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Abstract
Fluorescence correlation spectroscopy (FCS) can be coupled with Förster resonance energy
transfer (FRET) to detect intramolecular dynamics of proteins on the microsecond time scale. Here
we describe application of FRET-FCS to detect fluctuations within the N-terminal and C-terminal
domains of the Ca2+-signaling protein calmodulin. Intramolecular fluctuations were resolved by
global fitting of the two fluorescence autocorrelation functions (green-green and red-red) together
with the two cross-correlation functions (green-red and red-green). To match the Förster radius for
FRET to the dimensions of the N-terminal and C-terminal domains, a near-infrared acceptor
fluorophore (Atto 740) was coupled with a green-emitting donor (Alexa Fluor 488). Fluctuations
were detected in both domains on the time scale of 30 to 40 μs. In the N-terminal domain, the
amplitude of the fluctuations was dependent on occupancy of Ca2+ binding sites. A high amplitude
of dynamics in apo-calmodulin (in the absence of Ca2+) was nearly abolished at a high Ca2+

concentration. For the C-terminal domain the dynamic amplitude changed little with Ca2+

concentration. The Ca2+ dependence of dynamics for the N-terminal domain suggests that the
fluctuations detected by FCS in the N-terminal domain are coupled to the opening and closing of
the EF-hand Ca2+-binding loops.
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Proteins function because they can adopt an ensemble of conformations.1-4 Through
fluctuations proteins access conformations required for target recognition or ligand binding.
Hence, in the so-called “new view” of allostery,2-7 protein motions necessary for function
are likely to be present even in the absence of ligands or binding targets.

One of the challenges in studies of protein dynamics is the detection of protein motions on
the microsecond time scale. Fluorescence correlation spectroscopy8-10 (FCS) is sensitive to
fluctuations on the microsecond time scale, and fluorescence signals can be detected with
high sensitivity in low-concentration samples. However, detection of dynamics requires
sensitivity to protein structure. Although such sensitivity may arise with single fluorophores
in certain circumstances due to environmental influences,11-14 Förster resonance energy
transfer (FRET) provides a general approach.15,16 Coupling of FRET with FCS thus
provides sensitivity to intramolecular dynamics.17-20
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We recently detected intramolecular dynamics by FRET-FCS in the calcium signaling
protein calmodulin (CaM).21 In that work, one fluorophore was attached to the N-terminal
lobe of CaM and the other to the C-terminal lobe, allowing detection of inter-lobe
fluctuations. Dynamics were detected on the 100-μs time scale in Ca2+ -loaded CaM
(holoCaM), but were not detected in the absence of Ca2+ (apoCaM).

In the present application, our objective was to detect dynamics within the N-terminal and
C-terminal lobes of CaM. Each lobe of CaM contains EF-handing binding sites for two Ca2+

ions. Ca2+ binding within each lobe is highly cooperative.22,23 Although the two lobes are
largely homologous, their Ca2+ binding affinities are not the same. The C-terminal lobe
binds Ca2+ with a sub-micromolar Kd value whereas the N-terminal lobe has a micromolar
Kd. The kinetics of Ca2+ binding and dissociation differ correspondingly, with Ca2+ off rates
of >500 s−1 in the N-terminal lobe and ~10 s−1 in the C-terminal lobe.24,25 Thus, dynamic
fluctuations can be expected at these rates or greater within each lobe of CaM.

To detect such fluctuations by FRET-FCS, donor and acceptor fluorophores were attached
within the N-terminal or C-terminal lobes. The dimensions of the N-terminal and C-terminal
lobes of CaM are on the order of 30 Å to 40 Å (protein data bank structures 1prw, 1cll,
1cfd), whereas most dye pairs commonly used for single-molecule FRET measurements
have Förster radii R0 of ~50 Å, unsuitable for the shorter dimensions of the N-terminal and
C-terminal lobes. We have therefore chosen the dye pair AF 488 – Atto 740, for which the
Förster radius is R0 = 34 Å. We detected FRET fluctuations for CaM with both fluorescence
labels in the N-terminal lobe or in the homologous C-terminal positions. Figure 1 shows
structures of CaM and identifies the labeling sites in the N-terminal and C-terminal domains.
For CaM in the absence of Ca2+ the amplitude of the dynamics was markedly larger in the
N-terminal lobe than in the C-terminal lobe, consistent with previous computational findings
of greater flexibility in the N-terminal domain of apoCaM compared to the C-terminal
lobe.26-28 The N-terminal fluctuations were suppressed by Ca2+ binding. In contrast, the
amplitude of the C-terminal dynamics was essentially unaltered by Ca2+ binding.

