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MINFLUX dissects the unimpeded walking of kinesin-1

Jan 0. Wolff't, Lukas Scheiderer't, Tobias Engelhardt't, Johann Engelhardt’,

Jessica Matthias't, Stefan W. Hell%?*

We introduce an interferometric MINFLUX microscope that records protein movements with up to

1.7 nanometer per millisecond spatiotemporal precision. Such precision has previously required
attaching disproportionately large beads to the protein, but MINFLUX requires the detection of only
about 20 photons from an approximately 1-nanometer-sized fluorophore. Therefore, we were able to
study the stepping of the motor protein kinesin-1 on microtubules at up to physiological adenosine-5'-
triphosphate (ATP) concentrations. We uncovered rotations of the stalk and the heads of load-free
kinesin during stepping and showed that ATP is taken up with a single head bound to the microtubule
and that ATP hydrolysis occurs when both heads are bound. Our results show that MINFLUX quantifies
(sub)millisecond conformational changes of proteins with minimal disturbance.

xploring movements and conformational
changes of proteins lies at the heart of
unraveling the inner workings of a cell,
but the tools for accomplishing this task
have so far been limited. Nanometer-sized
protein motions of millisecond duration can
be retrieved by tethering the protein to a bead
held in an infrared optical trap and measuring
the bead’s movement (7-3). However, this prep-
aration subjects the protein to a force and
thus does not allow the direct observation of
its entirely free motion. The 70- to 500-nm-
diameter beads required for optical trapping
are also orders of magnitude larger than the
protein itself, which also causes problems, in-
cluding susceptibility to laser-induced heating
(4). Alternatively, a protein can be observed
with no or minimal restrictions by labeling it
with an ~1-nm-sized organic fluorophore and
recording its motion with the camera of a light
microscope (5, 6). The position of the label is
then inferred from the peak of the fluorescence
diffraction pattern rendered by N camera-
detected photons. Unfortunately, the result-
ing localization precision o scales with 1/ VN,
meaning that ¢ = 1 to 2 nm typically requires
N > 2500 photons (7). Thus, even the brightest
fluorophores entail localization times of
hundreds of milliseconds. Fluorescence-
based localization therefore cannot live up to
the spatiotemporal resolution (STR) provided
by optical traps. Replacing the tiny fluoro-
phore with a laser-scattering gold bead of
>30 nm diameter (8-10) can compensate
for this shortfall, but the volume, drag, and
electrostatic interactions of the gold bead
preclude unimpeded protein motion.
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These limits are also reflected in the under-
standing of the arguably best-studied moving
protein, the homodimeric motor protein kinesin-1,
hereafter called kinesin, which is responsible
for the anterograde transport on microtubules
and the malfunction of which is linked to
diseases (11-14). Although the above tools have
greatly advanced our understanding of how
kinesin walks, many details of its mechano-
chemical cycle have remained controversial or
elusive (15, 16).

We reasoned that MINFLUX (17), a recently
introduced microscopy method for localizing
fluorophores with a minimal rather than a
maximal number of detected photons N,
should greatly improve the study of pro-
tein movements. For a given N, MINFLUX
(17-20) typically renders an STR of 6/t with
~10-fold improved o, or a 100-fold increased
temporal resolution t compared with popular
camera-based localizations (I8). Using a single
fluorophore of ~1 nm in size, an STR is attained
that has so far required the use of bulky beads.
This combination of STR and a small label has
motivated us to revisit the walking of kinesin.
Here, we report on an interferometric MINFLUX
implementation that delivers nanometer/
submillisecond STR in protein tracking. Har-
nessing this STR, we determined the steps
and substeps of the heads and the stalk of
kinesin. The direct observation of unhindered
substeps allowed us to determine in which
state adenosine-5'-triphosphate (ATP) binds
and hydrolyzes and to uncover orientation
changes of functional subunits of kinesin
during stepping. Our study concomitantly
establishes MINFLUX as a tool for exam-
ining fast protein movements and confor-
mational changes at nanometer scale with
minimal or no impediment.

