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ABSTRACT The analogous techniques of photoactivation of fluorescence (PAF) and fluorescence recovery after photo-
bleaching (FRAP) have been applied previously to the study of actin dynamics in living cells. Traditionally, separate
experiments estimate the mobility of actin monomer or the lifetime of actin filaments. A mathematical description of the
dynamics of the actin cytoskeleton, however, predicts that the evolution of fluorescence in PAF and FRAP experiments
depends simultaneously on the diffusion coefficient of actin monomer, D, the fraction of actin in filaments, FF, and the lifetime
of actin filaments, 7 (Tardy et al., 1995, Biophys. J. 69:1674-1682). Here we report the application of this mathematical model
to the interpretation of PAF and FRAP experiments in subconfluent bovine aortic endothelial cells (BAECs). The following
parameters apply for actin in the bulk cytoskeleton of subconfluent BAECs. PAF: D = 3.1 = 0.4 X 108 cm?/s, FF = 0.36 +
0.04, 7 = 7.5 = 2.0 min. FRAP: D = 5.8 = 1.2 X 1078 cm?/s, FF = 0.5 = 0.04, 7 = 4.8 = 0.97 min. Differences in the
parameters are attributed to differences in the actin derivatives employed in the two studies and not to inherent differences
in the PAF and FRAP techniques. Control experiments confirm the modeling assumption that the evolution of fluorescence
is dominated by the diffusion of actin monomer, and the cyclic turnover of actin filaments, but not by filament diffusion. The
work establishes the dynamic state of actin in subconfluent endothelial cells and provides an improved framework for future
applications of PAF and FRAP.

INTRODUCTION

Actin assembly is the basis for shape changes during cetf actin filaments fivefold inXenopusegg extracts infected
crawling, spreading, and activation. A host of cytoplasmicwith Lysteria monocytogend®osenblatt et al., 1997; Car-
regulators of actin assembly have been identified. Amondier et al., 1997) and by an order of magnitude in purified
these are monomer sequestering proteins (@4gthymosin,  actin filaments (Carlier et al., 1997). Although these in vitro
profilin) that prevent assembly at the “pointed” filament end studies have helped resolve a critical disparity between the
(defined with respect to the stereospecific binding of myo-dynamics of actin in vivo and in vitro, it remains important
sin S1 to actin) and proteins that block monomer access tg improve upon techniques for the assay of actin dynamics
the fast growing or “barbed” ends of actin filaments (e.g..in |iving cells.

capZ, gelsolin). The activities of actin-associated proteins The dynamics of actin in living cells has been observed
and the chemical environment of the cytoplasm results in it the techniques of fluorescence recovery after photo-
steady state in which roughly half of the cellular actin is bleaching (FRAP) and photoactivation of fluorescence
maintained in an unpolymerized form, with the remainder inpar) |n these experiments a fluorophore-labeled actin
a dynamic polymer phase. Cell crawling is achieved byqeiyative is microinjected into living cells, where it is

coupling the polymerization of actin filaments in the pro- incorporated into the native cytoskeleton (Amato and Tay-
truding regions of the cell with filament disassembly in lor, 1986; Kreis et al., 1979). In FRAP, the fluorescence

regions of the cell pemg withdrawn. The I|f§t|me of fila- derived from the injected actin is quenched locally under
ments in cytoplasm is therefore a key determinant of the rate

at which cells crawl (Theriot and Mitchison, 1991, 1992). mtepsg laser excitation. In PAF, a focused band 9f L.JV
. o L excitation converts a nonfluorescent fluorophore derivative
Estimates of actin filament turnover in living cells (The-

riot and Mitchison, 1991, 1992; Wang, 1985: Finkel et al., (@ "c@ged” fluorophore) back to its fluorescent parent
1994) are 10-100 times faster than purified actin in vitro(M'tCh'son’ 1989). In both techniques the evolution of flu-

(Wegner, 1976). Recently, independent efforts have dem2'€Scence in the illuminated region is monitored to infer

onstrated that ADF-cofilin accelerates the depolymerizatiod"formation about actin dynamics. While there are theoret-
ical advantages in the signal-to-noise characteristics of PAF

compared to FRAP (Krafft et al., 1986), the techniques are

: — o otherwise simple inverses of each other.
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Wang et al., 1982). The less mobile phase has been attrilmicroscopy of BAECs confirmed that90% of cells are motile under
uted to filament remodeling via monomer exchange pelhese conditions, with rms velocities of 0.330.094 um/min (n = 26).

