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it is still important to establish the extent to which viruses use 
cell-derived ligands to increase their uptake by and infection of 
target cells and establish the importance of these pathways in 
vivo. The ability of a viral particle to use more than one cell
derived Iigand might represent a mechanism for the infectious 
particle to avoid detection24

, to increase its virulence17
, and 

potentially alter its cell and tissue tropism. D 
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ORGANELLE transport along microtubules is believed to be 
mediated by organeile-associated force-generating molecules1

• 

Two classes of microtubule-based organeile motors have been 
identified: kinesin2-7 and cytoplasmic dyneinS-12

• To correlate the 
mechanochemical basis of force generation with the in vivo 
behaviour of organeiles, it is important to quantify the force needed 
to propel an organeile along microtubules and to determine the 
force generated by a single motor molecule. Measurements of 
force generation are possible under selected conditions in vitro 
(for example, see refs 13 and 14), but are much more difficult 
using intact or reactivated ceils. Here we combine a useful model 
system for the study of organeile transport, the giant amoeba 
Reticulomyxa 15

, with a novel technique for the non-invasive 
manipulation of and force application to subceilular components, 
which is based on a gradient-force optical trap, also referred to 
as 'optical tweezers' 1

6-
19

• We demoostrate the feasibility of using 

346 

controiled manipulation of actively translocating organelies to 
measure direct force. Wehave determined the force driving a single 
organeile along microtubules, ailowing us to estimate the force 
generated by a single motor to be 2.6 x 10-7 dynes. 

We measured the driving force ofmitochondria moving along 
microtubules within fine strands of the peripheral network of 
Reticulomyxa. These mitochondria are spherical, with a uniform 
diameter of 320 ± 70 nm ( n =50) by electron microscopy; they 
have a high refractive index and move in !arge numbers at 
relatively high speed within strands, being clearly distinguish
able by light microscopy from other particles. The number of 
motor molecules per mitochondrion is small, between 1 and 4. 
This is based on electron microscopy ofmicrotubule-mitochon
dria complexes showing an average of 2.4 ± 1 ( n = 77) Cross
bridgesand a maximum of four crossbridges perorganeHe (Fig. 
1). The motors in Reticulomyxa are thought tobe cytoplasmic 
dynein 11

•
20 and to be capable of transport in opposite directions 

along microtubules 11
•
20

-
22

• 

To trap a mitochondrion moving along a strand requires a 
maximum trapping force greater than the maximum driving 
force, irrespective ofthe viscosity ofthe medium. A conceptually 
simple way of measuring the force is to trap a particle at high 
power and gradually reduce it until the particle just escapes the 
trap. This 'escape' power is a measure of the force. In practice 
this is difficult because of the heavy traffic of particles in active 
strands, so we used another approach based on Iimits. The 
procedure was to catch any actively moving single mitochon
drion at an initially high power, and then to reduce the power 
quickly to a preset lower value to see whether it could escape. 
The force of any escaping particle has a value (equating, for 
the moment, power and force) between the upper and lower 
Iimits fixed by the stopping and escape powers. 

Even at high power, some particles can elude the trap owing 
to the small size of the trap23 relative to the size of the strand. 
Trapping is best in narrow, freely suspended strands 0.3 ,_.,m or 
less in diameter, when the trap captures the strand itself, which 
then guides mitochondria to the trap. In such narrow strands, 
mitochondria ride on the outside of a bundle of 1-6 micro
tubules, bulging the plasma membrane as they travel24

. 

Figure 2 shows some simple experiments involving trapping 
andrelease of mitochondria moving along strands. These experi
ments illustrate the ability to trap fast-moving organelies and 
show that there are no obvious differences in behaviour of 
organelles moving in opposite directions along strands. Trap 
and release experiments can also roughly locate the relevant 
power (force) range corresponding to molecular motors. As we 
lower the power, the number of mitochondria trapped begins 
to drop at -220 mW and is essentially zero at 30 mW, indicating 
that most mitochondria have forces between these power 
extremes. Table 1 summarizes the 'trap and escape' force 
measurements on 30 particles, for which the upper Iimit is taken 
at 220mWand the lower Iimit varies from 30 to 110 mW, weil 
into the relevant range. We Iist the number of particles measured 
in each of two power groups and give the average speeds 
measured before trapping and after escape. The fact that there 

TABLE 1 Particle behaviour in 'trap and escape' experiments 

Power range at 
escape (mW) 

30-80 
80-110 

N 

13 
17 

Averagespeed 
before trapping 

(11m s-1 ) 

14.9 
10.7 

Average speed 
after trapping 

(11m s-1 ) 

