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Förster resonance energy transfer (FRET) allows in principal for the structural changes of biological systems to be revealed
by monitoring distributions and distance fluctuations between parts of individual molecules. However, because flexible probes
usually have to be attached to the macromolecule to conduct these experiments, they suffer from uncertainty in probe positions
and orientations. One of the way to address this issue is to use molecular dynamics simulations to explicitly model the likely
positions of the probes, but, this is still not widely accessible because of the large computational effort required. Here we compare
three simpler methods that can potentially replace MD simulations in FRET data interpretation. In the first, the volume accessible
for dye movement is calculated using a fast, geometrical algorithm. The next method, adapted from the analysis of electron
paramagnetic studies, utilises a library of rotamers describing probe conformations. The last method uses preliminary MD
simulations of fluorescent dyes in solution, to identify all conformational states of dyes and overlays this on the macromolecular
system. A comparison of these methods in the simple system of dye-labelled polyproline, shows that in the case of lack of
interaction between the dye and host, all give results comparable with MD simulations but require much less time. Differences
between these three methods and their ability to compete with MD simulations in the analysis of real experiment are demonstrated
and discussed using the examples of Cold Shock Protein and Leucine Transporter systems.

1 Introduction

Förster Resonance Energy Transfer (FRET) is a radiationless
transfer of energy occurring between excited molecule (donor)
and ground-state molecule (acceptor) via long range dipole-
dipole interaction1. This kind of transfer plays an important
role in many fields of science that utilize fluorescence phe-
nomena, ranging from characterisation of nano-materials to
understanding molecular biophysics2. One of the features
making FRET so widely used is a strong dependence of en-
ergy transfer on donor-acceptor separation. Due to this de-
pendency, it can be used as spectroscopic ruler to measure
intermolecular distance in a range of 10− 100Å. Changes in
the distances between molecules or in the shape of a macro-
molecule can be observed by attaching fluorescent dyes to
known locations and determining changes in the transfer effi-
ciency3. In most cases, the transfer efficiency may be directly
related to the distance between donor and acceptor, r, using
the simple formula

E =
R6

0

R6
0 + r6

, (1)

† Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See DOI:
10.1039/b000000x/
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mail: fizkws@ug.edu.pl (for KWS), ben.corry@anu.edu.au (for BC)
b Institute of Experimental Physics, University of Gdansk, Poland.

where R0 is the so called Förster radius determining the dis-
tance at which FRET and donor fluorescence are equally prob-
able4,

R6
0 = 8.79×10−5 · κ2ΦD

n4 · J, (2)

where n is the refractive index, ΦD is the quantum yield of
the donor in the absence of acceptor, J is the spectral over-
lap of the pair of fluorophores and κ2 describes the relative
orientation of the donor and acceptor transition dipoles. Ex-
periments performed in single molecule setup (smFRET) can
provide time resolved information about distance fluctuations
of individual molecules, which is the key to revealing the dy-
namics of many biological processes, such as protein folding
and conformational changes2,5–7.

A significant hurdle in using resonance energy transfer
to measure distances is that such measurements are compli-
cated by the motion of the fluorophores relative to the macro-
molecule and the inherent dependence of FRET upon the rela-
tive orientation of the fluorophores. In other words, the trans-
fer measurements suffer from uncertainty in probe position
and orientation.

The first of these problems arises from the fact that the
commonly used fluorescent labels are characterized by high
conformational flexibility. This flexibility, which is localised
particularly in the linker, allows for the introduction of the
label with minimal perturbation to the system, because the
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chain can simply adapt to the free space in the macromolecular
structure. Nevertheless, the more flexible the dye is, the more
it can diffuse around the attachment point, which increases the
width of the measured distance distribution. Depending on the
length of the linker, the uncertainty can be significant. The use
of short linkers can somewhat reduce the impact of dye diffu-
sion8, however this solution is not always applicable and can
lead to restraints on fluorophore rotation.

