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Förster Resonance Energy Transfer (FRET) between ﬂuorescent proteins (FPs) is widely
used to construct ﬂuorescent sensor proteins, to study intracellular protein–protein interactions
and to monitor conformational changes in multidomain proteins. Although FRET depends
strongly on the orientation of the transition dipole moments (TDMs) of the donor and
acceptor ﬂuorophores, this orientation dependence is currently not taken into account in
FRET sensor design. Similarly, studies that use FRET to derive structural constrains typically
assume a k2 of 2/3 or use the TDM of green ﬂuorescent protein, as this is the only FP for
which the TDM has been determined experimentally. Here we used time-dependent density
functional theory (TD-DFT) methods to calculate the TDM for a comprehensive list of
commonly used ﬂuorescent proteins. The method was validated against higher levels of
calculation. Validation with model compounds and the experimentally determined TDM of
GFP shows that the TDM is mostly determined by the structure of the p-conjugated
ﬂuorophore and is insensitive to non-conjugated side chains or the protein surrounding.
Our calculations not only provide TDM for most of the currently used FPs, but also suggest
an empirical rule that can be used to obtain the TDMs for newly developed ﬂuorescent proteins
in the future.

Introduction
Green ﬂuorescent protein (GFP) from the jellyﬁsh Aequorea
victoria and related ﬂuorescent proteins have revolutionized
the ﬁeld of live cell imaging.1–3 Because their ﬂuorophores are
formed autocatalytically following protein translation,4 FPs
provide excellent genetically encoded tags to monitor the fate
of speciﬁc proteins within living cells. Protein engineering
eﬀorts have yielded an impressive range of GFP variants with
improved pH sensitivities, folding eﬃciencies, maturation
rates, and improved photochemical properties, most notably
a range of excitation and emission spectra. These diﬀerent
color variants of GFP, together with more recently developed
a
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red variants derived from several Anthozoa, are not only ideal
for monitoring multiple proteins simultaneously,5 but also
provide excellent donor and acceptor ﬂuorophores for application of Förster Resonance Energy Transfer (FRET). FRET
is a photophysical eﬀect in which energy that is absorbed by a
donor is transferred non-radiatively to an acceptor ﬂuorophore.
The strong distance and orientation dependence of FRET makes
it particularly useful to detect conformational changes on the
scale of individual proteins. Fusion of donor and acceptor FPs to
a conformationally responsive ligand binding domain has been
widely employed to construct genetically encoded ﬂuorescent
sensor proteins for a range of intracellular messenger molecules
and metal ions, but also to image enzyme activities.3,6 Fusion of
donor and acceptor FPs to two interacting proteins allows one to
monitor the dynamics of this interaction in real time at the
subcellular level. Finally, FRET can be used to obtain distance
constrains and thus provide detailed structural information on
protein complexes in diﬀerent conformation states.5,7
The eﬃciency of energy transfer strongly depends on the
interﬂuorophore distance (r) and the Förster distance (R0)
according to the Förster equation (eqn (1)). The Förster
distance in turn depends on the quantum yield of the donor
(QD), the spectral overlap between donor emission and acceptor
absorption (J(l)), the refractive index of the medium (n) and
an orientational factor k2, which is related to the relative
Phys. Chem. Chem. Phys.
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Scheme 1 Deﬁnition of angles yT, yA, yD and f that determine k2.
The two arrows designated by D and A represent the TDM of the
donor and acceptor, respectively.
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orientation of the donor emission and acceptor absorption
dipole moments (eqn (2)).8
E¼

R60
R60 þ r6

R0 = 0.211[k2QDn4J(l)]1/6

ð1Þ
(2)

Eqn (3) describes how k2 depends on the angles (yD, yA, yT)
between the dipole moments of the donor and acceptor, as
depicted in Scheme 1. If the orientation of donor and acceptor
domains undergoes complete randomization while the donor
is in the excited state, k2 averages out to a value of 2/3.
However, if the orientation is ﬁxed, k2 can vary between 0
(perpendicular), 1 (parallel) and 4 (collinear). Therefore
changes in relative orientation can have signiﬁcant eﬀects on
the energy transfer eﬃciency.
k2 = (cos yT  3cos yDcos yA)2
= (sin yDsin yA cos f  2cos yDcos yA)2

(3)

