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Diffusion of actin filaments within a thin layer between two walls

Guanglai Li and Jay X. Tarfg
Physics Department, Brown University, Providence, Rhode Island 02912, USA
(Received 18 December 2002; published 23 June 004

Diffusion of the protein filament§&-actin confined in a thin layer between two walls is studied using the
methods of single filament fluorescence imaging and particle tracking. The translational and rotational diffu-
sion coefficients are measured féractin of lengths in the range of 1.5—+6n. The length dependence of the
measured diffusion coefficients is consistent with the predicted two-dimensional projection of the diffusion of
a cylinder in an unbounded fluid. Fits based on the formulas for diffusion in the bulk fluid yield higher apparent
viscosity values than that of the buffer solution by a factor of 2 for a layer thickness between 0.7 qurd.1.6
We show that the measured results can be accounted for by correction based on the hydrodynamic theory of a
long cylinder between confining walls.
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I. INTRODUCTION motions of these protein filaments in confined geometries

) ) o need to be carefully examined in comparison with hydrody-
The hydrodynamic theorjl—4] of a cylinder movingina  ,5mic theories.

viscous fluid was verified on the macroscopic level by mea- |, this paper, we study the motions Bfactin confined in

suring the settling of individual metal rodS]. Features such g thin layer between two glass walls. We use the established
as the end effects'and the anisotropy in drag CoefﬁCiem§ingle-particle tracking techniqui7,9,1q to measure the
along and perpendicular to the rod axis were observed. Ofangjational and rotational diffusion coefficients factin.

the macromolecule level, sedimentation of DNA fragmentsthe movement of individual actin filaments is tracked, and
yields coefficients that agree with the predictions of the Ny+heijr positions and orientations are measured to calculate dif-
drodynamic theory6]. Another way to verify the theory on fysjon coefficients. Our results show that diffusion coeffi-
the molecular level is to measure the diffusion coefficients of;jents of individual confined filaments are smaller than those

rodlike molecules in a dilute solutiofv]. The translational ;, unbounded fluid by factors that can be estimated based on
diffusion coefficientD is related to the drag coefficiegtby hydrodynamic theory.

the Einstein relatiorD=kgT/£. These diffusion coefficients
of macromolecules are typically measured by bulk methods
such as dynamic light scattering and electric or flow birefrin- Il. EXPERIMENTS

gence decay7,8]. Since all these bulk techniques involve a F-actin was polymerized from the globular monomers
large ensemble of molecules, the behavior of individual mol-_oin by adding 50 mM KCI and 2 mM Mgglinto the
ecules cannot be revealed. This limitation is particularly sex .. < Sjution initially containing 0.2 mM Cagl0.5 mM
vere for systems of pondisp_ersed sizes and fi_Iam.ent length TP, 0.5 mM DTT, and 2.0 mM Tris-HCI buffer, pH 7.95 at
SUCh. as self-assembled mlceII_es and protein filaments. f,,, temperature. A solution containing the same concentra-
growing number of examples in recent years demonstratﬁons of all the ions listed is referred to &sbuffer, which
valuable information that can be acquired by single molecul¢, -« \;sed to dilute-actin. F-actin was labeled at’ a molar

techniqueg9,10. ratio of 1:1 with TRITC phalloidin[17] (Sigma, St. Louis,

Macromolecules in cglls constantly undergp BrownianMO)_ Before making a sample for fluorescence microscopy,
motion. The hydrodynamics of these molecules is thus essel} ¢tock solution of 0.4 mg/mIE-actin was diluted using

20 ug/mL catalase, 0.5 mg/mL glucose, 0.1 mg/mL glu-

in particular, is the primary cytoskeletal component réspOncose oxidase, and 0.25 vol% mercaptoethanol into the

S'ple f_or an elastic cell body, shape changes, and_ Ce"u_la§ample solution. Both glass slides and cover slips were incu-

migration. Recently, hydrodynamic theories of a cylinder iNpated in 1 mg/mL BSA irF-buffer for at least 30 min before

either an unbounded fluid or close to a wgdl4,11 have use.

