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ABSTRACT Monomeric red fluorescent proteins (mMRFPs) have become indispensable tools for studying protein dynamics,
interactions and functions in the cellular environment. Their emission spectrum can be well separated from other fluorescent
proteins, and their monomeric structure preserves the natural function of fusion proteins. However, previous photophysical
studies of some RFPs have shown the presence of light-induced dark states that can complicate the interpretation of cellular
experiments. In this article, we extend these studies to mRFP1, mCherry, and mStrawberry by means of fluorescence
correlation spectroscopy and prove that this light-driven intensity flickering also occurs in these proteins. Furthermore, we show
that the flickering in these proteins is pH-dependent. Single molecule spectroscopy revealed reversible transitions from a bright
to a dark state in several timescales, even up to seconds. Time-resolved fluorescence spectroscopy showed multiexponential
decays, consistent with a “loose” conformation. We offer a structural basis for the fluorescence flickering using known crystal
structures and point out that the environment of Glu-215 is critical for the pH dependence of the flickering in RFPs. We apply
dual-color fluorescence correlation spectroscopy inside live cells to prove that this flickering can seriously hamper cellular

measurements if the timescales of the flickering and diffusion are not well separated.

INTRODUCTION

The green fluorescent protein (GFP) was discovered in 1961
in the hydrozoan Aequorea victoria (1). Fluorescence mi-
croscopy in live cells has been revolutionized since the ad-
vent of the GFP as a genetically encoded marker in 1992 (2).
In the following years, variants of the GFP with different
absorption/emission maxima and higher brightness and sta-
bility have created a fluorescence palette ranging from blue
(eBFP) to yellow (eYFP, Citrine). In 1999, this palette was
extended to the red by the discovery of red fluorescent pro-
teins (RFPs) in anthozoans like Discosoma sp. (DsRed) and
in 2002 also in Entacmaea quadricolor (eqFP611) (3,4).

Being an obligate tetramer, DsRed was engineered in 2002
by Campbell et al. into mRFP1, the first true monomeric red
fluorescent protein (5). mRFP1 contains 33 amino acid mu-
tations but is structurally still very stable (6). The chromo-
phore in mRFP1 matures much faster than in DsRed, it is less
bright, and its photostability is lower than DsRed but still
comparable to eGFP (5).

In 2004, further engineering of mRFP1 led to the mFruits
family that covers the yellow (mHoneydew) to dark-red part
(mPlum) of the visible spectrum (7,8). Of the mFruits,
mCherry is considered to be the superior monomeric RFP (9).
It has a good photostability and even faster maturation but
still is only moderately brighter than mRFP1. A brighter
version of mRFP1 exists (Q66T), but at the cost of a 34-nm
blue shift of the emission spectrum (10). Recently, a new
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mRFP (TagRFP) has been created from eqFP578, but the
emission spectrum still is 24-nm blue-shifted with respect to
mRFP1 (11). mRFP1 has also been converted into a photo-
activatable protein (12).

mRFPs are in great demand for experiments in live cells
because of their interesting properties. First, their red emis-
sion leads to less scattering and less background fluorescence
detection. Second, their emission spectrum can be well sep-
arated from eGFP, which makes them interesting for dual
color applications. Moreover, when fused to a certain protein,
their monomeric structure preserves the natural function and
allows for Forster resonance energy transfer measurements.
However, previous photophysical studies of some RFPs have
shown the presence of light-induced dark states that can
complicate the interpretation of the results of the cellular
measurements (13-15).

In 2000, Heikal et al. observed with fluorescence correla-
tion spectroscopy (FCS) that DsRed in solution shows a large
contribution of an excitation intensity-dependent (but not
pH-dependent) flickering in the submillisecond timescale
(13). Subsequently, Malvezzi-Campeggi et al. proved that
this flickering represents the transition between three inter-
convertible states (a red, a far-red, and a dark state) (14).
Schenk et al. confirmed the observations for DsRed and
observed a similar process in a different RFP, eqFP611 (15).
The flickering was suggested to be a consequence of con-
formational rearrangements around the chromophore, such as
photoisomerization and/or changes in the hydrogen-bonding
network. Both for DsRed and eqFP611, Raman spectroscopy
later showed that photoisomerization is indeed involved in
the photodynamics of these RFPs (16,17). In some GFP
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mutants such as eYFP and Citrine (13,18), a pH- and inten-
sity-dependent flickering was also found and assigned to fast
protonation-deprotonation.

