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We describe a method to investigate the structure and elasticity of macromolecules by a combination of
single molecule experiments and kinematic modeling. With a photonic force microscope, we recorded spatial
position histograms of a fluctuating microsphere tethered to full-length myosin-II. Assuming only that the
molecule consists of concatenated rigid segments, a model derived from robot kinematics allows us to relate
these histograms to the molecule’s segment lengths and bending stiffnesses. Both our calculated position
distributions and the experimental data show an asymmetry characteristic of a mixed entropic-enthalpic spring.
Our model that fits best to experimental line profiles has two intramolecular hinges, one at the bound head
domain, and another about 50 nm down the myosin tail, with a summed bending stiffness of about 3kBT/ rad.
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I. INTRODUCTION

In the study of motor molecules, optical single molecule
techniques have been widely used to measure properties of
the mechanochemical cycle, such as step size and load-
dependent speedf1–3g. Motor function depends on ATPase
activity at the head domains of the protein. However, any
force acting at the head domain in such experiments is bal-
anced by the elastic response of the whole molecular con-
struct used. The tail elasticity therefore influences the statis-
tics of the force and torque that act at the head domains of
the molecule. Also for myosin function in musclef4,5g, the
passive elasticity of the myosin cross bridge is essential.
To understand the mechanochemical cycle in depth, it seems
important to characterize the passive elastic response of the
complete motor molecules including the tail domains.
The analysis of three-dimensionals3Dd elastic properties of
rodlike single macromolecules is also interesting as a test
of polymer physics models and for nanotechnology
applications.

These elastic properties can be measured in single-
molecule experimentsf6g using a photonic force microscope
sPFMd f7,8g. Here, a submicrometer-sized bead is tethered to
a coverslip by a single rodlike molecule and confined in a
weak optical trap. The bead explores the local free energy
landscape by thermal motion, while its 3D position is re-
corded interferometrically. The spatial resolution of the po-
sition histogram achieved is on the order of 2–5 nm in 3D
with a sampling rate higher than 100 kHz. Since the bead
moves diffusively in a predefined volume, it will probe the
tether elasticity in a wide range of directions and on multiple
time scales at once, in contrast to the situation using atomic
force microscopy or conventional optical tweezers. By re-

cording histograms of the bead position, an energy resolution
on the order of 0.1kBT can be achieved, depending on bin
size and recording time. Another method that can provide 2D
f9,10g or 3D f11g position histograms is video tracking, but
with a lower temporal resolution in the millisecond range,
leading to motion blur for fast fluctuations of small trapped
beads and thereby limiting the spatial resolution. To relate
the measured histograms to molecular elasticity, a model for
the mechanics of the bead-molecule tether is required. The
simplest assumption of a swiveling, radial Hookean spring
f6,12g with a rigidly attached bead fails to account for the
experimentally observed asymmetry in radial line profiles
ssee belowd. To explain this asymmetry, the internal nanome-
chanics of the molecule has to be taken into account.

One possible model for the tail of a rodlike motor mol-
ecule such as conventional kinesin or myosin-II is a semi-
flexible polymer, e.g., a wormlike chainsWLCd f13g, char-
acterized by a contour length and a persistence lengthlp.
This corresponds to a uniform distribution of bending com-
pliance along the molecule. There is evidence from structural
and electron-microscopy studies, however, that the tail re-
gion of kinesin can bend strongly at a single point about
midway along the tailf14g. Also, myosin-II can be enzymati-
cally split into heavysHMM d and light meromyosinsLMM d
at a point on the tail about 50 nm from the head domain,
indicating an interruption of the regular coiled-coil structure
f15g. Therefore, a complementary description is considered
here; in the opposite limit of maximally concentrated bend-
ing compliance, one obtains asegmentally flexiblemolecule
with a few rigid subunits connected by pointlike joints. This
view is supported by a molecular dynamics study of the leu-
cine zipper of the SNARE complex, which indicated a high
rigidity for this structurally similar coiled-coil domainf16g.

