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Cilia and eukaryotic Ragella are slender cellular appendages whose regular
beating propels cells and microorganisms through aqueous media. The beat is an
oscillating pattern of propagating bends generated by dynein motor proteins. A
key open question is how the activity of the motors is coordinated in space and
time. To elucidate the nature of this coordination we inferred the mechanical
properties of the motors by analyzing the shape of beating sperm: Steadily
beating bull sperm were imaged and their shapes were measured with high
precision using a Fourier averaging technique. Comparing our experimental data
with wave forms calculated for different scenarios of motor coordination we
found that only the scenario of interdoublet sliding regulating motor activity
gives rise to satisfactory bts. We propose that the microscopic origin of such
Osliding controlO is the load dependent detachment rate of motors. Agreement
between observed and calculated wave forms was obtained only if signibcant
sliding between microtubules occurred at the base. This suggests a novel
mechanism by which changes in basal compliance could reverse the direction of
beat propagation. We conclude that the Ragellar beat patterns are determined by
an interplay of the basal properties of the axoneme and the mechanical feedback

of dynein motors. [DOI: 10.2976/1.2773861]

Cilia and Ragellaare slendercellular ap-
pendage®f eukayotic cells. They are motile
structureghatexhibit regularbeatpattensand
thatplay importantrolesin mary differentcir-
cumstancewheremotiononacellularlevel is
required(Bray, 2001). Their centralcoreis an
evolutionarily conseved organelle, the ax-
oneme(Gibbons,1981), that comprisesa cy-
lindrical arangemenbf ninedouldet microtu-
bules surounding a pair of singlet
microtubuleqgAfzeliusetal., 1995 Nicastroet
al., 2009. Dyneinmotorslocatedbetweenad-
jacent doubet microtubules generateshear
forcesthat causesliding betweenthe doubet
microtubules (Brokaw, 1989 Gibbons and
Rowe, 1965 PorterandSale,200Q Satir, 1965
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Summersand Gibbons, 1971 Vernon and
Woolley, 2002. Passve componentssuchas
nexin links and radial spoles provide con-
straintsthat maintainthe axonemetructural
integrity (Nicastro et al., 2006§. Thesecon-
straintscorvert sliding between adjacentmi-
crotubulednto overall bendingdeformations.
Although,asdescribedbore, themechani-
cal conditions underying axonemalbending
areknown, it is notunderstoodvhatmolecular
mechanismsinderlie the coordinationof the
motorsthatis necessar for the generatiorof
regular, oscillatoy beatpattens. The coordi-
nationmanifeststselfin two ways. First, if mo-
tors on oppositesidesof the axonemewere
equaly active therewould be no netbending.
The obsewred bendingthereforeimplies that
the motor actiity periodicaly variesfrom be-
ing higheron onesideof theaxonemeo being
higheron the other side.And secondfor the
generatiorof awave-like propagatiorof bends
the actvity of motors must be coordinated
alongthelengthof theaxonemeFrom a theo-
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retical point of view, thereare several possibilitiesfor how

axonemabscillationscouldbegeneratedlheactivity of the
motorsalongthe axonemecould be regulateddirectly via a
spatio-temporatraveling wave in the form of a biochemical
or electrical signal. However, one obsewation strongy ar-

guesagainsthis possibility: demembranatedxonemegan
still generateregular beatpattens (Gibbonsand Gibbons,
1972. Alternatively, themotoractivity couldberegulatedby

therotating centralpair microtubulesactingasa distributor
(Nakanoet al., 2003 Omoto et al., 1999 Smith, 2002.

However, this canbe ruled out asa generalmechanisnbe-
causehereareexamplesof Ragellathatexhibit regularbeat
pattensdespitelackingthe centralpair (Huangetal., 1982

Okadaetal., 2005 Wakabgashietal., 1997 andrecentex-

perimentsuggesthatthecentralpair rotationfollowsrather
thandirectsthe beat(Mitchell andNakatsugaa, 2004).

Theonly currently discussedltemative hypothesepro-
posethatthe beatpattens aregeneratedn a self-oiganized
fashion(Brokaw, 1975 JYlicherandProst,1997) dueto co-
ordinationof the actiity of the motorshy the geomety of
the axoneme Such coordinationhas beenhypothesizedo
arise from regulation of motor actiity by local axonemal
curvature(Brokaw, 2002 Brokav andLuck, 1985 Brokaw,
1971 Brokawv and Rintala, 1975 Hines and Blum, 1979
Machin, 1958, by trans\ersedeformationsperpendicularto
the axonemakbxis (Lindemann,1994ab, 2002, or by shear
displacementparallelto the axonemakhxis (Brokaw, 2005
1975 CamaletandJYlicher200Q Camaleetal., 1999 JYIi-
cherandProst,1997 Muraseetal., 1989.

In this papemwe addresshequestionwhich of theabore
motor coordinationschemesan accountfor the obsered
Ragellatbeatpattens?To angver thisquestionve have taken
adwantageof thefact, brstpointedoutby K. E. Machin,that
the spatio-temporapatten of intemal force generatiorcan
be deducedfrom knowledge of the Ragellar wave form
(Machin,1958. We have thereforeusedhigh speedmicros-
copy, andtemporalFourieranaysisto quantify the shapeof
beatingbull spem with highprecision By incorporatingdif-
ferent coupling mechanisms$etweenforce generationand
axonemagieomety into thedynamicequationghatdescribe
an actively bendingblamentwe comparedthe experimen-
tally deteminedshapeswvith calculatecones.

This direct comparisorbetweenexperimentand theory
hasled to two important insights. First, we concludethat
thereis considerale sliding betweenmicrotubuledoubetsat
the Ragellarbase(Vernon and Woolley, 2002 2004, and
shav thatthe mechanicapropeties of the basalconnection
play an important role in detemining the Ragellarwave
forms.And secondregulationof motorsby sheardisplace-
mentsleadsto an altemation of the actvity of the motors
betweenoppositesidesof the axonemeandto wave forms
reproducinghe experimentaldatavery well. Thisis in con-
trastto regulationby curvaturecontrol or by trans\ersede-
formationswhichdo notleadto a satisfictory agreemenbe-
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Figure 1. Snapshot of a beating bull sperm. Superimposed on
the image are red crosses tracing the contour of the Ragellum as
determined by the automated image analysis algorithm !see Mate-
rials and Methods section”. The tangent angle /!s" is measured at
each position debned by the arc length s. The centers of the red
crosses are separated by 1.4 "m.

tweencalculatecdbeatpattensandtheobsewed wave forms.
Our resultssuggestthat the Ragellarbeatis indeed self-
organizedandthattheunderying mechanisnfor theforma-
tion of regular oscillatoly axonemabeatpattensis the col-
lective motor behaior due to the load-dependent
detachmenof the motors(Brokaw, 1975 CamaletandJYli-
cher 200Q Camaletetal., 1999 JYlicherandProst,1997).
Wetem thisregulatoly mechanisnsliding-controlledmotor
coordination.

THEORY

Flagellar shape and internal shear

Theshapeof thewave form of a beatingspem at any given
time canbe describedby the positionvectorr!s* of points
alongthecentedine, wheresis thearclengthalongthecen-
terline. For af3agellumof lengthL, r 10" andr!L" correspond
to thebasalanddistalends respectiely. For a planarshape,
suchasthe Ragellarwave forms discussedherein,the two-
dimensionakurver!s'=Ix!s",y!'s™ canbe parametrizedy
thetangentangle!’ !s", seeFig. 1, suchthat

r!s":r!O"+#cos! lu",sin/ 'u™du. "
0

In the following we introducea two-dimensionaprojec-
tion of thethree-dimensiongBD) axonemdFigs. 2(A) and
2(B)]. Thisis motivatedby thefactthatunderourexperimen-
tal conditionsthe Ragellarbeatpattensof bull spem areal-
most planar with only small out-of-plane displacements.
Constraintof Ragellarmotion to two dimensionscould for
instanceébeaneffectof structuralasymmetriesvithin the3a-
gellum (Afzelius, 1959 Lindemannetal., 1992 Olsonand
Linck, 1977 SiandOkuno,1995, anissuewe will notdis-
cusshere.In thethree-dimensionaxonemethe motorsbe-
tweenonepair of doubetscauseslidingandaxonemabend-
ing in onedirection,whereaghe motorsbetweenthe pair of
doubets at the oppositeside of the axonemecausebending
in theoppositedirection.In otherwords,motorson opposite
sidesof the axonemeoperateantagonisticajl In the two-
dimensionalprojection, the action of motors at opposite
sidesof the axonemeare thereforesuperimposedh an an-



HFSPJournal

— 0

Figure 2. Schematic diagram of the axonemal architecture and
its two-dimensional representation. !A" Cross section of an ax-
oneme with radius r as seen from the basal end. The microtubule
doublets and the central pair are shown in red, the dynein motors in
blue, and the radial spokes in green. The horizontal gray line indi-
cates the plane of the beat. With this beat plane, the largest sliding
displacement occurs between adjacent microtubule doublets at the
top and bottom. !B" Cross section of the two-dimensional represen-
tation of the axoneme in which two Rexible Plamentsslide relative to
each other in the beat plane. The shear forces are generated by
active elements which operate antagonistically between the bla-
ments. Passive elastic elements are represented in green. The
separation of the two blamentsis a=2r. !C" View on the beat plane
of this Otwo-dimensionalaxoneme.Olndicated are the local sliding
displacement #!s" and the internal shear force density f!s" due to
the active elements !blue" and the passive cross-linkers !green".
The basal connection has a bnite stiffness and friction indicated by
black springs and dashpots.

tagonistiomannerinthisrepresentatiotheeffectsof motors
and passve cross-linlers betweenmicrotubuledoubets in
theaxonemererepresentetly a shearforce perunitlength
f1s" directedparallelto the local axonemalkxis. This force
density actsin oppositedirectionson both Plamentsand
causes relative sliding displacementt!s* betweenthe bla-
ments,seeFig. 2(C). The sliding displacemenis relatedto
thetangentangle/ by

#1s'=#y+all Is'l 1 10™, 2"

where# is thesliding displacemenatthe baseanda is the
axonemadtiameterNotethatthetwo-dimensionatepresen-
tation of the axonemeshavn in Fig. 2(C) is an abstraction.
Theequation®f motionfor planar3agellatbeatsanalsobe
derived rigorousy from thedynamicsof athree-dimensional
axonemeonstrainedo two dimensiongHilbnger 2006. In
orderto interpret the numericalvaluesof the force density
f1s" andthesliding displacemen#!s" in the planardescrip-
tion, we will subsequenjlrelatethemto the force anddis-
placemenbetweenthe ninemicrotubuledoubetsin thereal
three-dimensionaxonemeseeAppendixA.

