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Photodynamics of Red Fluorescent Proteins Studied
by Fluorescence Correlation Spectroscopy
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ABSTRACT Red fluorescent proteins are important tools in fluorescence-based life science research. Recently, we have
introduced eqFP611, a red fluorescent protein with advantageous properties from the sea anemone Entacmaea quadricolor.
Here, we have studied the submillisecond light-driven intramolecular dynamics between bright and dark states of eqFP611 and,
for comparison, drFP583 (DsRed) by using fluorescence correlation spectroscopy on protein solutions. A three-state model with
one dark and two fluorescent states describes the power-dependence of the flickering dynamics of both proteins at different
excitation wavelengths. It involves two light-driven conformational transitions. We have also studied the photodynamics of
individual (monomeric) egFP611 molecules immobilized on surfaces. The flickering rates and dark state fractions of eqFP611
bound to polyethylene glycol-covered glass surfaces were identical to those measured in solution, showing that the bound FPs
behaved identically. A second, much slower flickering process was observed on the 10-ms timescale. Deposition of eqFP611
molecules on bare glass surfaces yielded bright fluorescence without any detectable flickering and a >10-fold decreased
photobleaching yield. These observations underscore the intimate connection between protein motions and photophysical

processes in fluorescent proteins.

INTRODUCTION

Since the successful cloning of the green fluorescent protein
from the jellyfish Aequorea victoria (avGFP) in 1992
(Prasher et al., 1992), fluorescent proteins (FPs) and their
mutants have revolutionized life science research as labels,
noninvasive markers of gene expression, reporters of en-
vironmental conditions in living cells, and many other ap-
plications (for a review see Tsien, 1998). In recent years, FPs
have also been identified in Anthozoa species (Matz et al.,
1999; Wiedenmann et al., 2000, 2002; Nienhaus et al., 2003).
Some of these novel FPs have interesting properties, most
importantly, red fluorescence emission. In our group, we have
cloned and characterized a far-red fluorescent protein from
the sea anemone Entacmaea quadricolor, eqFP611, which
features fast chromophore maturation and low oligomer-
ization tendency (Wiedenmann et al., 2002). In the meantime,
a preliminary x-ray structure of this protein has also been
reported (Nienhaus et al., 2003).

The polypeptide chain of FPs folds into a cylinder of ~40
A length and 30 A diameter, with 11 B-strands forming
a nearly perfect B-barrel. It encloses a central helix that
contains the fluorophore (Ormo et al., 1996; Yang et al.,
1996; Wall et al., 2000; Nienhaus et al., 2003). This fold
conveys exceptional stability to the protein, as judged by its
resistance to denaturants and proteases (Tsien, 1998) as well
as high melting temperatures in thermal denaturation studies
(Ward, 1982). The remarkable rigidity of the overall protein
framework of GFP has been confirmed with molecular
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dynamics simulations (Helms et al., 1999). The fluorophore
is tightly packed and hydrogen-bonded in a rigid cage inside
the B-barrel, where it is protected from the bulk solvent. The
rigid enclosure of the fluorophore is apparently a prerequisite
for the chromophore to fluoresce with high quantum yield.
Indeed, denatured FPs or bare chromophores in aqueous
solution do not fluoresce at all at room temperature. These
preparations become highly fluorescent, however, after
cooling to cryogenic temperatures in glass-forming liquids,
which suppresses conformational dynamics (Niwa et al.,
1996). Fluorescence quantum yields vary widely for
different FPs and mutants, indicating that the chromophore
is exquisitely sensitive to its immediate protein environment
(Kummer et al., 1998, 2000). Apparently, internal conver-
sion gains importance with increasing conformational
flexibility in the fluorophore cage. Photoisomerization of
the hydrogen-bonding network and bond rotation within the
chromophore have been suggested as mechanisms pro-
moting nonradiative excitation decay (Voityuk et al., 1998;
Weber et al., 1999; Kummer et al., 2002).

Under physiological conditions, protein molecules are
known to fluctuate among a large number of conformational
substates that may differ slightly in their structural properties
(Nienhaus and Young, 1996; Nienhaus et al., 1997). These
substates may have markedly different functional properties,
however, as is well-known from kinetic studies on many
different proteins (Frauenfelder et al., 1991; Ehrenstein and
Nienhaus, 1992; McMahon et al., 1998; Kriegl et al., 2002).
Considering the exquisite dependence of the FP chromophore
on the properties of its cage, it comes as no surprise that all
known FPs exhibit time-dependent fluctuations of their
fluorescence emission, which suggests that either thermally
induced or light-driven transitions occur between conforma-
tions with distinctly different emission properties (for
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instance, fluorescence quantum yield). This flickering is
completely obscured when many FP molecules are observed
simultaneously. Single-molecule techniques, however, can
detect photodynamics over a wide range of timescales.
Flickering on timescales faster than milliseconds was evident
in experiments using fluorescence correlation spectroscopy
(FCS) on avGFP mutants (Haupts et al., 1998; Widengren
et al., 1999; Heikal et al., 2000; Jung et al., 2000; Schwille
et al., 2000), drFP583, a red fluorescent protein from
Discosoma (also known as DsRed) (Heikal et al., 2000;
Malvezzi-Campeggi et al., 2001), and eqFP611 (Wieden-
mann et al., 2002). On/off switching of the fluorescence signal
on timescales from milliseconds to seconds, depending on
excitation intensity and protein environment, was noticed in
single-molecule experiments on several avGFP mutants
(Dickson et al., 1997; Jung et al., 1998; Peterman et al.,
1999; Garcia-Parajo et al., 2000).