The orientation dependence of FRET has been recognized
as an important parameter for FRET sensor performance,
e.g. to explain the sometimes dramatic eﬀects of circular
permutation on FRET sensor performance.6,9–12 However,
the orientation dependence is currently not taken into account
in FRET sensor design. Similarly, studies that use FRET to
derive structural constrains typically assume a k2 of 2/3 or use
the transition dipole moment (TDM) of green ﬂuorescent
protein, as this is the only FP for which the TDM has been
determined experimentally.
Here we used time-dependent density functional theory
(TD-DFT) methods to calculate the TDM for a comprehensive
list of ﬂuorescent proteins. Validation with model compounds
and the experimentally determined TDM of GFP shows that the
TDM is almost exclusively determined by the structure of the
p-conjugated ﬂuorophore and is insensitive to non-conjugated
side chains or protein surrounding. The results of our calculations not only provide TDM for most of the currently used FPs,
but also suggest an empirical rule of thumb that can be used to
estimate the TDMs for new ﬂuorophores that are not represented by the list reported here.

was carried out in the gas phase. For the evaluation of excitation
energies, transition dipole moments and charge distribution, the
time dependent DFT (TDDFT) was utilized at the B3LYP/6-31G*
level of calculation. Solvent eﬀects, when considered, utilized
the polarizable continuum model (IEF-PCM).16 Charges were
calculated using the Merz–Singh–Kollman scheme.17,18 Since
the impact of deviation from planarity on TDMs was found to
be very small (see Table S1 in ESIw for more details), the
reported TDMs are given for the simpliﬁed planar systems
resulting from structural optimization in the gas phase. DFT
(TDDFT) calculations which employ a correction to the long-range
behavior as implemented in the Baer–Neuhauser–Livshits
(BNL) range-separated functional were used.19,20 These latter
calculations used the BNL functional which is implemented in
Q-Chem3.2.24 The range parameter of the functional was
‘‘tuned’’ so that two exact conditions in DFT are enforced
as closely as possible, namely, that for both the molecule and
its anion eH = I, where eH is the highest occupied orbital
energy and I is the ionization energy. Note that although this
tuning procedure does not involve any information on excited
states, it has been shown that this procedure leads to successful
description of excited states with signiﬁcant charge transfer
character.21–23 The tuned parameter (g) was found to be: 0.227
and 0.223 1/a0 for the neutral and anionic models, respectively.
Models for the ﬂuorophores were obtained by removing
parts of the protein at appropriate positions and saturating the
remaining dangling bonds by a methyl group similar to the
models suggested by Tozzini et al.15 Unless mentioned otherwise,
side chains that are not p-conjugated were also replaced by a
methyl group. All ﬂuorophores, due to the way they are
generated (composition of three sequential protein residues),
share a similar basic skeleton which contains an imidazolidinone
ring conjugated to additional ring/rings.
For simplicity, the direction of the TDM for all the ﬂuorophores is given by o, the angle with respect to the imidazolidinone
carbonyl bond and is drawn as originating from the carbon
(see Scheme 2). Knowledge of the absolute direction of the
TDM is not important as both directions (X and (X  180))
actually represent the same TDM vector and result with the
same k2 values. Therefore for the clarity of the presentation
and ease of comparison, we chose to present the o values as
obtained by a clockwise rotation from the imidazolidinone
carbonyl to the TDM.
The eﬀect of the protein surrounding was evaluated by
employing the electrostatic embedding scheme. Here a oneelectron term that represents the electrostatic interaction between
the protein atoms’ partial charges and the reacting system was
introduced into the QM Hamiltonian.25,26 Structural coordinates

Computational details
All quantum calculations of the ﬂuorophores unless otherwise
speciﬁed were carried out using the Gaussian 03 package.13
Density functional theory (DFT) using the Becke’s threeparameter hybrid functional (B3YLP)14 was employed to
optimize all structures with the 6-31G* basis set. Since inclusion
of solvent was shown to have negligible eﬀects on the geometry
in previous studies of these systems,15 structural optimization
Phys. Chem. Chem. Phys.

