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Abstract

Fdérster resonance energy transfer (FRET) describes a physical phenomenon widely applied in
biomedical research to estimate separations between biological molecules. Routinely, genetic
engineering is used to incorporate spectral variants of the green fluorescent protein (GFPs), into
cellular expressed proteins. The transfer efficiency or rate of energy transfer between donor and
acceptor FPs is then assayed. As appreciable FRET occurs only when donors and acceptors are in
close proximity (1-10 nm), the presence of FRET may indicate that the engineered proteins
associate as interacting species. For a homogeneous population of FRET pairs the separations
between FRET donors and acceptors can be estimated from a measured FRET efficiency if it is
assumed that donors and acceptors are randomly oriented and rotate extensively during their
excited state (dynamic regime). Unlike typical organic fluorophores, the rotational correlation-
times of FPs are typically much longer than their fluorescence lifetime; accordingly FPs are
virtually static during their excited state. Thus, estimating separations between FP FRET pairs is
problematic. To overcome this obstacle, we present here a simple method for estimating
separations between FPs using the experimentally measured average FRET efficiency. This
approach assumes that donor and acceptor fluorophores are randomly oriented, but do not rotate
during their excited state (static regime). This approach utilizes a Monte-Carlo simulation
generated look-up table that allows one to estimate the separation, normalized to the Forster
distance, from the average FRET efficiency. Assuming a dynamic regime overestimates the
separation significantly (by 10% near 0.5 and 30% near 0.75 efficiencies) compared to assuming a
static regime, which is more appropriate for estimates of separations between FPs.
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1. Introduction

The discovery and optimization of genetically encoded fluorophores [1,2], such as green
fluorescent protein (GFP) and its derivatives (FPs), has stimulated interest in using
microscopy to identify and measure protein—protein interactions within living cells [3,4].
Forster resonance energy transfer (FRET) describes a physical phenomenon in which energy
is transferred from a donor fluorophore in its excited state to a near-by acceptor fluorophore
in its ground state [3-8]. FRET can only occur between a pair of molecules that utilize
approximately the same amount of energy to transition between their ground and excited
states. Specifically, the energy liberated when an excited donor transitions to its ground state
must be equivalent to the energy required to excite an acceptor. The suitability for two
fluorescent molecules to transfer energy using FRET is proportional to the overlap of the
donor emission and acceptor absorption spectra or overlap integral, J. For a pair of
fluorophores with non-zero J, the FRET transfer rate constant, kr, has an inverse sixth power
dependence on the distance between donor and acceptor fluorophores (Rpa).
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where 7p is the fluorescence lifetime of the donor, and Ry is the Forster distance, the
separation at which 50% of the donor excitation events result in energy transfer to the
acceptor for a particular donor-acceptor pair. The value of Ry is given by:
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where N”is Avogadro's number per mmole, 6.022 x 1020, n the refractive index of the
nearby medium [9], 2 the orientation factor for dipole-dipole coupling, which equals 2/3 in
the dynamic isotropic limit, Ry is Ry when kappa-squared is 2/3, Qp the fluorescence
quantum yield of the donor in the absence of the acceptor, and the numerical factor 0.02108
applying when J is defined in units of nm# cm2/mmole.

Energy transfer efficiency, E, is defined by the ratio of the transfer rate constant to the total
donor deactivation rate:
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Substitution from Eq. (1) for ky reveals that E does not depend on the donor lifetime, only

on Ry and Rpa:
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Using Eq. (4), the FRET efficiency can be used to estimate the distance separating
fluorescently labeled sites (Rpa) within and between biomolecules [10,11]. In most FRET
experiments the average FRET efficiency, (E), is measured for a population of potential
donors and acceptors, not the FRET efficiency, E, for an individual pair. Accordingly, to
estimate distances from an experimentally measured average FRET efficiency it is either
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assumed that all donors in the population are paired with acceptors that have approximately
the same FRET efficiency, or corrections are required to account for those donors that are
not paired with an acceptor or have significantly different FRET efficiencies [11,12].

In addition to separation, the FRET transfer rate is also dependent on the angular position of
the acceptor relative to the donor's emission dipole vector (), and on the orientation of the
acceptors absorption dipole vector relative to the electric field of the donor at the acceptors
location () [13-15]. These two angles define x2, the orientation factor for the required
dipole—dipole coupling.