Detailed studies of flickering processes in FPs are most
interesting in various respects. They provide insights into the
photophysics and photochemistry of the fluorophore and its
coupling to the protein matrix. Moreover, the fluorescence
emission can be used as a convenient tool to study
interconversions among conformational substates in these
proteins. Based on a thorough understanding of fluorophore-
protein interactions, it will become possible to rationally
design FPs with superior emission properties and less
flickering in the quest for optimal fluorescent marker tools
in the life sciences. In this work, we present a detailed
characterization of the flickering dynamics of eqFP611
measured with FCS both on solution samples and on surface-
immobilized single molecules. A kinetic model with three
distinguishable species is introduced, which consistently
describes the excitation intensity dependence of the
flickering in FCS data on eqFP611 and drFP583 (DsRed) at
different excitation wavelengths.

MATERIALS AND METHODS
Protein preparation

eqFP611 was cloned as described (Wiedenmann et al., 2002). The drFP583
clone was a kind gift from Dr. Sergey A. Lukyanov (Russian Academy of
Sciences, Moscow, Russia). The clone of the avGFP mutant S65T was
obtained from C. Kaether (European Molecular Biology Laboratory,
Heidelberg, Germany). All proteins were expressed in E. coli (BL21 DE3)
and purified using a Talon metal affinity resin (BD Biosciences CLONTECH,
Palo Alto, CA) and gel filtration (Superdex 200, Akta-System, Amersham
Pharmacia, Little Chalfont, UK) (Wiedenmann et al., 2002).

FCS measurements on protein solutions

FCS experiments were performed with 2 nM protein dissolved in Tris buffer
(50 mM, 300 mM NaCl, pH 8.5) using a confocal microscope of our own
design. Light from an Ar"/Kr"-ion laser (modified model 164, Spectra-
Physics, Mountain View, CA) was reflected by a dichroic mirror (EGFP:
Q495LP; red FPs: Q525LP or 575DCXR, AHF, Tiibingen, Germany) and
focused on the sample with a water-immersion objective (UPLAPO 60X/1.2
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W, Olympus, Hamburg, Germany) in an inverted microscope (Axiovert 35,
Zeiss, Gottingen, Germany). The emitted fluorescence photons were
collected by the same objective, passed through the dichroic mirror and
focused with a lens (f = 150 mm) onto a confocal pinhole. After passing
through the pinhole, the light was divided into two channels with a 50%
beam splitter and detected by two avalanche photodiodes (SPCM-AQR-14,
PerkinElmer, Fremont, CA). For EGFP, an emission bandpass with 535-nm
center wavelength and 70-nm width (535/70, AHF) was used in front of the
beam splitter; for the red FPs, the observed spectral band was limited either
by a dichroic mirror (640 DCXXR, AHF) in combination with a longpass
filter (HQ 700/300, AHF) or a bandpass filter (HQ 665/170, AHF). The
outputs of the detection channels were cross-correlated in a digital correlator
(ALV-5000/E, ALV, Langen, Germany). Frequent control measurements
with rthodamine 6G solutions ensured the proper alignment of the confocal
optics and the absence of artifacts in the FCS autocorrelation function (ACF)
(Hess and Webb, 2002). For optimal sensitivity toward the reaction and
diffusion components in the ACF (vide infra), the measurements were
performed with different confocal volumes (defined by integrating a three-
dimensional Gaussian volume), ranging from 0.5 to 10 fl. These were
achieved by varying the size of the confocal pinhole (80-300 wm) and the
extent to which the back aperture plane of the objective lens was filled by the
excitation laser beam, using a diaphragm and a telescope in the excitation
light path. Excitation rates were calculated on the basis of the laser power
measured at the entrance port of the microscope, the attenuation by the
dichroic mirror, a 95%/5% beam-splitting mirror and the objective lens, and
the extinction coefficients of drFP583 (Campbell et al., 2002) and eqFP611
(Wiedenmann et al., 2002), as described in the Appendix.

For measurements of rotational correlation times, small confocal volumes
(~1 f1), high excitation rates (~5 MHz), and long data acquisition times (30
min) were used to optimize S/N ratios on the nanosecond timescale. All
measurements reported in this article were carried out in our temperature-
controlled laboratory at 22°C.

Single-molecule FCS

Single-molecule experiments on surface-immobilized proteins have the
advantage that the observation time is not limited by diffusion, but rather by
the inevitable photobleaching of the fluorophore. For meaningful results, the
biomolecules should be attached to surfaces that provide homogeneous
environments which exert only minimal influence on their intrinsic
properties. In this work, we have immobilized eqFP611 on glass coverslips
coated with PEG (polyethylene glycol) polymer chains. The coverslips were
silanized and amino-functionalized with Vectabond (Vector Laboratories,
Burlingame, CA) according to the manufacturer’s protocol. Subsequently,
they were incubated with a solution of 100 mg/ml PEGs in 50 mM Na,CO;
buffer (pH 8.2) for 90 min in the dark. The PEG chains carried a succinimidyl
function on one end to bind to the amino groups on the silanized glass
surfaces. In 1% of the chains, the other end was biotinylated for attachment
of proteins via a streptavidin-biotin link so as to obtain a sparse coverage
with biotin anchors on the PEG-coated surface. To this end, we used
a mixture of 1% biotinylated PEG (Biotin-PEG-NHS MW 3400, Nektar
Therapeutics, Huntsville, AL) and 99% PEG (mPEG-SPA MW 5000,
Nektar Therapeutics). The x-ray structure of eqFP611 shows two surface-
exposed cysteines (Nienhaus et al., 2003). These were biotinylated using
biotin-maleimide (Sigma-Aldrich, St. Louis, MO) according to standard
labeling procedures (Hermanson, 1996). For protein attachment, the PEG
surfaces were incubated with a 10-ug/ml streptavidin solution (Sigma-
Aldrich) and afterwards with a 100-pM solution of biotinylated eqFP611 for
10 min each. The protein solution was subsequently flushed out with plain
buffer.

