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The conventional method of studying mass transport in membranes by spot photobleaching and then foflowing the recovery of fluorescence has disadvantages. Among them, the need for a high density of fluorescent molecules, the measurement of the beam profie, and a knowledge of the photobleaching processes are of a crucial importance. The application of a planar fringe pattern of light both for the bleaching and the monitoring of the fluorescent molecules solves these three major difficulties. Brownian diffusion coefficients anjd flow velocities can be measured independently and are averaged over the whole fringe pattern volume. These transport coefficients are explored over the wide range of experimentally accessible distances (from an interfringe spacing 0.5-50 Am). The quantification of the mobile and immobile components is further simplified by scanning the fringe pattern and detecting only a modulated fluorescence recovery signal. The fringe pattern photobleaching method is particularly adapted to the measurements of diffusion coefficients and flow velocity of membrane components, as well as of cytoplasmic proteins. The theoretical results and the test experiments with fluorescent bovine serum albumin are described. Key words: diffusion/flow velocity/fringe pattern/photobleaching



Introduction The lateral motions and the distributions of molecules in membranes play significant roles in cellular metabolism. Lateral mobility is particularly involved in the formation of heterogeneous regions on a cell surface, during membrane surface endocytosis and recycling (Matlin et al., 1981) in synaptic spot formation (Axelrod et al., 1976a), and specific ligand-receptor recognition (Dragsten et al., 1979). New techniques have emerged to measure the translational mobility of fluorescent molecules within cell plasma membranes (Peters et al., 1974; Edidin et al., 1976) or artificial membrane preparations (Schindler et al., 1980). One of the methods is based on the photobleaching of the fluorescent molecules in a small area of the sample and the subsequent observation of the recovery of fluorescence in that area (Axelrod et al., 1976b). Fluorescence recovery after photobleaching can also be applied to the study of the mobility of molecules within the cytoplasm of living cells (Wojcieszyn et al., 1981) and to the diffusion of biopolymers in solution (Lanni et al., 1981). This elegant technique (recently reviewed by Peters, 1981) is limited in its applications because of factors such as the beam damage to the cell, the limit in the density of detectable molecules (103-j10 molecules/A4m), the *To whom reprint requests should be sent. © IRL Press Limited, Oxford, England. 0261-4189/82/0110-1233$2.00/0.



assumed first order rate constant of the photobleaching reaction, and the necessity for the intensity of the incident beam to have a well defined profile. In the present article, we describe an improved version of this method: using a sinusoidal profile (fringe pattern) of light, accurate transport coefficients can be determined with a high sensitivity. The method of periodic pattern photobleaching (introduced by Smith and McConnell, 1978; Smith et al., 1979) shares some of the advantages discussed here. Their procedure needs real-time image recordings combined with a data processing system. Here we propose three basic modifications of the Smith-McConnell procedure: (1) the photobleaching light pulse is produced by two interfering high intensity laser beams; (2) the detection also uses interference fringes with the same periodicity; (3) the position of this attenuated fringe pattern (but not its amplitude) is varied by mechanical vibration of a mirror. A photomultiplier associated with a lock-in amplifier measures the relaxing amplitude of the fluorescence concentration profile. The procedure was tested by measuring the diffusion of bovine serum albumin (BSA), labelled with fluorescein isothiocyanate (FITC), in water-glycerol solution. In this paper we discuss the simulation of the data and the attainable signal-to-noise ratio, together with the design of the instrument.



Results Theoretical results Transport properties of a given fluorescent species are obtained from the observation of the relaxation of a nonuniform concentration profile. For Brownian diffusion the concentration of fluorescent molecules in a three-dimensional medium can be described by the mass diffusion equation: a c(r, t) = D V2c(r,t) (1)



where c(?, t) is the concentration of fluorophore at time t in a small volume around coordinate x,y,z of a vector r.:D is an isotropic lateral diffusion coefficient. Assuming an infinite medium, a Fourier transform of eq. (1) gives: a c(q, t) = -Dq2C(4, t) (2)



with C(q, t) = (2) -3/2 Ic(r, t) exp (j qr)d3r. The solution of (2) is:



(3) C(Q,o)exp( - Dq2t) where C(q,o) is the initial concentration of fluorescent molecules in the Fourier space immediately after photobleaching. The total fluorescence intensity emitted by the sample, when excited with a monitoring beam of intensity



Cq, t)



=



profile I(F), is proportional to F(t): = Ic r, t)I(F )d3r = IC(F, t)I(-q)d3q where I(- j) = (2X)- 3/2 jI(7)exp(-jqjrF)d3r.