Interferometric MINFLUX maximizes
fluorophore localization precision

A scanning MINFLUX microscope features a
beam for fluorophore excitation with a cen-
tral intensity minimum (“zero”) that is posi-
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precision. Emitted photons are counted ., =
confocal point detector (Fig. 1A). The closer
the central excitation minimum is to the
fluorophore, the lower the fluorescence rate,
meaning that the number of detections readily
discloses the distance between the unknown
position of the fluorophore and the perfectly
known position of the minimum. In fact, the
intensity of the excitation beam around the
minimum increases quadratically with dis-
tance to the minimum (Fig. 1B), with steep-
ness depending on the beam’s focusing angle,
wavelength, and power. Therefore, the fluo-
rescence detection rate displays the same
quadratic dependence on the fluorophore-
to-minimum distance (Fig. 1B). If the rate
is minimal, i.e., down to background level,
then the fluorophore is localized because
the position of the fluorophore coincides
with that of the excitation beam minimum.
However, because of the adverse role of
background, matching the two positions at
the angstrom level is usually not possible.
Fortunately, such perfect matching is not
needed because the mismatch and thus the
fluorophore position can be precisely derived
from a relatively small number of photons NV
gained by targeting the minimum to two or
more positions within a small spatial interval
L containing the fluorophore (Fig. 1B).

MINFLUX localization of a fluorophore
located at an unknown position within the
diffraction limit (~200 nm) is performed
iteratively (19) by continually shifting the
minimum closer to the fluorophore. The
localization usually starts out from an inter-
val L of ~200 nm, which is then reduced on
the basis of the initially derived precision o,.
In theory, an iterative reduction of L in pro-
portion to the precision o;_; of the previous
step, L; = aoy_;, gives rise to an exponential
increase in precision after k steps: o =
coexp(— &%), The parameter o ensures that
the next L; is small enough to quickly zoom
in on the fluorophore but large enough to
keep the fluorophore within the next interval.
This exponential increase in precision with N
signifies a most efficient use of the detected
photons and should be contrasted with the
sluggish 1/ VN dependence in camera-based
localization (see supplementary text section
2.2). The reduction of L; ends just before
the quadratic dependence disappears amid
background. Therefore, practical MINFLUX
localization precision o is limited by the
steepness-to-background ratio of the excita-
tion beam. In principle, steepness can be
arbitrarily increased by increasing the beam
power, but because this measure also increases
the background, we designed a MINFLUX
system that inherently yields higher steep-
ness compared with reported donut-based
systems (17-20).
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Fig. 1. Interferometric MINFLUX microscope provides nanometer localization precision of a fluoro-
phore with 20 to 40 detected photons. (A) Simplified setup. A 640-nm laser beam is shaped by a phase
modulator and an amplitude modulator to create a pair of beams with a defined phase difference ¢ in

the entrance pupil of an objective lens. Their interference creates an intensity pattern with a local line-shaped
minimum in the focal plane. The minimum is shifted by changing ¢ with the phase/amplitude modulator.
Two orthogonal pairs of beams are used for covering both the x and y directions. The fluorescence
collected by the lens passes a dichroic mirror (DM) that otherwise deflects the laser light, is focused onto
a confocal pinhole (PH), and is detected by an avalanche photodiode (APD). The (x,y) localization algorithm
is implemented in a field programmable gate array (FPGA) directing the minimum to specified (x,y)
positions, depending on the number of photons detected by the APD. (B) Top: MINFLUX localization in
one dimension, using a change of ¢ to place the minimum at positions -L/2, 0, and L/2 of a linear interval
around the expected molecule position xy. Bottom: The photons counts measured with the minimum at these
three points allow retrieving xy by fitting with a parabola. In iterative MINFLUX localizations in which the
excitation intensity minimum approaches the fluorophore, the laser power is increased accordingly to

keep the fluorescence rate at the same level. Background is caused by nonvanishing excitation intensity

at the minimum, stray light, and detector dark counts. (C) Localization precision o of single surface—
immobilized ATTO 647N fluorophores using L = 30 nm (263 fluorophores) and L = 16 nm (232 fluorophores),
yielding o = 2.1 and 1.7 nm, respectively. (D) Tracking of a single fluorophore moved by a piezoelectric
stage [L = 30 nm, 2 nm residual noise, 0.607 ms temporal resolution, 70 photons per (x,y) localization]
with corresponding step fit in the x direction and constant fit in the y direction.

