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RESONANCE ENERGY TRANSFER IN MEMBRANE SYSTEMS
II. EFFECT OF SURFACE CURVATURE
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The model of resonance energy transfer (RET) in lipid particles and small lipid vesicles is presented. It is shown
that RET in lipid particles becomes independent of surface curvature when particle radius threefold exceeds Forster
radius. For small lipid vesicles containing two donor and one acceptor spherical array the contribution of curvature
effects to the RET efficiency is found to increase with decreasing Forster radius and increasing the separation
between donor arrays.
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Resonance energy transfer is currently regarded as one of the most appropriate physical methods
providing information on the spatial relationships in biomembranes. Correct application of this method
requires taking into account peculiar geometric conditions occurring in membrane systems. These conditions
are determined by dimensionality of fluorophore distribution, curvature of lipid-water interface, separation of
donor and acceptor arrays, organization of acceptor assemblies, efc.[1-3]. Relative contributions of the above
factors to the RET efficiency have been evaluated in a number of theoretical studies considering the systems of
different geometries [4-9]. Our previous paper has been focused on characterizing the RET dependence on the
dimensionality of donor and acceptor distribution in a membrane [10]. As a next step of theoretical analysis, in
the present study it seems of interest to assess the extent to which RET efficiency is affected by the curvature of
membrane surface.

THEORY

Model of resonance energy transfer in small lipid particles
Let us consider lipid particle of radius R, containing spherical arrays of donors and acceptors separated by
a distance d (Fig. 1). In terms of the formalism described in more detail previously [6,10] relative quantum
yield of a donor ((J,) can be written as:
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where Qp, Op, are the donor quantum yields in the absence and presence of acceptors, respectively, R is the
distance between donor and acceptor, @, is the half-angle corresponding to spherical segment containing N

acceptor molecules involved in energy transfer, Ry is the Forster radius, A=t/7,, 7, is the lifetime of an excited
donor in the absence of acceptors. The probability of finding acceptor within the spherical layer between the
angles & and 8+ d@ is given by:
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where R, is the radius of the sphere beyond which energy transfer is becoming negligibly small. By denoting

the surface acceptor concentration C“ and the area of spherical segment S,,, one obtains:
ccep P 2m 2
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When acceptors reside in the pamcle interior deeper than donors the following relationship holds:
N,B
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where N is the number of lipid particle per litre, related to molar concentration of lipid (L) and volume of lipid
3NV,

47:RS3

molecule (V) as: Ny = , B is molar concentration of bound acceptor, N, is Avogadro’s number.

Fig.1. Diagram of parameters used in the model of energy transfer in small lipid particles and vesicles.

In the case where donors are located deeper than acceptors egs. (4,5) become:

S, =2R(1-sf); ¢ -DiB (6)
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Note that R, values taken as 3R, for the majority of donor-acceptor pairs are greater than 5 nm [1]. Therefore, for
small lipid particles (micelles) whose diameter does not exceed 5 nm, it appears that (2R, - d) < Ry, i.e.
@;=mand parameter N can be regarded as corresponding to the number of acceptor molecules per lipid particle.

Model of resonance energy transfer in small unilamellar lipid vesicles
In a similar manner one can treat the case when the donors and acceptors are uniformly distributed on the
surface of concentric spheres in the bilayer of small lipid vesicles. Two possibilities must be considered —
acceptor spherical array resides between two donor arrays and donor spherical array is situated between two
acceptor arrays. The fractions of donors or acceptors on the outer or inner spheres can be calculated as follows:
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When acceptor sphere resides between two donor spheres energy transfer can be described by the following
relationships:
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DISCUSSION

Using the above equations we made an attempt to assess the curvature effect on the energy transfer
efficiency. Shown in Fig. 2 are theoretical dependencies of the relative quantum yield of a donor on the surface
acceptor concentration, calculated for the Forster radius being 2 or 5 nm and particle radius varying from 2 to
20 nm. Simulation results show that the differences between theoretical curves become negligible for R:>3R,,
i.e. when particle radius more than threefold exceeds Forster radius energy transfer does not depend on the
surface curvature and can be treated as occurring in a plane. This is valid for donors and acceptors separated by
a certain distance d or located at the same spherical surface (¢=0). Meantime, for the particles whose radius is
less than 3R, curvature effects cannot be ignored. Interestingly, the magnitude and sign of these effects clearly
depend on the distance between donor and acceptor arrays, acceptor concentration and Forster radius.
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Fig.2. Quenching profiles calculated according Egs. (1)-(6) for lipid particles.

Comparison of the donor quenching profiles obtained using Eqgs. (7)-(12) for small lipid vesicles also allowed to
disclose some features of the RET dependence on surface curvature. Fig. 3 shows the increments of ), values
calculated as a function of R, for varying d, and d,.

Analysis of these simulation data indicates that curvature effects tend to enhance with i) decreasing R,; ii)
lowering d, and iii) increasing d, values. It is noteworthy that most pronounced dependence of RET efficiency
on the vesicle radius is observed for R, lying between 10 and 20 nm. By applying the above models in

analyzing experimental results one could estimate the distances between the spherical arrays of donors and
acceptors in the lipid monolayers or bilayers.
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Fig.3. Effect of vesicle curvature on energy transfer efficiency.

CONCLUSIONS

Theoretical consideration of resonance energy transfer between donors and acceptors distributed in the
interior of lipid particles or small bilayer vesicles suggests that contribution of curvature effects to the transfer
efficiency becomes more significant with decreasing the particle (vesicle) radius to Férster radius ratio. In the
cases where this ratio is less than ~ 3 obtaining adequate structural information requires the surface curvature
to be incorporated as one of the parameters of theoretical model employed in analyzing experimental data.
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ITHAYKTHBHO-PE3OHAHCHUH NEPEHOC EHEPI'Ti B MEMBPAHHHUX CUCTEMAX
II. POJIb KPUBU3IHH ITOBEPXHI

I'.I1. I'opbenxo, €.0. lomanos
Xapriscexuit nayionarenuil ynigepcumem im. B.H. Kapasina, 61077, Xapxis, nn. Ceoboou, 4

3anponoHOBaHO MOMEb iHAYKTHBHO-PE3OHAHCHOTO MEPEHOCY SHEPril B JMIMMX 9aCTWHKAX T4 BE3MKYIaX, 10 MalOTh
paniyc, sakuit we mepepumye 50 nm. Tokasano, mo eeKTHBHICTH MepeHOCY eHeprii B NiMiZHMX YacTHHKAX BTpagac
3AN1€KHICTE Bi2l KPHBH3HM NOBEPXHI, KOMM paiyc YacTHHKH Giten Hisk BTpuyi nepepuurye paniyc ®eperepa. Beranornewo.
WO BKAal eeKTy KPHBHIHH B e(DEKTMBHICTh MEPEHOCY B JIMIZHUX BEIUKY/IAX HEBEIMKOrO PO3MIpy, WO MiCTATH IBi
cepuuni nosepxHi Jokanizauii AOHOPIB, MK AKMMH PO3MillleHi AKUENTOPH, MiABMILYCTHCA MPH 3IMEHIUCHHI padiyey
MdepcTepa Ta NpM 3pOCTaHHI BiJICTaHi MiX ITOBEPXHAMH JI0HOPIB. ;

KJKOYOBI CJIOBA: inykTHBHO-PE30HAHCHHH NepeHoc eHeprii, MeMOpaHHi CUCTEMH, KPMBH3HA [TOBEPXHi,