In this article, we focus on the monomeric red fluorescent
proteins mRFP1, mStrawberry, and mCherry and on the pres-
ence of light-induced flickering. We have characterized this
process with fluorescence correlation and single-molecule
spectroscopy, and we have explored the effects of viscos-
ity, excitation intensity, and pH on this process. We have
combined our experimental results with information based
onknown x-ray structures of some RFPs, and we provide
insight into the consequences that the chromophore envi-
ronment has on the observed fluorescence properties. Also,
we draw the attention to the implications of the fast flickering
of RFPs when performing quantitative FCS measurements in
live cells.

MATERIALS AND METHODS
Proteins and buffers

The pRSET plasmids coding for His-tagged mRFP1, mCherry, and
mStrawberry were a kind gift of Dr. Roger Y. Tsien (Howard Hughes
Medical Institute-University of California at San Diego, La Jolla, CA). After
transformation of the plasmid in E. coli BL21 cells, the cells were grown at
37°C to an optical density of 0.6 after which protein overexpression was
induced during 3 h with 1 mM IPTG. After sonication of the culture, the
proteins were purified using gravity flow Ni**-affinity chromatography
(Protino Ni-TED, Macherey-Nagel GmbH & Co. KG, Diiren, Germany).
The protein purity was checked with sodium dodecyl-sulfate-polyacrylamide
gel electrophoresis. On this gel, three bands could be observed, corre-
sponding to native and cleaved protein. The cleavage occurs in the chro-
mophore and is caused by a partial hydrolysis of the main chain acylimine
linkage ((5,12,19) and data not shown). The extent of the cleavage does not
increase over time, suggesting that the cleavage occurs only in a subpopu-
lation, which may represent poorly folded protein. This suggestion is un-
derpinned by the fact that a larger extent of cleavage occurs in the
photoactivatible PA-mRFP1-1 than in mRFP1 (20), which might be due to
the mutations in the chromophore environment. The cleavage irreversibly
changes the spectral properties of the RFP, converting it from a red to a
green-like protein. The residual fluorescence of the green-like protein, if any,
will not influence our measurements, because we are using a red emission
filter.

Most of the experiments were performed in phosphate buffered saline
(PBS, pH 7.4). The pH buffer consisted of 50 mM of phosphate, citrate, and
glycine adjusted from pH 3—12 (with 0.5 increments) with 3 N of NaOH. If a
higher viscosity was needed, glycerol was added to the buffer, and the pH
was adjusted with NaOH containing the same concentration of glycerol.

Samples for single-molecule measurements were prepared by spin-
coating the proteins (~10~"! M) in PBS containing 1% (wt) polyvinyl al-
cohol (PVA) on a clean cover glass at 3000 rpm.

Absorption and emission spectra

Absorption spectra were measured with a Shimadzu UV-1601PC spectro-
photometer (Shimadzu GmbH, Duisburg, Germany). Excitation and emis-
sion spectra were taken with a PTI QuantaMaster fluorometer (Photon
Technologies International, West Sussex, UK). For the excitation spectra, the
excitation monochromator bandwidth was set to 2 nm, and the emission
monochromator was set to 650 = 10 nm. For the emission spectra, the ex-
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citation monochromator was set to 540 = 10 nm, and the emission mono-
chromator bandwidth was set to 2 nm.

FCS in solution

For FCS measurements in solution, the concentrated protein was diluted to
1 nM in the appropriate buffer. The measurements were performed on a
commercial ConfoCor2 system (Carl Zeiss, Jena, Germany). A 543-nm
HeNe laser was used to excite mRFP1, with the acousto-optical tunable filter
set to 3%—100%, corresponding to an intensity of 2—122 kW/cm? in the
confocal spot (as measured with a light power meter). The excitation light
was reflected by a HFT543 dichroic mirror and focused in the sample through
a C-Apochromat 40X/1.2NA water immersion objective. The fluorescence
light was filtered by a LP560 longpass filter and was detected on an ava-
lanche photodiode through a 78-um pinhole. For the different experimental
conditions (e.g., intensity and pH), 10 measurements of 20-s duration each
were performed, and the average autocorrelation curve was calculated. The
measurements were analyzed in Igor Pro 5 (Wavemetrics, Portland, OR) by
means of global analysis. The model used to fit the curves has the following
general form:

G(1) = G1(1) X Gp(7)

n er—r/n'x
Gi(n) =[] T+

x=1
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with G the part of the autocorrelation curve at a fast timescale, representing
the photodynamics; Gp, the concentration dependent part at slower timescale,
representing diffusion; 7 the correlation time; F and 7 the fraction and time
of the fast process; n the total number of fast processes; (N) the average
number of particles in the confocal volume element; D the apparent diffusion
coefficient; and w; and w,, respectively, the radial and axial radii of the
confocal volume element, which are determined by a calibration with
Rhodamine 6G and are fixed throughout the fitting routine.