To investigate the individual protein molecules attached to the PEG
surfaces, we used the same setup as for solution FCS, using the 665/170
bandpass filter and an 80-um pinhole. The samples were mounted on
a piezoelectric scanning stage (Tritor 102 Cap, Piezosysteme Jena, Jena,
Germany). 18 X 18-um?-sized regions of the sample were scanned with
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a resolution of 128 X 128 pixels and an integration time of 5 ms/pixel. For
the measurement of time trajectories, immobilized protein molecules were
localized by scanning, and their fluorescence emission was subsequently
recorded with 625-ns binwidth until photobleaching occurred.

EXPERIMENTAL RESULTS
Spectroscopic properties

Fig. 1 shows normalized excitation and emission spectra of
eqFP611 and drFP583. The excitation spectra of the two
proteins are similar, peaking at 559 and 558 nm, re-
spectively. The higher (relative) excitation probability of
drFP583 at shorter wavelengths is caused by stronger
vibronic coupling to modes ~1300 cm ! (He et al., 2002;
Kruglik et al., 2002), as seen from the peak at 520 nm, and by
incomplete maturation of the green precursor chromophore,
which is responsible for the surplus in excitability <500 nm.
The emission band of drFP583 is Stokes-shifted by 25 nm
and shows a vibronic sideband as a shoulder near 630 nm.
The emission from eqFP611 is shifted by 52 nm and much
broader than the one of drFP583; no vibronic structure can
be discerned.

FCS measurements in solution

FCS curves were measured for eqFP611 and drFP583 with
excitation rates ranging from 0.1 to 10 MHz and varying
confocal geometries. A typical data set of eqFP611, with
fluorescence excitation at 514 nm, is plotted in Fig. 2. The
decay of the autocorrelation functions exhibits two steps.
The first one occurs on sub-ms timescales and shifts to
shorter times with increasing excitation power. It is
independent of the size of the confocal volume (at constant
excitation rate) and, therefore, assigned to an internal, light-
induced process. This phenomenon is commonly called
flickering of the fluorescence emission. The second decay
varies with the size of the confocal volume and represents
translational diffusion of the molecules through the volume.
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FIGURE 1 Fluorescence excitation (dotted lines) and emission spectra
(solid lines) of eqFP611 (black lines) and drFP583 (gray lines). Excitation

spectra were recorded at 611 nm; emission spectra were taken with
excitation at 530 nm (drFP583) and 546 nm (eqFP611).

Biophysical Journal 86(1) 384-394

Schenk et al.

normalized autocorrelation

10° 10* 10° 107? 10"
correlation time [s]

FIGURE 2 Normalized fluorescence correlation functions of eqFP611
excited at 514 nm. Excitation rates were varied in the range from 0.2
(rightmost curve) to 3.7 MHz (leftmost curve). The solid lines are fits with
Eq. 1.

In this study, we have employed variation of the confocal
geometry not only to unambiguously distinguish between
diffusion and reaction, but also to study the photodynamics
over a wide range of excitation rates. By using large confocal
volumes, the diffusional decay can be shifted to longer times,
which helps to separate the reaction and diffusion steps. This
is particularly important at lower excitation rates (Fig. 2).
Smaller volumes, however, are helpful for achieving high
excitation rates.

In the simplest way, the FCS data can be analyzed by
assuming freely diffusing molecules undergoing a unimolec-
ular reaction between two states with different emissivity.
For this case, the ACF is given by (Elson and Magde, 1974;
Lamb et al., 2000)

2732 1 1
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1

Here, N is the time-averaged number of molecules in the
confocal volume, 7p represents the diffusional correlation
time of a molecule through the focus, and ry and z, are the
radial and axial dimensions of the observation volume over
which the intensity decays by a factor of 1/¢* (~0.135),
respectively. F denotes the mean fraction of molecules in the
dark state, and A is the apparent flicker rate.

Excellent agreement was achieved by fitting the data with
Eq. 1, as seen from the lines through the data points in Fig. 2.
For each data set, diffusion times 7, dark state fractions F,
and flicker rates A were determined as a function of the
incident laser power. A procedure was developed by which
the (average) power density and excitation rate can be cal-
culated from the incident laser power for varying confocal geo-
metries, as is described in the Appendix. This allowed us to
condense several data sets taken on the same protein at the
same excitation wavelength, but with different confocal
geometries, into a single curve.
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The fit of the ACFs yields diffusional correlation times,
Tp, Which can be converted into (apparent) diffusion co-
efficients. We have used rhodamine 6G as a conversion
standard (D = 280 /.Lmz/S; Magde et al., 1974). Fig. 3 shows
a plot of these data as a function of the power density for the
two red FPs. Data on EGFP (GFP mutant S65T/F64L) are
included for comparison. The linear increase of the apparent
diffusion coefficient with excitation power density is, of
course, an artifact caused by photodynamic processes
(flickering, bleaching) on the timescale of diffusion. It is
evident from the data that diffusion coefficients can only be
determined reliably from FCS data by extrapolation to zero
power density; these values are compiled in Table 1. EGFP
diffuses faster than eqFP611, and drFP583 is the slowest of
the three proteins. The diffusion coefficients depend on the
molecular sizes of the proteins; they are related to the hy-
drodynamic radii by the Stokes-Einstein relation,

kT
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Using this relation, we can calculate ratios of hydrodynamic
volumes for EGFP, eqFP611, and drFP583 as 1:2.9:9.3.

FCS analysis of the rotational correlation decay yields
rotational diffusion coefficients, 7., = D;/6. They are
related to the molecular volumes by

o kBT
rot — 67]Vh .

