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Many bacterial species use gliding motility in natural habitats
because external flagella function poorly on hard surfaces. How-
ever, the mechanism(s) of gliding remain elusive because surface
motility structures are not apparent. Here, we characterized the
dynamics of the Myxococcus xanthus gliding motor protein AglR,
a homolog of the Escherichia coli flagella stator protein MotA. We
observed that AglR decorated a helical structure, and the AglR
helices rotated when cells were suspended in liquid or when cells
moved on agar surfaces. With photoactivatable localization micros-
copy, we found that single molecules of AglR, unlike MotA/MotB,
can move laterally within the membrane in helical trajectories. AglR
slowed down transiently at gliding surfaces, accumulating in clus-
ters. Our work shows that the untethered gliding motors of
M. xanthus, by moving within the membrane, can transform heli-
cal motion into linear driving forces that push against the surface.

PALM | protein dynamics

Motility is a fundamental function that facilitates the survival
of bacteria in their natural habitats and is a crucial viru-

lence determinant of pathogenesis (1, 2). Although most bacterial
species use flagella rotation or pili extension/retraction for loco-
motion, other species, such asMyxococcus xanthus, glide smoothly
on solid surfaces unaided by flagella or pili (3, 4). The mechanism
(s) of gliding have remained elusive for more than a century
because gliding cells lack obvious external motility structures.
In M. xanthus, homologs of Escherichia coli flagella stator pro-

teins power glidingmotility by using protonmotive force (PMF) and
multiprotein complexes that span the cytoplasm, membrane, and
periplasm (5–7). It remains unclear how force generated by motor
proteins can be transmitted to the cell surfacewithout disrupting the
peptidoglycan layer and how the reported bidirectional movement
of motors can generate unidirectional gliding motion (6).
In reviewing the sequences of the MotAB homologs, AglR,

AglQ, and AglS, we noted that AglQ and AglS, the MotB homo-
logs lack the C-terminal peptidoglycan attachment motif charac-
teristic of E. coli MotB (Fig. S1), making them free to move within
the membrane as motors. Based on this evidence, the “helical rotor
model” proposes a detailed mechanism of force generation (Fig. 1).
In this model, the flagella stator homologs function as motors by
moving in helical trajectories. When the motor complexes contact
the surface, they slow down and accumulate in “clusters” that de-
form the cell surface (6). The moving distortions may push cells
forward against the slime that is deposited onto the surface during
gliding (8) (Fig. 1).
The helical rotor model explains the following experimental

observations: (i) MotAB homologs, PMF, and MreB are all re-
quired for gliding motility (6, 9); (ii) the motility complexes move
in both directions, along bidirectional cytoskeleton filaments,
evidenced by the observation that irradiated motility protein
AgmU-mCherry recovers within seconds in both directions in
fluorescence recovery after photobleaching (FRAP) experiments
(6); (iii) cells placed on soft agar or suspended in water are
nonmotile, but the AgmU helices keep rotating [in this case,
there are no slowed motor proteins (traffic jams) without the

resistance encountered with a surface and therefore no axial thrust
is generated] (6); (iv) cells on hard surfaces show almost stationary
AgmU clusters because hard surfaces cause motor proteins to slow
down and stall (5); (v) cells align with stress lines in the substrate
(elasticotaxis) (10); and (vi) the cell surface is uneven, showing
undulations by total internal reflection (TIR) fluorescence mi-
croscopy (6).

Results and Discussion
AglR Decorates a Rotating Helical Structure. To further investigate
the mechanism of gliding, we monitored the movement of mo-
tor complexes as cells glide on 1.5% (wt/vol) agar surfaces. The
motors of M. xanthus consist of protein complexes formed by
AglR, a homolog of E. coliMotA, and two MotB homologs AglQ
and AglS (6, 7). Direct evidence for the role of this complex in
gliding was provided by a mutation in the predicted proton-
binding site of AglQ that blocked gliding (7). Therefore, in this
study, we investigated the structure and dynamics of AglR using
superresolution microscopy. AglR was labeled with photo-acti-
vatable mCherry (pamCherry) fused to its C terminus (11). This
strain maintained WT gliding motility (Fig. S2). Using structured
illumination microscopy (SIM), we observed that AglR deco-
rated a double helical structure in fixed cells (Fig. 2; Movies S1
and S2). The pitch of AglR-decorated helices was 1.34 ± 0.51 μm
(mean ± SD, n = 10), similar to the pattern of AgmU, a putative
motor-associated protein (5, 6). Additionally, the helices rotated
with a similar velocity to that observed for AgmU when live cells
were suspended in 1% (wt/vol) methylcellulose (Movies S3 and

