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ABSTRACT: Green fluorescent protein and its variants are frequently used as Fo¨rster (fluorescence) resonance
energy transfer (FRET) pairs to determine the proximity of protein domains. We prepared fusion proteins
comprising yellow fluorescent protein-Dictyosteliummyosin II motor domain-cyan fluorescent protein
(YFP-myosin-CFP) and compared their FRET properties with an existing construct (GFP-myosin-
BFP), containing a green fluorescent protein acceptor and blue fluorescent protein donor [Suzuki, Y.,
Yasunaga, T., Ohkura, R., Wakabayashi, T. and Sutoh, K. (1998)Nature 396, 380-383]. The latter
construct showed an apparent 40% reduction in acceptor fluorescence on ATP addition, when excited via
the donor, compared with the YFP-myosin-CFP constructs which showed a small increase (e5%). We
propose that this disparity primarily arises from the differential response of GFP and YFP on intramolecular
association with the donor probe. Studies with isolated GFP and YFP at high concentrations show that
they dimerize with similarKd values but the spectrum shifts toward the protonated state only with GFP.
On excitation at 380 nm, the protonated GFPH emits at 510 nm via excited-state proton transfer, giving
the appearance of extensive FRET. These findings have important implications for FRET measurements
using GFP-type probes because they give rise to changes in donor and acceptor emission ratios through
processes other than FRET and complicate the extraction of the true degree of energy transfer from
experimental data. Furthermore, the unknown orientation factor prevents the distance of the lever arm
swing from being derived from these FRET changes.

Förster (fluorescence) resonance energy transfer between
proteins derived from GFP1 has become a widely used tool
in cell biology to study protein interactions within living cells
(1-5). These proteins have also been used as probes in vitro
to investigate structural changes in macromolecular com-
plexes. In many cases the FRET signal is used in an empirical
way to determine if protein domains are within close
proximity or not. However, in other instances the Fo¨rster
equation is used in an attempt to quantify distances between

the probes (6-9). The use of GFP and its variants in the
latter context presents some advantages and some problems
(10). The principle advantages are that the sites to be probed
can be labeled specifically and stoichiometrically, provided
that the GFP folding and chromophore maturation are
complete. The principle disadvantages are that the probes
are bulky and the fluorophores are held rigidly within a
â-barrel structure such that they cannot rotate significantly
during the lifetime of fluorescence. Consequently, the
orientation factor,κ2, is difficult to define, and there is no
justification for assuming the value of2/3 that was derived
for fluorophores freely and rapidly rotating over all orienta-
tions.

Another problematic area is the environmental sensitivity
of GFP (11). It is well-known that the fluorophore of many
GFP variants has a pK value close to physiological pH (2,
10). It is important to take this into account because the
protonated and deprotonated forms have different absorption
and fluorescence spectra. Some species are also sensitive to
other ions [e.g., YFP is sensitive to Cl- (12)]. These factors
are of particular concern in the development of intracellular
FRET probes, such as those designed to measure Ca2+

concentrations. However, with in vitro studies where pH and
ionic strength can be controlled, environmental factors are
perceived to be less of a problem. Indeed, the protection of
the fluorophore within theâ-barrel structure of GFP appears
to render it relatively immune from many environmental
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Trust IRDA Scheme, KMU¨ FA-BIO-110/2002,OTKA TS047154, and
National Office for Research and Technology RET 14/2005.

* To whom correspondence should be addressed. Tel:+44 (0)116
229 7048. Fax:+44 (0)116 229 7018. E-mail: crb5@le.ac.uk.

‡ University of Leicester.
§ Present address: Division of Medical Studies, The Medical School,

University of Birmingham, Birmingham, U.K.
| Present address: Department of Biochemistry, Eo¨tvös Loránd

University, H-1117 Budapest, Hungary.
⊥ Present address: Department of Biomedical Sciences, University

of Sheffield, Sheffield S10 2TN, U.K.
# University of Nottingham.
1 Abbreviations: BFP, blue fluorescent protein; CFP, cyan fluores-

cent protein; ESPT, excited-state proton transfer; FRET, Fo¨rster
(fluorescence) resonance energy transfer;Dd, Dictyostelium discoideum;
GFP, green fluorescent protein; HEPES,N-(2-hydroxyethyl)piperazine-
N′-2-ethanesulfonic acid; MES, 2-(N-morpholino)ethanesulfonic acid;
MOPS, 3-(N-morpholino)propanesulfonic acid; YFP, yellow fluorescent
protein.

10482 Biochemistry2006,45, 10482-10491

10.1021/bi060943u CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/10/2006



factors, other than pH. The wavelength maxima of the
absorption and fluorescence of GFP variants are generally
independent of the protein to which they are fused. This
situation contrasts with many small molecule probes whose
fluorescence undergoes significant spectral shifts on binding
to a protein. Consequently, in the latter case, the quantum
yield and overlap integral of the donor and acceptor need to
be measured for each complex, before the Fo¨rster equation
can be applied. In contrast, the observed constancy of the
absorption and emission wavelengths has encouraged pub-
lication of standard spectra of GFP and its variants for the
purpose of FRET analysis (13, 14). This practice, however,
contains tacit assumptions about the absorption coefficients
and effective pK values that we demonstrate here are not
always met.