] A . . . ro
tween filaments and the monomer phase (Wang, 1985). In Derivatized gctm was mlcromjgc_ted into cells at 5-15% ce!l vqlume,
and allowed to incorporate for a minimum of 1 h. Cells were maintained at

Con.traSt to FRAP studies, previous PAF fexperiments ?Xhibi§7°c in observation media (Leibovitz’'s L-15 with no phenol red, 10%
a single decay phase that has been attributed exclusively ¥vine calf serum, 50 units penicillin/streptomycin (1:1), 19%lutamine).
filament turnover (Theriot and Mitchison, 1991, 1992). The Exogeneous actin constituted less than 1% of the total actin in injected
contrast in the behavior of PAF and FRAP experiments mayells. No differences in the morphology or motile properties were observed
be due to differences in cell types and the location of" (e &perimental cells.

photoactivated/photobleached regions within cells; how-

ever, differences in the PAF/FRAP techniques or in theElectron microscopy

application and interpretation of these techniques may also _ - ,
contribute BAEC monolayers on glass coverslips were permeabilized for 2 min at

. . . 37°C by adding a large excess of a solution composed of PHEM buffer
Traditionally, FRAP studies on the dynamics of cellular g o5 v pIPES, 0.025 M HEPES, 0.01 M EGTA, 2 mM Mgf0.75%
actin have been interpreted using the model of Axelrod et alrriton X-100, 1uM phallacidin, 5.2 nM leupeptin, 1 nM benzamidine, and
(1976). The Axelrod model considers a single diffusive12.3 nM aprotinin (Schliwa et al., 1981). The cytoskeletons were fixed for

species and an “immobile fraction” and thus is not strictly 10 min with PHEM coqtaining ;% glutaraldehyde and QNI phallat?idin. .
. Cytoskeletons were rinsed with PHEM buffer, washed extensively with

applicable to experiments on actin, which has two dynaml%istilled water, rapidly frozen on a helium-cooled copper block, freeze-

Components. The model of T.ardy et al. (1995) despribes thried at—80°C (CFE-50 freeze-fracture apparatus; Cressington, Watford,
spatial and temporal evolution of a PAF experiment inEngland) and rotary coated with 1.4 nm of tantalum-tungsten at an appli-

which a diffusive monomer pool exchanges subunits with aation angle of 45°, followed by 5 nm of carbon applied at 90° without
nondiffusing polymer (Tardy etal. 1995) providing amore rotation. The metal replicas were floated from the coverslips, washed in

. . . _water, and picked up on carbon-formvar-coated copper grids. Replicas
appropriate framework for interpreting PAF and FRAP ex were viewed and photographed in a JEOL 1200-EX electron microscope,

periments. The TarFJy model prodqqes simul'ganepus ME&sing an accelerating voltage of 100 kV.
surements of three important quantities: the diffusion coef-

ficients of actin monomerD; the fraction of actin in . . o
filamentous formFF; and the turnover time (characteristic Actin preparation and injections

”fetime) of actin filaments. o Caged-resorufin iodacetamide (CRI) was prepared according to the method
This paper demonstrates application of the Tardy modebf Theriot and Mitchison (1991). Actin was prepared from rabbit skeletal

to PAF and FRAP experiments in the bulk actin Cytoske|-muscle according to the protocol of Spudich and Watt (1971). F-actin was
eton of subconfluent bovine aortic endothelial cells'@beled at Cy&*with CRI overnightin 10 M HEPES, 2 mM MggI100

. T mM KCI, 0.5 mM ATP (pH 7.8). Caged-resorufin iodacetamide actin
(BAECs). Both PAF and FRAP experiments exhibit bipha- oo, 0o < oy cled twice between G buffer (2 mM TRIS, 0.2 mM CacCl2,

S?C bEhaVi(?ra with an early phase consistent with Fhe diffu"O.S mM B-mercaptoethanol, 0.5 mM ATP, pH 7.5) and F buffer (0.1 M
sion of actin monomer and a second phase consistent witkcl, 5 mM MgCl,, 0.1 mM EGTA, 0.5 mM ATP, 10 mM TRIS, 0.5 mM
the turnover of actin filaments. Filament diffusion does notB-mercaptoethanol, pH 7.5) before a final dialysis against G-injection
appear to contribute significantly to the evolution of fluo- Puffer (1 MM HEPES, 0.2 mM MgGJ 0.2 mM ATP, pH 7.5). The final

rescence. Results indicate that actin filament turnowe labeled actin preparation (CRIA) was found to b®5% polymerization
’ 65 competent in vitro with a critical concentration of 0.461. The monomer

rapid (4—8 min) bu't not diffusion limited in the bglk cyto-. and polymerized forms of CRIA do not exhibit significant differences in
plasm of endothelial cells. Data are also consistent withiuorescence at pH 7.5.
previous observations that the mobiliy, of actin mono- For FRAP studies, 5- (and 6) carboxyfluorescein succinimidyl ester-

mer differs between cysteine- and lysine-labeled derivative&§peled actin (CFSA) was purchased from Cytoskeleton (Denver, CO).
CFSA is labeled at lysine and is90% polymerization competent. From