Scheme 2 Structure of the basic skeleton found in GFP, p-hydroxybenzylideneimidazolidinone (HBDI), showing the direction of the
TDM with respect to the imidazoline carbonyl group.
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of the protein atoms were obtained from the Brookhaven Protein
Data Bank (PDB). For details see Table S2 (ESIw). For wt-GFP
we used the 1EMB structure.27 The partial charges for the
protein were obtained using the ENZYMIX force ﬁeld.28,29

Results and discussion
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Choice of the calculation level
TD-DFT methods are relatively eﬃcient in terms of computation
eﬀort and have been used previously to calculate various properties
of GFP and its derivatives, including excitation energies.15,30–33
Because the description of excited states with charge transfer
(CT) character or with extended p systems using various DFT
methods is challenging,15,34–37 we ﬁrst compared the performance
of these DFT methods in calculating the TDM and excitation
energy for p-hydroxybenzylideneimidazolidinone (HBDI),
a synthetic compound commonly used to model the GFP
ﬂuorophore (1 in Scheme 3).
Table 1 compares the results obtained for both the neutral
and deprotonated forms using various levels of calculation and
experimental values when available. For anions, all theoretical
methods, except for SAC-CI, predict lower excitation wavelengths
than reported by experiment. TDDFT predictions are lower than

those of CASPT2 but the expected overall trend of the anion
having a lower excitation energy than the neutral form is kept.
Furthermore, in agreement with previous studies of this particular
system,37 the performance of the TDDFT methods is comparable
to those obtained using higher computational levels including
CCSD and CASPT2. Importantly, the direction of the TDM
obtained from the TDDFT calculations does not signiﬁcantly
depend on the level of calculation. The TDM direction calculated
by TDDFT is virtually the same as that obtained by the extensive
SAC-CI method, and both are similar to the estimated experimental value. Basis set also exhibit a minor eﬀect on the TDM
direction. Finally, the results obtained by the B3LYP functional
are very similar to those obtained by the BNL functional which is
an improved DFT functional that includes a correction for long
range behavior (additional comparisons can be found in Table S3,
ESIw). These results imply that the TDM in that system is
insensitive to the computational level, showing that even when
diﬀerences between calculated energies are relatively large, the
calculated direction of the TDM remains unaﬀected.
Comparison of the charge distribution of HBDI both in the
ground and the excited states using various computational
methods further conﬁrmed the validity of the TDDFT description
for our system (Tables S4 and S5, ESIw). We therefore used
TDDFT at the B3LYP/6-31+G* level for all further calculations.
Eﬀect of the ﬂuorophore model

Scheme 3 Various models of the GFP ﬂuorophore. (1) p-hydroxybenzylideneimidazolidinone (HBDI). (2) Ethyl 4-(4-hydroxyphenol)methylidene-2-methyl-5-oxo-1-imidazolacetate. (3) (Z)-2-(2-(1-amino2-hydroxypropyl)-4-(4-hydroxybenzylidene)-5-oxo-4,5-dihydro-1Himidazol-1-yl)acetaldehyde.
Table 1 Vertical excitation wavelengths and transition dipole
moment (TDM) directions of the natural and anionic forms of HBDI
in the gas phase obtained by various computation levels
Excitation/nm
Neutral form
a
Exp
b
CASPT2/CC-PVDZc
c
CCSD/CC-PVDZc
d
SAC-CI/DZVd
e
TD B3LYP/CC-PVDZ
f
TD B3LYP/6-31+G*
g
TD BNL/6-31+G*
Anionic form
h
Exp
i
CASPT2/CC-PVDZc
j
CCSD/CC-PVDZc
k
SAC_CI/DZVd
l
TD B3LYP/CC-PVDZ
m
TD B3LYP/6-31+G*
n
TD BNL/6-31+G*

oa/1
(68  3)b

347
310
384e
354
358
349
479g
425
408
559
416
403
410

a

73f
75
74
74
(75  4)b
71f
74
73
72

The angle of the TDM as deﬁned in Scheme 2. The acute angle is
presented. b Experimental results were obtained in CD3OD (see
ref. 38). c Data taken from ref. 37. d Data taken from ref. 39. e Data
taken from ref. 40. f The angle corresponds to a derivative of the
HBDI model, (Z)-4-(4-hydroxybenzylidene)-2-methyl-1H-imidazol5(4H)-one). The data for the angle was obtained from the authors of
ref. 39 in a private communication. g Taken from ref. 41.
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Various derivatives of HBDI (Scheme 3) have been used as
experimental models of the GFP ﬂuorophore, diﬀering in the
non-conjugated components of the molecule. To examine the
inﬂuence of these variations we calculated vertical excitation
energies and TDM directions for the natural and anionic
forms of compounds 1–3 and compared them to available
experimental data (Table 2). To allow this comparison, excitation
energies were calculated in ethanol whereas TDM directions were
calculated in methanol.
The calculated excitation wavelengths are in excellent
agreement with the available experimental data for the neutral
forms (entries a and b). For the anionic form the agreement
with the experimentally obtained excitation wavelength is less
striking but still satisfactory, exhibiting a maximum deviation

