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SUMMARY

Kinesin-1 is an essential anterograde microtubule motor protein. The core kinesin motor is a homodimer of
two heavy chains; N-terminal motor domains hydrolyze ATP and walk along microtubules, while a long elon-
gated coiled-coil stalk and an intrinsically disordered C-terminal tail region bind cargos. Kinesin autoinhibi-
tion is key to preventing futile ATP consumption and occurs, at least in part, through direct interactions
between N-terminal motor domains and C-terminal inhibitory motifs. Despite significant advances in our un-
derstanding of kinesin walking, little is known about the kinesin-1 conformational landscape of the stalk and
tail domains. Here, we apply solution-based biophysical analysis tools to study conformational changes in
kinesin-1, with full rotational freedom, and in response to changes in ionic strength, mutations, and the pres-
ence of microtubules. This has allowed us to uncover the inherent flexibility in kinesin-1, which gives insights

into autoinhibition and the regulation of intracellular transport.

INTRODUCTION

Kinesin-1, a ubiquitous molecular motor, plays a critical role in
intracellular transport by moving many different kinds of cargo
long distances along microtubule filaments. This diversity of car-
gos includes not only many different membrane-bound organ-
elles’™® but also RNA,”~® cytosolic protein complexes,'®'" and
microtubules themselves.'®'® While significant progress has
been made toward understanding the fundamental mechanisms
of how kinesin-1 turns ATP hydrolysis into motility,'*~'® the regu-
lation of its activity and its ability to interact with such a diverse
range of cargo in many different local cellular environments are
not fully understood. Recent studies have highlighted the impor-
tance of conformational changes in modulating kinesin-1 func-
tion.””~'° However, the complex interplay between conforma-
tional changes and microtubule interactions requires further
investigation.

The core unit of kinesin-1 is a homodimer of two heavy
chains; in vertebrates, there are three heavy-chain isoforms
named KIF5A, B, and C. Kinesin-1 heavy chains consist of the
well-conserved N-terminal motor domains, a long elongated
coiled-coil stalk, and an intrinsically disordered C-terminal tail
region.’*?° Kinesin-1 homodimers can be supplemented by a
pair of kinesin light chains (KLCs 1-4 in vertebrates), but light-
chain-independent functions of kinesin-1 are known,”®'? and
several studies indicate that kinesin light chains are not required
for motility in vitro.?'** Indeed, both light-chain-bound and un-

bound populations can be purified from the brain,?* and protein
copy number estimates indicate a consistent molar excess of
heavy chains compared to light chains.?®> Consequently, the
kinesin-1 heavy chains alone are sufficient to recapitulate
both autoinhibition and motility.

Basic “open” and “closed” conformational states of the
kinesin-1 have been defined almost since its discovery.”%?”
Kinesin-1 is a microtubule-stimulated ATPase,® where autoinhi-
bition prevents futile ATP consumption when kinesin is not bound
to cargo. The tail of kinesin contains a conserved IAK motif that is
important for autoinhibition via a “head-to-tail” interaction where
the IAK motif docks between the motor domains®®°?; thus, the
closed conformation of kinesin has become synonymous with
an autoinhibited molecule. However, recent evidence suggests
the IAK motif is not the sole component of autoinhibition, and
other interactions may also be in play.'®**** By definition, auto-
inhibited conformations must be highly unfavorable when
kinesin-1 is actively walking along microtubules, and so walking
kinesin is synonymous with an open conformation. Beyond this,
the conformational landscape of kinesin-1 is poorly defined,
including the conformational changes required to allow walking
along microtubules and whether the open conformation is a sin-
gle conformer or represents a broader range of related struc-
tures. A binary open/closed model implies a rapid interconver-
sion between these two states, although it is currently unknown
if this is the case. Part of the reason that the conformational land-
scape of kinesin-1 remains poorly defined is likely the paucity of
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high-resolution structural data for kinesin-1 beyond the well
characterized motor domains. This in turn is compounded by
commonly used methods in the field, such as single-molecule
walking assays, giving information only on the end product of
these complex events as kinesin walks along microtubules.
Consequently, the conformational changes within the stalk and
tail of kinesin are often assumed rather than measured directly.

In order to better understand the ability of kinesin-1 to carry
out such a diverse range of transport functions, we sought to
establish an experimental pipeline that could capture the
kinesin-1 conformational landscape. We wanted to be able to
study freely diffusing molecules, as immobilization of kinesin
can cause aberrant activation through nonspecific interactions
with the kinesin tail (a property leveraged for some motility
studies of full-length kinesin®**%). We also wanted the ability
to study kinesin in response to changes in both external and in-
ternal conditions; external conditions include not only factors
such as ionic strength and pH but also the presence or absence
of microtubules and cargos, while the internal state of the pro-
tein includes mutations or posttranslational modifications. To
this end, we applied both single-molecule fluorescence reso-
nance energy transfer (smFRET) and flow-induced dispersion
analysis (FIDA) to the study of kinesin-1. smFRET in particular
is emerging as a powerful tool for monitoring conformational
changes, as the single-molecule resolution provides information
on multiple conformers, rather than averaged ensemble mea-
surements of populations.*®”

By utilizing self-labeling enzymes and cell-permeable fluoro-
phores, we were able to probe the conformational landscape
of kinesin-1 and its response to different external (ionic strength
and microtubules) and internal (mutants) conditions. Given that
dimers of kinesin-1 heavy chains recapitulate the two key fea-
tures of kinesin, motility and autoinhibition, we reasoned that
key conformational changes could be captured with heavy
chains alone. Our findings reveal the dynamic conformational
landscape of kinesin-1 dimers, with ionic strength and microtu-
bule binding playing crucial roles in modulating the equilibrium
between open and closed states. These insights provide a
deeper understanding of the molecular mechanisms underlying
kinesin-1 function and have implications for understanding the
regulation of intracellular transport.

RESULTS

Self-labeling enzymes and cell-permeable fluorophores
are suitable for smFRET

To measure conformational changes in kinesin-1, we chose to
use the self-labeling enzymes CLIP and SNAP to position fluoro-
phores at the N and C termini of kinesin-1. Although dependent
on the fluorophores in use, the typical dynamic range for fluores-
cence resonance energy transfer (FRET) occurs when fluoro-
phores are 3-10 nm apart. The extended conformation of kine-
sin is thought to be between 60 and 80 nm,*®%39 greatly
exceeding this limit, while the autoinhibited conformation should
bring the N and C termini into close proximity,>®*° creating a
signal change upon closing of kinesin.“° As of yet, there are no
experimentally determined high-resolution structures of the
kinesin-1 stalk region that would allow the considered posi-
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tioning of fluorophores within the coiled coils by direct labeling
approaches. Consequently, self-labeling enzymes allow the
conjugation of bright fluorophores to proteins, without the addi-
tional challenges imposed by the maturation of fluorescent pro-
teins and their concomitant spectra.*’ We chose to pair SNAP
and CLIP, as they are matched in size (19.4 kDa) and are smaller
than other self-labeling enzymes such as the HaloTag (33 kDa);
as FRET is highly distance dependent, this is a key advantage.

To test whether the CLIP-tag and SNAP-tag had the capacity
to be used for smFRET experiments with readily available fluo-
rescent ligands, both were fused with a short flexible linker to
provide a high-FRET positive control (CLIP-SNAP, Figure 1A).
HEK293 cells were transfected with CLIP-SNAP and labeled
with the cell-permeable fluorophores CLIP-Cell TMR-Star and
SNAP-Cell 647-SiR (Figure 1B); the cell lysate was collected
and used directly for measurements. High-quality confocal
smFRET measurements rely on the diffusion of a single mole-
cule through the confocal volume at any one time (Figure 1C).
In practice, although events are short (a few milliseconds), an
observation rate of about one molecule per second avoids
coincidence events of two or more molecules in the volume at
a time, producing erroneous FRET measurements (Figure 1D).
Any unbound ligand or other background contaminants
contribute to this rate of observation, increasing acquisition
time to many hours and making experiments impractical. Our
preliminary results were promising and FRET bursts were
observed, but the background of unbound ligands made acqui-
sition very slow.

To eliminate background contributions from unbound fluores-
cent ligands, we undertook a systematic optimization of labeling
for CLIP- and SNAP-tagged protein expressed in HEK293 cells,
and the cell-permeable fluorophores CLIP-Cell TMR-Star and
SNAP-Cell 647-SiR. This included using flow cytometry to calcu-
late the optimal washout time for unbound ligand using untrans-
fected cells (Figures S1A and S1B) and in-gel fluorescence of
transfected cell lysate to optimize both ligand incubation time
(Figures S1C and S1D) and concentration (Figures S1E and
S1F). As previously shown,*® the labeling kinetics for CLIP-tag
are slower than SNAP-tag, and our final labeling parameters
were 0.5 uM of CLIP-Cell TMR-Star and SNAP-Cell 647 SiR li-
gands on cells for 16 and 2 h respectively, followed by 2 h in
ligand-free media to wash out unbound fluorophores. We
observed minimal cross-reactivity of labeling between CLIP-
tag and SNAP-tag with these conditions (Figure S1G). Express-
ing and labeling protein in this way circumvented the need for
protein purification, taking advantage of the cell membranes
to act as dialysis membranes and remove unbound ligands
(Figure 1B). Using in-gel fluorescence, we carried out similar ex-
periments with the HaloTag and the TMR ligand, which showed
some non-specific binding on the same timescales (Figure STH).

Having removed contamination from the sample, the assay
buffer became our biggest contributor to background —specif-
ically BSA, regardless of source (Figure S1l). BSA is frequently
added to in vitro assays of kinesin function as a stabilizer. We
devised an in-house method to pre-bleach the BSA (see STAR
Methods, Figure S1J), which eliminated this final source of
contamination. However, it is still the case that any use of colored
plastics in protocols (tips, tubes etc.) or other significant colored
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Figure 1. A CLIP-SNAP fusion protein is suitable for smFRET measurements using live-cell compatible fluorescent ligands

(A) Schematic of the labeled CLIP-SNAP fusion protein with the flexible linker (PDB: 6Y8P).

(B) Steps for sample preparation requiring optimization to minimize background contribution from unbound ligand.

(C) smFRET in the confocal volume using alternating laser excitation (ALEX); only one molecule is present in the volume at any one time. Single molecules diffuse
through the confocal volume (~1 pm3) while being probed by ALEX cycles of donor and acceptor excitation at 20 kHz.*

(D) Example time traces of TMR-Star and 647-SiR-labeled CLIP-SNAP from the donor:donor (DD), acceptor:acceptor (AA), and donor:acceptor (DA) ex-
citation:emission channels. FRET is characterized by a photon burst in all three channels (marked by arrowhead).

(E) Hexbin plot of FRET efficiency versus stoichiometry for the CLIP-SNAP fusion protein expressed in HEK293 cells. Data from five biological replicates, n = 1389
bursts.

