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Three-dimensional bead position histograms reveal single-molecule nanomechanics
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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-Il. 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 &gduta8l.
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[. INTRODUCTION cording histograms of the bead position, an energy resolution
) . on the order of 0BT can be achieved, depending on bin

In the study of motor molecules, optical single moleculesjze and recording time. Another method that can provide 2D
techniques have been widely used to measure properties p§ 10] or 3D [11] position histograms is video tracking, but
the mechanochemical cycle, such as step size and loadsith a lower temporal resolution in the millisecond range,
dependent speeld—3]. Motor function depends on ATPase leading to motion blur for fast fluctuations of small trapped
activity at the head domains of the protein. However, anybeads and thereby limiting the spatial resolution. To relate
force acting at the head domain in such experiments is bathe measured histograms to molecular elasticity, a model for
anced by the elastic response of the whole molecular corthe mechanics of the bead-molecule tether is required. The
struct used. The tail elasticity therefore influences the statissimplest assumption of a swiveling, radial Hookean spring
tics of the force and torque that act at the head domains d6,12] with a rigidly attached bead fails to account for the
the molecule. Also for myosin function in musdi,5], the ~ experimentally observed asymmetry in radial line profiles
passive elasticity of the myosin cross bridge is essentialsee below To explain this asymmetry, the internal nanome-
To understand the mechanochemical cycle in depth, it seen§1anics of the molecule has to be taken into account.
important to characterize the passive elastic response of the On€ possible model for the tail of a rodlike motor mol-
complete motor molecules including the tail domains.€cule such as conventional kinesin or myosin-Il is a semi-

; o ; ; ; flexible polymer, e.g., a wormlike chaifwLC) [13], char-
The analysis of three-dimension@D) elastic properties of cterized by a contour length and a persistence lehgth

rodlike single macromolecules is also interesting as a te# . - R .
. his corresponds to a uniform distribution of bending com-
of polymer  physics models and for nanotechnologyp"ance along the molecule. There is evidence from structural

apq_l;]catlonsl. i . b din si Iand electron-microscopy studies, however, that the tail re-
ese elastic properties can beé measured In SINgi&in of kinesin can bend strongly at a single point about

molecule experiments$] using a photonic force microscope midwa: ; : ;

i . ; y along the taif14]. Also, myosin-Il can be enzymati-
(PFM) [7’.8]' Here, gsubmlcrpmeter-saed bead is tgthergd t%ally split into heavy(HMM) and light meromyosiiLMM )
a coverslip by a single rodlike molecule and confined in ¢t a point on the tail about 50 nm from the head domain,

}ﬁdicating an interruption of the regular coiled-coil structure

[15]. Therefore, a complementary description is considered
here; in the opposite limit of maximally concentrated bend-
ing compliance, one obtainssegmentally flexiblenolecule

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 beaqyiw, 5 fey rigid subunits connected by pointlike joints. This

moves diffusively in a predefined volume, it will probe the view is supported by a molecular dynamics study of the leu-
tether elasticity in a wide range of directions and on multipIeCine zipper of the SNARE complex, which indicated a high

time scales at once, in contrast to the situation using atomifiqiry for this structurally similar coiled-coil domaifté].
force microscopy or conventional optical tweezers. By re- =, yhq nresent article, we describe a mechanical model for

the passive elastic properties of segmentally flexible, rodlike

macromolecules attached to a single bead. In Sec. Il a math-
*Electronic address: nbecker@mpipks-dresden.mpg.de ematical frameworK17] is introduced to conveniently de-
"Electronic address: rohrbach@embl.de scribe the relative configurations of the rigid segments of
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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 tetheMT). An inextensible
MT can be modeled as a kinematic chain: Rigid lir(kse
segmentsare 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 Hig. 1
The bead radius is thus incorporated in the MT, including
bead size effects in our analysis. The resulting picture is