The next problem is the result of the transfer dependency
on the relative orientation of the donor and acceptor via the
orientation factor, κ2, that forms part of the definition of the
Förster radius (eq. 2). It can be defined as

κ2 = (cosθT −3cosθD cosθA)
2 (3)

where θT is the angle formed by donor and acceptor transi-
tion moments, θD and θA are the angles between each transi-
tion moments and the vector joining the middle point of each
dipole. Using FRET as a spectroscopic ruler is particularly
successful in situations where the orientation of donor and ac-
ceptor is isotropic, dynamic and uncorrelated. In this case
the orientation factor can be approximated by κ2 = 2/3 and
the simple relation between the distance and the transfer effi-
ciency can be applied (Eq 1)4. Unfortunately the presence of
the linker and interaction with the macromolecule can strongly
affect the orientational distribution of the dye. In such cases,
the commonly used approximation of κ2 = 2/3 is no longer
valid and the orientation factor can assume values in the range
of 0 to 44. Furthermore, direct measurements of the dye ori-
entations are not currently possible in most situations9.

Directly simulating the motion of the probes on the macro-
molecule using molecular dynamics (MD) can potentially elu-
cidate the degree of dye motion and orientations10–12. This
type of simulation provides us with detailed, time resolved in-
formation about the position and orientation of the dye, as well
as about the dynamics of the entire molecular system, pro-
vided that we already have atomic resolution structural data of
the macromolecule to which the dyes are attached. Ideally, the
transfer efficiency distribution obtained from such simulations
can be compared to the experimental data to help reveal the
molecular structure consistent with the measured efficiency.
But, to obtain reliable information about the distribution of
FRET dyes, simulations have to be conducted for a very long
period of time to sample all the conformations of the dye and
macromolecule13. Thus, despite the undoubted advantages of
MD simulations, their usefulness in FRET data analysis is lim-
ited because of the large computational effort underlying such
calculations.

In some cases, especially if the crystallographic structure
of the macromolecule is well known, it is possible to replace
the computationally demanding MD with a simpler methods
to obtain information about the positions that can be occupied
by the dyes. In this study we develop and compare the use

of three such simplified methods for understanding the influ-
ence of dye position and orientation on the transfer efficiency.
For example, the so called Available Volume (AV) method re-
constructs the volume of all positions possibly occupied by
the dyes that do not overlap with the macromolecule, using
a simple, geometrical algorithm . This method has previously
been applied to examine the potential motions of dyes attached
to DNA8. Although the volume should be calculated sepa-
rately for each dye and each macro-molecule structure, the
method is still much more practical in data analysis than MD,
because it allows the prediction of the mean distance between
donor and acceptor dye using a common personal computer in
a reasonable computation time. One of the most important as-
sumptions underlying this method is that all possible positions
within the available volume are equally probable.

Another method which can take into account both orien-
tation factor and the existence of favourable conformation of
the dyes is the so called Rotamer Library (RL) approach. This
method was successfully used in the analysis of spin labels
in electron paramagnetic studies14–16 but has not yet been
adapted to use in FRET. Here, we build a rotamer library for
a number of common fluorescent dyes, based on the MD sim-
ulations of a free dye in water. The main advantage of this
method is that the one library can be applied to many different
systems to reconstruct the distance and orientation distribu-
tion of the fluorophores. Using this method, we have to as-
sume that conformations of each FRET label are not affected
by the interaction with the macromolecule or with another dye
(except for steric clashes). The lack of dye to dye interaction
approximation is reasonable as long as the fluorescent labels
are well separated from one another and do not collide.

The last approach we call the Free Dye snapshots (FD)
method. It is very similar to the rotamer approach, but instead
of using several representative conformations of the free dye,
the entire MD trajectory of the dye in water is taken into ac-
count. After removing all conformations that overlap with the
molecular system, the remaining frames can be used to calcu-
late the distance and orientation distributions of the fluorescent
dyes. This approach is more straightforward, because we do
not have to analyze MD trajectories to construct the rotamer
libraries, however the computational time needed to apply this
method to the system is longer, due to the larger number of
snapshots stored in the library.

Here we develop simple protocols for applying each of
these methods to interpret FRET experiments, and make them
easily accessible to researchers in the field. All three methods
are compared to experimental or molecular dynamics data in
three representative systems to assess how well they replicate
simulated or experimental data. These systems start from the
simplest case of fixed polyproline11, move to a small molec-
ular system of cold shock protein17, and finish on the more
complex case of leucine transporter embedded into a lipid
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Fig. 1 (a) Schematic representation of the AV algorithm. R denotes one of three radii that approximate the geometry of the dye headgroup.
The atoms in the macromolecule are shown in grey and three possible dye positions are indicated. (b) A graphical representation of the
available volumes for the LeuT system. Red and green volumes represent the posible positions of donor (CY3) and acceptor (CY5)
respectively, attached to specific protein residues.

membrane18.