Significance

Gliding is a form of enigmatic bacterial surface motility that
does not use visible external structures such as flagella or pili.
This study characterizes the single-molecule dynamics of the
Myxococcus xanthus gliding motor protein AglR, a homolog of
the Escherichia coli flagella stator protein MotA. However, the
Myxococcus motors, unlike flagella stators, lack peptidoglycan-
binding domains. With photoactivatable localization microscopy
(PALM), we found that these motor proteins move actively
within the cell membrane and generate torque by accumulating
in clusters that exert force on the gliding surface. Our model
unifies gliding and swimming with conserved power-generating
modules.

Author contributions: B.N., J.N.B., A.Y., and D.R.Z. designed research; B.N., J.N.B., and I.-H.S.
performed research; B.N., J.N.B., and A.M. analyzed data; and B.N., J.N.B., A.M., A.Y., and
D.R.Z. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. M.H. is a guest editor invited by the
Editorial Board.
1B.N. and J.N.B. contributed equally to this work.
2To whom correspondence may be addressed. E-mail: yildiz@berkeley.edu or zusman@
berkeley.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1219982110/-/DCSupplemental.

E1508–E1513 | PNAS | Published online April 1, 2013 www.pnas.org/cgi/doi/10.1073/pnas.1219982110

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219982110/-/DCSupplemental/pnas.201219982SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219982110/-/DCSupplemental/pnas.201219982SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219982110/-/DCSupplemental/sm01.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219982110/-/DCSupplemental/sm02.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219982110/-/DCSupplemental/sm03.mov
mailto:yildiz@berkeley.edu
mailto:zusman@berkeley.edu
mailto:zusman@berkeley.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219982110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219982110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1219982110


S4) or when they moved on agar surfaces (Movie S5) (6), con-
sistent with the report that AglR and AgmU belong to the same
gliding machinery (12). Although the SIM images show the AglR
macrostructure to be clearly helical, we could not exclude pos-
sible artifacts introduced by the cell fixation procedure and the
algorithms of image processing. It is therefore necessary to track
the movements of AglR at the single molecule level to better
elucidate the dynamics of the gliding motors.

Single Molecules of AglR Move in Helical Trajectories. To follow the
motility of individual complexes in live cells, we photoactivated
a small fraction of AglR-pamCherry molecules and imaged them at
200-ms intervals. The photoactivated AglR-pamCherry molecules
appeared isolated from each other. The intensity of each fluorescent
spot was very similar, and each spot bleached out instantly in a one-
step manner (Fig. S3). From these results we conclude that the
fluorescence spots we tracked are single molecules of AglR rather
than clusters of multiple AglR molecules. AglR moved along the
cell widths and the cell lengths, projecting zigzag trajectories in two
dimensions. Considering the fact that AglR moves within the re-
striction of cylindrical cell membranes, the only reasonable expla-
nation of the observed zigzag tracks in two dimensions is that AglR
molecules move in helical trajectories in three dimensions (Fig.
3A; Movies S6 and S7). On average, AglR traveled 655 ± 283 nm
(mean ± SD, n= 10) along the cell length when moving across the
cell width, equivalent to half of the helical pitch of the AglR helix.
The movement of AglR is a specific motility-related behavior, be-
cause another pamCherry-labeled MotA homolog (MXAN_6483)
that has no function in gliding did not show any motion (Movie S8).
To track AglR movements near surfaces at 100-ms intervals,

we imaged the bottom half of the cells under near total internal

reflection (TIR) illumination (13, 14). Fig. 3B and Movies S9 and
S10 show AglR molecules moving across cell widths, consistent
with the rotational movements of the AglR-decorated helices
shown in Movies S3 and S4. Because we frequently observed AglR
molecules moving in opposite directions within the same cell, AglR
movements were unlikely to be the result of cellular rotation (Fig.
3C; Movie S11). In fact, cellular rotation is only rarely observed
during gliding (15). The observed displacements along the cell
length were not due to gliding either, because cells moved less than
50 nm during the same time period (∼500 ms). Collectively, these
results show that AglR molecules move in helical trajectories.
We next deduced the 3D motion of AglR from our 2D images.

