khcand Tm1 proteins were fluorescently labeled with
SNAP-Cell TMR Star, SNAP-Surface Alexa Fluor 488 or SNAP-Surface
Alexa Fluor 647 at 15 °C for 90 min in GF150 buffer with a 1.5x molar
excess of dye. Free dye was removed by asubsequent desalting stepona
PD-10 desalting column (Cytiva). Labeling efficiencies were determined
by measuring protein concentration at 280 nm and dye concentration
atthe dye’s excitation maximum using a NanoDrop 8000 Spectropho-
tometer (Thermo Fisher Scientific). For monomeric protein, labeling
efficiency was calculated as C4ye/Cyrorein- FOT dimeric proteins, labeling
efficiency was calculated based on monomer labeling efficiencies as (L,
x U,) + (U, % L,) + (L, x L) where L, is the fraction of monomer1labeled,
L,isthefractionof monomer2labeled, U, is the fraction of monomer1
unlabeled and U, is the fraction of monomer 2 unlabeled.

Recombinant human dynein and Drosophila Egl-BicD complexes
were expressedin Sf9insect cells with the dynein complex fluorescently
labeled via a SNAPf tag fused to the N terminus of the dynein heavy
chain, as described previously?. Native porcine dynactin was purified
frombrain tissue as described previously®.

RNA invitro transcription

The osk RNA constructs used for the motility assays were synthesized
in vitro using the MEGAscript T7 Transcription Kit (Ambion). The RNA
was transcribed from a PCR product amplified with a forward primer
includingthe T7 promoter and containingan osk mRNAFL, osk3’ UTR or
a529-nucleotideregion ofthe osk3’ UTR previously defined asregion 2+3
(osk 3’ UTR 2+3) that is sufficient to promote the localization of reporter
transcriptsto the developing oocyte”. The template for oskmin was gener-
ated fromthree overlapping primers by PCRand subsequently amplified
againwithaT7 promoter-containing forward primer.RNAwas transcribed
from the final PCR product. For fluorescent labeling of the osk 3’ UTR
and osk min transcripts, cyanine3 (Cy3)- or Cy5-uridine-5'-triphosphate
(UTP) was included in the transcription reaction with a fourfold excess
ofunlabeled UTP, yielding transcripts that typically had several labels per
RNA molecule (close to 100% of molecules containing at least one dye).
Forosk3’ UTR2+3, transcripts were fluorescently labeled with Alexa Fluor
488-UTP with a fivefold excess of unlabeled UTP, which also resulted in
closeto100%labeling efficiency. Transcripts were subsequently purified
by phenol/chloroform extraction and passed through a G50 mini Quick
Spin RNA desalting column (Sigma-Aldrich) to remove unincorporated
nucleotides before precipitation with sodium acetate orammoniumace-
tate plusethanol. The precipitated RNAwas resuspendedin nuclease-free
water and stored at 20 °C or -70 °C.

Polymerization and stabilization of microtubules
Microtubules were polymerized from porcine tubulin (Cytoskeleton)
and labeled with fluorophores and biotin by stochasticincorporation
of labeled dimers into the microtubule lattice. Mixes of 2.5 uM unla-
beled tubulin, 0.17 uM HiLyte 488 tubulin or AMCA tubulinand 0.3 pM
biotin-tubulin were incubated in BRB80 (80 mM PIPES pH 6.85,2 mM
MgCl,, 0.5 mM EGTA,1 mM DTT) with 0.67 mM GMPCPP (Jena Biosci-
ence) overnight at 37 °C. Polymerized microtubules were pelleted in
aroom temperature table-top centrifuge at 18,400g for 8.5 min, and
washed once with prewarmed (37 °C) BRB8O0. After pelleting once more,
the microtubules were gently resuspended in 300 pl of prewarmed
(37 °C) BRB80 containing 20-40 puM paclitaxel (taxol; Sigma-Aldrich).
Polarity marked microtubules with HiLyte 488 tubulin enriched
at minus ends were made according to the principle described pre-
viously®’. Bright microtubule seeds were polymerized at 37 °C for
10 minin a mix containing 2.5 uM unlabeled porcine tubulin (fivefold
excess over fluorescent tubulin), 0.5 uM HiLyte 488 tubulinand 0.3 pM
biotin-tubulin in BRB80 with 0.67 mM GMPCPP. After 10 min, this
mixture was diluted 1:1 with a tubulin polymerization mix containing
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12.5 pM unlabeled tubulin and 0.3 pM biotin-tubulin in BRB8O with
0.67 mM GMPCPP for final tubulin concentrations of 7.5 uM unlabeled
tubulin (30-fold excess over fluorescent tubulin), 0.25 uM HiLyte 488
tubulin and 0.3 puM biotin-tubulin. The final tubulin mix was incu-
bated at 37 °C for an additional 2 h to allow growth of relatively dim
microtubule plus ends before harvesting and taxol stabilization as
described above.