Specifically, our MINFLUX setup featured
two pairs of oblique beams that interfered de-
structively in the focal plane (Fig. 1A). One
of the pairs was arranged in the @ direction,
rendering a y-oriented line-shaped mini-
mum for xlocalization; the pair for y localization
was arranged accordingly in the y direction.
Line-shaped minima have also been used in
stimulated emission depletion (STED) micros-
copy (2I) because they require fewer polariza-
tion and aberration optimizations while pro-
viding higher steepness (fig. S1) and lower
background. Altering the phase difference of
the a-arranged beams moved the y-oriented
line-shaped minimum with angstrom precision

in the @ direction and vice versa. By targeting
the minima to coordinates -L;/2, 0 and L;/2
around the last estimated fluorophore posi-
tion, the position was iteratively established
for each dimension (x and y) on the basis of
the number of detections (Fig. 1B). The (x,y)
trajectory was obtained by repeatedly switch-
ing between « and y using an electro-optical
modulator (figs. S2 and S3). Once L; =16 nm
was reached, as few as ~20 detected photons
sufficed to localize single immobilized ATTO
647N fluorophores with an average precision
o6 = 1.7 nm per dimension (Fig. 1C). For L; =
30 nm, a precision ¢ = 2.1 nm was obtained
with ~28 photons. Because the average signal-
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to-background ratio was more than three
times higher for L; = 30 nm, we performed
all tracking measurements with ;=L = 30 nm
(fig. S4), ensuring robustness in the process.
In fluorophore tracking, the successive small
changes in fluorophore position inherently
allow for the continual use of L = 30 nm and
thus for the maximal use of the NV photons
detected.

The tracking accuracy of our MINFLUX
system was highlighted by moving an indi-
vidual ATTO 647N fluorophore on a periodic
stepping trajectory along the x axis of a
piezoelectric stage (Fig. 1D). The steps were
fitted with an algorithm based on an itera-
tive change-point search (22) that was used
throughout our study. Our analysis showed
that ~70 photons recorded within 607 us
clearly identified the steps with 6 = 2 nm in
both the # and y directions.

MINFLUX observes substeps and stalk
rotation of kinesin

Under consumption of an ATP molecule, the
catalytic motor domains (heads) of kinesin
take hand-over-hand steps of 16 nm (regular
steps), amounting to twice the tubulin dimer
spacing. Their conjoining coiled-coil stalk
domain is thus translocated in discrete 8-nm
steps (1, 3, 6, 23). However, it is still debated
(24-26) whether kinesin walks “like a human,”
i.e., with one head passing the stalk on the left
and the other one on the right (asymmetric),
or if it walks with both heads passing on the
same side (symmetric). Camera localization-
based fluorescence imaging with one-nanometer
accuracy (FIONA) (5) resolved regular kinesin
steps using a single fluorophore label at one
of the heads, but its time resolution of sev-
eral hundreds of milliseconds required slow-
ing down movement by administering ATP
concentrations that were ~1000 times lower
than in a cell (6). In fact, addressing steps at
physiological ATP concentrations has so far
required the use of beads that are orders of
magnitude larger than the kKinesin heads.

For example, an optical trap study recently
observed force-dependent substeps by track-
ing a germanium bead of ~70 nm diameter
attached to the kinesin stalk (27). Thus, as in
all optical trap experiments, only the move-
ments of the protein center of mass could be
examined, not those of the individual heads.
Although a =30-nm gold bead bound to a
kinesin head allowed tracking the heads, dif-
ferent studies came to opposing results re-
garding the long-standing question of when
ATP is bound (15, 16). In fact, simulations
(28, 29) suggested that this discrepancy is
caused by the different labeling positions
because the beads are >200 times larger in
volume than the Kinesin head.

Harnessing MINFLUX, we investigated the
stepping of different cysteine-light, truncated,
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and cargo-free kinesin constructs labeled with
a fluorophore at various protein positions
through maleimide coupling. The Kinesin
molecules were introduced into a flow cell in
which biotinylated and fluorescently labeled
(Alexa Fluor 488) microtubules were attached
through neutravidin to a PLL-PEG-biotin
polymer-coated coverslip. For kinesin center-
of-mass tracking, we labeled construct N356C
at its solvent-exposed cysteine introduced into
the stalk (Fig. 2A).

‘We recorded one-dimensional (1D) traces of
individual kinesin dimers labeled with a single
fluorophore (degree of labeling of 1, DOLI) on
the stalk walking along the microtubule axis
(on-axis displacement) with a temporal reso-
lution of ~1 ms and a precision of ¢ = 1.7 nm
(Fig. 2, B and C). These initial measurements
were performed at a 10 uM ATP concentration,
providing a walking speed of ~280 nm/s. The
traces were recorded with run lengths up to
~180 nm. On the basis of the residual noise
and the number of localizations between steps,
we determined a median precision of the mea-
sured step size of 0.57 nm (Fig. 2D). A histo-
gram of all kinesin center-of-mass steps revealed
a size range of ~3 to 11 nm (Fig. 2E), with
equally high peaks centered at 8 and 4 nm,
corresponding to expected regular steps and
substeps, respectively. The latter have so far
not been observed without attaching a much
bigger bead to the protein (27).