In the present article, we describe a mechanical model for
the passive elastic properties of segmentally flexible, rodlike
macromolecules attached to a single bead. In Sec. II a math-
ematical frameworkf17g is introduced to conveniently de-
scribe the relative configurations of the rigid segments of
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such a molecule, and a general strategy to obtain the station-
ary 3D bead position distribution is outlined. This strategy is
then carried out in Sec. III for the case of a molecule with
isotropic bending stiffness and no intrinsic curvature. Ge-
neric results for a molecule with one and two segments are
shown in Sec. IV. We then compare the model to experimen-
tal dataf18g obtained from full-length myosin-IIsSec. Vd.
The model reproduces the radial asymmetry observed experi-
mentally in a natural way, if the segment subdivision is cho-
sen appropriately.

II. CALCULATION OF 3D DISTRIBUTIONS

A typical experimental assay is depicted in Fig. 1sad. A
rodlike macromolecule, e.g., myosin-II, is attached at one
end to an actin filament adhering to the coverslip, and to a
bead of 100–500 nm diameter at the other. The bead is
trapped in 3D in a weak optical trap. The random trajectory
of the bead is recorded in 3D with the PFM with a sampling
rate and bandwidth of 100 kHz. An estimate of the bead’s
position autocorrelation time givest=gkDz2l /kBT.3 ms,
where g is the Stokes viscous drag of the bead at room
temperature. So the bead trajectory can be time resolved with
the setup. Bead position histograms of such trajectories re-
flect an effective free energy landscape for the bead resulting
from the molecule and the optical trap.

Do such histograms contain any information about the
molecule, considering that the bead is larger in volume than
the molecule by three orders of magnitude? The bead mass is
irrelevant, since the system is overdamped. Also, the bead-
coverslip interaction has a range of only a few nanometers at
experimental salinity. When the trapping laser is dimmed so
that the optical trap stiffness is lower than molecular elastic
stiffness constants, the attached bead will thus have two main
effects: Slowed-down diffusion, which allows for adiabatic
thermal averaging over the internal conformational degrees
of freedom of the molecule, and volume exclusion, which
restricts the accessible range of the system. In this regime,
the bead position distribution is determined mainly by elastic

properties of the molecule, in the geometrically allowed
range.

A segmentally flexible linear polymer with a bead at-
tached on one end and bound to the coverslip on the other
end will be called amolecular tethersMTd. An inextensible
MT can be modeled as a kinematic chain: Rigid linkssthe
segmentsd are connected by pointlike rotational joints, which
represent the hinge regions of the molecule. The last link
corresponds to the line from the bead-molecule binding point
to the bead center, indicated by the dashed line in Fig. 1sad.
The bead radius is thus incorporated in the MT, including
bead size effects in our analysis. The resulting picture is
analogous to arobot armwith n links of lengthshl ij1øiøn and
msmùnd rotational joint angles, Fig. 1sbd. For full orienta-
tion freedom, three rotational joint axes are needed between
any two adjacent links, intersecting at the hinge point.

As a preliminary step, we introduce a group formalism
f17,19g used in robot kinematics that is suited to relate the
bead center positionr =sr1,r2,r3d to the joint angles.

Let se1,0,e2,0,e3,0d denote a right-handed orthonormal ref-
erence framesframed fixed to the coverslip, with its originp0
at the starting point of the first link, thebase frame. Also fix
a framese1,i ,e2,i ,e3,id to the end pointpi of the ith link, 1
ø i øn, such thate3,i points in the direction of theith link,
i.e., e3,i i spi −pi−1d, Fig. 1scd. So thebackboneof the mol-
ecule is given by the sequence of thehpij. Let s¯d j denote
coordinates relative to framej . The 434 sblockd matrix

gI ji = Se1,i e2,i e3,i pi

0 0 0 1D
j

= SRIi pi

0T 1
D

j
, s1d

describes theconfigurationof frame i relative to framej .
Here,spid j and the rotation matrixsRIid j describe the position
and orientation, respectively.gI ji is an element of the homo-
geneous representation of the Lie group SEs3d of rigid mo-
tions in Euclidean space. Define 333 antisymmetric matri-
ceseIp in terms of the antisymmetric tensor byseIpdq,r =epqr.
For example,eI3 generates a rotation about thez axis. The Lie
algebra ses3d corresponding to SEs3d can be represented in
terms of 434 twist matrices

