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Macromolecular Diffusion of Biological Polymers Measured by Confocal
Fluorescence Recovery after Photobleaching

Philip Gribbon and Timothy E. Hardingham
Wellcome Trust Centre for Cell Matrix Research, School of Biological Sciences, University of Manchester, Manchester M13 9PT, England

ABSTRACT Fluorescence recovery after photobleaching with an unmodified confocal laser scanning microscope (confocal
FRAP) was used to determine the diffusion properties of network forming biological macromolecules such as aggrecan. The
technique was validated using fluorescein isothiocyanate (FITC)-labeled dextrans and proteins (molecular mass 4-2000 kDa)
at 25°C and with fluorescent microspheres (207 nm diameter) over a temperature range of 5-50°C. Lateral diffusion
coefficients (D) were independent of the focus position, and the degree and extent of bleach. The free diffusion coefficient (D,)
of FITC-aggrecan determined by confocal FRAP was 4.25 + 0.6 X 1078 cm? s~", which is compatible with dynamic laser light
scattering measurements. It appeared to be independent of concentration below 2.0 mg/ml, but at higher concentrations
(2-20 mg/ml) the self-diffusion coefficient followed the function D = D,e B°. The concentration at which the self-diffusion
coefficient began to fall corresponded to the concentration predicted for domain overlap. Multimolecular aggregates of
aggrecan (~30 monomers) had a much lower free diffusion coefficient (D, = 6.6 = 1.0 X 1072 cm? s~ ") but showed a
decrease in mobility with concentration of a form similar to that of the monomer. The method provides a technique for
investigating the macromolecular organization in glycan-rich networks at concentrations close to those found physiologically.

INTRODUCTION

In most biological tissues, the extracellular matrix (ECM) diffusion coefficient (Axelrod et al., 1976). In concentrated
defines the biomechanical properties and determines itsiopolymer solutions, as investigated in this study, this
architecture and form (Laurent, 1995). The ECM containsmeasurement constitutes a long-time self-diffusion coeffi-
fibrillar and nonfibrillar components that combine to form a cient (Imhof et al., 1994) that describes the motion of a
composite matrix (Mow et al., 1989). How the macromol- polymer probe through a polymer matrix (Phillies, 1989). In
ecules that form the ECM interact to determine the properthe limit of zero tracer concentration, when interactions
ties of whole tissues is only partly understood (Winlove andbetween particles can be neglected, the particle Brownian
Parker, 1995). The highly polyanionic glycosaminoglycansmotion is described by the free diffusion coefficient (Imhof
are important nonfibrillar components that frequently occuret al., 1994). In this study we have developed the use of an
at high concentration in the ECM and have great influencainmodified confocal laser scanning microscope (CLSM) to
on the movement of solutes and water between the tissugtudy diffusion in concentrated solutions and have applied it
and the circulation, thereby influencing the access to cells ofo investigate the properties of aggrecan, a high-molecular-
nutrients, metabolites, cytokines, hormones, and enzymeseight proteoglycan, with more than 100 chondroitin sul-
(Grodzinsky, 1983). This local environmental regulationfate and keratan sulfate chains attached to a protein back-
may have important consequences for cellular functionsbone, that forms networks in solution at concentrations
especially within tissues with a large expanded ECM, sucltomparable to those found in tissues. The technique devel-
as cartilage. oped is applicable to the study of tracer diffusion in any
Many biophysical techniques are available for the studybulk polymer system and may therefore help to give new
of solution properties of macromolecules (Janmey, 1993)insights into a broad range of studies
but few are appropriate for the investigation of properties at
high concentration, or with complex mixtures such as those
found in the ECM in vivo. However, fluorescence recovery MATERIALS AND METHODS
after photobleaching (FRAP) is a technique that has been . L
used to investigate molecular mobility within cells and Preparation and characterization of aggrecan
membrane systems in situ. The diffusion of FITC-labeled@"d FITC aggrecan
macromolecules measured by FRAP determines a lateraygrecan and its link-stable aggregate were prepared from fresh porcine
laryngeal cartilage (Hardingham, 1979). Aggrecan was extracted from the

tissue h 4 M guanidine hydrochloride containing proteinase inhibitors, and

Received for publication 20 October 1997 and in final form 11 May 1998.a\ggrr-zgates were reformed and purified by cesium chloride density gradient
ultracentrifugation under associative conditions. Monomeric aggrecan was
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were calculated using a second virial coefficient of 4010”4 (ml X laser light scattering chromatographic analysis of the BSA and FITC-BSA
mol/g?) and a refractive increment (dn/dc) of 0.16 (ml/g) (Kitchen and (Superose-12; Pharmacia) showed the preparation to be monomeric. Before
Cleland, 1978). On Sephacryl S-500 (Pharmacia), aggrecan gave a weightenfocal-FRAP experiments, all dextran and protein solutions were filtered
averaged molecular weighti(,) of 2.6 + 0.3 X 10° (mean+ SE,n = 4), (0.45 um) and centrifuged for 30 min at 10,000 g.