FIG. 1. (a) An actin-myosin molecular tether, with a short seg- analogous to @obot armwith n links of lengths{l;},——,, and
ment of the Brownian bead center trajectdty. The same system m(m=n) rotational joint angles, Fig.(b). For full orienta-

represented as a robot arm with two segments and four joint anglegy  freadom, three rotational joint axes are needed between
(c) The corresponding kinematic chain with reference frames atény two adjacent links, intersecting at the hinge point.

tached to each link. The last link corresponds to a bead radius from As a preliminary step. we introduce a aroup formalism
the binding point to the bead center. Here, spherical coordinates aﬁ? 19 uged in robyot kire,ematics that is sui%ed 'lc:)o relate the

h joint €9} . o
chosen as joint angleg) bead center position=(rq,r,,rs) to the joint angles.

Let (e 0,€;,0,€3,0 denote a right-handed orthonormal ref-
ence framéframe fixed to the coverslip, with its origip,

such a molecule, and a general strategy to obtain the statiog—r
ary 3D bead position distribution is outlined. This strategy isat the starting point of the first link, tHease frameAlso fix
then carried out in Sec. Il for the case of a molecule with_ frame (e, ;,e,;,e4:) to the end p(;inip- of the ith link. 1
isotropic bending stiffness and no intrinsic curvature. Ge-_, _ _ sutlr’\ tzr:étegéli points in the direction of thth link
neric results for a molecule with one and two segments are ' L '
shown in Sec. IV. We then compare the model to experimen: < € 1(pi~pi-1), Fig. 1(c). So thebackboneof the mol-
tal data[18] obtained from full-length myosin-I[Sec. ).

ecule is given by the sequence of tpg}. Let (--+); denote
The model reproduces the radial asymmetry observed exper‘f—oordm""tes relative to framje The 4x 4 (block) matrix

mentally in a natural way, if the segment subdivision is cho- e € € P R p
sen appropriately. P (= M
pprop Yy gj,—<0 0 O 1) —<0T 1>j, (1)
j
[l. CALCULATION OF 3D DISTRIBUTIONS describes theconfigurationof frame i relative to framej.

. . . . I Here,(p;); and the rotation matrixR;); describe the position
A. typical experimental assay is erlcFed in Figa)l A and orientation, respectivelg;; is an element of the homo-
rodlike macromolecule, e.g., myosin-ll, is attached at one . £ . .
eneous representation of the Lie group3f rigid mo-

end to an actin filament adhering to the coverslip, and to . . e . 4 .
bead of 100-500 nm diameter at the other. The bead igon> " Euclidean space. Defin 8 antisymmetric matri-
cesg, in terms of the antisymmetric tensor l0¥,), = €pqr-

trapped in 3D in a weak optical trap. The random trajectoryF | ) bout thaxie. The Li
of the bead is recorded in 3D with the PFM with a sampling Ior (:k,\)xamp Ces generat?f arotation a oug axis. the ('je.
rate and bandwidth of 100 kHz. An estimate of the bead'$* 9¢Pra s€) corresponding to SB) can be represented in

position autocorrelation time gives=y(Az%/kgT=3 ms, terms of 4X 4 twist matrices

where y is the Stokes viscous drag of the bead at room 3

temperature. So the bead trajectory can be time resolved with -> wp€p V 3

the setup. Bead position histograms of such trajectories re- v, =| 5 , Vi@ E R (2)
flect an effective free energy landscape for the bead resulting or 0

from the molecule and the optical trap.

Do such histograms contain any information about theAny twist matrix generates a combined rotation and transla-
molecule, considering that the bead is larger in volume thation (a screw motioj via the matrix exponential. As can be
the molecule by three orders of magnitude? The bead mass$§0wn[17], a pure rotation about a fixed axis going through
irelevant, since the system is overdamped. Also, the beadny pointq in a directione, [w|=1, is generated by the
coverslip interaction has a range of only a few nanometers d#ist &o=£(0 X @, @). By the group property of thgj;, to
experimental salinity. When the trapping laser is dimmed s@btain the end frame configuratiag,, one just multiplies
that the optical trap stiffness is lower than molecular elastidhe homogeneous matrices corresponding to the joints along
stiffness constants, the attached bead will thus have two maithe kinematic chain, ordered for increasing joint number. The
effects: Slowed-down diffusion, which allows for adiabatic end frame configuratiogg, of a robot arm can then be given
thermal averaging over the internal conformational degreei terms of the joint angle$é;, ..., 6,) by the product-of-
of freedom of the molecule, and volume exclusion, whichexponential{POBE formula[20]
restricts the accessible range of the system. In this regime,
the bead position distribution is determined mainly by elastic ~ Jon(64, -, 6n) = €Xd 1611 - - €Xd §nfnl9on(0, ..., 0). (3)

