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Single filament electrophoresis of F-actin and filamentous virus fd
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We have developed an electrophoretic cell suitable for single-molecule electrophoresis. The setup
works for fluorescently labeled macromolecules by direct recording of their motion under an
external electric field. The electrophoretic mobility of rodlike, polydisperse actin filanfErdstin

were measured, as well as its dependence on the orientation of the filaments. A dipping effect is
observed and quantitatively accounted for by the difference in hydrodynamic drag between motions
along and perpendicular to the long axis of a filament. When averaged over all orientations, the
mobility of F-actin in 50 mM KCI and 2 mM MgCl is determined to be 8.5+0.7

X 10°° cm?/(V s). This method is also used to compare the mobility of F-actin and fd virus in a
mixture of them. A reliable ratio of 1.26 is measured for fd virus to F-actin. The influence of the
orientation dependent drag on electrophoretic mobility is discussed and a strategy for reliable
measurement is proposed. 2005 American Institute of PhysidDOIl: 10.1063/1.1859284

I. INTRODUCTION In Yeung's method;*° the motion of individual fluorescently
labeled molecules under an electric field is recorded by fluo-
Electrophoresis is a widely used technique for studies ofescence microscopy and the speed of each molecule is mea-
charge related properties of polymers, colloids, and biomolsured. This method is capable of measuring mobility of mol-
ecules in particular, such as proteins, DNA, and RNA. Theecules in a sample that contains molecules with various sizes
conventional technique typically uses a gel matrix such asr even different species. Therefore, the technique is appli-
agarose and polyacrylamide. The electrophoretic mobilitycable to biomolecules that are difficult for isolation and pu-
measured is strongly affected by the mesh size of the gelification. It is even possible to measure the mobility of mol-
thus the technique is most appropriate for size characterizacules within a living cell.
tion and separatioh.Since confining the sample in a thin However, on the single-molecule level, translational and
capillary retards convection and undesirable mixing, capiltotational Brownian motiorts fundamentally affect the mea-
lary electrophoresis has been applied, either with or withousurements. Specifically, translational Brownian motion adds
gel matrix. With the development of coated capillaries touncertainty to the travel distance, which can cause large er-
reduce or eliminate the electro-osmotic flOF), capillary  rors if both the speed of the molecules and their travel dis-
electrophoresis has become quite suitable for the measurgance are small. The drift speed of a nonspherical molecule is
ment of free solution mobility, using a small amount of related to its orientation, so the instant speed changes due to
sample’ Capillary electrophoresis can also be performed inrotational Brownian motion, as well. Many biomacromol-
microfabricated channels. Application of multiple micro- ecules are rodlike, such as short DNA fragméﬁta,ctin
channels as miniaturized capillaries increases the efficiencftaments™ and microtubule$? The drag coefficient of their
of the measurements. motion in fluid strongly depends on the orientation. There-
In a free solution, electrophoretic mobility is propor- fore, in a single-molecule electrophoresis measurement, ef-
tional to the total effective charge and inversely proportionalfects of rotational Brownian motion must be considered.
to the hydrodynamic friction.In a typical measurement, the In this paper, we study the electrophoresis of F-actin and
average speed of an assembly of molecules under an electfitamentous virus fd by tracking the motion of individual
field is measured and the mobility is the ratio of the averagdilaments using fluorescence microscopy. The effect of orien-
speed to the electric field. The widely used commercial intation on mobility is measured. We also show that the tech-
struments measure the mobility of charged particles either byiique can be usefully applied to characterization of various