Flagellar dynamics

Theactionof intemal force generatorsirives change®f the
axonemakhapeln the overdampedimit of smallReynolds
numberandsmallamplitudesthetangentanglesatisPeshe
following dynamic equation(Camaletand JYlichey 200Q
Machin, 1958

$ # st =1 9 Ist+a#iflst, 13"

where$ isthehydrodynamialragfor motionpempendicular
to the axonemeper unit length, %is the bendingrigidity of
the axonemeandf !s,t" representshe intemal sheasforce
densitydueto active (e.g.,motorproteins)aswell aspassive
(e.g.,nexin links) structureswithin the axoneme For sim-
plicity we have ignoredhydrodynamicinteractionsbetween
segmentsof thelBagellum Suchinteractionsareunimportant
if the RBagellumis closeto a surface.Far from a surface,in-
clusionof hydrodynamiceffectswould mainly leadto afric-
tion coefbcienthatdependsveakly on thewavelengthof the
beat(BrennenandWinet, 1977). The passve versionof Eq.
(3) with f!s,t"=0 describeghe elastolydrodynamicsof a
rod in aviscousernvironment(Wigginsetal., 1998.

In orderto discussoscillatory pattens of shapechanges
with angularfrequeny & we representhe wave form as a
Fourierseriesn time

Nst'=§ FiMgdn, 14"
n=!"

where, because/ !s,t" is a real quantity 7'"ls" and
F'Mg" are complex conjugatefunctions. The amplitude
andphaseof thenth mode, 7™, representhe amplitudeand
phaseof the nth hamonic of the oscillation. The Fourier
modes#'™1s" and '™Is" of the sliding displacementnd
force densityaredebPnedsimilarly. As shavn in the experi-
mentalsection the axonemaldlynamicsis dominatecdby the
fundamentamodeF '*"1s" [Fig. 3(B)]. In the following, we
therefordfocusonthebrstmoder 1'% F '1'ls" anddropthe
superscripfor n=1 suchthat F Is", f1s", #Is" referto the
fundamentalmodesof / !s,t", f!s,t" and #!s,t", respec-
tively.

Motor mechanics

In a coarse-gained description,the mechanicalpropeties

of the active and passie cross-linlers within the axo-

nemecanbe characterizedly a complex compliance(!&",

which describesthe sliding displacementin response

to a small oscillatory force #!s'& (!&"f1s" (JYlicherand
Prost,1997. Corresponding}, the inverseresponsecoefp-
cient) !&"=('11&" characterizetheforceresponseo ape-
riodic slidingmotion
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fls'& )#ls".

Herewe assumehat) is constanalongthe axonemelater
we alsodiscussthe possilte effectsof a position-dependent
). Theresponseoefbcient) is a complex quantitywhose
real andimaginay paits debnea stiffnessper unit length
K!&" and a friction coefbcientper unit length *!&", with
) =K+i&* . We thereforecall ) the dynamicstiffness.For a
collection of molecular motors coupledtogether such as
the dynein motorsin the axonemethe valuesof K and*
canbecomenegative (CamaletandJVYlichey 200Q Camalet
et al.,, 1999 Grill et al., 2005 JYlicherand Prost, 1997
Pecreauxet al., 2006. This collective behaior can arise
naturaly whenthe detachmenbof motorsis load dependent:
thisleadsto couplingof motoractiity to theslidingvelocity,
andtherely to therateof changeof theaxonemabendangle
asdetailedin AppendixB. We referto Eq. (5) assliding-
controlled motor coordination.This relation between the
Fouriermodesof thedynamicforcesanddisplacements a
generalizatiorof the well known force-\elocity relationfor
molecularmotorsto oscillatory motion. If the systemoper
atesat constantfrequeng, one can useeither the absolute
displacemenbr the shearateasdynamicvariadesbecause
the Fourier modesof both quantitiesdiffer only by a factor
i&. We preferto usethe absolutesheardisplacemenasit is
this quantity that entersthe shapeequations.If K and *
are negative, the forcesf!s" perform on averagework and
the systemcan becomeunstalle and undego oscillations
(Camaletand JYlicher 200Q Camaletet al., 1999 Grill
etal., 2005 JYlicherandProst, 1997 Pecreawsetal., 2006).

15"

The sperm equation
Equationq2)B(5) leadto thefollowing ordinary differential

equationfor the fundamentaFourier mode 718" of the tan-
gentangle

i@r+ 71 1 pF=0, 16"

where we have introducedthe dimensionlessparameters
&=8&% L* % p=) a’L?/ %and the primes indicate deriva-
tives with respecto thenomalizedarclengthg=s/L. Inthe
following we will referto Eq. (6) asthe spem equation.

Our theoreticaldescriptionincludes the possibility of
sliding betweenblament®venatthebaseBalancingthein-
temal shearforcesatthebasdeadsto thefollowing equation
of motionfor thesliding displacemenatthe base:

# Ist"ds,

0

+s%#0!t":! ket ol t"! e
wheretheintegral term is thetotal forcealongtheaxoneme,
+s is a basalfriction coefbcient,and ks a basalstiffness.
Equationq3) and(7) deteminethedynamicsof sliding dis-
placementsand bendingdeformationsfor ary given time-
dependentdistribution of intemal force densitiesf!s,t".
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Tablel. Thedifferentexperimentalconditionsdiscussedh this paper
andthebounday conditionsusedto deteminethefundamentamode
F1¢'. Thebasalkendcomrespondso 8=0 andthedistalendto = 1. The
bounday conditionshave been expressedusing the dimensionless
parameter® =k,L/ % 8,= +,/1L°% ", @=d/L, and?=, /IL§ ".

Experimentatonditions

Clampecdhead K, 8,
Pivoting head g
Planarswimming g! 0

Bounday conditions

F0"+pi#,! FI10™+ )7 1g'del 1R +idg,"F 10"=0
7ot gyl AF$10"! pF 10" +i&dF 10™=0
F11"=0

Fr1t g+ 11t F10m=0

Making useof Egs.(2) and(5) allows usto detemine the
nomalizedamplitudeof the basalsliding #,%!1/a"#, by

1
Flo"! #r !Q'dv(,
0

where B.=k@a?L/ % #,= +a°/!L3$ ". The nomalizedbasal
slidingamplitude®, plays animportantrole in thedynamics
of the tangentanglebecauseét entersthe bounday condi-

tions detemining the allowed solutionsof 7 !s" asdetailed
below.

ﬂO:L 18"

i@s+ R+ p

Boundary conditions

The solutionsto the spem equation(6) andEq. (8) depend
on the bounday conditionsthat describethe balanceof

torquesandforcesat the endsof the axonemeBecausehe
distalend!g=1" is free, no extemal torquesandforcesare
acting there, which implies 7 /=0 and 9§ "=alL’f at =1

(CamaletandJYlichey 2000. Whereaghe distal endis free
to move, thebasalendof theaxonemes anchoredvithin the
spem headthisleadsto extemalforcesandtorquesactingat

thebaselg=0".

In orderto discussthe headdynamics,we distinguish
three experimental conditions as summarizedin Table I.
First, the casein which the spem headis attachedto the
cover slip in away thatit canneithermove nortilt, implying
that 7=0 at 8=0 (clampedhead).Secondthe casein which
the headis attachedo the cover slip suchthatits positionis
Pxed but its orientation can change(pivoting head).And
third, spem swimming closeto andparallelto the surfaceof
thecover slip (planarswimming).

In the casefor which the position of the headis bxed
(clampedand pivoting) we characterizeéhe connectionbe-
tweenthe headand the cover slip by an angularstiffness
k, and angularfriction coefpcient+, Balancingintemal
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and extemal torques at the head implies (Camalet and
JYlicher 2000 %:"+aL2)éf“!Q'd9:L!kp+i&+p"f' at 8=0.
The balanceof forcesat the headinvolvesfor the caseof a
free headthe friction force, v, , where, is a friction co-

efbcient of the head and v, * 19 $! al’F’

+1i&d$ L3'F"/L3% is the velocity pempendicularto the
axonemalaxis. The force balanceat the headthen reads
96 "1 al’f=,119F $! al’f ""/IL$ "+i&JL?F ", where the
distancebetweenthe pivot point of the headandthe baseof

the Bagellumis denotedby d. In our experimentswe esti-
matedd& 5.5 " m. In thecaseof aclampedor pivotinghead

theforce balanceconditionatthe headis replacediy v, =0.

Making useof Eq. (5), thebounday conditionsfor the fun-

damentalmodeof the tangentanglecan be expressedn a
generaform suchthatthe differentexperimentalkconditions
correspondo limiting casesseeTablel.

The spem equationis an ordinay homaeneousdif-
ferential equationof fourth order Becausethe overall am-
plitude and phaseof solutionsto sucha linear systemare
undetemined threecomple< bounday conditionsaresufp-
cientto Pnda uniquesolution.In our btting procedurede-

scribedbelaw, the value of #,, is inferred by usingall four
bounday conditionsThemainrole of nonlinearitieds to set
theamplitudeof the beat.Nonlinearitiesarenot expectedto

have alarge effect on the shapeof the beat(HilPnger 2006

Yuetal., 2006.