3

Fig. 4 shows FCS data of the three proteins in the time range
from 10 to 500 ns. For comparison, we have also studied
rhodamine 6G. Its rotational correlation time of 200 ps
(Olivini et al., 2001) is outside the time window of our in-
strument, and thus, its ACF is constant down to 10 ns. The
ACEF of EGFP, however, increases at <40 ns, consistent with
an exponential decay with a relaxation time of 16 ns (dashed
line). For the two red fluorescent proteins, the ACFs increase
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FIGURE 3 Apparent diffusion coefficient of eqFP611 (squares), drFP583
(circles), and EGFP (triangles) versus normalized power density with
excitation at 514 nm (eqFP611 and drFP583) and 488 nm (EGFP). The
intersections of the fitted lines with the y axis yield the diffusion coefficients
of the proteins.
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TABLE 1 Parameters of translational and rotational diffusion
of EGFP, eqFP611, and drFP583 obtained by FCS

Exc. wavelength Transl. diff. Rot. corr.
Protein [nm] coeff. [,umz/s] time [ns]
EGFP 488 63 £3 ~16
eqFP611 514 44 + 2 ~64
drFP583 514 302 ~64

already at <200 ns, in agreement with an exponential decay
with relaxation time 64 ns (dashed line).

Information about the photophysical processes occurring
during diffusion of the proteins in the sensitive volume is
contained in the two parameters, dark state fraction F' and
flicker rate A. Their dependencies on excitation power were
carefully examined for three different excitation wave-
lengths, 488, 514, and 531 nm. These data are plotted in Fig.
5 against the excitation rate k., for eqFP611 and drFP583.
Both F and A show a pronounced dependence on the
excitation rate, clearly indicating that flickering is light-
driven. Whereas A increases monotonically, the dark state
fraction exhibits a maximum at ~2 MHz (eqFP611) and ~1
MHz (drFP583), respectively. For both proteins, the dark
state fractions are similar for excitation at 514 and 531 nm,
but significantly smaller for excitation at 488 nm. This ob-
servation further underscores the light-driven nature of the
flickering.

FCS on immobilized proteins

In solution FCS, the diffusional decay of the autocorrelation
function limits the studies of the reaction dynamics to
timescales faster or at least on the order of the diffusional
correlation time 7p. To extend our investigation beyond this
limit, we recorded the fluorescence emission from individual
eqFP611 molecules immobilized on PEG surfaces, using an
average excitation rate of 0.14 MHz.

Fig. 6 a shows a confocal scan image of immobilized
eqFP611 molecules. Fluorescence time trajectories of in-

autocorrelation function

correlation time [s]

FIGURE 4 Rotational correlation functions of EGFP (triangles), eqFP611
(squares), and drFP583 (circles). A measurement with rhodamine 6G is
included for comparison (asterisks). Exponentials with time constants of 16
ns and 64 ns are shown as dashed lines.
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FIGURE 5 Dark state fractions (fop row) and flicker rate (bottom row) of
eqFP611 (left column) and drFP583 (right column) versus excitation rate,
measured at three different excitation wavelengths: 488 nm (unfilled
squares), 514 nm (triangles), and 531 nm (circles). The solid lines are the
result of fits using Eqs. 6 and 8. For fitting, the essentially identical data sets
with excitation at 514 nm and 531 nm were combined.

dividual molecules were recorded with a binning time of 625
ns. Three typical examples are shown in Fig. 6 c. The
molecules emit over several hundred ms. There are,
however, extended periods during which they are completely
nonemitting (background level!). Note that, at the plot
resolution of 1 ms, the fast flickering observed in FCS is only
visible as excess noise during steady periods of high
emission. Finally, the molecules fall victim to photo-
destruction; the intensity drops to the background level in
a single step, confirming (posthumously) that the emission
derived from a single fluorophore. Fig. 6 b shows a histogram
of the observed numbers of photons from 160 eqFP611
molecules. The solid line is an exponential fit, yielding a 1/e
decay at 1234 = 88 detected photons. Estimating the overall
detection efficiency of the system as ~5%, this decay
corresponds to 24,200 emitted photons. Taking the fluores-
cence quantum yield of 0.45 (at room temperature) into
account (Wiedenmann et al., 2002), a total of ~54,000
excitations occur on average before photobleaching, corre-
sponding to a yield of photobleaching ®p ~ 1.9 X 10>

To characterize the photodynamics, ACFs were calculated
from individual time trajectories. An example is shown in
Fig. 7 a (unfilled symbols). All ACFs exhibit a clear step at
~300 ws, which does not decay to 0, however, indicating
that slower correlations are present. Because of the limited
signal/noise ratio, we averaged 76 single-molecule ACFs to
unambiguously characterize the slower process. (Fig. 7 b).
The average ACF clearly exhibits a two-step decay, showing
an additional flickering process with smaller amplitude at
longer timescales. It can be described very well with a sum of
two exponentials,

G(1) = A eXP[_)‘lﬂ + A, eXP[_)‘zTL @
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with amplitude A; = 0.18 = 0.01, flicker rate A; = (3500 =
100) Hz, and A, = 0.080 = 0.001 and A, = (105 £ 5) Hz.
After the identification of the slow process, we fitted all 76
individual ACFs, keeping A, fixed at 105 Hz. Fig. 7 ¢ shows
histograms of the dark fraction, F = A,/(1 + A,), and the rate
coefficient A;, as determined from the analysis of the
individual traces. For the dark fraction, we obtained a mean,
(F) = 0.17, and the observed distribution can be fitted by
a Gaussian peaking at (0.166 = 0.005) with a standard
deviation of (0.062 = 0.005). For the flicker rate, (A) = 3400
Hz, and the Gaussian is centered at (3160 = 60) Hz and has
a standard deviation of (1170 £ 60) Hz. Note that the mean
parameters are consistent with those obtained by the solution
FCS data (see Fig. 5, a and c¢). This comparison suggests that
the surface-immobilized molecules behave like the ones
dissolved in buffer. Finally, we note that control experiments
showed only negligible effects of photobleaching of
fluorescent background on our single-molecule ACFs.