F(t)



(4)



Combining equations (3) and (4) we find the general expression of the fluorescence recovery signal in any photobleaching experiment: 1233
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(5) F(t) = jexp(-Dq2t)C(Qo)I(- if)d3q The knowledge of the beam profile I (F) is required to determine the terms I(- q ). On the other hand, the order of the photobleaching reaction associated with the bleaching light intensity creates the initial distribution of C (qo). Both terms are important for deducing the diffusion coefficient D from F(t) (for a detailed analysis, see Axelrod et al., 1976b). Instead of F(t), one can measure the terms C(q, t) from numerical Fourier transforms of time-lapsed recorded images (Smith et al., 1979). We propose a simplifation of this method, in which a real fringe pattern with interfringe spacing i is formed in the volume of two crossing coherent laser beams. These planar interference fringes provide a way of producing a light intensity profile which in fact contains two Fourier components: one for Iq =0 (mean incident light level) and one for a fixed wave vector (IqoI = 2X/i) lying along an axis normal to the fringe planes (spatially modulated light level). Thus, the fluorescence intensity signal is a superposition of a constant component C(o, o) and a purely exponential decaying component associated with the wave vector q': exp ( - Dq1t)C(Q,o). The contrast obtained in the experiment (i.e., the ratio of the relaxing part of the fluorescent intensity to the constant part) will be dominated by two quantities: (1) the initial concentration profile at wave vector &0: C($O,o); (2) the spatial distribution of the observation light I(- q). We shall further consider separately those two quantities. Influence of the initial concentration profile offluorescent molecules. Obviously, it is an advantage to start with a concentration profile modulated at the particular wave vector qo. To simplify the description, we suppose that the bleaching pulse is composed of an infinite number of planar interference fringes and these are normal to the x axis. The light intensity profile is given by: (6) I(F) = Ib [1 + cos4aO.))] where Ib is the mean level of the bleaching light intensity. The corresponding initial concentration profile is not obvious. It depends upon the sequence of chemical reactions, as well as upon the duration and intensity of the incident light. It is usually a difficult task to test these initial conditions experimentally for each sample. Many of the methods for calibrating the experiment (beam size, order of the photochemical reaction, etc.) have already been discussed (Axelrod et al., 1976b). For a first order reaction, induced by a pulse whose duration (At) is much shorter than the characteristic diffusional time constant, the initial distribution is described by: c(r,o) = co exp (- aI(r)t) where a is the first order photolytic reaction rate constant and I(F) the light intensity profile of equation (6). Thus the complete equation becomes: (7) c(r,o) = co exp [-K(1 + cos(qo. 1)] where K = aIbAt is the mean bleaching efficiency index (Axelrod et al., 1976b). In Figure 1 the initial concentration profiles c(r,o) are shown for different K values. As can be seen from equation (5), the important determinants for the analytical solution of the fluorescence recovery signal are the Fourier components An(K,o) of c(r,o). For an infinite number of fringes, the concentration profile is expanded in the following Fourier series:



c(r, t)



=



c0



nf= 0



S



An (K,t) expV(fiqO.x )



(8)



n = -0o



The initial Fourier coefficients An(K,o) can be calculated 1234
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Fig. 1. Simulation of the concentration profile of fluorescent molecules immediately following the bleaching pulse. A first order photolytic reaction was achieved by an incident light intensity profile sinusoidally modulated in one direction. The curves correspond to different photobleaching efficienaes K, as defined in the text.
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Flg. 2. Plot of two Fourier components of the concentration profile of fluorescent molecules just after receiving the bleaching light pulse. A first order photobleaching reaction was used and the components are plotted as a function of the photobleaching efficiency K. A(K,o) is the component at zero wave-vector, and represents the average concentration of the fluorophores (base line). A(K,o) is the component at wave vector q. = 2ir/i, where i is the interfringe spacing of the bleaching light profile. The dotted line represents the signal-to-noise ratio of the experiment for A (K,o)(AO(K,o))- 1/2, B = 1 see equation (12).



(Schwartz, 1965) from an expansion of eq. (7), giving An(K,O) - (- )nIn (K)exp(- K), where In(K) is a modified m=oo Bessel function In(K) = S (K/2)(n + 2m)[n!(m + n)!] -. m=0 In Figure 2 we show how the coefficients AO(K,o) and A 1(K, o) vary as a function of K; these two coefficients represent, respectively, the mean concentration in fluorescent molecules and the amplitude of the fluorescence at wave vector qo just after the bleaching pulse. This latter has one maximum: A 1(K, o) = 0.22 for K= 1.5. By combining equation (8) with equation (1), we have:



Fluorescence recovery after fringe pattern photobleaching



An(K,t) = An(K,o) exp(-n2q6t) (9) Other reaction schemes (possibly having orders of reaction > 1) or different bleaching times, At, affect only the explicit expressions of the initial coefficients An(K,o) with the same time dependence for each spatial component An(K,t). Influence of the monitoring beam intensity profile upon the fluorescence recovery signal. The sine profile of the fringe pattern performs a real time Fourier transform of the fluorescence concentration profile. If 4 denotes the spatial phase shift between the intense fringe pattern (which bleaches the fluorophore) and the attenuated (IO) measuring fringe pattern, then the final monitoring light intensity profile is



a.1



given by Imon(r)= Io[I + cos(qO.F+ 4)]. Combining equations



(4), (5), and (9) gives the following fluorescence signal: (10) F(t) = IOCO[AO(K,o) +A 1(K,o)exp( - Dqo2t)coso] This is the solution of equation (5) for an infinite fringe pattern. Of course, the finite size of the beam reduces the number of fringes N(N= irw/i, where w is the e-2 radius of a Gaussian beam). A complete calculation for a fringe pattern having a Gaussian envelope shows that the relative accuracy for the half-time of diffusion is -N-2 (to be published elsewhere). For the present discussion, we have neglected the effect that a limited number of interference fringes has on the calculations. When applying equation (10) to experimental situations, several limiting cases can be recognized. If the term cos(4) is constant, the only time dependence in F(t) comes from the relaxation term exp(-Dq2t), and this gives a direct measurement of the diffusion coefficient D of the fluorescent molecule. However we see from Figure 2, that for small K (weak bleaching efficiency), the relaxing amplitude A 1(K,o) can be very small as compared to the constant term AO(K,o). In order to remove this latter, we modulated the term cos 4. Figure 3 shows the fluorescence recovery for 4 = 0 (bottom curve), for 4 = Xr (upper curve) and for 4 varying periodically between 0 and 7r. Thus, using this approach, one can measure the amplitude (proportional to A1(K,o)exp(-Dq2t)) of an alternating signal of known frequency. Such a phase modulation allows the recording of only the relaxing part of the fluorescence concentration profile. Sinusoidal modulation ofthephase and influence of a flow velocity. Practically, the fringe pattern can be shifted by a controlled mechanical sine vibration of a mirror which is driven in a direction normal to its surface. Therefore, we set +(t) = usin(wt) + 00, where u is related to the amplitude of the oscillating mirror and 4) represents an additional constant fringe pattern shift. It is worth noting that a uniform flow velocity gives a linear displacement of the periodic fluorescence concentration profile. Furthermore, it can be demonstrated that a uniform flow results finally in the following definition for 4): fo=



Vqot.



Taking account of both diffusion and uniform flow, the fluorescence signal is then proportional to: A O(K, o) + A 1(K, o)exp(- Dq3t)cos(usinwt+ V qot). This signal can be decomposed into a harmonic series with respect to the fundamental modulating frequency (w/2ir) of the modulation: n= oo



F(t) = n=O



Lf2n(t)cos(2nwt)



+ ff2n+ (t)sin((2n + 1)w)]
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,at Flg. 3. Theoretical fluorescence recovery signal as a function of time as monitored by an attenuated fringe pattern (periodicity i) produced by two interfering laser beams. The bottom continuous line corresponds to a phase difference between the two beams 4 = 0, the upper curve to X = ir, while the wavy line corresponds to a periodic variation of O(t) with time. The modulated part of the signal is proportional to AjK,t) (amplitude of the Fourier component of the concentration of fluorophores at q. = 2wr/i) while the d.c. part is proportional to the average concentration of fluorescent molecules AJK,o).



where:



f2(t) = 2A (K,o)J2(u)exp(-Dq2t)cos(V.ifot); (n*O) fm + 1(t) = 2A5(K,o)Jm + 1(u)exp(- Dqyt)sin(V q;t); fo(t) = Ao(Ko) +A 1(K,o)Jo(u)exp( - Dq2,t)cos(V4q,t)O (11) with the Bessel function Jn(u). Three independent variables are accessible simultaneously in one experiment: the time independent component fo'(t) = fo(t) - [JJ(u)/(2J2u))] fit), the odd and even harmonic components, respectivelyf1(t) and f2t). As a consequence of the modulation of the fringe pattern position, one can easily measure transport coefficients (lateral diffusion coefficient and uniform flow velocity), using the mean level of fluorescent light as an independent control. Curve fitting and determination of transport coefficients. In the absence of flow, the semilogarithmic plot of fit) displays an exponential decay characterised by r 1 = Dq3 (see Figure 4), giving D = P/47r2T. The asymptote will provide the immobile fraction, if this is absent, fit) should relax to the zero level. Multiple diffusional kinetics can be determined with the usual restriction concerning the analysis of a sum of exponential decays. The presence of a constant flow velocity introduces an additional modulation in the amplitude of the two terms fi(t) and fit), as schematically illustrated in Figure 4. The flow velocity V can be deduced from the time difference between two maxima: t = 27r4(,0- -1 for qo V>Dqo. Even a very slow directional flow (yO V(u) tang(V qot) -Jtu) Simulfit Ji(U) Ji(U) taneously the diffusion coefficient D can be deduced from the time dependence of the quantity:



A22(t) + (Jiu))fi(t)) Jl(u)



=



[J2(u)exp(-Dq6t)]2



The above expression yields a measurement of lateral diffusion under the condition V 
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