EXPERIMENTAL RESULTS

Flagellar wave forms of beatingbull spem (Gray, 1958
werequantiPedusinghigh-speed/ideo microscoy andau-
tomatedmageanal/sis.Imagesof Ragellawave formswere
takenevery 4 msfor atotaldurationof + 4 s, seeFg. 1. De-
pendingon the surfaceconditionsof the cover slip (seeMa-
terialsandMethodssection)theobseved spem fell into one
of threecateyories:clampedhead pivoting head andplanar
swimming, asdebnedn the theoly section.Using an auto-
matedimageanaysis algorithmwe deteminedthe tangent
angle!/ Is,t" at41 equaly spacegointsalongthe agellum
in theconsecutie images|In thisway, we deteminedatime
serief anglesateachpointalongtheRagellum[Fig. 3(A)].
Becauséheoscillationswerevery stable overtime, we com-
putedthepower spectumateachpoint[Fig. 3(B)]. Wefound
thatall anal/zedtime seried n=18" werewell apprximated
by their zerothandprsttemporalFouriermodesij.e.

Jst"& FIOIs"+ Flg'd 4 Frig'g 14t g

wherethe stardenoteshe complex conjugate The second
andthird modescanbeobseved [seeFig. 3(B)], but they are
small comparedo the fundamentaimode and accountfor
lessthan5% of thetotal beatpower. In otherwords,themo-
tion of eachtailpoint was well appraimatedby a sinusoidal

oscillationof amplitude2, I , andangularfrequeny & about
an averagetangentangle 7 '%". The time averagedtangent
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Figure 3. Time series analysis and Fourier modes of beat pat-
terns. !A" Typical measured time series of the tangent angle / !s,t"
for a given point !s=28 “m" along a Ragellum whose head was
clamped. !B" The corresponding power spectrum of the oscillations
reveals a clear peak at a frequency f,=&/2- of 20 Hz containing
more than 95% of the total power. !C" The time average of the
tangent angle 7'1s" at each point along the Ragellum. Note that

variations of 7'%'ls" as a function of s lead to curved trajectories of
freely swimming sperm cells. !D,E" Amplitude and phase, respec-

tively, of the fundamental mode F!s".

angleF ''1s" andthe amplitudeandphaseof the fundamen-
tal Fouriermode’ !s" aredisplayed in Figs. 3(C)BB(E) asa
functionof arclength.

Anotherway to illustratethe Ragellarbeatgraphicaly is
to display the brst mode of the tangentangle / !s,t"
=FIs'@®+F"Is'e ¥ at several sequentialtimes. An ex-
ampleis shavn in Fig. 4, where the spem attachedso
strongy to the cover slip with its headthat the bounday
condition 7 10"=0 was satisbedred arrow). We classibed
theseasclamped-headtheatpattens. All spem analzedin
this studysatisbPegwithin the error bars,the bounday con-
dition 7 '11"=0 comrespondingo zerocurvatureat the end
(Fig. 4(B), red arrow). This is expectedbecausehereis no
extemal torqueactingatthedistalend.

The fundamentamodesare of high precision.The esti-

mated eror in F1s" is appraimately 0.4j or less than

How molecularmotorsshapetheE | Riedel-Kuseetal.
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Figure 4. The measured fundamental Fourier mode of the tan-
gent angle and its derivative, the curvature, illustrate that two
boundary conditions are satisped. !A" Snapshots of the mea-
sured fundamental Fourier mode of the tangent angle /!s,t"
=F1s"e!®+ FIs"e! ¥at successive times with interval #t=4 ms for a
beat pattern satisfying the clamped head condition. !B" Same rep-
resentation of the curvature, #/ !s,t". The arrows point to the base
IA" and tip !B" of the axoneme and indicate the expected boundary
conditions !zero tangent at the base and zero curvature at the tip".
The estimated error of the tangent angle is less than 10'? rad. The
estimated error of the curvature is 10'2 rad/ " m, or approximately
5% of the maximum value. Note that the last experimental data point
is approximately 2 “m before the actual end of the Ragellum.

10 ? rad, seeMaterialsand Methodssection.This unprec-
edentechigh precision,which resultedfrom the Fourier av-

eragingallowed us to testseveraltheoreticapredictionsre-
garding RBagellar beat pattens, as describedin the next

section.

COMPARISON OF THEORY AND EXPERIMENT
Testing the sliding-controlled motor hypothesis

We comparedhe obseved fundamentabeatingmodes’! &'
to solutionsof the spem equation(6) taking into account
bounday conditionscorrespondindo theexperimentakon-
ditions.Thiswas doneby bttingcalculatedvave formsto the
experimentabnesusingthedimensionlesdynamicstiffness
Jpasabt parameterseeMaterialsandMethods.Notethatin

this proceduref,, the nomalizedbasalsliding amplitude
doesnot play therole of a free parameterRather its value
follows from imposingall four bounday conditions.

We Prst anayzed beating spem whose headswere
clampedto the coverslip asthis conditionis the mostcon-
strainedoneandinvolvesthe fewestfree parametersGiven
valuesof & and g, the spem equation(6) togetherwith the

bounday conditionsdetemine a unique solution for ¢’

andalso provide a value of #,. Becausehe dimensionless
parameted is deteminedby the beatfrequeny &, the ax-
onemallengthL, the bendingrigidity %éandthe friction co-
efbcient$ , which areeitherknown or canall be estimated
asdescribedn AppendixC (seelegendto Table Il for nu-
mericalvalues)the only free parameters the unknavn dy-
namicstiffnessp. Usingtherealandimaginal pars of pas
bt parametersthe calculatedwave forms were bt to the ex-
perimentaldataby minimizing the sumof squaredlistances
betweenexperimentaly andtheoreticaly deteminedmodes
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Tablell. Meanandstandardieviationsof parametevaluesFor given
oscillationfrequencies&/2- , which weredeteminedfrom the power
spectum|[Fig. 3(B)] thestiffnessperunitlengthK andthefriction per
unit length* wereusedaspt parametersThe amplitudeof basalslid-
ing ,#,, andthereforethe valuesof the basalstiffnessandfriction kg
and +, wereinferred from the bestbts.The nomalizedmeansquared
distanceébetweenexperimentabindtheoreticaturves,asdebnedn the
Materialsand Methodssection,is denotedby Q. The numbern of
spem for eachconditionis indicated.The valuesobtainedby averag-
ing overall experimentakonditionsaresummarizedn thebottomtwo
rows.Thebtparameterpresentedherewereobtainedrom thedimen-
sionlessht parametersising estimatedvaluesfor the diameterof the
axonemea=185nm, its bendingrigidity %=1.7. 10 % N m?, fric-
tion coefbcientper unit length § , andRagellarlengthL=58.3 "m.
Using a distanceof 4 " m betweenthe RBagellumandthe cover slip,
we estimated § =3.4. 103 Ns/m? for the experiments with
clamped and pivoting head (obseved a 22{C) and $§ =2.5
. 103 N s/m? for the swvimming spem (obsewed at 36 j C). The
lengthL doesnotincludethelengthd=5.5 " m betweentheheadcen-
terandthebeginningof the RagellumTheestimationof parameterss
discussedn AppendixC.

K * ks s ., &2-  Q
KNI [Nt | mNE [ mNash o)
m? 'm* 'm ' m
Clampedhead!n=6"

Mean !162 !7.6 948 0274 170 20.6 0.977
s.d. 0.04 0.1 2.6 0.006 18 1.2 0.005
Pivoting head!n=5"

Mean 1148 !79 886 0299 145 20.0 0.958
s.d. 0.13 0.7 9.8 0.041 34 42 0.033
Planarsvimming !n=7"

Mean !163 !53 962 0201 162 313 0.953
s.d. 0.06 0.1 3.3 0.008 17 19 0.019
All In=18"

Mean !158 16.8 93.6 0253 160 24.6 0.962
s.d. 0.10 1.3 6.3 0.048 24 6.0 0.023

F 1g'. Thebtsagreedwell with theexperimentatiataasillus-
tratedin Fig. 5(A) (red theow, blue data).Figure 6 shavs
shapshotof the correspondinglagellarwave form r!s,t",
reconstitutedfrom the fundamentalmode of the tangent
angle’/ !s,t" using Eq. (1), directy comparinga theoreti-
cally detemined wave form with experimentaly obsewed
beatpattens. The unknavn basalstiffnessk, andbasalfric-

tion & canbe deteminedfrom #, usingEq. (8). The bt pa-
rametersobtainedfrom the anaysis of six differentspem
aregiveninTade Il.

Wethenanalzedspem beatingn two additionalexperi-
mentalconditions,namey spem whoseheadswere bound
to the coverslip but pivoting andspem thatwereswimming
parallelto the coverslip. In theseconditions,two additional
parametersnterthebounday conditionsdescribinghebeat
pattens,se€Table|. In thecaseof a pivoting headtheseare
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Figure 5. Comparison of experimental and theoretical beat pat-
terns for sliding-controlled motors. Fit solutions to the sperm

equation for the fundamental mode of the tangent angle F!s" Ired
line" compared to the experimental data !blue dots". A" clamped
head, !B" pivoting head, and !C" planar swimming. The frequencies
of the beat patterns shown were 20, 16, and 33 Hz, respectively.
The amplitude and phase of the modes were chosen to match the
experimental data. The gray lines indicate improved btsobtained by
allowing the dynamic stiffness p to take a different but constant
value within the distal 5% of the Ragellum.

the pivotal stiffness[?p and pivotal friction coefbcient#,.
In the caseof planarswimming, the two additionalparam-

etersaretheangularfriction &, andthefriction coefbcient?
associatedvith the pivotal andtranslationalmovementsof

the head.The valuesof K,, #,, &, and 2 were constrained
to be positive, seeAppendix C. Theseparameterstogether
with therealandimaginay patts of g, constitutefour bt pa-
rametersAgain, the btsagreedwell with the experimental
data,seeFigs. 5(B) and5(C) (redtheow, blue data).The bt
parametersbtainedrom theanaysisof Pve differentpivot-
ing spem and seven swimming spem are summarizedn
Tablell.