the Owner Societies 2012

Table 2 Vertical excitation wavelengths in ethanol and transition
dipole moment (TDM) directions in methanol of the natural and
anionic forms of various models of the GFP ﬂuorophorea,b
Modelc
Neutral form
a
1
b
2
c
3
Anionic form
d
1
e
2
f
3

Excitation/nm

od/1

374 (368)e
373 (372)g
386

73 (68  3)f
73
77

421 (439)e
419 (446)g
430

71 (75  4)f
71
76

a

Results are given at the TD B3LYP/6-31+G*//B3LYP/6-31G* level
of calculation. Solvent eﬀect is modelled at the IEF-PCM level.
b
Values in parentheses correspond to experimental data. c Model
corresponds to the models presented in Scheme 3. d The angle of the
TDM as deﬁned in Scheme 2. The acute angle is presented. e Data
taken from ref. 42. f Experimental results were obtained in CD3OD
(see ref. 38). g Data taken from ref. 43.
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of 30 nm (entries d and e). The calculated TDM directions
are similar for all three model compounds and in agreement
with the experimentally determined TDM for model 1.
Furthermore, the diﬀerence in the calculated TDM values
between the charged and neutral forms of each molecule is
21 at most. These values are somewhat similar to the experimentally reported values of Tolbert and co-workers, which
exhibit a diﬀerence of 71.38 We note in this respect that
diﬀerent from the experiment, where the TDM direction of
the anionic form exhibits a higher angle than that of the
neutral form, our calculations exhibit lower values for the
anionic form. All levels of calculations exhibit this behaviour,
suggesting that the diﬀerence may result from either the
diﬃculty to properly describe this anionic species (as is
perhaps suggested by the larger discrepancy in the vertical
excitation energies when compared with experiment), the
diﬃculty to properly determine the geometry, or due to
particular correlation eﬀects that none of the methods used
here (including SAC-CI) accounts for.
These results show that the non-conjugated components of
the molecule have virtually no eﬀect on the direction of the
TDM and imply that non-conjugated components can be
disregarded in further calculations without compromising
their accuracy. It also suggests that ﬂuorophores that share
the same p-conjugated skeleton, and diﬀer from each other only
by the non-conjugated components are likely to have similar
TDM. Therefore, in subsequent calculations we replaced side
chains that are not p-conjugated by methyl groups.
Eﬀect of the environment
The ﬂuorophore environment can signiﬁcantly aﬀect its
photophysical behaviour, as evidenced by the diﬀerences in
optical properties displayed by ﬂuorescent proteins containing
the same p-conjugated skeleton. To establish the inﬂuence of
the ﬂuorophore surrounding, we calculated the TDM direction for the HBDI model of GFP in various solvents spanning
a wide range of dielectric constants as well as in the gas phase
and in the protein interior (Table 3). The latter calculation
involved modelling the protein atoms surrounding the ﬂuorophore as point charges. This model provides the closest
description of the actual biological system and also takes into
account the possible inﬂuence of charge distribution on the
ﬂuorophore’s surrounding.
Table 3 lists vertical excitation wavelengths and TDM
directions of both the neutral and the anionic form of the
HBDI model in diﬀerent environments. Excitation energies
calculated for the neutral form were found to be insensitive to
the surrounding and in very good agreement with the experimental values.42 Excitation energies calculated for the anionic
form exhibited greater sensitivity to the environment but, with
the exception of DMSO, also agree reasonably well with
experimental values. A negligible eﬀect of the surrounding
on the TDM direction was observed, with the TDM exhibiting
virtually the same angle (731  11 and 711  21 for the neutral
and the anionic forms, respectively, both in various solvents
but also in the gas phase and the protein). Most importantly,
the calculated value is in good agreement with the TDM that
was experimentally derived for GFP.
Phys. Chem. Chem. Phys.