With the same Kkinesin construct, we also
recorded traces at a physiological 1 mM ATP
concentration. Despite the now increased walk-
ing speed of ~550 nm/s, both regular steps and
substeps of the kinesin center of mass were
resolved (fig. S5). The substantially smaller frac-
tion of detected substeps indicated a reduced
detection efficiency caused by the shorter sub-
step dwell times (fig. S6). The step-size histo-
gram did not exhibit its maximum at 8 nm,
as would be expected for regular center-of-
mass steps, but rather showed an unexpected-
ly high occurrence of 6- and 10-nm steps (Fig.
3A, middle). Plotting the sequence of con-
secutive step sizes in a 2D histogram revealed
that their sum frequently matched 16 nm,
indicating that these unusual steps typically
occurred sequentially (Fig. 3A, right). The
nonzero radius of the stalk (~1.0 nm, inferred
from PDB 1D7M) and the distance between
the maleimide and the fluorophore (up to
~1.0 nm; fig. S7) added up to a total fluoro-
phore displacement of up to ~2 nm from the
stalk axis of kinesin. Therefore, assuming that
the fluorophore displacement vector had a
component parallel to the walking direction,
we reasoned that the observed stepping asym-
metry was caused by a rotation of the stalk
during a regular step (Fig. 3A, left).

To test this hypothesis, we labeled the same
construct with an excess of fluorophores, en-
suring that the cysteines at amino acid posi-
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Fig. 2. MINFLUX tracking of kinesin exhibits
4-nm center-of-mass substeps. (A) Scheme of
kinesin walking on a microtubule indicating the
labeling position of the fluorophore in the stalk.
(B) Exemplary position traces recorded along the
microtubule axis at 10 uM ATP. The data are
overlaid with the detected step function shown as
thick darker lines. (C) Magnification of the traces
shown in (B) between 0.36 and 0.44 s as highlighted
by gray shading. (D) Histograms of the step-size
precision (top) and the step sizes (bottom) for
1821 steps. The median step-size precision is

0.57 nm. Orange dashed lines highlight 4-nm-sized
substeps and 8-nm-sized regular steps.
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tion 356 (aa356) of both monomers each
carried a fluorophore (degree of 1abeling of
2, DOL2) (figs. S7 and S8). As a result, we
found stepping symmetry reinstated, because
MINFLUX inherently localized the midpoint
between two adjacent identical fluorophores,
which by design coincided with the stalk axis
(Fig. 3B, left). To ensure that the histogram of
the DOL2 experiment exclusively represents
steps of kinesins with both fluorophores emit-
ting, only DOL2 tracking data (characterized
by a photon rate >167 kHz, as determined
from the DOLI1 data; fig. S9) were plotted.
Supporting our hypothesis of a stalk rotation,
the resulting step-size histogram indeed shows
arather narrow peak centered at 8 nm (Fig. 3B,
middle), and the 2D histogram of consecutive
step sizes indicates the dominance of suc-
cessive 8-nm steps (Fig. 3B, right). In a trace
(fig. S10) in which one of the fluorophores
bleached, a clear difference in the step sizes
before and after bleaching became apparent:
~8 nm (before) and alternating ~10 and 6 nm
(after). We conclude that the stalk rotates
when kinesin steps. Whether consecutive steps
cause a unidirectional (26, 30) or a back-and-
forth (24, 25) rotation cannot be deduced from
this experiment alone.