2 Methods

2.1 Available Volume

The Available Volume method lets us determine the approxi-
mate space in which the dye is able to move. Because of the
assumption that all dye positions are equally probable, using
this method is strictly restricted to the cases in which none of
the possible dye conformations are favoured and there are no
interactions between the dyes and macromolecule (including
sticking or trapping). What is more, the available volume con-
tains all geometrically possible dye positions, which means
that areas which are not explored by the real dye are also likely
to be included.

To calculate all geometrically accessible dye positions, it
was necessary to chose an algorithm which is relatively sim-
ple, provides an uniform distribution over all possible posi-
tions within the AV, and takes into account the flexibility of
the linker. To ensure this, the calculations were performed
using the following protocol, adapted and modified from the
original one published by Sindbert, Kalinin et al8.

The dye was divided into two sections: a head group, rep-
resented as a sphere with radius R, and a linker, which was
divided into n segments of equal length, rlink (figure 1a).
The value of rlink was chosen to reconstruct the maximum
length of the linker (if all elements are straight in one line),
rlink =

rmax−R
n .

In each independent calculation step, the orientation of each
linker segment and head group was randomly chosen from

the uniform distribution over a sphere. When overlap with
the atoms from the macromolecule (approximated by a sphere
with a given van der Waals radius for each atom type) occured,
the direction of the segment was changed until steric clashes
were avoided. When the dye was successfully reconstructed,
the position of the center of the head group was recorded.

To accurately reproduce the available volume for a given
dye, three different values of the dye head group radius, R,
have to be considered to account for its non-spherical nature.
Each represents different dimension of the head group: length,
width and depth. The available volume calculated for each of
them can differ, because they represent the possible positions
of the dye oriented in a different way. By combining the re-
gions accessible for the three different dye orientations, we
can reproduce the entire available volume, including the space
in cavities in the macromolecular structure. An example of
dimensions for some popular dyes are gathered in table S1 in
the supplementary material†.

For an accurate AV calculation, it is crucial to provide a
good random distribution of the orientation of the linker ele-
ments. This was obtained using the Marsenne Twister pseudo
random number generator, which gives a high quality uniform
distribution with very long period 219937 −119.To be sure that
all possible dyes positions are well sampled, we tested how
many steps were required, as described in supplementary ma-
terial 1.1†. All data presented here involves at least 500000
independent calculations for each of three R values.

The condition of equally probable positions within the
available volume was fulfilled by projecting all output coordi-
nates on a discrete grid of coordinates with resolution of 0.5Å.
Thus, each position on the grid can be sampled only one time.
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Once the full set of possible positions is determined, distance
distributions between pairs of dyes can be obtained as well as
distributions of FRET efficiencies. Because the dye orienta-
tion is not considered in this approach we assume κ2 = 2/3 in
all AV results presented here. The typical run of this method
for a single CPU (3.40GHz) takes about 1 hour.

2.2 Rotamer Library

The rotamer library method is an adaptation to the case of
FRET of the method successfully used by Polyhach, Bor-
dignon and Jeschke in electron paramagnetic studies14–16.
The main advantage of this approach in comparison with AV
is that it provides information about relative orientations and
favourable dyes conformations.
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Fig. 2 Constructing the rotamer library. Probability distribution of
dihedral angles (χ1 −χ4) for AF592 calculated from the MD
trajectory (blue). The distance from the centre of each plot indicates
the frequency at which each value arises. Canonical dihedral values
are shown in green. The red lines show superimposed weights of
real dihedral angle values for each rotamer.

2.2.1 Preliminary MD simulations. To identify the
favourable conformational states of the dyes, we used NAMD
Molecular Dynamic Software version 2.820 to perform molec-
ular dynamics simulations of five fluorescent dyes solvated in
water and 300mM NaCl. The total length of each simula-
tion was 500 ns. The MD simulations for the five fluorescent
dyes: maleimide derivative of AlexaFluor 488 and 594, cya-
nines Cy3 and Cy5, and succinimide ester of AlexaFluor 594,
were run using previously developed parameters based on the
CHARMM27 force field10,21,22. Because our aim was to align

these dyes to different proteins, each dye in the MD simulation
has been pre-attached to a single amino acid. Bonds between
each hydrogen and the atom to which it is bonded were held
rigid, allowing the use of a 2 fs time step. We applied peri-
odic boundary condition in three dimensions, to avoid the in-
fluence of edges on our system. The electrostatic interactions
were calculated using the particle mesh Ewald (PME) algo-
rithm. The simulations were performed with constant temper-
ature 298K maintained using Langevin dynamics and constant
pressure of 1atm maintained using a modified Nosé-Hoover
method in which Langevin dynamics is used to control fluc-
tuations in the barostat. All simulations began with an initial
minimization period of 1000 steps.