Single-molecule fluorescence spectroscopy and
ensemble time-resolved fluorescence

For single-molecule experiments, excitation at 543 nm (8§ MHz, 1.2 ps full
width at half-maximum) from the frequency doubled output of an optical
parametric oscillator (GWU Lasertechnik, Erftstadt-Friesheim, Germany)
pumped by a Ti:Sapphire laser (Tsunami, Spectra Physics, Utrecht, The
Netherlands) was directed into an inverted microscope (IX 70, Olympus
Optical, Tokyo, Japan) and focused onto the sample through an oil immer-
sion objective (60X/1.4NA, Olympus). Fluorescence was collected through
the same objective and sent to an avalanche photodiode (SPCM-AQR-15,
PerkinElmer, Waltham, MA). For the single-molecule experiments, the ex-
citation intensity was 120 nW, which corresponds to ~261 W/cm?. Time-
resolved data were collected with a time-correlated single photon counting
(TCSPC) card (SPC 630, Becker & Hickl GmbH, Berlin, Germany) operated
in first-in-first-out mode. The detailed description of the setup and the data
acquisition process has been published previously (21).

Ensemble time-resolved fluorescence measurements were performed
using the TCSPC technique (22), with excitation at 543 nm and using the
same source as above, in a cuvette with a path length of 1 cm and an optical
density of 0.1 at the absorption maximum. Fluorescence was detected under
magic angle geometry by means of a cooled microchannel plate photo-
multiplier (Hamamatsu R3809U (Hamamatsu City, Japan)). Fluorescence
histograms of the sample and of the instrument response function were
collected in 4096 channels until they typically reached 10* counts in the peak
channel. The total width at half-maximum of the instrument response
function was ~40 ps.
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RESULTS

Fluorescence correlation spectroscopy of
mRFP1 and mFruits

We applied FCS to discover if dark-state formation also oc-
curs in mRFP1, mCherry, and mStrawberry, as found for the
other RFPs described in the Introduction. As the viscosity of
the medium only affects the translational diffusion, we can
exploit it for the identification of nondiffusion-related pro-
cesses. Whereas at 24 kW/cm? in aqueous buffer there are no
distinct components visible in the autocorrelation curve (Fig.
1, left curve), in 50% (v/v) glycerol two different components
are clearly visible (Fig. 1, right curve). The fastest component
can be adequately described by an exponential blinking term
in the fitting function, and the slowest is best described by a
translational diffusion term. The relaxation time of the fast
component is much faster than the expected time necessary
for a typical monomeric GFP to diffuse through the confocal
volume, confirming its identity as a nondiffusion-related
process. The fraction of flickering for mRFP1 and for
mCherry molecules at 24 KW/cm? is similar, 46% =+ 1% and
43% =+ 2%, respectively. At the same I.,., mStrawberry
showed a markedly increased fraction, 56% * 1%. Fur-
thermore, the flickering also experienced a small viscosity
effect. It should be noted, however, that glycerol changes the
refractive index of the solution, which also has an effect on
the autocorrelation curve (23). Nevertheless, this experiment
proves that also in these mRFPs dark-state formation occurs
in a timescale of tens of microseconds.

Intensity dependence

To determine if the dark-state formation is light-induced, we
performed FCS measurements at different excitation inten-
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sities ranging from 2 to 122 kW/cm? (Fig. 2 A). First, we
determined the diffusion coefficient of mRFP1 in aqueous
solution. The brightness of mRFP1 was not linearly depen-
dent on /.. at high excitation intensity (data not shown),
which can be attributed to optical saturation of the fluorescent
protein (23). This optical saturation in combination with a
larger contribution of flickering processes at higher I,
caused the apparent D to vary with /... By measuring at
varying I, and extrapolating to /... = 0 (Fig. 2 B), we ob-
tained a value of D = ~56 wm?/s, which is in good agree-
ment with the value found for eGFP. Two-focus FCS might
provide a confirmation for the value we obtained because, in
this technique, D is measured relative from one focus to
another and so is less prone to optical artifacts (24).