ATP binds in one-head-bound state

Next, we explored whether ATP binds to kine-
sin in its one-head-bound state (1HB, only
leading head bound) or its two-head-bound
state (2HB, leading and trailing head asso-
ciated with their binding site), a longstanding
open question concerning the kinesin mecha-
nochemical cycle (15, 16, 31-35). We used con-
struct T324C labeled at its solvent-exposed
cysteine (DOLI) located at the C-terminal end
of the 06 helix adjacent to the neck linker on
the head. When the head is microtubule bound,
the label is in the center on the right side of the
motor domain with respect to the walking
direction and the microtubule surface is
beneath the head. We recorded 2D traces along
(on-axis) and perpendicular to (off-axis) the
microtubule axis at ATP concentrations of
10 uM, 100 uM, and 1 mM. By tracking one
of the heads rather than the Kkinesin center of
mass, we observed traces with regular steps of
16 nm, the distance between every second bind-
ing site on the microtubule, and substeps
of ~8 nm resulting from the labeled head oc-
cupying an unbound intermediate state (Fig.
4A). Accordingly, the on-axis step-size histo-
gram shows a fraction of regular steps peaking
at 16 nm and a fraction of substeps distributed
at ~8 nm. In good agreement with the results
obtained from construct N356C, the fraction of
detected substeps decreased with increasing
ATP concentration, indicating an ATP depen-
dence of the unbound state (Fig. 4B). Note the
unexpectedly broad distribution of substep
sizes for T324C, which is discussed below.
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To explicitly identify the bound states (B), A
in which the labeled kinesin head is located
at its microtubule-binding site, and unbound
states (U), in which it is located in between,
we applied a hidden Markov model (HMM)
based solely on the existence of ~8-nm sub-
steps and the possibility of kinesin detaching
and reattaching to the microtubule. The model
identifies five different state transitions from
the sequence of detected steps (see materials B
and methods section 1.4.7). All substeps cor-
respond to the labeled head transitioning
between the two states (B—U and U—B).
However, when they are unpaired, related to a
rare and not directly observable “slip state,”
the head effectively transitions between bound
states (B—B, see next section). Transitions be-
tween microtubule-binding sites (B—B), dur-
ing which the intermediate unbound state was
too short and thus missed, were identified as
the most likely source of the ~16-nm steps.
Potential ~16-nm transitions between unbound
states (U—U) of the labeled head comprise a
series of the transitions explained above (la-
beled head U—B, unlabeled head B—U and
U—B, and labeled head B—U), so missing
these states was deemed as highly unlikely
(see supplementary text section 2.4:).

On the basis of these premises, we assigned
bound and unbound states to all traces of the
kinesin construct T324C with the HMM (see
representative trace in Fig. 4C). Using this
assignment, the dwell times in the bound and €
unbound states were determined for each ATP
concentration. To obtain the average dwell S
times 1y and 1o Of the underlying 1THB and g
2HB states, respectively, the histograms of res- 2
idence time in the bound and unbound states g
were fitted simultaneously (fig. S11). The un- o
bound state (1IHB with labeled head unbound)
data were fitted with a monoexponential de-
cay function. For the bound state (2HB with
labeled head leading, 1HB with labeled head
bound, and 2HB with labeled head trailing), a
combination of three exponential decay func-
tions was used under the assumption of equal
binding kinetics for both heads. Matching the
trend deduced from the step-size histograms
in Fig. 4B, 1;4p substantially increased with
decreasing ATP concentrations from ~8 ms
for 1 mM ATP to >30 ms for 10 uM ATP (Fig.
4D). By contrast, tonp did not exhibit any ATP
dependence, displaying a dwell time of ~8 ms
for all ATP concentrations. We concluded that
ATP binds [presumably to the microtubule-
bound leading head (31)] when Kkinesin is in its
1HB state and the unbound head is in between
previous and next microtubule-binding sites.

Off-axis position (nm) o

ATP hydrolyzes in the 2HB state

Subsequently, we recorded traces of the
kinesin construct T324C with 1 mM ATPyS, a
slowly hydrolyzing ATP analog. The results
revealed that the use of ATPyS did not really
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Fig. 3. Rotation of the stalk during kinesin stepping. (A) Left: Suggested model of stalk rotation
explaining the alternating sequence of larger and smaller steps at DOL1. Middle: Step-size histogram for
1D kinesin center-of-mass tracking with a single fluorophore (DOL1, Number of steps Spor; = 1810) at 1 mM
ATP concentration. Right: 2D histogram of consecutive step sizes showing alternating 6- and 10-nm steps
for DOLL. (B) Left: Suggested model of stalk rotation demonstrating the true 8-nm stalk displacement

at DOL2. Middle: Step-size histogram for 1D kinesin center-of-mass tracking with two fluorophores on both
protein-labeling sites of the kinesin dimer (DOL2, Spo» = 630) at 1 mM ATP concentration. Right: 2D
histogram of consecutive step sizes showing predominantly successive 8-nm steps for DOL2.
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Fig. 4. Kinesin awaits ATP binding in 1HB state. (A) Exemplary traces recorded at 10 uM (blue),