2.2.2 Rotamer library construction. The sets of possi-
ble dihedral angle values (rotamers) for the popular fluores-
cent dyes were built analogously to the rotamer libraries of
spin labels. Each rotamer state represents one of the most fre-
quently chosen conformations of the dye during the MD sim-
ulation. The statistical weights of each conformation in the
library correspond to the number of MD frames assigned to
given rotamer.

The first step to build the rotamer library was to extract data
about dihedral angles of the dye from the MD trajectory. To
obtain this, we used MDAnalysis, a python library to analyse
and manipulate molecular dynamics trajectories23.

Based on histograms plotting the frequency at which each
dihedral is adopted by the flexible linker (fig.2, blue curve),
a few of the most frequently sampled values of each angle
were chosen as ”canonical dihedral angles” (fig 2, green lines).
Then, all possible combinations of canonical angles for each
dihedral, so called rotamers, were generated and used as a base
for further calculations (fig 2, red lines). For each frame in the
MD trajectory, one of the canonical angle configurations was
assigned based on a least square deviation to the actual dihe-
dral values in the frame. The dye conformations described
by the same rotamer, were then averaged to obtain the mean
values of each dihedral angle in this particular rotamer. Next,
the assignment of the canonical angles configurations was re-
peated using the mean values calculated in previous step and
the average values were recalculated.

The frame with the dihedral angles configuration closest to
the mean values is chosen (using least square deviation) to
represent each single rotamer and its coordinates are recorded
in the rotamer library. The number of MD frames assigned
to each rotamer, normalized by a total trajectory length, is the
statistical weight of given configuration of dihedral angle in
the underlying MD trajectory, representing how favourable it
is for the dye to adopt that rotamer. This entire process is
written into easily run Python scripts. The rotamer library
construction for maleimide derivative of AlexaFluor 488 (11
dihedral angles, 15 552 possible rotamers) using 500ns of MD
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data takes about 12 hours for a single CPU. In the case of
succinimide ester of AlexaFluor 594, which conformational
changes can be represented as a set of 8 rotamers (figure 2),
this time will be much shorter (less than 30s). Once the li-
braries are built, the time needed to apply them to a molecular
system depends on their size- from 5 seconds for two small
libraries to 3 hours for two large ones.

2.2.3 Application of the RL method in the molecular
systems. To apply the rotamer library to a molecular system,
the base of the dye has to be aligned to the dye binding site
on the macromolecule. Since the library output was recorded
as a dcd file, we used the python MDAnalysis tool to align
the set of rotamers coordinates to the protein coordinate sys-
tem. All conformations which cause steric clashes were re-
moved from the library and the weights of remaining rotamers
were renormalized to yield a set of possible positions of the
dye attached to the macromolecule. After applying the ro-
tamer libraries to each of the molecular systems, the weights
of all possible combinations of the rotamer pairs were calcu-
lated. Distributions of distance, κ2 and FRET efficiency for
each system were then created by generating a random set of
105 dye configurations based upon the rotamer positions and
weights.

2.3 Free dye snapshots

To implement this method the same set of preliminary MD
simulations has been used as for the RL method (fig. 3). This
time, instead of clustering the frames into a set of rotamers,
all possible conformations of the dye were regarded separately
with each snapshot of the MD simulation stored as a possible
dye conformation in the FD snapshot library. No weighting
is required as favourable configurations will appear more fre-
quently in the library. This approach allows explicit calcu-
lations of dyes positions and orientation, however, extracting
conformations which do not overlap with macromolecule can
be more time consuming than previous methods as many more
snapshots are stored in the library. Nevertheless the reward for
this is higher accuracy, as the sampling of possible dye con-
figurations is better.