(Glu“ano and Taylor’ 1994)’ and is hindered beyond eXp(_:‘cf'luorimetery studies, we estimate that CFSA actin is 11% less fluorescent

tations for a inert tracer of similar hydrodynamic radius gnce polymerized at pH 7.5. This was not taken into account in the

(Luby-Phelps et al., 1987). interpretation of FRAP data because the result could not be verified in
cells. If the fluorescence difference does occur in cells, FRAP estimates of
FF would be systematically underestimated by 10%, whereas estimates of
D and 7 would be biased by less than 1%.

MATERIALS AND METHODS
Cell culture PAF experiments

Primary cell lines of BAECs were used in both the PAF and FRAP studies PAF studies were conducted under a modified epifluorescence microscope
The BAECs employed in Boston for PAF studies were generously suppliec&quipped with two mercury arc lamps. The excitation frequency of resoru-
by Dr. M. A. Gimbrone (Vascular Research Division, Brigham and Wom- fin (575 nm) was extracted from one lamp. A second lamp used for
en’s Hospital, Boston). BAECs used for FRAP studies in Lausanne weraincaging was focused through a rectangular slit and a 390-nm low-pass
obtained from freshly excised aortas according to the protocol of Booyse €filter onto the sample plane via a Zeiss>®lan neofluor objective. The

al. (1975). Both lines were grown in Dulbecco’s modified Eagle medium width of the slit in the sample plane varied betweepm and 8um, and
(DMEM) with 10% bovine calf serum, 50 units penicillin/streptomycin the height of the band spanned a cell in one dimension. Images were
(2:1), and 1%.L-glutamine. BAECs maintain a highly motile phenotype acquired in real time with a Hamamatsu CCD coupled to a Video Scope
while subconfluent. To ensure the motile phenotype, cells were plated aGEN |V intensifier. That the camera/intensifier combination was linear
low density and examined within 2 days of plating. Time-lapse videowas verified by imaging experimental light levels through a series of
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neutral density filters. The lag time of the intensifier/CCD system was
studied and found to be negligible in comparison to real-time video
integration rates. Both light paths were equipped with electronic shutters. 1§¥ X * X
o
o3

a)

Image acquisition and control of shutters were accomplished with an Apple

Macintosh 9500 equipped with a Scion AG-3 framegrabber with digital- 0.8
to-analog conversion capabilities. The sequence of light exposures and
image acquisitions was coordinated with macros developed for the public
domain software NIH Image (v 1.61, developed at the U.S. National
Institutes of Health and available by anonymous FTP from zippy.nimh.ni- 0.4 * o) o
h.gov). The macros estimate the average fluorescence at the center line of ’

the slit (defined by a region of interest 650 pixels 19 um) high X 4 %
pixels (=1.5 um) wide, and sample the background light intensity in a 02y
region away from the cell to ensure steady light levels. Uncaging times
were adjusted between 250 msdah s asneeded for a strong signal. OO 160 260 300 400
Diffusion coefficients were independent of sampling exposure times in this time (sec)

range, indicating that the longer exposures did not compromise results. The
time between the closing of the uncaging shutter and the first sampling
point was 67 ms. Cells were exposed to excitation light for 80 ms to acquire
a data point.

/F
o
o
[*]
o

raw data

corrected data
background control
photobleaching control
photobleaching corrected