021907-2



THREE-DIMENSIONAL BEAD POSITION HISTOGRAMS. PHYSICAL REVIEW E 71, 021907(2009

Here, for each joint numbédg, 1<k=m, & denotes theon- n

stanttwist &, associated with the joint axis, given in base V=2 202 + 2xpi(i + )2, (6)
frame coordinates, and evaluated in teéerence configura- =1

tion, i.e., with all joint angles set to 0. It will be chosen linear wjth twisting and bending stiffnesses,; and y;, respec-

and untwisted. . tively. To account for volume exclusion between molecule
We now outline how to calculate the spatial bead centend bead or coverslip, the rangesifand 9, are restricted

Given an angular potential(6;,..., 6y, the PDF in the  repyisive bead-coverslip interaction is implemented as a
space of joint angles is given by a Boltzmann fa@df*e™.  ghort-ranged exponential in position space.
To obtain the spatial PDp(r), internal motions of the chain Note that the number of relevant joint variables is only
have to be made explicit and then integrated over. More spen, Intuitively, since the bead orientatioR,, is not mea-
cifically, we need to find a coordinate transformatibnso  sured, motions that leave the backbone fixed will relax any
that (0,=ry,0,=r,,03=r3,6,,...,6,)=T"%6,,...,6,) is a twist along the molecule undetected. By using the corre-
new set of coordinates that contains(ry,r,,r3). Then in  sponding POE, it can be shown that the joint angles enter

the new variables the PDF is given by into p(r) only through the combinationgd;,7 =71
+@it1<i=n, Wherey,=0, and that the twist stiffnessesg,; do
p(6y,....0,)d"m & (WRgTV(T(0y,...0m) ¢ AT(8y,...,6,) not enter at all. This is only the case since we exclude intrin-
_ _ ~ sic kinks along the chain.
X|DT(64, ..., 6,)|d™8, (4) The resulting end frame configuration

9on( 71, 91; .. ; 77, 9 is given by the POHordered for in-
where|DT]| is the absolute value of the functional determi- creasing )
nant of T, andAd™@ is the volume element in th@Id) joint N
angle space. The 3D bead center PDF is then a marginal _ A+ : o o~ 1 Lz
distribution when integrating over the internal variables 90”_gexd§(o'z)”i Jexp£(= Li-s%.y) 9] o' 1/’
partial trace, i.e.,

(7
~ ~ o~ o~ o —_vk ;
D(F 1l ls) OCJ 0(6y,... 5)dBy - -dby,. (5) vyherex-(l,O,())T, etc., L==i1;, gnd the last matrix de-
R fines the stretched reference configuration. The correspond-
ing angular PDF is
The integration domairR(r) for internal motions depends n
on the bead center position due to the inextensibility of the 9t 9)dMe sin(9 e bi 77246 Td.9.d 7"
MT. It is this varying volume of internal configuration space PUTL 1.y B) A0 ,1:[1 (%) ' i -
that generates entropic elasticity in the model. 8
For general kinematic chains, it is a difficult task to fifd (8)

explicitly, related to the inverse kinematics problem in robotThe volume factoA=I]; sin ¥; in the joint angle space gives
kinematics. In what follows, am-segment MT with a a uniform distribution of directions at each hinge in the high-
stretched-out minimum energy configuration and directiontemperature limit.

independent bending stiffness will be considered. For this We now sketch how a new set ofn2variables
simple MT geometry,T and R can be determined analyti- 3

, : ; , (rl,rz,r3;51,"¢1; 1903, @n_3; @n_2) Can be recursively de-
Ig?DHIBZ/’ using the POE formula recursively, to give the Spatlaltermined to separate the bead center positidrom the in-

ternal motions of the MT. These together with the transfor-
mationT then allow us to calculatp(r) via Egs.(4) and(5).