As previously, the position of dyes in the FD snapshot li-
brary was aligned to the binding sites of proteins using the
MDAnalysis tool. After removing overlaping conformations,
the distances, κ2 and FRET efficiencies for the remaining
combinations of fluorophore pairs were calculated. The whole
process of applying the snapshots library to a molecular sys-
tem takes about 12 hours for a single CPU when using a 1000
frame trajectory for each dye. Results of similar quality to
those shown here can be obtained in less time (≥ 2 hours) by
storing less frames in the snapshot library (see fig S4).

Donor

Acceptor

a) Rotamer library

b) Snapshot library

a) Rotamer library

b) Snapshot library

MD simulations FRET analysis

Fig. 3 Scheme representing the principle of the Rotamer and Free
Dye snapshot methods. The preliminary MD simulations of donor
and acceptor (on the left side) are analised to extract the libraries of
rotamers or snapshots, which then are applied to one of the
molecular systems (right).

2.4 Burst averaging

In real experiments a recorded signal usually comes from av-
eraging a bunch of several photons, emitted by fluorophores
of different positions and orientation, which can not be sim-
ply compared to results from single photon obtained from the
simulation. To reconstruct this effect in simulations we apply
a ‘burst averaging scheme’ similar to that suggested by Hoe-
fling et al.24. In this, each new data point is simply created by
averaging N randomly chosen data points from the efficiency
histogram. The final shape of the distribution depend strongly
on the number of photons in a single burst as can be seen on
figure 4. The number of photons in single burst will vary de-
pending on the experimental setup (principally on the laser
power and detector settings), but usually it is more then ten25.
A value of 10 is used in all data shown here.

Fig. 4 Effect of bursts averaging on the final distribution of FRET
efficiency for different numbers of photons in burst, N.

1–11 | 5

Page 5 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



3 Results and discussion

Fig. 5 The molecular systems studied here. (a) Polyproline 20
labeled with AF488 as a donor and AF594 as an acceptor. (b) Folded
state of Cold Shock Protein labeled with AF488 and AF594. (c)
Leucine tranporter labeled with CY3 and CY5 as the donor and the
acceptor respectively. The three images are not in the same scale.

3.1 Test in a simple system

To demonstrate the ability of the approaches to reconstruct the
distance distribution between two dyes attached to a macro-
molecule, first their results were compared with experimen-
tally relevant MD simulations of a polyproline system. This
system has been studied repeatedly over the last years both
in experiments and simulations3,11,26,27. A chain of 20 pro-
lines was labelled with two FRET dyes (Alexa 488 and 594),
attached to additional glycine and cysteine at the polyproline
termini (fig 5a). The chain of all trans prolines is regarded to
be quite rigid26, hence, to focus only on the dynamics of the
attached dyes and since the simplified methods do not include
dynamics of the macromolecule, we fixed the chain position
during the MD simulations. The MD simulations were run for
200 ns with the dye and polyproline solvated in a waterbox
with 300 mM NaCl.

The distributions of the distances between the dyes, ob-
tained using the three simplified methods and MD, are shown
in figure 6a. The AV method (red line) is the most approxi-
mate, because of the assumption of freely diffusing dyes, with-
out any prefered dye conformation. Although the distance dis-
tribution provided by this method deviates slightly from the
one obtained from MD (cyan line), it still captures the overall
shape in this simple system.

The two remaining methods show the compromise between
accuracy and computational effort. The distribution obtained
using the rotamer library (blue line) suffers slightly from the
limited sampling of possible positions. The curve is very sharp
and fluctuates strongly. However, the calculations are very
fast. On the other hand, the FD method gives the most accurate
reconstruction, but the price is higher computational cost.

It is worth noting, that the distance between terminal cys-
teine and glycine (shown as black, dashed line) nearly overlap

with the middle of dyes distance distributions for each method.
As will be shown later, this situation is not very common and
means that the polyproline provides only a small restraint on
the positions explored by the dyes.