Materials and Methods
Sample Preparation

T5C-T44C-CaM and D78C-T117C-CaM were expressed as described elsewhere.29 The
mutants were labeled with maleimide derivatives of Alexa Fluor 488 (Invitrogen Corp.,
Carlsbad, CA) and Atto 740 (Atto-tec GMBH, Siegen, Germany). For labeling, 1 mg of
Alexa Fluor 488 maleimide was dissolved in 250 μL of storage buffer and 1 mg of Atto 740
maleimide was dissolved in 250 μL of DMSO. A 2.1 mg vial of CaM was mixed with a 6-
fold molar excess of TCEP. A solution of 4 M NaCl in the storage buffer was prepared, and
500 μL was pipetted into the TCEP/CaM solution and stirred for 5 minutes. The two dye
solutions were mixed, and the dye mixture was added dropwise to the protein solution and
allowed to react in the dark at room temperature for 90 minutes. The unreacted dye was then
separated from the labeled protein on a 40 cm by 1 cm Sephadex G25 size exclusion column
equilibrated with the storage buffer. Labeled protein was purified by HPLC as described
elsewhere.29 The collected fractions were dialyzed from the HPLC solvents into the storage
buffer. Mass spectrometry was performed to verify the sample contents.

A polyproline peptide with the sequence Gly-(Pro)15-Cys was purchased from Sigma
Genosys (St. Louis, MO). The carboxyl terminal cysteine was labeled with Atto 740
maleimide and the amino terminal glycine was labeled with Alexa Fluor 488 succinimidyl
ester (Invitrogen Corp. Carlsbad, CA) as described previously.21
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The high Ca2+ buffer consisted of 10 mM HEPES, 0.1 M KCl, 1 mM MgCl2 and 0.1 mM
CaCl2. The pH was adjusted to 7.4 with HCl and KOH, and the solution was filtered using a
0.2-μm syringe filter. The low Ca2+ buffer was prepared with 10 mM HEPES, 100 mM KCl,
1 mM MgCl2 and 3 mM EGTA. The pH was adjusted to 7.4 by addition of HCl or KOH,
and the solution was filtered through a 0.2 μm syringe filter. The intermediate Ca2+ buffer
was prepared by adding high-Ca2+ buffer and a small quantity of 100-mM Ca2+ stock
solution to the low-Ca2+ buffer until the desired Ca2+ concentration was reached as
determined by a calibrated Ca2+ selective electrode. Free Ca2+ concentrations were
estimated to be 100 μM (high Ca2+ buffer), 4 μM (intermediate Ca2+ buffer), and <20 nM
(low Ca2+ buffer).

Fluorescence Correlation Spectroscopy
Two-channel FCS measurements were carried out on an inverted fluorescence microscope
system described previously.21 Optical filters (all from Chroma, Rockingham, VT) included
the microscope dichroic (500DCXR), FRET dichroic (565DCLP), donor emission filter
(HQ535/50M), and the acceptor emission filter (HQ667/LP). Data were collected in time-
stamped (“photon”) mode and correlation functions calculated from photon arrival times as
described by previous workers.30-33 Correlation functions were corrected for after-pulsing.34

Overlap of focal volumes probed by green and red channels was verified by comparing FCS
correlation functions from fluorescein collected in the two channels, where the signal in the
red channel arose from cross-talk of fluorescein fluorescence into the red channel (about
15%). Proper overlap was confirmed by the overlap of autocorrelation functions calculated
from the two channels. All measurements were carried out at room temperature (20°C).

Data Fitting
Correlation functions were calculated from the signals recorded in the green (G) and red (R)
channels, autocorrelation functions for G and R and cross correlations between G and R.
The four correlation functions were fit globally to determine dynamic parameters, as
described previously.21 Global fitting allows determination of the contributions from
intramolecular dynamics through the different functional form of the dynamics contributions
to the autocorrelation and cross-correlation functions. Autocorrelation functions were fit to
equations of the form

(1)

where xx = GG or RR the green (G) or red (R) channels, N is the average number of
molecules in the focal volume, GT (τ) is the triplet contribution to the correlation, Gdiff (τ) is
the contribution from translational diffusion, and Exx(τ) is the contribution from
intramolecular dynamics. The triplet contribution GT (τ) is35:

where f is the amplitude for the triplet component and τT is the triplet time constant. The
diffusion component Gdiff(τ) is given by36:
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where τd is the average transit time through the focal region and p is the axial-radial ratio,
which was determined from FCS of dye solutions and fixed for data fitting.