The maximum 2D velocity (V2D) of AglR molecules was detected
near the center of the projected cell surface (Fig. 4A), which
represents their de facto maximum velocity in three dimensions
(V3D). In contrast, slower V2D was usually detected near the cell
borders due to the geometrical projection of V3D (Fig. 4A). The
maximum linear velocity we detected (V2D-max) was 2,500–3,000
nm/s. Considering the dimensions of the AglR helices, we esti-
mate that the revolving period of AglR molecules is ∼700–1,000
ms. Indeed, we observed that some AglR molecules traversed
the cell width (180°) in 500 ms (Fig. 3 A and B). However, the
collective revolving period of individual AglR molecules is much
longer (about 5–10 s), suggesting that individual molecules may
slow down during rotation.
If AglR moves in helical trajectories, in 2D images, the angle

between AglR trajectories and the long axis of cells (θ) is pre-
dicted to increase from 0° at the cell boundaries to reach their
peak numbers near the cell center (Fig. 4A). We generated a
trajectory for each AglR molecule in every 100-ms interval (397
trajectories from five cells). The θ histogram matches well with
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Fig. 1. Simplified helical rotor model of gliding motility. (A) The motors
push against the looped helical track (gray band). At the sites where cells
contact the gliding surface, motor complexes exert force against the cell
envelope. As a result, the motor complexes slow down and aggregate into
protein clusters, which appear as “focal adhesion” sites in previous reports
(5, 17). (B) Zoom-in view of the motor complexes. The high drag on the red
cargo protein results from its bulky geometry, which deforms the cell en-
velope locally. The bump formed at the surface induces a high drag force on
the motor. This figure is adapted from ref. 6.

Fig. 2. AglR-pamCherry decorates helical macrostructures. SIM images of
two typical fixed aglR::pamCherry cells are shown. For each cell, the surface
sections are displayed, in which void areas are encircled by helical fluores-
cence. The distance between adjacent nodes of the helices (half of helical
pitch) was 0.67 ± 0.25 μm. Traces of the helical macrostructures are shown on
a magnified section of each cell. (Scale bar, 1 μm.) The Z-stack SIM images are
shown in Movies S1 and S2.
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the predicted distribution in an asymmetric pattern (Fig. 4B),
consistent with helical trajectories. This unique behavior of AglR
is different from the circumferential revolution of the MreB
fragments in Bacillus subtilis and E. coli, where θ peaks at 90°
(13, 14, 16).

AglR Molecules Slow Down at the Sites Where Cells Contact Gliding
Surfaces. We also plotted V2D of individual AglR trajectories
against its corresponding θ value (Fig. 4C). V2D-max was always

detected near the centers of the projected cell surfaces (θ is 45–
50°), whereas lower V2D was detected near the cell boundaries
(θ is 0–20°), consistent with the helical model. Interestingly, 40%
of the AglR molecules slowed down near the center of the pro-
jected cell surfaces, where the ventral sides of cells were in con-
tact with the substratum during gliding (Fig. 4 C and D; Movie
S12). This observation is consistent with the helical rotor model in
which the motor units slow down due to the resistance of the
underlying surface. The data explain why the maximum rotation
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Fig. 3. The motility of single AglR molecules. (A) 2D trajectory of a single AglR-pamCherry was recorded at 200-ms intervals. The cell boundaries were
marked with blue lines. The overlay shows the AglR position in consecutive frames. (B) Bottom half of the cells were excited by TIR, and AglR motility was
recorded at 100-ms intervals. (C) Two individual AglR molecules rotate in opposite directions, suggesting that AglR rotation is not a result of cell body ro-
tation. (Scale bars, 1 μm.) Only sections of cells are shown in this figure. The images of whole cells are shown in Movies S6, S7, S9, S10, and S11.
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Fig. 4. AglR moves in helical trajectories. (A) A
mathematical model in which the 3D movement of
AglR molecules is projected into 2D images. V2D-max