In most FRET studies the κ2 distribution is replaced by the
average value of κ2 = 2/3. This is justified in the case of
isotropically oriented, rapidly moving free dyes. However, if
this condition is not fulfilled, it can lead to significant discrep-
ancies between experiment and theory4,9,13. The normalized
probability distribution of κ2 assuming isotropic, unrestricted
distributions of all angles is given by equation4.

p(κ2) =


1

2
√

3κ2 ln
(
2+

√
3
)

0 ≤ κ2 ≤ 1

1
2
√

3κ2 ln
(

2+
√

3√
κ2+

√
κ2−1

)
1 ≤ κ2 ≤ 4

(4)

The probability distributions of κ2 obtained for the polypro-
line system using three different methods are shown in figure
6b. Remarkably, the distribution obtained from MD simula-
tions (cyan curve) and the analytical one (magenta line) coin-
cide in the finest detail. This indicates that the dyes diffuse
uniformly about the positions to which they are tethered and
that the macromolecule has limited influence on the positions
sampled by the dye. As will bee seen in the following ex-
amples, this one is unusual. Because the dyes labelled to the
polyproline chain diffuse and rotate almost unrestricted, the
2/3 approximation is justified in this case. The FD method
(shown in green) can reconstruct the overall shape of this dis-
tribution, but a small discrepancy appears for κ2 > 1. Simi-
larly, the RL method shows the main trend of the analytical
probability distribution, however the fact that this method is
more ”discreet” than the other causes the fluctuation around
the analytical curve. The AV approach does not provide us
any information about κ2 distribution, as it does not include
information about dye orientations.

The transfer efficiency is a function of the distance between
dipoles and relative orientation of the dye. The relation be-
tween them is shown by equation 1&2. Obviously, both the
shape of the distributions of r and κ2 have a contribution to
the shape of the probability distribution of E. Because of the
complexity of transfer efficiency, the problem of how to take
into account both components arises.

According to the existing literature, at least two averaging
regimes can be distinguished- static and dynamic. The dif-
ference between them refers to the comparison of the time
scale of rotational motion of dyes (τrot ) and the transfer time
(τFRET ).

When the donor and acceptor rotate fast enough to sample
the entire range of orientations during the transfer time, τrot ≪
τFRET , we are in the so called dynamic averaging regime. In
this case the orientation factor in equation 1 is replaced by the
average value calculated from the κ2 distribution,
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Fig. 6 Tests of the methods in a simple system. The characteristics of dye-labelled polyproline obtained using AV (red), RL (blue), FD
(green) and MD method (cyan). The comparison of (a) dye to dye distance, (b) κ2, and the FRET efficiency distribution in (c) dynamic and
(d) static regime. The black, dashed line on the distance distribution graph represents the distance between polyproline termini.

< E >dynamic=
3
2 < κ2 > R6

0
3
2 < κ2 > R6

0 + r6
, (5)

where R0 is literature value of Förster radius, determined for
κ2 = 2/3.

An alternative situation is when dyes change their orienta-
tions slowly enough to assume that the energy transfer occurs
between dipoles with well defined orientation, τrot ≫ τFRET .
Hence, the specific orientation factor should be considered for
each snapshot of fluorophore positions (equation 3). This is
the so called static averaging regime and the FRET efficiency
can be calculated as

< E >static= ⟨
3
2 κ2R6

0
3
2 κ2R6

0 + r6
⟩. (6)

The transfer efficiency calculated in static, dynamic and any
intermediate averaging regime can yield different results,
therefore the decision about choosing the averaging regime
should be based on the experimental measurements of the
characteristic time scales, τrot and τFRET .

The comparison of E distribution obtained using MD
and the alternative methods in dynamic and static averaging
regimes is shown in figures 6c and 6d respectively. In the dy-
namic case the average value of κ2 was calculated based on
the orientation factor distribution shown in figure 6a. For the
static calculations, the entire κ2 distribution was taken into
account.

All three methods are able to reconstruct the efficiency dis-
tribution from MD in the dynamic regime, which is most com-
monly used among experimentalists. Because the κ2 distri-
bution only slightly deviates from the isotropic approxima-
tion (< κ2 >= 2/3) even the most approximate method - AV
yields the correct result. Obviously this method gives no in-
formation about the efficiency distribution in the static regime,
which suggests an advantage for the snapshot and rotamer
library methods if interpreting experiment conducted in the
static regime.
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3.2 Comparison to experimental data: CSP

The next step in our analysis was to compare the results of
the simplified methods with experimental results. We chose
the case of the folded state of the small cold shock protein
homolog from the hyperthermophilic bacterium Thermotoga
maritima, CspTm. This group of proteins are induced into a
cell as a response to a rapid temperature decrease17,28. Ex-
perimental data, to which we are comparing our numerical re-
sults, was obtained by Hoffmann et al. by using smFRET. As
a crystal structure of folded state we used those available from
the Protein Database (accession number 1G6P)29. Next, to
mimic the experimental system we incorporated two cysteine
residues at positions 10 and 67 (fig. 5b), to provide functional
groups for the attachment of maleimide derivatives of the dyes
(Alexa Fluor 488 as donor and Alexa Fluor 594 as acceptor).