dynamic light scattering or by detecting the laser Dopplermacromolecular species in a mixture, as well as various par-
effect, such as DELSA 44@eckman—Coulter, In® Atypi- ticles of one species with variable charge densities.
cal measurement using a commercial instrument requires
~1 ml sample, and the measured mobility is the average offi. EXPERIMENTS
an ensemble Of. charged particles. o A. Preparation of F-actin and fd virus
Recently, single-molecule electrophoresis is developed
to measure free-solution mobility of individual molecules. In F-actin was polymerized from the globular monomers
Castro's method? a moving molecule under an electric field G-actin by adding 50 mM KCI and 2 mM Mgginto the
passes through two laser beams over a short distance apdotein solution initially containing 0.2 mM Cag10.5 mM
emits bursts of fluorescence. The time between the two su@ATP, 0.5 mM DTT, and 2.0 mM Tris-HCI buffepH 7.95 at
cessive bursts is measured and used to calculate the mobilitypom temperature. A solution containing the same concentra-
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tions of all the ions listed is referred to as F-buffer, which is
used to dilute F-actin. F-actin was labeled at a molar ratio of
1:1 with rhodamindTRITC-) or fluoresceinFITC-) phalloi-
din (Sigma, St Louis, MQ Before making a sample for
fluorescence microscopy, a stock solution of 0.4 mg/ml
F-actin was diluted using F-buffer to Ag/ml. In order to
reduce the effect of photobleaching, an antibleaching proto-Jg===
col was followed, so that the F-buffer used for dilution has | ® =
been previously added 20g/ml catalase, 0.5 mg/ml glu-
cose, 0.1 mg/ml glucose oxidase, and 0.25 vol % mercapto!
ethanol. Selected control experiments were also performe
without antibleaching reagents to ensure that the measure
electrophoretic mobility values were not affected by them.
Bacteriophage fd was prepared following a standard
proceduré® E. coli K-38 cells were infected with fd and
grown for 10 h in Luria-Bertan{LB) medium. The culture
was then centrifuged at 9950(G500 RPM using a BECK- : . ) , .
MAN JA-10 rotop for 30 min at 4 °C 10 remove the BaCte- coaiing and heating reatment. several holes are noted on the coating in a
ria. The supernatant was added with ®5NaCl and 4 wt %  20x 20 um? area.(b) After a double coating and heating process, arrows
polyethylene glycol(PEG 8000, stirred for 1 h, and then indicate that all tr_\e holes haye_been _fille@t) Double cc_)ating partly
centrifuged at 9950 g for 45 min at 4 °C. The pellet Wassggﬁhi?) gf&d%g\rl:rr]\qe scan as indicated ift) reveals the thickness of the
resuspended in a virus buffer containing 100 mM NaCl and 0 '
10 mM Tris-Cl,pH=8.0, and further purified through a CsCl
density gradient ultracentrifugation step, followed by exten-sciences, Inc, MW 78 0Q0solution. The solution was
sive dialysis against a 5 mM Imidazole buffggH=7.0. pumped out slowly so that the liquid surface went down at
Concentration of fd viruses was determined by measuring mm/min, leaving a thin layer of coating on the glass sur-
absorbance face. The coated glasses were then heated at 150 °C for 2 h.
at 269 nm using UV spectrophotometdSHIMADZU The quality of coating was examined by AFM in contact
UV-1601) with an  extinction  coefficient &  mode, as shown in Fig(4). We noted the formation of holes
=3.84+0.06 mg'cn?. The fd viruses in the imidazole in the coating, which were typically on the order ofun in
buffer were labeled by rhodamine succinimidyl ester, follow-diameter. Preparations over several sets of slides were made
ing a procedure described previouSlyThere are~2700  to avoid the formation of these holes, but unsuccessfully. To
copies of coat protein on the virus surface. The fraction offill these holes, we repeated the coating and heating process
the virus coat protein labeled was1:10. over each set of slides, which resulted in total coverage of
The concentrated fd virus was diluted in F-buffer andthe coating. One representative set of images were shown in
then mixed with FITC-labeled F-actin. The concentrations OfF|g 1 to demonstrate the effect of repeated coating. Arrows
fd and F-actin in the mixture were 1&g/ml and show a few holes formed in the first coatiffgjg. 1(a)], all of