jIsv,vd = 1− o
p=1

3

vpeIp v

0T 0
2 ; v,v [ R3. s2d

Any twist matrix generates a combined rotation and transla-
tion sa screw motiond via the matrix exponential. As can be
shownf17g, a pure rotation about a fixed axis going through
any point q in a directionv, ivi=1, is generated by the
twist jIrot=jIsq3v ,vd. By the group property of thegI ji , to
obtain the end frame configurationgI0n, one just multiplies
the homogeneous matrices corresponding to the joints along
the kinematic chain, ordered for increasing joint number. The
end frame configurationgI0n of a robot arm can then be given
in terms of the joint anglessu1,… ,umd by the product-of-
exponentialssPOEd formula f20g

gI0nsu1,…,umd = expfjI1u1g¯ expfjImumggI0ns0,…,0d. s3d

FIG. 1. sad An actin-myosin molecular tether, with a short seg-
ment of the Brownian bead center trajectory.sbd The same system
represented as a robot arm with two segments and four joint angles.
scd The corresponding kinematic chain with reference frames at-
tached to each link. The last link corresponds to a bead radius from
the binding point to the bead center. Here, spherical coordinates are
chosen as joint angleshuij.
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Here, for each joint numberk, 1økøm, jIk denotes thecon-
stant twist jIrot associated with the joint axis, given in base
frame coordinates, and evaluated in thereference configura-
tion, i.e., with all joint angles set to 0. It will be chosen linear
and untwisted.

We now outline how to calculate the spatial bead center
probability density functionsPDFd using this framework.

Given an angular potentialVsu1,… ,umd, the PDF in the
space of joint angles is given by a Boltzmann factore−V/kBT.
To obtain the spatial PDFpsr d, internal motions of the chain
have to be made explicit and then integrated over. More spe-
cifically, we need to find a coordinate transformationT, so

that sũ1; r1, ũ2; r2, ũ3; r3, ũ4,… , ũmd=T−1su1,… ,umd is a
new set of coordinates that containsr =sr1,r2,r3d. Then in
the new variables the PDF is given by

psũ1,…,ũmddmũ ~ e−s1/kBTdV„Tsũ1,…,ũmd… 3 A„Tsũ1,…,ũmd…

3uDTsũ1,…,ũmdudmũ, s4d

where uDTu is the absolute value of the functional determi-
nant ofT, andAdmu is the volume element in thesoldd joint
angle space. The 3D bead center PDF is then a marginal
distribution when integrating over the internal variablessa
partial traced, i.e.,

psr1,r2,r3d ~ E
Rsr d

psũ1,…,ũmddũ4¯dũm. s5d

The integration domainRsr d for internal motions depends
on the bead center position due to the inextensibility of the
MT. It is this varying volume of internal configuration space
that generates entropic elasticity in the model.

For general kinematic chains, it is a difficult task to findT
explicitly, related to the inverse kinematics problem in robot
kinematics. In what follows, ann-segment MT with a
stretched-out minimum energy configuration and direction-
independent bending stiffness will be considered. For this
simple MT geometry,T and R can be determined analyti-
cally, using the POE formula recursively, to give the spatial
PDF.

III. APPLICATION

As a minimal model, we consider a segmentally flexible
molecule in which each hinge is a very short elastic rod with
no intrinsic curvature or torsion. Although the myosin tail
adheres tangentially to the bead surface over some fraction
of its length f18g, this strong adhesion likely denatures the
coiled-coil structure of the myosin tail locally. Therefore, the
assumption of no intrinsic bending is justified as a minimal
choice also for the last link of the MT.

