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they also showed that the experimental FRET efficiency could be
reproduced through a theoretical approach using Gaussian Chain
or wormlike chain models of the flexible linker, combined with a
geometrical correction accounting for the distances between the
centres of the FP’s and the end point of the chains. It is feasible
that an analytical expression for the dependence of C∞ on FRET
efficiency and the number of residues in the flexible chain can be
extracted. The principle objective of the work reported here is
to present such an expression, obtained through a simple theoretical model whose salient properties are detailed using Monte
Carlo simulation.
Typically, the FRET efficiency I, the fraction of energy transfer
events per donor excitation event, falls off quickly with distance
between the FPs, and can be approximated by the expression,
I(R) =

1
1 + (R/R0 )6

(1)

with the Föster Radius, R0 ∼ 4−5 nm, giving the distance at which
the energy transfer efficiency is 50% and R is the distance between
the macro-particles. The most common method to estimate the
average FRET efficiency, hIi, is through the ratio of the emission
intensity of the acceptor FP to that of the donor (also called the
FRET sensitised donor-to-acceptor intensity ratio or simply the
emission ratio), as measured in experiments by a method known
as ratio-metric FRET 29 .
In our approach, the fluorescent proteins are modelled as two
non-overlapping spherical macro particles of diameter σ e.g. σ
= 24 Å (which corresponds to the minimum inter-chomophore
distance between two GFP proteins). In the absence of any
explicit attraction between the fluorescent proteins, the FRET
probe interactions can be modelled using an effective potential
V (R) = Vs (R) +Vl (R). Where Vs ensures that the spherical macroparticles cannot overlap (Vs (R) = ∞ if R < σ and is zero otherwise). The linker part of the interaction is a simple isotropic pair
potential with the form.
Vl =

(

∞

if R > L/2

0

otherwise

(2)

Geometrically, this can be visualised as two non-overlapping
macro-particles free to move inside a sphere of diameter L. In
our Monte Carlo model, we fix the Föster radius at R0 = 48 Å,
and the FP diameter D0 = 24 Å. All the experimental system we
choose to model have values of R0 and D0 similar to these typical
values used in our simulations.
Using the Boltzmann distribution,
the equilibrium
averages of observables such as the mean square displacement
hR2 i, or the FRET efficiency, hI(R)i ≡ hIi, are easily estimated
through the Monte Carlo simulation approach, as detailed in section 2 of the supplementary information. 30 The estimated average FRET efficiency is plotted as a function of the parameter L in
the insert of Fig. 1, and its dependence can be accurately fit by
the functional form
Pmacro (R),

1

hIi =
1+

2|

L−a(R0 ,D0 ) c(R0 ,D0 )
b(R0 ,D0 )

1–4

(3)
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The values of the parameters that provide the best fit to our Monte
Carlo calculations are a(R0 , D0 ) = 0.8309, b(R0 , D0 ) = 2.6614 and
c(R0 , D0 ) = 2.323. In general these quantities depend on R0 and
D0 , so different simulations and fits need to be determined for
each choice of these model parameters.
To compare the average FRET efficiency hIi of the model with
experiment where the linker length, L, is given in terms of the
total number of residues, N, it is necessary to relate L and N.
This was done by first computing the mean square center-tocenter distance between the macro particles, hR2 i, as a function
of L, to find hR2 i ≈ d(R0 , D0 )L2 + e(R0 , D0 ). Here the quantities
d(R0 , D0 ) = 243.06 and e(R0 , D0 ) = 285.30 Å2 are determined again
by fitting the hR2 i obtained from our Monte Carlo calculations,
as detailed in section 1 of the supplementary information. For
an experimental system, if the linker is sufficiently flexible, the
center-to-center distance can be approximated as a Gaussian random walk for which we find, hR2 i−D0 2 = C∞ Nb0 2 . Equating these
two expressions for the mean square distance we obtain
N=

dL2 + e − D20
C∞ b20

(4)

This equation can be combined with Eq.3 to predict the dependence of hIi on the number of residues, N.
By combining Eq.3 and Eq.4 we can estimate C∞ for a flexible
peptide of N residues directly from the experimentally measured
hIi according to the following result:
C∞ =

[d(b(hIi−1 − 1)1/c + a)2 ] + e − D20
Nb20

(5)

The experimental points presented in Fig.1 (symbols) were used
in the above result to obtain values of C∞ for various systems. The
averages of the experimentally determined C∞ values for each
system are given in Table 1. Using these results in our analytical expression for the dependence of hIi on N gives the green
dashed lines displayed in Fig.1 which very accurately reproduce
the available experimental results. Additional studies show that
hIi is slightly sensitive to the choice of R0 , and practically invariant to small changes in D0 as shown in Fig.S2 suggesting that
application of Eq.5 is robust to variations in R0 and D0 .
Deviation between our calculated model results and experiments observed for short length flexible peptides are due to the
inadequacy of our continuum model as explained by Evers et al. 28

Table 1 Table showing different flexible linker systems used in
experiments and their corresponding C∞ predicted by our model.
Linker
(SAGG)13−61 5
(GGSGGS)1−8 28
(GGGGS)5 31
(GGGGS)3−4 11

Residues
52-244
23-71
25
19,25

Chromphore Pair
ECFP-YPet
ECFP-EYFP
ECFP-EYFP
EBFP-EGFP

R0
49
49
49
48

Predicted C∞
1.3
2.1
2.6
3.0

We have shown that the trend in FRET efficiency with linker
length predicted by the simple effective potential model is very
similar to that observed experimentally. To further explore to validity of our simple model we have conducted a series of more
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