11.6 
8.8 

N is the total number of mitochondria observed in escape experiments 
and analysed for speed before trapping and after escape. All particles were 
trapped at 220 mW. The power was then dropped rapidly to a preset lower 
value by rotating the attenuator against a mechanical stop. Observations 
are from at least 12 strands in 3 amoeba samples. 
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FIG. 1 Examples of mitochondria with 1, 2 and 4 
crossbridges to a microtubule, as seen by electron 
microscopy. Bar. 0.1 ..,.m. To avoid confusion of 
bona fide crossbridges with other components of 
the ground cytoplasm, we used cells lysed with 
Brij 58 in a stabilization buffer32

. After this gentle 
Iysis, movement of mitochondria along micro
tubules can be reactivated by ATP (ref. 20). indicat
ing that the mitochondria have active crossbridges 
to microtubules. 
METHODS. Networks spread on Coverslips were 
lysed in a buffer consisting of 50"!6 PHEM (ref. 32; 60 mM PIPES, 25 mM 
HEPES, 10 mM EGT A, 2 mM MgCI 2 ) 0.2% Brij 58, 1 mM vanadate and 5% 
hexylene glycol20

. After 1-2 min they were fixed with 0.5% glutaraldehyde 

is no significant change in speed after trapping indicates that 
the motors are not being damaged by the Iaser light. For a given 
particle that was, for example, initially trapped at 220mWand 
later escaped at 100 mW, the force is taken as (220+ 100)/2 = 
160 mW, the value midway between the upper and lower Iimits. 
Averaging over the 30 particles of Table 1 gives a mean driving 
force of -150m W per mitochondrion. Assuming 2.4 motors per 
mitochondrion (the value determined from electron micro
scopy), an average driving force for a single motor of -63 mW 
is obtained. 

The force of a trap on a particle depends on its size and 
relative index of refraction23

• To calibrate the force inside the 
amoeba, we compared the viscous drag forces on mitochondria 
in water with those in the amoeba. Free mitochondria were 

FIG. 2 Laser trapping of mitochondria in thin Reticulomyxa strands. Small 
arrowhead denotes the organelle; large arrowhead marks the position of 
the trap. Times in seconds are shown in the upper right-hand corner. 'On' 
and 'off' indicate the state of the Iaser trap. Scale bar, 5 ..,.m. a, A mitochon
drion travelling from right to left is trapped (frame 2), held in the trap for 
-2 s. and moves on in the same direction after the trap is turned off. lts 
speed is 12.5 ..,.m s-1 before and 10.7 ..,.m s- 1 after trapping. b, A mitochon
drion reversing direction after being trapped for -1 s (frames 3 and 4). lts 
speed is 8.7 ..,.m s-1 before and 9.1..,.m s- 1 after trapping. c, This mitochon
drion entered the trap from the left (frame 1), was released after -1.5 s 
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in 50"/o PHEM buffer and processed for electron microscopy33
. Sections 

were cut on a Porter-Bium MT2b microtome and viewed in a JEOL 1200 CX 
electron microscope. 

obtained by gentle cell homogenization in 100 mM HEPES 
buffer. From the drag velocity at which mitochondriajust escape, 
we deduce (using Stoke's law) that 1.0 mW gives a maximum 
trapping force of 5.8 x 10-9 dynes ( n = 21) in water. In a compar
able experiment within )arge low-viscosity amoeba droplets, it 
takes about twice the power for the same maximum drag velocity. 
We attribute this factor of two to either decreased force (due 
to a presumed lower relative index of refraction) or increased 
viscosity in the amoeba. By assuming a force J2 smaller and 
viscosity J2 higher, we make a maximum error of J2 in these 
quantities. On this basis, 1.0 m w gives a force of 4.1 X 1 o-9 dynes 
inside the amoeba. The value of 63 mW for the force of one 
motor translates into 2.6 x 10-7 dynes for the force generated 
by a single motor molecule, with an overall accuracy of a factor 

' 

4.0 

7.1 

and continued to move in the same direction (time 2-3 s). lt then reversed 
its direction (between 3 and 5 s). and was trapped again at the same power 
(time 5-6.5 s). 
METHODS. Reticu/omyxa was grown and prepared for light microscopy as 
described34 The Iaser trap system was the same as before1

7.1
8

, except 
that phase cantrast optics were used. All experiments were recorded on 
video tape and analysed frame-by-frame. Sequences were photographed 
off the monitor using a Pentax 35 mm camera equipped with an automatic 
motor drive. 
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of 2-3 ( combining errors in particle size distribution, force 
calibration, and power meter accuracy). 