Cross-correlation functions were fit to a similar correlation decay function but without the
triplet decay component:

(2)

where xy = GR or RG and Exy(τ) is the contribution to the cross-correlation from
intramolecular dynamics. In the absence of intramolecular dynamics (e.g. for polyproline,
see below), we take Exx(τ) = Exy(τ) = 1. When intramolecular dynamics are present, the
intramolecular dynamics contributions to the auto and cross-correlation functions can be
expressed17,21,37,38:

(3)

where τ1 is the time constant for the dynamics and the static components b and d represent
contributions from FRET states that interchange on a time scale much longer than the transit
time τd (see Supplementary Information for ref. 21). For global nonlinear least squares
fitting, χ2 was calculated with each point weighted by the inverse of the sample variance σ2,
which was calculated by cutting each data file into eight equal sections, computing the
correlations for each segment, and determining the variance σ2 for each correlation point.21

Results
Polyproline FCS

We described previously the use of polyproline labeled with a FRET pair as a control system
for FRET-FCS.21 The polyproline control has two functions. First, it serves as a negative
control to verify that apparent intramolecular dynamics are not detected artifactually for a
system where none are expected on the microsecond time scale. Second, fits yield values for
the triplet correlation times of AF 488 and Atto 740 so that these parameters can be fixed in
fits to CaM data.

Figure 2 shows the correlations of the data for polyproline and the resulting fit using the
multiple static FRET state model.21 Table 1 contains the parameters for the fit shown in
Figure 2. Several features are clear from examination of the correlation functions. First, the
initial amplitudes of the two autocorrelation functions do not match either each other or the
initial amplitudes of the cross-correlation functions. We reported similar findings for
polyproline labeled with AF488 and TR and showed that unequal initial amplitudes are a
consequence of multiple FRET states or of the presence of molecules with photobleached
acceptor fluorophores.21 The existence of multiple FRET states has an effect analogous to
having different concentrations of donor and acceptor fluorophores. Second, we note that the
GR and RG cross-correlation functions overlap each other as expected for a system with
time-inversion symmetry.

Third, the time dependence of the correlation decays was fit without intramolecular
dynamics. After accounting for decay of the triplet contributions to the autocorrelations, the
time dependence is the same for each of the autocorrelation and cross-correlation curves and
can be fit without a contribution from intramolecular dynamics. (We note one exception to
this statement: Although the correlation functions GGG(τ), GGR(τ) and GRG(τ) were fit well
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with the same transit time τd, we found it useful to fit the RR autocorrelation GRR(τ) with a
slightly shorter transit time to account in an ad hoc way for photobleaching of Atto 740,
which results in a slightly faster decay of the red autocorrelation function, as observed
previously.21) To illustrate their overlapping time dependence, the four correlations for
polyproline are plotted in Figure S1 in the Supporting Information normalized to have the
same amplitude at τ = 50 μs, long enough so that the triplet contributions are no longer
present. The close overlap of the correlation functions confirms the absence of detectable
FRET dynamics in polyproline on this time scale. The fact that good overlap is also evident
for τ < 10 μs shows that contributions from triplet dynamics are small.

CaM FCS
CaM constructs with Cys substitutions at sites 5-44 and 78-117 were selected for
measurements of intra-lobe motion of the N-terminal and C-terminal domains of CaM with
and without bound Ca2+. The resulting correlation functions are shown in Figure 3 for CaM
in low, intermediate, and high Ca2+ buffers. As with polyproline, the initial amplitudes of
the two autocorrelation functions do not overlap each other, indicating multiple FRET states
in the sample.21 The cross correlation curves GGR(τ) and GRG(τ) overlay each other well as
expected. However, in contrast to the results for polyproline, the time dependences of the
autocorrelation and cross-correlation functions are not the same. This is illustrated in Figure
S2 in the Supporting Information, where the correlation functions are scaled to the same
value at 50 μs. The two autocorrelation functions GGG(τ) and GRR(τ) decay more rapidly
over the first ~100 μs than the corresponding cross-correlation functions GGR(τ) and GRG(τ).
This is a clear signature of intramolecular dynamics, which contribute a decay component to
the autocorrelations and a rising component to the cross correlation functions (eq 3). In some
cases, such as 5,44-CaM at low Ca2+, it is possible to discern a slight rise in the cross
correlations over the first 10 to 20 μs. The time dependence of the cross correlations deviates
from that of the autocorrelations on the ~100-μs time scale as well. Consequently, in
contrast to the correlations for polyproline, for CaM it was necessary to account for
contributions from intramolecular dynamics in the fits.

