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Abstract  

 A model for analyzing Förster resonance energy transfer (FRET) data in relation to 

the cell plasma membrane raft hypothesis is developed to take into account (a) the 

distribution of FRET donors and acceptors at the surface of probing antibody fragments 

specific for a putative raft component, (b) partitioning of the raft component between raft 

and non-raft areas of the membrane, and (c) the dependence of the raft partition on the 

expression level of the considered component.  Analysis of relevant FRET data in the 

literature according to this model provides support for the raft hypothesis. 

Introduction 

 Lipid rafts in cellular membranes are clusters enriched in cholesterol and 

sphingolipids into which certain proteins partition preferentially (see, e.g., [1–8]).  The 

operational definition of lipid rafts is based on the differential solubility of membrane lipids 

and proteins in detergents (see, e.g., [9]).  Since application of a detergent can alter the 

phase behavior of membranes [10], alternative in situ methods are required to support these 

results.  Among these, Förster resonance energy transfer (FRET) [11, 12] provides a 

promising approach as this phenomenon is sensitive to separations of between ~ 1 to 10 nm 

(see, e.g., [13, 14]). 

 Extensive treatment of the case of FRET for 2-D systems is to be found in the 

literature, both in the strict point-dipole interaction limit (e.g., [15, 16]), and for various 

excluded area and/or volume scenarios (e.g., [16–19]).  In recent years, possible 

localization of functional proteins into rafts in cell plasma membranes has been investigated 

by FRET between both unlike [see 4, and, e.g., 20–29] and like [28, 30] donors and 

acceptors.  However, as far as the authors are aware, no theory so far presented in the 

literature accounts in detail for the most common experimental case of expected surface 

distributions of the donors and acceptors on separately D- and A-labeled probing proteins.  
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A numerical integral solution for a spherical, randomly surface-labeled protein model is 

presented here, and applied to a literature example [20] of putative cell-membrane raft 

proteins specifically probed with separately surface-labeled D- and A-bearing antibody 

fragments (Fab), to test whether or not the reported FRET data might be consistent with the 

presence of rafts.  

Theoretical basis 

 The efficiency E of FRET for a random planar two-dimensional distribution of A 

about D in the point-dipole interaction limit, is defined by: 
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efficiency of 50%. 
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    INSERT Figure 1 HERE 

 Figure 1 depicts a single pair of separately D and A surface-labeled identical 

spheres in a population randomly distributed over a plane.  The plane corresponds, in the 

present context, either to the plane of a raft or to that of an area outside rafts.  For such a 

population, the energy transfer efficiency from donors to acceptors when the area around 

the donor-bearing protein is effectively infinite (e.g., in rafts for raft dimensions , so 

that edge effects are negligible) is given by: 
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where the integration variables α, R, and ψ are defined as in Figure 1, r  is the radius of the 

labeled spheres, and  now the effective (pseudo-)2-dimensional number concentration of 

acceptor molecules per unit area, equal to that of the spheres themselves multiplied by the 

labeling ratio (average number of acceptors per sphere).  

Ac

( )tR ,,,J ψα  is given by: 

( ) [ ] [ ]( )[ ] ⎟
⎠
⎞

⎜
⎝
⎛ +++++−−=

−32/122226
00 coscos2cos22/exp1,,,J αψψτψα RrrRRrrRRttR D

                         (3) 

    INSERT Figure 2 HERE 

  The FRET efficiency given by Eq. (2), presented as a function of  normalized to 

units of number concentration per  for sphere radii 

cA

2
0R 2/0Rr =  appropriate to the case in 

hand (see below), is contrasted in Figure 2 with that predicted by the simple D-A case of 

Eq. (1).  The large differences in the courses and rates of change of E  with  are due to 

the relatively large excluded volumes of the spheres from and into which transfer cannot 

occur. 

Ac

 A simple model of partitioning of the raft-specific “marker” protein P into raft areas 

making up an overall fraction  of the cell surface area, the individual raft areas 

themselves being distributed randomly over the cell membrane surface, is applied.  