Single-molecule total internal reflection fluorescence assays
and image analysis

Total internal reflection fluorescence (TIRF)-based single-molecule
reconstitution assays were performed as described previously®. Briefly,
taxol-stabilized porcine microtubules were immobilized in imaging
flow chambers by streptavidin-based linkages to biotin-PEG passivated
cover slips. Khc RNP assay mixes were assembled at 500 nM of each
component. Assemblies of the dynein transport machinery with Khc
and Tm1 contained 100 nM dynein, 200 nM dynactin, 500 nM Egl-BicD,
1M RNA, 500 nM Khc (or Khc storage buffer as a control) and 2 uM
Tml1 (or Tml storage buffer as a control), and were incubated on ice
for1-2 hbeforeimaging. These mixes were then diluted to concentra-
tions suitable for imaging of single molecules (6.25 nM for Khc RNP
experiments; 5 nM dynein and 25 nM Khc for experiments containing
bothmotors)in BRB12 (Khc experiments) or modified dynein motility
buffer** (30 mM HEPES-KOH pH 7.0, 50 mM KCI, 5 mM MgSO,, 1 mM
EGTApH7.5,1mMDTT, 0.5 mg ml™ BSA—experimentsincluding DDBE)
supplemented with 1 mg ml™ a-casein, 20 uM taxol, 2.5 mM MgATP
and an oxygen-scavenging system (1.25 uM glucose oxidase, 140 nM
catalase, 71 mM 2-mercaptoethanol, 25 mM glucose final concentra-
tions) toreduce photobleaching, and applied to the flow chamber for
imaging by TIRF microscopy.

For assays in which RNase A was added, assemblies were diluted
in modified dynein motility buffer as described above with either 1 pl
of 0.2 pg mI™ RNase A (final concentration of 9.5 ng mI™) diluted in
motility buffer, or 1 pl of motility buffer alone. Such low concentra-
tions of RNase A were used to ensure mild digestion of the RNA (which
was monitored during acquisition via the fluorescent RNA signal) that
would eliminate any RNA-based connections between protein compo-
nents while limiting digestion of the predominantly double-stranded
localization signal important for activating DDBE motility”. These
mixes were incubated at room temperature for 5 min before applica-
tion to the imaging chambers.

For each chamber, acquisitions of 500 frames were made at a
frame rate of -2 frames s™ and 100 or 150 ms exposure (one or two
colors) or1.2-1.4 frames s and 50 ms exposure (three colors). Image
series of Khc-Tml were acquired using a Leica GSD TIRF microscope
systemusing Leica LAS X control software. Allimages involving dynein
were acquired on a Nikon TIRF system using Micromanager control
software’®, as described previously®.

Binding and motility of RNP components in the reconstitution
assays were manually analyzed by kymograph in Fiji’* as described
previously”. Binding events were defined as those that persisted for
aminimum of -2.5 s. Motile events were defined as binding events in
which unidirectional movement of fluorescently labeled assay compo-
nents could be observed for aminimum of five pixels on the position
axis (xaxis) of the kymograph. Motor run lengths and mean velocities
were extracted from kymographs by measuring the total observed
displacement on the position axis (x axis) or the inverse of its average
slope, respectively. Analysis was done on spatially isolated microtu-
bules on which individual runs could faithfully be tracked. Microtu-
bules that showed signs of bundling were excluded because this can
confound analysis of binding frequency and directionality. All control
and experimental conditions for each independent experiment were
performed on the same day; differentindependent experiments used
fresh protein assemblies and were typically performed on separate
days. Threetofour fields of viewin one to threeimaging chambers per

condition were analyzed in each experiment. Statistical analysis was
performed onaggregated datafromall replicates foragiven condition
using GraphPad Prismv.9.1.1for MacOS (GraphPad Software). For data
setsthat were compared by parametric statistical tests, the normality
of the datawas assumed, but not explicitly tested.