For each sample at each Ca2+ concentration, the four correlation functions (GG, RR, GR,
and RG) were fit globally to eqs 1-3 in order to determine time constants and amplitudes for
intramolecular dynamics. Table 2 shows the parameter values from the fits for 5-44-CaM
and 78-117-CaM correlations at three Ca2+ concentrations (<20 nM, 4 μM, and 100 μM).
Triplet correlation times and amplitudes were fixed to values determined for the polyproline
Alexa Fluor 488-Atto 740 correlation fits (Table 1). The correlation fits reveal
intramolecular dynamics on the time range of 30 to 40 μs (τ1 in Table 2).

Based on these results, we can conclude that intra-domain fluctuations are present in both
domains. The time constants are similar for both domains with no clear dependence on Ca2+

concentration. The amplitude of the dynamics, however, are different for the N-terminal and
C-terminal domains. The amplitudes are best described by the fits to the green-green (GG)
correlation due to the presence of less measurement noise in the stronger AF-488 emission
signal compared to the emission from Atto 740. For the N-terminal domain (5-44-CaM) the
amplitude a depends markedly on Ca2+, decreasing from 0.36 at low Ca2+ to 0.062 at high
Ca2+. For the C-terminal domain (78-117-CaM), on the other hand, the amplitude a shows
no significant variation with Ca2+ and has a value intermediate between that of the N-
terminal domain at low Ca2+ and at high Ca2+.

Adequate fits to the CaM correlation decays also required a static component representing
states that interchange on a time scale longer than the transit time τd. It was therefore not
possible to determine the corresponding time constant from FCS data, but the corresponding
amplitudes (b and d) were varied as fitting parameters and are listed in Table 2. A similar
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contribution was found previously for 34,110-CaM with FRET labels on opposite lobes of
CaM.21 The amplitude of the static FRET component was higher for 78-117-CaM than for
5-44-CaM. For both domains, the static FRET amplitude decreased as the Ca2+

concentration was increased.

It is also apparent that the GGG(τ) autocorrelations for 5,44-CaM and 78-117-CaM at low
Ca2+ (and, to a lesser extent, 78-117-CaM at 4 μM Ca2+) contain a decay component of <
2-4 μs that is not accounted for by the fits. This component may arise from triplet dynamics
of AF-488. However, nearly the same excitation power (25 μW) was used for these
measurements as for the polyproline measurements (20 μW) where the component is absent,
suggesting that triplet dynamics cannot account for this component, since one would expect
the amplitudes and time constants for triplet dynamics to be similar at similar excitation
intensities. Specific Ca2+-dependent interactions with the fluorophore also seem unlikely
given the high ionic strength of the buffers. Thus, the fast component may report fast
fluctuations within the domains at low Ca2+ concentrations.

Discussion
As demonstrated in a number of previous papers, intramolecular dynamics on the
microsecond to millisecond time scale can be detected with high sensitivity by dual-color
FCS coupled with FRET.16-20 Recently we presented FCS-FRET data for CaM with one dye
attached to the N-terminal domain of CaM and the other to the C-terminal domain to
characterize inter-domain dynamics.21 The results revealed intramolecular dynamics on the
100-μs time scale for Ca2+-loaded CaM, but not for apoCaM. In the present paper we
demonstrate application of this approach to intra-domain dynamics in CaM.

Intra-domain dynamics from FCS
For sensitivity to intradomain dynamics, the fluorophores were attached either both in the N-
terminal or both in the C-terminal domain. Intra-domain dynamics were identified on the
time scale of ~30 - 40 μs for both 5,44-CaM and 78-117-CaM (Figure 3 and Table 2). The
time scales of the dynamics are approximately the same for all Ca2+ concentrations
measured and for labels on either the N-terminal or C-terminal domains. That these
contributions arise from FRET fluctuations is verified by the different time dependences of
the autocorrelations GGG(τ) and GRR(τ) compared to the cross correlations GGR(τ) and
GRG(τ). Control measurements on polyproline (Figure 1 and Table 1) show no such
contributions, helping to verify that these results are not artifactual.

