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Measurement of the Force Produced by an Intact Bull Sperm Flagellum in
Isometric Arrest and Estimation of the Dynein Stall Force

Kathleen A. Schmitz, Dana L. Holcomb-Wygle, Danial J. Oberski, and Charles B. Lindemann
Department of Biological Sciences, Oakland University, Rochester, Michigan 48309-4476 USA

ABSTRACT The force generated by a detergent-extracted reactivated bull sperm flagellum during an isometric stall was
measured with a force-calibrated glass microprobe. The average isometric stall force from 48 individual measurements was
2.5+ 0.7 X 10~%dyne (2.5 + 0.7 x 10~ '° N). The force measurements were obtained by positioning a calibrated microprobe
in the beat path of sperm cells that were stuck by their heads to a glass microscope slide. The average position of the contact
point of the flagellum with the probe was 15 um from the head-tail junction. This average lever arm length multiplied by the
measured force yields an estimate of the active bending moment (torque) of 3.9 X 10~ 8 dyne X cm (3.9 X 107" N X m). The
force was sustained and was for the most part uniform, despite the fact that the flagellum beyond the point of contact with
the probe usually continued beating. It appears that the dynein motors in the basal portion of the flagellum continue to pull
in an isometric stall for as long as the motion of the flagellum is blocked. If dynein motors in the flagellum distal to the contact
point with the probe were contributing force to the displacement of the probe, then the flagellar segment immediately past
the point of contact would have to show a net curvature in the direction of the probe displacement. No such curvature bias
was observed in the R-bend arrests, and only a small positive curvature bias was measured in the P-bend arrests. Our
analysis of the data suggests that more than 90% of the sustained force component is generated by the part of the flagellum
between the probe and the flagellar base. Based on this premise, the isometric stall force per dynein head is estimated to be
5.0 X 1077 dyne (5 pN). This equals ~1.0 X 10~® dyne (10 pN) per intact dynein arm. These values are close to the isometric
stall force of isolated dynein. This suggests that all of the dynein heads between the base and the probe, on the active side
of the axoneme, are contributing to the force exerted against the probe.

INTRODUCTION

The tail of a bull sperm cell is a single modified flagellum ings of cilia or flagella have mainly relied on estimates of
that derives its motility from an internal axoneme composedhe dynein force derived from hydrodynamic estimates of
of a central pair of microtubules and nine outer doubletsthe active moments necessary to counterbalance the drag
The axoneme of a bull sperm is very similar in structure totorque acting on the moving flagellum (for a review see
the axonemes of all eukaryotic cilia and flagella. In eukary-Lindemann and Kanous, 1997). Until now, the only exper-
otic flagella the force that is responsible for forming andimental study to directly measure the force produced by an
propagating bends is produced by the molecular motomtact cilium or flagellum used a compound cilium com-
dynein. Dynein is arranged in a series of “arms” that projeciposed of~20 axonemes (Yoneda, 1960). In that study, the
from eight of the nine outer doublet microtubules. Thecilium was positioned so that its motion was blocked by a
dynein arms generate motive force by attaching to andorce-calibrated microneedle. The displacement of the cal-
translocating the adjacent outer doublet microtubule. ibrated needle by the cilium allowed for the determination
Optical trapping studies have successfully measured thgf the applied force. A value reported to be (2.3-28)10*
force produced by isolated dynein molecules interactingyynes was measured at 200 along the cilium at 20°C.
with immobilized microtupules (Ashkip etal., 1990; Wang | the current study we have adopted a similar approach
et al., 1995). Other studies have estimated the force pram measure the force produced by a bull sperm flagellum.
duced by dynein in disintegrating axonemes (Kamimura angqjion x.100-extracted bull sperm models that are reacti-

Takahashi, 1981; Oiwa and Takahashi, 1988). To under; .4 with Mg-ATP display normal motility (Lindemann

stand how cilia and flagella work it is necessary to under—and Gibbons, 1975). We made use of a recent observation

tein within th i f the flagell _?[rhat the reactivated sperm flagellum will arrest against an
E;orrizg vovlljt Iir;s iﬁtgrc:ge:ze?ur?ctioﬁ o?geeﬁrerz% ner::litﬁi‘:’ Tobstacle that prevents completion of the beat stroke (Hol-
9 9 Y comb-Wygle et al., 1999). We positioned reactivated sperm

Computed models that attempt to duplicate the inner work- : .
such that the beating flagellum arrested against a force-

calibrated glass microprobe. The net viscous drag is reduced

to zero during the arrest. Thus our measurement is a simple

Received for Publlcanon 29 November 1999 andilnflnal form 5 April ZOOO.I.eﬂeCtiOn of the force produced by the stalled flagellum.
Address reprint requests to Dr. Charles B. Lindemann, Department o

Biological Sciences, Dodge Hall of Engineering, Oakland University, Eu” sperm ﬂage”a are powered by a smgle internal axon-
Rochester, M| 48309-4476. Tel.: 248-370-3576; Fax: 248-370-4225; e€Me. Therefore, the measurements of force and resulting
mail: lindeman@oakland.edu. torque can be taken as a true representation of the force
© 2000 by the Biophysical Society produced by dynein within the context of a functional
0006-3495/00/07/468/11  $2.00 axoneme.



Flagellar Force 469

MATERIALS AND METHODS (CCTV Corp., South Hackensack, NJ) linked directly to a computer hard
drive via a Matrox Electronic Systems (Dorval, Quebec, Canada) Meteor Il
Microprobe production card and Inspector 3.0 software.