Three-state kinetic analysis of flickering from
solution FCS

The dependencies of the dark state fractions and flicker
rates on the excitation intensity provide clear evidence of
the presence of photoactivated processes. So far, we have
extracted the parameters F and A using an ACF for
a unimolecular reaction between a fluorescent and a non-
fluorescent species. Within the framework of a two-state
model, however, A should be strictly linear in k., and F
should saturate. The data in Fig. 5 of eqFP611 and drFP583
disagree with this expectation; A rather depends in a power-
law fashion on k., and F goes through a maximum instead
of saturating. However, both proteins exhibit qualitatively
the same behavior, which calls for a consistent description
with a more complex kinetic scheme that involves at least
three distinguishable species. For a quantitative description
of the photodynamics of both eqFP611 and drFP583 with
excitation at different wavelengths, we have explored all
kinds of kinetic schemes. The following one was identified
as the simplest that is compatible with the essential
observations:

D,k ky

ex B‘k

k,y ko + @k,

D Q)

In this model, we have introduced two bright states B and B*
and a third, dark state D. Interconversions between the three
states can in general be thermally activated and/or light-
induced, so that the rate coefficient of the latter process can
be written as a product of a quantum yield @ and the
excitation rate k.. We note here that k., is an average rate; it
is a somewhat ill-defined quantity because it varies con-
siderably across the confocal volume. It was necessary to



Photodynamics of Red FPs Studied by FCS

389

30 A‘ T T T T T
[ b
254 ( ) .
%l]
C20 o |% & -
915 Al
—_ = / N e
=3 ; K
i
10F .- -
@)
5F g ~ .
/| /_ I’ - — FIGURE 6 (a) Confocal scanning microscopy im-
(0 Rlall b 1) Ml Aol FrHHem age (128 X128 pixels, field of view 18 X 18 ,u,mz,
0 1000 2000 3000 4000 5000 6000  5-ms integration time per pixel, excitation rate 0.14
# photons MHz at 514 nm) of individual eqFP611 molecules
T T attached to a PEG-coated surface. (b) Histogram of the
20 total number of photons collected from 160 individual
il l f i | I “ time traces before photodestruction. An exponential fit
— 10 ‘Jﬂr ﬁ'! F i '“| ||' j J'I in '{I i l!" » il I‘|| ||'l \Rl‘ leh' ?11,5' 1/ "’ *h 2l is included as the solid line. (¢) Typical fluorescence
E O || P | If | | ' |' |?‘\I || f L" m l_,.)_fw time trajectories of individual eqFP611 molecules
=, 20 . : ' (traces recorded with 625 ns and plotted with 1-ms
© ] resolution).
© 10-‘”. uil Wi Iw'l MHM ,Iib I ld‘,||1|
E ol I | {,IJ I L f l’gl 1||]|] a ] I\“:‘@ ] hl'll. ) J\ l!l
8 .q.'h“' PBAL Y LA AL ™, | .Ei
20
(8]
10: . U, |~k I( J’.lll‘ III' | Il, al
I L1 ll il \ MR
['.,,“ﬂgl.. tl;*‘ll’*' _;!._.fl." '|f“g il I r'ﬁl,,| [ ', i u 'lI I'F {'§ -' ,Ull' b gl i
0.0 0.2 0. 0.6 0.8
time [s]

include two light-driven processes to reproduce the observed
excitation rate-dependence of the parameters F' and A. The
first one is the light-induced transition from the bright state B
to the intermediate bright state B* with quantum yield ®,
and rate coefficient ®; - k.. The reverse process is treated as
thermally activated, with rate coefficient k_,. The transition
from B* to D is also modeled as a thermal transition, with
rate coefficient k,. The reverse transition from D to B*
contains the second light-driven process, with rate coefficient
d_, - key, in addition to a thermally activated transition, with
rate coefficient k_,. For this kinetic scheme, the dark state
fraction F and the flicker rate A are given by

D 1

TD+B+B (1+P ko) (Pr+ Pike) + 1’ ©)
and
1
_E[q)l(kex +P1) +k2(1 +P2 +P3kex)]
1
-5 (D (ke + Py) + ko (1 + P, + Py ko))’
— 4D ky ((Py + Pskey) (Py + ke Jkex)]*. (7

Here we have introduced the parameters Py = k_;/®, P, =
k_o/ky, and P3 = ®_,/k,. The expression for A, Eq. 7,
simplifies further if the transitions between B and B* are

much faster than those between B* and D (i.e., ®; - koy + k_;
> kz + k72 + (1)72 kex)’

A:k2<

Note that this result would also be obtained for a two-state
model B* < D in which the forward rate coefficient k, is
replaced by k, - B*/(B + B¥*). This approximation is
appropriate, as verified by an analysis based on the exact
expression, Eq. 7.