+>XO %

FRAP experiments

A computer-controlled laser scanning microscope (LSM410; Zeiss, Ger-
many) was programmed to generate a bleaching/imaging sequence. A 110
15-mW argon laser (488 nm) was passed through & &iss plan
neofluor objective. The laser was set to 50% maximal power for bleaching
and 2% maximal power for imaging. In 300 ms the laser bleached a
3-7-um rectangular band that spanned one dimension of the cell. The time
lag between the bleaching period and the firstimage was 40 ms. Bleaching
and imaging were accomplished by raster scanning the laser across the 60
desired areas. A 10% transmission neutral density filter and a 515-nm
high-pass filter were positioned in front of a photomuiltiplier that recorded 0 5 10 15 20 25
the fluorescence as the laser scan was performed. Images were stored and time (sec)
analyzed with the software controlling the microscope. An average fluo-
rescence was computed in the centerline of photobleached bara#( FIGURE 1 Photobleaching and background controls in PAF experi-
pixels high &25 um) X 6 pixels 0.5 um) wide). ments. After a PAF experiment, microinjected actin throughout the cell is
uncaged and a second series of exposures is taken. The decay of fluores-
cence in the region of the original band is measured as a photobleaching
control. @ Raw PAF datax), corrected PAF data (photobleaching control
(A), corrected control<), and background control to ensure stable exci-
The fluorophore resorufin is highly photolabile under the light levels tation (x). The effects of photobleaching are completely removed from the
required to detect it in cells with our intensified CCD. To minimize photobleaching control and the experimental data from the corrective
photobleaching contributions to the fluorescence decay in PAF experialgorithm of Appendix A. The corrective algorithm assumes an exponential
ments, the excitation light levels were minimized, the number of dataphotobleaching decay during the 80-ms sampling exposusgfemon-
points was limited to 10, and the excitation light was precisely shuttered s&tration that under continuous illumination, resorufin photobleaching is
that the sample was exposed to light for only 80 ms per data point. Tovell approximated by a decaying exponential.
estimate contributions from photobleaching, a control experiment was
conducted immediately after a PAF experiment. In the control experiments
the entire contents of a cell were uncaged to eliminate the local gradients
that generate decay due to diffusion and/or turnover. Images were therecovered band was monitored as a photobleaching control. The photo-
acquired with the same exposure times and light intensities as in th@leaching correction algorithm of Appendix A was applied to FRAP data;
experiment. The fluorescence in the region defining the original bandhowever, in most cases photobleaching corrections of FRAP data were
centerline was monitored to infer the photobleaching contribution. Asnegligible.
shown in Fig. 1a, the photobleaching error accumulated with each expo-
sure and was generally not negligible. When the control experiment is
processed through the corrective algorithm given in Appendix A, the Analysis
effects of bleaching are removed. When the actual experiment is processed
through the control, the correction of the data is slight but it is important The published form of the model of Tardy et al. (1995) is written for a PAF
to a quantitative analysis. The correction is particularly important for interpretation. Briefly, the fluorescencé, at timet normalized with
estimating the long-term dynamics where the error accumulates. Théespect to the initial fluorescence is given by
photobleaching correction assumes that under continuous illumination,
photobleaching curves are well approximated by an exponential decay. E — 1 (C* + C*) (1)
This behavior is demonstrated for resorufin in Figa.1 Fo 1+ m T Yt

At the conclusion of a FRAP experiment, a sequence of images was
acquired in which the entire area of the cell was scanned under imagingthere y is the local ratio of actin monomer to polymety, is the local
conditions. The duration of the scan was equivalent to the scanning timeoncentration of fluorescent actin monomer, af{dis the local concen-
used during the actual experiment. The fluorescence in the region of theation of fluorescent monomer in filaments. The fluorescent actin concen-

b)
time constant = 4.99 sec
R = 0.961

fluorescence
(arbitrary units)

Photobleaching controls and corrections
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trations are given by the Fourier series expansions experiments were conducted in the cell body using 3—8-
wm-wide photoactivated/photobleached bands that spanned

x O = one dimension of the cell. Both techniques reveal the pres-
Chn = L * El Ch COSkX* (2) ence of two dynamically distinct populations of actin. The

initial response occurs on a time scale of 10 s, and the

0 long-term decay occurs on the order of several minutes.

Cr= T + > C¥fcoskmx* (3) Example PAF and FRAP image sequences are shown in Fig.

k=1 3. Biphasic behavior is seen in the centerline fluorescence

, _ _ _ data shown in Fig. 3a (upper right inset and b (upper
where w is the bandwidthL is the cell length (see geometry consider- inseb The diffusive nature of the early response is best seen
ations), andk* is the nondimensional position of the band within the cell. | . .

The Fourier coefficient€*, andC* are decaying functions of time. Fluo- N PAF images of Fig. &, where the fluorescence spreads
rescence data were fit to this system of equations in a least-squares sengapidly from the band throughout the cell.

Summations in Egs. 2 and 3 were carried out in excess of 500 terms. The

nondimensional positiorx*, was fixed at 0.5. The FRAP version of the
model is derived from the PAF version above by simply subtracting the

right-hand side of Eqs. 2 and 3 from unity. Estimates of D, FF, and 7 by the Tardy model