Our interest in this topic arose from the work of Suzuki
et al. (6), who probed the lever arm movement of myosin
by measuring FRET between GFP and BFP attached to the
N- and C-termini of theDictyostelium discoideum(Dd)
myosin II motor domain. They reported that ATP binding
induced a large change in FRET, based on GFP-sensitized
emission, which reverted back to the initial state on Pi release.
They presented a quantitative analysis of the FRET changes
and incorporated their findings into a swinging lever arm
model for the myosin cross-bridge. Subsequently, we made
similar Dd myosin fusion proteins based on YFP and CFP
(15) and found FRET changes that were much smaller and
in the opposite direction to those reported by Suzuki et al.
(6). We have now made a direct comparison between these
constructs, which reveals a number of complexities in the
apparent FRET signals. These factors are potentially common
to other GFP constructs and need to be considered in any
quantitative analysis of FRET.

MATERIALS AND METHODS

Constructs. Ddmyosin II motor domain fusion proteins
were prepared containing an N-terminal YFP (Clontech
EYFP variant 10C, Biosciences, Oxford, U.K.) and a
C-terminal CFP (Clontech ECFP), the latter having a
C-terminal His8 tag. The myosin motor domain was based
on the W501+ construct (16), which retained a single
tryptophan at position 501, and mutations W36F, W432F,
and W584F. The pDXA-W501 vector coding this protein
was the start point for subsequent cloning. The vector was
digested withBamHI plusKpnI (BamHI excises W501), and
the YFP sequence inserted as aKpnI-BamHI fragment. The
CFP sequence was inserted byBamHI-NsiI digestion and
ligation. Finally, the W501+ sequence was reinserted fol-
lowing BamHI digestion and ligation. The YFP and CFP
inserts were also prepared with C- and N-terminal triple
glycine linkers, respectively, to give three variant fusion
proteins, as shown in Figure 1. The pBIG plasmid coding
for GFP-myosin-BFP [≡GFP-S1-BFP of Sasaki et al.
(17)] was kindly provided by Dmitry Kudryashov and Kazuo
Sutoh. In this construct the myosin motor domain contained
the full complement of tryptophan residues. The linker
regions were confirmed by sequencing and compared in
Figure 1.

Dd AX2 cells were electroporated and myosin constructs
purified by Ni affinity chromatography as described previ-
ously (16). Isolated YFP was prepared as described previ-
ously (18), and GFP was made by an analogous procedure.

Spectroscopic Measurements.Absorption spectra were
recorded with a Cary 50 spectrophotometer (Varian Ltd.,
Walton on Thames, U.K.). Fluorescence spectra were
recorded with an Eclipse fluorometer (Varian Ltd.) or an
SLM 8000/48000 fluorometer with polarization optics (SLM
Aminco, Urbana, IL). For absorbance measurements at high
concentration, samples were measured in 1 mm path length
cells or approximately 0.1 mm cells constructed from
microscope slides and coverslip spacers. The latter was
mounted in a front-faced mode for fluorescence spectroscopy.
Stopped-flow measurements were carried out using an
SX18MV instrument (Applied Photophysics Ltd., Leather-
head, U.K.) equipped with Xe and Hg-Xe lamps. This
instrument was modified to allow dual-channel fluorescence
detection so that donor and acceptor emission could be
monitored simultaneously. Temperature-jump experiments
were performed using a TJ-64 instrument with Joule heating
(Hi-Tech Scientific, Salisbury, U.K.). GFP and YFP emission
was measured using OG515 and OG530 cutoff filters,
respectively. BFP emission was monitored using a WG395
cutoff filter in combination with a 460IK25 band-pass filter.
CFP emission was monitored using a GG450 cutoff filter in
combination with a 505IK25 band-pass filter. Tryptophan
emission was monitored by a combination of WG320 and
UG11 filters (all filters from Comar Instruments, Cambridge,
U.K.). Assays were carried out in 40 mM NaCl, 20 mM
HEPES or MOPS, and 2 mM MgCl2 at pH 7.5 and 20°C,
unless otherwise stated. Further details of these methods have
been given previously (19). GFP photobleaching was achieved
using 125 mW irradiation at 488 nm from an argon ion laser
(Model 35LAP431; Melles-Griot, Huntingdon, U.K.) with
a 120µL sample in a 105.250-QS microcuvette (Hellma,
Southend-on-Sea, U.K.). Concentrations of GFP and YFP
were calculated using absorption coefficients of 57 mM-1

cm-1 (488 nm) and 83 mM-1 cm-1 (514 nm), respectively
(10).

Analytical Ultracentrifugation.Sedimentation equilibrium
analysis was performed at 20°C in a Beckman XL-I
analytical ultracentrifuge, using Rayleigh interferometric
optics; 12 mm optical path length centerpieces were used in
the cell. After the laser settings were optimized and initial
scans were taken at 3000 rpm, a final rotor speed of 15000
rpm was selected. Scans were taken immediately after
reaching speed and then every 60 min until equilibrium was
attained. Final scans were accepted for analysis when no
significant detectable changes could be found between
successive scans. Data were logged to disk using the
Beckman software. The final data set used for analysis was
obtained by subtraction of the initial scan at speed from the
last scan recorded: this procedure ensures that any minor

FIGURE 1: Comparison of the linker sequences in the constructs
used in this study. Residues in bold refer to the native sequence of
the GFP probe variants and the myosin motor domain (which
terminates at R761). Dots represent the intervening sequence, and
dashes represent absent residues. The YFP-myosin-CFP con-
structs are distinguished by the number of triple glycine linkers
(0L, 1L, 2L).
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deviations from linearity and/or slight optical inhomogene-
ities in the system cancel out.

