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Kinesin and dynein are fundamental components of intracellular
transport, but their interactions when simultaneously present on
cargos are unknown. We built an optical trap that can be calibrated
in vivo during data acquisition for each individual cargo to measure
forces in living cells. Comparing directional stall forces in vivo and in
vitro, we found evidence that cytoplasmic dynein is active during
minus- and plus-end directed motion, whereas kinesin is only active
in the plus direction. In vivo, we found outward (∼plus-end) stall
forces range from 2 to 7 pN, which is significantly less than the 5- to
7-pN stall force measured in vitro for single kinesin molecules. In
vitro measurements on beads with kinesin-1 and dynein bound
revealed a similar distribution, implying that an interaction between
opposite polarity motors causes this difference. Finally, inward
(∼minus-end) stalls in vivo were 2–3 pN, which is higher than the
1.1-pN stall force of a single dynein, implyingmultiple active dynein.
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Cytoplasmic molecular motors, a fundamental component of
cellular machinery, have been extensively characterized in

vitro. Using single molecule fluorescence techniques and optical
trapping, parameters such as the stepping rate, size, and stall force
have all been measured (1–3). However, measurements on motors
in vivo are necessary as the motors operate in a radically different
environment than motors in vitro. Multiple and different types
of motors can be bound to cellular cargo, accessory proteins are
present, and cellular signals can impact cargo transport (4, 5).
The cellular environment is also viscoelastic, causing viscous
drag and elastic tethering to surrounding structures such as organ-
elles and the cytoskeletal matrix (6, 7). This mixture of spring-like
elastic behavior and friction-like viscous behavior makes it im-
possible to correctly calibrate optical traps using previous in
vitro methods.
Several experiments have attempted to monitor in vivo stall

forces by calibrating the optical trap in vitro. These experiments
have led to results that were difficult to interpret and contradic-
tory, some even postulating the stall forces measured in vivo in-
dicate that kinesin has a different stall force in the cell (8, 9). There
has also been considerable interest in understanding the mecha-
nism of interaction between plus-end and minus-end directed
microtubule motors (which are typically kinesin and dynein), be-
cause they are frequently on the same cargos, which are known to
undergo stochastic saltatory types of motion (10). It is unclear
whether the interaction is coordinated, where an external protein
or signal controls which motor is turned on at any given time, or
a “tug-of-war,” where the strongest motor(s) wins (11–13). Sop-
pina et al. argued, based on in vivo and in vitro measurements of
organelle stretching and pausing before directional switching, for
a tug-of-war, but only measured forces for a subset of organelles in
vitro (13). In addition, most tug-of-war models assume that the
“losing” motor is ripped off the microtubule; we will argue that
this is not true. In general, in vivo stall force measurements that
support either type of intracellular transport model are lacking
to date.

Results
Measurement of In Vivo Stall Forces. Using a recently developed in
vivo calibration technique (Methods) (14, 15), we measured the in
vivo stall forces of lipid vesicles in A549 human epithelial cells and
phagocytosed polystyrene beads in Dictyostelium discoideum. We
used these two cell types to compare stall forces with each other.
The data were also compared with previously published data on in
vivo stalls in A549 cells that used in vitro calibration (9) and with in
vitro stalls from purified Dictyostelium endosomes (13). We sepa-
rated the runs into those toward the cell membrane (outward) and
those toward the cell nucleus (inward) as a proxy for movement
toward the plus orminus microtubule end (Fig. 1A–D, with Fig. 1E
being an example of individual traces used to make the histo-
grams). A critical point is that we see a clear asymmetry between the
outward (Fig. 1 A and C) and inward (Fig. 1 B and D) in vivo stalls.
For outward stalls, there is a broad peak from 2 to 7 pN, whereas for
inward stalls, there is a clear peak between 2 and 3 pN. Wilcoxon
rank-sum tests were performed to compare the inward and outward
stall force distributions, and the tests determined that the inward
and outward stalls originate from different distributions to P < 0.05.
The asymmetry between distributions supports our mapping of
outward and inwards stalls to plus- and minus-end directed stalls.
Although there is still certainly mixing due to misaligned micro-
tubules, it is small enough to give us distinct distributions.
Fig. 1A–D indicates that there is very good qualitative agreement

between the mammalian A549 cells and the slime mold (amoeba)
D. discoideum. Our measurements are similar to previous meas-
urements in Drosophila embryos (8) but disagree with previous
measurements on lipid droplets in A549 cells (9), which showed
higher stall forcemeasurements for both outward and inward stalls.
Both of these previous studies used in vitro calibration.