Ill. APPLICATION Each recursive step consists of two substeps: rotation of the
link i from the reference configuration to the direction of the

As a m.inima'll model, we co_nsider a segmenta{ly erxibIeend point(the bead centgr followed by rotation into the
molecule in which each hinge is a very short elastic rod Wlthf. | orientation. Th . bleé~§ %) defined as th
no intrinsic curvature or torsion. Although the myosin tail inal orientation. The new varia i»¢i) are detined as the

adheres tangentially to the bead surface over some fractio'ﬂ"’md"?‘rfj spherical angles that de;cribe the second substep at
of its length[18], this strong adhesion likely denatures the each joint except for th_e last. This pr_ocedure generates the
coiled-coil structure of the myosin tail locally. Therefore, the ransformationT and gives an explicit formula fof(r)
assumption of no intrinsic bending is justified as a minimal(Not Shown.
choice also for the last link of the MT.

Then,ZYZEuler angleg¢;, 95, ;) are suited to reflect the
total bendd; of the hinge, and its total twisp;+v;. Here,
(¢;, ) are standard spherical angles, whjledescribes the The algorithm described in the previous section was
final Z' rotation of the segmerit For an ideal elastic rod implemented in MATHEMATICA for two- and three-link
with isotropic bending stiffness, a harmonic, uncoupled ap<hains, using packages fror7]. Integration over the inter-
proximation for the angular potential is nal motions of the chain was done numerically. We obtain

IV. RESULTS
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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
T > T T T T o T T 100 nm in(a),(b) and 250 nm in(c). Contour
‘f%?,m) oo 0 100 20 200 A% 0 100 200 lines are for equidistant PDF levels. Other param-

] eters are (@ and (c) (I4,12)=(50,90 nm,
(Kl,K2,K3):(0.6,2.0,1.5(BT/rad; (b) |1
=140 nm, (x4, k) =(0.6,0.8kgT/rad.
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spatial PDFs that are rotationally symmetric with respect tdine profile becomes less pronounced as the PDF peak moves
the ez o axis. Theg  axes will be identified with space-fixed inward when the total stiffness decreasgg). 4). Generally,
X, ¥, andz axes in the following. In Fig. 2, 2D slices through the three-link profiles become more skewed with increasing
some calculated 3D PDRxr) of the bead center are shown. total stiffness and with increasing asymmetry of the molecule
The outer radius i&,, while the inner radius depends on the subdivision.
maximally allowed bending angles. Since the distributions are normalized in 3D, the varying
The two-link PDFs are peaked on the outer rim for bend-area under the shown radial line profiles reflects the width of
ing stiffnesses higher thas0.1kgT/rad. This is not true in  the distribution in the lateral direction. High total stiffness
the three-link case due to an increased entropic contributionesults in a laterally confined bead movement with high
This feature is clearly visible in line profiles of the 3D bead probability close to the axis. In Fig. 5, radial line profiles
center PDF along theaxis. For two links(Fig. 3, inset, the  with a constant total stiffness okgT/rad are shown, com-
profile sharply drops to 0 at maximum extension. Whenparable to the experimental value. Their area variation is less
Gaussian smoothing is includéBig. 3) to mimic the posi- pronounced than in Fig. 4, showing that the lateral confine-
tion measurement error, the peak remains within 10 nm ofnent depends rather weakly on the distribution of stiffness
the outer rim, essentially independent of stiffness. This iamong the three joints. For the geometry shown there, the
also true in the three-link case with a strongly asymmetricstifiness x; characterizing the bond of the molecule tail to
(I11,1,)=(10,130 nm subdivision of the moleculgig. 4, in-  the bead, has the biggest influence, since it connects the two
sed. The latter MT geometry corresponds to a myosin mol-longest links in the chain. Low; leads to an elevated tail on
ecule with flexible S1-S2 junction and a tail that is stiff over the inner side of the distribution. This is also true ferin
its whole length. Conversely, a more symmet(ig,l,)  the two-link casgFig. 3).
=(50,90 nm MT subdivision corresponds to a flexible hinge
at the HMM-LMM junction midway along the myosin tail, V. COMPARISON WITH EXPERIMENTAL DATA
and no S1-S2 compliance. In this case, the skewness of the