Local software (the INVEQ suite) was employed (20, 21)
for analysis. This allows for an assessment of the degree of
self-interaction (if any) between the principal species
present: INVEQ is particularly sensitive in defining weak
interactions (toKd ) 100 mM under optimal conditions).
The parameters floated for fitting were theKa interaction
constant, the BM (second virial coefficient), and the baseline
offset (E). The fixed reduced molecular mass (σ) was
determined via SEDNTERP (below). The INVEQ suite
operates within the general curve-fitting program pro Fit
(Quantum Soft, Zu¨rich, Switzerland). In the present case, it
could be assumed that the lowest (monomeric) mass species
present was of mass) 29022 Da. The reduced mass of this
species (theσ value), the quantity actually determined in
sedimentation equilibrium, was computed via SEDNTERP
(22).

RESULTS

Comparison of FRET in Different Constructs.We prepared
three YFP-myosin-CFP constructs that differed in the
linker regions between the fluorescent protein and myosin
(Figure 1). All of these constructs showed similar and
substantial FRET between the YFP and CFP probes, as
indicated by the sensitized YFP emission when excited at
436 nm (15). On the basis of the degree of CFP donor
quenching (15), the FRET efficiency was estimated to be
about 0.32 in the apo state at 1 M KCl and 0.58 at 40 mM
KCl. This shift is due, at least in part, to the reduced YFP
absorption at high chloride concentration. However, under
both ionic conditions ATP addition caused little or no change
in the observed emission spectra of all three constructs. Any
change that was observed involved a small increase in YFP
acceptor emission and decrease in CFP donor emission
(e5%). These small changes were confirmed by time-
resolved measurements in a stopped-flow apparatus (Sup-
porting Information, Figure S1). The latter technique pro-
vided a more reliable way to measure small changes in
emission intensity because it avoided drift in the signal
between additions of ligand (e.g., due to photobleaching) and
dilution errors. These results with our YFP-myosin-CFP
construct are very different to those published for the GFP-
myosin-BFP construct where a 40% quench in acceptor
emission on ATP addition was noted (6). Subsequently, we
obtained the DNA construct for the GFP-myosin-BFP
construct and confirmed that this preparation showed a
marked difference in the apparent FRET signal when
compared in the same apparatus (Figure 2). Initially, we
thought that the constructs differed in their response to ATP
because of orientation differences between the pairs of
probes. However, while this may be an important and
contributing factor, we also noted that, in the case of the
GFP-myosin-BFP construct, the change in the GFP signal
contained a large non-FRET component. This was revealed
by a 23% enhancement in GFP fluorescence on ATP addition
when the GFP was excited directly at 485 nm, rather than
via the BFP donor (Figure 3a). Furthermore, there were
marked changes in the absorption spectra of the GFP-
myosin-BFP construct on ATP addition (Figure 3b). Suzuki
et al. (6, 23) used sensitized GFP emission to calculate the
degree of FRET whereas the BFP donor fluorescence showed

much smaller changes in intensity, as we also observed
(Figure 2). As discussed below, the latter provides a more
robust measurement of FRET efficiency, while sensitized
emission grossly overestimates the FRET change induced
by ATP.

Determination of FRET Efficiency.Förster energy transfer
can be quantified by two different approaches: (1) quenching
of the donor fluorescence; (2) measurement of acceptor-
sensitized emission (24). The former is a more direct method
and requires measurement of the donor fluorescence emission
intensity in the absence and presence of the acceptor. In the
case of fluorescent protein FRET pairs, the acceptor can be
effectively removed by selective proteolysis or denaturation
of the intervening protein (i.e., myosin) or by photobleaching
the acceptor. For the sensitized emission method, the acceptor
signal intensity when excited via the donor is compared with
direct excitation of the acceptor. This method requires
knowledge of the relative absorption coefficients of the donor
and acceptor, as well as the fluorometer spectral correction
factors.

Donor quenching is usually assessed in microscope-based
studies by photobleaching of the acceptor. When this was
done with the GFP-myosin-BFP construct on a bulk scale

FIGURE 2: Steady-state FRET emission and anisotropy spectra in
the absence (black line) and presence (gray line) of 1 mM ATP:
(a) GFP-myosin-BFP on excitation at 380 nm; (b) YFP-myosin-
CFP (0L) on excitation at 436 nm. Note the small and opposite
effect of ATP on the donor intensity. The emission spectra were
calculated from the total emission (I| + 2I⊥) and the anisotropy
from (I| - I⊥)/(I| + 2I⊥) after correction for theG-factor. Note
that the anisotropy exceeds 0.4 at low wavelengths owing to a small
contribution from light scattering. The anisotropy values are
analyzed in Table 2.
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using a 120 mW argon ion laser tuned to 488 nm, loss of
the GFP fluorescence was accompanied by at most a 20%
increase in BFP fluorescence (Supporting Information, Figure
S2). However, acceptor photobleaching underestimates the
degree of FRET in this case (2). When the GFP-myosin-
BFP construct was treated with trypsin, there was a>200%
rise in BFP fluorescence and fall in GFP acceptor fluores-
cence (Figure 3c), which allowed a better estimate of the
FRET efficiency (Table 1). Unfortunately, proteolysis was
accompanied by a rise in turbidity. For this reason, the limit
of BFP emission at 100% proteolysis was calculated from
the observed value at 58% proteolysis where the turbidity
was less extensive by assuming the GFP-sensitized emission
decreased to 0 at 100% proteolysis. On the basis of these
data, the effect of ATP on the FRET efficiency of the GFP-
myosin-BFP construct was rather small (0.70-0.66) com-
pared to the values calculated by Suzuki et al. (6) of 0.439-
0.082 [obtained from the sensitized emission procedure (23)].
We also obtained a larger ATP-induced change using this

method with our data (Table 1). What is the basis of this
discrepancy? As noted above, we found there was a large
ground-state perturbation of the GFP spectrum (and possibly
the BFP spectrum) that we attribute to intramolecular
association of the fluorescent proteins, and this complicates
the analysis of the FRET efficiency.