Outward-Directed Stalls Can Be Explained by Kinesin Interacting with
Dynein. To understand the cause of the spread in outward stall
forces in the cells, we performed several experiments. Our aim was
to determine whether the spread is due to the motors themselves
or due to factors such as the viscoelasticity of the cellular environ-
ment. We first measured the stall force of single mouse kinesin-1 in
vitro (Fig. 2A). This histogram has the usual narrow distribution of
∼5–7 pN (16) and does not replicate our outward in vivo data.
Second, we purified phagosomes fromDictyostelium and removed
the dynein to leave only DdUnc104, a kinesin-3 motor (13, 17).
We also attached a kinesin fromA549 cells to beads andmeasured
its stall force (potentially a kinesin-2, see Fig. S1). Fig. 2B shows
that the histograms are narrow and peaked around the expec-
ted 5–7 pN, very similar to Fig. 2A. Hence, the cause of the wide
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stall-force histograms shown in Fig. 1 A and C is unlikely to be
a plus-end directed motor with an inhomogeneous or low stall
force [as postulated by Shubeita et al. (8)].
A third test was to compare our in vivo stalls to in vitro stalls of

polystyrene beads coated with both kinesin-1 and bovine brain
cytoplasmic dynein (see SI Methods). Is there a possible in-
teraction between motors that causes the broad distribution of
outward stall forces seen in vivo? The answer is yes: here the
plus-end directed in vitro stalls (Fig. 2C) give a histogram similar
to the in vivo measurements (Fig. 1 A and B). We conclude that
the broad outward stall forces, measured in vivo, can be repro-
duced in a simple in vitro system consisting of a cargo, kinesin-1,
and dynein.

Inward Directed Stalls Are Driven by Multiple Dyneins. What in-
formation is provided by the inward in vivo stalls at∼2.5 pN (Fig. 1
B and D)? This value is significantly higher than the in vitro stall
force of single molecules of bovine brain dynein (Fig. 2D) or
Dictyostelium dynein (18). However, dynein’s in vitro stall force is
controversial, and this measurement is on the low end of proposed
stall forces for dynein, typically between 1 and 7 pN (2, 18, 19).We
attempted to recapitulate the in vivo result by preparing poly-
styrene beads with multiple bovine brain dyneins but no kinesin,
and measuring stall forces in vitro (Fig. 2E; see SI Methods). The
stall force peak was ∼1.9 pN. We note that two to four motors
appear to be the maximum number that can simultaneously in-
teract with the axoneme when attached to a bead, because of the
fact that increasing concentrations of dynein or kinesin did not
increase the stall force. Although not as large a stall force as in vivo
measurements, it supports the idea that more than one dynein can

lead to a larger stall force (20). We therefore estimate that there
are two to three dyneins per cargo in our cells, due to a single
dynein’s stall force being ∼1 pN. In addition, minus-end directed
stalls for in vitro beads coated with both kinesin and dynein are
similar to stalls for dynein alone (Fig. 2F; see SI Methods). This
data indicates that kinesin has little or no effect on minus-end
directed stalls.