a number-averaged molecular weight,J of 2.1 = 0.3 X 10° (mean*

SE,n = 4), and a radius of gyratiorR) of 62.8 = 1.7 nm (meant SE,

n = 4). Chromatography of the aggregate preparation on Sephacryl S-100Development of confocal FRAP protocols

(Pharmacia) separated a link-stable aggregate fraction iNjli®m free

monomer (Hardingham, 1979y, was 74.6+ 3.2 X 10° (mean=+ SE, Photobleaching experiments were carried out using a confocal laser scan-
n=2),M,was 71.9+ 6.8 X 1P (mean+ SE,n = 2), andR; was 234+ ner (MRC-1000; BioRad, Hemel Hempstead, England) with an upright
21 nm (meant SE,n = 2). epifluorescence microscope (Optiphot 2; Nikon, Japan). The 488-nm line

Aggrecan monomer (5 mg/ml) was covalently labeled with fluorescein©f @ 100-mW argon ion laser was used for sample bleaching and fluores-
isothiocyanate (FITC) (0.05 mg/ml) in 0.1 M carbonate-bicarbonate buffer,cence excitation. Emitted light was monitored at 520 nm. Samplegl(30
pH 9.0, for 18 h at 4°C, and freeze dried after free FITC was removed byWere in a spherical cavity microscope slide (diameter 12 mm, maximum
exhaustive dialysis against deionized water. The aggregate preparation wggpPth 280um) sealed under a coverslip and were equilibrated for 15 min
similarly labeled with FITC and then fractionated on Sephacryl S-1000 to®h & temperature-regulated microscope stage (PE-60; Linkam Instruments,
isolate the aggregate. Spectrofluorometric (Jasco Instrument Corp., Japahfdworth, England), usually at 25°C. Typical settings for prebleach and
measurements on both preparations showed 2.5 mol FITC/mol aggrecafgcovery image scans were 0.3% of maximum laser power, a pixel size of
Fluorescein was the fluorophore of choice because it readily photolyzed-47 um, and an optical zoom of 1.0. From the whole field (760612
under relatively low illumination intensities (Chen et al., 1995). Size Pixels) a square central region of sigtypically 50 pixels, 73.5.m) was
exclusion chromatography of the FITC-labeled preparations showed thatelected for bleaching. A prebleach image of dimensions & (400
the molecular weights were unaffected by the labeling procedure. A samplBixels), centered on the bleach region, was then captured. Bleaching was at
of FITC aggrecan was digested with chondroitinase ABC and keratanasdnaximum laser power and the area was selected by the zoom control of the
and size exclusion chromatography on Sepharose CL-6B confirmed that aiftstrument. The minimum bleach scan time was 140 ms, although typical
of the fluorescence was retained with the protein core and not released witines were 540 ms. For recovery, the program reset the instrument to the
the glycosaminoglycan chains. prebleach configuration and a time series of up to 50 recovery images was

FITC-labeled aggrecan was freeze dried to constant mass, and solutio§8llected, typically over 2-10 min. A final image was taken at a long time
in phosphate-buffered saline (PBS) (0.01 M phosphate, 0.138 M Naclpoint, to confirm that recovery approached completion. For slowly diffus-
0.0027 M KCI) were prepared by weight. Samples at 1@gml to 20 ing samples, two or more images were collected at each time point and
mg/ml were equilibrated for 48 h at 4°C and centrifuged at 3809 for averaged to reduce noise. Because the recovery was monitored at 0.3%
30 min before experiments. Sample concentrations were checked using thdaximum laser power, the bleach and monitor scan times were equal, and
1,9-dimethylmethylene blue assay, with chondroitin sulfate C (Sigma,the area monitored was 64 times the area of the bleach; even with up to 50
Poole, England) as a standard (Ratcliffe et al., 1988). FITC concentratiofnages, the energy per unit area delivered to the sample during recovery is
was between 0.0%g/ml and 15ug/ml, which is unlikely to show fluo- ~ Very small (£0.24%) compared with that required for photobleaching. For
rescence self-quenching (Cutts et al., 1995). the CLSM it has been demonstrated (Blonk et al., 1993) that recovery
analysis in three dimensions reduces to the simpler two dimensional case,
for low numerical aperture (NA) objectives and wide confocal apertures as
used in these studies<(0 objective, numerical aperture 0.45, confocal

Dynamic light scattering measurements aperture 5 mm).