(F) Histograms of FRET efficiency from three biological repeats demonstrating reproducibility of live-cell labeling for smFRET. Stoichiometry is gated to 0.25
and 0.75.

items (e.g., hair dye) is sufficient to contaminate reagents and  derived from cells exposed to the ligand-labeling procedure
render data acquisition impossible. Following optimization, were indistinguishable from the assay buffer alone (Figures S1K
background photon counts of diluted untransfected cell lysates and S1L).
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During a confocal smFRET experiment, single molecules
diffuse through the confocal volume while being probed with
alternating laser excitation (ALEX) for the donor and acceptor flu-
orophores. During ALEX, only the donor or excitation laser is on
at any one time, cycling at 20 kHz; a typical molecule in the
volume for 2 ms will experience 10 laser cycles. In response to
excitation, each fluorescent molecule has a burst of photons
(Figure 1D) that can be separated into three channels based on
the excitation laser and corresponding emission wavelength.
These are donor excitation and donor emission (DD); acceptor
excitation and acceptor emission (AA); and donor excitation
and acceptor emission (DA), also known as the FRET channel
(Figure 1D). The number of photons in each of these channels
is used to calculate the FRET efficiency (a measure of energy
transfer from donor to acceptor fluorophore, indirectly propor-
tional to the distance between them) and stoichiometry for that
molecule (a ratio of donor to acceptor labeling). With our opti-
mized labeling conditions, we observed robust smFRET signals
of the CLIP-SNAP fusion protein after expression and dilution of
lysate harvested from transfected HEK293 cells. Plotting FRET
efficiency vs. stoichiometry as a frequency for all observed mol-
ecules of the CLIP-SNAP fusion protein (Figure 1E) shows a peak
at 0.68 and 0.5 for FRET efficiency and stoichiometry, respec-
tively. The stoichiometry agrees with a 1:1 labeling ratio. Further-
more, estimates of mean FRET efficiency (+ standard deviation)
for three independent biological replicates were 0.66 + 0.17,
0.68 +0.15,and 0.68 + 0.23 (Figure 1F), demonstrating a high de-
gree of reproducibility. Having established that CLIP-tag and
SNAP-tag together with cell-permeable fluorophores are suit-
able for smFRET, we applied our labeling method to kinesin-1.

HEK293 cells are a suitable expression system for full-
length motor protein studies

We chose to focus the majority of our analysis on KIF5A
(Figures 2A and 2B). The core of the mammalian kinesin-1 motor
is a homodimer of two heavy chains, either KIF5A, KIF5B, or
KIF5C. As with many protein complexes, AlphaFold has been
able to provide the first structural predictions of the full
kinesin-1 homodimer (Figures 2B, S2A, and S2B). These largely
match previous predictions for the motor domain, coiled-coil
stalk, and intrinsically disordered regions.***> However, there is
one notable difference: previous models suggested that the ma-
jor hinge that brought the head and tail of kinesin together was be-
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tween CC1 and CC2.°“® This unstructured region is now pre-
dicted to form a retrograde loop (residues V565 to A579) that
facilitates the interlocking of these coiled coils together. It is
also the case that structural predictions of the kinesin-1 stalk
have changed with different versions of AlphaFold. The extended
conformation of the stalk that was produced by earlier versions of
AlphaFold (see both Figure S2C in this study and Figure 2-figure
supplement 1 from Tan et al.’® as examples) has now become
more compact, with coiled coils stacked against each other to
create a concertina structure (Figures S2D and S2E). This pre-
dicted structure of the stalk is experimentally unverified at this
time and is only apparent when the whole kinesin stalk domain
is modeled in the absence of motor domains, to mimic possible
active conformations of kinesin (Figure 2B). The latest version,
AlphaFold3, produces a similar structure when the full stalk and
tail is modeled in the absence of KLCs (Figure S2E). Within the
stalk, flexible regions between CC2/3 and CC3/4 define two
new hinge regions, hinge 1 and 2 (residues K685-T689 and
M815-G821, respectively, Figure 2B), providing potential for a
large range of movement in the kinesin tail. It is notable that struc-
tural predictions with KLCs®** suggest that KLCs act to stabilize
the position of CC4 relative to CC3, which would impact this flex-
ibility, even though hinge 2 still lacks a defined structure based on
predicted local distance difference test (pLDDT) scores.

Having established CLIP and SNAP tags as suitable for
smFRET, we moved to applying this labeling strategy to
kinesin-1 by positioning CLIP and SNAP at the N and C termini
of KIF5A (CLIP-KIF5A-SNAP, Figure 2C). However, before pro-
ceeding to smFRET analysis, we wanted to ensure that tagging
kinesin at both the N and C termini simultaneously does not inter-
fere with KIF5A motility or autoinhibition. In vitro reconstitution
using cell lysates as a source of kinesin protein is a well-estab-
lished technique for assessing kinesin motility on isolated micro-
tubules. 214748 Using single-molecule total internal reflection
fluorescence microscopy (TIRFM) assays (Figure 2D), comparing
the motility of the constitutively active truncation CLIP-KIF5A(1-
573) to well-studied C-terminally tagged KIF5B(1-560)-HaloTag,
showed no difference in track speed or motile percentage
(Figure 2E). Autoinhibition of full-length kinesin is also conserved
in this assay system, with many fewer events typically observed
compared to constitutively active mutants.'® Similarly, in com-
parison to KIF5B(1-560)-HaloTag, we observed robust autoinhi-
bition of CLIP-KIF5A-SNAP in TIRFM assays (Figure 2F). Labeled

Figure 2. Tagged KIF5A is functional and suitable for smFRET assessment
(A) Schematic representation of the domain structure of mouse KIF5A, including motor domain and coiled-coil (CC) regions 0-4. Key binding motifs are illustrated

in green and unstructured regions in pink.

(B) AlphaFold prediction of dimeric KIF5A, colored as domain structure above. Regions 1-371 and 411-1027 were modeled separately to show the elongated

form.

(C) Domain schematics illustrating CLIP, SNAP, and HaloTag positions in respective constructs.

(D) Example kymographs of KIF5B(1-560)-HaloTag and CLIP-KIF5A(1-573) from single-molecule walking experiments (left) and overlaid with tracking data in
magenta (right). Horizontal scale bars, 5 pm; vertical scale bars, 5 s; arrow indicates direction of time.

(E) Analyzed particles from experiments in (D) showed no significant difference in track speed (n = 401 and 414 particles for CLIP-KIF5A(1-573) and KIF5B(1-560)-
HaloTag, respectively, p = 0.7 by Mann-Whitney U) or motile percentage (n = 71 and n = 66 microtubules for KIF5B(1-560)-HaloTag and CLIP-KIF5A(1-573),
respectively). Data from three biological replicates.

(F) Single-molecule walking experiments of KIF5B(1-560)-HaloTag compared to CLIP-KIF5A-SNAP show intact autoinhibition of the latter. Arrowheads highlight
non-processive binding events. Horizontal scale bars, 10 um; vertical scale bars, 5 s; arrow indicates direction of time.

(G) Coomassie stained SDS-PAGE gel showing pull down and elution of CLIP-KIF5A-SNAP using the incorporated FLAG tag.

(H) Mass photometry of eluate in (G) with a 310 kDa peak corresponding to the tagged KIF5A dimer (predicted molecule weight 318 kDa).

iScience 29, 114875, March 20, 2026 5
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CLIP-KIF5A-SNAP can be observed interacting with the micro-
tubules, including diffusive movements across the lattice
(Figure 2F, arrowheads), indicative of autoinhibited motors.**°
However, unidirectional processive motility was absent. We
conclude that motility and autoinhibition are conserved in
CLIP-KIF5A-SNAP.

As a neuron-specific isoform of kinesin-1, KIF5A is not ex-
pressed endogenously in our HEK293 expression system, so
co-purification with untagged endogenous kinesin-1 subunits
is unlikely. To confirm that no associations of this type were inter-
fering with our analysis, we performed both co-immunoprecipi-
tation (Figure S2F) and mass photometry (Figures 2G and 2H).
When HEK293 cells were transfected with CLIP-KIF5A-SNAP
(or CLIP-KIF5B-SNAP), we were never able to observe co-
immunoprecipitation with endogenous KIF5B (Figure S2F). To
carry out a mass photometry analysis of complexes, we took
advantage of the C-terminal FLAG included in our CLIP-SNAP
expression vector (pCLAP). Complexes were enriched on
FLAG-trap beads and eluted with the FLAG peptide prior to anal-
ysis (Figure 2G). The largest molecular weight complex observed
with this method had a molecular weight of ~310 kDa, corre-
sponding well to the predicted size of a homodimer of CLIP-
KIF5A-SNAP (Figure 2H). A consistent association with kinesin
light chains would be expected to produce a peak at
~450 kDa, but no peak is evident in this region. Likewise, no
monomers of KIF5A were observed, indicating the homogeneity
of the preparation. Having now established our expression sys-
tem, labeling and assay procedures, we undertook an smFRET
analysis of kinesin-1.

Relative labeling efficiencies of SNAP and CLIP give
dimeric molecules a unique stoichiometry signature in
smFRET

Based on current models of kinesin-1 regulation, we anticipated
that the majority of CLIP-KIF5A-SNAP should be in a closed
conformation. It was also possible that we would observe both
the open (low FRET) and closed (high FRET) conformations, as
in recent negative-stain electron microscopy (EM) studies of pu-
rified kinesin.'”'® Plotting FRET efficiency versus stoichiometry
for CLIP-KIF5A-SNAP FRET bursts shows a single continuous
population with a long tail into the higher FRET regions of the
axis (Figure 3A, median FRET efficiency is 0.136). The distribu-
tion of the histogram gives the relative abundance of conforma-
tions in a population. The distribution of CLIP-KIF5A-SNAP does
not support a model of rapid transition between two distinct and
stable conformational states, which would appear as two peaks.
Instead, it suggests a rapidly interconverting population sam-
pling a large conformational space (Figure 3B).

When we compared data on CLIP-KIF5A-SNAP to the
CLIP-SNAP control protein, we also noticed a drop in stoichiom-
etry; CLIP-SNAP stoichiometry is 0.49 += 0.12, while CLIP-
KIF5A-SNAP is 0.39 + 0.17 (mean = SD). Given that labeling ki-
netics are slower for CLIP-tag compared to SNAP-tag,*®
this shift is most likely to have arisen from the difference in label-
ing efficiency between SNAP and CLIP for dimeric kinesin-1
(Figure S3A). This would result in a subpopulation of CLIP-
KIF5A-SNAP dimers that carry two SNAP ligands for every
CLIP ligand.

6 iScience 29, 114875, March 20, 2026
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To test if labeling efficiency impacts stoichiometry and ensure
this in turn does not affect our interpretation of the FRET effi-
ciency distribution, we created KIF5A dimers, by co-transfection
of KIF5A tagged with a single CLIP-tag or SNAP-tag (CLIP-
KIF5A:KIF5A-SNAP). This strategy ensures that any dual-labeled
molecules can only have one CLIP-tag and one SNAP-tag,
ensuring equivalent labeling and a stoichiometry of 0.5. CLIP-
KIF5A:KIF5A-SNAP dimers were labeled and analyzed with our
optimized protocol. Plotting FRET efficiency versus stoichiom-
etry of CLIP-KIF5A:KIF5A-SNAP shows the predicted increase
in stoichiometry with mean + SD of 0.46 + 0.18 (Figures 3C
and 3D). Furthermore, comparing the stoichiometry of biological
replicates for the two labeling regimes highlights the consis-
tency in stoichiometry for CLIP-KIF5A:KIF5A-SNAP compared
to a more variable response for CLIP-KIF5A-SNAP dimers
(Figures S3B and S3C). However, despite this impact on stoichi-
ometry, the FRET efficiency distribution between the two label-
ing regimes was almost identical (Figure 3D), maintaining the
skewed normal distribution with a long tail into the higher
FRET regions of the axis.

One important side effect of the single-labeling approach is
having to rely on the dimerization of CLIP-KIF5A:KIF5A-SNAP,
accounting for (at most) 25% of the KIF5A dimers assembled.
In practice, the percentage of dual-labeled kinesins is likely
much lower for two reasons: first, not all cells are co-transfected,
and second, data processing of smFRET photon bursts selects
for molecules with both donor and acceptor fluorophore emis-
sion, losing molecules via inefficient CLIP labeling. Consequently,
our ability to accumulate dual-labeled bursts from the single-
tagging approach was severely impacted, greatly increasing
the time for acquisition. A typical acquisition per biological repli-
cate is three 15 min acquisition periods of the same sample, per
construct (approximately an hour of instrument time); an FRET
burst frequency at a quarter of the rate requires at least 4 h of
acquisition. These long time periods at room temperature can
potentially lead to sample integrity issues, particularly when mul-
tiple constructs are being compared within an experiment. Given
this, combined with minimal impact on FRET efficiency distribu-
tion, we chose to use double-tagged kinesin constructs for our
studies going forward.