) Two different methods were used to calibrate the force measurement
To measure the force produced by a reactivated bull sperm flagellum, tWey opeq The first method attaches polystyrene beads (Polysciences, War-
different style microprobes (prpbes) were map_le using a Sutter Instrumerﬁngton’ PA) of known density (1.05 g/ml) and diameter (45 angk@9) to
Compan_y (Novato, CA) P-87 pipette puller. Initially, th? force probes WErethe flexible tip of the probe by static electricity (Van Buren et al., 1994).
ma_de with Warner Instrument (Hamden, CT) borosilicate glass caplll_ary-l-he position of the microprobe’s tip, with respect to the ocular micrometer,
tubmg a m_m OD/O'SS, mm D) pulled to a taper_length _Of 25-30 mm with was noted at three separate times: before bead attachment (equilibrium
a straight tip15 mm in length and a nearly uniform diameterl( um). position), with beads attached (displacement), and after bead removal
The long tapered end was broken off and attached to one end of another . jiinrium position verification). There were some instances where the
piece .Of caplllal.'y tubl.ng with 5'-m|n epoxy (Loctite Corp., Rocky Hill, ,CT)' equilibrium position was disturbed during bead attachment. In those cases,
The tip was either inserted into the center of or placed alongside theEhe equilibrium position after bead removal was used for calculations,

capillary tubing such that the total length of the tip extending from the endbecause removing a bead was less likely to disrupt the probe’s position in

was between 6 and 9 mm. To ensure that the tip of the probe was secu(gﬁe holder. Fig. 1 is a picture of one trial

and “’.‘ab'e o p?vot, Epoxy was applied so t‘hat it completely st_Jrrounde_ To accurately determine the force applied to the tip of the probe by the

each tip, where it contacted the capillary tubing. Probes were discarded if ) . h
attached polystyrene bead(s), each bead was microscopically examined to

tcf;)itllgsryh?jb?npgxy on them anywhere other than where it was secured to tlEl%termine the actual bead size. The actual force the bead(s) exerts on the

. . . r is al ndent n th ition of th relative to the end of
Further experiments used microprobes pulled from 1-mm borosilicat: obe is also dependent upon the position of the bead refative to the end o

he microprobe. To determine the force applied at the tip of the probe, a

glass rod (Sutter Instrument Company). These probes had a final tlpsmaII correction was made by dividing the total length of the microprobe

diameter approximately the same size as the capillary tubing force meg- ) ) .
surement r?ch))bes<(1 Mé) but the taper length wpas r?e/ducedgto 9 mm.aby the_ functional length of the mu:ropro_be. The fu_ncthnal length of the

) ’ . A . . robe is equal to the total length of the microprobe tip minus the lever arm.
Shortening the taper length resulted in probes Wlth an outside Ollarmh:lté),:he lever arm is equal to the distance between the end of the probe and the
greatest at the “shoulders” of the probe and tapering along the prObeYBead’s midpoint. For trials where more than one bead was attached, the

length to a fine flexible tip~3 mm long. | for all bead dt lculate th ted f
Patch-type/injection microprobes were made for the air-bubble micro-11€an lever arm for all beads was used to calculate the corrected force

. ; . . ) value.
robe calibration method. Borosilicate glass capillary tubing (1 mm OD/
858 mm ID) was pulled to a taper Ie?]gth eﬁpmmy The gis(tal 40— The taper of the solid borosilicate probes, used later in the study, made

100-um portion of the microprobe was broken off using a Narishige :Ee csh?tra;l?hn muct? m_l?r:e se?smvebto tfht(;_extact po&t(;qn ?r: the bead(s) ont
MF-79 microforge (East Meadow, NY), resulting in a 3g¢5 opening in € shaitot the probe. The only probe ot this type used in the measuremen

the tip of the probe. reported here Wag designatgd a§ probe D. The calibrati(?n of this probe
included a regression analysis (Sigma Plot 4.0; SPSS, Chicago, IL) of the
displacement of the probe tip as a function of the bead position offset from
the tip. The resulting regression plot is shown in Fig. 2. Regression analysis
of the probe not only had the distinct advantage of making the calibration
Microprobes were mounted horizontally on the microforge that containedspecific for the position of contact with the probe, but also could be based
either a linear or a cross-hair ocular micrometer. In an effort to reduceon a very large number of individual calibration points. This helped to
interference from air currents during the calibration process, a Plexiglagnake the final calibration less subject to variations in bead size and air
cubicle was constructed to enclose the microforge. Low-frequency vibraeurrents that might throw off an individual calibration point.
tions were minimized by placing the microforge on a three-inch marble = The other method of calibrating microprobes used air bubbles in lieu of
slab separated from a tabletop by five size 8 silicone stoppers. Images gfolystyrene beads. To accomplish this, a watertight calibration chamber
the calibration process were obtained with a GBC CCD-500B cameravas constructed of two 75 mm 38 mm microscope slides epoxied to a

Microprobe calibration
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FIGURE 1 Polystyrene bead method of force-calibrating a solid glass rod microptizig(tal image of the glass microprobe at equilibriurB) After

a 45um bead adheres to the probe by static electricity, it is displaced by the force of the bead. Each division on the cross-hair micrometer represents 4.1

num. The offset of the bead from the probe tip was used to plot the regression of displacement as a function of bead position.
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Hills, IL). As the bubbles ascended to the surface they collided with and
adhered to the microprobe, displacing it upward from the equilibrium
position. This displacement of the force measurement probe was measured,
and the configuration of the probe was noted as well. The size of the air
bubble was measured, and its placement on the probe was recorded. To
find the necessary force to move the microproben, the force exerted

by each air bubble was determined by calculating the volume of the bubble
and the buoyancy that results from the displaced water volume.

The air bubbles produced by this method were three to five times larger
than the 45am polystyrene beads. This larger force applied to the probe
resulted in a greater probe displacement and necessitated correction for the
angle of the probe with the horizontal by determining the vectorial com-
ponent of the buoyancy force perpendicular to the probe axis.