Microtubule-binding assays

For microtubule-binding assays’, microtubules were polymerized
from 5 mg ml™ porcine tubulin (Cytoskeleton) at 37 °C for 20 min
in BRB8O supplemented with 1 mM GTP and then diluted 1:10 in
BRBS8O + 20 uM taxol. Proteins of interest were incubated at the indi-
cated concentrations with 20 pl of this microtubule solution for 30 min
at room temperature in a final volume of 50 pl, before soluble and
microtubule-bound fractions were segregated by ultracentrifugation
at 80,000g for 30 min over a 500-pl 30% sucrose cushion. Soluble
fractions were supplemented with 1x SDS-loading dye. Microtubule
pellets were washed with BRB8O + 20 1M taxol before redissolving in
50 plof 1x SDS-loading dye. Soluble and pellet fractions were analyzed
by SDS-PAGE.

GST-pulldown competition assay

Totest whether Tml competes with the Khc motor-tail interaction, 5 pM
GST-Khc 855-975 as bait and an indicated excess of prey protein Khc
1-365 wereincubated with increasing concentrations of Tm11-335 as
competitor for Khc 855-975 binding in a total volume of 100 plin GF150
buffer (25 mMHEPES/KOH pH7.3,150 mMKCI,1 mM MgCl,,2 mMDTT).
After incubation for 40 min on ice, the mixture was added to 50 pl of
pre-equilibrated glutathione Sepharose 4B beads (GE Healthcare)
and proteins were allowed to bind for 2 h at 4 °C on a nutating shaker.
Beadswere washed with4x 500 pland1x 100 pl of GF150 + 0.01% NP-40.
Bound proteins were eluted from the beads by boiling in1x SDS-loading
dye for 5 minat 95 °C. Input, wash and elution samples were analyzed
by SDS-PAGE.

Mass photometry

Mass photometry measurements were performed using a TwoMP
mass photometer (Refeyn) with coexpressed, copurified Khc-Tm1l
complexes atafinal concentration of 20 nMin PBS. One-minute videos
with a fixed image size were recorded using the AcquireMP software
(v.2.5.0; Refeyn). Data analysis was performed using the DiscoverMP
software (v.2.5.0; Refeyn).

Nuclear magnetic resonance spectroscopy

NMR measurements were performed at 298 K on a Bruker Avance Il
NMR spectrometer with magnetic field strengths corresponding to
proton Larmor frequencies of 600 MHz equipped with a cryogenic
triple-resonance gradient probe head. NMR sample concentration was
50 pM for titration experiments and 177 uM for backbone assignment
experiments. Experiments for backbone assignments were performedon
BC,5N-labeled samples using conventional triple-resonance experiments
(HNCO, HNCA, CBCA(CO)NH, HN(CO)CA and HNCACB)”. All spectra
were acquired using the apodization weighted sampling scheme™ and
processed using NMRPipe v.10.9 (ref. 75). Resonance assignments were
carried out using the program Carav.1.9.1 (http://cara.nmr.ch).

For titrations, U10 RNA (Integrated DNA Technologies) and Tm1l
were added to ®N-labeled Khc 855-975 at the indicated ratios and
a'H-®N HSQC was recorded for each titration point. Peak intensity
ratios were derived using NMRView v.5.0.4 (ref. 76) and corrected for
dilution. The extent of amide 'H-"N chemical shift perturbationsin free
versus bound Khc 855-975 were calculated according to Williamson”
to compensate for frequency range differences between *N and 'H
dimensions. Errors of individual measurements were estimated as the
standard deviation of the noisein aspectral region without any signals.
Error bars of intensity ratios were calculated according to the rule of
propagation of errors.
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Small-angle X-ray scattering data acquisition and structure
modeling