0.8 ug/ml, respectively. which were filled in the second coatififig. 1(b)]. The root
mean square roughness of the surfacee®4 nm. To mea-
B. Atomic force microscope imaging sure the thickness of the coating, the coated surface was

scratched with a needle and imaged with AFM across the

Atomic force microscopéAFM) imaging was used to cratch. This simple method appeared to work well since the

characterize the coverage and uniformity of the coating of

the glass slides and coverslips, which were later used to buiIt Igistﬁgrg\(;i \é\lg;i:loungtrt]c;rkjﬁszugzemv%iljcéitc:c{ erzltshtgrt
the sample cells. All images were obtained using a Nano- 9. ' P

scope llla Dimension 310(Digital Instruments, Veeco Me- rough surface features after scratching due to the manual

trology, Santa Barbara, QAising the contact mode in air. operation, which was expected to be uneven no matter how
' ' gentle it was applied. As shown in Fig(c], the coating on

the left side was mostly removed, while the exposed glass
surface remained flat, as well. Fig(dl is the cross section
Polyvinyl alcohol (PVA) coating of capillary tubes is along the white line in Fig. &) and the thickness of the
shown to greatly reduce the EOF in capillary electrophoresisoating was detected to 50 nm.
measurements to less than 10% of that of uncoated The effect of PVA coating was compared with a more
tubes!’*°Here we used PVA to coat glass slide and covercommonly used surface treatment, namely, the coating of
slip surfaces. A cleaning procedure was performed beforglass surface with an inert protein such as bovine serum al-
PVA coating by which the glass slides and coverslips werdoumin (BSA). For BSA coating, the glass slides and cover
immersed in a solution of 6 g Nochrom{g&ODAX Labora-  slips were cleaned under the same procedure above, followed
tories, Inc.) in 100 ml concentrated $$0, for 1 h and then by incubating the glass slides and coverslips in 1mg/ml BSA
rinsed thoroughly with water. The cleaned glass slides anth F-buffer for over 30 min. The slides and cover slips were
coverslips were vertically immersed in 0.3% P\(Roly- then thoroughly rinsed with de-ionized buffer, and then ei-

C. Surface treatments of sample slides
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ksT (25 me\) and a Debye screening length on the order of
1 nm at an ionic strength around 100 mM. It is reasonable to
| expect the electrophoretic mobility to vary dependent on the
. field strength once the counterion distribution within the
< shear layer is affected. However, since the actual applied
\ gel in water field in our experiment is weaker by four orders of magni-
Jr tude, the average speed of F-actin is found to be proportional
/ to the field strength.

M
HCIy

|

gel bridge wax

objective
lens

\ E. Data collection

For thin samples with thickness around one
\ micrometer° which is less than the depth of focus, the fila-

glass slide | ments remain in focal plane during observation and are
' tracked in the full field of view. For thicker samples, the
v filaments tend to move away from the focal plane. We only
FIG. 2. Top view and side view of the setup for electrophoresis and ﬂuo-tr_aCk F-actins and fd viruses that are V'_S'ble in the f'elc_l of
rescence microscopy. view for more than 3 s and 1 s, respectively. Under a given

electric field, the speed of a filament along the electric force,

ther dried before use, or rinsed with F-buffer and appliedoPposite to the direction of electric field, is obtained by mea-
with a drop of the sample without letting the surface dry. Nosuring the moving distance during the tracking time. The

significant difference was noted between the BSA treatmentgverage speed of filaments under particular field strength is
with and without drying in the final step. obtained by averaging over the speed along the electric force

direction of 16 randomly selected filaments.