In Vivo and In Vitro Motors Are Similar. In our simplified in vitro
system, we measure stall force distributions similar to our in vivo
data. The issue then arises that we do not know the plus-end di-
rected motor(s) in vivo (the minus-end directed motor is cytoplas-
mic dynein). How do we know that the unknown plus-end directed
motor is not responsible for the stall behavior we measure in vivo?
For example, it could be a collection ofmotors withweak stall forces
or amotor with variable stall force. This would indeed be a problem,
although we have good evidence that our unknown motors in
Dictyostelium or A549 cells are acting just like kinesin-1, with no
strange behavior. Whether or not it is kinesin-1 does not matter as
long as it has a high stall force peak with a narrow distribution.
In Dictyostelium, there is strong support for Ddunc-104

(a kinesin-3 motor) being the main or only plus-end directed
motor on phagosomes (21, 22). This kinesin-3 is also the motor
attached to purified phagosomes in the in vitro stall force assay
(Fig. 2B) (17). Even if it is not the only motor present on phag-
osomes in vivo, the other organelle transport kinesins that appear
to exist inDictyostelium are all conventional kinesin-1s, which have
stall forces of 5–7 pN (22). Hence, other potential plus-end di-
rected motors in Dictyostelium, if present, should not alter our
conclusions.

Fig. 1. In vivo stall force measurements differ in the outward and inward directions. Stall force histograms of outward (n = 64) (A) and inward (n = 36) (B) stalls
for A549 lipid droplets in vivo. Stall force histograms for Dictyostelium phagosomes (C and D), another in vivo system, are quite similar to A549 measurements
and also reveal an asymmetry (outward n= 53, inward n= 38). The inward and outward distributions for both cell types are significantly different as determined
by a Wilcoxon rank-sum test to the following P values: A549, P = 0.029; Dictyostelium, P = 0.0126. Both systems reveal outward stall forces that differ from the
stall force of kinesin in vitro, which is the motor expected to drive outward motion. These histograms are an accumulation of stall measurements frommultiple
cells, and each stall force is measured bymultiplying the stiffness (calibrated during acquisition independently for each organelle) by the distancemoved during
the stall. (E) Example stall traces for both directions for both cell types, with red boxes indicating the stalls (a quarter second pause before and after amovement
>20 nm;Methods). The first two are outward stalls (2.8 and 5.2 pN) and the last two are inward stalls (1.7 pN for the A549 vesicle and 2.6-, 2.1-, and 2.0-pN stalls
for the Dictyostelium trace). Each of these traces is the entirety of a typical 7-s data acquisition, which is judged for stall force and stall directionality after
acquisition (Methods). In vivo traces were in two dimensions, but only the dimension along which the majority of motion occurred is displayed here.
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In A549, we took kinesin from the cytoplasm (potentially a
kinesin-2; Fig. S1), attached it to beads, and measured a stall force
similar to kinesin-1 (Fig. 2B). It is possible, however, that the
kinesin we examine fromA549 cell lysates is not the kinesin on the
organelles; there could potentially be another kind. Here we rely
on indirect evidence, namely the similarity to our Dictyostelium
measurements, and the fact that conventional kinesin-1, 2, and 3
motors all have stall forces around 5–7 pN (21, 23, 24). As long as
the stall force for the plus-end directed motor on the vesicle is not
much lower than 5–7 pN, our conclusions are valid. SeePotential In
Vivo Factors That Affect Stall Force for a further discussion into
other potential confounding factors in vivo.

Overview of the Technique. We used a unique method, called the
fluctuation-dissipation theorem (FDT) method (14, 15), to cali-
brate the trap stiffness in vivo. By taking a “passive” and an “active”
measurement, we measure the three unknowns in the cellular
trapping environment: the local elasticity, the local viscosity, and the
trap stiffness. The passivemeasurement records the trapped cargo’s
amplitude of thermal motion in the trap. The active measurement
involves oscillating the trap laser and simultaneously measuring the
cargo’s response at multiple frequencies (fn). By combining the
phase delay and the amplitude measured in the active calibration
with the amplitudemeasured during the passive calibration at every
frequency fn, we can obtain the three unknowns and calibrate the

trap in vivo. This calibration method allows us to measure, directly,
stall forces on individually calibrated cargos at the time and place of
data acquisition, as opposed to a post hoc calibration in vitro. The
passive and active calibration measurements are occurring during
and throughout the stall force measurements. This technique has
been shown to work in a variety of viscoelastic materials, including
actin polymers (15) and hyaluronic acid (Fig. S2).
Even though in this situation we have similar results to other