SAXS dataonKhcFLinisolationandthe copurified complex of Khc FL
and Tm1FLin 25 mMHEPES/KOH pH 7.3,150 mM KCI,1 mM MgCl, and
2mMDTT at concentrations of 0.5,1.0 and 2.0 mg ml™ were recorded
at 20 °C on the BM29 beamline (European Synchrotron Radiation
Facility, Grenoble, France) (Supplementary Table 5). Ten frames with
anexposuretime of 1 s per frame were recorded inbatch mode using an
X-ray wavelength of 0.992 A and asample distance of 2.81 mto the Pila-
tus2M detector. Datareduction and buffer subtraction was performed
by the automatic processing pipeline’. The R, and scattering intensity
atzero angle (/(0)) were determined using the Guinier approximation
using Primus/autorg”.

The scattering curve was subsequently compared with pools of
structures generated by connecting AlphaFold2 (refs. 45,46) models
of the Khc head domain (residues 1-378) homodimer connected
to four stretches of coiled-coil homodimers (residues 403-585,
604-706, 711-838 and 844-936, respectively). The linker regions
between the structured parts were modified by random phi/psirota-
tionsin monomer A of the homodimer followed by a short four-step
simulated annealing energy minimization to restore proper
bond geometries in monomer B, for which all corresponding resi-
dues were rotated together with monomer A during the linker ran-
domization. The C termini of monomer A and monomer B were
subsequently randomized independently. A total of 5,000 struc-
tures were generated in this way. In a second step, the structure
of the motor homodimer was replaced by a homodimer (residues
1-344) boundto a peptide from the C terminus of molecule A (resi-
dues 934-953) containing the IAK motif, which was followed by
simulated annealing energy minimization to restore proper bond
geometry. During the simulated annealing energy minimization
steps, the structures of the motor and coiled-coil models or motor/
peptide were unaltered by using a harmonic energy term to keep
the coordinates close to the starting coordinates in the template
structure®. The calculations were performed using CNS v.1.2 (ref.
81) within the ARIA v.1.2 framework®. Structure pools for the Khc
homodimer in complex with Tm1 were generated in a similar way
with an AlphaFold2-modeled a-helix of Tm1 (residues 258-386)
bound to thelast coiled-coil stretch of Khc (residues 844-936) in a
position derived from the X-ray structure of the Khc-Tm1 complex™
and additional randomization of all residues outside the a-helix of
Tml. Each of the 2 x 5,000 models was fitted to the SAXS scattering
intensities using CRYSOL v.2.8.3 (ref. 79).

Circular dichroism spectroscopy

CD measurements were performed with Khc 855-975 at aconcentration
of 0.41 mg mI™in20 mMNaPO, pH 6.5and 150 mM NaCl. The spectrum
was recorded between 260 nmand 190 nm at 20 °C using aJascoJ-815
CD spectrometer with a50 nm min~scanspeed, digitalintegration time
of1swithalnmbandwidth and 10 accumulations. The spectrumwas
analyzed with the CDSSTR®, Contin-LL** and Selcon3 (ref. 85) methods
with the protein reference data set 7 (ref. 86) using the Dichroweb
server®, The estimation of protein secondary structure fractions from
the three analysis methods were averaged.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The backbone chemical shift assignment of Khc 855-975 has been
deposited to the BMRB under the accession code 51888 and the SAXS
data have been submitted to SASBDB (IDs SASDRDS8 and SASDRES).
Source data are provided with this paper. All other data is available
upon request.
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Extended Data Fig. 1| Effects of Khc tail truncations on motor association
with microtubules. Frequency of all microtubule (MT)-binding events
(processive, static and diffusive) for Khc FL, Khc910, Khc940 and KhcAAMB

with or without Tm1FL. For all plots, mean + s.d. is shown and is derived from
16-59 microtubules (N) from 4-15imaging chambers and 2-5independent
experiments (n) per condition (see Supplementary Table 1). Mean values for each