100 uM (orange), and 1 mM (yellow) ATP concentrations with distinct plateaus spaced by ~16 nm. Exemplary
substep plateaus between two 8-nm steps are highlighted by black arrowheads. The inlay shows construct
T324C with the fluorophore at the labeling position on one kinesin head. (B) Histogram of detected step
sizes for each ATP concentration showing ~8-nm substeps (darker filling; Sioum = 1152, S1p0,m = 230, and
Simm = 905) and 16-nm regular steps (lighter filling; Sy = 557, Sio0um = 254, and Sy = 1110) as assigned
by the HMM. (C) 2D representation of the 10 uM trace shown in (A) with time stamps. Plateaus identified
by the HMM as unbound states are highlighted in red. For improved visibility, the raw data points are overlaid
with a 5-ms moving median filter. (D) Comparison of tyyg and g for different ATP concentrations. Black
lines show the fitted Michaelis-Menten kinetics (K = 28 + 2 uM, kap = 4.2 + 0.4 s+ uM™) for the 1HB
state and a constant fit (to4g = 8.5 ms) for the 2HB state. Error bars and parameter uncertainties denote the
64% confidence intervals of the fits.
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Fig. 5. Rotation of the unbound head recon-
structed by tracking various labeling sites on the
kinesin head. (A) Left: Construct E215C with the
fluorophore-labeling site on the front end of the
kinesin head and histograms of the detected step
sizes of this construct for 10 uM, 100 uM, and

1 mM ATP concentrations, respectively, featuring a
dominant peak at 16 nm (Syoum = 666, Siooum = 310,
and Sy = 431) and a small fraction of ~8-nm steps
(SIOpM = 280, SlOOpM =50, and SlmM = 195) nght
Construct K28C with labeling position at the back of
the kinesin head and histograms of detected step
sizes of this construct for 10 uM, 100 uM, and

1 mM ATP concentration, respectively, featuring an
increasing peak at 16 nm (Syoum = 154, Siooum =
236, and Sy = 529) and a decreasing fraction of
~8-nm steps (Sioum = 718, Siooum = 217, and Symm =
361) for increasing ATP concentrations. (B) 2D
histograms of consecutive step sizes for constructs
T324C and K28C, both showing successive regular
steps (1), regular steps followed by substeps (ll),
successive substeps (lll), and substeps followed by
regular steps (V). For construct K28C, transitions
involving the unbound state generate symmetric
successive steps of ~8 nm. For construct T324C,
these transitions exhibit an asymmetry of

~6-nm substeps followed by ~10-nm substeps.

(C) Schematic of a surface-immobilized microtubule and
the assignment of protofilament classes. The assumed
true sideward displacement of the kinesin head
(magenta) in these classes is indicated by black arrows.
Magpnification visualizes the projection of the 3D
displacement onto the imaging plane. (D) Scatter plot
of four kinesin traces recorded on a single microtubule
(blue circles) with one central trace highlighted for the
detected bound (dark magenta dots) and unbound
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(orange dots) states. Red lines display the microtubule outline inferred from the traces. (E) Sideward displacement of all detected unbound states and their respective position
on the microtubule (blue dots). The orange dots correspond to the sideward displacement of the central trace shown in (E). The red line displays an ellipse fit to the data with
a major axis diameter of 30.6 nm and a minor axis diameter of 9.2 nm. (F) Proposed 3D orientation of the unbound state of the trailing head (orange; PDB: IMKJ) on the
microtubule (alpha-tubulin is shown in dark gray, beta-tubulin in light gray, PDB: 6DPU). Colored arrows depict the displacement of the different labeling positions from the
microtubule-bound state of the trailing head (dark magenta; PDB: 3J8Y). Uncertainties of the positions for aa28 and aa324 are displayed by the shaded regions representing the
Gaussian width of the step-size distribution. The leading head is shown in the apo state (cyan; PDB: 4ATX).

affect the unbound state duration but did sub-
stantially increase the time spent in the bound
state (fig. S11). Therefore, we conjectured that
ATP hydrolysis did not take place in the 1HB
state, but rather after the unbound head moved
to its next binding site. This hypothesis was
further supported by comparing the run length
(actual distance traveled) and run fraction
(ratio of run length and distance from starting
point to end of microtubule) determined from
kymographs of total internal reflection fluo-
rescence (TIRF) microscopy measurements for
construct T324C under ATPyS and under ATP
consumption. For 1 mM ATPyS, kinesin walked
36 times more slowly but with an average run
length nearly as long and an average run frac-
tion nearly as large as for 1 mM ATP. (The ob-
served slight reduction of run length was likely
caused by increased bleaching over the much
longer run time.) Whereas walking speeds were
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comparable for 1 mM ATPyS and 1 uM ATP,
the run length was substantially shorter and
the run fraction substantially smaller for
1uM ATP (fig. S12). Because the 1HB state is
known to be the one that is most vulnerable
to kinesin detachment from the microtubule
(86), the combined results disqualify 1HB as
being the ATP-hydrolyzing state.