The evolution of fluorescence in PAF and FRAP experi-
Geometry considerations ments was biphasic, irjdicating the; presence of two dynam-
A _— \ated or bhotobleached band oved ically distinct populations of actin. Corrected PAF and

rectangular photoactivated or photobleached band was employed as P ;

previous PAF studies (Theriot and Mitchison, 1991, 1992; Mitchison,||I3RAP d&éta are Shown n FI?.' é,ar%dblrl’ezpectlvghll. EadCh
1989). A 3—8um-wide strip illuminates 5-20% of the total cellular area of qureCte experiment was fit tf?t e ar_ y model to deter-
a typical endothelial cell. This leads to a measurable change in the fluomMine D, FF, andr. All correlation coefficients exceeded
rescence throughout the cell as the photoactivated or photobleached bafi91. The parameters for PAF a@:= 3.1 + 0.4 X 10 8
is homogenized over time. The Tardy model assumes a cell of finiteg?/s (h=20), FF=0.36+0.04 = 19),7= 7.5+ 2.0
dimension and thus accounts for this rising (PAF) or decaying (FRAP)min (n _ 17); those for FRAP areD = 5.8 + 1.2 10°8

background. gn/s (n = 25), FF= 0.50+ 0.04 (1 = 26), andr = 4.8+

For convenience the geometry assumed in the Tardy model is that of
rectangular band of fluorescent actin within a bounded rectangular celil.0 min (@ = 26). The differences in the PAF and FRAP
Although to a good approximation both the PAF and FRAP experimentalestimates oD, FF, andr are statistically significantpg <
set-ups generate rectangular bands within the cell, the assumption of @ 0005 ,p- < 0.0005,, < 0.025) (Table 1). For each study
rectangular cell is not realized. To use the one-dimensional model tca simulated experiment was generated with the Tardy model

interpret PAF experiments in arbitrarily shaped cells, it is necessary to d | Th . lati | d
estimate an equivalent cell length., Because the ratiaw/L is the and average parameter values. These simulations are plotte

normalized fluorescence as— =, we definel, as along with the data in Fig. 4 to demonstrate the quality of
the model fit.
Ac
Leg= A (4)
wherew is the width of the bandA,. is the plan view area of the cell, and, PAF and FRAP experiments are sensitive to Jas
A, is the plan view area of the uncaged band. and Cyto D

To confirm that PAF and FRAP techniques were detecting
Jasplakinolide and cytochalasin D treatments the diffusion of sequestered monomer and the cyclic turn-
To confirm that PAF and FRAP experiments were sensitive to monomePVer of fllam.ents' StUdIE§ were conducted in the presencg of
diffusion and the cyclic turnover of filaments, experiments were conductedN€ polymerizing cytotoxin Jas and the barbed end-capping
in the presence of the membrane-permeant polymerizing agent jasplakin@gent Cyto D. Jas induces actin polymerization with an
lide (Jas) (Molecular Probes, Eugene, OR) (Bubb et al., 1994), and thefficiency and mechanism similar to that of phalloidin
filament barbed end capping agent cytochalasin D (Cyto D) (Sigma Chem(Bubb etal. 1994) but is also cell permeant. After a 20-min
ical Co., St. Louis, Mo). PAF experiments were conducted in cells incu-. . ! ' L . .
bated with 1uM Jas for 20 min. FRAP experiments were conducted in !nCUba'flon in 1uM fJaS’ actin in phOtoaCt“_/atEd bands is
cells incubated with M Cyto D for 20 min. In both cases changes in cell iImmobile on short time scales (compare Figa &nd 3a).
shape occurred and were taken into account in the analysis. The purpodehe images in Fig. B are typical of the long-term behavior
was to strongly perturb the dynamic state of the actin cytoskeleton. Theyf cells exposed to 1M Jas. Jas stabilizes filaments and
long-term viability of the cells was not a concern. induces an apparent contraction in the actin cytoskeleton.

The average trend exhibited by seven PAF experiments
RESULTS conducted in cells pretreated with Jas is shown in Fig. 4
Both PAF and FRAP experiments exhibit biphasic The average decay 'of fluorescence |n.the. first 30 s is less

. . than 12%. A short time after photoactivation, the fluores-

decay consistent with the presence of two . i i
phases of actin cence in the bangl l?eglns to rise l?ecause of the appgrent

constriction of actin in the photoactivated band. The rising
Subconfluent endothelial cells display a homogeneous actifluorescence precludes an analysis of these experiments
cytoskeleton in the cell body (Fig. 2). PAF and FRAP with the Tardy model.
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FIGURE 2 Stereo-paired electron
micrographs showing uniformity in

the actin cytoskeleton. The height of
the bottom panel is the nominal width
of photoactivated and photobleached
regions (7 wm). Photoactivated and

photobleached bands traverse the
body of the cell, and an average flu-
orescence is measured along the cen-
terline. Bar= 1 pm.