D. Electrophoresis setup

Figure 2 depicts the experimental setup for electrophoreq|. RESULTS AND ANALYSIS
sis. Here is a brief procedure to assemble such a device. ) i
First, a drop of 5Qu¢ solution is added on a glass slide and A. S.uppressmn of electro-osmotic flow by PVA
then covered with a cover slip, both having been coated a%oatmg
described above. Excess solution is removed with filter paper To show the effect of PVA coating on reducing EOF, the
quickly after the cover slip is pressed against the slide. Thepeed profile of FITC labeled F-actin in thick samples made
thickness of the sample is conveniently controlled at thisrom BSA coated and PVA coated glasses were compared. A
stage by the pressing force. Two opposite sides of the slidseries of movies were taken when the focal plane was paused
sample are sealed with agarose gel made from 3.0 wt % agat different distances from the bottom surface to the top, by
rose (Sigma, A4804 in de-ionized water. The agarose pur- incrementally turning the focusing knob of the microscope.
chased from Sigma is described as having “not detectableThe average speed of F-actin was then determined at each
electroendosmosis. Within a couple of minutes after pourediocal plane. The results are shown in Fig. 3 for samples in
out of a warm solutiof50 °C), the thin agarose stripes gel. both PVA and BSA coated cells. For BSA coated sample, the
Next, the two ends are sealed with the same agarose gel speed is larger at center and markedly smaller close to glass
3.0 wt %, but prepared in F-buffer. Drops of F-buffer aresurfaces, showing a parabolic profjleig. 3(@)]. The profile
then added to connect the gels at the ends of the coverslips i® explained below.
two previously placed small tubes, each containing the same BSA coated surface is negatively charged. It generates
agarose gel formed in F-buffer. The tubes act as electricadn EOF along electric field by positive counter ions close to
bridges between the sample chamber and two small resethe surface. In an open chamber, the effect will cause a plug
voirs of IM HCI each containing Ag wire to serve as elec-flow. In our experiment, however, since the chamber is
trodes. In this setup, the Ag/AgCl reaction at the electrodesealed by the gel, there is no net flow across the cross section
can take place reversibly while HCI is prevented from enter-of the chamber. Therefore, the EOF generated by the surface
ing the sample for over several minutes in the applied fieldwill cause a return flow in the opposite direction to that of
up to 1000 V/m. A Nikon Eclipse E800 epifluorescence mi-the electric field in the central layer. F-actin filaments are
croscope with a 108 oil immersion objective lens was used negatively charged and thus move in the opposite direction
for fluorescence imaging. The images were acquired at 10 do that of electric field in the absence of a flow field. There-
20 frames per second using a CoolSnap Cooled chargéere, the total effect is that the filaments move faster at the
coupled device cameréRoper Scientific, NJ Video seg- center than close to the walls as a result of vectorial addition.
ments of moving actin filaments were analyzed using the Figure 3b) shows the speed profile of a PVA coated
Metamorph softwaréUniversal Imaging, IN. sample. The results show marked difference from a BSA

The strength of local electric field near a polyelectrolytecoated sample. Except for those very close to the surfaces,
surface is typically on the order of 1®/cm, estimated there is little variation in the measured speed in the PVA
based on an electrostatic energy on the order otoated sample. The slightly lower speed close to surface may

Downloaded 29 Mar 2005 to 128.148.60.128. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



104708-4 Li, Wen, and Tang J. Chem. Phys. 122, 104708 (2005)

top surface

Position (um) f-'«
o o B

@

bottom surface

0 v L
8 10 12
Speed (um/s) (b)
//\
(b) [ topsurface SNy NS
8
S 6
s electric direction
-,9_. ¢ field of motion
K3
o 21
0 bottom surface
0 10

2 4 6 8
Speed (um/s)

FIG. 3. Speed profile of samples confined in B&\and PVA(b) coated
slides and cover slips. The drift speeds were measured from video segments
taken at the focal plane at various distances from the bottom surface. The
standard errors for both position and speed are indicated.

N “"

o

be due to the larger drag force on F-actin by the Wadf _ S

These results indicate that the PVA coating greatly reduce IG. 5. (a) A fluorescence image of TRITC labeled F-actin in a thin sample

showing all actin filaments in the view fiel¢h) Trajectories of two 3.3:m

the EOF. . . . ) long filaments moving from left to right by superimposing the position every
The stability of speed with time is also tested by mea-0.2 s.(c) Force analysis of F-actin under electric field. The electric field is

suring the average speed of F-actin at different times afteppposite to the moving direction as indicated(i.

the voltage is applied. The speed at tiinis averaged over

16 randomly selected filaments within the time window offield. In order to track individual filaments over a long time,