Absorption and Fluorescence Changes Arising from In-
tramolecular Association.The absorption spectrum of the
GFP-myosin-BFP construct revealed two peaks (380 and
488 nm) as expected (Figure 3b), but their absorbance values
were approximately equal rather than the 1:2.8 ratio expected
from the absorption coefficients of isolated BFP and GFP,
respectively (10). On digestion of the myosin/linker region
with trypsin, the 488 nm peak increased in intensity, while
the 380 nm peak decreased. Unfortunately, the accompanying
rise in turbidity prevented a quantitative analysis, but after
an approximate baseline correction, the ratio of peak heights
approached the expected 1:2.8 ratio. Digestion of GFP-
myosin-BFP with trypsin was accompanied by a rise in GFP

FIGURE 3: (a) Fluorescence stopped-flow records of 0.25µM GFP-myosin-BFP on mixing with 500µM ATP (reaction chamber
concentrations). GFP emission was monitored at>515 nm with excitation at 365 nm (black line, apparent FRET from BFP) or directly at
485 nm (gray line). Fitted rate constants (single exponential) were 62 and 41 s-1, respectively. The assays were carried out in 40 mM NaCl,
20 mM HEPES, and 2 mM MgCl2 at pH 7.5 and 20°C. (b) Absorption spectra of 3.1µM GFP-myosin-BFP in the absence (black line)
and presence (gray line) of 280µM ATP. The latter was recorded within 1 min of addition of the ATP. (c) Fluorescence emission spectrum
of 1 µM GFP-myosin-BFP (excitation at 365 nm) before (black solid line) and after (dotted line) 2 h digestion with 0.1% (w/w) trypsin.
Assuming that 100% digestion of the myosin and/or linker regions would reduce the GFP FRET emission peak at 510 nm to the baseline
level, the reaction was 58% complete at 2 h. On 100% digestion, the BFP emission peak can be calculated (dashed line) for that in the
absence of any quenching from FRET or intramolecular association with GFP. Also shown (gray line) is the spectrum of GFP-myosin-
BFP in the presence of ATP from a separate experiment that was normalized to give a similar enhancement in BFP emission as seen in (a).
(d) Same samples as in (c) but using direct excitation of the GFP at 480 nm. Again, the signal in the absence of any interaction (dashed
line) is calculated assuming the spectrum at 2 h (dotted line) represents 58% completion.
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fluorescence when directly excited at 480 nm (Figure 3d).
We propose that the absorbance of GFP at 488 nm in the
intact construct is suppressed because of intramolecular
association between the BFP and GFP moieties.

Early studies on wild-type GFP showed that self-associa-
tion at high protein concentrations gave a spectral change
(peak around 390 nm) similar to that produced by protonation
(11). The phenomenon was confirmed and quantified in later
studies to give aKd for the dimer of 60µM (25). We
observed the same effect of concentration with isolated eGFP
(i.e., the mutant used in the GFP-myosin-BFP construct)
but not isolated YFP 10C (Figure 4a,b). This was a surprising
result given that both proteins are reported to dimerize with
Kd values in the region of 100µM (10, 26). Furthermore,
YFP has a higher pK than GFP and hence is more susceptible
to protonation by external solvent (10). We therefore checked
these preparations for dimerization using sedimentation
equilibrium analysis and confirmed that both eGFP and YFP
10C dimerize with similar affinities (Figure 4c,d). Protonation
of fluorescent proteins is a complex reaction and involves
slow (millisecond to second time scale) isomerizations of
the protein and/or chromophore (18). Association of these
proteins at high concentrations presumably affects the
conformation of the protein which, for GFP at least, affects
the apparent pK of the chromophore. Note that even at eGFP
concentrations.Kd, the anionic peak remains dominant, with
a calculatedA488/A398 ratio of 1.5 for the dimer species (the
ratio at low GFP concentrations was 7.5). This suggests that
dimers of the type GFPH-GFP- are prevalent. A significant
GFP protonated peak was observed even at pH 9.0 over the
same concentration range as used in Figure 4a, suggesting
that the ratio of protonated to anionic states reflects
predominantly an internal proton rearrangement rather than
a change in the external pK.