Fig. 2, C and D, show, respectively, the relaxation time and
the fraction of the nondiffusion-related process(es). In the
low I, regime, the fraction and relaxation time of the
flickering are clearly light-dependent (squares in Fig. 2, C
and D), meaning that the path toward the dark state is fa-
vored, i.e., the dark state formation is indeed light-induced. In
the higher /.. regime, the fraction of the flickering appears to
become constant. In addition, a second exponential term had
to be included in the fitting. As an illustration, a fit of the FCS
curve at the highest /.. with one exponential function is also
shown in Fig. 2 A. The relaxation time of the second expo-
nential term could be kept constant, and the fraction showed a
linear increase (circles in Fig. 2, C and D) even in the region
where the other process appeared to have become saturated.
This second process might represent another light-induced
state, e.g., triplet conversion (25,26). Triplet lifetimes of
RFPs such as HcRed have been estimated at a few micro-
seconds (27), a finding similar to our observations. Due to the
low triplet quantum yield in GFPs (28), the exponential term
that accounts for its formation only becomes apparent at

FIGURE 1 Experimental FCS curves of the mRFPs at
Lxe = 24 kW/cm? normalized to the diffusional component.
In each group of three curves, the concentration of glycerol
was 0%, 25%, and 50% (v/v). From left to right: mRFP1,
mCherry, and mStrawberry. The solid lines are global fits
with Eq. 1, where the fraction of the flickering was linked
within one set.

¥ mStrawberry
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FIGURE 2 (A) Experimental autocorrelation curves of mRFP1 in aqueous buffer at excitation intensities ranging from (right to leff) 2 to 122 kW/cm?. The
curves were normalized to G0) = [N . (1 — F}) . (1 — F»)]"' to emphasize the effect of /... on the fast component of the curve. It is worth noting that
normalization in this manner causes the Gp(0) (Eq. 1) to decrease at increasing /..., even though the concentration stays constant. For the highest /.., both a
one- (solid line) and two- (dashed line) exponential fit are shown. (B) Apparent diffusion coefficient after fitting with Eq. 1. (C) Relaxation times of the
flickering (W) and triplet (@) processes. (D) Fraction of the fast processes when G(0) is normalized to 1.

higher I.,. regimes, as has been already observed for other
GFPs (25,29). These measurements thus suggest that there are
(at least) two different dark states for mRFP1 When mCherry
and mStrawberry were measured, a similar trend was observed
(see Figs. S1 and S2 in Supplementary Material, Data S1).

Moreover, for all three mRFPs we found that for the slower
flickering process the associated dark fraction does not tend
to zero in the limit of zero excitation intensity (Fig. 2 D; see
Figs. S1 D and S2 D in the Supplementary Material, Data
S1). Therefore, we conclude that one of the two dark states
observed with ensemble FCS is populated even in the ab-
sence of excitation light, but that its formation is accelerated
through irradiation, whereas the other dark state is only oc-
cupied when excitation light is present.

pH Dependence

We explored the effect of varying pH values on the dark-state
formation in mRFP1 and mFruits, because it has been shown
for other fluorescent proteins that the pH can play a role in
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this process. FCS measurements of mRFP1 were performed
at different values of pH in 50% (v/v) glycerol (see Materials
and Methods) to allow for an easy visual inspection of the
autocorrelation curves (Fig. 3 A). To emphasize the effect of
the pH on the flickering dynamics, the autocorrelation curves
were normalized with respect to the translational diffusion
part. The fraction of mRFP1 molecules that is, on average, in
a dark state shifted from 50% * 1% to 64% * 1% when
going from pH 7 to 12, and the associated relaxation time
shifted from 98.6 = 3.0 us to 112.3 = 4.2 us, indicating that
mRFP1 is more often and longer in a dark state (because
/T telaxation = Krelaxation = kbright—>dark + kdark—>bright)- In
mCherry and mStrawberry, a similar increase in the fraction
and relaxation times were observed (see Fig. S3 A of the
Supplementary Material, Data S1).