Changing the ionic environment alters the KIF5A
conformational landscape

Given the long continuous FRET efficiency distribution we
observed in our first experiments with tagged KIF5A (Figure 3),
indicative of continuous sampling of many conformational
states, we next sought to capture isolated populations of open
or closed conformations.

To capture a closed conformation of KIF5A, we tried co-ex-
pressing CLIP-KIF5A(1-573) and KIF5A(574-1027)-SNAP. We
reasoned that any co-labeled molecules we observed would
have to be in the closed kinesin conformation, due to the inter-
action of the motor domains with the tail. However, we were
never able to observe any dual-labeled FRET bursts with this
approach. This is likely due to the low to moderate affinity Kp re-
ported for the kinesin head and tail,®"*>? making head-to-tail as-
sociation highly unlikely in the pico-molar concentration range
needed for successful smFRET experiments.
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Figure 3. Tagging strategy affects stoichiometry but not FRET efficiency

(A) Hexbin plot of FRET efficiency versus stoichiometry for CLIP-KIF5A-SNAP. Data combined from five biological replicates, n = 2,436 bursts.

(B) Schematic representation of the conformational heterogeneity of kinesin-1. Each species is likely to have a very short lifetime.

(C) Hexbin plot of FRET efficiency versus stoichiometry for heterodimers formed by CLIP-KIF5A:KIF5A-SNAP. Data from three biological replicates, n = 901

bursts.

(D) Histograms and cumulative frequency plots of data from (A) and (C) comparing FRET efficiency and stoichiometry of KIF5A dimers formed of CLIP-KIF5A-

SNAP (blue) or CLIP-KIF5A:KIF5A-SNAP (red).

Altering the ionic strength of the assay buffer has been used
for many years as a strategy for altering the conformation of
kinesin-1. Original studies were able to indicate a transition
from a compact state of kinesin to an elongated state by both ro-
tary shadowed EM?° and changing sedimentation coefficients (a
proxy for hydrodynamic radius),”’*°" in response to increasing
ionic strength up to an additional 1 M. Consequently, we pre-
dicted that the addition of NaCl to our assay buffer would alter
the FRET efficiency distribution.

To study the impact of increasing ionic strength on kinesin
conformation, HEK293 cells were co-transfected with CLIP-
KIF5A-SNAP and labeled with our optimized protocol. The
same kinesin sample was then diluted either into smFRET assay
buffer, which has low ionic strength, or assay buffer supple-
mented with an additional 150 or 800 mM NaCl, immediately

prior to data collection. Accordingly, stoichiometry was consis-
tent across samples (Figures S4A-S4C). However, changes in
FRET efficiency were apparent. Compared to the no additional
NaCl condition, adding 150 mM NaCl caused a significant in-
crease in the FRET efficiency distribution, clearly visible in a shift
to the right in the cumulative frequency distribution (Figures 4A
and 4B). Adding 800 mM NaCl also caused an increase, but the
shift was less pronounced. In fact, we found the response to
800 mM NaCl highly variable, often losing measurable kinesin
molecules from the sample due to salting-out and precipitation,
most obvious when comparing FRET efficiency across biolog-
ical replicates (Figure 4C).

The increase in FRET efficiency at 150 mM NaCl represents an
increase in the likelihood of the kinesin motor and tail being
within 10 nm. This could be due to docking of the motor to the
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Figure 4. Changing salt concentration changes KIF5A behavior

(A) Histograms of FRET efficiency for CLIP-KIF5A-SNAP in changing NaCl concentrations. Data combined from three biological replicates, n = 677, 421, and 449
bursts for 0 (yellow), 150 (orange), and 800 mM (brown) additional NaCl, respectively.

(B) Cumulative frequency plots of data in (A) comparing FRET efficiency for CLIP-KIF5A-SNAP in changing NaCl concentrations. Pairwise Kolmogorov-Smirnov
tests with Bonferroni correction gave the following p values: <2.2e~'® for no NaCl compared to +150 mM; 0.0037 for no NaCl compared to +800 mM NaCl; 2e 8
for +150 mM compared to +800 mM NaCl.

(C) Cumulative frequency plots comparing FRET efficiency for individual biological replicates of CLIP-KIF5A-SNAP in changing NaCl concentrations.

(D) Flow-induced dispersion analysis (FIDA) using a capillary. The sample is introduced to a thin capillary (i) and experiences laminar flow (i), where fluid velocity is
higher in the center compared to the walls of the capillary. Molecules also diffuse radially during this process (iii), which combined with laminar flow shapes the
sample into a parabolic profile (iv). The fluorescence emitted by the molecules is acquired by a high sensitivity detection system and plotted against time

(legend continued on next page)
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tail IAK motif, but raising the ionic concentration is more typically
linked to the disruption of protein-protein interactions. It is
possible that NaCl ions are screening charged patches on the ki-
nesin stalk that normally create repulsion; for example, CC2 and
CC3 have multiple surface-positive patches that may clash
(Figure S4D). It could also arise from alteration in the conforma-
tion of hinges 1 and 2 (Figure 2B). For example, AlphaFold pre-
dicts (although it is experimentally unverified) hydrogen bonding
and electrostatic interactions between the coiled coils of the
kinesin-1 stalk that could be disrupted by increased NaCl
(Figures S4E and S4F).

A large change in conformation from an elongated to a
compact configuration should be observable as a change in
the hydrodynamic radius (Rh) of kinesin, as Rh is the radius of
a hypothetical sphere diffusing at the same rate as the mole-
cule. To test this hypothesis, we performed FIDA (Figure 4D).
FIDA directly measures diffusion of molecules undergoing
lateral flow in a capillary and is highly sensitive to changes in
Rh over a broad range of conditions in solution.”® FIDA is often
used to measure Kp, as size changes caused by ligand/protein
binding are readily detectable.®® In contrast to confocal
smFRET measurements, which are in the femto-molar range
with single molecules observed for ~2 ms, FIDA measurements
are carried out in the nano-molar range, giving an ensemble
measurement over a ~2 min period. However, compared to
other techniques that estimate Rh, such as size-exclusion chro-
matography or sucrose density centrifugation, FIDA is highly
complementary to smFRET as measurements are direct, in so-
lution, and on a much more comparable timescale (minutes
rather than hours).

CLIP-KIF5A-SNAP was labeled with SNAP Alexa Fluor 488
ligand and prepared for analysis by binding and elution from
FLAG beads (see STAR Methods). The Rh of KIF5A was then as-
sessed by FIDA over a range of NaCl concentrations (Figures 4E,
4F, and S4G). In strong agreement to the smFRET measure-
ments of kinesin in diluted cell lysate, FLAG-purified CLIP-
KIF5A-SNAP was also in the most extended conformation in
the absence of additional NaCl (mean Rhis 13.6 + 0.03), reaching
its most compact state with 150 mM NaCl (mean Rh is 9.57 +
0.02). Similar to smFRET results, an extension at higher NaCl
concentrations can also be observed (mean Rh at 800 mM is
11.30 + 0.04), though this is still more compact than the confor-
mation with no additional NaCl. Globular proteins demonstrate a
proportional relationship between their molecular weight and
their hydrodynamic radii, which becomes distorted by extended
conformations. The molecular weight of a CLIP-KIF5A-SNAP
dimer is ~318 kDa, which if purely globular would give an Rh
of 6.59 nm. However, the experimentally derived Rh of 13.6 nm
corresponds to a molecular weight of 2.2 MDa for a globular pro-

¢? CellPress

OPEN ACCESS

tein, almost seven times the mass of a CLIP-KIF5A-SNAP dimer.
Even at 150 mM NaCl, kinesin-1 is still relatively elongated, as an
Rh of 9.57 nm corresponds to a molecular weight of ~850 kDa
for a globular protein. Another feature we noticed by FIDA was
the increasing number of spikes in the signal with increasing
NaCl concentration (Figures 4F and S4G), corresponding to pro-
tein aggregates passing through the capillary.” This confirmed
our observations from smFRET that kinesin-1 was likely salting
out at high NaCl concentrations (Figure 4C).

Taken together, our results from FIDA and smFRET show excel-
lent agreement overall, with the lowest FRET occurring in condi-
tions with the highest Rh and vice versa. However, as smFRET
does not average measurements over time or populations—a
key advantage of single-molecule approaches—smFRET also
reveals that even at 150 mM NaCl, kinesin-1 still exists as a
conformational ensemble rather than a stable conformation
(Figure 4@G). Given the multiple conformations of kinesin-1 also
observed by teams using size-exclusion chromatography at
150 mM NaCl, """ we think it most likely that the smFRET pro-
file of CLIP-KIF5A-SNAP at 150 mM NaCl still represents a hetero-
geneous population with the equilibrium in this conformational
landscape shifted to make the head-to-tail proximity more likely
(Figure 4G).

An activating mutation of KIF5A does not increase the
frequency of the open conformation

KIF5A has an extended disordered tail (Figure 2B) in compari-
son to KIF5B and KIF5C (106 compared to 40 and 32 residues,
respectively), which could easily reduce any FRET efficiency
measurements irrespective of the conformation of the coiled-
coil stalk. To ensure this was not the case and that results are
consistent across KIF5 isoforms, we analyzed a mutant KIF5A
with the disordered region truncated to the same length as
KIF5B. When analyzed by smFRET, CLIP-KIF5A(1-953)-SNAP
shared the same key characteristics of the full-length KIF5A
(Figures 5A, 5B, and 5E), namely one continuous skewed distri-
bution that includes high-FRET events, but a median FRET effi-
ciency of 0.116. As a direct comparison, we also performed
smFRET analysis on CLIP-KIF5B-SNAP with similar results
(Figure 5C, median FRET efficiency of 0.143). However, it was
noticeable that KIF5B constructs were consistently more diffi-
cult to overexpress in HEK293 cells (Figure S5A), potentially
due to intact degradation pathways and regulation of expres-
sion levels of an endogenous subunit, resulting in difficulty in
accumulating bursts. When comparing the cumulative fre-
quency plots of KIF5B to either full-length KIF5A or KIF5A(1-
953), there was a subtle increase in FRET efficiency for KIF5B
(Figures S5B and S5C, respectively); however, the overall distri-
bution was broadly similar.

(examples shown in Figure S4G). Molecule size determines radial diffusivity; small molecules (green) diffuse faster and create a more compact dispersion profile
compared to large molecules (magenta). This allows for calculation of the hydrodynamic radius.
(E) Apparent hydrodynamic radius of CLIP-KIF5A-SNAP for increasing additional NaCl concentrations determined by FIDA. Data points are mean + standard

deviation of three replicates.

(F) Spikes, corresponding to aggregated protein, observed in analyzed Taylorgrams (see Figure S4G) for increasing additional NaCl concentrations. Data points

are mean =+ standard deviation of three replicates.

(G) Schematic representation of the conformational heterogeneity of kinesin-1 in low versus 150 mM NaCl. In both cases, all species are likely to have a very short
lifetime, but more compact conformations are more common in the presence of 150 mM NaCl.
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Figure 5. Activating mutations of KIF5A alter FRET efficiency

(A) Schematic of KIF5A mutants used in relation to the domain structure of KIF5A.