in vivo calibration techniques, our calibration technique offers
many advantages over these techniques. First, most so-called in
vivo calibrations actually involve creating a calibration curve in
vitro and then applying the calibration in vivo on the basis of
organelle size or some other property (8, 9, 25). Second, in every
stall force measurement, our calibration is simultaneous with
data acquisition. Organelles can change shape, bump into other
organelles, leave the trapping area, or otherwise be interfered
with in the cell. Unlike in vitro calibration techniques (often
incorrectly referred to as in vivo techniques), our calibration will
detect this interference even if it is invisible under imaging (Fig.
S3). Third, calibration is done for each organelle in the environ-
ment the stall force will be measured in and measures the local
viscoelasticity for each organelle. No assumptions about size,
shape, or index of refraction are necessary. Fourth, although this
technique gives stall forces similar to those given by previous

Fig. 2. In vivo stall force behavior can be replicated by motor-coated beads in vitro. (A) Stall force histogram of single molecules of mouse kinesin-1 in vitro,
mean of 6.3 ± 1.1 pN (1 SD). This histogram shows that outward stall behavior cannot be explained by kinesin-1 alone. (B) The in vitro stall forces for purified
Dictyostelium phagosomes with only DdUnc104, a kinesin-3, or beads coated with a kinesin purified from A549 cells also cannot explain the outward stall
force observed in vivo (6.8 ± 1.2 pN mean for phagosomes, n = 37, and 6.8 ± 1.1 pN, n = 43, for A549 kinesin on beads). However, the stall force for plus-end
directed beads coated with both kinesin-1 and dynein in vitro (n = 84) (C) replicates outward stall behavior in vivo (here compared with the outward
A549 stall forces seen in Fig. 1A). Stall forces were only measured for beads that had stalls in both directions to ensure both motors were present. This data
implies that an interaction between kinesin family motors and dynein through the cargo is likely the cause of the broad outward stall forces in vivo. In vitro
single dynein stalls are also quite different from inward stall behavior (D), with a mean stall force of 1.1 ± 0.28 pN. (E) Coating a bead with many dyneins
in vitro comes close to replicating in vivo inward behavior, leading to a larger stall force and spread in stall forces. (F) The stall force for minus-end directed
in vitro stalls of beads coated with both kinesin-1 and dynein is similar to that for dynein alone, indicating that kinesin has minimal effect on minus-end
directed motion.
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methods, they are measured using fewer assumptions than be-
fore, thereby lending the measurements more theoretical rigor.

Discussion
Our in vitro and in vivo results support a model that is surprisingly
simple. We have an intracellular transport model in which kinesin
family motors and dynein have their typical in vitro stall forces of
5–7 and 1.1 pN individually, respectively (or additive multiples
thereof). However, when the two motors interact, minus-end di-
rected stall forces are unaffected, whereas plus-end directed stalls
are significantly reduced. This data is consistent with a model in
which minus-end directed motion is run by dynein(s) alone (with
dynein-associated proteins); kinesin does not have any significant
effect, presumably because the kinesin detaches from the micro-
tubule. Plus-end directed motion, on the other hand, involves
kinesin family motors interacting with zero, one, or several dynein
molecules that are being pulled behind. Presumably, the dynein
reduces plus-end directed stall forces by resisting as it is pulled
backward down themicrotubule. That dynein canwalk backward is
not a new idea: it has been shown to occur in vitro and perhaps in
vivo (26). This behavior is consistent with our results here that
kinesin is able to move/drag dynein when heading in the plus-mi-
crotubule direction but that kinesin simply falls off when forced to
move in the minus-end microtubule direction.
Our data do not directly contradict either the tug-of-war (12) or