The closenes®f the btswas quantibedby the positive
parameterQ which is nomalized such that Q=1 corre-
spondgo a perfectbt, seeMaterialsandMethods Valuesof
Q rangedrom 0.95to 0.98for thethreeexperimentaktondi-
tions,seeTable Il. Thelargestdeviationsbetweentheory and
experimentoccurednearthedistalend.Possilde sourceof

Experiment

Figure 6. Shapes of Ragellar beats. Four snapshots of Ragellar
shapes r!s,t" of clamped-head beat patterns which correspond to
the fundamental modes of the tangent angle presented in Fig. 5!A".
Shown is the prst quarter of the beat cycle at equally spaced time
points, as well as an arrow depicting the direction of the traveling
wave. A" experiment; !B" theory.

thesedeviationsincludeinhomayeneitiesalongthelengthof
the Bagellum(seebelov) and effects of nonlinearities De-
spitethesedeviations,we regardthesebtsto be satishctor.
Notethatwhenwe assumedhatbasalsliding doesnotoccur

I#,=0", no satishctory bts could be obtainedthat obeyed
thebounday conditions.

Thebttingprocedurgrovidedestimatedor thedynamic
stiffnessandbasaklidingin termsof atwo-dimensionatep-
resentatiorf theaxonemeln orderto relatethesequantities
to propeties of the three-dimensionadxonemewe intro-
ducecorrespondingquantitiesdescribingthe dynamicstiff-
nessand basalsliding between adjacentmicrotubule dou-
blets, seeAppendixA. The sliding displacemenbetweena
pairof adjacentnicrotubuledoubetsthatliesapproaimately
in the planeof beatingis given by # & !- /9"#. Fromthe
valuesgiven in Tale II, we estimatedhe maximumampli-
tudeof sliding betweenadjacenmicrotubuledoubetsatthe
baseas

2#y7!0", & 110nm. 110"

The relative error of this quantity is about10% and arises
from cell-to-cell variationsand uncetainty in the value of
theaxonemabliametera, seeAppendixC.

We also estimatedhe stiffnessKy; andfriction coefp-
cient * ;7 per structural repeatof =96 nm. Theseparam-
eterscharacteriz¢éheresponsef theforcebetweenmicrotu-

bule doubets per structural repeat T,y to sliding
displacementd heinterdoulbet force perstructuralrepeais
relatedto the force densityf in the two-dimensionakepre-
sentatiorby fy,7 & 2fl/- . It isrelatedto interdoubbet sliding
accordingto fy,1=) urfvt, Where) yr=Kyr+i&* yr. The
following valueswereobtainedusingour btting procedure:

Kyr & ! 0.28. 103 N/m

*ar& ! 1.2, 10°Naym. 111"

Therelative error of thesequantitiesis dominatecby uncer
tainty in the value of the viscousfriction coefbcient§ ,
whichdepend®nthedistancebetweentheRagellumandthe

How molecularmotorsshapetheE | Riedel-Kuseetal.



cover slip, which was estimatedto be 4 “m. We estimate,
with 95% conbdencethatthe true valuesof this coefbcient
deviate by lessthanafactorof 2 from the statedvalues,see
AppendixC. Therelative error of theratio of Ky, and* 7 is
muchless,aboutl0%,becausé doesnotdependn § , see
AppendixC.

We now relatethe valuesof the stiffnessandfriction co-
efbcientper structuralrepeatto the propeties of active and
passve elementsvhichconnecmicrotubuledoubetswithin
the axonemeThe stiffnessof the passie linkerswhich op-
posesliding, thoughtto be nexin links, is positive andthe
experimentalestimates(0.02mN/m per structural repeat,
(YagiandKamiya,1995; 0.02D0.1 mN/m perstructuralre-
peat(Lindemanretal., 2005, aresmallcomparedo theab-
solutevalue of the estimategiven in Eq. (11). The passve
friction coefbcientbetween sliding microtubules within
the axonemss positive. Estimatingits magnitudebasedon
viscousfriction with theviscosityof water it is of the order
of 10 ® Ns/m for onestructural repeat This is small com-
paredto theabsolutevalueof * ;7 givenin Eq.(11). Because
the passve stiffnessand friction coefbcientare small in
magnitudeandhave oppositesignsascomparedo thevalues
given in Eq. (11), they canprobalty be neglectedandit is
likely thatthe motorsdominatethe shearforceswithin the
axoneme.

ThecoefbcientK,,r and* \;r canberelatedto molecular
propetiesof dyneinmotor proteins.In AppendixB, we dis-
cusshedynamicstiffness) of mary motorsthatoperatecol-
lectively andgenerate total force asthe sumof mary indi-
vidual motors.We assumehat the force generatedy each
motordomainis relatedto the velocity of motionby alinear

force-welocity relationshipwith stall force £ and slopef .
Motor domainsstochasticayl bind to and detachfrom mi-
crotubulesthis is characterizedby a relaxationtime /. The
key propety of motorsthatleadsto active oscillationsis that
their detachmentate increaseswith increasingload force.
This force dependencés describedby a characteristidorce
f. whichis smallif load dependences strong.If the motors
dominatethe dynamic stiffnessas arguedin the previous
paragaph,bothK,,; and* \;; becomenegative, as obsered
[Eq. (11)], provided thatthe dependencef the detachment

rateon loadforceis sufbcienty strong! f.0 £". We bndthat
avalueof f,=f2 is consistenwith the measured/aluesof

Kyt and* 7. If £=2! 4 pN per motordomain(correspond-
ing to themeasuredaluesfor inneram dynein(Sakakibara
etal., 1999, andfor cytoplasmicdynein(Tobaetal., 20086,
respectiely), thenf.=1! 2 pN, which is abouta quater to
a half of thevalueof 4 pN measuredor kinesin(Schnitzer
etal., 2000. Theratio of Ky;r and* \;; togetherwith thean-
gular frequeny & detemine the relaxationtime / = 4 ms.
Usingthe estimateof 14 dyneinmotordomainsperdoubet
microtubule per structural repeat (Burgesset al., 1991
Nicastroet al., 2006 the value of Kyt given in Eq. (11)
impliesf 'p=0.03 "N s/m, wheregis thefractionof motor
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domainsthat are boundto the microtubule.Even though
the value of f’ is not well constrainedby experiments,a
valueof 1! 10 mN s/m is expecteda valueof 10 mN s/m

has been measuredfor cytoplasmic dynein (Toba et al.,

2006, axonemablynein,however, is faster(Howard 20017)].

This suggestsa value for the fraction of bound motors of
p* 0.003 0.03, consistentwith axonemaldyneins being
low duty ratiomotors(Howard 2007). In summay, thesigns
and magnitudesof Ky and* t asgiven by Eqg. (11) are
consistentvith single-moleculgropeties of dyneinmotor
proteins.

Tests of more general and alternative models
Theresultsof the previous sectionshaved thatthe obsewed
wave forms areconsistentvith sliding-controlledmotorac-
tivity. In this section,we comparethe obseved clamped-
headbeatpattenswith pattensobtainedrom othermodels.

Roleof structuralinhomaeneitiesBull spem arestruc-
turally inhomaeneousthe thicknessof the Ragellumde-
creasesnonotonicaly from the headtowardsthedistalend.
Thistaperingis dueto changesn extra-axonemastructures
suchasthe outerdensebbersbut not dueto changesn the
axonemeétself, which maintainsa constantdiameteralong
its length (andthus a constantrelationshipbetweensliding
displacemenandtangentangle).However, it hasbeensug-
gestedthatthe decreasén Ragellarthicknesdeadsto a de-
creasen Rexuralrigidity from baseto tip (Lindemann ;1996
Rikmenspoel1965. In addition,therecouldalsobesystem-
aticvariationsof thepropetiesof forcegeneratorsr passve
cross-linlersalongtheBagellumWe investigatedheeffects
of suchinhomayeneitiesby consideringa positionalvaria-
tion of thebendingrigidity %s"'= %+ %s andof thedynamic
stiffness) 1s"'=) o+ ) 1s. In thecaseof weakinhomaeneities
(i.e., %" %/L, )" )o/L), the fundamentaimodesF!g'
satisfy

i@r+F1 +3%F$! pFl 2’ &0, 112"

where &8 &% L*/ 9%, p& ) a°L?/ %, #%& L%/ %, and
p.& L) 11) o. We bt solutionsof Eq. (12) to the experimen-
tal data takinginto accountheappropriatdoounday condi-
tions. In this procedurethe real parametergg andthe real
andimaginay pars of j; seve asadditionalbt parameters.

The parametenaluesof p and#, werestill reliady deter
mined and were similar to the previous estimates(within
+15%). However, theclosenessf bt Q did notincreasesig-
nibcanty andthe additional bt parameterwvaried strongy
between spem. We thus concludethat gradualy varying
structural propeties play a minor role in shapingthe beat.
Also notethatin the absenceof basalsliding we were not
able to bndsatishctory bts,evenif we incorporatedstruc-
tural inhomayeneitiesThis is consistentwith basalsliding
playing anessentiatole in shapingthebeat.

Histological sectionsof mammaliarspem Bagellashav
thatthemostdistal2b3 “m of theaxonemdacksstructural
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elementqFawcettetal., 1994. This suggestshatthe prop-
erties at the distal enddiffer from thoseof the main part of
theBagellum.In orderto detemine how suchdistal proper
tiesmight affect the wave form, we btthe experimentaldata
to beat pattens calculatedwith the assumptionthat Jo
is constanin the Prst95% of the Bagellumandhasa differ-
ent constantvalue, .4 in the remaining5%. The corre-
spondingbtsimproved the agreementbetweenexperiment
(blue dots) and theory (gray lines) closeto the distal end
(Q=0.986£0.010,meant s.d.,n=6), seeFig. 5. Thebest-bt

valuesof Jp and#, were within 15% of the previous esti-
mates.The valuesof Jg,,4 varied strongy betweenspem.
Theseresultsshav thatchange®f axonemaktructureatthe
distalendcanhave signibpcaneffectsonthewaveformsnear
the distalendandmay accountfor mostof the deviation of
the experimentaldatafrom solutionsof the spem equation
with constantlynamicstiffness) .