Single-molecule PFM experiments as described above

5t were done on full-length myosin-Il from rabbipsoas
)
S4| " -~
8 @3 | i3 —-=- K193:5 5 5 Fa 7Y
T 3 c . 'l iy
= 3 25} |25 i N
3 £ 2 i i !
g ol &2 15 . / !
e 2 ] 3 J '
-] @ b 7 '
21t g 101 los i £ !
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4 '275 s i
& 05¢ i
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FIG. 3. Calculatedz-axis line profiles of the 3D bead center

PDF of the two-link model withl4,1,)=(140,250 nm for varying
total stiffness and stiffness distribution. The profiles were smoothed FIG. 4. Calculated-axis line profile of the 3D bead center PDF
with a Gaussian of full width at half maximum 4 nm, corresponding of the three-link model, Gaussian smoothed, for varying total stiff-
to the experimental position measurement uncertainty. The PDFsess and with(l{,l,,13)=(50,90,250 nm. Inset: The same plot
are normalized in 3D. Inset: The nonsmoothed profiles, exhibiting avith (11,1,,13)=(10,130,250 nm. A clear dependence of the peak
discontinuity at the outer rim. Bending stiffnesses are given inlocation on the total stiffness can be seen only in the case of a hinge
kgT/rad. near the midpoint of the molecule.
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FIG. 7. y-z slices through measured 3D histograms of the data
shown in Fig. 6, befor¢a) and after(b) binding. Pointwise division

FIG. 5. Calculatedz-axis line profiles of the 3D bead center of (b) by a Gaussian fitdotted ellipsesto (a) gives the histogram
PDF of the three-link model, Gaussian smoothed, for constant totalk), corresponding tq(r). Black represents 18(s) and 280(b)
stiffness, but varying stiffness distribution. The peak location iscounts; bin size was 4:83.5x 3.6 nn. Contour lines are for equi-
independent of the stiffness distribution; only the tail shape on thejistant PDF levels; all histograms were thresholded at 15 counts.
inner side varies appreciablfly, I,,13)=(50,90,250 nm. Dashed lines indicate the region averaged in the line profiles.

muscle, which was bound to actin filaments in the rigor stateqs the ohserved traces. Furthermore, the binding of actin to
Although no attempt was made to measure stiffness CONye coverslip is about 100 times stiffer than our obserzed
stants, the data support the picture of a MT with a mixedirection stiffness constants, as can be checked by directly
enthalpic-entropic spring and provide constraints on the relpinging beads to immobilized actin with a biotin-streptavidin
evant link lengths. . link (for experimental details sd&8]).

Microspheres with a diameter of 500 nm were sparsely - ag can already be seen from Fig. 6, confinement is mainly
coated with myosin molecules, and after trap calibrationya inquced in the lateral directions, while in thelirection
[7,22] were tethered to immobilized actin filaments in ATP- it is caused by the MT. Here, the optical trap is weaker than
free solution. When a specific binding event occurred, timgne ejastic tether forces and thus the compietange acces-
traces of the 3D bead position were recorded for a time of URjy e o the MT can be seen at a fixed trap position. However,
to one minute. A binding event was indicated by a suddenyg yrapping force cannot be completely neglected. To obtain
restriction of the volume of diffusion. For a trap positioned histogram corresponding to the calculated MT RDFve
roughly over the tether base, this restriction occurs almoskgsg me that the trap and the MT act like additive spatial
exclusively in thez direction, where the molecule stiffness is entials. This assumption is well justified since the internal
highest and the trap stiffness is loweBtg. 6). After initial  4tions of the molecule are fast compared to the bead mo-
b|nd|ng_, the_ position of the optical trap was scanned inXhe tion and since the optical trap's scattering fof@d] is ap-
and_y directions, which allowed us to verify t_he presence o_f roximately position independent. The trap PR, and the
a single MT and to exclude surface interaction as the origin\, 1 ppg p then multiply to give the observed to’EaI PDE