o) JoJoI JOR NN oK

independent experiment (large dots) are superimposed on values for individual
microtubules (small dots). Black or white circles indicate presence or absence of
indicated components, respectively. Parallel experiments are shown with large
dots of the same color. Cy3-osk 3’ UTR was included in all experiments. Statistical
significance was determined by unpaired two-tailed t-tests using N values (total
number of microtubules). ns: not significant (p > 0.05).
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KhcAAMB (c) and osk 3’ UTR in the presence or absence of Tm1FL. Microtubule components, respectively.
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Extended Data Fig. 3 | Effects of Khc tail truncations on motor association values for individual microtubules (small dots). Black or white circles indicate the
with oskRNA and Tml. a, b, Fraction of Khc FL, Khc910, Khc940 and KhcAAMB presence or absence of indicated components, respectively. Parallel experiments
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presence of Tm1FL (a) or that localized with Tm1FL (b). For all plots, mean +s.d.is ~ wasincluded in all experiments. Statistical significance was determined by
shownand is derived from 16-59 microtubules (N) from 4-15imaging chambers unpaired two-tailed t-tests using N values (total number of microtubules). ns: not

and 2-5independent experiments (n) per condition (see Supplementary Table1).  significant (p > 0.05).
Mean values for each independent experiment (large dots) are superimposed on
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Extended Data Fig. 4 | Evaluation of the effect of Tm1 on the Khc tail’s
interaction with microtubules and the Khc motor domain. a, Microtubule
binding assay with Tm1FL and Tm11-335. Khc FL served as a positive control.
Both Tm1FL and Tm11-335 partially partitioned into the microtubule pellet
fraction.10 pg of each protein was incubated with polymerized microtubules
prior to segregation of microtubule-bound and -unbound fractions by
ultracentrifugation over a30% sucrose cushion. BSA was added to all samples
as anegative control. To control for microtubule-independent pelleting of the
proteins, controls without microtubules were performed (right). Supernatant
and microtubule pellet fractions were analyzed by SDS-PAGE. b, Microtubule
binding assay with Khc 855-975 and Tm11-335. Khc 855-975 partially partitioned

into the microtubule pellet bothin the presence and absence of increasing
concentrations of Tm11-335. 25 uM Khc 855-975 was incubated with Tm11-335
atratios of 1:0.5,1:1and 1:2 in the presence of polymerized microtubules before
proceeding as described above. Controls for microtubule-independent pelleting
of the proteins without microtubules are shown on the right. Representative
images from n = 2 experiments are shown. ¢, d, GST-pulldown competition assays
to assess the effect of Tml on Khc tail-motor interaction using 5 pM (c) or 10 pM
(d) GST-Khc 855-975 as bait and 50 pM Khc 1-365 as prey. Tm11-335 was added
atincreasing concentrations (5 to 15 pM) to evaluate competition for binding to
GST-Khc 855-975. Representative images from n = 2 experiments are shown.
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Extended DataFig. 5| Additional information on SAXS-based Khc modeling.
a, Template model of Khc used for randomization. Coordinates of the structured
parts (motor domain: residues 1-378; four coiled-coil regions: residues 403-585,
604-706,711-838 and 844-936) were generated by AF2**¢ and connected with
the coordinates of the missing linker residues. b, x* distribution of all Crysol fits
to the Khc (left) and Khc-Tml1 (right) scattering curves. ¢, Best (upper panel) and

Khc-Tm1

mediocre (lower panel) fits of Khc (left) and Khc-Tm1 (right) structural models
to the experimental scattering curves. d, Alignments of the five best fits for Khc
(left) and for Khc-Tm1 (right). e, Close-ups of the AMB domains in the four best
fitting models for Khc. f, Close-ups of the AMB domains in the four best fitting
models for Khc-Tm1. Khc models are shown in shades of blue with the AMB
domains marked inred; Tmlis shown in shades of pink.
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new structure pools.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-024-01212-x