If the fluorescent proteins associate in the apo GFP-
myosin-BFP construct, then the decrease in the 488 nm

absorbance could be due to the reduction in the GFP- anion
while apparent increase in the BFP absorbance peak at 380
nm could arise from the protonated GFPH form, which
absorbs in this region (395 nm). The BFP spectrum itself
may also be perturbed on association with GFP (the turbidity
change prevented accurate separation of the BFP and GFPH
peaks). These ground-state perturbations have a strong
influence on the apparent FRET signal. ATP addition is
accompanied by significant absorption changes (15%) in the
GFP-myosin-BFP construct (Figure 3b), in a direction that
suggests there is less intramolecular probe association. These
ground-state changes are accompanied by changes in fluo-
rescence emission intensities that operate in conjunction with
genuine FRET changes. We have not seen any ATP-induced
changes in GFP fluorescence in single fusions to the myosin
II motor domain (27), supporting the idea that intramolecular
association is involved. We consider that the large ATP-
induced enhancement in GFP fluorescence, observed when
the GFP-myosin-BFP construct was excited directly at 488
nm, arises from a shift in the relative amounts of the GFPH
and GFP- states toward the anionic state. In the apo state,
the high apparent FRET efficiency calculated from the
sensitized emission arises because GFPH is excited at similar
wavelengths as for BFP, and this species emits at 510 nm
owing to an efficient excited-state proton transfer process
(see Discussion). We did not detect any absorption changes
on addition of ATP to YFP-myosin-CFP constructs.

EVidence for an Equilibrium between States.We propose
that when fluorescent proteins are in close proximity, there
is a tendency for them to associate with each other. This is
apparent in the GFP-myosin-BFP construct because of the
shift in GFP protonation, but the process may go undetected
in the case of the YFP-myosin-CFP constructs. If an
equilibrium exists between the ionized and protonated GFP
states, then this is potentially perturbable in relaxation
experiments. Interestingly, in temperature-jump studies, a
3.6% decrease in the GFP emission signal was observed on
excitation at 365 nm, when the temperature was rapidly
increased from 15 to 25°C. A much smaller change (-0.6%)
was observed in the presence of ATP (Figure 5a). Given
that a 10 °C temperature jump is likely to shift the
equilibrium concentrations by only a small degree, signals
of this magnitude indicate that the interconverting species
have a large difference in their fluorescence emission
intensity and both are present in significant amounts (i.e.,
the equilibrium is near unity).

If the fluorescent proteins associate with each other, they
could lock the N- and C-terminal domains of myosin and
possibly perturb the conformational changes associated with
the myosin domain. Tryptophan fluorescence provides a
sensitive means of monitoring the intrinsic conformational
changes within myosin, particularly the signal from W501,
which reports on a conformational transition coupled to the
hydrolysis step (16, 19). Tryptophan emission was monitored
free of any contribution from the probe fluorescence by using
a WG320/UG11 filter combination. All constructs showed
a tryptophan enhancement and yielded a rate constant of 30-
40 s-1 at saturating ATP, close to the values of the wild-
type and W501+ Dd motor domains (16, 28). The apparent
FRET signal from the GFP-myosin-BFP construct also
showed a phase with essentially the same rate constant at
saturating ATP, as was previously reported by Suzuki et al.

Table 1: Estimation of FRET Efficiencies for the
GFP-Myosin-BFP Constructa

donor quenching
using method

sensitized emission
using method

a b c d e f

apo 0.57 0.70 0.18 0.25 0.438 0.349
+ATP 0.51 0.66 0.06 0.13 0.082 0.079

a FRET efficiencies were calculated using several different methods.
Methods a-c are based on donor quenching (FRET) 1 - FDA/FD,
where FDA and FD ) donor emission intensity in the presence and
absence of an acceptor, respectively), and methods d-f are based on
the sensitized emission intensity [FRET) [(FFRET/Fdir) - (εA

365/
εA

488)](εA
488/εD

365), whereFFRET/Fdir ) ratio of GFP emission intensity
at 510 nm when excited via BFP at 365 nm to that excited directly at
488 nm (after correction for fluorometer excitation intensity at 365
and 488 nm),εA

365 andεA
488 ) GFP molar absorption coefficients at

365 and 488 nm, respectively, andεD
365 ) BFP molar absorption

coefficient at 365 nm]. Method a: observed FRET after limited
proteolysis of the myosin/linker by trypsin. Method b: calculated FRET
for 100% proteolysis. Method c: attempted GFP photolysis by 488
nm irradiation (see Supporting Information). Method d: apparent FRET
calculated from sensitized emission. Method e: from Suzuki et al. (6).
Method f: from Suzuki et al. (23). The most reliable estimate of the
FRET efficiency is given by method b. The sensitized emission signal
includes a contribution from non-FRET processes (see text). For the
YFP-myosin-GFP constructs, the FRET efficiency for the apo state
was estimated as 0.58 from donor quenching and selective denaturation
of the myosin using 1 M GuHCl.
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(6). These results do not rule out an association between the
probes but show that any such association does not have a

significant effect on conformational changes within the motor
domain. The change in the apparent BFP-GFP FRET signal

FIGURE 4: (a) Absorption spectra of isolated eGFP over a concentration range of 7-293µM measured in a 1 mmpath length cell. Fitting
theA488 andA395 values as a function of concentration yielded aKd value of 335µM for dimerization (Supporting Information, Figure S3),
but the value was ill-defined as it co-varied with the absorption coefficients assigned to the dimer species. Force fitting the absorption data
with a Kd ) 237 µM [see (c) below] gave a rise of only 3% increase in the variance of the fit and yielded absorption coefficients of the
dimer of 47 and 27 mM-1 cm-1 at 488 and 395 nm, respectively. (b) Similar measurement for isolated YFP 10C (2.6-287 µM). (c)
Sedimentation equilibrium profile for eGFP yielding aKd of 237 ( 36 µM and a second virial coefficient 2BM) 40.9 mL g-1. Only
one-tenth of the data points are plotted so that the fitted line is visible. The residual plot shows the deviation for the best fit (solid line) and
a model in which no association occurs (dotted line). (d) Sedimentation equilibrium profile for YFP yielding aKd of 101(19 µM and 2BM
) 18.6 mL g-1. Residual plot as in (c).