Table 1 summarizes the calibration data for each of the four probes used
0.2 T T . T . to gather the data reported here. The number of force measurement data

0 100 200 300 400 500 points collected with each probe is shown, and the calibration values and
methods are summarized. Note the close agreement between the air bubble
and bead calibration methods for probe C, as well as the agreement of pre-
and postexperiment calibrations on this same probe.

Force (dynes) x 1070

Distance of bead from end of probe (um)

FIGURE 2 Regression analysis of bead force calibrations on a solid rod
microprobe. The force exerted on a solid glass rod microprobe hy5- .
and 90um-diameter polystyrene beads is plotted as a function of theSP€rm preparation

distance the beads are from the tip of the probe. Linear regression analysiQOBA Inc. (Tiffin, OH), supplied bovine semen diluted t67.5 X 10

of the data reveals the relationship between the amount of force applied bgells/ml in a milk-based extender. Samples were shipped weekly on ice in
the bead as the distance from the tip of the probe increases30. )

an insulated box and were received the next day in the laboratory, where
they were stored at 0-5°C and used within 4 days.

. ) ) ) ) Samples of bull sperm were washed from the milk-based extender by
13-mm-deep Plexiglas frame of equivalent dimensions (Fig. 3). To allowgjting 4 mi of the semen solution in 6 mi of sodium citrate buffer (0.097

for probe insertion and manipulation, two 6-mm holes were located oy, ¢ dium citrate, 2 mM fructose, and 5 mM magnesium sulfate, pH 7.4).
op_posing sides of the chambel_"s frame. A 1-cm hole on top, fittgd With his mixture was then centrifuged at 960 g for 10 min, and the
silicone stopper, was used to fill and empty the chamber. The microprobg e ratant was decanted. The remaining pellet was resuspended up to 10
to be calibrated was positioned inside the chamber parallel to an air bubblg," ith sodium citrate, centrifuged, decanted, and repeated once more.
microinjector probe such that its tip was located a few millimeters aboveafiar the third wash, the pellet of cells was brought up to a final volume

the pore of the injector probe. To produce air bubbles, a Scherr-Tumico (Siyf 4 m| with sodium citrate. This was used as the stock sperm solution.
James, MN) fine adjustment injector was loaded with a 27-gauge syringe.

The syringe was filled with water and attached to a microinjector probe by
lengths of Teflon tubing of increasing diameter (Cole Parmer, Vernon
Reactivation

For each reactivation, 2—4l of stock sperm solution (dependent on

= concentration as it varied from week to week) was added to 3 ml of a

Uncalibrated reactivation mixture in a cell culture dish. The reactivation mixture (pH

microprobe 7.8) contained 0.024 M potassium glutamate, 0.132 M sucrose, 0.02 M
- Tris-HCI (Fisher Scientific, Itasca, IL), 1 mM dithiothreitol (DTT) (Roche,
Indianapolis, IN), 1 mM magnesium sulfate, 0.5 mM EGTA, 0.1% Triton
X-100 (Pierce, Rockford, IL), 1 mM ATP (Fisher Scientific), and 0.003
mM cAMP (Roche). Reactivated sperm were gently pipetted into a glass
slide chamber with an opening of 1 cxx 3 cm. This chamber was
accessible to micromanipulation when placed on an Olympus IMT-2
inverted microscope.

Air injection
microprobe

FIGURE 3 Underwater air-bubble calibration method. The design of theTo minimize extraneous probe oscillation due to low-frequency vibration,
chamber for the air-bubble method of probe calibration is illustrated. A fill all experiments were performed on a MICRO-g vibration isolation table
hole at the top of the chamber was sealed with a stopper. Two 6.5-mn@Technical Manufacturing Corp, Peabody, MA). Experiments were viewed
holes on opposite sides of the chamber permitted the insertion of glaswith phase-contrast illumination and videotaped with a Mitsubishi S-VHS
probes into the water without water loss and yet provided sufficient roomvideo recorder and a GBC 505-E CCD camera (CCTV Corp.) mounted on
to maneuver the probes. Air was injected through a probe with gu8r5- the microscope. Data were obtained by making tracings of the videotaped
tip (left) to form a stream of small bubbles. The probe to be calibratedrecordings played back on a Panasonic monitor (model WV-5410). These
(right) was positioned in the bubble stream until a bubble was captured byracings were made by using the jog shuttle feature of the VCR with a
surface tension. The diameter of the bubble was measured, as was tifirmming rate of 30 frames/s. We used Snappy 3.0 video snapshot frame-
vertical displacement of the measurement probe, using a calibrated gratgrabber (Play Inc., Rancho Cordova, CA) and Corel Photo-Paint 8 (Ottawa,
cule in the microscope eyepiece. ON, Canada) to produce photos of individual frames (Fig. 4).

Force measurements
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TABLE 1 Calibration data for glass microprobes

Mean force of

Type of No. of Pre/post Calibration calibrations No. of force
Probe borosilicate glass calibrations usage* method (dynesfum) measurements
A Capillary tubing 3 Pre Polystyrene bead 1240°° 4
B Capillary tubing 15 Pre Air bubble 8.2410°° 12
c' Capillary tubing 10 Pre Air bubble 8.1810°°
Capillary tubing 10 Post Air bubble 8.2410°° 8
Capillary tubing 10 Post Polystyrene bead 7:360°°
D* Solid rod 30 Post Polystyrene bead 43800 ¢ 24

*Pre/post usage defines when calibrations were done in relation to the experimental stall force measurements.
TA mean value of all three calibration methods (79110 ° dynes) was used for calculating stall forces.
*Linear regression analysis used to determine individual calibration force values.