Table 3 Vertical excitation wavelength and transition dipole moment
(TDM) directions of the natural and anionic forms of the HBDI model
(1) in various environmentsa,b
oc/1

Excitation/nm
Neutral form
a
Water
b
DMSO
c
Methanol
d
Ethanol
e
Toluene
f
GFP proteing
g
Gas phase
Anionic form
h
Water
i
DMSO
j
Methanol
k
Ethanol
l
Toluene
m
GFP proteing
n
Gas phase

373
377
373
374
376
361
358

(372d, 370e)
(370)d
(367)d
(368)d
(362)d
(395)h

73
73 (66  3f, 62  4i)
73 (683)f
73
74
74 (674)i
74

417
424
417
421
446
463
403

(426d, 426e)
(471)d
(428)d
(439)d
(445)d
(475)i

71
71
71 (75  4)f
71
71
70
73

a

Results are given at the TD B3LYP/6-31+G*//B3LYP/6-31G* level
of calculation. Solvent eﬀect is modelled at the IEF-PCM level.
b
Values in parentheses correspond to experimental data. c The angle
of the TDM as deﬁned in Scheme 2. The acute angle is presented.
d
Data taken from ref. 42. e Data taken from ref. 41. f Results
obtained in the deuterated form of the solvent (namely, CD3OD or
DMSO-d6), are taken from ref. 38. g GFP protein coordinates are
taken from PDB entry code 1EMB.27 h Data taken from ref. 44.
i
Data taken from ref. 45 and supported also by ref. 46.

Transition dipole moment of representative ﬂuorescent proteins
Since the non-conjugated parts of the ﬂuorophore and protein
surrounding had virtually no eﬀect on the direction of the TDM
vector, we grouped the various FPs according to the structure of
the p-conjugated part of their ﬂuorophore, and calculated the
TDM for a representative example of each of them (Table 4). As
mentioned in the computational section, side chains that are not
p-conjugated were replaced by a methyl group and calculations
were all carried out in the gas-phase. The ﬂuorophores are
represented both by the three letter code deﬁning the original
three amino acids comprising the ﬂuorophore (2nd column), and
by a drawing of the compound that was actually calculated as
obtained after trimming of non-conjugated chains (3rd column).
The entries in the table are usually ordered by ascending excitation
energies and the respective emission colour is indicated in the
5th column of Table 4. Some of the ﬂuorophores are known to
have a major excitation peak representing their protonated
form e.g. GFP (entry c) while others major excitation represents
their deprotonated form e.g., YFP (entry g). Here we have
considered the form that accounts for the major peak and the
respective overall charge of the ﬂuorophore is indicated in the
6th column. The direction of the TDM is both depicted
pictorially by dashed arrows on the compounds’ drawings
(3rd column) and is given as the value of o (7th column).
Finally the oscillator strength (OS) of the transition is also
given (8th column). A single entry can correspond to various
FPs, partially listed in the 4th column with the ﬁrst representative highlighted in bold. That is, for example the TDM
direction calculated for SHG, Ser-His-Gly (entry b), corresponds to both BFP and EBFP as they both share identical
ﬂuorophores and diﬀer by only two mutations in the protein
environment. Moreover, due to removal of non-conjugated
This journal is
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Table 4 Models of various representative ﬂuorophores, with some of their relevant FP, the emission color, the charge (in a.u.) and the direction of
the TDM relative to the C - O bond vector deﬁned by o (in degrees)a
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Table 4
(continued )

Phys. Chem. Chem. Phys.
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Table 4

(continued )

Results are given at the TD B3LYP/6-31+G*//B3LYP/6-31G* level of calculation. b o the angle between the TDM vector and the vector
along the imidazolidinone carbonyl bond originating at the carbon atom. The absolute direction of the TDM is not important and both directions
(X and (X  180)) actually provide the same k2 values. Therefore for simplicity and consistency the calculated o values are given here as the
clockwise rotation angle from the imidazolidinone carbonyl towards the TDM vector. c The values correspond to a non-planar compound since
the methoxymethylene formamide group is not planar.50,51 The values when Cs symmetry was imposed on the ﬂuorophore are given in parentheses.
d
W 0 represents a synthetic non-natural Trp-like amino acid: (4-NH2)-Trp. e Values correspond to the ﬂuorophore as depicted in the drawing with
N-unsubstituted ketimine while in parentheses values correspond to the same ﬂuorophore where the ketimine group is replaced by a carbonyl
group. f OS values greater than 1 suggesting that there is degeneracy of the electronic states.
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a