Our in vivo force measurement of - 2.6 x 10- 7 dynes for a 
single (presumably dynein-like) motor is similar to, but more 
closely defined than, in vitro measurements for ciliary dynein 
of 1 x 10- 7 dynes25 and 0.5-10 x 10-7 dynes 26

, and indirect esti
mates of 2-9 x 10- 7 dynes27

'
28

• For kinesin motors driving micro
tubules across a glass surface, a force > 6 x 10-9 dynes was 
estimated 14

, whereas Block et al. 29
, using kinesin-covered beads 

and sea-urchin axonemes, report a force of > (1-50) x 10- 9 

dynes. Kishino and Yanagida30 estimate a force of > 2 x w-s 
dynes for a single myosin head. This compares with a force per 
head of - 10- 7 dynes for myosin in muscle during isometric 
contraction3 1

. 

Inherent in our in vivo technique is the potential to see the 
effects on motility due to differences in viscosity and in the 
number of motors in mitochondria. Estimates of viscosity or, 
more strictly, viscous resistance18 were made by dragging 
trapped mitochondria back and forth within strands. Values 
ranged from about 1,000 in stiff strands, to twice the viscous 
drag of water in loose amoeba droplets. 

A striking feature of the data in Table 1 is the uniformity of 
the velocity ( or stepping rate of the molecular motors ) of 
mitochondri a over many samples with different viscosities and 
also presumably with different numbers of motors. This con
stancy of speed at -10 fJ-ffi s- 1 indicates that individual active 
motors can run at narrowly fixed rates against a range of resistive 
Ioads (due to varying viscous drag for example) . Similar 
behaviour was observed with kinesin driving microtubules in 
vitro 14

• This general behaviour is reminiscent of electrical syn
chronaus motors. We expect such a rate-controlled motor to 
produce an increasing force as the Ioad increases up to a point 
of overload, beyond which its behaviour should become erratic. 

A Stoke's law calculation shows that mitochondria with one 
motor having a force of 2.6 x 10- 7 dynes can run without over
loading at a full velocity of 10 fJ-ffi s- 1 for all viscosities up to 
- 90 times that of water. Mitochondria with four motors can 
operate at 10 fJ-ffi s- 1 up to viscosities of -360 times that of 
water without overload. These values seem reasonable in light 
of the approximate range of viscous resistances found in 
different amoeba samples. 

There is qualitative evidence supporting the overload picture 
from the experiments measuring the ability of the trap to stop 
active mitochondria at gradually decreasing powers. Trapping 
ability is gauged from the approximate time it takes to capture 
a particle. We found that in more viscous strands that the range 
of possible stopping powers was restricted to high values, from 
- 220 to -150 mW. Only in less viscous samples could trapping 
proceed down to values as low as - 55 mW. This is an indication 
that at high viscosity, mitochondria with more motors (3 and 
4) are fully active and those with fewer (I and 2) are in overload. 
The particles in overload are presumed to be those particles in 
viscous strands that are seen to move erratically at velocities 
markedly lower than 10 fJ-ffi s- 1

• The data also suggest that at 
low viscosity, when all particles should be active, we are observ
ing the trapping of particles with I or 2 motors at powers as 
low as 55 mW. This is reasonably consistent with our previously 
determined force for a single molecular motor of -63 m W. In 
future more detailed in vivo studies of the effects of the numbers 
of motors and viscosity on the motility of individual organelles 
will probably make use of some type of more rapid automated 
force-measuring scheme. D 
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KINESIN, a mechanoenzyme that couples ATP hydrolysis to move
ment along microtubules, is thought to power vesicle transport and 
other forms of microtubule-based motility 1-<>. Here, microscopic 
silica beads7 were precoated with carrier protein8

•
9

, exposed to low 
concentrations of kinesin, and individually manipulated with a 
single-beam gradient-force optical particle trap111

-
12 ('optical 

tweezers') directly onto microtubules. Optical tweezers greatly 
improved the efficiency of the bead assay, particu1arly at the lowest 
kinesin concentrations (corresponding to -1 molecule per bead). 
Beads incubated with excess kinesin moved smooth1y along a 
microtubule for many micrometres, but beads carrying from 0.17-3 
kinesin mo1ecules per bead, moved, on average, on1y about 1.4 J.I.ID 
and then spontaneously released from the microtuble. Application 
of the optical trap directly behind such moving beads often pulled 
them off the microtubule and back into the centre of the trap. This 
did not occur when a bead was bound by an AMP.PNP-induced 
rigor linkage, or when beads were propelled by several kinesin 
molecules. Our results are consistent with a model in which kinesin 
detaches briefty from the microtubule during a part of each 
mechanochemical cycle, rather than a model in which kinesin 
remains bound at all times. 

Silica beads, 0.2 fJ-ffi in diameter7
, were precoated by incuba

tion with one or more proteins (bovine serum albumin or a 
mixture of casein and cytochrome c), which improves the 
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