Specifically D- and A-labeled anti-P Fab fragments monitor the partitioning of P between 

raft and non-raft regions according to their overall concentrations (expression level in the 

case of P) in the membrane, and their common partition coefficient : 

Rf

pK

RPPRRAARRDDRp ccccccK ===                 (4) 

where  are the donor and acceptor fluorophore, and raft-specific component P 

number concentrations, respectively, within raft areas, and 

PRARDR ccc ,,

RPRARD ccc ,,  those outside the 

raft areas.  The observed FRET efficiency is the average of that for donors within individual 
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raft areas, , and donors outside the rafts, raftE raftE , weighted by the fraction of donors in 

each situation:  and DRf DRRD ff −=1 , respectively: 

)()1()()( ATraftDRARraftDRAT cEfcEfcE −+=                (5) 

where,  is the effective average number concentration of acceptor fluorophores per unit 

area of total membrane, which is appropriate for transfer from donors situated outside raft 

areas to all acceptors, both without and within raft areas, while  is appropriate for 

transfer from donors within the raft areas in the absence of edge effects (these effects, 

which become significant when the raft dimensions approach , do not qualitatively affect 

the analysis and conclusions here, and will be discussed elsewhere).  The latter 

concentration is given by: 
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while the fraction  of donor (as also equivalently the fraction of acceptor A, fraction of 

total antibody fragment, and fraction of antigen P) in raft areas is given by: 
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The overall fractional area taken up by rafts depends on the expression level of the raft-

specific component P of interest, and is taken to be given by a simple saturation function: 
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where K is the equilibrium constant, and c  is the surface concentration of P, given by: P
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in which  is the (average) acceptor labeling ratio per Fab molecule, As DA:ρ  the ratio of A-

labeled to D-labeled Fab, and S the degree of saturation of the antigenic sites. 
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Application and Discussion 

 The above theoretical treatment is applied here to data reported in the literature 

([20], Figure 4b: FRET efficiency vs. acceptor intensity for DA:ρ  = 3), and kindly made 

available to the authors, together with a calibration factor of 6.0×10−5 per  for the 

number concentration of acceptor in terms of acceptor intensity.  These data were obtained 

by imaging FRET microscopy, and relate to the distribution of the 

glycosylphosphatidylinositol-anchored protein 5′-nucleotidase (GPI-anchored 5′NT), a 

putatively raft-associated enzyme, in the outer half of the apical bilayer plasma membrane 

of a transfected cultured Madin-Darby canine kidney cell line (MDCK Type II).  The Fab 

fragments specific for the protein were labeled separately via their surface lysine 

2
0R

ε -amino 

groups with the fluorescent cyanine dyes Cy3 (donor) and Cy5 (acceptor, labeling ratio 

). These dyes form a FRET pair having a Förster  taken to be 51.4=As 0R  nm [20].  3:1 

mixtures of the A-labeled to D-labeled Fab preparations were applied at saturating 

concentrations (S = 1) of 200 μg/mL total Fab to the cells on a cover slip, and the cells 

subsequently fixed with 4% formaldehyde.  The overall concentrations of acceptor in the 

selected membrane regions of interest were monitored by the fluorescence intensity of 

directly excited acceptor Cy5.  The FRET efficiency averaged over a small single selected 

square patch of apical plasma membrane per cell was determined on each of 72 separate 

cells, using the donor bleaching method as described in [20].  On the basis of their 

modeling, Kenworthy and Edidin [20] concluded that a small fraction of rafts, maybe up to 

25% of the total surface area, would not have been detected, and that simple clustering of 

small numbers, for example dimerization, of the specific molecules would explain their 

findings  However, it may be noted that the measured data (reproduced here in Figure 3, 

below) appear to level off at quite a low FRET efficiency (here around 25% or so), a feature 

strongly qualitatively shared with virtually all the rest of the data displayed in [20].  On the 
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other hand, their dimer simulations presented in Reference 20, Figure 5 (actually relating to 

a different, albeit similar, data set), for example, indicate a continuing increase in FRET 

efficiency with concentration at the overall levels observed.  This leveling off is, at least 

qualitatively, consistent with the presence of a two-component system, of raft and non-raft 

regions, each having random distributions of the antigen within them, but at higher 

concentrations within raft areas than outside.  Using the above theoretical treatment, the 

consistency of such a raft model with the data was checked. 