Although the time constants were essentially the same for all measurements, the amplitudes
of the dynamics depend on domain and Ca2+. For the N-terminal domain the dynamics
present at low Ca2+ are nearly abolished at high Ca2+, suggesting that the dynamics detected
are coupled to motions involved in Ca2+ binding such as opening and closing of the EF-hand
Ca2+ binding domains. For the C-terminal domain the dynamics remain essentially constant
in amplitude at all three Ca2+ concentrations. Thus the dynamics detected in the C-terminal
domain are not coupled to Ca2+ occupancy. The difference between the responses of
dynamics in the N-terminal and C-terminal domains to Ca2+ illustrates the different dynamic
properties of the two domains. A second component reveals the presence of FRET states that
are static on the time scale of the correlation decays and thus interchange on a longer time
scale. The amplitudes (b and d) are moderately sensitive to Ca2+, decreasing with increasing
Ca2+ concentration for both N-terminally and C-terminally labeled CaM.
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Structural and kinetic studies of CaM
Structural studies have shown that the conformations within both the N-terminal and C-
terminal domains of CaM change upon Ca2+ binding.39-44 In the solution structures of
apoCaM, the EF hands are in a “closed” conformation.41,42 Ca2+ binds in the EF hands to
lock in an “open” conformation.45 The solution structure of holoCaM reveals an open Ca2+-
bound conformation for the C-terminal domain Ca2+ binding sites but a less open
conformation in the N-terminal domain.43 EF-hand conformations are coupled to more
global conformational changes within domains.40,43,44 As a result, Ca2+ binding triggers
global conformational changes. Differences in solution and x-ray structures of CaM
reinforce the notion of flexibility within the N-terminal and C-terminal domains.

Conformational flexibility within both the N-terminal and C-terminal domains is thus
required for CaM to bind Ca2+. Indeed, conformational exchange was detected by NMR
studies in the C-terminal domain of apoCaM on timescales of 350 μs,46 and (in the presence
of Ca2+) in a C-terminal fragment E140Q mutant (which eliminates Ca2+ binding at EF hand
4) with an exchange time of ~25 μs.47,48 Exchange dynamics in the C-terminal domain
appear to involve transient unfolding of secondary structural elements.49 In the solution
structures of apoCaM40,42 large rms deviations were found in the N-terminal tail (including
the labeling site at residue 5), in the loop between helices B and C (including residue 44), in
the loop between helices D and E (including residue 78) and between helices F and G
(including residue 117). Hence, the N-terminal and C-terminal labeling sites are expected to
fluctuate. A dynamical simulation of the N-terminal lobe bears this out, showing transitions
between holo-like and apo-like conformations.50 The two domains also differ in
thermodynamic stability. The C-terminal domain of apoCaM unfolds at a lower temperature
than the N-terminal domain and has been reported to be partially unfolded at room
temperature.51-55

The above studies show that the N-terminal and C-terminal domains of CaM are dynamic,
particularly in apoCaM. One measure of the dynamics in CaM can be found in Ca2+ on and
off-rates, which are different for the N-terminal and C-terminal domains of CaM. Stop-flow
fluorescence experiments found Ca2+ off rates of 200 - 700 s−1 (depending on buffer
conditions) for the N-terminal domain of CaM and 7 - 24 s−1 for the C-terminal
domain.24,25,56 Ca2+ binding rate constants were also higher for the N-terminal domain (1.6
× 108 M−1 s−1) than the C-terminal domain (2.3 × 106 M−1 s−1). A study of Ca2+ binding to
CaM in a microfluidic mixer showed two kinetic components,57 one with a rate constant of
~6×107 M−1 s−1 and a second component with a limiting rate of 50 s−1 at high Ca2+

concentrations, suggesting that Ca2+ binding at high Ca2+ concentrations is rate-limited by a
conformational change.