Then,ZYZEuler anglesswi ,qi ,gid are suited to reflect the
total bendqi of the hinge, and its total twistwi +gi. Here,
swi ,qid are standard spherical angles, whilegi describes the
final Z8 rotation of the segmenti. For an ideal elastic rod
with isotropic bending stiffness, a harmonic, uncoupled ap-
proximation for the angular potential is

V = o
i=1

n
1
2kb,iqi

2 + 1
2ktw,iswi + gid2, s6d

with twisting and bending stiffnessesktw,i and kb,i, respec-
tively. To account for volume exclusion between molecule
and bead or coverslip, the ranges ofq1 andqn are restricted
to s0,p /2d, while between two inner segmentsq j ,p. The
repulsive bead-coverslip interaction is implemented as a
short-ranged exponential in position space.

Note that the number of relevant joint variables is only
2n. Intuitively, since the bead orientationRI0n is not mea-
sured, motions that leave the backbone fixed will relax any
twist along the molecule undetected. By using the corre-
sponding POE, it can be shown that the joint angles enter
into psr d only through the combinationshqi ,hi

+=gi−1

+wij1øiøn, whereg0=0, and that the twist stiffnessesktw,i do
not enter at all. This is only the case since we exclude intrin-
sic kinks along the chain.

The resulting end frame configuration
gI0nsh1

+,q1;… ;hn
+,qnd is given by the POEsordered for in-

creasing id

gI0n = p
i=1

n

expfjIs0,ẑdhi
+gexpfjIs− Li−1x̂,ŷdqigS 1I Lnẑ

0T 1
D ,

s7d

where x̂=s1,0,0dT, etc., Lk=oi=1
k l i, and the last matrix de-

fines the stretched reference configuration. The correspond-
ing angular PDF is

psh1
+,q1;…;hn

+,qnddmu ~ p
i=1

n

sinsqide−kb,iqi
2/2kBTdqidhi

+.

s8d

The volume factorA=pi sinqi in the joint angle space gives
a uniform distribution of directions at each hinge in the high-
temperature limit.

We now sketch how a new set of 2n variables

sr1,r2,r3; q̃1,w̃1;… ; q̃n−3,w̃n−3; w̃n−2d can be recursively de-
termined to separate the bead center positionr from the in-
ternal motions of the MT. These together with the transfor-
mationT then allow us to calculatepsrd via Eqs.s4d ands5d.
Each recursive step consists of two substeps: rotation of the
link i from the reference configuration to the direction of the
end point sthe bead centerd, followed by rotation into the

final orientation. The new variablessq̃i ,w̃id are defined as the
standard spherical angles that describe the second substep at
each joint except for the last. This procedure generates the
transformationT and gives an explicit formula forRsr d
snot shownd.

IV. RESULTS

The algorithm described in the previous section was
implemented in MATHEMATICA for two- and three-link
chains, using packages fromf17g. Integration over the inter-
nal motions of the chain was done numerically. We obtain
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spatial PDFs that are rotationally symmetric with respect to
thee3,0 axis. Theei,0 axes will be identified with space-fixed
x, y, andz axes in the following. In Fig. 2, 2D slices through
some calculated 3D PDFspsr d of the bead center are shown.
The outer radius isLn, while the inner radius depends on the
maximally allowed bending angles.

The two-link PDFs are peaked on the outer rim for bend-
ing stiffnesses higher than.0.1kBT/ rad. This is not true in
the three-link case due to an increased entropic contribution.
This feature is clearly visible in line profiles of the 3D bead
center PDF along thez axis. For two linkssFig. 3, insetd, the
profile sharply drops to 0 at maximum extension. When
Gaussian smoothing is includedsFig. 3d to mimic the posi-
tion measurement error, the peak remains within 10 nm of
the outer rim, essentially independent of stiffness. This is
also true in the three-link case with a strongly asymmetric
sl1, l2d=s10,130d nm subdivision of the moleculesFig. 4, in-
setd. The latter MT geometry corresponds to a myosin mol-
ecule with flexible S1-S2 junction and a tail that is stiff over
its whole length. Conversely, a more symmetricsl1, l2d
=s50,90d nm MT subdivision corresponds to a flexible hinge
at the HMM-LMM junction midway along the myosin tail,
and no S1-S2 compliance. In this case, the skewness of the

line profile becomes less pronounced as the PDF peak moves
inward when the total stiffness decreasessFig. 4d. Generally,
the three-link profiles become more skewed with increasing
total stiffness and with increasing asymmetry of the molecule
subdivision.