/{2:(1+300520)6052w 5)

Because cos?6and cos2w can have values ranging from 0 to 1, x2 can have values ranging
from 0 to 4. The physical basis of #2 is depicted in Fig. 1A. Based on Egs. (1), (2), and (4) it
is clear that if #2 is zero, FRET cannot occur, while if #2 is 4, the maximal rate and FRET
efficiency can be achieved for any specific separation. In biological FRET experiments the
actual values for 6, w, and therefore 2 are not known. For free donors and acceptors in
solution, and often for fluorophores coupled to biological molecules via a flexible linker, it
is assumed that #and o have random orientations (isotropic). With this ‘isotropic’
assumption, the probability distribution of x2 values will range from 0 to 4, with a mode
value of 0 and an average value of 2/3 (Fig. 1B). In most FRET experiments, and when
calculating the Férster distance (Ry) for a specific donor-acceptor pair, #2 is assumed to
have a value of 2/3 [15-18]. The use of 2/3, the average value for 2 in an isotropic
distribution, in FRET calculations is predicated on the assumptions that (1) fand @ have
random orientations (from an isotropic distribution of orientations), and (2) that during the
donors excited state lifetime the values of and @ change rapidly and independently as a
result of rapid molecular rotation [18]. For non-tethered, or loosely tethered small organic
fluorophores that can rotate rapidly relative to their fluorescence lifetimes it is reasonable to
assume that dand « will assume many different random orientations during the excited state
lifetime of the donor, thus the average value of the x2 probability distribution, 2/3, can be
used in calculations. With these assumed conditions, formally called dynamic isotropic,
donor-acceptor separation can be calculated from a measured average FRET efficiency and
the Forster distance for the specific donor-acceptor pair.

—=6
Ry —6 — 1
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Eg. (6) can be rewritten as:

where @ is:

1
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@ is the separation normalized to the Forster distance and can be thought of as the fractional
dependence of Rpa on (E). Unfortunately, Egs. (6 and 8) cannot be used for large
fluorophores, such as GFP, because the x2 value of 2/3, inherent in the Ry value of Eqs. (6)
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and (8), is not appropriate for a random isotropic population of FRET donors and acceptors
that rotate slowly relative to the excited state lifetime of the donor [14,15,18,19]. In fact,
under these conditions, formally called the static random isotropic orientational regime,
there is no single value for x2 that is appropriate for all separations [15,16]. Nonetheless, Eq.
(7) does describe the correspondence between (E) and Rpp in the static randomisotropic
orientational regime, but there is no simple equation, such as Eq. (8), for calculating the
value @ as a function of (E). Here we use Monte Carlo simulations to generate a look-up
table applicable to FPs, that can be used in conjunction with Eq. (7) to estimate distances
between FP donors and acceptors based on experimentally determined average FRET
efficiencies.

2. Methods

2.1. Monte Carlo simulations

Monte Carlo simulations were performed in Igor Pro (ver6.22) to generate populations of
FRET efficiencies in the static random isotropic orientational regime. Each simulation was
based on generating 1,000,000 random replicate E values for a given @ value. Two hundred
and fifty @ values were generated between a starting value of 0.01 and a final value of 2.5 in
0.01 increments. For each replicate the following equation was used to calculate a single
FRET efficiency:

<4 (3)
3.

where x2 was stochastically generated for each replicate to simulate FRET in the isotropic
static regime. A distribution of 1,000,000 2 values was generated from random values for
the angles dand w, generated as previously described [18]. In brief, a uniform distribution of
numbers ranging from 0 to 1 was generated using the Igor Pro enoise command. Next, the
inverse cosine of these values was calculated to generate a population of angles expected for
an isotropic distribution. These values of dand » were used in Eq. (5) to generate the
population of %2 values, and these in turn were used in Eq. (9) to calculate FRET
efficiencies in the static regime.