We selected for manipulation sperm that had adhered to the glass slideometric stall of the beat was obtained in either the principal (P) or reverse
by their head, showed unobstructed movement of the flagellum, andR) direction. The P-bend direction was defined by the side of the beat
exhibited a normal beat pattern. The tip of the microprobe was thenwhere the flagellum makes the greatest excursion and where it develops the
positioned in the path of the beating flagellum so that the midline of thegreatest extreme of curvature. P and R stalls were named for the direction
flagellum’s long axis was nearly parallel to the tip of the probe. Movementof flagellar movement at impact with the probe.
of the microprobe was controlled by a de Fonbrune-type joystick-operated In all cases, the angle of the sperm cell’s midline, relative to the probe,
micromanipulator (Technical Products International, St. Louis, MO). Thewas measured with a protractor. Instances in which the sperm flagellum
microprobe was then moved slowly from either the midline of the beat orwas 40° or more from parallel with the probe were not used as data. For
down the length of the flagellum, or both, until the point at which an angles between 1° and 39° a correction of the measured force value was

FIGURE 4 Sustained force and probe displacement produced by a bull sperm flagellum during an isometric stall. A Triton X-100-extracted bull sperm
was reactivated with 1 mM ATP and subjected to manipulation by a force-calibrated glass microprobe to obtain an isometric stall of the flagéiilar beat.
same cell is shown in all six photosd)(The process of an isometric arrest of the flagellum in the principal (P) bend direction of theB)eatstall in

the reverse (R) bend directiobeft A bull sperm stuck to a glass slide by its head with the flagellum freely beating in both the Ptbpngh6t9 and

R-bend bottom photd directions. The force-calibrated microprobe is at the equilibrium posit@enter An isometric stall of the flagellum and
concomitant displacement of the probe in both directiongpp) @nd R potton), of the beatRight Sustained force production by the flagellum during

the isometric stall is evident from the maintained displacement of the probe. The same stalls shown in the center photos are shown 39 frames later in the
P-bend directiontpp photg and 16 frames later in the R-bend directitoitom photp 1 frame= 0.033 s. Note the portion of the flagellum distal to the

point of contact with the probe continues to beat, while the proximal portion maintains the original configuration. The stall shovas itnaced to make
Fig. 5. Bar= 10 pum.
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made. The correction factor is equal to the measured force value (dyneshicroprobe was positioned so that it impeded the beat of the

rm)/cosine of the measured angle. Fig. 5 is a tracing of a cell not in contacﬂage”um_ In this configuration, the application of force by
with the probe (equilibrium position) with an overlay of the same cell . . .
arrested against a calibrated probe (isometric stall). The measured displactehe flagellum to the microprobe is roughly perpendicular to

ment, intersection angle of the probe and flagellum, and lever arm ardN€ shaft of the microprobe. When the probe obstructed the
shown. The displacement of the probe on the video monitor ranged from 1flagellum in the middle of the range of motion of the beat,
to 47 pixels a_nd averaged_ 24 pixels. This corresponds to a distane0f  gn arrest resulted, with the flagellum pushing against the
pm on the microscope slide. probe with a maintained force. This behavior is shown in
Fig. 4. Note that the part of the flagellum beyond the contact

Curvature measurements point with the probe often continues to beat. However, the

. . , maintained displacement of the probe attests to a sustained
Measuring the radius of curvature of the flagellum was obtained by two . .
different methods corresponding to the part of the flagellum that was eithel’ateral force exerted against the probe. Fig. 4 also shows that
proximal or distal to the point of contact with the probe. The proximal arrest and sustained force production were observed when the
curvature had to be estimated because the curvature was never uniformotion was interrupted in both the P and R beat directions.
over the basal segment in an arrest. To estimate the proximal curvature, the Occasionally the arrested flagellum was not parallel to

change in angle of the flagellum from the base of the head to the conta . -
point with the probe was divided by the length of the flagellum from the(irhe shaft of the mlcroPrObe' For the purpose of force esti

head to the probe. Curvature of the distal flagellum was measured directifnation such d'ev?ations from a pr?lrallel cqnfiguration were
by matching computer-generated concentric circles of known radius (cmgorrected by finding the angle of intersection of the flagel-
to the curve of the first 1um of flagellum past the probe and correcting Jum with the microprobe shaft (as illustrated in Fig. 5) and
for screen magnification (Holcomb-Wygle et al., 1999). Measurementsdividing the measured displacing force by the cosine of this
were limited to cells that were in focus. Each cell was measured at the two | . hich the i . |
extremes of the flagellar beat. angie. Measurements in which the intersection angle ex-
ceeded 40° were excluded from the data. A summary tab-
ulation of the force measurements is provided in Table 2.

RESULTS The mean arrest force of the flagellum against the probes

Triton X-100-extracted bull sperm models reactivated withfor all cases (both P and R bend arrests) was 2&7) X

1 mM Mg-ATP were positioned so as to arrest pushingl0 ° dyne @ = 48). The best-situated arrest geometry was

against a calibrated glass microprobe. The heads of react@btained in the R bend arrests, as shown in Fi. Booled

vated sperm stick readily to a glass slide while their flagel-data from only R bend arrests yields a mean value of

lum continues to beat. We selected sperm that had the lon@.46 = 0.59) X 10™° dyne f = 33). The result from P

axis of their heads oriented roughly parallel to a force-bend arrests was similar but somewhat larger at (2:66

calibrated microprobe mounted on a micromanipulator. The.86) X 10° dyne f1 = 15). The difference in the P and R
force values is not significant. The difficulty in getting
favorable measurement geometry in the P bend arrests adds

some uncertainty to the true mean, as seen by the larger
standard deviation of the mean. This results from the fact
— that the natural curvature of the flagellum during the P bend
phase of the beat cycle tends to wrap the flagellum around
the probe. This in turn causes it to slide up or under the shaft
N/ of the probe, thereby increasing the angle of intersection at
S
e