Further examination of the traces revealed a
rare occurrence of an uneven number of ~8-nm-
sized substeps between regular ~16-nm-sized
steps (fig. S13) without concurrent side step-
ping. We reasoned that the lack of a second
corresponding substep probably arose from
kinesin detaching into a weakly bound slip
state and subsequently reattaching to the mi-
crotubule before or after an unpaired substep.
When the heads change binding positions on
the microtubule, an uneven number of inter-
mediate substeps is expected in the traces.
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Such a slip state has so far only been reported
for Kkinesin under load (27, 37), not for freely
walking kinesin.

Reconstruction of unbound head orientation
during stepping

To explore the 3D orientation of the unbound
head, we repeated the 2D-MINFLUX tracking
experiments with two additional kinesin con-
structs: E215C labeled at its solvent-exposed
cysteine located at the C-terminal end of the
B6-sheet (Fig. 5A, top left) and K28C labeled
at its solvent-exposed cysteine at aa28 (Fig. 5A,
top right). In the bound state, the labeling po-
sitions of E215C and K28C are located in the
very front and back of the head, respectively,
relative to the walking direction. The fraction
of detected pairs of substeps (B—U and U—B)
of construct E215C did not differ substantially
for 10 uM, 100 uM, and 1 mM ATP. Unlike in
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previous experiments with construct T324C
(Fig. 4B), these fractions always amounted to
only ~10% of the entire population of substep
pairs and regular steps (Fig. 5A, bottom left).
In fact, compared with construct T324C (espe-
cially for 10 uM ATP), this fraction was sub-
stantially smaller and the unbound state was
substantially shorter (fig. S14). By contrast,
construct K28C (Fig. 5A, right) did not notably
differ in these aspects from construct T324C,
indicating that the observed substeps of E215C
do not represent the real 1HB state of the la-
beled head (for details, see supplementary text
section 2.5). The substep peak of the step-size
histogram of construct K28C was sharper than
that of T324C, with a clear peak centered at
8 nm. Plotting the sequence of consecutive
step sizes in 2D histograms revealed an asym-
metry of 6-nm B—U substeps and subsequent
10-nm U—B substeps of construct T324C,
which is in contrast to the symmetric substep-
ping behavior of the K28C construct (Fig. 5B).

We cannot fully exclude that the modifi-
cation at aa215 hampered kinesin from enter-
ing a detectable 1HB state caused by altered
protein-protein interactions or steric hin-
drance. However, this scenario disagrees with
earlier Forster resonance energy transfer
(FRET)-based observations of the 1HB state
of a kinesin construct that was point mutated
and labeled at aa215 (38). Therefore, we advance
the following reasoning. Because MINFLUX
tracks the fluorophore position, our traces
actually represent displacements of individual
amino acids. Specifically, they map projections
of the 3D amino acid trajectories onto the fo-
cal plane. Differences in substeps between in-
dividual kinesin constructs can be attributed
to different trajectories of aa28, aa215, and
aa324 in space, pertaining to the “back,” “front,”
and “middle” part of the head, respectively.

This approach allowed us to reconstruct the
3D orientation of the labeled head in its un-
bound state. Under the assumption that each
kinesin construct entered the 1HB state with
its unbound head in between previous and
next microtubule-binding sites, the nonappar-
ent displacement of aa215 along the on-axis
actually indicates a rotation of the unbound
head around its front during a substep. Like-
wise, the symmetry of substep pairs of con-
struct K28C implies a forward rotation of aa28
by ~8 nm, and the asymmetry of substep pairs
of construct T324C suggests a displacement of
aa324 by ~6 nm along the microtubule axis
when entering the unbound state.