The scheme in Eq. 5 is motivated by the following
observations: the dark fraction F is observed to increase
linearly with increasing excitation rate at low powers (Fig. 5,
a and b). This property is incorporated in the first light-
driven process, which ensures that the B* population grows
with increasing k.x. Concomitantly, the dark fraction grows
because state D is populated by thermal activation from B*.
Moreover, according to Eq. 8, A does not go to zero at low
power but rather approaches the thermal rate coefficient k_,,
independent of the excitation wavelength, as is indeed
confirmed by the data in Fig. 5, ¢ and d. At higher powers,
the second light-driven process becomes important, resulting
in a decrease of the dark fraction with increasing k.x. This
behavior can also be accounted for in a scheme with only
a single-light-driven process, but with a ‘‘dark” state having
a finite fluorescence quantum yield, as has been suggested

q)lkex

— 8
q)lkex +k—1 ( )

> + (ky + D k).
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FIGURE 7 (a) Autocorrelation curves of individual eqFP611 molecules
dried on a bare glass surface (squares) and immobilized on a PEG-coated
surface (circles). The solid line represents a double-exponential fit to the
data. The dotted line shows the zero level. (b) Average of 76 correlation
functions of individual molecules immobilized on a PEG-covered surface.
The solid line shows a double exponential fit to the data. Histograms of the
dark fraction (c) and the flicker rate (d) are plotted for 76 molecules and fitted
with Gaussian distributions.

for DsRed (Malvezzi-Campeggi et al., 2001). Note,
however, that Fig. 5, a and b, displays markedly different de-
pendencies of the dark fractions on the excitation wave-
length. The maximum amplitudes and their respective
excitation rates are clearly different and cannot be modeled
by any scheme that includes only a single light-induced pro-
cess (i.e., ®_, = 0). Further support for the presence of the
second light-driven process comes from the behavior of A,
which does not saturate at higher powers (see Eq. 8); it rather
increases further due to the term ®_, - k.

We performed fits of both F and A at different excitation
wavelengths, treating the thermal rate coefficients k, and k_,
as global parameters for all wavelengths. Since the data for
excitation wavelengths 514 and 532 nm are identical within
the error, these two datasets were fitted with one curve. Our
model consistently describes the light intensity dependence
of both dark state fraction F and flicker rate A simultaneously
for both eqFP611 and drFP583, as shown by the solid lines
in Fig. 5. Within the approximation of fast preequilibrium
(Eq. 8), the independent determination of all parameters is
not feasible; ®; and k_; cannot be determined individually,
but only their ratio P,. The fit parameters and the resulting
rate coefficients k,, k_,, and ®_, are compiled in Table 2.

DISCUSSION

Fluorescence dynamics of
surface-immobilized proteins

By measuring the time dependence of the fluorescence
emission of many eqFP611 molecules tethered to PEG brush
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TABLE 2 Parameters of the three-state model introduced to
fit the observed excitation rate dependence of the flickering rates
A and dark fractions F of eqFP611 and drFP583 (Fig. 5)

Protei eqFP611 drFP583

rotein

Exc. wavelength 488 nm  514/531 nm 488 nm 514/531 nm
P, [MHz] 0.81 + 0.05 0.72 = 0.05 3.8 = 0.4 26 03
P, 0.60 + 0.02 0.054 = 0.006

P5 [1/MHz] 0.18 = 0.01 0.09 = 0.01 0.24 = 0.02 0.13 = 0.01
k, [Hz]* 5600 + 200 10,400 = 800

k_, Hz]t 3360 + 230 560 = 100

&, /1073 1201 05%007 25x04 14 +02

P, - P, [MHz]! 0.49 +0.05 043 + 004 021 = 0.04 0.14 + 0.03

*Global parameters.
tDerived parameters.

surfaces under low excitation conditions (0.14 MHz), we
have identified two distinct dynamic processes in the single-
molecule ACFs, a fast and a slow flickering process between
bright and dark states on timescales of ~300 s and ~10 ms,
respectively. The slow process is very obvious from the
extended dark periods in the time traces displayed in Fig. 6 c.
After several hundred milliseconds, the emission vanishes in
a single step. This clearly shows that the surface-immobi-
lized eqFP611 proteins are monomeric, as observed earlier
for eqFP611 immobilized in a PVA gel (Wiedenmann et al.,
2002). By contrast, Lounis et al. (2001) found multistep
bleaching in experiments with DsRed immobilized in
agarose gel, implying that DsRed is oligomeric even under
high-dilution conditions. Upon disruption of the DsRed
tetramer by mutations that disturb the side-chain packing in
the interfaces between the monomers, the quantum yield of
fluorescence decreases dramatically but can be recovered to
a certain extent by introducing further mutations (Campbell
et al., 2002). Fortunately, the fluorescence of eqFP611 does
not appear to be compromised by monomerization. The
photobleaching yield ®g of eqFP611 was 1.9 X 10~ on the
PEG surfaces, whereas we had previously reported a smaller
value of 3.5 X 107° for the PVA preparation (Wiedenmann
et al.,, 2002). Photobleaching depends on the dynamic
properties of the molecules, which may differ on the PEG
surfaces from those in the gel. Many sol-gels alter dynamic
properties and can improve the thermal stability of proteins
embedded therein (Gill and Ballesteros, 1998). Moreover,
a decrease of ®dp has been noticed for single molecules
embedded in a PMMA gel and related to reduced oxygen
transport (Xie, 1998). PVA is known to have a very low
oxygen permeability (Brandrup and Immergut, 1989), so that
photooxidation in a PVA gel is likely diminished. For
DsRed, ®g-values between 0.8 and 9.5 X 10~° have been
reported in aqueous buffer solution (Baird et al., 2000;
Heikal et al., 2000; Lounis et al., 2001). The spread in these
numbers may also reflect the sensitivity of this parameter on
the specific environmental conditions in the experiments.
The close interrelation between protein dynamics and
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photobleaching and flickering was also apparent in studies of
individual eqFP611 molecules dried on a bare glass surface.
Interestingly, none of these molecules showed any flicker-
ing, as confirmed by the solid squares in Fig. 7 a. Rather,
they emitted bright fluorescence for several seconds before
photobleaching (data not shown). From the analysis of 48
molecules on the glass surface, the bleaching yield was
determined as (1.3 + 0.2) X 107° A similar decrease in
photobleaching has been observed by Chirico and co-
workers with a GFP mutant (Chirico et al., 2002).