a
TMR-DDBE @
A488-0sk IUTR 2+3 @
A647-Tm1 FL O
TMR-DDBE @
A488-0sk 3UTR 2+3 @
AB47-Tm1 FL @
P=0.2892
ns
P=0.1715__ns ns__P>0.9999
b N 1277 1295 211
mn @ @ @
2.0 All dyneins . 107 4~ DDBE-o0sk 3'UTR 2+3
g ©=3.63+0.18 ym
2 15 Tm1-bound g 081 N(n): 1277(2)
S _. dyneins g \
A £ 069" - DDBE-osk 3UTR 2+3 + Tm1 FL
Zg10 e X ©=3.64+0.14 ym
53 T 049 N N(n):1295(2)
& 05 g X
- 4 \ P=0.41
3 0.2 " Ons 05
< B
09 003 1'0¢.ﬁ1.'5 20 25 30
T™RDDBE @ @ @ )
Dynein run length [um]
A488-0sk3UTR2+3 @ @ @
aar-mift O @ @
P=0.9820 P=0.1025 P=0.1720
d ns e ns f ns
N N 20 20
(n) (n) n @ @
c 08 2.0 )
o —_ S
'g 2% >
g o6 1 Q STE 15 o
c £ -
£ 8¢ =
3 £33 2
2 04 g 1.0 <
i3 >0
Z ©5% ¢
@ 0.2 T3 05 a
8 eg 8
< & 8
T 00 0.0 &
TMR-DDBE @ @ T™MR-DDBE @ @ T™MR-DDBE @ @
A488-0sk3UTR2+3 @ @ A488-0sk3UTR2+3 @ @ A488-0sk3UTR2+3 @ @
rssrmirt O @ rsarmiit O @ reartmiit O @
P<0.0001
kkokk
9 h N 15 15
mn @ @
0.5
” .
ST 04
S < 04+
cE
TMR-DDBE @ =l
o= -
A488-0sk 3UTR 2+3 @) 2303
£
A647-Tm1 FL @ 5 & 0.2+
S o
RNase A g9
® S 8 0.1
e
0.0-
5 pm TMR-DDBE

A488-osk 3'UTR 2+3
A647-Tm1 FL

RNase A

Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Tm1does not affect dynein activity in osk RNPs.

a, Kymographs showing motile behavior of DDBE (via tetramethylrhodamine
(TMR)-dynein) and osk 3’ UTR 2 + 3 with or without unlabeled Tm1FL. Co-
translocation of Tmlis observed when presentin the assay. b, ¢, Velocity (b)
and runlength (c) of DDBE-osk 3’ UTR 2 + 3 complexes assembled with or
without Tml. Inb, median + interquartile range is shown and is derived from
analysis of 211-1,295 individual complexes (N) from 4 imaging chambers and
2independent experiments (n) per condition (see Supplementary Table 3).
Median values for each independent experiment (large dots) are superimposed
onaviolin plot showing distribution of values from individual complexes.

In ¢, 1-Cumulative frequency distributions of measured run lengths were

fitas one-phase decays with the decay constant T + 95% confidence interval
shown. Hollow triangles represent empirical bin values used for fitting derived
from analysis 0f 1,277-1,295 individual complexes (N) from 2 independent
experiments (n) per condition (see Supplementary Table 3). d-f, Fraction of
dynein binding events that underwent processive motility (d) and frequencies
of dynein binding to microtubules (e) and processive dynein movement (f) in
the presence or absence of Tm1FL. Mean + s.d. is shown and is derived from 20
microtubules (N), representing analysis of 2,152-2,207 individual complexes

from 3-4 imaging chambers and 2 independent experiments (n) per condition
(see Supplementary Table 3). g, Kymographs showing reduced association of
Tmlwith motile DDBE-osk 3’ UTR 2 + 3 RNPs after RNAse A treatment. h, Fraction
of moving DDBE-osk 3’ UTR 2 + 3 RNPs that co-localized with Tm1 signal with

or without RNase A. Mean + s.d. is shown and is derived from 15 microtubules
(N), representing analysis of 559-886 individual complexes from 2-3 imaging
chambers and 2 independent experiments (n) per condition. Black or white
circles indicate presence or absence of indicated components, respectively.
Inaand g, microtubule plus and minus ends are oriented toward the right and
left of each kymograph, respectively. In panels b, d-fand h, mean values for
eachindependent experiment (large dots) are superimposed on violin plots
showing the distribution of values from individual complexes (b) or on values
for individual microtubules (small dots; d-f, h); parallel experiments within each
of these panels are shown by large dots of the same color. Statistical significance
was determined by a nonparametric one-way Kruskal-Wallis ANOVA test with
Dunn'’s test for multiple comparisons (b), unpaired two-tailed Mann-Whitney test
(c), unpaired two-tailed t-tests (d-f), or unpaired two-tailed t-test with Welch’s
correction (h) using N values (total number individual complexes (b, c) or total
number of microtubules (d-f, h)). ns: not significant (p > 0.05).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-024-01212-x

a Minus-end-directed I Plus-end-directed  N(n)
00000 5 i i %)
5 *
00000 " Ikﬂ 60(3)
00000, L o0 - | 86(3)
5 %
( X @ I —heffi - o 88(3)
oo T 2 1?0 0?8 016 0?4 0?2 0.0 012 0?4 0?6 0?8 110
a Y o F <« .
a) 'n_c §‘ < E Fraction of Khc movements
3 < <
Q
[o0)
3
<
b