Aggrecan solutions in PBS at a concentration from 0.8 to 1.9 mg/ml were

equilibrated for 48 h at 4°C, centrifuged, and then filtered through a .

0.2-um filter into a quartz cell for the measurement of dynamic light Data analysis

scattering (DLS) (Malvern Instruments, 4700c). At each concentration fourln the development of FRAP analysis using a modified CLSM for inves-

meoasurements were made, all at a scattering aglef 30° and _at 25 tigating molecular mobility in cell membranes, Kubitscheck et al. (1994)
0.1°C. Data were analyzed by the method of cumulants (Li and Reed )
presented a moments analysis of fluorescence recovery based on that

1991). outlined by Jain et al. (1990). Because this method of analysis does not rely
on rapid switching between bleach and recovery modes, it is well suited for
use with unmodified confocal FRAP. The derivation presented by Kubits-

Fluorescent dextran, protein, and polystyrene check et al. (1994) established the relationship between the time develop-

microsphere standards ment of the variance (second moment) of the radial distribution of the

) bleached fluorophorey,(t), and the lateral diffusion coefficienf), as
A range of FITC-dextrans (weight-averaged molecular mass 4.4-2008y),ows:

kDa, polydispersity between 1.25 and 1.5, molar ratio FITC/glucose

~0.008; Sigma) were dissolved in PBS, and measurements were made at p,g('[) = 4kDt + (Xé) + <Y(2)> (1)

0.1 mg/ml. For the 2000-kDa FITC-dextran, measurements were also made

at five dilutions between 0.2 and 0.0125 mg/ml to determine the extent ofvheret is time, k is the fraction of mobile species, ang andy, are
intermolecular interactions (Poitevin and Wahl, 1988). Green fluorescenfunctions of the initial bleach geometry. Equation 1 shows that the time
polystyrene microspheres (average diameter 207 nm; Duke Scientific, Paldependence ofi,(t) can be used to determiri2 independently of any
Alto, CA) were used at 0.1% v/v in PBS. Bovine serum albumin (BSA), knowledge of the initial bleach geometry (provided that the mobile fraction
soybean trypsin inhibitor (SBTI), and FITC-insulin were obtained from k is determined). Kubitscheck et al. showed Eq. 1 to be valid for any
Sigma. SBTI and BSA were labeled with FITC by the method describedsymmetrical bleach geometry, including a rectangular bleach, which is
above. The FITC conjugation ratio was 1.0, 1.5, and 1.1 mol/mol formost easily produced by the scanning action of a CLSM.

FITC-insulin, FITC-BSA and FITC-SBTI, respectively. Measurements on  Sets of recovery images were analyzed by MPL (Microscope Program-
FITC-conjugated proteins in PBS were made at five dilutions between 0.2ning Language, BioRad) programs linked to spreadsheet routines. To
and 0.0125 mg/ml. The concentration of all FITC-dextran and FITC-remove nonuniformities in illumination, floating point ratio images were
protein solutions was determined by dissolving known dry weights. Chro-generated by dividing each recovery image by the prebleach image, and
matography of protein and dextran solutions (2.0 ml/min, Hi-Trap; Phar-ratio images were then spatially filtered. Potential problems due to sample
macia) confirmed the absence of unconjugated FITC. Further multi-angleonvection in the image plane and scan beam mistracking were monitored
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by means of a center-of-mass calculation to determine movement of the
bleach center position. The center of the bleach was taken as the origin ( 1000 3

0), and the average fluorescence intensity at radial positicas calculated [ \\\
for all pixels within 0< r < 3w (w is the bleach width), to generate a set - \\\\

/////:D
//{{//%//;O

of radial intensity profilesl;(r). The mean intensiti; of pixels for 3» < I \\\\ \\Q\\

TorophoresB(1 1 was then cermed as olows: ook \\\\\\\\\\\\\\\\\@&
BT, 1) = M, — 11, ) @ 3| - \\\\\\§

T e e oy docbuten of oo & | \\\\\\\\\\\\\

Sor3 By(r, t)dr F
po(t) = T B,(r, Hdr (3 :