(B-D) Hexbin plots of FRET efficiency versus stoichiometry for CLIP-KIF5A(1-953)-SNAP (B), CLIP-KIF5B-SNAP (C), and CLIP-KIF5A(1-914; A505-610)-SNAP
(D). Data combined from four to six biological replicates, n = 3,800, 666, and 1,475, bursts respectively.

(E) Cumulative frequency plots of data in (B&D) comparing FRET efficiencies for KIF5A(1-953) and KIF5A(1-914; A505-610) mutants to full-length KIF5A (3A).
Pairwise Kolmogorov-Smirnov tests with Bonferroni correction gave the following p values: 0.00052 for KIF5A compared to KIF5A(1-953); 7.6e~° for KIF5A
compared to KIF5A(1-914; A505-610); 2.6e~ 12 for KIF5A(1-953) compared to KIF5A(1-914; A505-610).

To further investigate the conformational landscape of of kinesin-1, Friedman and Vale pinpointed residues 505-610 of
kinesin-1, we created a double mutant that should retain human KIF5B as a potential hinge region facilitating the head-tail
much of the length of the motor while reducing autoinhibition interaction of kinesin for autoinhibition. By deleting this region,
(Figure 5A). In one of the key studies that revealed autoinhibition  both the velocity and event frequency of in vitro walking events
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was increased,’® an observation that was recently partially
repeated although it does not activate the motor to the same
extent as large tail truncations.'® The structure of this region,
which includes the retrograde loop (highlighted in Figure S5D),
is currently not predicted to be flexible by AlphaFold, but high-
resolution structural data to confirm this is still lacking. In order
to further open up the motor, we also deleted residues 915-
1027 of the tail that includes the IAK motif, removing the head-
tail interaction and creating a constitutively active motor.'®
Consequently, we predicted that this mutant would show a
decrease in FRET efficiency as it was far more likely to be in
the open conformation. In fact, CLIP-KIF5A(1-914; A505-610)-
SNAP showed an increase in FRET efficiency (Figures 5D and
5E; median FRET efficiency of 0.164). One possible explanation
is that removing residues 505-610 (while retaining the coiled-coil
structure through the heptad repeat, Figure S5E) disrupts pre-
dicted interactions across the stalk, increasing the likelihood of
the head and tail coming into proximity despite the missing IAK
motif. Alternatively, it may reflect that the conformational land-
scape is broadly the same between the wild type and the mutant
but that the molecule is slightly shorter.

Kinesin-1 is highly flexible, but crosslinking
differentiates between activating kinesin mutants and
intact autoinhibition

The long continuous distributions we observe by smFRET are
suggestive of a broad conformational landscape and extensive
flexibility in kinesin-1. To investigate the basis of this flexibility
further, we calculated AlphaFold predictions of individual stalk
domains (CC1-2, CC3, and CC4) in isolation across mammalian
isoforms (Figure S6A). The predicted stalk-domain structures
have high-confidence pLDDT scores for the majority of their
length. However, it was noticeable that the phase of the pre-
dicted coiled-coil structures breaks down at the interface be-
tween these domains, accompanied by a decrease in pLDDT
score (Figure S6A, gray boxes). This means that the phase of
each individual coiled-coil domain is often out of sync from
one coiled coil to the next, likely providing structural tension at
the flexible regions of hinge 1 and hinge 2 (Figure 2B). Conse-
quently, when CC1-4 is modeled as one complete stalk domain,
the overall pLDDT confidence score drops, particularly around
the hinges, a strong indicator of conformational flexibility in
these regions (Figure S6B).

Based on the observed skewed, continuous, FRET efficiency
distributions of kinesin-1, we hypothesize that kinesin-1 is sam-
pling a large conformational space in solution, transiently
bringing head and tail into closer proximity only some of the
time. Recent negative-stain EM studies of kinesin-1 have made
extensive use of crosslinking reagents to stabilize closed confor-
mations after large-scale protein purification.’”~'® In our kinesin
preparations, we have not enriched for specific conformations

iScience

by size-exclusion chromatography, maintaining a mixed hetero-
geneous population. However, we reasoned that crosslinking
our full-length kinesin-1 would still capture some of these tran-
sient closed conformations, stabilizing them enough to decrease
FRET efficiency.

To carry out crosslinking, labeled CLIP-KIF5A-SNAP was en-
riched from cell lysates with FLAG-trap beads, eluted with FLAG
peptide and then subjected to crosslinking with a 1:1 ratio by
mass with the amine-to-amine crosslinker bis(sulfosuccinimi-
dyl)suberate, BS3. The BS3 ratio was determined to be optimal
for preserving dimers without the over crosslinking observed
at higher ratios (Figures S6C-S6E). We did observe an impact
of crosslinking on stoichiometry within these experiments
(Figure S6F; mean stoichiometry of 0.46 and 0.51 for uncros-
slinked and crosslinked samples, respectively) likely due to
stochastic disruption of the fluorophores by BS3. However,
based on previous observations (Figure 3D), we do not think
this negatively impacts our FRET efficiency observations (see
the following paragraph).

Compared to uncrosslinked kinesin from the same prepara-
tion, we observed a small but consistent increase in FRET effi-
ciency for CLIP-KIF5A-SNAP (Figures 6A and 6E; median
FRET efficiency for uncrosslinked and crosslinked is 0.082 and
0.119, respectively; a 45% increase), consistent with trapping
some molecules with a head-tail interaction. A similar change
is also observed for the shortened KIF5A that nevertheless pre-
serves autoinhibition, CLIP-KIF5A(1-953)-SNAP (Figures 6B and
6F; median FRET efficiency for uncrosslinked and crosslinked is
0.113 and 0.147, respectively; a 30% increase). In further sup-
port of this model, CLIP-KIF5A(1-914; A505-610)-SNAP, the
KIF5A construct where autoinhibition is disrupted, shows the
opposite response to crosslinking with BS3, a decrease in
FRET efficiency (Figures 6C and 6G; median FRET efficiency
for uncrosslinked and crosslinked is 0.132 and 0.085, respec-
tively; a 36% decrease), reflecting an increased tendency to
occupy more open conformations.

AlphaFold-predicted structures of the combined CC1-2
domain consistently have the highest pLDDT scores of any
domain within the kinesin-1 stalk, whether modeled alone or in
combination with other domains (Figures S6A and S6B, see
also Figure S7 for a historical overview of kinesin-1 domain
naming conventions). To better understand whether this domain
was contributing to the flexibility of the kinesin-1 motor, we car-
ried out an smFRET analysis of CLIP-KIF5A(411-680)-SNAP
with and without crosslinking. The CC1-2 domain is predicted
by AlphaFold to be ~35 nm long, and CLIP-KIF5A(411-680)-
SNAP gave the lowest FRET efficiency of any construct we had
observed to date (median FRET efficiency is 0.075), consistent
with the majority of fluorophores being outside the range
amenable to an FRET interaction (10 nm). However, despite this
low-FRET efficiency, crosslinking CLIP-KIF5A(411-680)-SNAP

Figure 6. Crosslinking KIF5A constructs reveals a differential response to activating vs. truncating mutations

(A-D) Histograms comparing the FRET efficiency of uncrosslinked (gray) and crosslinked (colored overlay) protein samples of KIF5A (A), KIF5A(1-953) (B),
KIF5A(1-914; A505-610) (C), and KIF5A(411-680) (D). Data combined from five biological replicates, and n bursts for crosslinked and uncrosslinked samples as
follows: KIF5A, 4093 and 3066; KIF5A(1-953), 4031 and 2873; KIF5A(1-914; A505-610), 6002 and 2626; and KIF5A(411-680), 3925 and 1700.

(E—H) Cumulative frequency plots of data in (A)~(D) comparing FRET efficiencies of uncrosslinked (gray) and crosslinked (colored) protein samples of KIF5A (E),

KIF5A(1-953) (F), KIF5A(1-914; A505-610) (G), and KIF5A(411-680) (H).
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was able to reduce the FRET efficiency even further (median
FRET efficiency is 0.051, a 32% decrease). This result indicates
that crosslinking CLIP-KIF5A(411-680)-SNAP stabilizes a more
open conformation, suggesting that even CC1-2 retains some
flexibility along its length and can therefore influence the confor-
mational landscape of kinesin-1 (Figures 6D and 6H). Pairwise
comparisons across this dataset further underscore the
observed patterns (Figure S6G); although CLIP-KIF5A-SNAP
and CLIP-KIF5A(1-953)-SNAP have similar profiles before and
after crosslinking, CLIP-KIF5A-SNAP and CLIP-KIF5A(1-914;
A505-610)-SNAP flip in relationship to one another, emphasizing
the higher likelihood of the more active mutant being trapped in
an open conformation.

The presence of microtubules polarizes the kinesin-1
conformational landscape observed by smFRET

All smFRET and FIDA observations of kinesin-1 thus far in this
study have been carried out in the absence of microtubules.
However, first and foremost kinesin-1 is a microtubule-stimu-
lated ATPase, and so its response to microtubules is an essential
component for understanding how kinesin functions in an inte-
grated system within cells.

A key benefit of using confocal smFRET to study intramolecu-
lar kinesin dynamics is that kinesin conformation can be
observed with and without microtubules or cargo. We therefore
used smFRET to ask how the dynamic conformational land-
scape of kinesin motors is affected by microtubules. We added
unlabeled, taxol-stabilized microtubules to our smFRET assay
so that within the assay volume, kinesin-1 molecules were free
to interact stochastically with the microtubules. However, unlike
TIRF measurements, where kinesin observations are limited
explicitly to those only interacting with the surface of the micro-
tubule, confocal smFRET will always sample a mixed population
of kinesins that may or may not be interacting with microtubules
at the moment of observation. We reasoned that due to their
larger size, kinesin bound to microtubules would diffuse more
slowly through the confocal volume. We therefore compared
photon bursts that were longer than 0.75 ms in duration, to
improve our chances of capturing microtubule-interacting kine-
sins. Previous cryoelectron microscopy (cryo-EM) studies have
been successful in trapping autoinhibited kinesin-1 motor do-
mains bound to microtubules.”®*? Intriguingly, when we used
smFRET to look at the distribution of kinesin molecules within
our slower diffusing kinesin population, the FRET efficiency of
CLIP-KIF5A-SNAP was more obviously polarized into two popu-
lations in the presence of microtubules compared to KIF5A alone
(Figure 7A). For KIF5A with microtubules, the majority of FRET
bursts have a low-FRET efficiency, indicative of an open confor-
mation. There is also a slight increase in the abundance of a high-
FRET population (FRET efficiency > 0.5), indicative of a closed
conformation. Concomitant with this change, we observed a
depletion of mid-FRET observations that previously created
one continuous skewed population of KIF5A FRET efficiency
(Figure 3A). The polarization into two distinct populations was
also observable in the cumulative frequency plot (Figure 7B).
At lower values of FRET efficiency, the cumulative frequency of
KIF5A with microtubules (red) starts to the left of the KIF5A-
only population (blue). However, because of the discontinuous
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distribution of KIF5A FRET in the presence of microtubules,
these cumulative frequency plots cross over at higher FRET effi-
ciency values. Despite the polarization we observe, there is no
evidence in this experiment that the presence of microtubules
is enough to stabilize a closed conformation; if this were the
case, then the high-FRET population would be dominant in the
histogram.