and V2D-min are expected near the cell center (green
circle) and the cell boundaries (red circle), respec-
tively. (B) Distribution of the angles (θ) between
AglR trajectories in each 100-ms period and the long
axis of cells. Red dotted line shows the predicted
asymmetric angle distribution. The angle distribu-
tion was derived from 397 AglR trajectories in five
cells. (C) V2D-max is detected near the cell center,
where θ is 45–50° (green arrow). V2D-min appears
near the cell boundaries where θ is low (red arrow).
However, low V2D is also detected near the cell
center (yellow arrow), indicating that AglR mole-
cules slow down at surface contact sites. (D) Single
AglR molecules slow down at the center of the
projected cell surface. (Scale bar, 1 μm.) Only a sec-
tion of cell is shown in this figure. Images of the
whole cell are shown in Movie S12.
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speed of individual molecules (60–85 rpm) is much higher than
that of the AglR- and AgmU-decorated helices (6–12 rpm). We
anticipate that the sites where AglR motors slowed down were
also the sites where motors exerted force on the cell envelope (7).
Due to the periodic helical conformation of the trajectories, many
motor complexes likely slow down and cluster into a limited
number of sites/cell. These sites appear as evenly spaced protein
clusters (previously described as “focal adhesion” sites), observed
with the gliding proteins AgmU, AglZ, and AglQ (5, 6, 17, 18).
Previously, we observed that the hardness of the gliding surface

impacted cluster formation of AgmU (5). The V2D-max of AglR was
similar on both 1.5% and 5% (wt/vol) agar surfaces. However, on
5% (wt/vol) agar, most of the AglR molecules remained seques-
tered in clusters (Fig. 5A). When surface hardness was increased
from 0.8 to 5% (wt/vol) agar, both the number of molecules that
moved faster than 800 nm/s and their average velocity (V2D-avg)
decreased dramatically (Fig. 5 B and C). The data suggest that the
gliding machineries slow down more frequently as they encounter
more resistance from harder surfaces. We then embedded cells
in 1.5% (wt/vol) agar to allow the entire cell surface to contact
the agar matrix. Under this condition, less than 5% of the AglR
molecules moved faster than 800 nm/s, and the V2D-max of AglR
decreased to ∼1,000 nm/s, indicating that most of the motors
were retarded by frictional forces encountered at the cell sur-
face (Fig. 5 B and C; Movie S13).

Rotation of Motors Depends on PMF and MreB. Previously, we
showed that blocking PMF by cyanide-m-chlorophenylhydrazone
(CCCP) or disrupting the MreB cytoskeletal filaments by A22
rapidly blocks gliding motility and the rotation of the AgmU
helices (6, 7). Like AgmU, AglR stopped moving immediately
when cells were treated with CCCP or A22 (Fig. 6).

Other Gliding Proteins Are Required for the Movements of Motor
Complexes in Helical Trajectories. Besides the genes encoding the
motor complex (aglR, aglQ, and aglS), ∼40 other genes are also
required for gliding motility (19). For example, the AglRQS
complex was shown to directly interact with another complex of
gliding proteins including AgmU and AglZ (12). The ΔagmU and
ΔaglZ mutants were unable to move by gliding, despite the ex-
istence of functional AglQRS motor complexes (5). To in-
vestigate these defects, we expressed AglR-pamCherry at low
levels in the ΔagmU and ΔaglZ strains. Using photoactivation, we
observed that AglR showed aberrant movements in the ΔagmU
strain: 80% of AglR molecules remained stationary; those mol-
ecules that were still motile followed linear trajectories with fre-
quent pauses and reversals but displayed the same V2D-max as WT
(Fig. 7 A and B; Movie S14). V2D of motile AglR molecules
showed no correlation with θ; thus, the helical motion of AglR
was replaced by linear motion along the cell axes (Fig. 7C). In
contrast, in the ΔaglZ strain, AglR moved faster (V2D-max > 3,500
nm/s) but lost its directionality (Fig. 7 D–F; Movie S15). The data
are consistent with the regulatory function of AglZ in gliding
motility (20). We propose that AgmU, AglZ and other unchar-
acterized components in the gliding machinery may guide the
motor complexes into helical trajectories and regulate their slow-
down behaviors.
In this study, we provide evidence that the flagella stator com-