Estatic: (C)]
I<62

The average FRET efficiency, (E), standard deviation, SD, skewness, and kurtosis of Monte
Carlo simulation generated FRET efficiency populations were calculated using the Igor Pro
wavestats command, using the following equations:

F=999,999 b

£=i=0 "2 (1)

(E)=
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Monte Carlo simulations were used to model the distribution of FRET efficiencies in 250
populations each having progressively larger separations. The Forster distance was set to 1
in these simulations and the separations varied, in Forster distance units, from 0.01 to 2.5 in
0.01 increments for each population. When the Forster distance is normalized to a value 1,
the distance, Rpa, is equivalent to &, the Forster distance normalized dependence of Rpa on
(E). Each individual simulation population consisted of 1 million FRET pairs each with the
same separation but with random isotropic values for and w. Probability density
histograms, p(E), of three of these populations are plotted in Fig. 2. These correspond to
static isotropic populations with @ values of 0.66 (panel A), 0.89 (B), and 1.14 (C), and
average FRET efficiencies (E), of 0.75, 0.50, and 0.25, respectively. These FRET efficiency
probability distributions are broad, and strikingly non-Gaussian. In each case the mean of
the distribution is dramatically different from the population mode and median. This can be
quantified by examining the skewness (symmetry around the mean) and kurtosis
(peakedness) of these distributions; a Gaussian distribution has zero skewness and kurtosis.

We have previously described an analytical solution for the probability density p(E) of
FRET efficiencies in static isotropic regime populations [18]. These distributions have 3
phases, the first describes the probability of having a FRET efficiency, E, falling between
zero and F/(1 + F), is defined by Eq. (14):

1
(1—E)3E-F(1—E)

P(E)= ‘In(2+v3) for 0 < E < F/(1+F) (1)

where F, is defined as:

3/1\¢
P3(1)

Note, for this first phase the most probable FRET efficiency is zero. The second phase,
describes the probability of having FRET efficiencies between F/(1 + F) and 4F/(1 + 4F)
and is described by Eq. (16):

_ 1 1 2+3
T21-E)\3E FQ_E) B E__
\/F(pE)JF \/F(le) 1

) for F/(14+F) < E <4F/(144F) (16)

This second phase has a peak at F/(1 + F) and decreases to its lowest probability at 4F/(1 +
4F). The third phase has a value of zero for all FRET efficiencies greater than 4F/(1 + 4F).

For each of the 250 simulated populations the mean FRET efficiency, the standard deviation
of the mean FRET efficiency, the population skewness, and kurtosis was calculated and is
plotted in Fig. 3. In panel 3A the dependence of (E) on @ is plotted for the static isotropic
regime (RED curve) and for comparison the dependence of E on @ using Eq. (4) with a Ry
value of 1 is plotted for the dynamic isotropic regime (dashed BLUE curve). Note that in the
dynamic isotropic regime the FRET efficiency is 50% when & equals 1. This is not true in
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the static isotropic regime, where a FRET efficiency of 50% is observed when @ equals
~0.89 (see Fig. 2B). The dynamic and static isotropic curves are nearly identical when @
has a value greater than 1.4. Fig. 3B depict how the standard deviations of the FRET
efficiency distributions in the static isotropic regime change as a function of @. When &
equals 0.51 the standard deviation of the population is greater than 25% of the average
FRET efficiency. As @ increases, the fractional deviation observed in these populations
asymptotical approaches the mean FRET efficiency. It is clear that most of these
distributions are quite broad. Fig. 3C and D depict the skewness and kurtosis of these FRET
efficiency distributions. These values are generally different from zero, the value expected
for a Gaussian distribution.

The objective of this study is to devise a simple method to estimate the distance between a
FRET pair in the static isotropic regime, based on experimentally determined average FRET
efficiency values. Because of the complex and non-Gaussian shapes of the probability
density histograms for FRET pairs in the static isotropic regime, solving for a simple
analytical equation that accurately describes how Rpa changes as a function of (E) in the
static isotropic regime is challenging. Accordingly, we decided upon a simpler (albeit less
elegant) strategy based on generating a lookup table of sufficient precision, that equates
experimentally-measured average FRET efficiency values to specific and unique values of
@. Multiplying @ value derived from this table by the Forster distance (Rp) of the specific
FRET pair used in an experiment will then yield an estimated separation (see Eq. (7)). Sets
of 250 Monte Carlo simulations, as described above for Fig. 3, were repeated in triplicate.
The mean (E) value of the three replicates for each of the 250 different @ values is presented
in Table 1 with the unique @ values used to generate these values in the Monte Carlo
simulations. The average FRET efficiencies ranged from 0.999 to 0.004, with FRET
efficiency increments of ~0.012 or lower. An alternative to Monte Carlo simulation is a
mixed analytical-numerical approach based on simplifying the E* p(E) integral from E =0 to
E = 4F/(1 + 4F) over the two non-zero phases of p(E) given in Egs. (14) and (16), resulting
in the following expression:

_ 3 _
<E>:1—£<I>3f§tBLn Hyie e 3)da: (a7
3 V2 -1

m-In(24+v3) _4
where 2= V/k2, For &1, (E)g=1 = 8, and for o<1, (E)acci=1 — (7\/_)
Outside of these limiting regions, the mtegral in Eq. (17) must be done numerically. For QS
values of 0.3, 1.0, and 2.0, numerical integration was used to validate the Monte Carlo
algorithm and confirm the values in Table 1 (data not shown). For our purposes, the
simplicity of the Monte Carlo algorithm was preferable to numerical integration of Eq. (17).

The data from Table 1 is plotted in Fig. 4 to illustrate the dependence of normalized
separation (&) on the average FRET efficiency, (E), under isotropic static conditions. The
dependence of @on (E) is quasi-linear between average FRET efficiency values 0.17 and
0.90, but is highly non-linear at extreme values of (E) (RED tinted regions of Fig. 4 and
Table 1). The RED tinted regions of Table 1 should not be used for estimating separation
from experimental FRET efficiencies because in these regions small errors in (E) result in
large errors in @. A table listing Forster distances (Ry) for 19 popular fluorescent protein
FRET pairs is presented Table 2.

To illustrate how Tables 1 and 2 can be used to estimate distances from experimentally
determined average FRET efficiencies between fluorescent protein donors and acceptors we
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applied this strategy to estimate the distance between mCerulean and mVenus in five
commonly used FRET reference standards: C5V, C17V, C32V, C40V, and C50V [20,21].
Each of these constructs has a Cerulean donor fluorophore and a Venus acceptor fluorophore
connected by a variable length amino acid linkers consisting of 5, 17, 32, 40, and 50, amino
acids respectively. As expected, the average FRET efficiency, (E), measured for these
constructs decreases as the amino acid linker length increases (see Table 3). To estimate
separation in the isotropic static regime average FRET efficiency values were first
transformed into & values using Table 1. Next these corresponding @ values were multiplied
by 5.3, the Forster distance (Ry) for the mCerulean-mVenus FRET pair (from Table 2) in
nanometers. This calculation yields the estimated separations (Rpa Static, Table 3, RED
font) between Cerulean and Venus in these constructs under the assumption that the static
isotropic condition is applicable. Note that for the C50V construct the measured average
FRET efficiency was 0.13, a value that falls in the non-linear portion of Table 1. Thus, the
predicted separation between mCerulean and mVenus of 7.1 nm for this construct might be
imprecise. For comparison, Eq. (6) was used to calculate the estimated separation distance
(Rpa Dynamic, Table 3, ORANGE font) for these constructs with the assumption of
dynamic isotropic conditions, i.e. 2 = 2/3. Furthermore, errors in the published values of Ry
will influence the accuracy of separation determinations.

The approach outlined above for estimating separation under static isotropic conditions
should be applied to multiple replicates of average FRET efficiency measurements, rather
than to the average of such measurements, so that errors in (E) measurements or in
extrapolation using Table 1 can be accounted for in terms of the error in estimated
separation.

4. Discussion

Monte Carlo simulations were used to generate a look-up table equating the average
measured FRET efficiency, (E), to the Forster distance normalized separation, &, for
resonance energy transfer occurring in the static random isotropic orientational regime
(Table 1). FRET efficiency derived & values can be multiplied by the Forster distance for
the specific FRET pair used (see Table 2) to estimate the distance between a donor
transferring energy to an acceptor. We have used a set of FRET constructs with 5 different
amino-acid linker lengths connecting mCerulean to mVenus to demonstrate how distances
can be estimated from FRET measurements and compared this approach with the widely
used approach for estimating distance by assuming that 2 has a value of 24 (applicable only
to the dynamic random isotropic orientational regime). For all five constructs the estimated
distances using the approach outlined here was shorter than estimates assuming an isotropic
dynamic regime (see Table 3). Differences between the estimated distances calculated using
these two methods were more pronounced for samples with higher FRET efficiencies.