Since the distributions are normalized in 3D, the varying
area under the shown radial line profiles reflects the width of
the distribution in the lateral direction. High total stiffness
results in a laterally confined bead movement with high
probability close to thez axis. In Fig. 5, radial line profiles
with a constant total stiffness of 9kBT/ rad are shown, com-
parable to the experimental value. Their area variation is less
pronounced than in Fig. 4, showing that the lateral confine-
ment depends rather weakly on the distribution of stiffness
among the three joints. For the geometry shown there, the
stiffnessk3 characterizing the bond of the molecule tail to
the bead, has the biggest influence, since it connects the two
longest links in the chain. Lowk3 leads to an elevated tail on
the inner side of the distribution. This is also true fork2 in
the two-link casesFig. 3d.

V. COMPARISON WITH EXPERIMENTAL DATA

Single-molecule PFM experiments as described above
were done on full-length myosin-II from rabbitpsoas

FIG. 2. Slices through the calculated 3D bead
center PDF in thex-z plane, for two and three
links at constant molecule length. Bead radius
100 nm in sad,sbd and 250 nm inscd. Contour
lines are for equidistant PDF levels. Other param-
eters are sad and scd sl1, l2d=s50,90d nm,
sk1,k2,k3d=s0.6,2.0,1.5dkBT/ rad; sbd l1
=140 nm,sk1,k2d=s0.6,0.8dkBT/ rad.

FIG. 3. Calculatedz-axis line profiles of the 3D bead center
PDF of the two-link model withsl1, l2d=s140,250d nm for varying
total stiffness and stiffness distribution. The profiles were smoothed
with a Gaussian of full width at half maximum 4 nm, corresponding
to the experimental position measurement uncertainty. The PDFs
are normalized in 3D. Inset: The nonsmoothed profiles, exhibiting a
discontinuity at the outer rim. Bending stiffnesses are given in
kBT/ rad.

FIG. 4. Calculatedz-axis line profile of the 3D bead center PDF
of the three-link model, Gaussian smoothed, for varying total stiff-
ness and withsl1, l2, l3d=s50,90,250d nm. Inset: The same plot
with sl1, l2, l3d=s10,130,250d nm. A clear dependence of the peak
location on the total stiffness can be seen only in the case of a hinge
near the midpoint of the molecule.
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muscle, which was bound to actin filaments in the rigor state.
Although no attempt was made to measure stiffness con-
stants, the data support the picture of a MT with a mixed
enthalpic-entropic spring and provide constraints on the rel-
evant link lengths.

Microspheres with a diameter of 500 nm were sparsely
coated with myosin molecules, and after trap calibration
f7,22g were tethered to immobilized actin filaments in ATP-
free solution. When a specific binding event occurred, time
traces of the 3D bead position were recorded for a time of up
to one minute. A binding event was indicated by a sudden
restriction of the volume of diffusion. For a trap positioned
roughly over the tether base, this restriction occurs almost
exclusively in thez direction, where the molecule stiffness is
highest and the trap stiffness is lowestsFig. 6d. After initial
binding, the position of the optical trap was scanned in thex
andy directions, which allowed us to verify the presence of
a single MT and to exclude surface interaction as the origin

of the observed traces. Furthermore, the binding of actin to
the coverslip is about 100 times stiffer than our observedz
direction stiffness constants, as can be checked by directly
binding beads to immobilized actin with a biotin-streptavidin
link sfor experimental details seef18gd.