Based on our smFRET data in the presence of microtubules,
we hypothesize that effective autoinhibition of the kinesin-1
homodimer is far more likely in the context of microtubules
(Figure 7C). Indeed, the kinesin-1 tail has been known for some
time to have microtubule-binding motifs,”® and these could
effectively encourage the close apposition of the kinesin-1
head and tail in the context of the microtubule surface and the
absence of cargo. This allows us to reconcile both the intact
autoinhibition of kinesin-1 observed in TIRF assays (Figure 2F)
and the observation that the majority of kinesin-1 is in an open
conformation (Figures 3, 4, 5, and 6). Consequently, our model
is that the closed state of kinesin-1 that promotes autoinhibition
is very transient. It follows that, though transient, the closed state
of full-length kinesin-1 (through an unknown mechanism) must
promote a microtubule off-state, as otherwise kinesin-1 would
decorate microtubules in vitro. We also conclude that the ability
of kinesin-1 to be autoinhibited is not directly linked to the
conformational changes observed by changing salt concentra-
tions, as autoinhibition remains intact in low-salt conditions
(Figure 2F). From a physiological perspective, it is essential
that autoinhibition of kinesin in the absence of cargo should be
resistant to changes in ionic strength over the physiological
range; otherwise, kinesin would frequently become erroneously
active.

DISCUSSION

We aimed to understand the structural changes that allow the
kinesin-1 homodimer to transition between activated and auto-
inhibited states, by applying biophysical approaches that profile
dynamic protein populations rather than static states. Contrary
to expectations of a binary conformational landscape (open vs.
closed), our findings reveal a broad spectrum of conformations
adopted by kinesin-1 homodimers. lonic strength plays a signif-
icant role in modulating this structural landscape. Based on
both smFRET and FIDA experiments, we conclude that the ma-
jority of kinesin-1 homodimers in solution are in an open, rather
than a closed, conformation. Interestingly, the presence of mi-
crotubules polarized this conformational landscape, potentially
facilitating autoinhibition, while simultaneously promoting cargo
search. It is important to note that the predominantly open
conformation of kinesin-1 homodimers we observed here is
not an impediment to effective autoinhibition, as this is still
robust in TIRF microscopy microtubule walking assays using
similar assay conditions. Consequently, we demonstrate that
solution-based measurements can unlock valuable new infor-
mation about the mechanisms underlying kinesin-1 homodimer
function and regulation.

To bridge the gap between in vitro and in vivo studies of
molecular machines, we developed and benchmarked a versatile
expression and labeling approach in HEK293 cells. This approach
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Figure 7. smFRET of KIF5A in the presence of microtubules reveals open and closed conformations
(A) Histograms comparing the FRET efficiencies of KIF5A in the presence (red) and absence (blue) of microtubules. Data combined from 7 biological replicates,

n =529 and 1,247 bursts, respectively.

(B) Cumulative frequency plots comparing FRET efficiencies of KIF5A in the presence and absence of microtubules.
(C) Cartoon of kinesin inhibition model in the context of microtubules. Kinesin is autoinhibited in the context of microtubules when not itself bound to adapters and

cargo but open to binding partners once released from the surface.

has not previously been used for smFRET measurements, but we
were inspired by the increasing popularity of in vitro motility as-
says using cell lysate as an important validation step in interpret-
ing motor behavior within complex systems, 823475758 A|| sam-
ples for smFRET were derived from a single 3.5 or 10 cm diameter
well/dish using standard tissue culture procedures and commer-
cially available cell-permeable fluorescent ligands. This approach
enables the production of high-quality protein in sufficient quan-
tities for both single-molecule measurements and downstream
analyses like in-gel fluorescence. Using this method, we can
easily obtain biological replicates and avoid relying on a single
large-scale protein purification. Additionally, HEK293 cells are
highly efficient at producing dimeric protein from one purification
step with negligible degradation products (as demonstrated by
mass photometry), eliminating the need for further purification
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steps. This approach was also readily able to produce protein
for crosslinking and flash-freezing experiments, as well as label-
ing with brighter, cell-impermeable fluorophores, using one-
step purification approaches. Beyond cost-effectiveness, this
method opens up possibilities for studying protein responses to
changes in the cellular environment in the future, such as kinase
activation or alterations in gene expression. More importantly,
we hope that by combining ready expression with an optimized
labeling system and increasingly accessible technology plat-
forms,*? it will lower the barrier to entry for biophysical character-
ization for many proteins and their complexes.

smFRET measurements of the distance between two fluoro-
phores within a 3-10 nm range are highly reproducible. This is
demonstrated within this study using our CLIP-SNAP fusion pro-
tein and in previous worldwide benchmark studies.*®*° The
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histogram of FRET efficiencies for CLIP-SNAP is relatively broad
compared to other more rigid structures,®® because of the flex-
ible linker between the domains. Conformational states of pro-
teins are observable in smFRET, where there are discrete stable
populations within the 10 nm observation window.*® However,
we are yet to find discrete conformational states of kinesin-1
that are stable in solution. During this study, we found smFRET
experiments much more replicable and robust than kinesin
walking assays, where, although under-reported, performance
can be highly variable from one day to the next. For TIRF-based
walking assays, this variability has several sources; the quality of
the surface preparation, microtubule preparation, motor prepa-
ration, and fluorescent labeling efficiency all play a significant
role, in addition to the quality of the ATP and other reagents.
By contrast, the smFRET assays are much less variable as there
are far fewer critical variables in play.

Within our smFRET datasets, we have two fixed points that
inform our interpretation of the data across the study. Our
positive control CLIP-SNAP fusion protein joins the tags with a
flexible linker (GSAGSAAGSGEF); when fully extended, this is
~3.8 nm in length but is also capable of bringing the two tags
within 1 nm of each other. Taking into account the position of
the fluorophores in CLIP/SNAP from available crystal structures
(6Y8P), the fluorophores could be positioned anywhere from
1 to 7.8 nm apart within the fusion protein control; because of
the flexible nature of the linker, they are constantly sampling
across this space, corresponding to the high-FRET efficiency
(0.68) of this construct. Conversely, we observe a very low-
FRET efficiency for KIF5A(411-680), which from structural pre-
dictions should form a relatively rigid coiled-coil structure
approximately 35 nm long. If full-length KIF5A was in a stable
open conformation, then we would expect a very similar FRET
distribution histogram to KIF5A(411-680) both before and after
crosslinking; although uncrosslinked samples have a similar
smFRET profile, the crosslinked samples do not. If in a stable
closed conformation, we would expect a histogram similar to
the CLIP-SNAP fusion protein. If kinesin-1 was rapidly transi-
tioning between two conformational states, we would anticipate
a histogram with two distinct populations. However, we see
none of these things but one long continuous distribution that
samples both high-FRET states and low-FRET states, with the
majority of the population sitting below 0.25 for all kinesin sam-
ples tested. Thus, our model is that kinesin-1 samples between
both an open and a closed state as (1) the higher FRET effi-
ciency events can only arise from a more closed conformational
state and (2) this state cannot be stable, as otherwise it would be
present as a distinct population in the histograms.

The interpretation of our results has been enhanced by
combining both ensemble and single molecule in solution mea-
surement techniques. Whereas smFRET accumulates informa-
tion from observations of individual molecules ~2 ms in duration,
FIDA is based on the observation of a population ensemble
~2 min in duration. By highlighting a decrease in the Rh, FIDA al-
lows us to observe the large overall conformational change of
kinesin-1 homodimers when the NaCl concentration is raised
from 0 to 150 mM, while parallel smFRET tells us that this confor-
mational change likely comes from closer association of the mo-
tor and tail of kinesin-1.
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Soon after the discovery of kinesin-1,°%°" it was observed that

changing ionic strength could produce large conformational
changes. Hisanaga et al. used low-angle rotary shadowing EM
and kinesin-1 purified from adrenal glands, to observe conforma-
tional diversity and a tendency to change from compact to elon-
gated states in response to increasing ionic strength.?® Similar
conformational changes were observed in ensemble measure-
ments by sucrose gradient fractionation, using kinesin-1 purified
from bovine brain®” and later recombinant drosophila KHC.*%*"
The major difference between our own work and these original
studies is the observation of an additional open conformation
at low ionic strength, before closed conformations become
more dominant at 150 mM NaCl. These differences are likely
due to substantial differences in sample preparation strategies
but also buffer composition and baseline ionic strength. On the
other hand, we found it difficult to observe kinesin-1 in the pres-
ence of 800 mM NaCl by smFRET, likely because of the salting
out effect and longer acquisition times needed for smFRET mea-
surements. Salting out could readily be observed by the pres-
ence of an increasing number of aggregates by FIDA. Despite
the limitations of carrying out single-molecule observations
in high ionic strength, it is essential in order to facilitate compar-
ison with biochemical studies of kinesin conformation,?®:27+2:1
particularly given that these studies are the foundation of the
binary (open/closed) model of kinesin-1 that has become synon-
ymous with activation and autoinhibition. While open and closed
states exist, our data point to the transient nature of these confor-
mations in a highly flexible molecule that exists as a conforma-
tional ensembile.

During this investigation, we noticed that kinesin behavior is
extremely sensitive not only to ionic concentration but also to
buffering salts. The sensitivity of kinesin to its environment is
also likely behind the very different size-exclusion chromatog-
raphy profiles generated during kinesin-1 purification by different
research teams.'”'833 KIF5A in particular seems to have a stron-
ger affinity for self-association under certain conditions'®*?;
however, we did not observe this within our own experimental
procedures. Although a 150 mM NaCl environment is improbable
within the cytosol, kinesin-1’s sensitivity to ionic strength hints at
a potential response to physiological ion fluctuations, such as
calcium, which was previously thought to be solely regulated
by kinesin-interacting proteins like Miro1.5?

The head-to-tail interaction of kinesin-1 was originally linked to
its autoinhibition through both single-molecule motility**>*® and
ATPase assays.”'°" This was subsequently validated by struc-
tural studies on isolated motor domains and peptides containing
the conserved IAK motif from the tail.>>*° More recently, the
dominant role of the IAK motif in preventing motility has been
questioned. Mutating the IAK motif alone has little impact on
enhancing the motility of kinesin-1 homodimers using in vitro
motility assays.'®*® Similarly, cross-linking mass spectrometry
of KIF5B and KIF5C did not reveal contacts between the IAK
motif and kinesin motor domains, and the mutation of IAK was
not sufficient to prevent the folding of kinesin-1.'® However, a
similar cross-linking mass spectrometry study of KIF5A did find
interactions between the motor domains and the IAK motif,'®
and recent cryo-EM work with chimeric KIF5B molecules (con-
sisting of only motor domains and IAK containing tail) does
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show the |IAK docked between the motor domains when bound
to microtubules.®? Given the large-scale conformational changes
we have been able to observe here in the absence of microtu-
bules, it seems highly unlikely that the IAK motif is solely respon-
sible for opening and closing the kinesin motor, but it is still likely
to have a direct role in the molecular mechanism of autoinhibition
in response to microtubules.

AlphaFold predicts an interlocking of CC1 and CC2 to form a
retrograde loop in the location previously ascribed to be a hinge
in kinesin-1.>>% In our experience, this prediction has been
consistent across both AlphaFold versions and species (e.g.,
D. melanogaster, C. elegans, Loligo pealeii, and Strongylocen-
trotus purpuratus). Three recent low-resolution negative-stain
EM studies captured the closed conformation of different iso-
forms of the full-length kinesin-1 motor.'”~'® However, while
providing valuable information, all studies used crosslinking to
enrich the closed state and lack the high-resolution structural in-
formation to confirm the AlphaFold prediction of a more rigid
(rather than hinge-like) CC1-CC2 region. In vitro motility and
ATPase assays provided some of the original evidence that
the region between CC1 and CC2 was the main region of flexi-
bility mediating the head-to-tail interaction of kinesin-1.2°¢
However, more recent results show a very limited impact on
increasing motility when deleting this region, compared to
constitutively active controls.®**” Our data suggest that the
A505-610 mutant is still highly flexible and likely capable of
making head-to-tail interactions, having an FRET efficiency pro-
file highly similar to full-length KIF5A. This is supported by pre-
vious results on a similar hinge mutant that formed a compact
structure by the comparison of sedimentation coefficients.*®
The overall flexibility of kinesin-1 along its length likely under-
pins the limited impact of mutating any one flexible region, hinge
1 or hinge 2, observed using in vitro motility assays.'® In support
of a more rigid protein structure interlocking CC1 and CC2, we
observed the lowest FRET efficiency in our study for the
KIF5A(411-680) construct, a CC1-CC2 fragment. If residues
564-580 were a true hinge allowing large conformational
changes in this region, we would expect a larger proportion of
events to occupy higher FRET efficiency values. Consequently,
we conclude that AlphaFold predictions are likely correct; how-
ever, it will be interesting to test if the interlocking coiled coils of
CC1-CC2 can be separated by mutation or posttranslational
modification in the future.