As presented, the moments analysis remains valid while all photolyzed AT Ll T
molecules remain within@ of the bleach center (Kubitscheck et al., 1994). 1 10 00 1000
Simulations for a uniform circular bleach of diameter 7% showed that, Bleach width (um)
forD = 1 X 10 %cn? s~ %, 1% of photolyzed fluorophores exited< 225
um after 17 s (Soumpasis, 1983). However, for typical macromoleculesFIGURE 1 Theoretical plots calculated from expressions given by
with D values less than % 1077 cn® s~ a 1% loss of fluorophores from  Soumpasis (1983), of characteristic diffusion time (s) as a function of
r < 225 um is exceeded only after 150 s, allowing ample time for data bleach diameterym) for molecules with lateral diffusion coefficients)(
acquisition. 1x10°cmPs L (B)1x 10 8cm?s L (C)1 X 10 “cnPs L. (D) 5 X

For each experiment, the mobile fractidk) (vas calculated from the 1077 cn?s ™. (E) 1 X 10 ¢ cn? s~ . The shaded area shows the range of
corrected integrated intensity within the bleached region as recovery besleach dimensions and experimental times most suited to the confocal-
came complete. In the experiments reported here, recoveries were completRAP protocol.
(k = 1). Lateral diffusion coefficients¥) were calculated from linear
regression analysis of plots pf,(t) againstt. Free lateral diffusion coef-
ficients Oy) were calculated by linear regression and extrapolation to zero

-

concentration. coefficient was calculated from a time series of radially
averaged normalized fluorescence intensity profiles (Fig. 2).
RESULTS In these initial studies it was noted that for slowly diffusing

molecules, such as 260 kDa FITC-dextran, the predicted
An initial evaluation showed that the MRC-1000 CLSM |inear relationship between,(t) andt is observed (Fig. 3
with an upright microscope was best suited to deliveringa). Having obtained good results with a high-molecular-
maximum laser power to the sample. It gave good control ofveight FITC-dextran, the technique was tested on a lower-
bleach geometry and allowed easy development of custonmolecular-weight globular protein, bovine serum albumin.
ized routines. The confocal FRAP experimental protocols inear regression analysis of the data shown in Fig, at
were controlled by simple macro programs written in MPL. short times (< 40 s), gave & of 6.05x 10™ " cn? s~ for
The range of lateral diffusion coefficients accessible toFITC-BSA, which compares well with published values
analysis by this confocal FRAP protocol can be extended byJohnson et al., 1995). However, as predicted for a more
varying the bleach size. In Fig. 1, characteristic diffusionmobile species, the variance deviates from this linear be-
times (r.) are shown for a range of diffusion coefficienB)(  havior at longer timest(> 40 s). Data were therefore
versus the diameted) of a circular bleach, where. =  analyzed from the variance results in the initial linear sec-
d?/4D (Soumpasis, 1983). It should be noted that the typication as reported by Kubitscheck et al. (1994).
dimension of the bleached area is much larger than that used To investigate whether measurements were affected by
in FRAP experiments on cell membranes, and this provideghe distance into the solution of the confocal image, the
for long recovery times, even for molecules with relatively diffusion of 207-nm microspheres was measured at seven
high lateral diffusion coefficients. The time scale of the positions between 5am and 180um from the coverslip
experiments is long and the dimensions of the bleach angnd was found to be independent of position (two-tailed
area of analysis are very large compared with moleculaunpaired Student'stest, comparison betwedhat 110um
dimensions of the mobile species being investigated. Thend D at all other positionsN = 4 for each condition).
data are therefore insensitive to any mode of molecularhere was also found to be no dependence of the results
mass redistribution (i.e., rotational or vibrational) other thanwith FITC-dextran (167 kDa) on the dimension of the
lateral diffusion of the FITC-labeled molecules. bleach (two-tailed unpaired Studenttstest, comparison
betweerD at w = 75 um andD for 11 square bleach sizes
between 3Qum and 300um, N = 4 for each condition).

The lateral diffusion coefficient was also measured as a
Confocal FRAP experiments were carried out with FITC-function of increased bleach intensity as determined from
dextran (260 kDa) in dilute solution (0.1 mg/ml) in PBS at the average bleached fluorescence intensity within w/2
25°C with a square bleach (73/m), and the diffusion of the prebleach and first postbleach images. For the FITC-

Validation of confocal FRAP protocol
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FIGURE 2 Time series of calculated radially averaged fluorescence intensity profiles (normalized) for a confocal-FRAP experiment with RIfiC-dextr
(260 kDa) at 0.1 mg/ml. The first postbleach profile is3as @). Subsequent profiles are at 6-s intervals (-). The final profile is at 72 s postbi@ch (
Mobile fraction= 1.00. Image dimensions 588 588 um, bleach dimensions 738 73.5 um.