plex, AglRQS, together withmanymotor associate proteins, moves
actively within the cell membrane following helical trajectories,
generating torque by accumulating in clusters that exert force on
the gliding surface. In E. coli, MotA and MotB form proton
channels and generate torque by the association and dissociation of
protons on a critical Asp residue of MotB. The conformational
changes of MotB were shown to affect the cytoplasmic domains of
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Fig. 5. The behavior of AglR molecules is sensitive to
the hardness of the gliding surfaces. (A) On 1.5%
agar, most AglR molecules show displacement during
1.2 s. On 5% agar, where most motors are engaged in
exerting force against the cell envelope, bigger pop-
ulation of AglR is observed nonmotile. The image of
one frame (red, Left) is merged with a frame recorded
0.3 s later (green; Center). The motion of AglR mol-
ecules during each 0.3-s interval is shown as the color
shifts in the merged images (Right). The outline of
each cell is shown in the first frame. (Scale bar, 1 μm.)
In a time period of 1.2 s, no cell movement was
detected. (B) As the surface hardness increases or the
cells are embedded in 1.5% agar, the probability of
AglR moving with high velocities (>800 nm/s) de-
creases. (C) On 0.8%, 1.5%, and 5.0% agar, the V2D-max

of AglR molecules is similar, whereas the V2D-avg

decreases dramatically as the surface hardness in-
creases. When cells are embedded in 1.5% agar, both
V2D-max and average V2D decrease. These results in-
dicate that AglR molecules slow down more fre-
quently when they contact with harder or broader
gliding surfaces.
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MotA, which drive the rotation of the flagella rotor (21, 22). In
M. xanthus, complexes of AglR, AglQ and AglS serve as motors in
glidingmotility. The torque generated by the proton channels could
enable the motor complexes to move along cytoplasmic filaments.
At the same time, the motor complexes could carry protein cargos
such as AgmU and AglZ, and exert force against cell envelope

through these protein cargos. The bidirectional motion of motors
explains why the gliding proteins move toward both cell poles (6).
Our observations are consistent with the helical rotor model (6)

(Fig. 1) and redefine the previously reported focal adhesion sites as
the “traffic jam” macrocomplexes formed by the slowed-down
motors and their associated proteins. We propose that motor
complexes exert forces at these sites by pushing against the cell
envelope without breaching through the peptidoglycan layer. Al-
though some of the motility proteins in myxobacteria are absent in
other species, similar propelling mechanisms may exist in other
gliding and swimming bacteria such as Flavobacterium johnsoniae
and Synechococcus. In both species, rotational motion is required
for linear movement (23, 24). The reinvention of novel motility
systems from the reconfiguration of conserved flagella motor
motifs may enable bacteria to better adapt to difficult habitats.

Materials and Methods
Strain Construction, Growth, and Phenotype Analysis. To avoid the possible
interference of the motility that is powered by type IV pili, we constructed
M. xanthus strains that lack type IV pili and therefore can only move by
gliding. Strain construction and growth were performed as described in ref.
5. Phenotype analyses shown in Fig. S2 were performed as described (5). Cells
were photographed with a WTI charge-coupled device (CCD)-72 camera, on
a Nikon Labophot-2 microscope, with 10× objective.

Cell Embedding. To embed cells in agar, 1.5% (wt/vol) agar was melted with
boiling and cooled down to ∼40 °C.M. xanthus cells expressing AglR-pamCherry
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Fig. 7. Helical motility of AglR is disrupted in the
ΔagmU and ΔaglZ backgrounds. (A) AglR moves in
linear trajectories in the ΔagmU strain, with frequent
pauses and reversals. (B) Angle distribution of AglR
motility deviates significantly from that of WT (dot-
ted lines) at θ < 30°. (C) Projected V2D of motile
molecules is slow and shows no correlation with θ.
(D) AglR molecules move actively along irregular
trajectories in the ΔaglZ strain. (E) Angle distribu-
tion of AglR motility (n = 203) deviates significantly
from that of WT (dotted lines) in the ΔaglZ strain. (F)
V2D-max of AglR in the ΔaglZ strain is higher than in
the WT. AglR slowed down at random positions,
evidenced by the irrelevancy between V2D and θ.
(Scale bars, 1 μm.) Only sections of cells are shown in
this figure. The images of cells with at least one cell
pole in sight are shown in Movies S14 and S15.
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as the sole source of AglR were grown in casitone yeast extract (CYE) me-
dium, which contains 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS),
pH 7.6, 1% (wt/vol) Bacto casitone (BD Biosciences), 0.5% (wt/vol) Bacto
yeast extract, and 4 mM MgSO4 (25) to OD600 = 1. Cells (200 μL) were har-
vested by 7,000 × g centrifugation for 30 s. The pellet was suspended with 20
μL 1× PBS and mixed with 800 μL 1.5% (wt/vol) agar by brief vortexing. The
mixture was then dropped onto a microscope slide and covered by another
slide. One slide was removed after the agar solidified, and the agar pad was
covered with a coverslip.