the coordinated motion (26) models of intracellular microtubule
transport. They do, however, require a significant modification to
both models. Both models currently assume that plus-end and
minus-end directed motions are controlled completely by kinesin
or dynein, respectively, with minimal movement occurring while
both motors are simultaneously attached to the cargo and micro-
tubule. Instead, we propose that the states are as follows: (i)
a kinesin family motor and dynein, simultaneously active, leading
to plus-end directed motion, or (ii) only dynein is active, leading to
minus-end directed motion. Furthermore, the low minus-end stall
forces for bidirectional cargos in vivo (Fig. 1 B and D) and in vitro
(Fig. 2 A and F) indicate that dynein can rarely win a tug-of-war
through force alone. This data indicates that the maximum motor
force in a particular direction does not solely determine cargo
directionality. Other factors that influence directionality warrant
further investigation.
Although our results do not definitively argue for either model,

the preponderance of the evidence argues for a tug-of-war model
for short-range, bidirectional motion in vivo. Previous results ar-
gue for a tug-of-war model for in vitro motion (13, 27). Soppina
et al. and Hendricks et al. (13, 27) take in vivo systems (Dictyos-
telium endosomes or neuronal transport vesicles), purify the
organelles involved, and observe their behavior in vitro. As the
behavior in vivo and in vitro is similar (bidirectional motion,
switching, and other properties), they postulate that there is no
external factor for control of these systems, leading to tug-of-war
being the only possibility. The fact that in vitro systems with only
kinesin and dynein and no accessory proteins undergo directional
switching as seen in our system and in ref. 28 also supports the tug-
of-war model. In addition, we use similar in vitro systems as these
papers and get the same stall behavior in vivo, which also supports
the contention that short-range bidirectional motion in vivo is
modulated by a tug-of-war.
Our model also argues for the involvement of multiple dyneins,

as this would give the wide range of stall forces seen in plus-end
directed motion (Fig. 3). When moving in the plus direction, the
kinesin family motor is usually fighting against dynein, resulting in
a lower stall force [dynein-dragging model (27)]. In the minus
direction, the motors are not interacting because the kinesin
family motor is detached from the microtubule while motion is
driven by dynein(s).
How thedirectionality of long-range cargomotion is determined—

why a cargo is biased in a particular direction—is presently unclear.

The cell must have a means to bias the directionality of motion—
either with a third protein, a chemical signal, or by altering the
motor characteristics (such as motor number, motor activity, or
binding affinity to themicrotubules) (29). Our current results do not
address this issue. Further research into dynein’s attachment state
during bidirectional transport is necessary to determinewhether it is
being dragged behind the cargo during plus-end directed motion or
if some other motor–motor interaction is occurring.

Methods
Setup and FDT Calibration. There are three parts to an experiment in our
application of the FDT method, discussed in detail in refs. 14 and 15: the
positional calibration to obtain the volts to nanometers conversion for the
quadrant photo-diode (QPD); the active calibration; and the passive cali-
bration. Converting the QPD’s output of volts to nanometers involves
trapping the object of interest with the trapping laser and then oscillating
the detection laser over it (Fig. S4A). This technique is different from the one
used in the original FDT method. We oscillate the detection laser’s position
at the sample plane, using an AOM, in a triangle wave pattern of known
amplitude (typically 40–80 nm) and frequency (4,000 Hz), and then divide
the known amplitude by the measured voltage amplitude on the detection
QPD (obtained from the Fourier transform of the QPD data at 4,000 Hz). This
procedure is done once per data acquisition, typically occurring for a few
milliseconds at the beginning of the acquisition.

The passive calibration simply records position data for the cargo in the
trap, with no active movement of the trap or detection laser, whereas the
active spectrum records position data for the cargo in the trap while the
trapping laser is being oscillated (Fig. S4 B and C). This oscillation is the sum
of many sinusoidal oscillations at different frequencies added together (we
typically oscillate at 20 different frequencies, fn, from 300 to 16,000 Hz).
During active calibration, the relative phase of the cargo and trapping laser
is tracked by comparing the trap laser QPD and the detection QPD signals.
Data acquisition typically occurs for slightly more than 7 s, with a short volts-
to-nanometers conversion period, and then alternating half second periods
of active and passive calibration while the QPDs are read out at 80 kHz.
Calibration occurs throughout data acquisition, and although the trap is