(t—-0.25 s to(t+0.29 s. As shown in Fig. 4, the speed does thin samples are used. The thickness of a typical sample is

not vary with time within the error of detection. Thus, in less than the depth of focus of the 20@bjective so that alll

principle, the average speed can be measured at any tinkgbeled filaments can be observed clearly at all times, as

after applying a voltage. In practice, all data in this studyshown in Fig. %a). One feature of a rodlike molecule mov-

were acquired within a few minutes after the application ofing in an unbounded liquid is the anisotropy in drag coeffi-

electric field in order to keep the electrochemical complica-cients along and perpendicular to the rod &xig> This an-

tion at the minimum. isotropy has been noted for F-actin when the filaments

undergo Brownian motion as they are confined between two
B. Orientation dependence of moving speed under walls?® In the electrophoresis experiment, we observe an
electric field interesting phenomenon noted as the “dipping effect,” as

The direct recording gives rise to a visual account Of§hown In Fig. 5b.) for two 3.3 um Io_ng F—ac_tm at. 0'2.S
how fluorescently labeled F-actin moves under an electriémer\_/als' When ftilted away from Fhelr migration direction,
the filaments appear to either “dive down” or “shoot up”
along the orientation of their long axis. This effect is ex-
pected for a rod moving in a viscous medium since the elec-
114 trophoretic mobility is a second rank tensor relating the ve-
locity and electric field vectors. The observed dipping effect
104 'h-‘}{' ' 'I' 'l' is analyzed in detail below.

ol ']' '} 'I' When a rod makes an angle with a driving force in a
viscous medium, it not only moves in the direction of force,

12

Speed (um/s)

81 but also has a velocity component perpendicular to the force
71 i i i i [Fig. 5(c)]. While all F-actin undergoes directed motions
0 4 8 12 16 driven by the electric field, its orientation frequently varies,

Time (s) characteristic of the rotational Brownian motion. Note that

FIG. 4. Average speed of F-actins does not change with time after th(—:‘smce F-actin has a uniform linear charge denSIty’ no torque

voltage is applied. Error bars indicate standard errors obtained by averagirl§ ?Xerted on the filament Wh_er_‘ the applieq electric ﬁe'q is
values over 16 filaments. uniform. Since the drag coefficient for the filament moving
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The above observation can be analyzed in terms of the
anisotropy of drag coefficients of a rod. For a rod in a bulk

o
o

104

g o] ++ solution, drag coefficients along and perpendicular to its axis
2, ++ are
©
8 74 +++ ‘fH = 277_77"7 (1)
& ol +{ [In(L/d) + y]
§ir———— Ayl
=, 2
(b, 8] & [In(L/d) +y,] ?
161 where 7 is solvent viscosity° L andd are the length and

diameter of the rod, and the values of two correction param-
eters arey,=-0.114 andy, =0.886>"

1.2 Since two different drag coefficients apply to the two
velocity components of F-actin, projection of the velocity
vector in the direction along the electric field is as follows:

0 20 40 60 80 100 Eo
Angle (degree) Ve(6) = 4—{2[In(L/d) + y]Jcog 0
™
FIG. 6. Speed of F-actin along electric for@@ and relative drag coefficient

(b) as a function of angle between F-actin and the direction of the electric +[In(L/d) + v, Isir? 6}, (3)

force. Data are binned every 6°. Standard errors are shown. Solid libg in . Lo . . .
is calculated from Eq(4). where E is the electric fieldy is the effective linear charge

density along F-actin, andis the angle between F-actin axis
and the direction of the electric forc&g(6) only weakly

perpendicular to its axis is almost twice that moving along itsjepends on filament length in proportion tdLliAd).
aXiS, the filament tends to drift along the direction of its aXiS, The normalized drag coefficient as a function of orien-

noticeable whenever the orientation deviates from the direcgtion is
tion of the applied field. The result is the observed dipping

effect. Clearly, the direction of motion changes with the fila- £ g)/¢0 °) = 2fIn(L/d) + ] —
ment orientation. 2[In(L/d) + y]cos 6+ [In(L/d) + y, Isir? 6
The orientation dependence of average speed along elec- (4)

tric force can be measured for F-actin. Mass center positions. L o ,
and angles between consecutive traces with the presence bfiS €duation is plotted in Fig.(6) and compared with the

constant electric force are measured at 0.05 s time interval iﬁmasured orientation dep_e_ndence. The .measur.ed. orientation
the same field of view of a thin sample. For aufh long ependence of drag coefficient agrees with @jwithin the