In our simulations the primary measured physical quantities
are the distances between the dyes and their relative orienta-
tion. Then, based on that, the transfer efficiency is calculated
using two different averaging regimes, as described above.
The real experiment proceeds contrary to this order. There,
the measureable quantity is the FRET efficiency, which can
be translated into the dye-to-dye distance using some approx-
imations for κ2. This explains why the simulated dye distance
distributions, shown in the figure 7a, are not always identi-
cal to the experimental ones which are calculated using the
isotropic approximation (κ2 = 2/3).

When relating FRET efficiency distributions to distance dis-
tributions a key role is played by the orientation factor. Its dis-
tribution can tell us about the relative orientations of two dyes
and how much their rotation differs from undisturbed ones.
The κ2 distributions obtained during the simulations can be
seen on the figure 7b. The irregular shape of the green and
blue curves (RL and FD methods) indicates that the presence
of protein affects the rotation of dyes and prevents them from
adopting some configurations.

Irregularities of the κ2 distribution have an influence on
the transfer efficiency in the static regime and cause its dis-
tribution to be significantly broadened (Fig 7c, dashed lines).
Nevertheless the mean value of the orientation factor is still
very close to 2/3, which corresponds with the isotropic ap-
proximation. Consequently, the translation from the distance
to the transfer efficiency is consistent with the reverse case
in which the experimental values of the FRET efficiency are
used to determine the distance distribution provided we are
in the dynamic regime (Fig 7a,c). It may be possible to tell
which regime the experiments were performed in by seeing
which modelled efficiency distribution gives the best match to
the experimental data. However, it is hard to eliminate other
sources of discrepancy such as dye-protein interaction or pro-
tein motion.

In most cases, we are interested in the separation of the

Fig. 7 The results of three methods compared to the experimental
data of Hoffmann et al 17. The black, dashed line on the distance
distribution graph represents the distance between residues CYS 10
and CYS 67 in the crystal structure.

residues to which the dyes are attached, not the positions of
the dyes themselves. In contrast to the polyproline case, here
the distance between the residues (dashed line in fig 7a) is
significantly different to the mean distance between the dyes.
Such a difference is likely to exist in most molecular systems
as the bulk of the host macromolecule will force the dyes to
one side of the tethering point. This fact highlights the moti-
vation for using computational methods for interpreting FRET
data as presented here, as it provides a way to estimate the po-
sition of the tethering points from FRET efficiencies collected
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from the mobile dyes.

3.3 Comparison to experimental data: LeuT

The most complex case in which we test the simple meth-
ods relates to smFRET experiments on the prokaryotic leucine
transporter LeuT. The FRET data of this transporter labelled
with Cy3 and Cy5 has been published by Zhao et al18. The
molecular system of the LeuT embeded into the lipid mem-
brane POPC has been built based on the crystal structure pro-
posed by Yamashita et al30 (fig 5c). Similarly to the case of
the cold shock protein, to provide the functional groups neces-
sary to attach the maleimide derivatives of dyes, we replaced
residues His 7 and Arg 86 with cysteines (fig. 5c).

In the LeuT molecular system the translation between dis-
tance and efficiency, or the reverse, is not straightforward. The
first reason is the fact that the preliminary MD simulations of
dyes in water box showed that the free rotation of dyes is dis-
turbed even if the only factor is the presence of one cysteine
residue fixed at the end of the dye linker (see supplementary
material†). Hence, any additional steric obstacles provided
by the LeuT protein or lipid membrane will only increase a
deviation from the isotropic approximation (Fig 8b). That is
why the distribution of distances obtained two of the simpli-
fied methods, FD and RL, are slightly shifted in comparison
with the experimental relation (Fig 8a) even if the transfer ef-
ficiency graphs nearly overlap (Fig 8c). The case of the AV
method demonstrates that the deviations from the isotropic ap-
proximation for κ2 may lead to an incorrect transition from
the distance to the transfer efficiency distribution and cause
the shift of the transfer efficiency peak (Fig 8c, red curve). In
other words, assuming κ2 = 2/3 when interpreting experiment
is likely to yield an incorrect distance distribution.