The measurements of force applied by the flagellum to
the microprobe also allow us to determine a value for the
bending torque generated by the beating flagellum. The
point of application of the force to the glass probe was on
average 1um from the flagellar base (Table 2). This mean
value for the flagellar lever arm multiplied by the mean
FIGURE 5 Measurement of force produced by an intact bull spermforce applied to the probe yields an average bending torque
flaggllum in an isometric staII: A tracing of a bull sperm ﬂag_ellum fr_eely factive moment) of (3‘9,£ 1.6) % 1078 dyne % cm at the
beating was overlaid by a tracing of the same flagellum in an isometric stal
of the beat in the principal (P) bend direction. E, The position of the Iage”ar base. Measurements where the ﬂage”ar lever arm
microprobe at equilibrium. S, The location of the same probe during thevas longest (22—-2@um) yielded a greater bending torque
isometric stall. The large arrow indicates the point of contact with the probethan measurements at the shortest lever arm lengths (10-12

and the direction of the beat before contact with the probe. The lever arrrhm)_ The relationship of torque to lever arm is displayed

length (LA) measured is the distance between the two small arrows. Th . . . .
angle of the sperm cell's midline relative to the probe is indicated. The%raphlcally In Flg‘ 6. The result suggests that there is a

tracing was produced from the same stall as shown in Fiy.Bar = 10~ general trend toward greater torque as the lever arm is
wm. increased.

the point of arrest (as seen in Fig. 4).
df 4

E
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TABLE 2 Measurement of force of a bull sperm flagellum during an isometric stall

P arrests R arrests Totals for P and R
n (isometric stalls) 15 33 48
No. of frames of stalt= SD 48+ 103 18+ 17 40+ 66
Force (dynes)- SD 2.66X 10°° + 0.86 2.46X 10°° + 0.59 2.52xX 107° + 0.68
Lever arm fum) = SD 16+ 3.6 15+ 3.6 15.3+ 3.8
Torque (dynex cm) = SD 426X 10+ 1.9 3.67x108+13 3.89x 108+ 16

Over the course of this study two fundamentally differentdoes not substantially alter the effective stiffness of the
ways of fabricating the measurement probes were emprobes under actual measurement conditions.
ployed. In the first method, very long (25—-30 mm) relatively ~ The force data collected by the first method of probe
uniform threads of tubular glass were produced, then brokefabrication gave an average of 2¢60.6 X 10> dyne fi =
off and mounted with epoxy to the end of a large rigid glass24). The average force found with the second method of
capillary tube. In these probes, virtually all of the flexing of probe fabrication (solid rod) was 2# 0.7 X 10 ° dyne
the glass was far from the site of measurement. In thén = 24). The data collected with the two different methods
second and later method, a solid glass rod was used tof probe fabrication show that our results are independent of
fashion the probes, and the tip was pulled to a workablya specific probe geometry or calibration method.
short (9 mm) and rapidly tapering fine microprobe. These The flagellum beyond the point of contact with the probe
finer, shorter probes were more flexible at the tip, andwas often quite active. To understand the contribution of
therefore the point of application of the force in relation to this distal activity to the force and torque measurements, we
the tip was a factor in determining the correct force cali-examined the relationship of this activity with the force on
bration value. When the force versus displacement regreshe probe. For this analysis we examined the situation in 23
sion was found by multiple position calibration, an appli- stalls of longest durationX30 frames) selected from the 48
cable calibration value could be found for any point of forceforce measurements. The selection of the longest stalls was
application along this probe (see Fig. 2). necessary to permit accurate scoring of the beating behavior
Underwater calibration using the buoyancy of small airof the distal flagellum and accurate estimation of the vari-
bubbles gave a calibration similar to that found with poly- ation in lateral displacement of the probe. The results are
styrene beads when carried out on the same probe, as shogiven in Table 3. There is seldom a strong net curvature of
in Table 1. This assures us that the hydration of the glasthe first 10 um of flagellum beyond the blockage point.
Four of the 23 cases showed a persistent curvature in the
portion of the flagellum immediately distal to the probe, and

1.0 of these, two were in the direction of the block and two were
°f._j> . in the opposite direction. All four that did curve strongly
— 0.8 . showed curvature in the P-bend direction despite the fact
fi : that two were P-blocks and two were R-blocks. In all but
§ those four cases the net curvature oscillated between
>
g
%‘ TABLE 3 Behavior of the distal flagellum during isometric
‘; stalls

3
i) P arrests R arrests Totals for P and R
S .
= n (isometric stalls)* 8 15 23
0.0 T T T T T T T Net flagellar curvature
§ 10 12 14 16 18 20 22 24 Positive 2 0 2
Negative 0 2 2
Lever arm (“m) Nc_eutr_al 6 13 19
Oscillating waveform 4 13 17
. . L rratic waveform 4 2 6
FIGURE 6 Regression analysis of torque versus lever arm for pnnCIpaEetectable wobble 2 4 16

(P) and reverse (R) bend isometric stall force measurements. The amou

casurer . Rlo wobblé 6 11 17

of torque produced by a bull sperm flagellum during an isometric arrest o

the beat is plotted as a function of the length of the lever arm. The lever armiStalls that lasted for 30 frames or longer.

is equal to the length of flagellum between the head-tail junction of the'The first 10um distal to the block point. Positive is in the direction of the
sperm cell and the point of contact with the force-calibrated microprobe asustained force.

shown in Fig. 5. Linear regression analysis of the data shows that as thtShowed repetitive movement during the block.

lever arm length increases, the amount of torque produced also increasé®elow the level of discrimination for measurement.