Fluorescence dynamics in solution
FCS experiments

Flickering of FPs on sub-ms timescales was first characterized
by Haupts and co-workers using EGFP and assigned to proton
exchange of the hydroxyl group of Y66 with the external
medium (Haupts et al., 1998). Similar results were found with
other GFP mutants, suggesting that pH-dependent flickering
was ubiquitous among FPs (Heikal et al., 2000; Schwille et al.,
2000). In addition to the flickering due to external pro-
tonation, GFP mutants were observed to also exhibit an
excitation intensity-dependent flickering (Haupts et al., 1998;
Heikal et al., 2000; Schwille et al., 2000) and a slow blinking
on the second timescale (Dickson et al., 1997).

The red fluorescing FPs, eqFP611 and DsRed, show pH-
independent emission and FCS autocorrelation over the pH
range 4-11, indicating that proton exchange between the
chromophore tyrosine and the external medium is strongly
suppressed (Heikal et al., 2000; Wiedenmann et al., 2002).
Nevertheless, these red FPs show very clear excitation-
dependent flickering (Figs. 2 and 5), as has been reported
earlier for DsRed (Heikal et al., 2000; Malvezzi-Campeggi
et al.,, 2001). The similar qualitative behavior of the two
proteins suggests a similar underlying photophysical mech-
anism for the two proteins.

Different kinetic models have been presented in the
literature to explain the excitation rate dependence of the
flickering. Kinetic schemes that involve only a single light-
driven step, as for instance presented by Heikal et al. (2000),
cannot explain the intricate power dependence of the dark
fraction and the apparent rate coefficient. A kinetic model
involving two light-driven processes has been proposed for
the yellow-shifted mutants T203Y and T203F of GFP
(Schwille et al., 2000). In this case, the second light-driven
reaction is the transition from the dark ground state to the
dark excited state. This scheme, however, cannot account for
the decrease of the dark state fraction for eqFP611 and
drFP583 at high excitation rates. For GFP mutant E222Q,
a model was proposed in which the protonated dark state is
converted to the ground state via light excitation to an
unidentified excited state. This model is mathematically
equivalent to our model (within the fast approximation), but
differs in the assignment of the processes involved (Jung
et al., 2000).
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Schwille and co-workers (Malvezzi-Campeggi et al.,
2001) recently presented a detailed study of flickering of
DsRed, in which they introduced three spectroscopically
distinguishable states of the chromophore, two of which
were assumed to be only weakly fluorescent. Dim (instead of
dark) states were incorporated because this enabled model-
ing of the observed decrease of the dark state fraction at
higher powers. This treatment, however, cannot explain the
dependence of F on the excitation wavelength. Two dim
states were necessary because the reaction step could not be
modeled satisfactorily with a single exponential at higher
powers. In our analysis, single-exponential fits gave very
reasonable fits to DsRed and eqFP611 data, and there was no
clear evidence for discrete exponentials (see Fig. 2). Note
that deviations from single exponential ACF at high power
can also be caused by photobleaching.

By introducing a scheme with three kinetic states
connected by thermal and two light-driven transitions, as
shown in Eq. 5, we were able to extract the relevant
parameters of the scheme and explain the FCS measurements
of the two proteins eqFP611 and drFP583 consistently. Note
that we distinguish three conformations, which can be either
in the electronic ground (Sy) or first excited state (S;). The
electronic transitions themselves are not considered in this
scheme. Within our analysis, the excitation wavelength
dependence of both eqFP611 and drFP583 arises from
a wavelength-dependent, light-driven transition from the
dark state D back to the intermediate state B*. The quantum
yield ®@ _, is about twice as large for excitation with 488 nm
as compared with excitation at 514/532 nm for both proteins
(Table 2). In the analysis, the thermal rate coefficients k, and
k_, were treated as global parameters, that is, they were
forced to be independent of the excitation wavelength. The
fit yields similar values for the parameter P, = k_,/®,
characterizing the fast equilibrium between the two bright
states at the different wavelengths. The most obvious
difference between the two red FPs under study is the rate
coefficient k_,, which is 6X larger for eqFP611. This
parameter is responsible for the faster flicker rate of eqFP611
at low power, which is apparent from the larger temporal
separation between the flicker component and the diffusion
component in FCS data on eqFP611 (Fig. 2) than on DsRed
(Heikal et al., 2000; Malvezzi-Campeggi et al., 2001). While
the flicker rate of eqFP611 is larger at small excitation rates,
the population of the dark state is smaller compared to
drFP583, however. In the parameters in Table 2, this is
represented by the larger value of the product of the two
parameters P - P, for eqFP611, which represents the inverse
initial slope of the dark state fraction F. Even when using the
exact solution, Eq. 7, the fit procedure was unable to provide
reliable values for k_.

In principle, Scheme 5 could be interpreted in a different
way: instead of two bright conformations, we could treat B
and B* as the Sy and §; states of the same fluorescent
conformation. Then, ®; = 1, and k_; should be the inverse
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fluorescence lifetime. For eqFP611, the fluorescence lifetime
was measured as 2.5 ns (Wiedenmann et al., 2002), and
similar lifetimes in the range of 2.85 to 3.60 ns have been
reported for drFP583 (Heikal et al., 2000; Jakobs et al., 2000;
Cotlet et al., 2001; Lounis et al., 2001). Thus, identifying the
first step in our model as the electronic excitation would
imply k_; ~ 400 MHz, yielding the same value for P,. Table
2, however, shows that P is rather in the range of 1 MHz and
thus >2 orders-of-magnitude smaller than expected for the
electronic transition. Therefore, we can safely conclude that
the B — B* transition involves a conformational change and
does not merely represent electronic excitation of the
chromophore.