been applied to determine the force Bractin or microtu- A drop of 50,uL F-actin solution was added on a glass

Ajide and then covered with a cover slip. Excess solution was

removed with a filter paper quickly after the cover slip was

pressed against the slide to yield a thin sample. This sample
was then sealed with vacuum grease. The sample was used to
record the motions df-actin, and calculate translational and

* Author to whom correspondence should be addressed. Email adotational diffusion constants. A Nikon Eclipse E800 epifluo-
dress: Jay_Tang@Brown.edu rescence microscope with a %0oil immersion objective

balance the viscous drag force in vitro motility assays
[12—-1§. However, due to the microscopic scale of cells, the
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FIG. 1. Sequential fluorescence images of a3 long actin 0.0
filament taken at 0.1 s interval, showing its translational and rota- 10] ®
tional motions. A shorter filament partially stuck to the surface at ’ e
the bottom-left corner serves as a good position marker. 081
® 06 .

lens was used to image the label€dactin. Motions of NT ]
F-actin were recorded at a rate of 10 frames per second by a 3 o
Cool-Snap CCD camet@oper Scientific, N) controlled by v
MetaMorphsoftware(Universal Imaging Co., I\

The following method was used to measure the thickness
of the gap between a cover slip and a glass slide. Cover slips
and glass slides were coated with a film of Ag approximately £, 2. Representative plots for obtaining translatiogland
30 nm thick by thermal evaporation. The Ag film was then otational diffusion constant®), respectively.
scratched off, showing parallel lines with approximately
200 um spacing. Samples for optical microscopy were madéA 6 %)=2D;At, where(A6?) is the mean-square rotation of
following the same procedure as described in the paragraph-actin overAt. More than 100 positions and angles were
above using these partially coated glass slides and coveneasured for each selected filament. The mean-square dis-
slips. The lines on the cover slip were placed perpendiculaplacements(Ar?) and (A¢?) were obtained using internal
to those on the glass slide and therefore square windowsveraging18]; that is, all position pairs with time intervalt
formed for microscopy observation. The focus on the Ag filmwere included. Examples of calculations of translational and
at the edges of the windows of either the cover slip or theotational diffusion constants are shown in Figga)2and
glass slide was carefully adjusted under the phase contra&tb), respectively. The diffusion coefficient was obtained by
mode of the microscope. The translation read directly froma linear fit to the first fewAt values. Due to the limited
thez knob of the microscope was calibrated by measuring amumber of measured positions and angles, using a ladger
optical fiber of known diameter submersed under the samealue beyond the range shown in the plots does not reduce
solution. The measured separations varied between 0.7 arfidrther the error in calculatiofil8]. In this paper, only the
1.6 um, with an average value of 12m. first four time intervals of 0.1 s, 0.2 s, 0.3 s, and 0.4 s are

The viscosity of--buffer, including chemicals specified in used for the fitting. Applying the linear fits as shown in Fig.
the antiphotobleaching protocol, was measured by an Ad2 greatly reduces the error in the calculated diffusion coeffi-
vanced RheometgiTA Instrument$ using a cuvette cell of cients caused by errors in measurements of positions and
9 mL sample volume. The measured viscosity was 0.8Zangles. Note that the translational and rotational diffusion
X102 Pas at 23°C, with an estimated 10% error. Thisconstants are calculated from motions projected onto the fo-
value agrees with the known value for water, which is 0.89cal plane, thus corresponding to a two-dimensional diffusion

f=
o

u

00 02 04 06 08 10
At (s)