n = 48. Mean wobble as a percentage of the average sustained fofcs%.
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slightly positive and slightly negative in time with the pushing) on the doublet along its length. The flagellum
movement of the distal part of the flagellum. In the six caseends in a direction perpendicular to the central pair of
that showed the strongest oscillation in probe position wedoublets, which define the axis of the beat. The dynein arms
measured the wobble in the probe position produced by thbetween doublets 1-5 contribute force to bend the axoneme
distal oscillation. In these six cases the probe displacemer one bending direction, and the dyneins on doublets 6-9
in response to the distal movement of the flagellum avercontribute force for bending in the opposite direction. Force
aged 15% of the mean sustained displacement. This gives s generated between doublets by the action of the dynein
an estimate of the upper limit that distal beating activityarms between the pair. However, the piggyback arrange-
influences the displacement of the probe. The absence of ment of the doublet pairs leads to the serial transmission of
strong curvature bias in all but four of the 23 cases examforce to the first and last elements in the active group of
ined indicates that this variable contribution is alternatelydoublets (see Fig. 7). This results in the force that develops
additive and subtractive from the mean value. To furthebetween each pair of doublets ultimately being transmitted
confirm that this is a valid conclusion, we also measured theo the doublets on the innermost and outermost extremes of
curvature maxima of the 10m of flagellum just beyond the a developing bend, namely doublet 1 and doublets 5-6 on
probe contact. The data shown in Table 4 show that there ithe opposite side. Therefore, in the simple eukaryotic axon-
no curvature bias in the R-arrests and only a small bias imme, the force couple has a working diameter consistent
the direction of the block in the P-arrests. The maximumwith the spacing between doublets 1 and 5-6. The bending
estimate obtained from the wobble data translates into &rque that is responsible for propelling the active move-
maximum variation of=8% superimposed on the mean ments of the flagellum is thus calculated by the magnitude
sustained force. This interpretation, which is based on reaef this lever arm times the linear tension (and compression)
sonable assumptions, suggests that the mean sustained foure doublets 1 and 5-6. This view does presume equal
reported here originated almost entirely from dyneins lo-participation of the intervening doublet pairs; if one or more
cated between the base and the point of contact with thpairs of doublets were not contributing to the bending
probe. torque, it would reduce the effective working diameter. This
would have the result that greater linear force (and force per
dynein arm) would be necessary to produce the observed
ANALYSIS AND MODEL external torque.

Interpretation of the force data requires a suitable model of For the purpose of our analysis we have adopted the
the transmission of forces within the mammalian spermstandard sliding doublet view of the axoneme with only
axoneme. The sliding doublet model of axonemal functionrminor modifications that are known features of the bull
is well substantiated from experimental data and has beesperm axoneme. A description of this model as applied to
put into a computational model by Brokaw (1972). In this bull sperm has been published (Lindemann, 1996). In the
view of axonemal functioning the nine outer doublets con-bull-sperm-specific model, the nine outer doublets are at-
stitute inextensible, but flexible, rods. Force generated betached to the outer dense fibers (ODFs) along most of their
tween the doublet pairs by the action of the dynein arms isength, as shown schematically in Fig. 7. This structural
transmitted to the basal body, which serves as an anchoringlationship was demonstrated in transmission electron mi-
structure. Therefore, the force felt at the base is a summasroscopy studies of mammalian sperm and is generally
tion of the force contributed by the dyneins pulling (or accepted (Lindemann and Gibbons, 1975: Olson and Linck,

TABLE 4 Geometry of a bull sperm during isometric stalls of the flagellum

Arrest direction* n Mean = SD (radians/cm)
Proximal flagellum
Head to flagellar insertion angle (radians) P 15 040.14"
R 33 0.10+ 0.07
Base to probe curvature (radians/cm) P 15 30185
R 33 -4+ 151
Distal flagellum
Curvature of 10um segment adjacent to P maximum 10 533 237
probe (radians/cm) P minimum 10 —268+ 176
R maximum 24 488+ 434
R minimum 24 —415=+ 447

*P, principal; R, reverse.
TSignificantly different from R head to flagellar insertion anglegst),p < 0.01.
*Significantly different from R mean proximal curvatureté¢st),p < 0.01.

Biophysical Journal 79(1) 468-478



Flagellar Force 475

» Basal Anchor Thus, in this model, force to support the measured torque
8 1 Outer Doublet must come from the tension and compression on the most
‘f;n OD) N\ widely spaced ODF elements near the flagellar base. The
g 80(1?% working diameter separating these elements has been mea-
3 000 sured from transmission electron microscopy cross sections
g = . and is~3.25x 10 °cm (center to center) near the flagellar

© Striated Columns Central Pair base (Lindemann, 1996). It should be noted that if one does

not assume that this is the proper working diameter, then the
linear force on the doublets must be considerably larger, so
we are adopting the most conservative and best-substanti-
ated position.

This model of the internal force distribution has been
used to relate the measured force and torque to the internal
force generated across doublets 1 and 5-6. Because the
arrangement of the doublets is serial, as shown in Fig. 7,
each doublet pair between 1 and 5-6 must bare the same
transmitted tension. If this assumption is not correct, then
the tension on a smaller number of participating doublet
pairs would be considerably greater. Once again, we have

PRINCIPAL REVERSE adopted the most conservative interpretation.

An additional factor that must also be considered is the
FIGURE 7 A functional schematic diagram of the mammalign SperMga|astic rigidity of the flagellar structure and how much of
axoneme. A) In the mammalian sperm axoneme, the outer microtubule . . . . . .
doublets are not anchored into a basal body at the flagellar base, but aFQ_e internal bending torque is being spent against the ela_stlc
attached to the outer dense fibers (ODFs) along much of their lengthStiffness of the flagellar structure. Although the flagellum in
However, the ODFs are affixed to the striated columns of the connectingnost of the R-bend arrests is relatively straight between the
piece. Consequently, when the doublets slide by the action of the dyneipgse and the probe, there is often noticeable curvature of the

motors, the resultant force is transmitted through the ODFs to the connecﬂage”um in the P-bend arrests (Table 4). We have mea-
ing piece &rrows). The connecting piece assumes the role of a basal anchor d th Il ch . le of the fi ) I f th
replacing the basal body, which disassembles during spermatogeBgsis. (Sure € overall change In angie of the flagelium from the