elements of the molecule, most of the calculated compounds
represent various FPs. For example, both DsRed and mPlum
are represented by the same compound in our model (entry k,
XYG), even though the ﬁrst amino acid of the ﬂuorophore is
diﬀerent (Gln and Met, respectively). Finally, depending on
the protein environment, the three letter code can correspond
to diﬀerent ﬂuorophore models due to diﬀerence in their
respective formation process. Thus TYG, Thr-Tyr-Gly, corresponds to the compounds depicted in entries j and k. These
various ﬂuorophores are all a result of an autonomous multistep
reaction of the three mentioned residues into an imidazolidinone
heterocycle, similar to GFP. Yet, compounds in entry j (e.g.,
mOrange) involve additional cyclization of Thr66 with the
preceding carbonyl carbon to yield a partially conjugated
oxazole ring whereas compounds in entry k (e.g., DsRed)
involve additional acylimine due to oxidation of the Ca–N
bond of residue 66 which modiﬁes the amide linkage between
residues 65–66 and extends the ﬂuorophore p-system.
The stereochemistry of the exocyclic double bond of the
imidazolidinone moiety of the ﬂuorophores can be relevant to
their photo-physical behaviour.15 For example, photo-induced
isomerization between the cis and trans isomers (the Z and E
isomers, respectively) is believed to account for the mechanism
by which the nonﬂuorescent protein converts into a ﬂuorescent
protein (e.g., the asFP595 ﬂuorophore, also known as ‘‘kindling’’,
entry m).47–49 We typically only calculated the cis (Z) isomer, as
this is the form that ﬂuoresces, whereas the trans (E) isomer
normally presents a dark state. The only exception involves
DsRed and eqFP, which are two diﬀerent FPs that contain
the cis (Z) and trans (E) isomers of the same p-conjugated
ﬂuorophore skeleton, respectively.
Heuristic rule for guessing the TDM direction in ﬂuorescent
proteins
From inspection of the results depicted in Table 4 one ﬁnds as
expected that the TDM vector always lies in the ﬂuorophore
plane. The direction of the TDM gives the polarization of
the transition between two states, the ground and excited
states. It is thus given by an integration over the product of
the two states Cgs and Cex (ground and excited states, respectively)
^, as follows:
and the dipole moment, m
TDM = hCgs|^
m|Cexi = ehCgs|rˆ|Cexi

(4)

The excited state should be such that it involves an allowed
transition, thus, all the calculated TDMs correspond to the ﬁrst
excitation energy with nonnegligible oscillator strength. These
excitations were found to be predominantly HOMO–LUMO in
all our reported systems. The HOMO and LUMO orbitals in
This journal is
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these systems are p orbitals delocalized over the entire molecule,
and the transition is thus the symmetrically allowed p - p*.
Being a singlet, the symmetry of the ground state corresponds
to the fully symmetric subgroup (A0 ). The symmetry of the
excited state is a product of the symmetries of the two singly
occupied orbitals, namely, the HOMO and LUMO. Both are
p-orbitals and thus belong to the same symmetry subgroup (A00 ).
The resulting excited state, therefore, also corresponds to the
fully symmetric subgroup (A 0 ). Therefore, only transitions along
the molecular plane (X and Y axes) would be symmetrically
allowed and lead to a non-zero TDM. Thus, one can conclude
that in general the TDM of such ﬂuorophores would always lie
in the plane of the ﬂuorophore.
Additional analysis of the results reveals that the TDM
typically follows the long axis of the p-conjugated component
of the molecule with a maximal deviation of B131 (Table S6,
ESIw). Here, the long axis is deﬁned as the eigenvector that
corresponds to the largest eigenvalue of the nuclear quadrupole
of the p-conjugated part of the ﬂuorophore (see ESIw for a
detailed derivation). Furthermore, looking at the various ﬂuorophore skeletons we ﬁnd that this direction can often simply be
estimated by the imaginary line that connects the two farthest
atoms on the p-conjugated element of the molecule. This
analysis thus provides a useful rule of thumb to predict the
direction of the TDM for any new ﬂuorescent protein with a
ﬂuorophore structure that is not represented in Table 4. In cases
where the largest distance between two atoms in the ﬂuorophore
is clearly deﬁned, the imaginary line that connects them can
serve as a good estimate for the TDM direction. For those cases
where this largest distance is not clearly deﬁned, one could
calculate the direction of the long axis of the p-system using
the method described in the ESI.w
Understanding the importance of the angular dependency of
FRET
In the absence of experimental values, the TDM of other FPs
are often assumed to be the same as that of GFP.52,53 The
calculated TDM obtained here should allow a more accurate
interpretation of FRET eﬀects for these FPs, both for quantitative interpretation of natural protein conformational changes
and for understanding FRET sensor properties.52,54 The design
of FRET sensors is typically based on maximizing the change in
interﬂuorophore distance, whereas orientational eﬀects are
either neglected or the ﬂuorescent domains are assumed to be
randomly distributed in both sensor states.9 However, recent
work by Nagai and co-workers suggests that intramolecular
interactions between ﬂuorescent domains may play an important
role in many of these highly-optimized FRET sensors and explain
Phys. Chem. Chem. Phys.
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Fig. 1 Variation of k2 along diﬀerent orientations of YFP relative to CFP. Structure of the starting complex showing the deﬁnition of X and Y
axes is shown at the top left corner of the ﬁgure. CFP and YFP are represented by the darker (left) and brighter (right) proteins, respectively, in the
complex (ﬁgure created with MATLAB61 and Pymol,62 respectively).