As can already be seen from Fig. 6, confinement is mainly
trap induced in the lateral directions, while in thez direction
it is caused by the MT. Here, the optical trap is weaker than
the elastic tether forces and thus the completez range acces-
sible to the MT can be seen at a fixed trap position. However,
the trapping force cannot be completely neglected. To obtain
a histogram corresponding to the calculated MT PDFp, we
assume that the trap and the MT act like additive spatial
potentials. This assumption is well justified since the internal
motions of the molecule are fast compared to the bead mo-
tion and since the optical trap’s scattering forcef21g is ap-
proximately position independent. The trap PDFptrap and the
MT PDF p then multiply to give the observed total PDF

pboundsr d ~ psr dptrapsr d. s9d

Figure 7scd shows the histogram corresponding topsrd, cal-
culated by pointwise division according to Eq.s9d. A Gauss-
ian fit corresponding to the harmonic trapping potential was
used forptrap instead of the measured histogram in Fig. 7sad,
as no surface interaction effects were visible. Although not
necessary here, we note that the division procedure can also
be used to correct for additive potentials of arbitrary shape,
e.g., remaining unspecific surface interactions, given a mea-
surement apparatus with sufficiently low drift. The corrected
“MT-only” histogram in Fig. 7scd exhibits parallel contour
lines indicating a deflection angle from thez axis of about
30°. In the direction normal to the contours, the histogram is
peaked toward the outer rim of the accessible range. This
asymmetry in radial direction was observed in many trials
and rules out the simple assumption of a radial linear spring
as the elastic element of the tether.

Line profiles of the measured histograms are shown in
Fig. 8. The radial asymmetry seen in the raw data of the
bound bead is preserved when correcting for the trap influ-
ence. Specifically, the softer slope of the distribution towards
the coverslip does not result from the optical trap or from
surface interaction. The MT clearly is weakly repulsive at

FIG. 5. Calculatedz-axis line profiles of the 3D bead center
PDF of the three-link model, Gaussian smoothed, for constant total
stiffness, but varying stiffness distribution. The peak location is
independent of the stiffness distribution; only the tail shape on the
inner side varies appreciably.sl1, l2, l3d=s50,90,250d nm.

FIG. 6. Measured time trace of thez-position signalsad and the
point cloud from the same data, projected onto thex-z and y-z
planessbd and scd. The initial binding event is clearly visible att
.1.5 s. Note that diffusion becomes additionally restricted in thez
direction but not in thex-y plane upon binding. The binding point
on the coverslip is slightly offset in the negativex and positivey
directions.

FIG. 7. y-z slices through measured 3D histograms of the data
shown in Fig. 6, beforesad and aftersbd binding. Pointwise division
of sbd by a Gaussian fitsdotted ellipsesd to sad gives the histogram
scd, corresponding topsr d. Black represents 180sad and 280sbd
counts; bin size was 4.833.533.6 nm3. Contour lines are for equi-
distant PDF levels; all histograms were thresholded at 15 counts.
Dashed lines indicate the region averaged in the line profiles.
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low elongation and strongly attractive at high elongation, a
hallmark of a mixed enthalpic-entropic spring.

Fits were attempted for a total linker length of 110 nm
corresponding to the maximum width of the tether-only pro-
file, Fig. 8. In the case of the three-link model, subdivisions
of the molecule at 10 and at 50 nm from the base were
compared, roughly matching the lever arm length proposed
for the power strokef22,23g, and the supposed region of
increased compliance at the HMM-LMM junctionf15g, re-
spectively. The least-squares fits of the two-link and asym-
metrically subdivided three-link models are clearly inad-
equate, Fig. 9. They overestimate the attractive stiffness and
underestimate the repulsive stiffness of the molecule. How-
ever, whenl1 in the three-link model is increased to a value
of 50 nm, a good fit to the data can be achieved. The result-
ing k3 value suggests that the bead is rather rigidly bound.
While the exact distribution of stiffness among the intramo-
lecular hingesk1–k2 is not determined reliably due to its
small influence on the histogramssee Fig. 5d, the total stiff-
ness valuek1+k2 is around 3.4kBT.

VI. DISCUSSION

The three-link model for the MT constitutes the simplest
kinematic chain with rigid subunits that is consistent with the
experimentally observedz-direction line profiles. It has iso-
tropic bending symmetry which eliminates the twist stiff-
nesses. This leaves six model parameters: the link lengthshl ij
and the bending stiffnesseshkij. This number can be further
reduced. The bead radiusl3 may be determined indepen-
dently, and the total molecule lengthl1+ l2 can be fixed by
the total width of the radial line profile. Of the remaining
four parameters, the total stiffnessoki determines the peak
sharpness of the PDF, while the peak position or skewness is
controlled by the quantityl2− l1. The distribution of bending
stiffness among the joints can be roughly determined using
its small effect on the PDFssee Fig. 5d by considering the
shape of the inward tail of the distribution.