The sliding induced by the dynein-tubulin cross-bridge cycle during for-P@se to the probe impact point, and it is often significant in

mation of principal and reverse bends results in maximal sliding displacethe P-bend arrests. The change in angle divided by the
ment between elements 1 and 5-6. Unlike in simple flagella, the magnitudpength of the flagellar segment between the base and the
of interdoublet sliding is not determined by interdoublet spacing, but 'sprobe was used to estimate the average curvature of the

dictated by the inter-ODF distances in the bending plane (identifiddas . .
in the diagram). Force will also be transmitted to the ODFs, causing theba‘sa‘I segment of arrested ﬂage”um as given in Table 4.

greatest torque to develop from the force imparted to elements 1 and 5-BlUltiplying this average curvature by the basal flagellar
because they exhibit the greatest separation (the effective diaDgje® stiffness (4.0 X 10 *? dyne X cn¥) as estimated by a
and X, Thrust in the directions into®) and out of ) the page, as if the dynamic analysis (Lindemann et al., 1973) yields an elastic
axoneme were_being'vieyved baseward. This is an adaptgtion of a fi:qurF:nOment opposing the active torque of %2102 dyne x
previously published in Lindemann (1996). Reproduced with permlssmn.cm in the P-bend arrests. Because both the probe and this
elastic moment are opposing the movement of the flagel-
lum, this moment of elasticity must be added to the torque
1977). Furthermore, in axonemes that are disintegrated bgxerted by the probe against the sperm to find the total
microtubule sliding after limited proteolysis, the outer denseinternal active torque. Consequently, this adjustment would
fibers and doublets remain attached at the basal end of thmake the internal torque slightly larger (4%) than the di-
disrupted flagellum. This attachment is mediated by therectly measured value in the P-bend direction but smaller
structure called the connecting piece. It is a curious fact firsthan the limit of error of the measurements. It is a negligible
observed by Fawcett and Phillips (1969) that the basal bodfactor in the R-bend direction(1%), because the flagellum
of mammalian sperm flagella vanishes before the sperrhas little curvature in this arrest configuration (Table 4).
mature. Therefore, forces from the doublet microtubules The model we are using also does not account for the
must be transmitted to the basal anchor (which is the conpossibility that there is some tilting of the connecting piece
necting piece) via the microtubule attachments to the outerelative to the flagellar axis, especially when it is under
dense fibers, as shown schematically in Fig. 7. In our forcalynamic tension. In fact we do see a relatively sharp angular
measurement experiments, the full torque exerted againslisplacement of the flagellum to the axis of the head in the
the microprobe must be generated by the forces transmitteld-bend arrests (head tilt), but we do not see any significant
to the connecting piece that is anchored in the sperm heatigad tilt in the R-arrests (Table 4). The geometry of the head
the sperm head being securely adhered to the glass slidigagellar junction at the connecting piece is such that tilting
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the connecting piece would reduce the diameter between th@obe displacement is small and oscillates about a larger
outer dense fibers and consequently reduce the workingustained displacement. Both results suggest that the sus-
diameter for the internal torque generation. While such aained force pushing on the probe comes only from the
phenomenon remains a possibility, it is again noteworthydyneins between the probe and the flagellar base. This is
that it could increase, not decrease, an estimate of thmost certainly true in the R-arrests, where net curvature
internal force on the doublets. beyond the probe contact was either near zare (13) or

The information on the flagellar geometry summarized inopposite the direction of the blocka (= 2) and would
Table 4 and presented above shows that the R-bend arresterefore subtract from rather than add to the total sustained
are the closest to an ideal condition for an accurate mederce (Table 3). The same conclusion can be drawn from the
surement of the internal force on the doublets and hence agheasurements of the maximum and minimum curvatures
the dynein force. The R-bend measurements show the leasteasured for 10 P-arrests and 24 R-arrests where we could
deviation from the case of a simple lever arm. The R-bendee the flagellum well enough to take curvature measure-
arrests have the best geometry for unambiguous interpretasents in the region just distal to the probe. These data are
tion, and the data from these arrests have the smaller scattshown in Table 4. As can be seen, there is almost no net
as judged by the standard deviation. curvature bias in the R-arrests{00 radians/cm). There is