In an acidic environment (pH 5 and below), a different fast
process appears in the autocorrelation curve (data not
shown). This process has already been described for eGFP
and likely represents the protonation equilibrium of the hy-
droxyl moiety of the modified Tyr66 residue in the chro-
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- FIGURE 3 (A) Experimental autocorrelation curves of
mRFP1 at I, = 61 kW/cm? in pH buffer supplemented
with 50% (v/v) glycerol. The autocorrelation curves were
normalized to the diffusional part of the curve. Normaliza-
tion in this manner emphasizes the effect of pH on the

flickering. The red arrow indicates the increase of the

fraction of the flickering on increasing pH from 7 to 11.5.
(B) Absorption and emission spectra of mRFP1 at varying
pH values. The red arrow indicates the hypsochromic shift
of the spectra and the increase of the quantum yield of

mRFPI1.
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mophore (29). Because the chromophore is only fluores-
cent in the anionic state, protonation of Tyr66 at a low pH
quenches the fluorescence, giving rise to a dark state in the
autocorrelation curve. Interestingly, although DsRed shares
the same chromophore as mRFP1, the dark states of DsRed
are not pH-dependent (13).

To investigate if the effects observed in FCS are related to
changes in the steady-state absorption and emission proper-
ties, the pH-dependence of mRFP1 absorption, emission, and
excitation spectra were measured from pH 3 to 12 (Fig. 3 B).

The absorption maximum of mRFP1 shifted from 584 to 567
nm when going from pH 7 to 11, which is in good agreement
with measurements on mCherry (30). Below pH 7, the ab-
sorption spectrum did not change significantly. In the emis-
sion spectra, a similar blue shift from 605 to 595 nm was
observed when increasing from pH 7 to 11 (Fig. 3 B). More
interestingly, when raising the pH from 7 to 11, the intensity
of fluorescence drastically increased (I, max increased by a
factor ~2.4). The shift of the emission intensity with pH
fitted well with a model for a monoprotic acid-base system
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(see Fig. S3 B of the Supplementary Material, Data S1). In
addition, a pKa of 9.9 = 0.1 was obtained for the process,
which is in close accordance with values reported on
mCherry and mStrawberry (30). The apparent fluorescence
quantum yield of the chromophore thus increases as a result
of a different protonation state of the chromophore environ-
ment. This brightness increase cannot be due to a decrease in
the fraction or relaxation time of the dark state, because our
FCS data show that, at a high pH, the dark state lives longer
and occurs more frequently. In contrast, these observations
can be explained based on the crystallographic information
about mRFPs at different pH values. For example, a signif-
icant drop of the twist and tilt angles of the chromophore was
observed in mStrawberry when the pH was increased from
9.5 to 10.5 (30), in very good agreement with our observa-
tions on mRFP1. Chromophore coplanarity is a very im-
portant factor in the fluorescence efficiency of GFPs (as
discussed further on in this article). Similar effects were seen
in the excitation spectrum of mRFP1 (data not shown).

At pH 3 and 12 all fluorescence disappeared, indicating the
denaturation of the protein. At these extreme pH values, the
chromophore still showed a wide absorption peak in the blue
(Fig. 3 B), ashas been reported for other fluorescent proteins (19).

Single-molecule spectroscopy of
immobilized mRFP1

We used single-molecule spectroscopy of immobilized
mRFP1 to study the fast on-off dynamics without the con-
tribution of diffusion. A typical single-molecule intensity
trace of mRFP1 in a PVA matrix is shown in Fig. 4, A and B.
Frequent on-off blinking is clearly observed in several
timescales, even up to seconds, revealing a reversible tran-
sition from a bright to a dark state, similar to our observations
in the FCS experiments. The flickering was found for the
large majority of the molecules measured (>90%). In gen-
eral, the emission intensity level is not stable due to this
blinking, but there were no evident sequential photo-
bleaching steps, which is consistent with the monomeric
form of the protein. For comparison, immobilized DsRed
showed several intensity levels as expected from its oligo-
meric form. In addition, on-off blinking also was present as
reported previously (31-33), especially at the lower intensity
levels after several units had been photobleached.
Autocorrelation curves of the fluorescence intensity of an
immobilized molecule of mRFP1 could be typically fitted
with three exponentials of timescales of hundreds of micro-
seconds, a few milliseconds, and hundreds of milliseconds.
Fig. 4 C shows an example with autocorrelation times of
540 us, 1.8 ms, and 250 ms. The fastest of these processes
might represent the flickering observed in the ensemble FCS
measurements. The relaxation time found in the ensemble
FCS measurements typically was <100 us, but the differ-
ence might be attributed to the higher excitation intensity
used in the ensemble FCS experiments. The slower processes
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FIGURE 4 (A) Single-molecule fluorescence trajectories of mRFP1 im-
mobilized in PVA matrix. (B) Magnified region from panel A (40-70 s). (C)
Typical autocorrelation curve of an immobilized single-molecule and fit
with a three-exponential function (540 ws, 1.8 ms, 250 ms).