F-actin, the difference in angle between two positions is typi_experlmental error.

cally less than 10° within the 0.05 s interval. Thus the orien- N
tation of the filament during the time interval can be approxi-C- Mobility measurement

mated by the average angle between the initial and final Using the same setup, we can measure the mobility of
orientations. The speed along the electric force at this oriengarious fluorescently labeled macromolecules. To measure
tation is approximated by the average speed along the eleghe mobility, the strength of electric field must be deter-
tric force between two consecutive positions. The velocitymined. One might assume that the electric field is trivially
and angle of 40 actin filaments with lengths between 3.0 an@etermined by dividing the applied voltage by the width of
4.0 um were measured. The velocity values were averagethe coverslip, over which the electric current flows. This is,
over all filaments spanning every 6° in orientation in order tOho\Never’ not valid for thin samples. The coverslip is 22
remove the uncertainty introduced by the translationalx 22 mn? in size. For a sample of thickness only on the
Brownian motion. We prove later that the field driven veloc- order of 1 um, the variation in thickness over the entire area
ity depends on length only weakly, aglid). The spread in  tends to be relatively large, hence the electric field is rather
length thus contributes less than 5% error to the averaghomogeneous. At a given applied voltage, the measured
velocity, which was neglected. The measured velocity as @peed will be different at different positions. This variation is
function of orientation is shown in Fig.(&. reduced in a thicker sample. If the coverslip is parallel to the
We define the drag coefficiet ) of a filament having glass slide, the electric field in the sample will Wéd, the

an angled with electric force asi(6)=F/Vg(6), where F is  ratio of voltage drop over the width of the coverslip. How-
the electric force on the filament anvi(6) the speed along ever, this condition was not guaranteed for every sample.
the electric force. The drag coefficiegfd) is normalized Fortunately, as long as both the coverslip and the slide sur-
with &(3°), the drag coefficient of the rod nearly parallel to faces are flat, the electric field at the center of the coverslip is
the electric force, and the result is plotted in Figb)e For  alwaysV/d, even if there is some tilt between the coverslip
simplicity, we assume(0°)=¢(3°) sinceVg(6) varies little  and glass slide. As shown in Fig. 7, three sets of speed at
with @ when the angle is close to 0, as shown in Fig) 6 various voltage values measured at the center of the cover-
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10 one molecule is known, another one can be determined reli-
—~ g ably according to the ratio measured through the technique
@2 introduced in this study.
§ 64 y We also measured the speed of TRITC- and FITC-
; phalloidin labeled F-actin in a mixture of them. No differ-
$ 41 S ence in their speeds was detected. Phallodin is a mushroom
(% 5 toxin of molecular weight about two orders of magnitude

smaller than each actin protomer, and the specific binding of
0 phalloidin to F-actin does not change its conformation or