If we can determine, with some certainty, what portion ofa small ¢-270 radians/cm) forward bias in the P-arrests.
the flagellum actively contributes force to the probe undeMultiplying this by the flagellar stiffness yields an elastic
our measurement conditions, then it would be possible tdorque of only 1.1x 10 ° dyne X cm. This represents a
estimate the force per dynein arm in an intact flagellum. Theéorque contribution of only 3% of the total measured value.
dynein arms that lie between the flagellar base and the poirtherefore, by this means of estimation, the distal dynein
of contact with the probe should theoretically generate mosthridges are contributing at most 3% of the torque exerted
if not all, of the bending torque that pushes against theagainst the probe and only in the P-bend arrests.
measurement probe. The reason for this is that beyond the Based on only the R-arrest force data and the average
contact point most, if not all, of the bending torque shouldlever arm, we find an active moment of 3:71.3 x 108
be free to reach a Newtonian equilibrium with the dynamicdyne X cm. This average bending torque value divided by
stiffness of the flagellar shaft and the viscous drag. Thighe basal working diameter of 3.2% 10°° cm (from
assumption from first principles of physics has been applied.indemann, 1996) gives a tension on doublets 1 and 5-6 of
in all earlier analyses of flagellar motion (for a review seel.1x 10 2 dyne. The distribution of dynein arms along the
Lindemann and Kanous, 1997). The relationship we foundlagellum is known to be~70/um on each doublet. This
for torque verses lever arm (Fig. 6) supports this idea. Theields a stall force of 1.0< 10~ ° dyne per arm (10 pN),
measured torque tends to increase linearly with increasingssuming all arms participate in a stall. If one assumes that
distance of the measurement point from the base of thé&ewer arms participate at any instant, then the force per arm
flagellum. However, there is still one condition that could would be larger still. Most reports of the dynein force have
render the assumption invalid. If the curvature of the fla-been given in force per dynein head. If total units of dynein
gellum immediately beyond the impact point with the probeheavy chain are used insteatt 150 dynein headgmm on
shows a consistent curvature bias, then it must be inferredach doublet), then the force in our determination would be
that the doublets are under tension at the probe contaé.9 X 10 7 dynes/dynein head~5 pN).
point. The reasoning is as follows. If the region of the
flagellum just distal to the probe shows a strong maintaine
curvature, the doublets in the curved region must be unngISCUSSION
linear tension as a necessary condition for maintaining th&his study provides the first direct measurement of the force
curve. The tension must be transmitted to the doublets jusind the bending torque produced by a single intact flagel-
basal to the probe, because the doublets in the curved regiduim in the act of beating. The method of measurement takes
are continuous with the doublets immediately basal to theadvantage of the flagellar tendency to arrest while pushing
probe contact point and would add to (or subtract from) theagainst a restrictive obstacle (Holcomb-Wygle et al., 1999).
torque pushing on the probe. Therefore, the contribution td herefore, the measured force and torque are essentially the
the sustained force coming from dynein motors distal to theequivalent of an isometric stall force as has been defined in
blockage point can be directly assessed by examining th&hole muscle. It is known from other studies on isolated
net curvature of the flagellum immediately beyond themolecular motors and intact muscle that the isometric stall
block point. We have examined the situation in the 23force is generally the maximum value of force that can be
longest lasting stalls selected from the 48 force measuregaroduced by the motor protein. This should be kept in mind
ments (Table 3). We collected data on the curvature of thevhen comparing the values reported here to the dynamic
flagellum and the maximum variation in probe displacementestimates obtained from moving flagella. The theoretical
that is correlated with the distal motion of the flagellum. framework provided by Brokaw (1999) suggests a plausible
There is very little sustained curvature, and the variation irrelationship between the force and velocity that is a good
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match with experimental observation. That analysis sugnitely in the isometric condition of zero shear velocity. Both
gests that the stall force must be significantly larger than thef these conclusions are of interest in understanding the way
dynamic value, especially for the inner dynein arms. in which dynein behaves within the confines of a functional
The value of 10 pN per dynein arm is not very different axoneme.
from the laser trap measurements of the stall force of single The indefinite extension of the force-producing step of
dynein arms {6 pN) reported by Shingyoji et al. (1998). the dynein duty cycle by blocking the beat is compatible
The estimates are actually remarkably close, considering theith the suggestion of Murase (1990, 1991) that the dynein
vastly different experimental conditions and the use of twoduty cycle and the flagellar beat cycle are linked. It is also
totally independent measurement techniques. compatible with the prediction of the Geometric Clutch
The only other measurement that has been made on drypothesis that dynein detachment from the binding sites on
intact beating eukaryotic flagellum or cilium was that of the B subtubule will not take place if bend formation is
Yoneda (1960) on the compound abfrontal ciliunMbftilus  interrupted (Holcomb-Wygle et al., 1999). Data on the
edulis. At distances greater than 20m from the base, the dynein cross-bridge cycle derived from in vitro studies have
average torque generated by the cilia was 391077  been interpreted to suggested a short duty cycle (Johnson,
dyne X cm. The working diameter of each ciliary axoneme 1985; Hamasaki et al., 1995; Wang et al., 1995). However,
is ~2 X 10° cm. Assuming that there are 20 functional other investigators have shown that at least the inner arm
axonemes (as estimated by Yoneda, 1960), we can dividdyneins are processive (Shingyoji et al., 1998; Sakakibara et
the measured torque by 20 and apply the same method #., 1999). Our data tend to support the second view. The
estimate the dynein force as used above for the bull sperforce data presented here suggest that even if the free
data. The data reported by Yoneda also showed that theinning duty cycle is short, the duty cycle would have to
torque did not increase beyond 20n. Therefore, 2Qum  become very long under maximum load.
can be taken as the maximum contributing length of dynein We are also left with another puzzle. To reconcile the in
bridges. With this assumption, the calculation yields anvitro and in situ force data, we must first select the highest
estimate of the force per dynein arm of 6610 7 dyne  in vitro measurements as the correct ones (Shingyoji et al.,
(~7 pN) and a force of 3< 10~ " dyne (3 pN) per dynein 1998). Moreover, we must insist that all of the dynein heads
head for the compound cilium. However, it should be keptmust contribute force, not just one per dynein arm. This runs
in mind that the comparison is very tentative. It was alsocounter to the conception that only a small fraction of the
reported that one individual cilium generated a torque ofheads are active at a given time (Johnson, 1986; Hamasaki
8 X 10’ dyne X cm, which would yield a force per arm et al., 1995). However, if we do not accept this assertion,
slightly higher than our estimate! The compound cilium isthen we are left with the equally difficult proposition that
composed of many axonemes. Not only is the number ofhe intact arms must be much more powerful than can be
axonemes in a specific cilium indeterminate, but there is nqustified by the in vitro data on isolated dynein. These are
way to know if all are functional, leaving uncertainty about surprising but unavoidable conclusions.
the correct number of axonemes for the estimate. Thus the
average value determined from the earlier study can onlyve thank Adair Oesterle at Sutter Instrument Company for her generous
provide us with a rough estimate of the dynein stall forcetechnical support in the fabrication of the probes, and John Lafeber at Ann
and is more Iikely to be lower, rather than higher, than the&rbor MultiVision for the use of the Matrox Meteor Il card and Inspector
actual value. Still it is useful to make the comparison, as jf-0 software used to compose Fig. 1.
points out the similarity of the estimates derived from Th?s work was ;upported by grant MCB-9722822 from the National
widely disparate systems. Science Foundation.
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