Motor control by transerseaxonemaldeformations: It
hasbeensuggestethattheactivity of motorsis regulatedby
changeof theinterdoulbet spacingduringaxonemakbefor
mations.Suchan effect hasbeentermeda geometricclutch
(Lindemann,1994ab, 2002) Accordingto this hypothesis,
thesliding betweenmicrotubuledoubetstenseslasticlink-
erssuchasnexin andthis tensiontendsto reducethe inter-
doubet spacinglf thereducedspacingeadsto anincreased
attachmentrate, this amountsto a positive feedbackand
leads to a dynamic stiffness of the same form as
Eq. (5), seeAppendix D. However, in the caseof motor
control via interdoultet spacing, the dynamic stiffness
) =K+i&* hasa positive value of * (in contrastto the
sliding-controlled motor response)while K is negative.
Whenwe bt calculatetheatpattensto theexperimentadata
imposingtheconstrainof positive * , we did notobtainclose
bts, see Fig. 7(A). The closenessof the bt was
Q=0.564t0.069 (mean £ s.d., n=6) comrespondingto
the best-bt value for the stiffness per unit length
K=!3.368:0.026kN/m?. The best-btvalue of the friction
perunitlength* friction was zero(within numericalerrors)
in all casesThebasalfriction coefbcientnferredfrom these
best-btvalueswas negative, which would correspondto an
active elementtthebasewhichis believed to be purely pas-
sive. Thelack of agoodbptis notsurprisingsinceit hasheen
shavn that the generatiorof self-sustaineascillatory beat
pattensrequiresnegative valuesof both K and* (Camalet
and JYlicher 2000. In conclusion,control of motors by
trans\ersedeformationsdoesnot accordwith the measured
beat.

Motor controlvia local curvature:It hasbeensuggested
thattheactiity of motorsin theaxonemas controlledby the
localaxonematurvature(Brokaw, 2002 Brokav andLuck,
1985 Brokaw, 1971, Brokaw andRintala, 1975 Hinesand
Blum, 1979 Machin,1958. Thisimpliesthattheforceden-

sity '1s" depend®nthe curvatured’ /ds. Theforcedensity
f1s" also dependson # via the dynamic stiffness ) =K
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Figure 7. Comparison of experimental and theoretical beat pat-
terns for geometric clutch and curvature control mechanisms.

The fundamental mode 7 !s" measured from a clamped-head sperm
Iblue dots" is shown together with calculated beat patterns as a
function of the arc length s. !A" Geometric clutch !B" curvature con-
trol. Note that the bts are worse than those for the sliding-controlled
case presented in Fig. 5!A".

+i&*, reRectingthe force-\elocity relationshipof the active
force generatoraswell asthe stiffnessandfriction associ-
atedwith passie linkers.To linearordertheseeffectscanbe
expresseds

dFts’

fls'=)#ls'+ 1 113"
where 1 is a comple coefbcientwith units of force which
describesthe coupling of curvatureto motor actiity, see
Appendix Eqg. (D2). This relation, togetherwith Eq. (3),
leadsto thefollowing equatiorfor thefundamentamode:

i@r+F1 1 $F$! pr=0, 114"
where®=1al / %

To investigatewhether curvature control can account
for theobseved beatpattens,we bt solutionsof Eq. (14) to
the experimentaldata, taking into accountthe appropriate
bounday conditionsand assumingthat both K and* are
non-ngative (which comespondgo an absenceof sliding

control). Using the real and imaginay pairts of £ and p
as bt parameters,the best-bt value for the curvature
control parameter was Re!1"=0.645:0.009nN and
Im!1"=12.208:0.037nN (meanz s.d.,n=6). The best-bt
value of the constrainedstiffnessK andfriction * per unit
lengthwere appraximately zero (within numericalerrors).
Thebestbtsdifferedapprecialy from theobserved beatpat-
tems in the basalregion [seeFig. 7(B)] and were signib-
cantly worse(Q=0.870+0.021,meant s.d.,n=6) compared

How molecularmotorsshapetheE | Riedel-Kuseetal.



to thosefor the sliding-controlmechanisniseeFig. 5(B)].

Furthemore, the valuesof the inferred amplitudeof basal
sliding divergedto nonsensicalaluesof the orderof meters
for the found best-btvaluesof . Upon remaing the con-
straintson K and*, the btsimproved signibcantf andwe
obtainedhegative valuesof bothK and* whichweresimilar

to theonesgiven in Talde II. The best-bvaluesof £ werein
this casesmall,andtheir realandimaginay paits wereboth
positive. Theseresultsimply that curvature control as the
sole underying mechanisnof beat-pattem generationcan
leadto propagatingoendingwaves thatlook similar to the
obseved beatpattens. However, direct comparisonto our
high-precisiondatashavs thatsliding control gives signib-
cantl betterbtsto the experimentaldata.

CONCLUSIONS AND DISCUSSION

We quantibedthe Bagellarbeatsof bull spem with high

spatio-temporatesolutionanddeteminedthe time average
of theshapeaswell asthe brsttemporalFouriermodeof the

beatpattens for differentexperimentalconditions.The ob-

sewned beatpattens were dominatedby their fundamental
modewhich containednorethan95%of thetotal power. We

comparedhe obsewred fundamentaimodesto wave forms

calculatedwithin a theoreticalframeavork in which the mo-

tors and passie linkersin the axonemeare describecdby a

dynamicstiffness) =K+i&*. Theoreticalwave forms and

experimentadataagreedwell (seeFig. 5), which allowed us

to estimatethe value of the dynamicstiffness for which we

foundthatbothK and* werenegative.

Thisinferred phaseof the dynamicstiffnesssuppots the
hypothesisthat the beat pattens are generatedby collec-
tively operatingnotorswhoseactvity is coordinatedy slid-
ing betweenadjacenmicrotubuledoubets. Negative values
of K and* canresultfrom load dependentletachmenbf
motors.Loaddependentietachmenfeadsto a positive feed-
backthatcangiveriseto spontaneousscillations:motorson
the Owinning®ide, becausehey cary a smallerload per
motor, spendnoreandmoretime attachegwhereashoseon
the Olosing®ide, because¢hey have a higherloadpermotor,
spendnoreandmoretime detachedT he switching of activ-
ity, andthereforethereversalof the slidingandbending,oc-
cursbecausehe [3exural rigidity of the microtubulesn the
axonemeprovidesarestoringforcethattendsto keeptheax-
onemestraight.The full wave propagatiorof the beatthen
arisesfrom the interplay of mary suchoscillatingsegments
alongthelengthof theaxonemeThereforethe beatshapes
nonlocaly deteminedanddepend®on the axonemalength
andon bounday conditions.

The microscopicorigin of oscillationsin the form of a
strongload dependencef motor detachmenshouldbe ac-
cessilte to directexperimentalveribcationby measuringhe
loaddependencef thedetachmentateof puribedaxonemal
dyneinsin anin vitro assg Suchaload dependencef the
detachmendf moleculamotorsmay underlieoscillationsof
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motorsin otherbioptysical systemssuchasspindleoscilla-
tions and asynchronousnsect Bight muscles(Grill et al.,
2005 Pecreawetal., 2006 Pringle,1977).

Although a curvature control mechanismcan generate
propagatingvave formsthatresemte the Ragellarbeat,we
found that the calculatedwave forms in this casedeviated
apprecialy from the measuredeatpattens. Furthemore,
the amplitudesof basalsliding correspondingo the btsfor
curvaturecontrol were unreasondly large, unlike thosefor
sliding control. Thus the experimentalresultsprovide evi-
denceagainsta motorcoordinationby curvaturecontroland
favor sliding-controllednotoractiity. Thereis anadditional
argumentin favor of a mechanisnbasedon sliding control
ratherthancurvaturecontrol: Thereis a plausilde molecular
basisfor sliding control,namey theload-dependendetach-
mentof thedyneinsthathasbeenestalishedfor othermotor
proteins(Schnitzeretal., 2000. In contrastijt is difbcultto
constuct scenariosn which the dyneinmotors,which have
dimensionontheorderof 10 nm, candetectaxonematur-
vatureswhoseradii aregeneraly greaterthanl “m, ahun-
dred times larger than molecular dimension.Theseargu-
ments together suggestthat curvature control is not the
primaly mechanisnfor generatingaxonemabeatpattens,
thoughwe do not rule out the possibility thatit could play a
supplementarrolein shapinghebeat.Lik ewise ourresults
suggesthat mechanism$asedon trans\erseaxonemalde-
formations,known asa geometricclutch, aswell as struc-
turalinhomaeneitiesarenotcentralin shapingheagellar
beat,althoughthey may play seconday roles.