Next, we investigated the off-axis displace-
ment of the unbound head, which has been
reported to be rightward (76) or nonexistent
(15) by different bead-tracking studies using
an inherently artifact-prone label (28). We
found off-axis displacements in the unbound
state of <2 nm for T324.C and up to ~5 nm for
K28C (fig. S15). For the entire substep popu-

Wolff et al., Science 379, 1004-1010 (2023)

lation of K28C, rightward, near-zero, and left-
ward off-axis displacements appeared. The
displacement was always consistent in mag-
nitude and direction within a single trace, as
shown by Pearson correlation analysis [p =
0.65 + 0.02 (mean+SD)].

To correlate the observed off-axis displace-
ments with individual protofilament classes
of a single microtubule (“sides,” “center,” and
“between”) (Fig. 5C), we recorded trace sets
(137 traces in total) of construct K28C on 19
different microtubules using actively stabi-
lized samples (for details, see materials and
methods section 1.1.3 and fig. S16). The outer-
most traces of the individual sets were spaced
by ~30 nm, which agrees well with the micro-
tubule diameter of ~25 nm (39, 40) plus twice
the ~2.5-nm distance between the labeling po-
sition of construct K28C and the microtubule
surface (inferred from PDB 3J8Y). Thus, these
traces were assigned to kinesins walking along
side protofilaments and were used as refer-
ences for the remaining trace assignment.

Located between two side traces, the center
traces exhibit pronounced rightward displace-
ment into the unbound state (Fig. 5D). After
aligning all trace sets along their central on-
axes, the substep off-axis displacements were
plotted against the lateral offsets of the cor-
responding traces from the microtubule center
axis (Fig. 5E). Imperfections in the alignment
of all trace sets may introduce minor errors in
position, but the traces of kinesins walking
along side protofilaments display a near-zero
off-axis displacement of their unbound states,
ruling out a considerable displacement of aa28
away from the microtubule surface. Because
protofilaments at the bottom of microtubules
were mostly blocked by neutravidin and poly-
mer (Fig. 5C), virtually all of the center traces
can be attributed to kinesins walking on the
microtubule’s top. These traces showed max-
imum and predominantly rightward off-axis
displacements into the unbound state. This
finding is corroborated by further detailed
analysis of the between traces generated by
kinesins walking both on top and bottom
protofilaments, leading to both rightward
(for top) and leftward (for bottom) off-axis
displacements for simple geometric reasons
(see supplementary text section 2.7). We con-
clude that upon entering the unbound inter-
mediate state, aa28 of the trailing head is
displaced up to ~5 nm rightward with respect
to the kinesin coordinate system.

The combination of on-axis substep sizes
and associated off-axis displacements of the
investigated amino acid positions allowed us
to derive an approximate average 3D orienta-
tion of the unbound head during kinesin mo-
tion (Fig. 5F and movies S1 and S2), improving
and specifying the ones derived from FRET
studies (35, 38). In conjunction with stalk ro-
tation (Fig. 3), which is expected to resolve
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torsion and thus decrease asymmetry caused
by a head’s full step, our data showing sys-
tematic rightward displacement of the un-
bound head indicate that the hand-over-hand
stepping is symmetric.

Our model of the mechanochemical cycle
of kinesin (visualized in fig. S17) is based on
MINFLUX tracking with 3 nm/0.63 ms STR
per individual localization using just 20 de-
tected photons, allowing the identification of
>12,000 Kkinesin steps with 1-nm precision (fig.
S18). We believe that this performance sets
a benchmark for protein tracking. Fluoro-
phores with higher emission rates will increase
the STR even further. The confocal arrange-
ment of the MINFLUX system, because it
strongly suppresses background, also allows
for protein investigations in living cells (41).
In fact, one can readily envisage applying
MINFLUX to any nanometer-scale changes of
fluorescently labeled biomolecules. We thus
believe that our study establishes MINFLUX
as a next-generation tool for recording confor-
mational changes of single proteins with mini-
mal invasiveness.
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Zeroing in on motor proteins

The super-resolution microscopy technique MINFLUX enables localization of fluorophores using a minimal number

of photons. Two studies now expand on the development and implementation of MINFLUX to track motor protein
dynamics in vitro and in cells (see the Perspective by Fei and Zhou). Wolff et al. refined the precision of MINFLUX
such that single-fluorophore tracking with nanometer precision was possible with only tens of photons. They tracked
the movement of kinesin-1 on microtubules and were able to see individual 4-nanometer substeps and rotation of

the protein during stepping in their analysis. Deguchi et al. applied MINFLUX with a labeling and tracking approach
called motor-PAINT to monitor stepping of motor proteins on microtubules in living and fixed cells in both two and three
dimensions. —MAF
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