Fig. 3. Model of intracellular transport. (A) Single dynein version. This
simplified single-dynein model shows dynein always attached. Whether or
not kinesin is engaged with the microtubule determines the directionality of
the cargo. (B) Multiple dynein version. A more complex model showing how
the spread in plus-end directed stall forces could occur due to different
numbers of dyneins being attached to the cargo during plus-end directed
motion. The arrows on the cargos indicate direction of motion, and the plus
and minus signs indicate the polarity of the microtubules (plus = kinesin
family motor ∼ outward, dynein = minus ∼ inward). The forces indicate the
likely stall force for various combinations of motors. The higher stall forces
seen in Fig. 1 could be caused by multiple motors, misaligned microtubules,
and other rare or chance events (cellular movement, microtubule move-
ment, an unusually large number of motors on an organelle).
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oscillating, it has minimal effect on the cargo’s position, with the oscillations
generally only being visible in the Fourier transform of the position data.
Acquisitions are limited to 7 s because of the fact that at the speed we ac-
quire data (80 kHz), our data acquisition (DAQ) card’s buffer overfills, pre-
venting us from taking longer acquisitions.

We record the cargo’s position during the passive calibration, and then
during the active calibration, we measure the trap’s position and the cargo’s
position. After data acquisition, we analyze these data to get the trap’s
stiffness. During analysis, the power spectrum of the passive position data is
taken. Then we combine the trap and cargo position of the active calibration
to get a magnitude called the active spectrum:

R
~

LðωÞ= x
~
ac

�
ω
��

− iωx
~
L

�
ω
�
; [1]

where the tilde indicates a Fourier transform, xac is the cargo’s position
during the active calibration, ω is the frequency of oscillation (ω = 2πfn), and
xL is the laser’s position during the active calibration. These numbers are
complex due to the cargo and laser having a relative phase. We then com-
bine the power spectrum of the passive calibration data and the active
spectrum of the active calibration data in Eq. 2 to obtain the stiffness.

kω = 2kBT
Re

h
R
~

LðωÞ
i

Pp
�
ω
� ; [2]

where kω is the trap stiffness at ω, kB is the Boltzmann constant, T is the
temperature in Kelvin, Re[] indicates the real component, and Pp indicates
the power spectrum of the passive calibration data. kω is constant over the
frequency range we are measuring in, so we can average it over every fre-
quency of oscillation. For a more thorough explanation of how these
equations were obtained and possible alternative techniques to obtain
a similar calibration, see refs. 14 and 15. For a description of the trapping
setup, see Fig. S5.

Live Cell Stall Force Assays. Assays were performed in A549 cells from
American Type Culture Collection (ATCC; CCL-185) and D. discoideum strain
Ax-2 DBS0235518 (Dictybase). A549 cells were grown on glass bottomed
Petri dishes (WilcoWells) at 37 °C, 5% (pressure/pressure) CO2, in F-12K
(Kaighn’s modification of F-12; purchased from ATCC) with 10% FBS, peni-
cillin, and streptomycin. The assay was carried out at room temperature
under standard atmosphere in the same medium. The Dictyostelium cells
were grown in flasks at 21 °C in development buffer (DB: 5 mM Na2HPO4, 5
mM KH2PO4, 1 mM CaCl2, and 2 mM MgCl2, pH 6.5) with E. coli strain B/r
neomycin resistant. Carboxylated latex beads (1.26 μm diameter; Spherotech)
were added to the flask anywhere from 2 to 4 h before the assay. The cells
were then placed on a coverslip for at least 30 min, a thin sheet of agar was
placed on them to flatten them out, and any excess medium was removed. A
microscope slide was then placed on the top of the agar [agar overlay
method (30)]. A549 cells were observed at room temperature on the optical
trap for up to 3 h; Dictyostelium cells were observed for <2 h as they gen-
erally appeared to become unhealthy when left under the agar overlay for
longer periods of time. Lipid vesicles were trapped in the A549 cells, whereas
phagocytosed beads were trapped in the Dictyostelium cells. A549 lipid
vesicles were chosen for trapping on the basis of size (needed to be ap-
proximately half a micrometer in size or larger) and for being separated from
other vesicles near the cellular periphery where calibration and directionality
could be easily determined. These vesicles were distributed throughout the
cell; however, when near the nucleus, the vesicles tended to aggregate and
to make motions in and out of focus, which interfered with data acquisition.