The validity of this method for estimating distances relies on certain assumptions: (1)
Energy transfer occurs between a single donor excited state and a single ground-state
acceptor, (2) There is a discrete separation between the donor and the acceptor, (3). This
distance represents a homogeneous population of separations, (4) The orientation of the
donor's emission dipole and the acceptor's absorption dipole is random (isotropic), (5) The
separation and relative orientation of the donor and acceptor dipoles do not change during
the excited state of the donor (static), (6) Donor and acceptor chromophores do not
participate in blinking, bleaching, or any other photo-physical process that may modulate
their ability to act as a FRET donor or acceptor. The more standard method of estimating
distances by using Eq. (6) and assuming that x2 = % relies on all of the same assumptions
listed above except for assumption 5. To use Eq. (6) it must be assumed that during the
donors excited state the distance between the donor and acceptor does not change, but the
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donor and acceptor orientations relative to each other change rapidly (dynamic) and
randomly (isotropic relationship is maintained). Because fluorescent proteins rotate much
slower relative to their excited state lifetimes, it is clear that the static assumption listed
above better represents the conditions under which FRET between fluorescent proteins
occurs than does the dynamic orientational assumption. Each of the other assumptions
outlined here must be thoughtfully considered before applying this approach to a specific
biological FRET measurement. For example, an enzyme often exists in two different states,
inactive and active. When such a protein is engineered with a FRET donor and acceptor, two
distinct donor and acceptor separations might be observed, corresponding to the active and
inactive states. In a cell there can be multiple copies of this engineered enzyme and therefore
an ensemble FRET measurement from a cell, or even a sub-cellular compartment, might
represent a heterogeneous population (see assumption 3 above) comprised, in this example,
of a mixture of two discrete separations. To accurately estimate the separation of each state,
and the relative abundance of these states, some strategy must be developed (such as the use
of mutants that are always active or always inactive) in which the average FRET efficiency
of each state can be measured from a homogenous population. The method described here
can then be used to estimate the separation from (E) for each of these two states.
Furthermore, once these average FRET efficiencies have been determined, linear algebra
can be used to approximate the relative abundance of these two states in a heterogeneous
population.

The dimensions of fluorescent proteins, roughly cylindrical with a diameter of ~2 nm and a
length of ~4 nm [22,23], should be considered when estimating separation from FRET data.
It is unlikely that donors and acceptors of this size and shape can assume a truly random
population of dipole orientations, the isotropic assumption, if these molecules are on average
closer than 4 nm from each other. At these close distances steric hindrance between
individual fluorescent protein surfaces are likely to limit the possible orientations of the two
dipoles involved in FRET. For example, using the mCerulean-mVenus FRET pair, with a Ry
value of 5.3 nm (Table 2), experimentally determined average FRET efficiencies higher than
0.65 would at first glance indicate a separation of less than 4 nm assuming static isotropic
conditions. But as just mentioned, at these distances isotropic distributions are unlikely, so
the validity of this estimation must be questioned. Such high average FRET efficiency
values could also indicate the presence of multiple FRET acceptors [4,24], or non-random
dipole orientations; the assumptions required for estimating distance under static isotropic
conditions outlined here would not be warranted.

In biological experiments, less than ideal experimental conditions and reagents might
undermine the application of this approach. For example, some fluorescent proteins are
thought to have multiple excited states [25-27], as well as flickering or blinking activity
[28-30]. Extended imaging might also result in partial bleaching of donors and acceptors at
different rates. Differential rates of fluorescent protein biosynthesis and chromophore
maturation might yield similar aberrant results [31]. Furthermore, with free donors and
acceptors (intermolecular FRET) it is unlikely that every donor in the population will be
paired with one and only one acceptor. Even when donors are coupled to an acceptor ata 1:1
ratio in a single construct, as is often the case for biosensors, the linkers used might result in
a heterogeneous distribution of separations [18], as well as correlated donor and acceptor
dipole orientations [32]. Corrections for many of the departures from the assumptions used
in our method have been published [11,12], and potentially can be adapted for use with
Table 1 to yield more accurate estimates of FRET distances in the static regime. We
emphasize that the approach described yields only an estimate of the distance between static
donors and acceptors. However, our approach yields more accurate estimates of separation
for FRET between fluorescent proteins from an isotropic population than calculations based
on dynamic conditions.