Finally, we address the slow flickering on the 10-ms
timescale that was seen in the ACFs of single, surface-
immobilized eqFP611 molecules. Fig. 2 shows that this
process temporally overlaps with the diffusion ACF. This
process is also photon-induced because the apparent dif-
fusion coefficient increases with the excitation power. As
seen from the data in Fig. 3, the effect is fairly weak for
DsRed and much more pronounced for eqFP611 and EGFP.
This figure also shows that diffusion coefficients need to be
determined by an extrapolation to zero power. Indeed, our
diffusion coefficient of 63 um?*/s for EGFP in Table 1 is
significantly smaller than the values reported for wild-type
GFP and GFP mutants in the literature (Widengren et al.,
1999; Jung et al., 2000; Malvezzi-Campeggi et al., 2001).
From the diffusion coefficient, we have obtained a volume
ratio eqFP611 : EGFP of 2.9: 1, which is in fair agreement
with the assumption that eqFP611 is still somewhat oli-
gomeric at nanomolar concentrations in solution. We
emphasize here that the surface-immobilized proteins were
monomeric, as verified by single-step bleaching. The similar
flickering dynamics observed with the two preparations
implies that this is not strongly dependent on the
oligomerization state. It is interesting that DsRed diffuses
significantly more slowly than eqFP611, in agreement with
the data reported by Heikal et al. (2000), which would
suggest that this protein forms even larger aggregates. The
rotational correlation data in Fig. 4, however, present a
different picture: the correlation time of ~16 ns of EGFP
agrees with measurements performed earlier on (mutant)
GFPs using time-resolved fluorescence anisotropy (Wideng-
ren et al., 1999; Heikal et al., 2000; Volkmer et al., 2000).
Both red FPs have an identical rotational correlation decay,
consistent with tetramer rotation (~64 ns) and the slow (53
* 8) ns anisotropy decay reported by Heikal et al. (2000). It
remains, therefore, unclear why the translational diffusion
coefficient of DsRed is markedly smaller than the one of
eqFP611.

The detailed characterization of the light-induced dynam-
ics presented here does, unfortunately, not enable us to give
a detailed structural interpretation of the processes that are
responsible for these phenomena. However, the timescales
are consistent with conformational rearrangements around
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the chromophore, such as light-induced isomerizations of the
chromophore and/or the hydrogen-bonding network, as was
suggested by structural studies (Brejc et al., 1997) and
molecular dynamics simulations (Weber et al., 1999). We
are currently pursuing the strategy of modifying the
chromophore cage of eqFP611 by site-directed mutagenesis
to study the effects on the photodynamics. From this
approach, we hope to gain a detailed structural understand-
ing of the photophysical processes in FPs, which should
enable us to further improve their usefulness as fluorescent
markers in life science applications.

CONCLUSIONS

FCS measurements were performed on solution samples to
study the photodynamics of two red FPs, eqFP611 and
drFP583. Both proteins show flickering on the sub-ms
timescale that depends qualitatively in a similar way on the
excitation rate. A three-state model with two light-driven
processes was introduced to model the excitation rate and
wavelength-dependent flickering of both proteins. A second,
markedly slower flickering process was apparent from the
power dependence of the diffusional correlation times. The
solution studies were complemented by experiments with
eqFP611 monomers bound to polymer brush layers on glass
surfaces. Fast flickering was observed, consistent with the
results from solution FCS. Moreover, slow flickering on the
10-ms timescale was evident from the time traces and ACF
analysis. These results give insights into the complex
photophysics of FPs but do not yield a structural in-
terpretation. To address structure-dynamics-function rela-
tions in FPs, we will perform similar studies using mutants
with modified chromophore environments.

APPENDIX: EXCITATION RATE CALIBRATION

The excitation rate k. is the product of the absorption cross section, which
can be expressed by the extinction coefficient at the excitation wavelength,
), and the photon flux, which is proportional to the power density p,

In(10)10’
Na

Here, N denotes Avogadro’s number, / represents Planck’s constant, and
¢ is the velocity of light. The usual way to determine the power density is
to simply divide the measured total power of the excitation light by the
area of illumination in the focal plane, which is determined from the
diffusion autocorrelation analysis of a fluorescent dye with known
diffusion coefficient (Widengren et al., 1994). The illuminated focal area,
however, can be larger than the area from which light is collected because
the detection volume is restricted by the pinhole. Moreover, light from
planes parallel to the focal plane is detected with different efficiencies due
to the action of the pinhole. These effects cause problems when comparing
measurements with different confocal geometries. Fortunately, the pinhole
governs the ratio w = ry/z of the lateral radius ry and axial dimension z,
of the confocal volume, as determined by FCS, and we can use the value
of w to obtain an empirical correction factor for the power densities when

kels™'] = &M 'em '] X %p[Wcm_z]. (A1)
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FIGURE 8 Triplet amplitude of rhodamine 6G versus power density (as
determined by FCS) for five different observation volumes; (inset) inverse
slope of the linear fits plotted versus the ratio w = ro/zo.

using different FCS volumes. To show this, we measured the same sample
of rthodamine 6G in aqueous solution with five different confocal volumes
with w-values between 0.12 and 0.23 (data not shown). We have used the
triplet amplitude of the rhodamine 6G as an inherent indicator of the
effective power density in the sample. By plotting the triplet amplitude
versus the apparent power density, as determined in the usual way by
FCS, we obtained a nicely linear dependence (within our range of the
excitation powers) for each of the volumes used, with equal slopes for
equal values of w (Fig. 8). Plotting the inverse slopes of these curves
versus w yields a straight line in the range w = 0.1-0.25 (Fig. 8, inset).
This dependence was used to renormalize the power densities obtained
from all the different confocal geometries to @ = 0.2, a typical value in
standard FCS measurements before calculating the excitation rates
according to Eq. Al.
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