dextran (167 kDa)P was independent of bleach intensity relation between the lateral diffusion coefficient and the
from 37.5% to 91% (two tailed unpaired Student’test,  weight-averaged molecular weight. Initially it was shown
comparison betweeB for an 80% bleach intensity arid  that for even the largest FITC-dextran fraction (2000 kDa),
for 5 bleaches between 37.5% and 918%= 4 for each there was no detectable concentration dependence of the
condition). However, for lower degrees of bleachinglateral diffusion coefficient. The calculaté}, of 2000 kDa
(<30%), there was insufficient image contrast for satisfac+I1TC-dextran was not significantly different from the lateral
tory data analysis. diffusion coefficients at five concentrations between 0.2 and
Experiments were carried out on a range of FITC-dex-0.0125 mg/ml (two-tailed unpaired Studenttest,N = 4).
trans of different molecular weights to investigate the cor-The lower-molecular-weight FITC-dextrans were therefore
all investigated at 0.1 mg/ml. The results showed a linear
relationship between lo® (lateral diffusion coefficient)

12 and log molecular weight (weight average) (Fig. 4). Power
A law relationships, i.e.D = « (molecular weightj, have

ok been shown to apply to wide range of flexible polymers
(Schmidt and Burchard, 1981). Values®f= 5.5 X 10°°

6 and B = —0.43 were found in studies on dilute dextran

solutions of between 20 kDa and 130 kDa (Amu, 1982).
Analyzing the confocal FRAP results for FITC-dextran

53 solutions between 4 kDa and 2000 kDa gave comparable
“‘é 0 ! . A results witha = 2.71 X 10 ° and 8 = —0.37 (nonlinear
% least-squares fi% = 0.996). The differences in the values
§20' B PS of « and B may be accounted for by differences in the
% eo0e®e® degree of branching and polydispersity of the dextrans used
>151" ¢ in the two studies.

1ok The ability of the confocal FRAP technique to determine

accurately lateral free diffusion coefficients, at a range of
5 concentrations from 0.0125 to 0.2 mg/ml, was tested in

0 20

40

Time(s)

60

80

experiments on FITC-labeled proteins (FITC-SBTI, FITC-
insulin, FITC-BSA) at 25°C. The data compare well with
published values obtained by other methods, corrected to

25°C in 150 mM NacCl (Table 1). The influence of temper-
FIGURE 3 Second moment of the radial distribution of bleached fluoro- 54 ,re on lateral diffusion measurements was assessed by
phore concentrationy,(t), versus timetj for (A) FITC-dextran (260 kDa) experiments with microspheres (207 nm) carried out over
and B) BSA (67 kDa). Solid lines show a linear least-squares fit over 0 . .

the temperature range 5°C to 50°C (Table 2). The diffusion

t < 72s R = 0.954) forA, and over 0< t < 42 s R = 0.984) forB. =11
All solutions were in PBS at 25°C. coefficient was calculated as follows, for each temperature,
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TABLE 2 Measured (N = 4) and calculated diffusion

20 coefficients of 207-nm-diameter green fluorescent
—_ microspheres over a range of temperatures
'210 o Lateral diffusion Calculated diffusion
o r Temperature coefficient+ SD coefficient
= (°C) (X 10 °cnPs (X 10 %cnPs™
T 5 10.9+ 2.3 12.7
& | 12 16.3+ 4.1 16.0
2 20 203+ 6.3 20.4
g 25 22.4*+ 2.6 23.3
2 F 35 27.4+ 6.3 29.8
= 50 45.7+ 8.8 41.1
=]
?’DE Diffusion coefficients were calculated with the Stokes-Einstein equation,
el (M ERRRTT N RAIn| L L

N

assuming ideal hydrodynamic sphere behavior.
0.01 0.1 1 10 100

Molecular Weight (x 10° Da)

FIGURE 4 Lateral diffusion coefficients of FITC-dextran fractions of a mg/ml (F|g 5) Linear extrapolatlon to zero Concentra‘“on

range of molecular mass (4—2000 kDa). FITC-dextran concentratiorl < : :
mg/ml. The vertical lines showt1 standard deviation. The solid line from results forc 16 mg/ml gave a free diffusion

shows a power-law fit to the data (see Results). Bleach protocols are af%oeff'c'e”t Do)_ of 425+ 0.6 X 10 _8 sz_s ' correspond-
outlined in Fig. 2. All measurements were in PBS at 25RC<( 4). ing to an equivalent hydrodynamic radiug,) of 57 nm.
The reduction in mobility above 2.0 mg/ml is consistent

with the Stokes-Einstein approximation for the hydrody-with the effects of domain overlap. For results above 2.0
namic behavior of an sphere: mg/ml, a function of the typ® = Dgye B¢ was fitted by a
nonlinear least-squares analysis. The extrapolation of this
D= KT (4) curve to zero concentration gaveDg of 4.93 X 10 8 cn?