Thougha sliding control theory was brstproposedsev-
eral yearsago (Camaletand JYlichey 2000, it shoved that
for a clampedheadandin the absenceof basalsliding, the
beatwould propagaten the direction oppositeto that ob-
sewved in bull spem and mostBagella.Here, we Pnd that
basalsliding is requiredto obtaintheoreticalbeatpattens
which matchthe obsewed ones.In theabsencef basalslid-
ing we were not ae to Pnd theoreticalbeatpattens that
agreedwith our experimentalobsewations.This necessity
for basalsliding strongl suppots the notion that thereis
compliancebetweenmicrotubuledoubets at the baseof the
Bagellumas suggestedn Vernon and Woolley (2002) We
estimatedhe maximumamplitudeof basalsliding between
neighboringmicrotubulego beof theorderof upto 100 nm,
whichis signibcant} larger, but of the sameorderof magni-
tude as estimatesrepoted from chinchilla spem (Vernon
andWoolley, 2004). This previousrepott of basalsliding in
mammaliarspem wasbasedn electronmicrographsof the
connectingpiecewithin the neckregion of the spem. It po-
tentialy underestimateshe sliding amplitude of microtu-
bulesat the baseof the axonemeThe basalsliding ampli-
tudesdeducedrom our work shouldbe accessile to direct
experimentalveripbcationby measuringoscillation ampli-
tudesof gold beadsattachedo microtubuledoubetsof beat-
ing bull spem, following a method repotted previously
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(Brokaw, 1989 1991). Note thatthis previous studydid not
Pndevidencefor basakliding of largeamplitudesn thenon-
mammaliarspem of the tunicateCionaandthe seaurchin
Lytedinus Differencesn the structuresby which the basal
end of the axonemeis anchoredn the headof the spem
couldleadto differencesof basalmicrotubulesliding in dif-
ferentspeciesin nonmammaliarspem the axonemds an-
choredvia the basalbody (Gibbons,1981), whereadn the
mammaliancasethe axonemds connectednoreindirectly
via the connectingpiece(Zamboniand Stefanini, 1977).

Our results suggestthat basal sliding can shapel3a-
gellarbeatpattensglobally, becauséasaklidingis commu-
nicatedto the motorsthroughoutthe axonemgseeEqgs.(2)
and(5)]. This effectis illustratedby the earlier bndingthat
sliding-controlled pattens obtained for clamped-head
bounday conditionsandnobasalslidingtravel from thedis-
tal endtowardsthe head(CamaletandJYlichey2000. Thus
regulationof basalcomplianceoffersanelegantmechanism
for reversing the direction of beat propagationthat has
beenobseved in cilia and Ragella(Eckert, 1972 Phillips
andKalay, 1984 Ringo, 1967 Sugrue etal., 1988. In gen-
eral, cellular regulation of the basalcompliancealone,for
example by changesn calciumconcentratiorr phosphoy-
lation, could modulatethe beatpattens without the needto
regulatethemotorproteinsdirectly. In otherwords,thebasal
compliancecould actasa spatialy localizedregulatoly site
that selectsamongpossilte beatingmodesgeneratecby a
bPxed ensemle of motorsthat are distributedall alongthe
axoneme.This regulation could operateon physiological
time scalesselectingoeatingmodesn agivenaxonemeor it
couldoccuron evolutionary time scalesgiving riseto a va-
riety of beatpattensin differentspecies.

MATERIALS AND METHODS

Sperm cells, microscopy , and imaging

Frozenbull spem pelletsof 100 "I volume provided by a
cattle-breadinginstitute (IFN SchSnav, Gemary) were
stored under liquid nitrogen and prepared fresh each
day accordingto the following procedure:One pellet was
addedto 0.9 ml pre-heated®BSMCG-bufer (2.7 mM KClI,
1.5mM KH,PQ,, 8.1 mM NaHPQO,, 58.6mM NacCl;
1 mM MgSGQ,, 2 mM CaClh, 5 mM glucose,pH=7.5) and
incubatedfor 10 min at 36 j C, followed by threewashing
stepsat room temperaturg10 min centrifuging at 800 g,
discardingsupenatantand re-suspendingvith PBSMCG-
buffer) andpPnally storedonice.After thaving, usualy about
10%b20%f thespem cellsweremotilein PBSMCGbuffer
at36C.

Spem cells were studiedunderan inverted microscope
(Axiovert 200M, Zeiss)at 22 or 36  C in a copperobseva-
tion chambe(12 mmdiameter1 mmdepth)whoseintemal
surfaceshad beencoatedwith corventionalnail polish to
prevent metal ions leaking into the solution. Two type K
themocouple-sensor&Conrad)were attachedo the cham-

ber with tapeand heatpaste(Conrad)to monitor the tem-
peraturewith an anal@ thermometer(Voltcraft 304/K204,
Conrad).The chambemvas mountedon a microscopeheat-
ing stageg(Zeiss, TempcontroB7-2digital, UniversalMount-
ing FrameM-H) with tapeandheatpasteThe metalandthe
small samplevolume facilitateda quick heatequilibration
underthe microscope.

Cover glasseqNo. 1%18. 18 mm, Coming) sewed as
both the top and the bottom of the chamber The cover
glassesvere attachedo the chambemwith vacuumgrease.
Thecover glassesverecleanedy sonicationn asoapsolu-
tion andafterwardsrinsedwith ACS-gadeethanolfollowed
by doube-distilled water Thesecover glasseswere either
usedwithout further treatmentor were further incubated
with 1% F-127 (Sigma)in PBS (as PBSMCGbut without
MgSQ,, CaCl, and Glucose)for 5 min. Without F-127
treatmentthe headsof the spem cells usualy stuckto the
surfacewhile their tails beatalongtheir length closeto the
surface.The headswere either clampedor pivoted abouta
Pxed point. Whenthe surfacewas treatedwith F-127,the
spem did not stick but insteadswam closeto the surface,
usualy in circlesof radiiontheorderof 40 “m. Thecircular
motionwas fortuitousbecausehe spem cellsdid not leave
the peld of view, allowing for a long obsewation time of
freely swvimming spem.

Underthe aborve conditions,single spem cells beatfor
up to 10 min with constantfrequeng. Single spem cells
wereimagedby phase-contraghicroscoy at 10. magnib-
cationwith illuminationfrom a 100 W tungsterlampontoa
high speedcamera(Fastcam Photron).A pixel in the bnal
imagecorrespond$o 0.7 ”m. Thestandardnovie consisted
of 1024framesacquiredat 250 frameds.

Wave form determination and Fourier analysis

All movies were automaticaly analzed in MATLAB (The
MathWorks, Inc.). The customizedalgorithmdeteminedin

eachframethe Cartesiancoordinate®f thetip andcenterof

the headaswell asof N=44 equaly spaced#s=1.4 "m"

points brstalongthe centerline of the headandthenalong
the centerline of the Bagellum.From higherresolutionstill

imageswe deteminedthatthe stat of the Ragellumcorre-

spondedto the fourth datapoint. The distanced from the
centerof the headto the stating point of the Ragellumwas
measuredo be5.5 “m. Thelastdatapointalongthe [3agel-
lum thatcouldstill bereliady detemineddid notcorrespond
exactly to the endof the Bagellum.The Bagellumcould be
trackedautomaticaly up to an arclengthof s=56 " m. Mea-
surementdrom higher resolutionstill imagesof immotile
spem led to anestimateof L=58.3+0.6 "m (meanzx s.d.)
for the length of the bull spem Ragellum.This hasbeen
taken into accountin the comparisonof calculatedcurves
andexperimentabata asillustratedby thefactthatin Figs.5

and 7 the last experimentaldata point correspondsto s
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=56 " m while thetheoreticaturves extendto theendof the
Ragellumats=58.3 "m.

Theorientationof theheadandthetangentangles’ !s,t"
at eachtailpoint relative to the headorientationwere com-
puted. An automatederror-detectionroutine basedon a
maximumcurvaturecriterionwas usedto rejectframescon-
taminatedby extraneougatticlesor Buctuationsn light in-
tensity The framefailure ratewas " 1%. The precisionof
the automatedrackingof the Bagellumwas on the orderof
0.1 pixel, correspondingo 70 nm. Sucha subpixel resolu-
tion was achiesed by btting Gaussianso the crosssectionof
the tail, and furthemore btting a local Chetyshes polyno-
mial of degree9 andspan5 throughthex andy coordinates
of the tail positions[see (Press,2002 for further details].
Togetherwith the addeduncetainty in detemining the arc
lengthfrom frameto frame, this corespondgo an error of
apprximately 0.07radin the derived tangentangle’ !s,t"
(Riedel,2005. A Fourieranaysisin timefor / !s;,t"ateach
tail-point s aswell asfor the headorientationwas caried
out. A phase-preseing fast Fourier transfom algorithm
was usedin combinationwith a Hanningwindow as imple-
mentedin MATLAB. The amplitudeof the brst eigenmode

F,1s8" was calculatecby detemining the power spectum at
eachpoint s, btting a Gaussiarto estimatethe full width at
half maximumw of the main peakin eachpower spectum
andthendetemining the total power in this peakby sum-
ming over three standarddeviations of that GaussianWe
found w/f2 0.1, leadingto a quality factor of f/w3 10,
whichis alower estimatedueto potentialundetectedlrift in

thefrequeng over the obsevationtime. EachFouriermode
was detemined from a time serieslasting apprximately

100 beatcycles,leadingto a furthertenfoldimprovementof

the precision,suchthatthe estimatecerror in the amplitude

of the fundamentaFourier mode 7,!s" was about& 0.5 or
lessthan10' 2 rad (Riedel,2005.