'
S
Fe ,.:r'mig?-,

A

FRAP experiments were conducted in cells before andnent are f = 6): D + 3.1 + 1.62 X 10 ® cn/s, FF =
after exposure to M Cyto D for 20 min. Table 2 lists the 0.42+ 0.10,7 = 4.2+ 1.9 min; andD = 3.5+ 1.7 X 108
results of fitting the Tardy model to each of the experimentscn?/s, FF = 0.38 = 0.09, andr = 20.9 = 18.6 min. A
The average parameters before and after cytochalasin tregtairedt-test indicated that the decrease in FF and the in-
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FIGURE 3 PAF and FRAP experiments in BAECs) PAF data and . . . . .
associated image sequence. The decay of fluorescence from the photoe'lzcl-GURE 4 PAF and FRAP experiments display biphasic evolution and

tivated band is accompanied by a rise in fluorescence elsewhere as mon%_sensmvny FO actin-targeted drugs) (Corrected PAF data (20 superim-
mer diffuses throughout the cellb)( FRAP data and associated image posed experiments) and a curve generated by the average PAF parameter

sequence. Both PAF and FRAP data are biphasic, confirming the presené@lues '””T?b'e tl) f‘ljo .Stuo‘\]'m |fs tk]zta()avgrig? evollrJ]m:n o:fluorescr:ance n
of two dynamic phases. Bars 10 wm. seven cells incubated with Jas for 20 min before photoactivaiyn The

error bars indicate meah SEM at the respective time points. Jas treatment
nearly eliminates the diffusive phase, stabilizes filaments, and results in a
rise in fluorescence over time, apparently because of a contraction in the
crease inT are statistically significantRr = 0.059 and actin cytoskeleton. Th(_e inset is a cloge-up of the short time behator. (
PT _ 0_043), but the Slight increase is not. A simulated FRAP data (25 superlmposgd experiments) and curve prodgced by the

. average parameter values in Table 1 (——). Also shown is a curve
experiment was generated from the mean parameter Valu%ﬁ)duced from the average parameter estimates obtained in cells exposed
after treatment with Cyto D in the Tardy model. This 1o cyto D for 20 min (Table 2) before a FRAP experiment -(—).

experiment is shown in Fig. # for comparison with the Cytochalasin decreases the fraction of actin in filaments and slows the
data from untreated cells. turnover of filaments. The inset is a close-up of the short time behavior.

50 100 150 200
time (sec)

DISCUSSION the actin cytoskeleton and predicts the theoretical evolution
Cellular actin partitions between a monomer phase, mainef fluorescence in a PAF experiment. Here the Tardy model
tained by sequestering proteins suchp#sthymosin and is applied to PAF and FRAP experiments in BAECs to give
profilin, and a dynamic filamentous phase. The dynamics othe first simultaneous measurement of three important pa-
an ideal actin tracer should be sensitive to the diffusion ofameters in living cells: the diffusion coefficient of actin
actin monomer, the ratio of monomeric to filamentous actinmonomer,D; the fraction of actin in filamentous form, FF:
the dynamic exchange of monomer between filaments andnd the lifetime,r, of actin filaments.

sequestering proteins, and the diffusion of actin flaments. PAF and FRAP experiments in BAECs are biphasic,
Because of the high degree of cross-linking exhibited byindicating the presence of two distinct dynamic compo-
actin networks in cells (Hartwig and Shevlin, 1986), fila- nents. Experiments conducted in the presence of membrane-
ment diffusion is predicted to be the smallest contributor topermeant reagents confirm that these phases are due to
tracer dynamics. With these assumptions, the Tardy modehonomer diffusion and filament turnover, and not to fila-
(Tardy et al., 1995) describes the steady-state dynamics @hent diffusion. First, the high-mobility phase in PAF stud-
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TABLE 1 Parameter estimates from PAF and FRAP in BAECs

D X 10° cné/s FF 7 (min)
PAF (CRIA) 3.1+ 0.4 (= 20) 0.36+ 0.04 = 17) 75+ 2.0n0=17)
FRAP (CFSA) 5.8+ 1.2 (n = 25) 0.5+ 0.04 (1 = 26) 4.8+ 0.97 (1 = 26)

The uncertainties shown are the standard error of the means. The differences displayed between the two studies are statistically signifieant, with t
following p values obtained from an unpairédest.pp < 0.0005,p= < 0.0005,p, < 0.025. These differences are attributable to differences in the actin
derivative employed with each technique.

ies was nearly eliminated when cells were pretreated for 2008 cn?/s, FF= 0.5 + 0.04, 7 = 4.8 = 0.97 min. The
min with 1 uM of the actin-polymerizing reagent Jas, dem- differences in the parameters obtained are statistically sig-
onstrating that the bulk of this phase is polymerizationnificant. Cys’* labeling of actin (as in CRIA for PAF)
competent monomer. Second, Cyto D increased the meamsults in a derivative with a 10-fold lower affinity for
estimate ofr by fivefold in FRAP experiments, a result profilin than lysine-labeled derivatives (as in CSFA for
expected for filament turnover but not for filament diffu- FRAP) (Giuliano and Taylor, 1994), and may interfere with
sion. Because cytochalasins block monomer access to thee binding of other actin-associated proteins (Kabsch and
growing (barbed) ends of actin filaments while leaving thevandekerckhove, 1992). Giuliano and Taylor (1994) di-
depolymerizing (pointed) ends of actin filaments free (Coo-rectly compared the mobility of lysine and Cy&labeled
per, 1987), depolymerization of filaments proceeds until aactin in FRAP experiments in fibroblasts. The estimates of
new equilibrium is achieved between pointed ends an@CFSA and CRIA mobility are in good agreement with their