Although we did not study the impact of KLCs on the
conformational landscape of kinesin-1 in this study, the two
stalk hinges (hinge 1 and hinge 2) currently predicted by
AlphaFold and presented here support the role of KLCs in pro-
moting a closed conformation of kinesin-1. The KLC-binding
site spans CC3 and CC4 and is thought to stabilize the region
of flexibility (hinge 2) in between. 3% It has been long estab-
lished that the basal ATPase rate of kinesins with KLCs bound
is lower than the heavy chains alone.***> Supporting evidence
also points to a role of KLCs in favoring an autoinhibited
conformation, in cells,"®%® through crosslinking studies'®
and in vitro motility assays.*® However, both open and closed
states of kinesin-1 heterotetramers (kinesin-1 additional light
chains bound) can still be separated by size-exclusion chro-
matography,'”"'®3* so it will be important to understand how
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the presence of KLCs alters the conformational landscape of
kinesin-1 in the future.

Our work suggests that kinesin-1 does not have to be in a
permanently closed conformation to have an effective autoinhi-
bition mechanism. Kinesin is fundamentally a microtubule-stim-
ulated ATPase?®; if the time spent not bound to cargo and mi-
crotubules is insignificant, then ATPase activity away from the
microtubule surface may be sufficiently low so as to not require
further inhibition in the cellular context. From many in vitro
studies to date, it is also clear that binding to microtubules is
severely inhibited when kinesin is not bound to cargo.?'#*%*
Consequently it is already safe to assume that cells tolerate
the basal level of ATPase activity that kinesin is capable of
when it is bound to cargo, but yet to find a microtubule. The
other implication of our results is that binding to microtubules
promotes the autoinhibited conformation when cargo is absent.
Previous work proposed that the interaction of the kinesin tail
with microtubules could support kinesin “pausing,”>® whereas
it could have a more active role in autoinhibition. It will be inter-
esting to investigate whether the previously identified ATP-inde-
pendent microtubule-binding site preceding the IAK motif has a
role in this inhibition.®'-°6-63:64

Kinesin-1 was discovered due to its role in fast axonal trans-
port.?>%" Many studies since support the essential role of
kinesin-1 in the maintenance of axons.®*° In addition to fast
transport, it is well established that many modes of slow axonal
transport are also dependent on kinesin-1."%"""° Whereas fast
axonal transport proceeds at close to the maximum speed
of processive kinesins,”' slow transport is ~10- to ~100-fold
slower.”” There is currently no biochemical or biophysical
explanation for kinesin-1 activation by cargo that explains this
discrepancy. We recently proposed that one possible mecha-
nism for slow axonal transport is a rate-limiting supply of kinesin
for certain classes of cargo.'® This allows for short bursts of
motility in a cellular environment where many low-affinity cargos
compete for a few free motors. However, if kinesin primarily ex-
ists in a stable locked down state, it is difficult to envision how
this could be the case; the same series of high-affinity interac-
tions would be needed to unlock the motor, regardless of
whether a cargo is needed to stably recruit a motor or only to
hang for a short burst. Due to the lack of high-resolution struc-
tural data, structural conformations of kinesin have often been
inferred from in vitro and in cell activity assays. This could
have masked the intrinsic conformational heterogeneity of
kinesin-1, but the dynamics of the conformational ensembles
are likely to be essential to kinesin-1 function in cells. A confor-
mational ensemble, where kinesin-1 is constantly shifting be-
tween diverse open and closed states, allows for much greater
diversity of cargo interactions, both stable recruitment and a
more transient but promiscuous mode depending on the cellular
environment.

Our hypothesis moving forward is that cargo recognition is
about stabilizing the open conformation, rather than unfolding
and “activating” kinesin, at least where KLC-independent func-
tions of kinesin-1 are concerned. Further, preventing a head-to-
tail interaction would be sufficient to promote a basal level of
active transport. With this in mind, more possible scenarios of
cargo recruitment are possible that could be better suited to
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the diverse array of cellular transport functions attributed to
kinesin-1. With two key regions of flexibility in the stalk, hinge
1 and 2, the activity of kinesin-1 could be promoted through
either (1) stabilizing hinge 1 and 2 into a fully elongated structure
or (2) stabilizing the interaction of CC4 with CC3. In support of
the first model, we previously predicted stabilization of an addi-
tional point of flexibility in the kinesin-1 homodimer, based on
the activation of KIF5C by cooperation between the adapters
HAP1 and GRIP1.?" We believe that by accounting for the
intrinsic dynamics of kinesin dimers, solution-based measure-
ments to study kinesin-1 conformational ensembles will be
essential to building a comprehensive picture of both autoinhi-
bition and cargo binding.

Limitations of the study

There are several limitations to this study. Firstly, all observations
are in vitro, often at very dilute concentrations; although cell
lysate is present in many experiments, the concentration is far
below that inside the cell. This means that molecular crowding
might have an impact on the conformational landscape we can
observe. Secondly, our smFRET measurements rely on N- and
C-terminal tags. The dynamic range of smFRET is typically in
the 3-10 nmrange. Given the length of kinesin-1 at full extension
is around 80 nm, the tag positions are beyond the detection limit
of smFRET for fully open kinesin. Future studies will seek to po-
sition fluorophores internally with alternative labeling strategies.
Finally, we have not studied the impact of well-known interaction
partners, such as kinesin light chains or MAP7. Given that these
proteins are key regulators of kinesin function, it will be important
to understand how they impact the conformational landscape of
kinesin-1.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Fluor 680-AffiniPure Donkey Anti-Rabbit IgG (H + L)

Alexa Fluor 790-AffiniPure Donkey Anti-Mouse IgG (H + L)

Mouse anti-GAPDH

Mouse anti-p-Tubulin antibody
Rabbit anti-DYKDDDDK
Rabbit anti-KIF5B

Jackson ImmunoResearch
Laboratories, Inc.

Jackson ImmunoResearch
Laboratories, Inc.

Proteintech
Sigma-Aldrich
Proteintech
Proteintech

Cat#711-625-152; RRID:AB_2340627

Cat#715-655-150; RRID:AB_2340870

Cat#60004-1-1g; RRID:AB_2107436
Cat#T5201-100UL; RRID:AB_609915
Cat#20543-1-AP; RRID:AB_11232216
Cat#21632-1-AP; RRID:AB_11182931

Chemicals, peptides, and recombinant proteins

3xDYKDDDDK-peptide

BS3 (bis(sulfosuccinimidyl)suberate)

BSA

CLIP-Cell TMR-Star

DYKDDDDK Fab-Trap™ Agarose
Dynabead+ProtG

Fluorescent tubulin (HiLyte488)

HaloTag TMR Ligand

Paclitaxel

Porcine brain tubulin

SNAP-Cell 647-SiR

SNAP-Surface Alexa Fluor 488

SNAP-Cell TMR-Star

Dulbecco’s Modified Eagle Medium (DMEM) - high glucose
Fetal Bovine Serum (FBS)

Penicillin Streptomycin Solution, 50X
GlutaMAX, 100X

Geneticin

Sodium Pyruvate

MEM Non-Essential Amino Acid Solution, 100X
Trypsin-EDTA 0.5% Solution, 10X

Quick Coomassie Stain

LipoD293 DNA In Vitro Transfection Reagent
Pluronic F-127

Adenosine 5'-triphosphate (ATP) disodium salt hydrate
Glucose oxidase

Catalase

Proteintech
ThermoFisher Scientific
Sigma-Aldrich

New England Biolabs
Proteintech
ThermoFisher Scientific
Cytoskeleton

Promega

Cambridge Bioscience
Cytoskeleton

New England Biolabs
New England Biolabs
New England Biolabs
Sigma-Aldrich

Gibco

Sigma-Aldrich

Gibco

Gibco

Gibco

Gibco

Santa Cruz Biotechnology
Protein Ark

SignaGen Laboratories
Sigma-Aldrich
Sigma-Aldrich
Scientific Laboratory Supplies
Sigma-Aldrich

Cat#fp-1
Cat#16091992
Cat#A0281
Cat#S9219S
Cat#ffa-20
Cat#10003D
Cat#TL488M
Cat#G8251
Cat#CAY10461
Cat#T240
Cat#S9102S
Cat#S9129S
Cat#S9105S
Cat#D5796
Cat#10500-064
Cat#P0781
Cat#35050038
Cat#10131027
Cat#11360070
Cat#11140050
Cat#sc-363354
Cat#GEN-QC-STAIN-1L
Cat#SL100668
Cat#P2443-250G
Cat#A2383-1G
Cat#G2133-50KU
Cat#C3155-50 MG

Deposited data

All data This paper https://doi.org/10.15131/
shef.data.c.7555284

All code This paper https://doi.org/10.15131/
shef.data.c.7555284

Experimental models: Cell lines

HEK293 cells line ECACC Cat#85120602; RRID:CVCL_0045

293FT cell line

ThermoFisher Scientific

Cat#R70007

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pCLAP (pCDNAS3.1-CLIP-SNAP-HisTag-FLAG) This paper RRID:Addgene_200786
pCDNA3.1-CLIP This paper RRID:Addgene_200787
pCDNA3.1-SNAP This paper RRID:Addgene_200788
pCDN3.1-StrepTag-HaloTag This paper RRID:Addgene_219682
CLIP-KIF5A-SNAP-HisTag-FLAG (pCLAP-KIF5A) This paper RRID:Addgene_200789
pCMV-KIF5B(1-560)-HaloTag-StrepTag This paper RRID:Addgene_219681
(K560-Halo)

pCDNABS.1-CLIP-KIF5A(1-573) This paper RRID:Addgene_219683
pCDNAGS.1-CLIP-KIF5A This paper RRID:Addgene_200790
pCDNAB.1-KIF5A-SNAP-HisTag-FLAG This paper RRID:Addgene_200791
pCDNAB.1-CLIP-KIF5A(A954-1027)-SNAP-HisTag-FLAG This paper RRID:Addgene_200792
(PCLAP-KIF5A(A954-1027))

pCDNABS.1-CLIP-KIF5A(1-915;A505-610)-SNAP-HisTag-FLAG This paper RRID:Addgene_200793
(PCLAP-KIF5A(1-915;A505-610))

PCDNAB.1-CLIP-KIF5A(411-680)-SNAP-HisTag-FLAG This paper RRID:Addgene_200798
(pCLAP-KIF5A(411-680))

pCDNAB.1-CLIP-KIF5B-SNAP-HisTag-FLAG (pCLAP-KIF5B) This paper RRID:Addgene_200799
Software and algorithms

Jupyter Notebook https://jupyter.org/ -

FRETBursts python package

RStudio

DiscoverMP

Fida software 3.0

Fiji/lmageJ

TrackMate v7.11.1

AlphaFold v2.3.2 (unless otherwise stated)

https://fretbursts.readthedocs.
io/en/latest/
https://cran.r-project.org/
https://www.refeyn.com/
https://www.fidabio.com/
https://imagej.net/software/fiji/
Ershov et al.”®

https://colab.research.google.com/
github/sokrypton/ColabFold/
blob/main/AlphaFold2.ipynb