Stall directionality was determined by observing CCD data and de-
terminingwhether the stall wasmoving toward the cell membrane or toward
the cell center. Stalls with unclear directionality were discarded [Dictyoste-
lium: 23/114 (20%) of stalls, A549: 23/125 (18%) of stalls were discarded due
to unclear directionality]. In vivo stall criteria were as follows: a 0.25-s pause
before and after a movement of greater than 20 nm. This criterion was used
because the resolution of our position measurement in vivo was typically 5–
10 nm, and 20 nm typically corresponded to about 1 pN of force. A release

back to the center of the trap was not a required component of a stall, as
releases were quite rare in vivo, occurring in around one-third of stalls in
A549 cells and essentially not at all in Dictyostelium cells. We note that these
criteria are different from those for in vitro stalls and could lead to a mixture
of random pauses and true maximum force stalls for the motors. However,
these criteria are actually quite restrictive because pauses before and after
significant movements were quite rare within the small area of the trap and
therefore should show a significant bias toward actual stalls as the trap
should force stalls to occur. As in vivo measurements occurred in two
dimensions, many stalls had components in both of these dimensions. The
two components were added in quadrature to obtain a single stall force.
Beads (1.26 μm) were used in Dictyostelium due to the large amounts of
activity in these cells. Measurements on smaller beads were affected by this
cellular activity, which was manifested as a large amount of noise and
calibration failure. The larger beads did not experience this problem to as
great of an extent, because they interacted with the trapping and de-
tection beams more strongly than the small organelles around them (the
volts to nanometers conversion was larger for larger beads), although as
a downside, they did not release back to the center of the trap. Also, Dic-
tyostelium, as a much more active system, experienced much higher levels
of noise and flow. Whereas typically A549 cells were stationary, as were the
lipid vesicles inside of them, Dictyostelium cells showed large levels of in-
ternal and external movement. Any data in which external cellular move-
ment occurred were discarded. However, large internal movements were
extremely common and were not discarded unless they interfered with
trap calibration.

Trap Centering. To ensure the trap was centered on the cargo of interest,
a programwas written that took a CCD image of the cell. When we clicked on
a cargo, the program determined its center and then, using the piezo stage,
centered the trap on the cargo. This process takes approximately 0.25 s, so if
the cargo is inmotion, it will sometimes not be correctly centered. This delay is
not an issue as a result of two factors. First, our stall force definition requires
a pause before and after cargo motion, so our stall forces are measuring
only relative changes in force and not the total force imposed by the trap.
This definition is reasonable, in that to end a pause, presumably a new
motor has activated to start the motion, and we are effectively measuring its
stall force. Second, our calibration technique, because it is occurring
throughout data acquisition, makes it very clear if the cargo is not well
centered in the trap, as the stiffness measurement changes significantly if
the cargo leaves the center of the trapping area (Fig. S3).

Stall Force Error Estimate. The two major components of error in our stall
force measurements are from position measurement (the distance the cargo
hasmoved between pauses) and from error in the stiffness calibration. As can
be seen in Fig. 1E, the position can generally be determined with an error of
<10%, after averaging the position during stall. The stiffness error, seen in
Fig. S3, is also <10% when averaged over several seconds of calibration, as
is typical. Therefore, the total error in stall force measurement in vivo
is <14%.

Note. While this paper was in submission, a similar paper using a similar
technique was published (31). The other paper’s technique involves mea-
suring the passive and forced response of a trapped cargo in vivo, over many
frequencies, and then applying a global fit over the frequencies measured.
Our technique determines the stiffness at each frequency and then averages
the stiffnesses over frequency. One point of interest is that our technique
continuously calibrates during data acquisition, thereby allowing us to no-
tice any changes in the organelle or local environment during force mea-
surement (Fig. S3). Their technique calibrates separately from data
acquisition, assuming a relatively unchanging stiffness and no interference
during force measurement.
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