Fitting routine
We bt calculatedsolutions? ,!S" to the experimentaimodes

F Js" by minimizing the sumof squarediifferencesThis
was doneby detemining anaytical solutionsto Eq. (6) and
maximizingthe closenessf bt parameter

N . " . "
P Fedst Fylst?
Q=1! T ,
$i:1:-7'_ex!3"12

with Mathematica(Wolfram Research)nc.), making use
of theroutinesNMaximizeand FindMaximum The quantity
Q is dePnedsuchthatfor any bt Q4 0, andfor a perfectpbt
Q=1. A closenes®f bt parameteof Q& 0.90coresponds
roughly to thethresholdof btswe still consideredn accept-
alble agreementvith theexperimentadata.Notethatgiven a

setof bt parametershe shapef !s" of the beatpatten is
fully detemined.Theamplitudeof thewave forms,however,
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cannotbe detemined within our linear theory. Hencewe
comparedhebeatpattens,by detemining theamplitudeof

I w!s" suchthatit correspondedvith the amplitudeof the
experimentaly obsewed wave form. The sameholdsfor the
arbitraw initial phaseof the oscillations.
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APPENDIX A: PLANAR PROJECTIONS AND

AXONEMAL STRUCTURE

The three-dimensionabxonemalsurface can be param-
etrizedby thearclengthalongthe centerline, s, andtheazi-
muthalangle,5. On this surfaceonecandebneasliding dis-
placemeniensity#°3P!s, 5" and a force densityf *Ps, 5",
correspondingo a continuoudimit (Hilbnger 2006. In the
caseof planarbeatpattens,we debPnehecoordinatesystem
suchthat 5=+ - /2 corespondso the planeof beat,which
leadsto the following relationsbetweenthe 3D quantities
and the two-dimensionalprojections#!s" and f!s" used
throughouthis article

#1s"
#3P1g 5" = > cos5

IA1"
3D w_ 2 "
f="ls,5"=—fls"cos5.
Thesurfacedensities#P!'s, 5" andf 3Ps, 5" canberelated
to the sliding displacementand comrespondingforces be-
tween microtubule doubets. Numbering the microtubule

doubetsi=1,...,9 we havefor thesliding displacemenibe-
tweendoubetsi andi+1

1
#MT,i!s":# #3015, 5"d5,

1A2"
5
where5;=!i! 1"2- /9! - /2. And for theforceperstructural
repeat =96 nm betweendoubetsi andi +1 we have
fyrils' =f3P1s 51 . IA3"

Looking at the microtubule doubets which satisfy
cos5;& 1 andthereforecontributemostto the bendingof
theaxonemethisthenleadsto thegeometricscalingsaspre-
sentedn the maintext.
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APPENDIX B: COLLECTIVE MOTOR DYNAMICS WITH
LOAD DEPENDENCE

A simplepositive feedbacknechanisnthatcanleadto oscil-
lationsof collectionsof motorsis basedon theideathatthe
motorsdetachmorerapidly from their Plamentasthe load
increasegJYlicherand Prost,1997). Suchload-dependent
unbinding is well known for protein-proteininteractions
(Bell, 1978 Evans,2001) andhasbeenobsewed for themo-
tor proteinkinesin(Schnitzeret al., 2000 anddiscussedn
the context of the force generatingelementsinvolved in
spindleoscillations(Grill etal., 2005 Pecreauxetal., 2006.
This simple effect of load-dependerdetachmengives rise
to positive feedbackbecausewhen the sliding speedin-
creasestheload per motor decreasebecausef the recip-
rocalrelationbetweenmotorforceandsliding speedandso
the detachmentate decreaseswhich in turn implies that
there are more attachedmotors and thereforethat the net
force of the motorsincreaseq(if the load dependenceas
strongenough) Thusanincreasingvelocity cangive riseto
anincreasingotal force of a collectionof molecularmotors
in contrasto theforce-\elocity responsef asinglemotorin
which anincreasingvelocity is associatedavith adecreasing
load force (JYlicherand Prost,1997). This Ongative damp-
ingOgives rise to positive feedbackandcancreateinstabili-
ties (CamaletandJYlichey 200Q Grill etal., 2005 JYlicher
andProst,1997 Pecreauxetal., 2006. Notethatthemotion
eventualy slows dovn becausehe Rexural rigidity of the
microtubulesandotherelasticelementpposebendingand
thereforemicrotubulesliding.

In the following we provide a simpliPedquantitatve de-
scription for this sliding-controlled motor coordination
scenarioin which collections of motor proteins act an-
tagonisticaly andopposeoneanotherThisappliesto theax-
oneme wheredyneinmotorsbetweendoullets on opposite
sides of the axonemegeneratesliding forces that create
bendsn oppositedirections.Supposehatthemotorsonone
sideof anaxonemgthe Oplus®ide)have anattachedprob-
ability, p,, and eachmotor generates force, f,, when at-
tachedTheforceperunitlengthexertedby themotorsonthe
doubetis

F.=! 6p,f,, B1"
whereé6 is the motor density(the numberof motordomains
per unit length). The single-motorforce is assumedo de-
pendlinearly on thesliding velocity accordingto

f,8 0 f'HM IB2"
where #od# /dt is the sliding speed s the stall force
(the force at which the sliding speedequalszero)andf ' is
the slopeof theforce-welocity curve. The signcornventionis
chosersuchthatapositivef, coresponds$o aloadthatslovs
themotordown. Theattachedprobability satispes

B =1 Kot Pi + Ko 1! ", 'B3"

wherek,,, andk.; aretheon andoff ratesassociatedvith the
attachmenanddetachmenof motorsto andfrom themicro-
tubule.Theoff rateis assumedo increasexponentialy with
loadasobsewed experimentaly for kinesin(Schnitzeretal.,
2000

Kol f" = ko eXp,/f" & B 111 £ MU, 1B4"

wherewe have substitutedthe force-\elocity relation (B2)

andassumedhatthe sliding speeds low (i.e.,f ’#‘/fc" 1).

Herel %k, |P" is the off rateat stall andf, is the charac-
teristic force; an increasein load force by f. increaseghe
detachmentatee fold. Assumingthatthe modulation /p of

the attached probability about its mean value p=Kk,,/

koot B " is small, to linear order the attachedprobability
satisPeq,!t" =g+ p!t" with

P& ff—’m! g g B IB5"

where ="k ,+ K" 1, is the comrelation time of motor at-

tachmentanddetachmentand# etc.arethesliding accel-
erationandhighertime derivatives of #. Relation(B5) can
beveribedby substitutionbackinto (B3). In the Fourierdo-
mainwe canwrite

i &HF
1+i&s

. f!
M& f—p!l! P IB6"
Cc
The motorson the oppositeside of the axonemegeneratea
forceF, =! 6p, f, . Becausef the antagonisti@arangements
of motors,the correspondingforce and probability satisfy
thefollowing symmety equations:

fde=y g0 @ and p 1A =pl A 1IBT
Thetotal motorforce densityis given by

F.+F & ! 2607+ 26pf 4. IB8"

Thisis accurateup to secondorderin # becauséhe second

ordertermswhich are propotional to #;'2,#'#‘,#'2 cancelby
symmety. Theabove relationimpliesthatthe Fouriertrans-

form of themotorforcedensityis of theform F,+F, & ) #,
wherethe dynamicstiffnessis given by

&+ &

1+ 1ap? 2R 1E

)& =K+i&+! 26F’ff—’p!1! P

IB9"

wherewe have includedthe forcesarisingfrom passie ele-
mentsthatresistsliding (for example,the nexin links), cor-
respondingo a stiffnessperunit lengthk anda friction co-
efbcientperunitlength+ (bothpositive). Notethatdueto the
signof thethird temrm, boththerealandimaginay pars of )
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canbenegative. Hencewe concludethatcollectively operat-
ing, load-dependentnotors,canleadto a negative intemal
stiffnessand negative intemal friction asderived from our
experimentabeatpattens.

Becauseall the motor parameter¢6,? f., f ' and 4 can
be estimatedthe linearresponseoefpcient) derived from
the shapeof the axonemecan be comparedwith that ex-
pectedfor molecularmotors and passve cross-linlers as
donein theresultssection.Equation(B9) is equivalentto a
previously derived expressionCamaletandJYlichey 2000

&6+ 18072

)& =k+i&+! 698 >
1+1&4

'B10"

where%is the stiffnessof amotordomainand8 is adimen-
sionlessOcontroparameter@hat dependson the rate con-
stantsandtheir straindependenc@YlichemndProst,1997).

APPENDIX C: PARAMETER VALUES

Viscous friction coefbcient
The pemendicularfriction coefpbcientper unit length of a
slenderrod of radiusr neara surface(at heighth from sur
faceto rod center)is given by (Howard 2001)
4- 4-
= 9g& 9
$ cosH Hh/r" Int2h/r"

IC1"

Estimatingh& 4 " m for thebull spem Ragellumandusing
the factthatr variesbetween500to 100 nm from headto
tail, wechoseavalueof § / 9=3.5.At 36 j C theviscosityof
wateris 9& 0.71. 103 N sm'?2, which leadsto a friction
coefbcienof § & 2.5. 103 Nsm'? At 22  C theviscos-
ity of wateris 9& 0.96. 10 3 N sm' 2, whichleadsto afric-
tion coefpcientof $ & 3.4. 103 N sm'2 Thesevalues
were usedas estimatedor the viscousfriction coefbcient.
Dueto uncetaintiesin h, we estimatethatwith 95% conp-
dencethe valueof the viscousfriction coefbcienthaslower
andupperboundsequalto onehalf andtwo timesthe value
used.

Flagellar bending rigidity

The bending rigidity of sea urchin spem Ragella [in

arelaxedstatewith adenosin@iphosphatéADP) andvana-
date]at20 i Cis %& 0.9. 10 % N m? (Howard 2001). The
bendingrigidity of a pure axonemecan also be estimated
from the bending rigidity of individual microtubules.A

single microtubuleconsistsof 13 protobPlamentswhereasa
microtubuledoubet consistsof 24 protoblamentsA micro-

tubule doubet is thereforeexpectedto be 124/13"2& 3.4

timesasrigid asasingletmicrotubule andthe9+2 axoneme
is thereforeexpectedto be apprximately 33 times stiffer

thanasinglemicrotubule(assumindreesliding betweenmi-

crotubules)for which (in the presenceof the microtubule
stabilizingproteintau) 9& 23. 10 ?* N m? was measureat

25 j C (Gittesetal., 1993. This leadsto anestimatedend-
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ing rigidity of anaxonemeof 9& 0.8. 102 N m?, similar
to that measuredfor seaurchin spem (seeabove). Bull
spem Ragellacontainadditionalstructuralelementsuchas
outerdensebbersthatarenot foundin axoneme®f seaur-
chinBagellaWethereforeexpectthebull spem Ragellumto
be stiffer thanthe above. In orderto estimatethe bending
rigidity of bull spem Ragella, we performed bts in the
clamped-headaseallowing the ratio of R=% % to bean
additionalbt parametefWe foundthat R needgo be within
R=0.8+0.2. 10 m3s'! for acceptale bts (data not
shavn). Given the abore pempendicularfriction coefpcient
this correspondso %& 1.7. 10 2 N m?, aboutafactorof 2
largerthanthatof arelaxedseaurchinspem, consistentvith
experimentalestimategLindemannretal., 1973. Thisis the
valuethatwas assumedhroughouthe paper