might reflect protein conformational changes in a slower
timescale (see Discussion).

The distribution of fluorescence lifetimes, analyzed in bins
of 2000 photons, is quite broad but peaks at about the main
value found in bulk experiments (1.8 ns; see next section).

Time-resolved fluorescence spectroscopy of

mRFP1 and mFruits

We performed time-resolved fluorescence measurements on
bulk solutions of mRFPs to gain more insight into their



Dark States in mRFPs

excited-state dynamics. mRFP1 has main fluorescence decay
of 1.8 ns (96%) and a small component of ~0.4 ns (4%) when
excited at 543 nm and monitored at 610 nm (see Fig. S4 of the
Supplementary Material, Data S1). A nonpure monoexpo-
nential decay for mRFP1 has been already reported in the
literature (6). mStrawberry (see Fig. S4 of the Supplementary
Material, Data S1) and mCherry (Fig. 5) also decayed biex-
ponentially, the former with components of 2.1 ns (85%) and
~1 ns (15%) and the latter with 1.6 ns (90%) and ~0.7 ns
(10%) (Fig. 5). The presence of multiexponential decays in
GFPs could be associated with conformational changes (see
Discussion). In contrast, DsRed decayed monoexponentially
when excited at 543 nm (13,31). A multiexponential decay
was found when excited at 470 nm due to energy transfer
processes from the immature subunits of the tetramer, but this
process cannot occur in the case of the monomer.

DISCUSSION
Dark states of mRFPs

mRFP1, mCherry, and mStrawberry all reveal a pH- and /-
dependent flickering, as shown in this work by means of
FCS. As mentioned in the Introduction, light-induced flick-
ering has been observed previously with FCS and single-
molecule spectroscopy in RFPs such as DsRed and eqFP611
(4,14,15).

The conformation of the chromophore can have a large
influence on the spectroscopic properties of a protein. Both
cis conformations (DsRed and its variants) and trans con-
formations (eqFP611) around the methylene bridge between
the two cyclic parts can be fluorescent. In addition, copla-
narity of the hydroxyphenyl and the imidazolinone moieties
of the chromophore seem to be indispensable for fluores-
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FIGURE 5 Fluorescence decay of mCherry (Ager = 610 nm, solid line)
and instrument response function (dotted line). Fit and residuals of a one-
exponential function (y* = 1.61, blue) and a two-exponential function (y* =
1.05, red).
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cence (34,35). It has been suggested that conformational re-
arrangements of the chromophore might be responsible for
flickering in these RFPs, because the timescales are consis-
tent with these changes (15). In contrast, amino acids in close
proximity of the chromophore can also affect the chro-
mophore fluorescence. The pH-dependence of the mRFP1
fluorescence, as evidenced here, is most probably a conse-
quence of an altered chromophore environment (see next
section). Moreover, the looser H-bonding network in mRFP1
and mFruits compared to DsRed might contribute to the con-
formational freedom of the chromophore in the B-barrel (5).

Our results for the time-resolved fluorescence experiments
are consistent with conformational rearrangements of the
chromophore in mRFP1 and mFruits. Similar biexponential
decays in other RFPs, such as eqFP611 and HcRed, have
been associated with the presence of two different con-
formers (17,27). Furthermore, we showed here, with FCS,
that the conformers interconvert in the excited state, because
the flickering is light-induced. In the case of DsRed, the pure
monoexponential decay is a consequence of the reduced
conformational mobility in the excited state.