TMR-Dynein  A488-osk 3'UTR 2+3 A647-Khc940

TMR-DDBE @
A488-0sk 3UTR 2+3 @)
AB47-Khc940 @

mmire Q

TMR-DDBE @
A488-0sk 3UTR 2+3 @)
AB47-Khco40 @

Tm1FL @
c N 469 1076 d
n) 3) )
157 107 & DDBE-osk 3UTR 2+3 + Knc40
g A 1=2.96 % 0.29 ym
< S 08% .
T = g N(n): 469(3)
Sg 104 g \ DDBE-osk 3UTR 2+3 + Khc940
o3 ° +Tm1 FL
32 2 ) 1=2.59 +0.16 ym
5 5 0.4-

§§ 0.5- 50 n N(n): 1076(3)
<~ € o2] @& P=0.2119
< ® 0@ ns

0.0 0.0 .

0 5 10 15 20 25 30
TMR-DDBE

Khc distance traveled

A488-osk IUTR 2+3 toward minus ends [um]

AB47-Khc940

o X X
o000

Tm1 FL

Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Motile properties of DDBE-osk with Khc940 inthe
presence and absence of Tml. a, Fraction of processive Khc FL and Khc940
movements that moved towards microtubule minus ends (towards left of

x-axis, purple) and plus ends (towards right of x-axis, magenta) with or without
TmlFL. The mean *s.d. is shown and is derived from 53-88 microtubules (N),
representing analysis of 178-1,795 individual complexes from 5-6 imaging
chambers and 3 independent experiments (n) per condition (See Supplementary
Table 4). Mean values for each independent experiment (large dots) are
superimposed on values for individual microtubules (small dots). b, Kymographs
showing motile behavior of DDBE (via TMR-dynein), Khc940, and osk 3’ UTR

2 +3 with or without Tm1FL. Microtubule plus and minus ends are oriented
toward the right and left of each kymograph, respectively. ¢, Velocity of minus-
end-directed DDBE-osk 3’ UTR 2 + 3 complexes with co-migrating Khc940 signal
with or without Tm1FL. The median + interquartile range is shown and is derived
from analysis of 469-1,076 individual complexes (N) from 5-6 imaging chambers

and 3 independent experiments (n) per condition (see Supplementary Table 4).
Median values for each independent experiment (large dots) are superimposed
on aviolin plot showing distribution of values from individual complexes.

d, Distance traveled by Khc940 towards the minus end in the presence and
absence of Tm1FL.1-Cumulative frequency distributions of measured run
lengths were fit as one-phase decays with the decay constant t + 95% confidence
interval shown. Hollow triangles represent empirical bin values used for fitting
derived from analysis of 469-1,076 individual complexes (N) from 3 independent
experiments (n) per condition (see Supplementary Table 4). Black or white
circlesindicate presence or absence of indicated components, respectively. In
panels aand ¢, parallel experiments are shown with large dots of the same color.
Statistical significance was determined by an unpaired two-tailed t-test and and
t-test with Welch'’s correction (a) or unpaired two-tailed Mann-Whitney test

(c, d) using N values (total number of microtubules (a) or total number of
individual complexes (c, d). ns: not significant (p > 0.05).
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from 4 imaging chambers and 2 independent experiments (n) per condition.
Mean values for each independent experiment (large dots) are superimposed
onvalues for individual microtubules (small dots). Black or white circles

indicate the presence or absence of indicated components, respectively. Parallel
experiments are shown using large dots of the same color. Statistical significance
was determined by an unpaired two-tailed t-test with Welch'’s correction using N
values (total number of microtubules).
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