Other

BD FACS Melody
Odyssey Fc Imager
Custom built smfBox
TwoMP mass photometer
Fida Neo

Ti-Ns N-STORM

Custom built single-molecule
scanning TIRF/FRAP imaging system

BD Biosciences
LI-COR
Ambrose et al.**
Refeyn

FidaBio

Nikon

Cairn research

EXPERIMENTAL MODEL DETAILS

Cell culture

HEK 293 (Human Embryo Kidney 293) cells, were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
(vol/vol) Fetal Bovine Serum (FBS), 500 U Penicillin and 500 pg Streptomycin. 293FT cells (a clonal derivative of the Human Embryo
Kidney 293 cell line), were cultured in DMEM supplemented with 10% FBS, 2 mM GlutaMAX, 500 pg/mL Geneticin, 1 mM Sodium
Pyruvate, 1 X MEM Non-Essential Amino Acid Solution, 500 U Penicillin and 500 pg Streptomycin. Both cell lines were grown at 37 °C
with 5% CO2 and passaged every 2-3 days when ~80% confluent by trypsinization and replating. Both cell lines were checked regu-
larly for mycoplasma contamination. HEK 293 cells were obtained from ECACC and the 293FT cells from ThermoFisher Scientific.
They have not been independently authenticated.
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METHOD DETAILS

Recombinant DNA expression plasmids

All plasmids used in the smFRET assays were based on a pCDNA3.1-CLIP-SNAP-HisTag-FLAG plasmid we designed and named
pCLAP. The CLIP tag is derived from the SNAP tag, with only eight amino acid changes, meaning DNA sequences are highly similar.
To use both tags in the same construct, we codon optimised CLIP and SNAP linked by the short flexible linker sequence G-S-A-G-S-
A-A-G-S-G-E-F"* for human expression, such that stretches of identity between the two nucleotide sequences were no longer than
nine base pairs. Kinesin-1 (mouse KIF5A or human KIF5B) was inserted between the CLIP and SNAP tags creating CLIP-KIF5A-
SNAP and CLIP-KIF5B-SNAP. Kinesin truncation mutants or single tagged constructs were generated by deletion mutagenesis
PCR from these plasmids. Similarly, CLIP and SNAP only plasmids were generated by deletion mutagenesis PCR of pCLAP. All con-
structs with the SNAP-tag retain the C-terminal His and FLAG tags for protein purification and immuno-assays. The constitutively
active human KIF5B construct (K560), C-terminally tagged with Halo and Strep tags, was derived from the previously published
K560-HaloTag ' through inframe insertion of the Strep-tag at the C-terminus. The StrepTag-HaloTag construct was codon optimised
for human expression and is used to show non-specific labeling of the HaloTag (Figure S1H). All plasmids are available from Addgene
(see materials availability).

Transfection of cell lines

18 h after plating at ~50% confluency in either a 6 well plate or 10 cm dish, cells were transfected using the LipoD293 DNA In Vitro
Transfection Reagent. For a 6 well plate, media was removed so that only 1 mL was covering the cells. A volume of DNA equal to 1 pug
was gently mixed into 50 pL of DMEM whilst 3 pL of transfection reagent was mixed into 50 pL of DMEM before being added dropwise
to the diluted DNA solution. The DNA mixture was left to incubate at room temperature for 10 min before adding to the well in a drop-
wise manner. 24 h after transfection, cells were washed with 1 mL Phosphate Buffered Saline (PBS) and lifted with 500 pL of 0.5%
trypsin for ~5 min 1 mL of media was added to neutralise the trypsin and cells were harvested by centrifugation at 500 x g for 4 min at
4 °C. The cell pellet was resuspended in 1 mL PBS before a further centrifugation at 500 x g at 4 °C. All volumes were increased by a
factor of five for a 10 cm dish.

Flow cytometry of ligand washout conditions

Untransfected HEK 293 cells were plated at ~50% confluency into a six well plate. 24 h after plating, CLIP-Cell TMR-Star or SNAP-
Cell 647-SiR was added to the cells at a final concentration of 0.25 pM and incubated for 1 h. The cells were washed three times with
media and either harvested immediately or left to incubate for a further 1 to 4 h. Cells were harvested (as described above) and the
pellet resuspended in 0.5 mL PBS. The cell suspension was analyzed using a BD FACS Melody flow cytometer (CLIP-Cell TMR-Star -
561 nm laser, PE 582/15 filter or SNAP-Cell 647-SiR - 633 nm laser, APC 660/10 filter).

In-gel fluorescence of ligand labeling

HEK 293 cells were plated into 6-well plates and transfected with either CLIP or SNAP (as described above). To optimise the dye
incubation time, 24 h after transfection CLIP-Cell TMR-Star or SNAP-Cell 647-SiR was added to the cells for five different incubation
periods (15 min, 30 min, 1 h, 2 h and overnight) at a final concentration of 0.25 uM. To optimise the dye concentration, 24 h after trans-
fection CLIP-Cell TMR-Star or SNAP-Cell 647-SiR was added to cells at five different concentrations (0.1 pM, 0.25 pM, 0.5 uM, 1 uM
and 2 pM) and left to incubate according to the previously optimised incubation conditions (overnight for CLIP-Cell TMR-Star and 2 h
for SNAP-Cell 647-SiR). To determine the cross-reactivity between the two dyes, 24 h after transfection 0.25 uM of CLIP-Cell TMR-
Star and SNAP-Cell 647-SiR were added to the cells and left to incubate either for 2 h or overnight. For all these experiments, cells
were harvested (as described above) and lysed in 100 pL of lysis buffer (40 mM HEPES pH 7.5, 1 mM EDTA pH 8, 120 mM NaCl,
0.05% Triton X-100, 1 pg/mL Aprotinin, 10 pg/mL Leupeptin, 1 pg/mL Pepstatin A and 10 pg/mL tosyl-L-Arginine Methyl Ester) before
incubation on ice for 10 min. Lysates were clarified by centrifugation at 17,000 x g for 10 min at 4 °C. 3X sample buffer (150 mM Tris pH
6.8, 6% SDS, 0.3 M DTT, 0.3% Bromophenol and 30% glycerol) was added to the resultant supernatant to a final 1X concentration.
20 pL of each sample was resolved by SDS-PAGE on 15% polyacrylamide resolving gels at 150V for ~2 h. In-gel fluorescence of
bound ligands was captured using the Odyssey Fc Imager (LI-COR) in the 600 nm and 700 nm channels.

Immunoprecipitation and western blotting

HEK 298 cells were plated into 6-well plates and transfected as described above. 24 h after transfection, media was removed and the
cells scraped into 1.5 mL PBS. Cells were pelleted by centrifugation at 400 x g for 2 min at room temperature. The cell pellet was
washed by resuspening in 1 mL PBS and centrifugation at 2300 x g for 5 min at 4 °C. Cells were lysed by resuspending the pellet
in 300 pL of lysis buffer (50 mM HEPES pH 7.5, 1 mM EDTA pH 8, 1 mM MgCl,, 25 mM NaCl, 0.5% Triton X-100, 1 mM DTT,
1 pg/mL Aprotinin, 10 pg/mL Leupeptin, 1 pg/mL Pepstatin A and 10 pg/mL tosyl-L-Arginine Methyl Ester) and incubating on ice
for 10 min. Lysates were clarified by centrifugation at 17,000 x g for 10 min at 4 °C. 1 pg of rabbit anti-DYKDDDDK was added to
the supernatant and incubated with rotation for an hour at 4 °C. 25 uL of Dynabead+ProtG beads were washed three times by addi-
tion of 200 puL of PBS +0.02% Tween and discarding the supernatant. The cell lysate antibody mix was added to the beads and incu-
bated with rotation for 10 min at room temperature. The supernatant was removed and the beads washed three times with 200 pL of
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PBS before resuspending in 1X sample buffer (50 mM Tris pH 6.8, 2% SDS, 0.1 M DTT, 0.1% Bromophenol and 10% glycerol). 20 pL
of each sample was resolved by SDS-PAGE on a 10% polyacrylamide resolving gel and transferred to Immobilon-FL PVDF mem-
brane. Membranes were probed with primary antibodies rabbit anti-DYKDDDDK, rabbit anti-KIF5B or mouse anti-GAPDH as indi-
cated; fluorescent secondaries were Alexa Fluor 680-AffiniPure Donkey Anti-Rabbit or Alexa Fluor 790-AffiniPure Donkey Anti-
Mouse. Fluorescent western membranes were visualised on the Odyssey Fc Imager (LI-COR).

smFRET assays

Six hours after transfection, CLIP-Cell TMR-Star was added to the HEK 293 cells in 6-well plates at a final concentration of 0.5 uM
and left to incubate for around 15 h. SNAP-Cell 647-SiR (added at the same final concentration) was added to the cells for a further
2 h. The cells were then washed three times with media and incubated in 3 mL of fresh media for 2 h to remove any unbound dye.
Cells were harvested as above and lysed in 50 pL of lysis buffer (40 mM HEPES pH 7.5, 1 mM EDTA pH 8, 120 mM NaCl, 0.05%
Triton X-100, 0.1 mg/mL photobleached BSA, 1 mM DTT, 1 mM Mg.ATP, 1 pg/mL Aprotinin, 10 pg/mL Leupeptin, 1 pg/mL Pepstatin
A and 10 pg/mL tosyl-L-Arginine Methyl Ester) before incubation on ice for 10 min. Lysates were clarified by centrifugation at 17,000
x g for 10 min at 4 °C. The supernatant was diluted in smFRET assay buffer (12 mM PIPES pH 6.7, 1 mM EGTA pH 7, 2 mM MgCl,,
0.1 mg/mL photobleached BSA, 1 mM DTT and 1 mM Mg.ATP) to result in single molecule resolution (usually 1:100,000). The sam-
ple was applied either to a custom built smFRET confocal microscope (smfBox) described in detail previously,*? or an EI-FLEX with
the same configuration. Briefly, the smfBox consists of two lasers (80 mW 515 nm and 100 mW 638 nm), two emission filters (571/72
and 678/41) and two avalanche photodiodes; for the donor and acceptor respectively. Data collection was typically in three 15 min
periods per sample. All labeled samples used for smFRET were also checked using in-gel fluorescence of samples resolved by
SDS-PAGE on a 10% polyacrylamide gel followed by visualisation on an Odyssey Fc Imager (LI-COR).