As for the blinking of immobilized mRFP1, the fact that the
flickering is slowed in the rigid PVA matrix would be con-
sistent with the attribution of the process to a conformational
change (27). It has been demonstrated previously that binding
of eqFP611 to polyethylene glycol-covered glass surfaces did
not affect the flickering rates compared to solution (15), al-
though the latter process was suppressed when eqFP611 was
deposited on bare glass. The PVA matrix used in our single-
molecule experiments might be slightly more rigid than
polyethylene glycol but still allows a certain conformational
freedom. The slight effect of solvent viscosity on the flick-
ering component observed in FCS is also consistent with the
above (although viscosity will clearly have a greater effect on
the diffusion component). In contrast, autocorrelation times
in the tens of milliseconds timescale have been assigned
previously to the interconversion between cis and trans
conformations mediated by polymer motions in immobilized
HcRed (27). A hybrid quantum mechanics/molecular dy-
namics study might be useful to reveal the mechanisms of cis-
trans isomerization and/or loss of chromophore planarity that
is responsible for the observed fluorescence flickering in
mRFPs, as was done previously for GFP (36).

By comparing DsRed and eqFP611, the latter of which has
been shown to have a smaller oligomerization tendency than
the former (4), it was shown previously by Schenk et al. that
oligomerization does not influence greatly the flickering
dynamics observed with FCS (15), although the difference in
oligomerization state between the two proteins in their ex-
perimental conditions is somewhat inconclusive. We have
found with single-molecule FCS (see section ‘‘Single-mol-
ecule spectroscopy of immobilized mRFP1°’) that both im-
mobilized mRFP1 and DsRed showed flickering, although
the flickering was somewhat more frequent for DsRed in
the lower-intensity levels, after several units had been pho-
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tobleached. This situation would resemble that of mRFP1,
although we cannot rule out the effect of the photobleached
units of DsRed acting as “‘traps’’.

Structural basis for the pH-dependence of
the mRFPs

It has been recently demonstrated that Glu-215 is the key
residue responsible for the pH-induced spectral shift of
mCherry and mStrawberry, as it is the only residue in the
vicinity of the chromophore that markedly changes its con-
formation on an increase of the pH from 9.5 to 10.5 (Fig. 6 A)
(30). Although such a pKa is very high for a Glu (the pKa for
the y-carboxyl group of Glu in solution is 4.3), there are
reports in the literature of such high pKa values in some
proteins (37) when the acid form is strongly stabilized. It is
very intriguing that only the mRFPs show a pH-dependent
red-shift and flickering, whereas all RFPs contain the same
Glu-215 residue.

Fig. 6, A and B, show a stereo image of a 5 A sphere around
Glu-215 in mStrawberry and DsRed, respectively. Table 1

A

ALA-44

ILE-197 ILE-197

GLU-
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shows the residues surrounding Glu-215 that differ between
DsRed and the mRFPs. The side chain of residue 41 is prob-
ably too distant from the side chain of Glu-215 to have an
effect. Residues 42 and 44 are very similar among all RFPs.
Residues 197 and 217 on the other hand differ strongly.
Whereas these residues are hydrophobic in the mRFPs, they
are polar and involved in H-bond formation in DsRed. From
the crystal structure of DsRed, it is clear that Glu-215 forms a
salt bridge with Lys-70 that is further stabilized by H-bridges
with Ser-197 and Thr-217 (38). The deprotonated form of Glu-
215 is thus strongly stabilized through the salt bridge causing a
very low pKa of the carboxylic acid and providing an expla-
nation for the lack of a pH-dependence of the fluorescence in
DsRed.

In mStrawberry, however, the distance between the posi-
tively charged Lys-70 and the carboxylic acid oxygen of
Glu-215 is increased to 5.72 A, and the local environment
becomes more hydrophobic due to the presence of the two
hydrophobic residues Ile-197 and Ala-217. Lys-70 thus forms
a salt bridge with Glu-148 and, moreover, a H-bond is formed
between the protonated Glu-217 and the imidazolinone

FIGURE 6 Ball and stick represen-
tation of the 5 A-radius environment
of Glu-215 in (A) mStrawberry and (B)
DsRed. Residues that differ between
mStrawberry and DsRed or have a mark-
edly different conformation in acid or
base are explicitly depicted as sticks. In
mStrawberry, Lys-70, Glu-148, and Glu-
215 are depicted pink in acid and blue in
conjugated base conformation. H-bonds
are depicted in gray, with the distance in
angstroms. The figures were made with
the PyYMOL Molecular Graphics System
(DeLano Scientific, Palo Alto, CA).
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TABLE 1 Residues surrounding Glu-215 in RFPs that differ
between DsRed and the mRFPs
Position DsRed mRFPs
41 His Thr
42 Asn Gln
44 Val Ala
197 Ser Tle
217 Thr Ala

nitrogen of the chromophore. This explains the high pKa of
Glu-215. By way of comparison, in eqFP611, residue 197 is a
His and 217 is an Ala. From the crystal structure, it is ap-
parent that there is an H-bond between His-197 and Glu-215
stabilizing the carboxylate form and explaining the lack of
pH-dependence (4,14).