If the number of links is greater than 3, or there are in-
trinsic kinks in the molecule, the direct determination of the

transformationT becomes unwieldy. One can then resort to
Monte Carlo methods, most conveniently within the rigid-
body formalismf17g described above, or to efficient convo-
lution techniquesf24g. However, it seems difficult to obtain a
large number of relevant twist and bending stiffnesses simul-
taneously from a measurement of the bead position alone.

The question arises whether standard polymer models
would suffice to interpret our data. For afreely jointed chain,
i.e., a chain of rigid links with no bending potentials, elas-
ticity is purely entropic. This leads to an end-to-end point
distribution of the polymer which is peaked at zero exten-
sion. With a bead attached, one would find radial profiles that
are peaked at the minimumz value, in disagreement with our
data. Rather, Figs. 5 and 2 resemble the radial end-to-end
PDF f25g and the 2D densities of awormlike chainpolymer
f26g, respectively. Furthermore, in an overstretching experi-
ment on myosin-IIf27g, an effective persistence length of
lp=25±10 nm for the coiled-coil tail was found. However,
the molecule was deliberately unfolded by the AFM cantile-
ver, so native state elasticity could not be measured. A pure
WLC model for the whole MT seems insufficient in our sys-
tem: even for a WLC attached to a bead, the bead radius
constitutes one rigid link of a length comparable to the WLC
contour length, which strongly affects the resulting bead cen-
ter distribution. Our approach constitutes the limit of long
segment persistence lengths of a more involved combined
segmental-semiflexible descriptionf28g.

To further test how well the segmental model describes
the experiment, it is desirable to also measure lateral profiles
of the bead center histograms. The model should then allow
consistent fits of the radial and lateral profiles. A wider lat-
eral observation range may be accomplished by a trapping
lens with lower aperture or by lateral stepping of the PFM
trap. When the bead size is varied, the bead position histo-
grams should vary with consistent fitted values forsl1, l2d
andhkij. Generally, with decreasing bead size the value ofk3

looses importance for the bead histograms, so smaller beads
will allow more robust measurement of molecular properties.

VII. CONCLUSION

We have presented a classical statistical mechanics model
for the passive elasticity of a single rodlike macromolecule,

FIG. 8. Radial profiles as indicated in Fig. 7 by the dashed lines,
for the unboundf7sadg, boundf7sbdg, and “MT-only” f7scdg histo-
grams, respectively. Note the strong concentration toward the outer
rim of the distribution. Profiles were averaged over a linewidth of
five bins and rescaled such that the equivalent count number has a
Poisson-like error given by the square root.

FIG. 9. Tether-only line profile as in Fig. 8, together with least-
squares fits for fixed link lengths. For the two-link modelsdashedd
sl1, l2d=s110,250d nm while for the three-link modelsl1, l2, l3d
=s10,100,250d nm sdash-dottedd and sl1, l2d=s50,60d nm ssolid
lined. The bead radius was 250 nm. Fitted bending stiffnesses are
given in kBT/ rad.
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assuming that it bends at pointlike joints connecting rigid
segments. In combination with fast 3D measurements of
bead histograms, this opens the possibility of extracting pa-
rameters of passive molecular elasticity in greater detail than
was previously possible, and with no other prior information
required. In this way bending stiffnesses of the joint regions
and the location of the molecular hinge point can be mea-
sured even though the bead may be much larger than the
molecule itself. The technique is sensitive on a scale of
s0.1–10dkBT that is difficult to resolve via AFM, and

achieves a spatial resolution of a few nanometers at sampling
rates above 200 kHz, under physiological conditions. We be-
lieve our combined approach to have great potential for char-
acterizing single macromolecules as entropic-enthalpic
springs.
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