R, s ' and aB of 0.180 (ml/mg) R? = 0.989) (Fig. 5). ThiD,

wherek is Boltzmann’s constant, is absolute temperature, value is greater than th_at founo! by extrapolation of the
n'is the viscosity of 150 mM NaCl, ang, is the hydrody- results _at IQW conce_n_tratlon andols greater thanzheer-
namic radius. The results showed no change in the diffusioﬁged diffusion coefficientf( = 30 ).’ calculated from DLS
coefficient after correction for changes in the viscosity of y the method of cumulants, which gavel} of 4.0 =

78 71 . . .
buffer and no evidence of interference from temperatureo'4 X 10°° e s, The critical overlap concentration is

instability, or convection within the samples. Thus therepredimed by the W(_)rk of PhiIIip_s and Jansons (199(.)) to be
was good agreement between the results determined %’3 mg/ml, and th'_s agreed W'th the res_ults and is most
confocal FRAP and those obtained by other establishe pparent by replotting data (Fig. 6.) relative to g ex-
techniques for lateral diffusion coefficients over the rangetrapolated from the low concentration results.

1Xx 10 ®to 1x 10 8cn? s, and the technique was also

applicable to temperature studies in the range 5°C to 50°C.

6
The concentration dependence of the self-
diffusion of FITC-aggrecan o
At low concentrations the self-diffusion of FITC-aggrecan §
showed no detectable concentration dependence below 2.0 24
=
TABLE 1 Comparison of measured free diffusion ,§
coefficients, in PBS at 25°C, of FITC protein standards with ]

previously published values §2

Molecular Dy, + SD PublishedD,, .S
Protein  weight (kDa) (X 1077 cnPs™) (X 1077 cnPs™Y) é
Insulin 12 147+ 1.3 16.8* s
SBTI 21.6 8.8+ 0.7 9.9*
BSA 67 5.8+ 0.5 5.8-7.6 0

0 5 10 15 20

Free diffusion coefficients were calculated by linear regression to zero Concentration (mg/mi)

concentration of data from at least four analyses of five protein concen-

trations between 0.2 and 0.0125 mg/ml. Published values were corrected flGURE 5 Lateral diffusion coefficient of aggrecan monoma) and
25°C with the Stokes-Einstein equation. aggregate () at different concentrations. The vertical lines shavi
*CRC Handbook of Biochemist({968). standard deviation. The solid lines show the fitted exponential functions
#Johnson et al. (1995), and references therein. (see Results). All measurements were in PBS at 25¢G-(6).



Gribbon and Hardingham Confocal FRAP of Macromolecules 1037

Over the concentration range investigated, the self-diffuequipment. However, this is not a problem with solution
sion coefficients of the aggregate preparation were belovgtudies, as bleach recovery times can be adjusted to suit the
those of the monomer preparation (Fig. 5). A linear leastmacromolecule being investigated by increasing the bleach
squares fit to data below 1.0 mg/ml, for the aggregate, gavdimension. With ECM macromolecules, which are com-
aD,of 6.6+ 1.0x 10 °cn? s * (R, = 370 nm) and monly of high molecular mass>G0 kDa), their transla-
showed no detectable concentration dependence up to 1ltnal diffusion coefficients are relatively low, and with a
mg/ml, after which it fell rapidly. The results for the aggre- typical bleach (75< 75 um) taking 0.5-3.0 s, the recovery
gate were analyzed in a way similar to the analysis of thegimes are 30—-3000 s. By appropriate manipulation of the
monomer. Fitting data for > 1.5 mg/ml withD = D,e ¢  bleach and recovery conditions (Fig. 1), the translational
gives aD, 0f 6.6 X 10 °cn?s ' and aB of 0.187 (ml/mg)  diffusion of both small tracer species and concentrated
(R?> = 0.950) (Fig. 5). The function agrees well with the networks is open to investigation with confocal FRAP. The
data, and the predictddl, in contrast with the monomer, is independence dd of bleach size and the focal plane within
similar to that found by linear extrapolation of the results atthe sample volume agreed with studies on other configura-
low concentration. The transition from a concentration-tions of FRAP using three-dimensional geometries (Imhof
independent to a concentration-dependent fall in mobility iset al., 1994; Jain et al., 1990). The technique is thus well
shown most clearly in a plot d/D, (Fig. 6). suited to investigating macromolecules forming networks
with low lateral diffusion coefficients, as well as the
mobility of low-molecular-weight probes within such
networks.