(a) 200 7] 15.:1; ‘ ol i Poound ) p(r)ptrap(r)- (9
E ]00:“%5 ! WM#&W Figure 7c) shows the histogram correspondingd®), cal-
< 97 YT PR e L A culated by pointwise division according to E). A Gauss-
0.0 0.5 1.0 1.5 20 25 3.0 ian fit corresponding to the harmonic trapping potential was

tme (s) used forpy,, instead of the measured histogram in Figa)7

© 200 as no surface interaction effects were visible. Although not
1504 necessary here, we note that the division procedure can also
. be used to correct for additive potentials of arbitrary shape,
100 -8 e.g., remaining unspecific surface interactions, given a mea-
50 - surement apparatus with sufficiently low drift. The corrected
O_" “MT-only” histogram in Fig. 7c) exhibits parallel contour
lines indicating a deflection angle from tlzeaxis of about
50+ - s 30°. In the direction normal to the contours, the histogram is
S S S — B peaked toward the outer rim of the accessible range. This
1507100 (;15'2) 0 50 0 y(nm’)oo asymmetry in radial direction was observed in many trials

and rules out the simple assumption of a radial linear spring

FIG. 6. Measured time trace of thzeposition signala) and the @S the elastic element of the tether. .
point cloud from the same data, projected onto % and y-z Line profiles of the measured histograms are shown in

planes(b) and (c). The initial binding event is clearly visible at ~ Fig. 8. The radial asymmetry seen in the raw data of the
~1.5 s. Note that diffusion becomes additionally restricted inzhe bound bead is preserved when correcting for the trap influ-
direction but not in the-y plane upon binding. The binding point ence. Specifically, the softer slope of the distribution towards
on the coverslip is slightly offset in the negatixeand positivey ~ the coverslip does not result from the optical trap or from
directions. surface interaction. The MT clearly is weakly repulsive at
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FIG. 9. Tether-only line profile as in Fig. 8, together with least-

. . oo o . squares fits for fixed link lengths. For the two-link modeéasheg
FIG. 8. Radial profiles as indicated in Fig. 7 by the dashed Ilnes(|1’|2):(110’250 nm while for the three-link model(y,l,ls)

for the unbound7(a)], bound[7(b)], and “MT-only” [7(c)] histo- =(10,100,250 nm (dash-dottell and (I1,1,)=(50,60 nm (solid

grams, respectively. Note the strong concentration toward the OUt‘?fne). The bead radius was 250 nm. Fitted bending stifinesses are
rim of the distribution. Profiles were averaged over a linewidth Ofgiven inkgT/rad.

five bins and rescaled such that the equivalent count number has™a

Poisson-like error given by the square root. . .
transformationT becomes unwieldy. One can then resort to

Monte Carlo methods, most conveniently within the rigid-

abody formalism[17] described above, or to efficient convo-

X f lution technique$24]. However, it seems difficult to obtain a
Fits were attempted for a total linker length of 110 nm 00 nymber of relevant twist and bending stiffnesses simul-

corresponding to the maximum width of the tether-only pro-aneqsly from a measurement of the bead position alone.