X103 Pa s at 23°C. for translation and a one-dimensional diffusion for rotation,
respectively.
IIl. RESULTS Both translational and rotational diffusion coefficients

were determined foF-actin with various lengths up to bm

Actin filaments were observed to stay within the focal [Figs. 3a) and 3b)]. Since these filaments are much shorter
plane despite the translational and rotational Brownian mothan the persistence length &F-actin [19,20, they are
tions. This is due to the fact that the sample thickness igreated as rigid rods in comparison with the hydrodynamic
comparable with the depth of field of the 8bjective lens,  theory of diffusion. Optical spread due to diffraction causes
and therefore all images are actually two-dimensional projecan apparent increase to the length as well as the diameter of
tions of the moving filaments. Figure 1 shows 10 sequentiaihe filament. The increase to the filament length was assumed
frames of a 3.2am-long F-actin taken at 0.1 s time inter- to be equal to the increase in diameter, which was deter-
vals. Although a tilt of the filament away from the plane of mined to be 0.4um for an immobilizedF-actin.
view is generally expected, both the center-of-mass position Secondly, an actin filament is generally tilted in the gap
and the orientation of the filament projected on the focalwhile it undergoes Brownian motion. Both effects give rise
plane can be measured in each frame. The translational difo additional blurring at the ends of the filament. The projec-
fusion coefficient D of a single filament was calculated us- tion of a tilted filament would yield a shorter length, which
ing (Ar?)=4DAt, where(Ar?) is the mean-square displace- compensates for the blurring of the ends due to the tilt. The
ment in the center-of-mass position over the time inteAtal  error caused by diffusion is better assessed and is estimated
The rotational diffusion coefficienD, was calculated from as the root-mean-square displacement due to Brownian mo-
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201@) The calculated translational and rotational diffusion coef-
* ficients in unbounded fluid from Eqél) and(2) are plotted
as dashed lines in Figs(& and 3b), respectively. These
bulk values are bigger than those measured=@rctin con-
fined between the two walls. The solid lines correspond to a
fit of Egs. (1) and(2) to the experimental results for transla-
tional and rotational diffusion coefficients, respectively, tak-
ing » as a fit parameter. The value gthat yields the best fit

g::_ ) is hereafter referred to as an apparent viscosity. Neither
nor D, is sensitive to the filament diameter, which we set to
2.01 be 8 nm forF-actin. Varying the effective hydrodynamic
N@ 15 radius by a factor of 2 results in a less than 15% change of
5 viscosity in the fit.
;_1‘0- The apparent viscosities arg=1.71x 1072 Pa s for trans-

lational diffusion andy=2.62x 1073 Pa s for rotational dif-
fusion. A major source of error in fitting comes from uncer-
3 I " tainty in the measureB-actin length, as discussed above. As
Length (um) an alternative treatment, we consider both an upper limit and
a lower limit of filament length within the error for the fit-
FIG. 3. (a) The orientation-averaged translational diffusion co- ting, which give a lower limit and an upper limit of apparent
efficient plotted as a function of tHe-actin length. The solid line is  viscosity, respectively. Fitting the data to the expression of
a fit to Eq.(1), which yields an apparent viscosity=1.71X 103Pa  the translational diffusion coefficient yieldg=(1.47—1.98
s. (b) Rotational diffusion coefficient plotted as a function of x 1072 Pa s, and to that of the rotational diffusion coefficient
F-actin length. The solid line is a fit to Eq2), which yields an  yijelds 5=(1.41-4.99x 1073 Pa s. Fitting of several other
apparent viscosityy=2.62x 10° Pa s. The dashed lines represent samples resulted in apparent viscosity values that are com-
calculated bulk values, using 0.89.0°° Pa s as the viscosity for parable to the values shown here. The fits clearly show the
water at 23°C. length dependence of the diffusion coefficients. The rota-
‘ tional diffusion coefficient is much more sensitive to length
tion V2D,At, whereD, is the translational diffusion coeffi- than the translational diffusion coefficient. Due to the big
cient along the filament. The estimated errors depend on therror in length measurement, there is a big error in apparent
filament length, and are indicated by the size of the error bargiscosity obtained by fitting the rotational diffusion coeffi-
in Figs. 3 and 5. cients. Therefore, the apparent viscosity fit for the transla-
The measured diffusion constants are compared with thgonal diffusion is more reliable.
corresponding diffusion constants in bulk fluid. When a rod-  The apparent viscosity based on the translational diffusion
like macromolecule is in an unbounded fluid, its translationalf F-actin in the confined thin layer is about twice that pre-
diffusion coefficients along and perpendicular to the rod axisicted in the bulk water. Nevertheless, our results show that
are given by if we simply assume a higher apparent viscosity, diffusion of
ke TTIN(L/d) + ;] the confinedF-actin scales satisfactorily with the filament
D,= TelLTREED ™ il length as predicted by the theory for a bulk dilute solution. In