Regular Fluorescence Microscopy. Regular fluorescent microscopic exper-
imentsshown in Movies S3, S4, and S5 were performed as previously described
(6). For regular fluorescent and photoactivatable localization microscopy
(PALM) experiments, 700 μL melted agar was dropped onto a microscope
slide and covered by another slide. One slide was removed after the agar
solidified, leaving the agar pad on the other slide. Cells were grown in CYE
medium to OD600 = 1, and 20 μL culture was dropped onto each agar pad
and covered by a coverslip.

SIM. Cells were grown in CYE medium to OD600 = 1, harvested, and fixed with
4% (wt/vol) paraformaldehyde onto 0.1% (wt/vol) poly-L-lysine–treated
coverslides, as previously described (9). For imaging, we used the Zeiss Elyra
system with a 100× 1.46 NA objective, grid 4, 42 μm. Images were acquired
using the Zeiss Zen software. The 561-nm laser was used; exposure time was
100 ms.

PALM. AglR-pamCherry expression was reduced by cloning the gene behind
the copper-inducible cuoA promoter (26) in the AglR+ strain. In the absence
of copper, expression of AglR-pamCherry was very low but detectable; it did
not cause any defects in gliding motility (Fig. S2). M. xanthus cells were
grown in CYE to OD600 = 1. The iaging for single molecule tracking was done
on an inverted Nikon Eclipse-Ti microscope with a 100× 1.49 NA TIRF ob-
jective, and the images were collected using an electron-multiplied CCD
camera (trademarked product of Andor Ixon BV897, effected pixel size ∼78

nm). The photoactivable mCherry AglR strains were activated using a 405-
nm laser and were excited and imaged using a 532-nm laser. Images were
acquired at 100- or 200-ms time resolutions.

Particle Tracking and Data Analysis. The single molecules that were observed
continuously in more than 10 sequential frames were analyzed. Single
molecules of AglR were tracked with the SpotTracker plugin (27) in the
ImageJ software suite (http://rsb.info.nih.gov/ij/). Some obvious off-target
spot recognitions were manually corrected. Cell borders and axes were de-
fined with the MicroTracker software, as described (14, 28). Trajectory of
each 100-ms step was defined as the straight-line segment connecting the
center of the spot in one frame (X1, Y1) and the center of the same spot in
the frame acquired 100 ms later (X2, Y2). The distance (in pixels) between any
two positions (d) was generated directly by the SpotTracker plugin (27). V2D

(nm/s) was calculated as V2D = d × 78/0.1. Angle θ was calculated according to
the following formula: θ = |tan−1fj(Yb − Ya)/(Xb − Xa) − (Y2 − Y1)/(X2 − X1)|/[1 −
(Yb − Ya)/(Xb − Xa)(Y2 − Y1)/(X2 − X1)]gj, where (Xa, Ya) and (Xb, Yb) denote the
coordinates of the two ends of the local cell axis. Generally, our tracking
method gave high accuracy near the centers of the projected cell surfaces.
However, displacements in three dimensions are projected to very short dis-
tances near the cell borders, which lower the accuracy of angle calculation at
low θ values. Lower accuracy near the cell borders may explain that in Fig. 2B
more trajectories with θ between 0° and 5° were observed than predicted.
Another reason for this observation is that somemolecules at the opposite 180°
of cell surface were detected at cell borders, increasing the number of trajec-
tories with low θ values.
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