FIGURE 5: (a) Temperature-jump fluorescence records for 1µM GFP-myosin-BFP in 100 mM NaCl (additional salt needed for efficient
Joule heating), 20 mM HEPES, and 2 mM MgCl2 at pH 7.5 and 15°C start temperature (final temperature≈25 °C). The black trace is the
apo state (kobs ) 725 s-1, amplitude) -3.6%), and gray trace is in the presence of 1 mM ATP (kobs ) 585 s-1, amplitude) -0.6%). The
sample was excited at 365 nm and emission at>515 nm was captured and thus represents the apparent FRET signal between BFP and
GFP. (b) Fluorescence stopped-flow record of 0.25µM GFP-myosin-BFP on mixing with 500µM ATP. Tryptophan fluorescence was
monitored by excitation at 297 nm and emission monitored between 320 and 380 nm. Fitted rate constant) 38 s-1.
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arising from protein association and protonation reactions
(Figure 5a) is faster than the apparent ATP hydrolysis step
(Figure 5b), so that the former remains a suitable empirical
probe of the latter.

Fluorescence Anisotropy Measurements.The steady-state
fluorescence emission anisotropy of isolated GFP and its
variants is close to 0.3 (27, 29) and is in line with the value
predicted from the rotational correlation time of a cylindrical
protein with 2.4 nm diameter and 4.2 nm length. Fusing GFP
to another protein will only serve to restrict this motion
further, leading to potentially higher anisotropy values.
Steady-state anisotropies ofg0.3 for the donor and acceptor
fluorophores will give rise to a large uncertainty in theκ2

value (30). Limits can be placed on theκ2 value, particularly
if the depolarization of the FRET signal is determined.
However, as the anisotropies of the donor and acceptor
approach 0.4, the value for the FRET depolarization value
has a rather limited effect on reducing the uncertainty inκ2.
We determined the anisotropy spectra for the myosin
constructs, at the same time as calculating the polarization-
corrected emission spectra shown in Figure 2.

The anisotropy of the donor (BFP or CFP) emission was
high (g0.36) whereas that of the apparent FRET-induced
acceptor emission anisotropy was much lower (0.10-0.22).
When the GFP or YFP acceptor was excited directly, the
anisotropies were 0.37 and 0.32, respectively. The depolar-
ization of FRET-based fluorescence is a commonly observed
property and is a result of the finite angle (θT) between the
mean donor emission and acceptor absorption dipoles (30).
Using the values for the donor, acceptor, and FRET anisotro-
pies and the calibration curves of Dale et al. (30), the range
of potentialκ2 values lies between about 0.1 and 3 in both
the GFP-myosin-BFP and YFP-myosin-CFP (2L) com-
plexes (Table 2). The effect of theseκ2 values on the critical
Förster distance,R0, is also given in Table 2. It is evident
that the uncertainty inR0 is >2 nm for all constructs, whereas
the calculated distance change (naively assuming no change
in κ2) on adding ATP to the constructs is<0.2 nm based on
the change in donor quenching. It is evident that the lever
arm swing cannot be quantified in the manner employed by
Suzuki et al. (6).

In the case of the GFP-myosin-BFP construct, the
observed emission has a dominant contribution from the
GFPH state. Independent experiments on the anisotropy of
isolated eGFP at 510 nm and high protein concentration (1

mM) gave values of 0.12 and 0.33 when excited at 390 and
488 nm, respectively. The lower value for the anisotropy
for the GFPH state relative to the GFP- anion could arise
from a difference in the angle of their absorption dipoles
(estimated to be about 13° in ref 31) relative to the GFP-

emission. However, contributions from homo-FRET and
absorption and re-emission complicate this analysis. The true
value of dx

T for the FRET-based component in the GFP-
myosin-BFP construct is therefore undetermined and could
be higher than that given, but this only marginally increases
the large uncertainty inκ2 reported in Table 2.

In an attempt to explore the dipole orientation problem
further, myofibrils were decorated with the fusion proteins
so as to orient the probe molecules with respect to the actin
filaments (32). Under a fluorescence microscope equipped
with polarization optics in the excitation channel, only a small
difference was seen in the dichroism ratio between myofibrils
aligned with or 90° to the plane of polarization (see
Supporting Information, Figure S4). Either the probes lie
within a few degrees of the magic angle or, more likely,
they are somewhat statically disordered over a range close
to the magic angle. Thus no decisive information could be
gleaned from this approach.