 Making use of the calibration factor supplied, but adjusted for projected area effects 

(see below), these data were fitted for K and  according to Eqs. (5)–(9), together with 

efficiencies given by a slightly modified form of Eq. (2), introduced to take account of a 

low level of background FRET (to other, naturally occurring, acceptors in and/or close to 

the membrane) found experimentally in this case (efficiency 2.5%).  The effect was 

approximated as a simple competing process shortening the lifetime of the donor in absence 

of the specific added acceptor, by entering in the first exponent in Eq. (2) the lifetime that 

would give rise to this effect instead of the lifetime 

pK

D0τ  of the donor in absence of any 

acceptor.  The analysis was carried out by unweighted non-linear least squares fitting of the 

theoretical E( ) relationship to the acceptor intensity data using the Globals Unlimited™ 

(Laboratory for Fluorescence Dynamics, Urbana, Illinois, USA) software package.  In order 

to minimize the complexity, and thereby insupportable inefficiency, of a non-linear least 

squares analysis of the experimental data using the multiply-integrating theoretical 

relationship directly, a simpler relationship was substituted and employed for the analysis.   

The form chosen was multi-exponential in the acceptor concentration.  Its parameters (pre-

exponentials and multipliers of the acceptor concentration in the exponents) were obtained 

by fitting to the theoretical course of FRET efficiency given by Eq. (2) modified as above 

for background FRET, using the “Find” function in MathCad 2001i (MathSoft, Cambridge, 

Ac
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Massachusetts, USA).  A sum of seven exponentials was found to be required to fit the 

theoretical function to a tolerance of better than 10−4 across the concentration range 

displayed in Figure 2. 

 The intensity to number concentration calibration factor supplied by the authors (see 

above) was not used directly, as it assumed an effective cell surface area equal to the 

projected area under the microscope.  Visualization of MDCK Type II cell plasma 

membrane surfaces show the presence of many microvilli, approximately cylindrical 

protrusions.  Estimates of about 20-22% for the fractional surface area taken up by 

microvilli were made from micrographs of freeze-fractured monolayer-cultured cells [31, 

32], i.e., a density of ~13-14 per μm2 and radius of about 70 nm [31, 32].  Other estimates 

made of the latter from the literature were ~80 nm [33], and ~60 nm [34].  Microvillus 

lengths are much less certain, varying from an average of ~0.2 μm [35], through estimates 

made from the literature of ~0.5 μm [34] to up to between ~1 and 2 μm [33].  Here, 

“representative” values of 13 per μm2, 0.07 μm, and 1 μm are taken for the density, radius 

and length, respectively, leading to an overall true-to-projected area ratio of about 6.7, and 

thus a “representative” calibration factor close to 9×10–6 per  (i.e., per 252
0R  nm2).  This 

value was used in the analysis, as were also values 3-fold larger and smaller to obtain some 

estimate of the tolerances of the derived parameters. 