Methods. Author manuscript; available in PMC 2015 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vogel et al. Page 9

5. Note added in proof

It has recently come to our attention that R.E. Dale has described an approximation for
estimating the value of <k2> in the isotropic static regime (Acta Physica Polonica Vol. A54,

2
pg 743-56,1978.). Using the ‘Dale approximation’, (x*) ~ 31— (£)), an alternative
method for estimating separation in the static isotropic regime as a function of <E> can be

readily formulated. Using this approach we derive, R, , ~ Ro - V(- (E))*/(E). This
equation yields distance values in excellent agreement with the values presented in Table |
with deviation typically < 1%.
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Fig. 1.

Isotropic #2 distribution. (A) Cartoon illustrating how the dipole orientation factor 2 is
determined by 2 angles, #and o (see Eq. (5)). Blue arrow depicts the position and
orientation of the donor emission dipole. Yellow arrows depict the position and orientation
of four possible acceptor absorption dipoles, each the same distance from the donor. Red
lines depict the local orientation of the electric field created by the excited state of the donor
emission dipole. (B) Monte Carlo simulation of the x2 probability distribution assuming that
fand w are randomly distributed (isotropic). Note that the mode of this distribution is 0 and
the average is 2/3.
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Fig. 2.

Monte Carlo simulations used to determine the relationship between average FRET
efficiency and Separation under static isotropic conditions. The probability distribution of
FRET efficiencies derived from Monte Carlo simulations where separation, normalized to
the Forster distance (&), was set to values of 0.66 (A), 0.89 (B), and 1.14 (C), corresponding
to average population FRET efficiencies, (E), of approximately 75%, 50%, and 25%,
respectively. Note the irregular shapes of all three populations.
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Fig. 3.

Moment Analysis of the dependence of FRET efficiency on Separation under static isotropic
conditions. A. The dependence of (E) (the first moment of these populations) on & under
isotropic dynamic (dashed Blue) or static (Red) conditions. (B) The dependence of variance
(the second moment) on & under isotropic static conditions (Red). Plotted is the standard
deviation of the distribution, which is the positive square root of the variance. (C) The
dependence of skewness (the third moment) on @ under isotropic static conditions (Red).
The skewness represents symmetry within the distribution; a positive value indicates a
heavier tail to the right, while a negative value indicates a left skewed distribution. (D). The
dependence of kurtosis (the fourth moment) on & under isotropic static conditions (Red).
The Kkurtosis represents the distribution peakedness relative to a normal distribution. A
positive value indicates an acute peak in the distribution, while a negative value indicates a
broad flat distribution.
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Fig. 4.
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<E>

The dependence of Separation on average FRET efficiency under static isotropic conditions.
The dependence of @ on (E) under isotropic static (Blue) conditions. Dashed RED line
depicts a linear fit to the central portion of the curve, while the RED tinted regions
highlights average FRET efficiencies that correspond to the non-linear portions of the curve.
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Table 2

Forster distances (R0) for common fluorescent protein FRET pairs.

FP FRET-Pair Ry Refs.
ECFP-EYFP 47 a
ECFP-Citrine 48 b
mCerulean-mCherry 48 a
ECFP-Venus 50 b
mCerulean-EYFP 50 a
Cerulean-Venus 52 b
mCerulean-mVenus 53 a
SECFP-SEYFP 54 b
EGFP-mCherry 54 b
TagGFP-TagRFP 57 b
mTFP1-Citrine 57 b
mTFP1-mOrange 57 b
Citrine-mKate2 58 b
Clover-mCherry 58 b
mVenus-mCherry 58 a
mVenus-mOrange 58 a
mTurquoisel-SEYFP 58 b
mTurquoise2-SEYFP 59 b
Clover-mRuby?2 63 b

aKremers and Goedhart [33].

bLam etal. [34].
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