DISCUSSION

We have compared the apparent ATP-induced changes in
FRET between GFP-type probes attached to the N- and
C-termini of theDd myosin motor domain II in constructs
that differ in three fundamental ways: (1) the nature of the
motor domain, (2) the nature of the linkers, (3) the color
variants of the FRET pairs. The first difference is unlikely
to be a major factor. The GFP-myosin-BFP clone is
based on the wild-typeDd motor domain whereas the
YFP-myosin-CFP constructs are based on a single tryp-
tophan mutant W501+ that has three W to F substitutions.
Previous studies have shown the kinetic mechanism of the
ATPase of these constructs to be very similar (16, 28). Most
importantly, all these constructs show a characteristic
ATP-induced signal change with a rate constant of 30-40
s-1 at 20°C at near saturating [ATP]. This transition appears
to be characteristic of the conformational change that is
coupled to the hydrolysis reaction and is believed to control
the swing of the C-terminal domain and lever arm, when
present (33). The relative movements of the myosin N- and
C-termini are therefore likely to be the same in all constructs,

Table 2: Analysis of Fluorescence Anisotropy Dataa

anisotropy polarization factors dipole angle orientation factor critical Fo¨rster distance

construct rD rT rA 〈dx
D〉 〈dT〉 〈dx

A〉 dx
T θT κ2(low) κ2(high) R0(low) (nm) R0(high) (nm)

GFP-myosin-BFP 0.36 0.18 0.37 0.90 0.45 0.93 0.54 33.6 0.1 3.2 3.0 5.3
+ATP 0.39 0.22 0.37 0.97 0.55 0.93 0.61 30.7 0.05 3.4 2.6 5.3

YFP-myosin-CFP (0L) 0.38 0.12 0.32 0.95 0.30 0.8 0.39 39.4 0.1 3.0 3.3 5.9
+ATP 0.38 0.14 0.32 0.95 0.35 0.8 0.46 36.8 0.1 3.1 3.3 5.9

YFP-myosin-CFP (2L) 0.37 0.10 0.27 0.92 0.26 0.68 0.41 38.7 0.2 2.6 3.7 5.7
+ATP 0.37 0.11 0.27 0.92 0.27 0.68 0.43 38.1 0.2 2.6 3.7 5.7

a The anisotropy of the BFP/CFP donor (rD) and GFP/YFP acceptor (rA) and the FRET emission (rT) were measured as described in Figure 2.
The corresponding polarization factors were calculated by dividing by 0.4, and the axial transfer depolarization factor was calculated withdx

T from
the relationship〈dT〉 ) 〈dx

D〉dx
T〈dx

A〉 (30). The angle between the donor emission dipole and the acceptor absorption dipole,θT, is given bydx
T )

(3 cos2 θT - 1)/2. The lower and upper limits ofκ2 were read off from the contour plots of Dale et al. (30) for the appropriatedx
T value. The upper

and lower limits for the critical Fo¨rster distance,R0, were calculated using the parameters of Hink et al. (14) in combination with theκ2 limits. In
the case of transfer polarization with the GFP-myosin-BFP complex, the values (in italics) are dominated by ESPT and lead to further uncertainties
in R0 (see text).
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although the response of the attached probes is clearly
different.

The linker regions differ significantly and could contribute
to the different flexibility and orientation of the probes. This
could affect the value ofκ2 and the ability of the probes to
undergo intramolecular association. The first construct we
made contained GGG linkers between both YFP and CFP
and the myosin motor domain (Figure 1), in an attempt to
duplicate the original GFP-myosin-BFP construct of Su-
zuki et al. (6). However, our constructs contain an additional
methionine in the C-terminal linker and a methionine-lysine
substitution in the N-terminal linker owing to the different
cloning strategy used. Subsequently, Sasaki et al. (17)
reported that the N-terminal linker in their construct was
actually GPG, and we confirmed this sequence for the GFP-
myosin-BFP construct that was supplied to us by the Sutoh
laboratory. In the case of the YFP-myosin-CFP constructs,
removing the GGG linkers had little effect on the degree of
FRET and its sensitivity to ATP. However, the C-terminus
of GFP contains eight residues that are not resolved in crystal
structures and therefore could contribute to the flexibility of
the myosin N-terminal linker in the absence of a GGG
sequence. The residues in the C-terminal linker are compat-
ible with helix formation, and therefore this link could allow
the BFP or CFP to form an artificial lever arm (cf. ref34),
particularly in the absence of the GGG residues. Miyawaki
and Tsien (2) comment on the observation that markedly
different FRET efficiencies are seen in chimera constructs
designed as Ca2+ sensors, where the linker region differs by
the addition of a single amino acid. They conclude that a
change in orientation rather than change in distance of
separation of the probes is the dominant factor. This could
account for the different direction of the FRET change on
ATP addition for the GFP-myosin-BFP and YFP-myosin-
CFP constructs studied here. It is evident that the distance
change calculated from the small change in donor quenching
(<5%) corresponds to<0.2 nm movement ifκ2 were
constant (an unlikely scenario), which is much smaller than
the >2 nm uncertainty inR0 (and hencer) if κ2 changed.
Attempts to define a more restricted range of possible
orientations by immobilizing the whole chimera on oriented
actin filaments within myofibrils revealed a small deviation
from isotropic behavior, but the conclusion remains ambigu-
ous (see Supporting Information). This contrasts with the
studies of Yan and Marriott (32), where covalently attached
rhodamine and fluorescein tags on actin showed substantial
alignment with the actin filament axis and allowed more
rigorous limits to be applied to theκ2 value.