0.51

0.0

2oL the discussion section below we show that the functional
dependence for the confined filament is the same as bulk
kgT[In(L/d) + 7y, ] hydrodynamic theory following adjustment of a single fit
1= ey . parameter.
The two-dimensional translational diffusion coefficient is IV DISCUSSION
D, = kgT[3 In(L/d) + 2y, + ﬂ]_ 1) From the Einstein relationship=kgT/¢, the diffusion
8yl coefficientD is inversely proportional to the drag coefficient

& Thus the smaller diffusion constants Bfactin confined

between two walls correspond to larger drag coefficients
3k T[IN(L/d) + %] compared to those in unbounded fluid.

D, = , (2 A cylinder feels a larger drag when it is closer to a wall.

For an infinitely long cylinder parallel to a wall, the drag

wherekg is the Boltzmann constant, is the temperature,  coefficient per unit length for motion parallel to the cylinder

andd are the length and diameter of the rodlike molecuje, axis is[13]

is the viscosity of the surrounding liquid, ang, y,, andy, _ 1

are the end-correction coefficieritg. ForL/d=c, Broersma Gy = 2mylcosh(hr), 3)

[4] gave the valuesy,=-0.114, v, =0.886, and y,  wherehis the distance from the cylinder axis to the wall and

=-0.447. r is the radius of the cylinder. For motions perpendicular to

The rotational diffusion coefficient is

ayl®
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FIG. 4. State of a thin rod between two wall.is the angle a” 041
between the filament axis and the wall, ani the distance of the 0.24
rod center from the bottom walH is the thickness of the gap
between the walls. Theaxis is along the filament axis originated at 0.0

the center of the rod.
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the cylinder axis and parallel to the wall, the drag coefficient

per unit length is twice that of,, i.e.,c, =2c,. w 1.2
However, in our casd;-actin is not always parallel to the "8

walls. Figure 4 shows the side view of a typical state of a rod Eo8y

defined by(y, 6), wherey is the center-of-mass position and o

0 is its tilt angle from the surface. It is reasonable to assume 0.4

that the rod has an equal opportunity to explore each state.

For each state, the d_rag coeff_lc_lent is denoted(gso). 0-%.6 08 10 12 171 16
The overall diffusion coefficient is calculated from the Gap thickness (um)

diffusion constanD; for each statdy;, 8). For the transla-
tional diffusion constantAr?)=4DyAt. Since each state has  FiG. 6. Translationada) and rotationalb) diffusion coefficients
an equal probability, the overall translational diffusion coef-calculated from Eqs(4) and (5) for F-actin of several filament

ficient of the filament can be expressed as follows: lengths as functions of gap thickness. Curves in each figure are
N calculated forF-actin of 2.0, 2.5, 3.0, 3.5, 4.0, and 4un long

(Ar?) = NE <Ar2> 4= 2 DAt = 4D,At. from top to bottom.
Niz1

. . . . D,=(Dy). Th me is true for the rotational diffusion con-
Therefore the overall translational diffusion constant is an ttan<t ) e same is true for the rotational diffusion co

average over the diffusion constants of all possible states, To calculate the diffusion constant, we need to know the
drag coefficient at each state. Two assumptions are nigde.
The drag coefficients per unit lengtp andc, of a section of
cylinderdx (see Fig. 4 with distanceh from the bottom wall
are expressed by E@3). This assumption is less prone to
error for longer cylinders in narrower gap8i) The total
drag on the sectiodx is a sum of the drags by the two walls.
Therefore, for each state the total drag coefficient of the
whole cylinder along the axis is

L2
&y, 0) = f ( 2

L2 \cosh Y (y + x sin 6)/r]