monomer. Filament turnover via monomer exchange at galyes for lysine and Cyétlabeled actin, respectively:
single filament end is predicted to be much slower thanp = 56+ 1.1 x 1078 cn/s (n = 10) andD¢ g =

when both ends are free (Wegner, 1976). Thus the increa@g + 0.85 X 108 cn?/s (n = 10). Furthermore, the
in 7 with Cyto D is consistent with the assumption that thefjjiament fractions for CESA and CRIA agree with the
dynamics of the low-mobility phase are governed by fila-jmmopile fraction (IF) estimates of Giuliano and Taylor for

ment turnover. In contrast, flament depolymerization in thelysine and Cy¥“labeled actin in the peripheral cell body of
presence of cytochalasin should shorten filaments and i”ﬁbroblastS' IF,. = 0.48 + 0.04 (i = 12) and IR g =
IRys 48 = 0. y

crease_the _mobility of the second phase if significant fila-g 34 + g o5 0 = 13). These agreements suggest that the
ment diffusion were present. _ discrepancies between PAF and FRAP can be largely at-

The following values apply for the bul1<8act|n cytoskele- tributed to differences in the location of fluorophore on
ton in BAECs. PAFD = 3'1_i 0.4 X 10°° cnffs, FF = actin and not to inherent differences in the techniques. The
0.36= 0.04,7=7.5x 2.0 min. FRAPD =58 1.2X g its indicate that lysine-labeled actin diffuses faster in the
cytoplasm, incorporates more readily into the native cy-
toskeleton, and cycles through filaments faster thar® Gys
labeled actin.

Previously, monomer diffusion coefficients were derived
from short-term FRAP data (Kreis et al., 1982; Luby-Phelps
et al., 1985; Wang et al., 1982; Taylor and Wang, 1979) by
using the protocol of Axelrod et al. (1976). The theory
behind the Axelrod protocol considers an inert diffusive
phase and a second “immobile” phase and is not strictly
applicable to actin, which has two interacting populations.
Estimates ofD derived from the Axelrod analysis (Luby-
Phelps et al., 1985; Giuliano and Taylor, 1994) are at least
four times lower than would be expected for an inert particle
with the same hydrodynamic radius as monomeric actin
(Luby-Phelps et al., 1987). This hinderance is not due to
actin binding to known sequestering proteins suctBab
thymosin and profilin, because these molecules bind actin in
1:1 complexes that have a molecular weight only 10—25%
FIGURE 5 PAF sequence after treating cells witp¥l Jas for 20 min. ~ greater than that of actin alone (see Sun et al., 1995, for a
(a) The increased stability of the band at short times demonstrates theeview of actin monomer-binding proteins). Because the
conversion of diffusive monomer to filaments) (PAF sequence in a Axelrod model does not consider filament turnover, an

second cell showing the long-term stability of actin filaments with Jas. Jas nalvsis by this model would produce underestimated in
stabilizes filaments, but induces an apparent contraction in the cytoskeleto?f y y P

that leads to a rise in the fluorescence in the photoactivated band over tim§. monomer diffusion were hindered by the cyclic incorpo-
Bars= 10 um. ration of monomer into filaments. The Tardy model ac-

0 sec
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TABLE 2 Dynamic parameters in cells before and after treatment with Cyto D

Baseline After 20 min in 2uM Cyto D

D X 10 cné/s FF 7 (min) D X 1€ cné/s FF 7 (min)
Cell 1 3.3 0.38 4.5 2.4 0.30 13.2
Cell 2 3.0 0.32 6.4 6.6 0.38 10.3
Cell 3 2.0 0.38 2.2 3.8 0.36 6.0
Cell 4 6.2 0.40 3.2 3.9 0.28 57
Cell 5 2.1 0.57 2.2 2.1 0.52 26
Cell 6 2.0 0.52 6.4 2.0 0.44 13.6
Mean = SEM 3.1%+ 1.62 0.42+ 0.10 42+ 1.9 35+ 17 0.38+ 0.09 21+ 9

The differences in FF andare statistically significant while the slight increasedrnwith treatment cytochalasin treatment is npt{= 0.043 andp, =
0.059 determined from a pairedest).