file, Fig. 8. In the case of the three-link model, subdivisions The question arises whether standard polymer models

of the molecule at 10 and at 50 nm from the base WeTvould suffice to interpret our data. Foffreely jointed chain
compared, roughly matching the lever arm length proposeg_e_’ a chain of rigid links with no bending potentials, elas-

for the power strokg22,23, and the supposed region of ticity i ; : :
) . ) : y is purely entropic. This leads to an end-to-end point
increased compliance at the HMM-LMM junctiddS], re-  gisyibytion of the polymer which is peaked at zero exten-

spectively. The least-squares fits of the wo-link and asymg;q, ‘yith 5 bead attached, one would find radial profiles that
metrically subdivided three-link models are clearly inad- e peaked at the minimumvalue, in disagreement with our

equate, Fig. 9. They overestimate the attractive stiffness angliy Rrather, Figs. 5 and 2 resemble the radial end-to-end

underestimate the repulsive stiffness of the molecule. HOWPDF[ZS] and the 2D densities of wormlike chainpolymer

e¥gg wherl, in tgi.threi'“ndk model 's mcrr(]a_ase((jj tgha valuel 26], respectively. Furthermore, in an overstretching experi-
of 50 nm, a good fit to the data can be achieved. The resuly, o oy myosin-I[27], an effective persistence length of

ing x5 value suggests that the bead is rather rigidly boundlp:ZSilo nm for the coiled-coil tail was found. However,

While the exact distribution of stiffness among the intramo-j,o 1 ,5jecule was deliberately unfolded by the AFM cantile-
lecular hingesk,—«;, is not determined reliably due 0 its o g4 native state elasticity could not be measured. A pure
small influence on the histografsee Fig. 3, the total stift- \y ¢ model for the whole MT seems insufficient in our sys-
ness valueq+k; is around 3.45T. 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

The three-link model for the MT constitutes the simplests€gment persistence lengths of a more involved combined
kinematic chain with rigid subunits that is consistent with thesegmental-semiflexible descripti¢8].
experimentally observertdirection line profiles. It has iso- ~ To further test how well the segmental model describes
tropic bending symmetry which eliminates the twist stiff- the experiment, it is desirable to also measure lateral profiles
nesses. This leaves six model parameters: the link leigths of the bead center histograms. The model should then allow
and the bending stiffness¢s;}. This number can be further consistent flts_ of the radial and lateral pr_oﬂles. A wider IaF—
reduced. The bead radilsg may be determined indepen- €ral observation range may be accomplished by a trapping
dently, and the total molecule lengtir+1, can be fixed by ~€ns with lower aperture or by lateral stepping of the PFM
the total width of the radial line profile. Of the remaining rap- When the bead size is varied, the bead position histo-
four parameters, the total stiffneSsq; determines the peak 9rams should vary with consistent fitted values by, 1)
sharpness of the PDF, while the peak position or skewness &nd{x;}. Generally, with decreasing bead size the valug;of
controlled by the quantity,—I,. The distribution of bending looses importance for the bead histograms, so smaller beads
stiffness among the joints can be roughly determined usingVill allow more robust measurement of molecular properties.
its small effect on the PDFsee Fig. % by considering the
shape of the inward tail of the distribution. Vil. CONCLUSION

If the number of links is greater than 3, or there are in- We have presented a classical statistical mechanics model
trinsic kinks in the molecule, the direct determination of thefor the passive elasticity of a single rodlike macromolecule,

low elongation and strongly attractive at high elongation,
hallmark of a mixed enthalpic-entropic spring.

VI. DISCUSSION
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assuming that it bends at pointlike joints connecting rigidachieves a spatial resolution of a few nanometers at sampling
segments. In combination with fast 3D measurements ofates above 200 kHz, under physiological conditions. We be-
bead histograms, this opens the possibility of extracting palieve our combined approach to have great potential for char-
rameters of passive molecular elasticity in greater detail thaacterizing single macromolecules as entropic-enthalpic
was previously possible, and with no other prior informationsprings.

required. In this way bending stiffnesses of the joint regions

and the location of the molecular hinge point can be mea- ACKNOWLEDGMENT

sured even though the bead may be much larger than the

molecule itself. The technique is sensitive on a scale of We would like to thank Jim Swoger for a thorough
(0.1-10kgT that is difficult to resolve via AFM, and reading of the manuscript.
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