The final factor to consider is the different GFP variants
used. At first sight, these proteins might be expected to
behave similarly because they are based on a conserved and
stableâ-barrel structure. Most mutations to generate the color
variants are internal and close to or within thep-hydroxy-
benzylideneimidazolidinone fluorophore (10). However, we
show here that although YFP 10C and eGFP have a similar
tendency to dimerize, in line with previous studies (26), only
with eGFP does this reaction have a significant effect on
the proportion of the protonated state. The perturbed absorp-
tion spectrum of the GFP-myosin-BFP construct is con-
sistent with the formation of a significant concentration of
GFPH in the apo state. If it is assumed that the true FRET
change on ATP addition is revealed in the dequenching of

BFP fluorescence, then the observed>30% change in the
apparent sensitized GFP emission comprises a dominant
contribution of>25% from non-FRET origins. Therefore,
we consider that the majority (>80%) of the 510 nm
emission observed when apo GFP-myosin-BFP is excited
at 380 nm arises from GFPH emission rather than FRET
from BFP.

The proposal that intramolecular association of the GFP
with BFP in the GFP-myosin-BFP construct leads to a
paradoxical situation that as the probes become close enough
to associate with each other (chromophore separation about
3.6 nm), the degree of genuine FRET will fall because GFPH
is a poor acceptor for the BFP excited-state energy (the
overlap integral is about1/5 that of the GFP- anion).
However, GFPH predominantly emits at 510 nm when
excited at wavelengths below 400 nm owing to a very
efficient excited-state proton transfer reaction (29), as shown
in Scheme 1.

This signal would complement the genuine BFP to GFPH
FRET signal to give the appearance of a very efficient FRET
process. YFPH also undergoes an excited-state proton
transfer reaction, but the process is much less efficient than
for GFPH because the dominant route for decay of the
YFPH* excited state is back to YFPH via a nonradiative
pathway (18). Furthermore, on dimerization of isolated YFP,
there is little indication of the formation of YFPH. It is
therefore possible that YFP and CFP associate in the YFP-
myosin-CFP constructs but the process is optically silent.

The dimerization of GFP is a well-known phenomenon,
and the consequential shift toward the protonated state was
noted for wild-type GFP many years ago (11). Dimerization
of YFP was inferred from the fall in aniosotropy of
concentrated YFP from 0.4 to 0.28 on the picosecond time
scale owing to homo-FRET (35). These studies concluded
that the chromophores were within favorably oriented for
FRET (κ2 ) 3.8) and the proteins were in contact near the
equators of theirâ-barrels. It is likely, though not proven,
that the protein pairs lie in an antiparallel manner, as observed
in the crystal structures. However, in the FRET constructs
tethering of the N- and C-termini would favor parallel
stacking. This difference would contribute to the (generally
unknown) entropic factors relating inter- and intramolecular
interactions (36). Surface mutations which reduce intermo-
lecular association (26) will therefore not necessarily over-
come the problems of intramolecular association.

It is possible that the myosin fusion constructs have a
higher tendency to dimerize intermolecularly through the
probe molecules (i.e., the probes form a dimer of dimers)
than isolated GFP or YFP. We have found that the YFP-
myosin-CFP construct at submicromolar concentrations is
more effective at bundling actin than the myosin construct
alone.

The temperature-jump studies with GFP-myosin-BFP
(Figure 5a) show a large signal change in the apo state

Scheme 1
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indicating that the equilibrium constant is poised close to
unity. While this result could represent two states of the lever
arm in the apo state, we consider that the signal primarily
reflects a change in intramolecular association of the GFP
and BFP (and hence a change in the proportion of GFPH).
The lever arm itself is probably not in dynamic equlibrium
in the apo state because no perturbation of the tryptophan
fluorescence response of the W501+ construct was observed
by temperature or pressure jump, but changes were observed
in the presence of ATP corresponding to a lever arm
movement (19). These considerations give rise to the model
shown in Figure 6 whereby the observed optical changes
with GFP-myosin-BFP changes reflect both FRET and
ESPT, with ATP reducing the tendency for intramolecular
association. The actual change in separation of the probe
chromophores in response to ATP is difficult to calculate
owing to the wide range of potentialκ2 values and could
range from 0 to more than 2 nm. Although the GFP-BFP
FRET pair is no longer favored because of the poor
photostability of BFP, this pair was used recently to
characterize subdomain interactions in dynein (37). It is
noteworthy that in these experiments the GFP emission
showed a much larger response to ATP addition than the
BFP emission, again suggesting that a large non-FRET
component is present.

Absorption spectra of the currently favored FRET pair of
CyPET-YPet were not published, so it is difficult to assess
if non-FRET processes play a significant part in the large
observed fluorescence change on separation of the probes
by trypsin cleavage (4). The new generation of red fluores-
cent proteins (38) has not been used extensively for FRET
measurements due their wide absorption bands. Some of
these proteins are reported to remain monomeric at high
concentration and have a low pK, but neither factor is

guaranteed to rule out formation of the protonated state by
internal proton movement on intramolecular association.
Each FRET pair should be tested on a case-by-case basis.
The majority of FRET studies using fluorescent protein pairs
have been carried out only at a cellular level by microscopy
rather than by in vitro spectroscopic measurements with
expressed proteins, so that these potential problems could
have gone undetected. An appropriate control for the
behavior of the donor or acceptor in the absence of FRET
from the partner probe would use constructs in which the
partner is rendered colorless by mutation (39). In this case,
perturbations arising from intramolecular association should
still be evident. Although the spectra of the YFP-myosin-
CFP constructs do not appear to be perturbed by intramo-
lecular association, previous studies have shown that pho-
tobleaching of YFP under the microscope can, in itself, lead
to anomalous FRET results (2, 18, 40).
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Figure S3, analysis of the GFP dimerization constant from
absorption data; and Figure S4, dichroism of myofibrils
labeled with GFP-myosin-BFP. This material is available
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