2
2
+ a2 Uk : )dx

—_ cosh*[(H-y-xsin 6)/r]
v
Y
E 05 The drag coefficient perpendicular to the cylindrical axis is
5’.. twice that of the value expressed above, i.&(y,6)

02 =2¢,(y, 6). The two-dimensional translational diffusion co-

efficient in this state is

©
e

Length (um) Dy(y,6) = (D cos 6+ D, +D, sir? §)/2

kgT kg T .
FIG. 5. Comparison of the calculated and measured translational = V.0 cos g+ V.0 (1 +sir? 6) 2
(a) and rotational(b) diffusion coefficients. Both axes are scaled &y, &y,

logarithmically. The four lines in each figure are calculated using
Egs.(4) and (5) with the gap thicknessi of, from bottom to top, ~Averaged over all states, the overall translational diffusion

0.7, 1.0, 1.3, and 1.@m, respectively. constant is
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H/2 sin3(2y/L) wider gaps, which implies a smaller gap thickness in the
J dy J o Dq(y, 6)de experiments. The calculated diffusion coefficients show
= — “sin (zy’lL _ (4)  Clearly a length dependence bf! for the translational dif-
J J sin <2y"-> fusion coefficient and."3 for the rotational diffusion coeffi-
cient.
sin” 2y/L)

The dependence of the calculated diffusion coefficient on
When the rod rotates with an angular velocidyaround gap thickness is intuitive. The narrower the gap, the smaller
an axis through the center of the rod and perpendicular to ththe diffusion constant. It is important to note, however, that

walls for the statdy, 6), the torque on the rod is within the range of the gap thickness in our experiments, the
U2 diffusion constants vary only slightly with the gap thickness
T(y,0) = f ¢ X2 cog 0 dx. [Figs. Ga) f'ind_Qb)]. Therefore, the dlf_fu5|on coefficients
L2 measured in different samples or at different sample loca-
) ) o tions with the gap thicknesses in the range of 0.7 —4in®
Accordingly, the rotational drag coefficient is can practically be shown in the same figure. With this ap-
L2 47y X2 cog 6 proximation, all the measured diffusion coefficients exhibit a
&, 0)=T(y,0lw f ( = - common functional dependence with the filament length as if
~L2 \COSN{(y +xsin O)/r] they were measured for a fixed gap thickness.

47y X% coS 6 )

coshl[(H y—xsin 6)/r] V. CONCLUDING REMARKS

and the rotational diffusion coefficient is We have combined the methods of fluorescence micros-
- copy and single filament tracking to study the diffusion of
Di(y,0) = keT/&(y. 0) F-actin within a thin layer confined between two walls. The
Finally, the overall rotational diffusion coefficient is measured translational and rotational diffusion coefficients
/2 syl are smaller than those of two-dimensional diffusion in an
f dyf D, (y, )d@ unbounded fluid. However, the hydrodynamic theory of dif-
—si1(2y/L) fusion for cylinders in a boundary-free fluid can be applied
D, = HI2 sin 1(2),,L : ()  to fit the measured diffusion coefficients, using a higher ap-
f f parent viscosity. The origin of the lower diffusion coeffi-
sin l(2y/L cients in confined layers has been discussed. By applying the

drag coefficient of an infinitely long cylinder next to a con-
fining wall, the diffusion coefficients are calculated, which fit
the measured results.

Numerical calculations of Eqg4) and (5) are shown in
Figs. 5a) and Rb), plotted logarithmically in comparison
with the experimental data as shown earlier in Fig. 3. Diffu-
sion constants of-actin 2—5um in lengths confined in
gaps of thickness 0.7, 1.0, 1.3, and L@ are calculated.
The gap thicknesses selected correspond to the gap thick-
nesses in our experiments. The calculated values of diffusion This work was supported by NSF-DMR9988389 and NIH
coefficients are slightly larger than the experimental onesR01 HL67286. We thank Qi Wen for helping with the nu-
and the calculated diffusion coefficients for the narrower gapnerical calculations, and Professor A. Tripathi for the viscos-
fit the experimental values better than calculations for théty measurement.
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