Differences have also been reported in the flexibility of each domain. MD studies of CaM
predicted greater flexibility in the N-terminal compared to the C-terminal domain.26-28,58 In
a recent theoretical study Tripathi and Portman found that local unfolding (“cracking”) is
necessary in the closed-to-open transition in the C-domain, in contrast to the more flexible
N-domain.28 The results presented here are consistent with the higher flexibility of the N-
domain in apoCaM.

Given the conformational changes necessary for Ca2+ binding, the rates of Ca2+ dissociation
or binding must represent lower limits on the rates of conformational changes. According to
the population shift picture of protein function,2-7 the conformational changes required for
Ca2+ binding are already present within the dynamics of CaM in the absence of Ca2+. From
this point of view, static closed or open structures of CaM are not expected, and fluctuations
exploring a range of conformations can be anticipated within each domain in the absence of
Ca2+. Interestingly, the dynamics observed are significantly faster than Ca2+ binding and
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dissociation kinetics, suggesting either that the dynamics are decoupled from Ca2+ binding
and release, or that Ca2+ binding and dissociation events occur at low probability with each
conformational fluctuation.

Conclusions
This study demonstrates detection of dynamics by FRET-FCS with FRET probe labeling
sites separated by 25 to 30 Å. The goal of the study was to investigate conformational
dynamics within the N-terminal and C-terminal domains of CaM. The use of an acceptor
fluorophore absorbing in the near-infrared produced a Förster radius of <40 Å, providing
sensitivity to FRET over shorter distances than typical for commonly used visible
fluorophores. The presence and time scale of intramolecular dynamics were detected by
application of a global fitting approach reported previously.21

Comparison of autocorrelation and cross-correlation decays reveals dynamics in both the N-
terminal and C-terminal domains on the 30 to 40 μs time scale. The results indicate a greater
amplitude of dynamics at low Ca2+ in the N-terminal domain of CaM, consistent with the
reported greater flexibility of that domain. The amplitude of dynamics was strongly sensitive
to Ca2+ in the N-terminal domain, in contrast to the C-terminal domain, where the amplitude
changed little with Ca2+ concentration. The Ca2+ dependence of amplitudes suggests that the
dynamics detected in the N-terminal domain (but not in the C-terminal domain) are coupled
to conformational changes in the Ca2+-binding E-F hand domains. This result is consistent
with the presence of dynamic, flexible domains.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of holoCaM (pcf 1cll) showing labeling sites. Left: CaM structure showing
labeling sites in the N-terminal domain at residues 5 and 44. Right: C-terminal domain
labeling sites at residues 78 and 117. The structures were rendered in the PyMOL Molecular
Graphics System.
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Figure 2.
Correlation functions for polyproline-AF488-Atto 740: GGG(τ) (green squares), GRR(τ) (red
circles), GGR(τ) (green triangles), and GRG(τ) (blue inverted triangles). The solid lines show
a global fit where the transit times for GGG(τ), GGR(τ), and GRG(τ) were linked (see text)
and the initial amplitudes were allowed to vary independently. Fitting parameters are in
Table 1.
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Figure 3.
Correlation functions for CaM-AF488-Atto 740: GGG(τ) (green squares), GRR(τ) (red
circles), GGR(τ) (green triangles), and GRG(τ) (blue inverted triangles). The solid lines show
global fits where the transit times for GGG(τ), GGR(τ), and GRG(τ) were linked, and the
initial amplitudes were allowed to vary independently. Fitting parameters are in Table 2. The
top panels show the correlations for 5,44-CaM and the lower panels show the correlations
for 78-117-CaM. Left: apoCaM (Ca2+ concentration <20 nM); Center: Ca2+ concentration 4
μM; Right: holoCaM (Ca2+ concentration 100 μM).
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Table 1

Fitting parameters for polyproline-AF 488-Atto 740.

Parameter Value

fT1 a 0.07

τT1 (μs) a 10

fT2 a 0.06

τT2(μs) a 6.7

Ntot 7.81

τd(μs) 188

E1 b 0.89

f1 0.36

E2 0.27

f2 0.64

a
Triplet parameters: fT1: fraction for donor fluorophore; τT1: triplet correlation time for donor fluorophore; . fT2: fraction for acceptor

fluorophore; τT2: triplet correlation time for acceptor fluorophore.

b
Parameters E1, f1, and E2, are the FRET efficiency of FRET state 1, fractional population of FRET state 1, and FRET efficiency of FRET state 2,

respectively. See eqs 8-10 in ref. 21.
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