Analogously to the CSP system, one of the feature of the
distribution of FRET efficiency in the static regime is the sig-
nificant broadening. As previously, this is the result of con-
sidering the whole variety of κ2 values instead of the mean
value.

The difference between the mean dye separation and the
separation of the residues to which they are tethered is even
greater in this case than for CSP. The bulkiness of the LeuT
protein (and the presence of the lipid) presents more con-
straints on the dye positions which highlights the difficulty in
relating efficiency measurements to macromolecular structure.

4 Conclusions

In our studies, we wanted to address two issues which hand-
icap the estimation of distances from FRET efficiency mea-
surements. The first problem is caused by the dyes diffusing
about their point of attachment. Using the simplified meth-
ods gives us an idea how much dye diffusion broadens the

Fig. 8 Tests of the methods in a simple system. The characteristics
of dye-labelled LeuT obtained using AV (red), RL (blue) and FD
method (green) compared to the experiment of Zhao et al 18 (cyan
curve). The black, dashed line on the distance distribution graph
represents the distance between residues CYS 7 and CYS 86 in the
crystal structure.

distance and FRET distribution. Knowing this enables us to
determine more exactly how much of the broadening comes
from the dye diffusion and how much comes from dynamics
of the host molecule. What is more, the simulations shows
how the mean separation of the dyes differs from that of the
residues to which they are attached due to limitations on the
space in which the dyes can move. After having a good agree-
ment between experiment and simulations for a molecular sys-
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tem, the real distance between specific parts of molecule can
be determined more precisely using one of these approaches.

The second problem was the transfer’s dependency on the
orientation factor. Because of the limitation of the methods it
is hard to address how interaction between dyes and protein
influences κ2 (something that could only be done with MD).
Nevertheless we can still have some idea if a shape of pro-
tein can restrain the free rotation of the dyes (as in the LeuT
case), and how it affects the final FRET efficiency distribution.
Moreover our simulations help us to reveal the differences be-
tween two averaging regimes, static and dynamic.

The other possible application of simplified methods is to
quickly test if a given protein model is consistent with exper-
iments. Because of the short computational time needed in
such methods, the elimination of improper models and choos-
ing those which potentially can explain the experimental re-
sults can be more effective. It will save a lot of effort and
allow us to focus on a smaller number of systems for further
MD simulations.

The methods presented here involve many simplifications
which mean that they will never be able to fully replicate the
experimental situation. Most notably, as stated above, they all
lack interactions between the dye and macromolecule or be-
tween the dyes themselves. It is likely that in many situations
these interactions will be significant, vastly altering the prob-
ability of finding the dye in a given position and thus dramat-
ically changing the FRET efficiency distribution. In addition
these methods are all applied to a single static structure of the
macromolecule, when it will itself be dramatically fluctuating
and thus potentially altering the likely dye separations.

It is possible to extend these methods to account for these
issues, for example weighting each dye position by calculated
dye-protein interaction energy, or by allowing certain degrees
of macromolecular motion. While this may yield small im-
provements it is always going to be difficult to quickly sample
all interactions and conformations accurately and to account
for hydration effects etc. If this level of detail is required, a
better approach may simply be to run full MD simulations,
which could give a good estimation of the intermolecular in-
teractions if the issues of sampling and force field inaccura-
cies are accorded for. Nevertheless, for some applications it is
important to be able to got a rough idea of how the dye diffu-
sion and orientation will alter the relationship between E and
r or to know that the dye separations are likely to be larger
or smaller than that of the residues to which they are tethered.
In this case, rapid methods such as those described here may
be appropriate. While the FD method is the most accurate, all
three methods produced similar qualitative results. Thus, the
choice of which to use will depend on weighing up the com-
putational time involved with the required level of detail. For
example, once the libraries are made the RL approach gives
a better result than FD for the same amount of computational

effort (i.e. same number of entries in the library), as it is a bet-
ter reduction of the full MD trajectory. But if computational
effort is not an issue then the FD approach can give a slightly
better result by including a greater number of representative
dye conformations.

To support the use of the simple methods by other re-
searchers, we provide scripts as well as rotamer libraries and
free dye snapshots for some of common dyes†.
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