counts for the influence of filament turnover, yet producesexperiment would indicate that only trace amounts of mono-
the same estimates f@r. This result indicates that flament mer exist or that the exchange of subunits between mono-
turnover is too slow to hinder monomer diffusion in the bulk mer and filaments occurs so rapidly that the two phases
cytoskeleton of BAECs or, equivalently, that filament turn- decay simultaneously. (This is the case of diffusion-limited
over is not diffusion limited. (For hindrance, the character-filament turnover. This condition holds f@, = »?%/7D >

istic time of monomer diffusion out of the band must be 1.) The ~30-s filament turnover times reported in the la-
comparable to or slower than the filament turnover time.mellapodia of highly motile keratocytes by Theriot and
This condition holds foiB,, = w%7D ~ 1, wherew is the  Mitchison (1991) are 2—4 times longer than monomer dif-
photoactivated bandwidti) is the diffusion coefficient of fusion times from the 2.5sm photoactivated band used.
actin monomer, andis the turnover rate of actin filaments.) Even in this case a biphasic decay of fluorescence would be
Thus although the mobility of actin monomer is restricted inexpected if significant sequestered monomer were present.
cytoplasm~15 times from its value in water (Luby-Phelps Thus the disparity between the PAF experiments of Theriot
et al., 1987), monomer diffusion cannot be the limiting and Mitchison and other studies may indicate a difference in
factor in determining the time for remodeling of the bulk the ratio of sequestered to polymerized actin between the
actin cytoskeleton in BAECs. cell body and the lamellapodia.

Filament turnover times in FRAP or PAF experiments
have been estimated from half-lives for the total recovery OKL\PPENDIX
decay of fluorescence (Theriot and Mitchison, 1991, 1992;
Wang, 1985). Because actin is distributed between monoFhe photobleaching process has been successfully modeled as a first-order
mer and filaments in cells (Bray and Thomas, 1976), theeaction with a rate constant proportional to the excitation intensity,
half-life of fluorescence in a PAF or FRAP experiment may (Axélrod et al., 1976).
not accurately reflect the time scale of either monomer dF
diffusion or filament turnover. For this reason it is not o~ —miF (A1)
possible to strictly compare the turnover times here to those
obtained previous|y_ (Furthermore, our turnover times arelvhere F is the fluorescence, ands a proportionality constant. The final
not half-lives, but are more accurately thought of as 1/ fluorescence of a sample during an exposure to excitation light is given by
times or the time for the fluorescence due to filaments to Fe=(F —F.)e* +F, (A2)
decay to 37% of its original value.) Roughly, however,
estimates ofr agree with FRAP measurements of filament - )

. . . . the beginning of the exposure, aRglis the sample fluorescence at the end
turnover in the lame"apOd'a of motile fibroblasts (Wang, of the exposure. The sample photobleaching time constaand the
1985), and with recent PAF estimates in the cell body ofunbleachable background fluorescefceare estimated from the sample
fibroblasts (Cramer et al., 1997). Our measurements are 1-photobleaching decay curve under continuous illumination (see Fay. 1
times slower than PAF estimatesoin the lamellapodia of ~ The corrected initial fluorescence is given by
fibroblasts (Theriot and Mitchison, 1992) and an order of F—F
magnitude slower than PAF estimates in the lamellapodia of F =
highly motile keratocytes (Theriot and Mitchison, 1991).

The experiments here establish the general equivalendstror due to photobleaching accumulates during an experiment. Defining
of the PAF and FRAP techniques when applied to the Sam_@e drop in fluorescence due to photobleaching duringjﬂ_leexposure
cell location and the same cell type. In contrast to FRAPMerval asaF; = F;; = F, the fluorescence at the beginning of fté

. . . . (n = j) exposure interval is corrected for all previous exposures with
studies in the cell body, however, previous PAF experi-
ments in the lamellapodia of fibroblasts and keratocytes F.—F n
exhibit only a single dynamic component (Theriot and Fin= % +F.,.+ EAFJ- (A4)
Mitchison, 1991, 1992). A single phase decay in a PAF j=1

whereAt is the duration of the exposurE, is the sample fluorescence at

o +F. (A3)
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Equation A4 is the correction algorithm. If the photobleaching is well Hartwig, J. H., and P. Shevlin. 1986. The architecture of actin filaments

characterized by andF.., substituting measured data (a serie&¢s), in and the ultrastructural Iocation of actin-binding protein in the periphery
Eq. A4 produces a series of fluorescence values (a seriEgshfthat are of lung macrophagesl. Cell Biol. 103:1007-1020.
void of photobleaching effects. Kabsch, W., and J. Vandekerckhove. 1992. Structure and function of actin.

Annu. Rev. Biophys. Biomol. Stru2tl:49-76.
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