the sometimes dramatic eﬀects observed by introducing circularly
permuted FPs.10–12,55 Recently, we and others have introduced
the use of self-associating ﬂuorescent domains as a design strategy
to increase the dynamic range of FRET sensors.56–59 Also in these
sensors, the donor and ﬂuorescent domains form an intramolecular complex in either the on or the oﬀ state in which k2
is likely to deviate substantially from 2/3.
To illustrate the relationship between k2 and the relative
orientation of donor and acceptor ﬂuorescent domains, we
calculated k2 for a broad range of relative orientations of CFP
and YFP, the pair of FPs most commonly used in FRET
sensors. We assumed that the calculated excitation TDMs are
also good estimates for the emission TDM, which is reasonable
since the absorbance and emission TDMs of GFP are known to
be nearly identical.60 As a starting point we took the structure
of the GFP dimer in which two GFP domains are oriented in an
anti-parallel orientation. The crystallographically determined
structures of YFP and CFP were aligned with chains A and B of
this GFP dimer, respectively. Following alignment of the
calculated ﬂuorophore structures with the crystallographically
deﬁned ﬂuorophores, k2 was calculated using eqn (3) based
on the relative orientation of the calculated TDMs (yT, see
Scheme 1) and the angles (yA and yB) between each of the TDM
and the line connecting the centres of mass of the two ﬂuorophores. k2 was calculated by keeping the position of CFP ﬁxed,
while rotating YFP over all possible angles along the X- and
Y-axes (Fig. 1 and ESIw). A contour plot shows a complex
landscape with multiple minima and maxima. For example, in
this starting anti-parallel orientation k2 is relatively favourable
(k2 = 2.5), but k2 decreases rapidly to just 0.1 after a 901
rotation along the Y-axis. This analysis conﬁrms that even
subtle changes in relative ﬂuorophore orientation can signiﬁcantly
aﬀect k2 and thus energy transfer eﬃciency. A related plot
representing the dependence of the energy transfer eﬃciency
(E in eqn (1)) on the rotation is given in ESI.w These results
could thus help to rationalize the signiﬁcant eﬀects of circular
permutation on the ratiometric change observed in the optimization of FRET sensor performance.
Phys. Chem. Chem. Phys.

Concluding remarks
The TDM direction of GFP was calculated at various levels
and validated against experiment. It was shown that calculation
of the TDM direction of the p-conjugated part of the respective
ﬂuorophore in the gas phase gives suﬃciently accurate results.
Thus, the TDM direction of various commonly used FPs was
then calculated. Based on the results a rule of thumb was derived
for approximating the TDM direction in new FPs. The expected
variance in k2 was demonstrated for a broad range of relative
orientations resulting from rotation of YFP with respect to
CFP, highlighting the importance of understanding the angular
dependence for optimal design of FRET based sensors.
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