In the adaptation of CLSM for FRAP analysis, there are FRAP was not applied previously to aggrecan solutions,
some notable advantages over conventional FRAP systenadthough other workers have reported light scattering and
(Bayley and Clough, 1995). A major advantage is thatultracentrifuge studies with dilute solutions (Harper et al.,
analysis with the CLSM based on imaging obviates the need985). Dynamic light scattering studies at 25°C on a lower-
for optical bench stability and alignment and makes themolecular-weight aggrecan preparation (X610°) from
whole analysis more robust. Confocal imaging also avoid$ovine nasal cartilage reported that the translational diffu-
surface artefacts, and varying the degree of confocalitgion coefficient as 5.8< 10° cn? s+ (Li et al., 1991),
permits data to be collected from increased volumes ofvhereas studies on a higher-molecular-weight aggrecan
those samples that are only weakly fluorescent. In thigreparation (3.0X 10°) from chick limb bud showed a
investigation of macromolecular properties in solution, diffusion coefficient of 4.13+ 0.38x 107® cn? s~ * (Ohno
there was also no need to restrict bleach areas (as is neceg-al., 1986). These results are consistent with those reported
sary in cell membrane studies), and thus it was possible tbere for 2.6x 10° Da aggrecan. So, in the limit of zero
develop a technique using a CLSM without modification. concentration, the confocal FRAP method gives a lateral

A disadvantage of the CLSM configuration is that it takesdiffusion coefficient comparable to results from light scat-
a longer time to switch from high-intensity bleach mode totering and analytical ultracentrifugation methods.
low-intensity data collection than it does with non-CLSM  For aggrecan monomer samples at concentrations above
2 mg/ml, which are difficult to analyze by light scattering or
analytical ultracentrifugation, confocal FRAP shows a
strong concentration-dependent fall in mobility (Fig. 6).
Predictions of polymer behavior in the concentrated entan-
A glement-dominated regime (de Gennes, 1974; Hess, 1986)
are available for linear but not branched polymers. How-
ever, empirically, at concentrations above that predicted for
domain overlap, the results fit well to a function in the form
D = Doe™ ®¢, which is equivalent to a stretched exponential
model, D = D.e ®%, with » = 1 (Ogston et al., 1973;

A Phillies, 1989). From the results it is evident that aggrecan
monomer mobility is restricted but not prevented at concen-
trations up to seven times that predicted for critical overlap.

N As the concentration of aggrecan monomer increases, there
© o, must be major contraction and/or interpenetration of the

: it : RO T S hydrodynamic domains. As interpenetration and consequent
0.1 1 10 30 entanglement are likely to result in an increasingly immo-

Concentration (mg/mi) bile network as the concentration increases (Hess, 1986),

FIGURE 6 Concentration dependence of the relative diffusion coeffi-the present reSl.JltS may imply that at .hlg.h Concentra.tlons

cient of aggrecan monomeaJ and aggregateX). Results are as in Fig. 5. aggreca_” domam,s m_amly C_Ontra_Ct' This I_S also ?OnSIStent
D, values were calculated from linear extrapolation at low concentrationWith their properties in forming viscoelastic solutions but
For all points, standard deviations lay between 0.14 and 0.22. not gels at high concentration (Hardingham et al., 1987),
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and it is supported by evidence that aggrecan domaingBlonk, J. C. G., A. Don, H. Van Aalst, and J. J. Birmingham. 1993.
contract in the presence of a high concentration of dextran Fluorescence photobleaching in the confocal scanning light microscope.

H qp t 1987 J. Microsc.169:363-374.
(Harper and Preston, ). Chen, H., J. R. Swedlow, M. Grote, J. W. Sedat, and D. A. Agard. 1995.

The formation of aggregates caused by the specific bind- The collection, processing and display of 3-dimensional images of
ing of many aggrecans to each hyaluronan chain (Harding- biological specimendn Handbook of Biological Confocal Microscopy.
ham and Muir, 1972; Hardingham, 1981) resulted in a large_>: B Pawley, editor. Plenum, New York. 197-210.