INSERT Figure 3 HERE 

 Excellent fits to the data were obtained in each case, as can be seen in Figure 3.  The 

small initial lag in the onset of FRET efficiency with concentration is caused by the 

concentration-dependence of raft formation in the model applied.  For the calibration 

factors (3×10–6, 9×10–6, 27×10–6) per , the fitted values were K2
0R  ~(14.4, 16.6, 27.2) , or 

(75, 225, 675)×10

2
0R

−6 μm2, and pK  ~ (169, 55, 18), respectively.  From these, using Eqs. (6)–
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(9), maximum number concentrations of ~ (6.86, 6.96, 7.27)×10−2 per , or ~ (2.72, 2.75, 

3.01)×10

2
0R

3 per μm2, were obtained for the total antigenic protein in the putative rafts, 

together with maximum fractions of surface area taken up by raft of ~(0.10, 0.20, 

0.38), and maximum fractions of antigen in raft areas of 

max
Rf

[( max)1(1/ −+ pRpR KfKf ]) ~(0.925, 0.931, 0.944).  The maximum number concentrations 

of total Fab in raft areas are very similar for all three calibration factors.  They are more 

than an order of magnitude smaller than that corresponding to its close hexagonal packing 

limit of just over one molecule per  (2
0R 3/2 , or ~ 1.154) and thus appear to be physically 

reasonable.   

 

Conclusions 

 In the above, a simplified quantitative raft model is described and used to interpret 

FRET data for D- and A-labeled Fab bound to cell plasma membrane “marker” proteins 

putatively partitioned into rafts, modeling raft formation as dependent on their expression 

level.  As the basis for analysis according to this model, theoretical FRET efficiencies as a 

function of effective acceptor concentration were derived for donors and acceptors 

considered as point dipoles randomly separately distributed on the surfaces of spherical 

antibody fragments bound specifically to the raft “marker” antigens in locally 2-D random 

distributions within and outside raft areas. 

 Despite the effect of uncertainties in estimation of true-to-projected overall cell 

surface areas, it is shown that the model of raft formation applied in this study is not 

incommensurate with the data taken here as a paradigm for the FRET investigations 

reported by Kenworthy and Edidin [20], and lends quantitative support to the raft 

hypothesis, at least for the apical plasma membranes of the transfected MDCK II cells used 

in those investigations.  While the existence of rafts in the membranes of these cells is not 

 8



Revised manuscript    25th October 2005 

thereby unequivocally proved, the Kenworthy-Edidin FRET results are inferred to be 

consistent with at least the simple model of raft formation invoked here.  Ongoing work 

comparing this with other raft models as well with specific dimer ones for all the Fab data 

provided, including that for different ratios of donor-labeled to acceptor-labeled Fabs, will 

be reported at length elsewhere. 
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Figure Captions 

Figure 1.  Geometrical relationships of arbitrarily placed FRET donor (D) and acceptor (A) 

moieties on the surfaces of separate spheres of radius r lying on a plane at center-to-center 

separation R ≥ 2r. 

Figure 2.  FRET efficiency as a function of acceptor number concentration  per  

(logarithmic scale) for surface D-labeled and A-labeled spherical proteins of radius  

(right), together, for comparison, with the equivalent trace for free D and A in the point 

dipole limit (left).  Inset: FRET efficiencies as above vs.  on linear scale, for comparison 

with Figure 3. 

Ac 2
0R

2/0R

Ac

Figure 3.  Optimal fits of theoretical model of FRET (lines) between surface D- and A-

labeled Fab probes of GPI-anchored 5′NT partitioning between putative raft and non-raft 

areas of the apical cell plasma membrane of MDCK Type II cells to data (open circles) of 

Kenworthy and Edidin (Reference 17, Figure 4b, D-Fab: A-Fab 1:3; additional 

experimental data points corresponding to higher fluorescence intensities not appearing in 

that figure were supplied, and were included in the analysis presented).  The fits were 

obtained using intensity calibration factors of (3, 9 and 27)×10−6 per  (i.e., per 252
0R  nm2) 

[respectively, short dashed, solid, and long dashed lines] corresponding to the factor 

supplied by the authors for projected area [20] modified to take account of the presence of 

microvilli as described in the text.  The apparent offset in FRET efficiency at zero 

concentration of acceptor accounts for the small degree of FRET to native acceptors (2.5%) 

observed experimentally in absence of added specific acceptor. 
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