Small batch protein purification and cross-linking

24 h after transfection, 10 cm dishes of 293FT cells were harvested by removing the media and the cells scraped into 5 mL PBS.
Cells were pelleted by centrifugation at 400 x g for 2 min at room temperature and washed by resuspening in 1 mL PBS. After centri-
fugation at 2300 x g for 5 min at 4 °C the resultant pellet was resuspended in 200 pL lysis buffer (50 mM HEPES pH 7.5, 1 mM EDTA
pH 8, 1 mM MgCl,, 25 mM KAc, 0.5% Triton X-100, 1 mM DTT, 1 pg/mL Aprotinin, 10 pg/mL Leupeptin, 1 pg/mL Pepstatin A and
10 pg/mL tosyl-L-Arginine Methyl Ester). 25 pL of DYKDDDDK Fab-Trap Agarose beads were washed three times by addition of
500 pL dilution buffer (50 mM HEPES pH 7.5, 1 mM EGTA pH 7, 2 mM MgCl, and 150 mM KAc), pelleting by centrifugation at
2500g for 5 min at 4 °C and discarding the supernatant. The lysate (diluted in 300 pL dilution buffer) was equilibrated with the washed
beads by incubation with rotation for 1 h at 4°C. For on bead labeling, 2 pL of each ligand (CLIP-Cell TMR-Star and SNAP-Cell
647-SiR, 600 pM stock) was also added to the lysate. After incubation, the beads were washed three times by centrifugation at
2500 x g for 5 min at 4 °C and resuspension in 500 pL wash buffer (50 mM HEPES pH 7.5, 1 mM EDTA pH 8, 2 mM MgCl,,
150 MM KAc, 1 mM DTT, 1 pg/mL Aprotinin, 10 pg/mL Leupeptin, 1 pg/mL Pepstatin A and 10 pg/mL tosyl-L-Arginine Methyl Ester).
3xDYKDDDDK-peptide was diluted to 150 pg/mL with PBS and 100 pL added to the washed beads. This suspension was incubated
with rotation for 20 min at room temperature. Eluted protein was separated from beads by centrifugation at 2500 x g for 2 min at
4 °C. Protein concentration was determined by BCA assay. If cross-linking was required, BS3 was diluted to 2 mg/mL in the dilution
buffer and added to half the sample at a 1:1 mass ratio. The mixture was incubated on ice for 20 min, before cross-linking was
quenched by addition of Tris pH 7.5 to a final concentration of 25 mM and further incubated on ice for 20 min. Gel samples of
each stage were analyzed by in-gel fluorescence with 20 pL of each sample resolved by SDS-PAGE with a 10% polyacrylamide
resolving gel. Following fluorescence imaging, the gel was stained with Quick Coomassie Stain (Protein Ark) and total protein
imaged for comparison.

Mass photometry
Samples were prepared as above by small batch protein purification without addition of the crosslinker and analyzed using the Re-
feyn TwoMP mass photometer. Measurements were carried out at room temperature.

Flow induced dispersion analysis

Samples were prepared as above by small batch protein purification without addition of the crosslinker. To label the protein, 2 pL of
0.6 mM SNAP-Surface Alexa Fluor 488 was added to the lysate before addition to the beads. Protein was analyzed using a Fida Neo
instrument with an excitation wavelength of 480 nm. Purified CLIP-KIF5A-SNAP was mixed with the corresponding BRB80 buffer
(80 mM PIPES pH 6.7, 1 mM EGTA pH 7, 2 mM MgCl,) supplemented with the relevant NaCl concentration (0-1 M) within the instru-
ment, immediately prior to measurement. Each salt concentration was run in triplicate.

Microtubule polymerisation for in vitro assays

Lyophilised tubulins (both unlabelled and HiLyte 488 labeled) were resuspended to 5 mg/mL in GBRB80 (1 mM GTP, 80 mM PIPES
pH®6.7, 1 mMEGTA pH 7,2 mM MgCl,), flash frozen and stored at —80°C. 40 pL of this tubulin stock (0.8:40 ratio of labeled:unlabelled
tubulin if making fluorescent microtubules) was thawed on ice and centrifuged at 270,000 x g (TLA-100.3 rotor) for 10 min at 4 °C. The
supernatant was then incubated at 37 °C for 20 min before addition of Paclitaxel to a final concentration of 40 pM and further
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incubation for 20 min. Microtubules were pelleted by centrifugation at 270,000 x g (TLA-100.3 rotor) for 10 min at room temperature
and gently resuspended in TBRB8O0 (40 pM Paclitaxel, 80 mM PIPES pH 6.7, 1 mM EGTA pH 7, 2 mM MgCl,). Microtubules were kept
in the dark at room temperature until use. Microtubules used in smFRET assays were sheared by passing through a Hamilton 25 pL
22G fixed needle syringe ten times before diluting 1 pLin 250 uL smFRET assay buffer (12 mM PIPES pH 6.7, 1 MM EGTApH 7,2 mM
MgCl,, 0.1 mg/mL photobleached BSA, 1 mM DTT and 1 mM Mg.ATP) and using this to dilute the CLIP-KIF5A-SNAP transfected cell
lysate.

Single molecule motility assays

24 h after transfection, HaloTag TMR, CLIP-Cell TMR-Star or SNAP-Cell TMR-Star ligands were added to 293FT cells. HaloTag TMR
was added at a final concentration of 25 nM and incubated on the cells for 15 min. The cells were then washed three times with fresh
media and incubated for a further 30 min. CLIP-Cell TMR-Star or SNAP-Cell TMR-Star were added and washed as above for smFRET
assays. Cells were harvested and washed in PBS as stated above forimmunoprecipitation. The cell pellet was resuspended in 300 pL
of lysis buffer (50 mM Tris pH 8, 25 mM KAc, 1 mM MgCl,, 1 mM EDTA, 0.5% Triton X-100, 1 mM DTT, 1 ug/mL Aprotinin, 10 pg/mL
Leupeptin, 1 pg/mL Pepstatin A and 10 pg/mL tosyl-L-Arginine Methyl Ester) and incubated on ice for 10 min before centrifugation at
16,000 x g for 10 min at 4 °C. The supernatant was collected and stored on ice for use in flow chambers (below).

Flow chambers were prepared as described previously.?' Briefly, a #1.5 22 x 32 mm cleaned and silanised coverslip was attached
to a glass microscope slide using double-sided tape. Chambers were defined using vacuum grease. Flow cells were incubated for
5 min with i) 1 chamber volume (CV) of 20 pg/mL anti-p-Tubulin antibody (diluted in BRB80), i) 1 CV of 50 mg/mL F-127, iii) 2 CV of
microtubules diluted in TBRB80 (1:250). Unbound microtubules were removed with a 2 CV BRB80 wash step before adding the final
reaction mix of 1 CV formed of 1 pL cell lysate in 20 uL of assay buffer (80 mM PIPES pH 6.7, 1 mM EGTA pH 7, 1 mM MgCl,, 0.3 mg/
mL casein, 0.3 mg/mL BSA 10 mM DTT, 10 mM ATP, 15 mg/mL glucose, 0.5 pg/mL glucose oxidase and 470 U/ml catalase).

Motility assays containing CLIPf-KIF5A-SNAPT (Figure 2F) were imaged using the Nikon Ti-NS N-STORM microscope at the Wolf-
son Light Microscopy Facility with the SR Apo TIRF 100 x objective lens and the Andor iXion ultra EM-CCD camera, with 488 nm and
561 nm lasers. Movies were acquired for 1 min at 40 ms exposure. KIF5B(1-560)-HaloTag and CLIPf—KIF5A(1-573) constructs
(Figure 2D) were imaged on a custom single-molecule scanning TIRF/FRAP imaging system built by Cairn Research. This setup
uses a Ti2-E automated inverted microscope base (Nikon), ASI automated XY & piezo-Z stage controller, iLas 2 scanning TIRF/
FRAP unit (Gataca Systems) with dual-collimation optics, Cairn multi-line laserbank, and a Photometrics Prime 95B sCMOS cam-
era. TIRF was performed with a 488 nm and 561 nm laser, a TIRF quad-band filter cube (TRF89901-EMv2, Chroma) and additional
emission clean up provided by a Cairn Optospin filter wheel with ET525/50m or ET595/44m filters for 488 and 561 laser lines respec-
tively. Images were taken in MetaMorph acquisition software using a Nikon CFlI Apochromat TIRF 100XC oil (N.A. 1.49, W.D.
0.12 mm) objective lens. Exposure time was 40 ms (25 frames per second) and movies were acquired for 1000 frames.

Protein structure prediction
To predict three-dimensional structures of the target proteins, we used AlphaFold v2.3.2 (unless otherwise stated), using the
AlphaFold Colab notebook hosted on Google Colaboratory.’” For all structures the relaxation stage was enabled and multimer model
recycling was set to a limit of six. The highest scoring prediction was used. Structures and associated files are available from ORDA
(see data and code availability).

75,76

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry of ligand washout conditions
The raw data was transformed and the fluorescence intensity plotted using a custom R notebook (see data and code availability) and
the flowcore package.”® The data from each biological repeat was combined and the median value for each sample compared.

In-gel fluorescence of ligand labeling
The signal intensity for each band was normalised to the lowest incubation or concentration per biological repeat and plotted using R
(see data and code availability, below).

smFRET assays

Data was analyzed using a custom built Jupyter (for initial elimination of background and burst selection using dye specific correction
factors using the FRETBursts package’®) and R (for burst filtration and plotting) notebooks (see data and code availability, below).
The burst threshold was set at 20 photons in both the DD + DA and AA channels for the burst selection. Any technical repeats
with a burst rate above 1 burst per second were eliminated and the background filters were set as above: 8.5 photons for donor exci-
tation (DD + DA), 2.6 for donor emission (DD) and 5 for acceptor excitation and emission (AA). Displayed p values for paired compar-
isons were calculated by Kolmogorov-Smirnov test. For multiple comparisons, pairwise Kolmogorov-Smirnov tests were performed
with Bonferroni correction.
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Mass photometry

All resultant images were analyzed using the Refeyn DiscoverMP software and conversion from interferometric contrast to molecular
weights was calibrated using Refeyn’s protein standards. Gaussian fitting to mass histograms was performed using R (see data and
code availability, below).

Flow induced dispersion analysis
Taylorgrams were fitted using the standard parameters and smooth curve settings in the FIDA software (version 3.0) to determine
hydrodynamic radii and spike count for each condition. This data was plotted using R (see data and code availability, below).

Hydrodynamic radius calculation
Estimates of hydrodynamic radius for a globular protein of known mass were calculated using FIDA software.

Single molecule motility assays

Motility in image stacks was analyzed using Fiji®® and the TrackMate (v7.11.1) plugin.”* Briefly, individual microtubules were isolated
from the field of view using the line selection tool followed by the Straighten tool in Fiji. Kinesin molecules were tracked by running
TrackMate on the 561 channel, using the LoG detector, an estimated object diameter of 8 pixels and the LAP tracker function. The
detected spots were additionally filtered by their Y position (i.e., proximity to the straightened microtubule). Note that stationary
puncta that were present for the duration of the capture were excluded from the analysis, as these cannot be differentiated from
non-specifically bound species on the glass surface. Further downstream analysis was performed in R (see data and code
availability).

eb6 iScience 29, 114875, March 20, 2026



	ISCI114875_proof_v29i3.pdf
	Kinesin-1 is highly flexible and adopts an open conformation in the absence of cargo
	Introduction
	Results
	Self-labeling enzymes and cell-permeable fluorophores are suitable for smFRET
	HEK293 cells are a suitable expression system for full-length motor protein studies
	Relative labeling efficiencies of SNAP and CLIP give dimeric molecules a unique stoichiometry signature in smFRET
	Changing the ionic environment alters the KIF5A conformational landscape
	An activating mutation of KIF5A does not increase the frequency of the open conformation
	Kinesin-1 is highly flexible, but crosslinking differentiates between activating kinesin mutants and intact autoinhibition
	The presence of microtubules polarizes the kinesin-1 conformational landscape observed by smFRET

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model details
	Cell culture

	Method details
	Recombinant DNA expression plasmids
	Transfection of cell lines
	Flow cytometry of ligand washout conditions
	In-gel fluorescence of ligand labeling
	Immunoprecipitation and western blotting
	smFRET assays
	Small batch protein purification and cross-linking
	Mass photometry
	Flow induced dispersion analysis
	Microtubule polymerisation for in vitro assays
	Single molecule motility assays
	Protein structure prediction

	Quantification and statistical analysis
	Flow cytometry of ligand washout conditions
	In-gel fluorescence of ligand labeling
	smFRET assays
	Mass photometry
	Flow induced dispersion analysis
	Hydrodynamic radius calculation
	Single molecule motility assays