o S V. QO \1/5 20 drag coefficient. According to the description of the com-
oltage (V) pounds in the product handbook by Molecular Proties-
FIG. 7. Linear relationship between the average speed of F-actin and thd€MN€; Oregop both phalloidin and the two fluorescently
applied voltage. Fits to measurements at the center of the cover slip of thre@onjugated forms used in this study carry no net charge at
different samples give almost the same mobility. neutralpH. Therefore, possible effects on the hydrodynamic
properties or electrophoretic motility are negligible, if at all.
. . . . Our experimental finding of the same electrophoretic mobil-
slip from three different samples yield approximately the. I . X
o . ity between actin filaments labeled with the two different
same mobility, with an averaged value 0of(85+0.7 o . . .
5 . S dyes is indeed consistent with the known properties of the
X 10°° cm?/(V s). (see Fig. 7. The data in Fig. 7 also con-
. ) L probes used.
firms that the measured electrophoretic mobility is indepen-
dent of the strength of the electric field in the range applied
in our experimental setup. V. DISCUSSION
The setup can compare the mobility of the same or dif-  The drift speed of a protein filament in an electric field
ferent molecules labeled with different dyes in the samedepends on its orientation, i.e., the angle between the fila-
buffer conditions. For a sample mixture of FITC labeled ment and the direction of the electric force oritiie reverse
F-actin and rhodamine labeled fd virus, a first movie wasdirection of the electric field This dependence is described
taken for FITC F-actin for 20 s using a fluorescein filter, andby Eq. (3). Due to rotational diffusion, the filament con-
then the filter was switched to rhodamine to take a secondtantly changes its orientation, hence the instant speed. In the
movie for rhodamine labeled fd virus for 20 s at the sameexperiment, we can only track a filament for a limited period
location of the sample and under the same electric field. Thef time T. During this time the filament moves a distarice
speeds were measured from the movies. Table | shows trdong the direction of electric force, and the speed of the
results for FITC labeled F-actin and rhodamine labeled fdfilament isL/T. The speed depends on the time interval of
virus from thick or thin samples at various voltage valuesthis period and the angle when the recording is started, which
and positions. As discussed above, the speed values vary iatreferred below as the starting angle.
different measurements, but the ratio of speeds of virus to  The probability for a filament to change its orientation
that of F-actin remains constant among all the measurement0m 6 at timet to ¢” at timet’ through rotational diffusion
The average value of this ratio is 1.26. Based on this ratidS
and the F-actin mobility of (8.5+0.7 X 10°° cnm?/(V s), the
mobility of fd is obtained to be .07+0.09 P10’ 1) =
X 1074 cm?/(V s) under the ionic condition of F-buffer. This
value for fd is comparable to what determined in a separatashereD, is the rotational diffusion constafit.
recent stud)]/,6 although the previous measurements of fd To study the effect of rotational diffusion on the speed
mobility was not performed in the F-buffer condition. Nev- measurement, computer simulations were performed to ob-
ertheless, the comparison above shows that if the mobility ofain the speed and standard deviation of a filament under the
electric field over a time interval, which was equally di-
vided intoN steps, noted ag,tq,t,, ... ,ty-1, respectively. In
3he simulations, the step sizd¢=t,—-t,,_;=0.001 s was fixed,
andN was determined by asN=T/At. The angle between
the filament orientation and the direction of electric force on

: e (0 - 0)2/20,@/—0' (5)
V27D, (1’ 1)

TABLE I. Speeds of virugV,;,s) and F-actinVg_,i» at different positions
and in different samples, measured at two values of electric field. The rati
of speeds between fd virus and F-actin remains nearly constant.

\oltage the filament is determined as follows: choose an ariglat
Sample  Position (V) Veacin - Vvius  Vinus/ Veactin to, and then randomly select angles for the following mo-
1. thick 1 20 8.0 103 129 ments according to Ed5):
2, thick 1 20 8.1 101 1.24 P, t] s, teg) = ————=6"(0n" On+1)712D,AL
. V27D, At

3, thin 1 20 13.8 17.5 1.27

2 20 1.7 145 1.24 Using Eq.(3), we calculateVg(t,) att=t, and take it as the
4, thin 1 10 51 6.4 1.26 s_peeq of the f|_Iament betw&ﬁmandtnﬂ. The speed dunng

2 10 77 96 1.25 time intervalT is V=(1/N)Z, 2 Ve(t,). Due to the stochastic

nature of the rotational diffusion, repeating the same process
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8 FIG. 9. Standard error of measured speed as a function of sample number,
Lo} 0.081 /\ obtained by simulations fab, T=0.12, 0.6, 1.2, 3, and 6 radwhereD, is
& 0.06; - 6 03 the rotational diffusion constant of F-actin afidhe tracking time.
©
C 0.04;
*g 0.02] 012 1000 speeds and the standard deviation of the nistam-
0 20 40 60 80 100 dard errof are calculated. The standard error is normalized
angle (degree) by the mean and plotted as a function of the sample number