. . . . . . . . CRC Press. 1968. CRC Handbook of Biochemistry, 1st Ed. CRC Press,
reduction in the lateral diffusion coefficient (Fig. 5), which ™ g0.. Raton. FL.

is compatible with previous physical assessments of thi%utts, L. S., P. A. Roberts, J. Alder, M. C. Davies, and C. D. Melia. 1995.
aggregation process (Reihanion et al., 1979). The MALLS Determination of localised diffusion coefficients in gels using confocal

data suggest that aggregates contaB® monomers. There- ~ Scanning microscopyl. Microsc.180:131-139.
fore, given a monomeb,, of 4.25 X 108 cnP st Eq. 4 de Gennes, P. G. 1974. Scaling Concepts in Polymer Physics. Cornell
1 [o) . 1 .

. _ _ University Press, Ithaca, NY.
8 1
predicts ab, of 1.4 X 10 cm’” s for aggregates con Grodzinsky, A. J. 1983. Electromechanical and physicochemical properties

forming to a spherical nonfree draining model, which is 10  of connective tissueCRC Crit. Rev. Bioengl4:133-199.

times higher than would be calculated by summation for ajardingham, T. E. 1979. The role of link-protein in the structure of
free draining aggregate. The measuBed6.6 X 10 ° cm? cartilage proteoglycan aggregat@ochem. J177:237-247.

Sfl) is intermediate between these two values and Suggestgardingham, T. E. 1981. Proteoglycans: their structure, interactions and

a partial free draining structure. which is compatible with a molecular organisation in cartilagBiochem. Soc. Tran$:489—-497.
P 9 ! P Hdardingham, T. E.,, R. J. F. Ewins, and H. Muir. 1976. Cartilage

noncompact, partially extended aggregate structure basedproteoglycans: structure and heterogeneity of the protein core and the
on a central HA core filament. Interestingly, results suggest effects of specific protein modifications on the binding to hyaluronate.

that for aggregates the onset of domain overlap interactions Biochem. J157:127-143.

; ardingham, T. E., and H. Muir. 1972. The specific interaction of hyal-
occurs between 1.5 and 2.0 mg/ml, as with the monome‘# uronic acid with cartilage proteoglycaBiochim. Biophys. Acta279:

(Fig. 6), although models predict that aggregate overlap 401-40s.
occurs at 0.6 mg/ml (Phillips and Jansons, 1990). It was als@ardingham, T. E., H. Muir, M. K. Kwan, W. M. Lai, and V. C. Mow.
notable tha‘B, calculated from the exponentia| f|'t7 is similar 1987. Viscoelastic properties of proteoglycan solutions with varying

for aggregate (0.187) and monomer (0.180). Over the range PrOPOrions present as aggregatesOrthop. Res5:36-46.
. : d d | | If-diffusi Harper, G. S., W. D. Comper, B. N. Preston, and P. Daivies. 1985.
Investigated, monomer and aggregate lateral seli-diffusion Concentration dependence of proteoglycan diffusBiopolymers.24:

coefficients would therefore appear to scale identically with 2165-2173.
concentration, which is most apparent in the superimposetlarper, G. S., and B. N. Preston. 1987. Molecular shrinkage of proteogly-
plots of D/D,, (Fig. 6) for monomer and aggregate. This cans.J. Biol. Chem262:8088-8095.

suggests that within the aggregate structure as concentratiGﬁf:ﬁSWMgggﬁ%O?Séz%gfg.'iggﬁdl jobation in semidilute polymer solu-

increases, the intermolecular interactions of monomers alfihof, A., A. Van Blaadren, G. Maret, J. Mellema, and J. K. G. Dhont.
similar to those of free monomers at comparable concen- 1994. A comparison between the long time self diffusion of and low
trations. Aggrecan domains are thus predicted to behave inshear viscosity of concentrated dispersions of charged colloidal silica

.. : . . h J. Chem. Phys100:2170-2181.
a similar way as concentration increases Iin aggregate and,Sp eres em y .
Th f the diffusi ts d Jain, R. K., R. J. Stock, S. R. Chary, and M. Rueter. 1990. Convection and
monomer. The accuracy or the difftusion measurements de- gitysion measurements using fluorescence recovery after photobleach-

termined by this method in concentrated polymer solutions ing and video image analysis: in-vitro calibration and assessnint.

will make it possible to fully test further models of their ~ crovasc. Res39:77-93.
; ; Janmey, P. A. 1993. Application of dynamic light scattering to biological
solution behavior. systemsIn Dynamic Light Scattering. The Method and Some Applica-
tions. W. Brown, editor. Clarendon Press, Oxford. 611-641.
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