Basal compliance

Thebest-bwvaluesof k; and + corespondo themechanical
propetiesof thebasalconnectionln thecaseof mammalian
spem the 9+2 axonemalstructureis anchoredwithin the
spem headby acomple arrangementalledthe connecting
piece,in whichtheoutermicrotubuledoubetsareconnected
to the proximal centriole via the outer densebbersand
the striatedcolumn (Zamboniand Stefanini, 1971). For the
sale of intempretingthe best-ptvaluesof ks and + to micro-
scopicpropeties we oversimplify this pictureandinterpret
the basalcomplianceasthe resultof a single visco-elastic
crossbridge betweenthe outer microtubuledouliets, such
that the cross-bridgeelasticity per microtubuledoubet is
ksmt& 19/2"ks. Assuming a rod-like cross bridge, we
can estimatethe bendingrigidity %, of sucha connecting
structure corespondingto the stiffnessk,yr as deduced
from our best bts by 9,=Kyt!#! "3/3, where #! is
the length of the crossbridge corespondingto the inter-
doubet spacing (Howard 2001). For #! =30 nm and
ksmt& 0.4 N/m, this leadsto an estimationof the cross
bridge bendingrigidity of %,& 4. 10 2* Nm?, roughly a
tenthof thatof a singlemicrotubule(Howard 2001). Hence
thebtresultfor ky is in agreementf whatis expectedrom a
rough estimateof the basalconnectionbasedon an over-
simpliPedrepresentatiof the connectingpiece,which is
heldtogetherby the microtubulesof the praximal centriole.
The expectedfriction associatedvith basalsliding is difp-
cult to estimate ashardl anything is known aboutthe me-
chanicalpropeties of the componentsuroundingthe mi-
crotubuledn the basalregion.

Head dynamics

In the pivoting headand planarsvimming casesthereare
two additional bt parametersn the theoreticaldescription
thatcharacterizehe motionof the head.In the bt procedure
they were not allowed to vary freely, but wererestrictedto

positive valuesonly. In all caseghe best-btvaluesfor these
headparametergould not be detemined with high conbp-
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dencebecausehecalculated:urvm did notdependstrongy
on thevaluesof 'k,, +," and!, , +,", respectiely. We found
in the pivoting head case k,=40+22. 10 %' Nm and
+=0.03£0.06. 10 % Nms (mean+ s.d.,n=5). Note that
in four outof Pve caseghebest-pwvalueof +, was approi-
matey zero, suggestinghat the friction of the headangle
motionis negligible in the pivoting headcase . The best-bt
valuefound for the torsionalelasticityk, is of the order of
magnitudeexpectedfrom the elasticity of pemanentpro-
tein links betweenthe headandthe cover slip. In the planar
swimming casethe best-Pivaluesfoundwere +,=4710t 60
102 Nms and ,=5.9+0.5. 103 Ns/m (meanjs d.,

n=7). However, asnotedab(ye, thewidth of thelocal maxi-
mumin parametespacewith respecto theheadparameters
is very large. In patticular changingthe valueof , and +,
overseveralordersof magnitudedid notsignibcant change
thecalculatecturves,implying thatthebest-bwaluescannot
be usedrelially to infer the dynamicpropeties of theinter-
actionbetweenthe headandthe cover slip.

Systematic and statistical errors

The standarddeviation of the dimensionles$t parameters
leadto arelative standarcerror of themean n=18" of 2%for
therealpatt of pand4% for theimaginay par of pandfor
#,. Asdiscusseadbae, theratio of bendingrigidity %40 vis-
cousfriction coefbcientwas estimatedwith a precisionof
25%.The axonemaladiusa andthe axonemalengthL are
known with anestimatedincetainty of lessthan5%. Given

the rescalingrelation # ,=a#,, this leadsto an estimated
relative error of lessthan10%for themaximumamplitudeof

basakliding ,#,7!0",. In orderto estimateheuncetainty of
thestiffnessKy,+ anddampingcoefbcient \;r perstructural
repeaive look attherescalingelation) = p%!a?L?". Taking
into accounthaterorsaredominatedoy the systematiain-
cettainty of thefriction coefpcient§y andthe statisticalun-
cettainty of theratio R=%4 % , we concludethat with 95%
conbdenc&y,r and* 7 arewithin afactorof 2 of thebest-
btvaluespresentedn the maintext.

APPENDIX D: OTHER MOTOR-CONTROL HYPOTHESES
Two altemative hypothesesconcening the mechanismof
axonemabeatgeneratiorcanalsobe formulatedwithin our
linearresponsdramavork.

Geometric clutch hypothesis

It hasbeensuggestedhat the activity of motorscould be
regulatedthroughchangesn interdoutbet during axonemal
bending(Lindemann1994ab, 2002. During the bendingof
the axonemenexin links that connectthe Plamentsstretch.
The tensionin theselinks createsa force that tendsto de-
creasethe distancebetweenthe doubets. The hypothesisis
thattheshoterthedistancetheeasieit is for dyneinto bind.
As aresult,it isthoughtthatthedyneinon-ratek,,, increases
asthe doubing spacingdecreasesThis hypothesisis con-

ceptualy appealingasit resultsin a positive feedbacksuch
thatif the force at a patticular placeis increasingthenthe
distancebetweenthe doulblets is decreasingwhich means
that as dynein motorsbecomemore active, the numberof
attachedlyneinsincreasesvhichin turn leadsto anincrease
in force.The simplestway to formalizethisis to write

'D1"

g #(
Kont # _@0n1+_7v

where 7is a characteristicsliding distanceover which the
on rate increasese fold. We might expect that 7 is on
the orderof thetotal sliding displacemenbetweenadjacent
microtubule doubets, + 100 nm. Note that the larger the
sliding displacementthe larger the lateralforce pulling mi-
crotubuledoubets together and the higherthe attachment
rate. This corespondgo the Ot-forcemechanismONasve
understand itNsuggested by Lindemann (Lindemann,
19943 2002. Following the sameline of agumentasin
AppendixB we Pndthatthe modulation 7 of the attached
probabilityaboutits meanvaluesatisbes

H& 7;1 1D2"
Becauseof the antagonisticarangementof motors[Egs.
(B7) and (B8)] the linear responsehas the form F, +F,
& )#, with

1+|&ﬂ

1! i&#

)& =K+i&+! 268 L

+26pf /i &.
ID3"

wherefis the meanmotor force andk and + representhe
elasticity andfriction of the passve crosslinlers (all posi-
tive). From Eq. (D3) we seethat the imaginay patt of the
linear responsecoefbcient) resulting from a geometric
clutchfeedbackmechanismis positive.

Curvature control

The curvaturecontrol hypothesigpostulateghatthe activity
of motorsis subjectedo a feedbackvia thelocal curvature.
In the simplestcasesucha relationbetweenlocal motorac-
tivity andlocal curvaturetakesthe following mathematical
form (Brokaw, 1971 Brokaw andRintala, 1979

flst"=AClst! /" 1D4"
whereCls,t" is thelocal curvature,f,!s,t" is the force den-
sity alongtheaxonemedueto theactive elements/ is atime
delay, and A is a constantTaking into accountthe passie
crosslinlersandthe force-welocity curve of a singlemotor,
thisleadsto the following relationin Fourierspace
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YL D5
= #-+ —_, | "
) ds

whereto linear order 1& All! i&/". Note that considering
simple traveling wave-solutionsof the form / + g& e

with adimensionlessealwave-vector Eq.(14)leadsto the
following characteristi@quation

i&+@ 9+ p=0,

whichillustratesthattheterms #/ " andp’ " in Eq.(14)dif-
fer with respectto the symmety of possille wavectorsk.
Namey, in the casefor £=0, the equationis invariantwith
respecto thetransfomation®! ! B whereasn the casefor
Jp=0, theequatioris notinvariantundersuchinversionof the
wave direction.Hencein the absencef ary sliding control

| p=0" the phaseof the complex paramete deteminesthe
directionof thetraveling wave, by

ID6"

=2 g ID7"
s

whereasn theabsencef curvaturecontrol! #=0" thephase
of thecomplex parametepdoesnotdetemineauniquesign

of Pandthereforea directionof wave propagationascanbe
seernfrom
&
p=1i—1! . ID8"
@

This indicatesthatwithin a curvaturecontrol scenariathere
is aninherentdirectionin wave propagationandthatpropa-
gatingsolutionsin oppositedirectionsare not found unless

the couplingbetweenmotorsandlocal curvatureis changed
alongtheentirelengthof theBagellum.

SUPPORTING INFORMATION

¥ Movie S1 A typical raw video (phasecontrast)of a
bull spem beatingwith 20 Hz under pivoting head
condition. Scale: Length of headis apprximately
10 "m. Frameswererecordedevery 4 ms; framere-
play rateis 5 framespersecond.

¥ Movie S2 Measuredangentangle/ !s,t" (blue dots)
shavn togetherwith the fundamentalFourier mode

18" (gray line) animatedasa functionof time. Verti-
calaxisin rad framesseparatedy 4 ms arereplayed
10framespersecond.

¥ Movie S3 Fundamentaiode’ !s" of theexperimen-
tally obseved beatingpatten (blue dots) shavn to-
gether with the calculatedbest-bt solution to the
theory for sliding-controlledmotors (red line) ani-
matedasa functionof time. Vertical axisin rad time-
scaleasin S2.
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¥ Movie S4 Fundamentaiode?!s" of the experimen-
tally obseved beatingpatten (blue dots) shawvn to-
gether with the calculated best-bt solution to the
theoly for curvature-controllednotors(redline), ani-
matedasa functionof time. Vertical axisin rad time-
scaleasin S2.
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