for variousD, T values, as shown in Fig. 9. As expected, the
FIG. 8. Average speetb) and standard deviation of speés) as functions  standard error decreases with increadin@ and the sample
of the starting angle of a filament, obtained by simulationsOpT=0.12, number.
0.3, 0.6, 1.2, 3, and 6 rddwhereD, is the rotational diffusion constant of . . .
the filament andr the tracking time. As a simple estimate, we assume that the F-actin mea-
sured is 3um long, of which the rotational diffusion coeffi-
cient is about 0.8 r&ds. SoD, T ~2.4 rad. For a sample
may obtain a different speed. To get the distribution of thenumber of 16, the standard error is about 3%, estimated
speed, the simulation was repeated 10 000 times for a givelmased on the data in Fig. 9. This means that if one measures
6o, time intervalT, and rotational diffusion constait. The a speed averaged over 16 randomly selected F-actin with 3 s
average speed and standard deviation were calculated frotracking time, there is 95.4% probability that this speed is
the 10 000 simulated speeds. within 6% discrepancy of the real value, and 99.7% probabil-
Figure 8 shows the average speed normalized by th#y that it falls within 9% discrepancy of the real value. Ro-
value at 45° and its standard deviation as functions of th¢ational diffusion constant of fd virus is about 34 f&sl A
starting angle, calculated from the simulations for a filamentracking time of 1 s is sufficient for fd virus with a sample
with D, T=0.12, 0.3, 0.6, 1.2, 3, and 6 radt is intuitive ~ number of 16. Therefore, our measurements are reliable
that the angular dependence of average speed and its stdf@sed on these simulation results.
dard deviation is stronger for a shorter tracking time and a  Rotational diffusion coefficient of a rod is proportional
smaller rotational diffusion coefficient. This angular depen-to L™>. It increases quickly with decreasing rod lengthFor
dence is weaker at largér, T values. It is also interesting to Very short filaments such as a DNA fragment, the rotational
note that the standard deviation increases with increasingiffusion coefficient is very large. Thus the measured speed
D, T values, wherD, T<0.6 rad, and decreases after that. of a single molecule is reliable even by tracking a relatively
According to Fig. 8, if we measure the speed of only oneshort time, if the influence of translational diffusion is not
filament for a smalD, T without knowing the starting angle, important. However, for Ionger fi!aments, such as F—actin and
the error could be very large and the result is unreliable fofnicrotubules, enough tracking time or sample number is re-
calculating the mobility. One way to reduce the error is toduired for a reliable measurement, which can be estimated
increase the tracking time. However, the tracking time iso_llrectly_from Fig. 9 for a rodlike molecule with known rota-
restricted by the duration that the filament stays in the fieldional diffusion constant.
of view. An alternative approach is to average the speed over
several filaments. A simulation was made to obtain the aver\-/' SUMMARY
age speed over a sample numbeNgffilaments. To do this, The orientation dependence of the drift speed of F-actin
we randomly choose a starting angleta0 and perform a under an electric field is studied by single-molecule tracking
round of simulation to get a speed for one valu®pfl. This  in combination with fluorescence microscopy. Due to the an-
process simulates a measurement of the speed of a filamegbtropy of hydrodynamic friction, a migrating actin filament
during tracking timeT. We repeat the simulatioNs times,  shows an interesting dipping effect. The moving speed of
much like measuring the speedd§ randomly selected fila- F-actin depends on the angle between the filament axis and
ments. A speed is obtained by averaging overNgesimu-  the electric field. This dependence is well described by the
lated speeds. hydrodynamic theory of a rod in fluid. The influence of ro-
The above simulation is repeated 1000 times to obtainational diffusion on the electrophoretic mobility of F-actin is
1000 speeds, each averaged oMgrfilaments of randomly also measured. When the tracking time and the sample num-
selected starting angles. A normal distribution can be applietier are large enough, as chosen in our experiments, the stan-
to these speed&ata not shown The mean value of these dard error in mobility measurement is estimated to be less
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