Our observed pH-dependence can now be explained in
terms of this structural information. At a neutral pH, an
H-bond between the chromophore and Glu-215 exists, which
pulls the chromophore out of its planar conformation (30)
causing a red shift of the spectrum and a decreased bright-
ness. At a pH above the (high) pKa of Glu-215, the H-bond
between the latter and the chromophore is broken and, as a
result, the chromophore becomes more planar and so
brighter. Due to the breakage of the H-bond, conformational
rearrangements will be favored, and a more frequent dark
state formation will occur. A similar pH-dependence has
been recently observed in a related chromoprotein (39).

The transition pH for the mRFPs is also around the pKa of
an ¢-amino group of a Lys (10.5 in solution). In the acid and
basic structures of the mRFPs, however, Lys-70 is forming
a salt bridge with Glu-148, such that its deprotonation as a
cause of the transition can be excluded. This interpretation
is confirmed by the fact that Lys-70 in mStrawberry has only
a slightly different conformation at pH 10.5 compared to
pH 9.5.

Implications for cellular measurements

mRFPs are very promising for cellular measurements be-
cause they are spectrally well separated from the GFPs, and
they are monomeric. Mocz has written a recent review on
some interesting applications of the available fluorescent
proteins (40). However, the appearance of flickering in the
same timescale as diffusion (at the low /I, necessary for in
vivo measurements) can seriously complicate the analysis in
FCS. To illustrate, we prepared a fusion protein of mRFP and
eGFP, expressed it inside live human HeLaP4 cells, and
performed FCS measurements, as described by De Rijck
et al. (41). Because the fluorescence of the fused protein can
be monitored in the green and the red channel simultaneously
(with two-color excitation and detection), FCS analysis of
mRFP1- and eGFP-fluorescence is possible. Table 2 sum-
marizes the results after fitting the two autocorrelation curves
to a model with one exponential and two diffusion compo-
nents (the fast representing free diffusion and the slow rep-
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TABLE 2 Fit results for intracellular FCS on mRFP-eGFP

FCS channel T (us) Fraction (%)
eGFP Free diffusion 380 = 70 74.8 = 13.6
Hindered diffusion 16405 = 2220 25.2 * 13.6

Photophysics (triplet) 42 16 £ 2
mRFP1 Free diffusion 39 = 17 65.5 = 8.0
Hindered diffusion 2481 £ 840 345 = 8.0

Photophysics (flickering) 63 = 11 43 =7

Fitting was performed using a two-component diffusion model with one
exponential. Goodness-of-fit was judged by looking at both the residual
8G(7) curve and the Xz—value.

resenting hindered diffusion). It is clear that fitting of the
mRFP1 autocorrelation curve gives a nonrealistic diffusion
time for the freely diffusing protein (i.e., 39 us for mRFPs
versus 380 us for eGFP), despite the fact that the flickering
process is represented in the fitting. If the protein complex is
bigger and diffusion is thus slowed down, then the processes
can be separated well, as was the case in our in vitro viscosity
measurements. If, on the other hand, the flickering of the
mRFPs could be fastened or inhibited, their use in cellular
measurements would be simplified considerably.

CONCLUSION

Fluorescence flickering in (m)RFPs seems to be a general
behavior that might impair the analysis in FCS and FRET
experiments. Unveiling the mechanism(s) responsible for
this light-induced process may assist in the development of
new and better mutants. In this work, we focused on the
presence of this flickering in the monomeric RFPs mRFP1,
mCherry, and mStrawberry and provide insight in the
pH-dependence of the fluorescence flickering. Taking into
account previous results on other RFPs, we offer a global
picture of the structural basis of fluorescence flickering in
(monomeric) RFPs. Further evolution of mRFPs should
specifically address this problem, because we show that the
implications in cellular measurements can be serious.
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