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Characterization of the Photoconversion on Reaction of the Fluorescent
Protein Kaede on the Single-Molecule Level

P. S. Dittrich, S. P. Schafer, and P. Schwille

Max Planck Institute for Biophysical Chemistry, Experimental Biophysics Group, Géttingen, Germany

ABSTRACT Fluorescent proteins are now widely used in fluorescence microscopy as genetic tags to any protein of interest.
Recently, a new fluorescent protein, Kaede, was introduced, which exhibits an irreversible color shift from green to red
fluorescence after photoactivation with A = 350-410 nm and, thus, allows for specific cellular tracking of proteins before and
after exposure to the illumination light. In this work, the dynamics of this photoconversion reaction of Kaede are studied by
fluorescence techniques based on single-molecule spectroscopy. By fluorescence correlation spectroscopy, fast flickering
dynamics of the chromophore group were revealed. Although these dynamics on a submillisecond timescale were found to be
dependent on pH for the green fluorescent Kaede chromophore, the flickering timescale of the photoconverted red
chromophore was constant over a large pH range but varied with intensity of the 488-nm excitation light. These findings suggest
a comprehensive reorganization of the chromophore and its close environment caused by the photoconversion reaction. To
study the photoconversion in more detail, we introduced a novel experimental arrangement to perform continuous flow
experiments on a single-molecule scale in a microfluidic channel. Here, the reaction in the flowing sample was induced by the
focused light of a diode laser (A = 405 nm). Original and photoconverted Kaede protein were differentiated by subsequent
excitation at A = 488 nm. By variation of flow rate and intensity of the initiating laser we found a reaction rate of 38.6 s~ for the
complete photoconversion, which is much slower than the internal dynamics of the chromophores. No fluorescent intermediate

states could be revealed.

INTRODUCTION

Since the first successful cloning of the gene encoding for
green fluorescent protein (GFP) was discovered in the jellyfish
Aequorea victoria (1,2), a large family of fluorescent pro-
teins has been released (3), nowadays being an invaluable
tool kit for fluorescence microscopy and spectroscopy. The
multitude of benefits of fluorescent proteins being tagged
genetically to any protein of interest has triggered an ongoing
search for proteins with new and improved properties. A
wide number of GFP mutants have been introduced (4), as
well as other types of fluorescent proteins, such as DsRed,
the red fluorescent protein isolated from Discosoma corals
(5,6). To date, fluorescent proteins with absorption and
emission maxima over a broad spectral range are available
with extinction coefficients between 20,000 and 160,000
M ! cm™! and quantum yields up to 80% (7,8). Several
detrimental properties, such as long maturation times and
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oligomerization tendency, which have in the past restricted
the use of these proteins in cell biology have been overcome
successfully for several mutants (9,10).

On the basis of solved crystal structures, the origin of the
specific fluorescence emitted from the amino acid chain of
these proteins has been studied. The basic principle for fluo-
rescence development is the autocatalytic and posttransla-
tional formation of a chromophoric group by cyclization of
three amino acids embedded in a barrel of a 3-folded peptide
chain (11,12). The extension of the formed conjugated
m-system and the surrounding peptide chain give rise to the
protein’s typical fluorescent characteristics.

In this context, a striking feature proven for many of these
fluorescent proteins—especially GFP and mutants—is the dual
excitation of the chromophore at ~395 nm and ~475 nm,
where the relative intensity of the two peaks is pH-dependent
(13,14). It was proposed that the peak at shorter wavelength
could be assigned to a neutral form of the chromophore,
whereas the 475-nm peak is due to an ionized form. Upon
excitation, the chromophore undergoes deprotonation, fol-
lowed by a rearrangement of the surrounding peptide chain.

Due to variations in the sequence of the amino acid chain,
i.e., mutations of amino acids involved either in the chro-
mophoric group or in the area surrounding the chromophore,
the fluorescence properties could be altered (4,15).

Recently, a novel and promising type of GFP mutant
has been developed with fluorescent characteristics that
emerge or change after activation by light. The possibility of
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“‘switching’” the protein’s emission in any temporal and
spatial dimension opens a further wide gate for applications
in cell biology, since it allows for specific tracking of pro-
teins within the cytosol or on cellular membranes (16,17).

Miyawaki and co-workers (18) found a GFP-like fluo-
rescent protein from stony coral, Trachyphyllia geoffroyi,
which exhibits a spectral shift from green to red fluorescence
after activation by ultraviolet light, and named it Kaede after
the Japanese word for maple leaf. They could show that this
photoinduced conversion is caused by a peptide cleavage in
the chromophore group of the protein leading to an extension
of the conjugated 7-system (19) and, thus, to a spectral shift
to longer wavelength. They proposed a mechanism where
one of the N,-C, bonds in the chromophore group in the
excited state is broken due to a B-elimination reaction.

Although photoconversion and spectral shifts after exci-
tation of fluorescent proteins have been observed and de-
scribed before (14,15,20), the Kaede protein investigated
here exhibits an irreversible significant spectral shift of
~60 nm and thus allows for a simple and clear differenti-
ation of the initial and converted chromophore. The great
potential of Kaede as an intracellular optical marker gives all
the more reason for detailed and quantitative analysis of its
photophysical characteristics, including the timescale and
mechanism of the photoconversion reaction. Furthermore,
understanding of the photophysics could allow the design of
even more powerful fluorescent proteins.

A number of methods have been established to elucidate
the photophysics of fluorescent (protein) markers. In par-
ticular, techniques based on single-molecule spectroscopy
were used extensively to examine the properties of indivi-
dual proteins (21,22). Provided that conformational changes
are attended by variations in fluorescence parameters (such
as brightness, color, or lifetime) the structural dynamics can
be observed on the single-protein level.

In this study, we first applied fluorescence correlation
spectroscopy (FCS, Fig. 1). FCS has previously been used
extensively to determine diffusion coefficients (23-25), e.g.,
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FIGURE 1 Schemes of the performed experiments. (A) Kaede proteins
were observed diffusing in an aqueous droplet through the focused laser
beams. The photoconversion reaction is initiated by a 405-nm diode laser,
and excitation of the protein before and after reaction was performed by the
488-nm line of an Ar ion laser. Data were analyzed applying FCS. (B) For
a fast time resolution, the sample solution is pumped through a microfluidic
channel. Here, the proteins are passing first the focused initiating laser and
second the excitation laser that is displaced for a distance d.
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to follow molecular binding or unbinding, or to map the
cellular environment. Carried out in a confocal setup, FCS is
a quasi-single-molecule technique allowing for the analysis
of the fluctuations of the fluorescence signal of individual
moving or reacting fluorophores. It enables the determina-
tion of dynamics that are accompanied by changes in
brightness, such as transitions to triplet states (26) and
photobleaching reactions (27). With FCS, the so-called
flickering process in fluorescent proteins has been studied
(20,28-31). Here, the frequent absorption-emission cycle of
the chromophore is interrupted reversibly on fast timescales
of microseconds to milliseconds, due to light-induced tran-
sitions from dark/dim to bright states and vice versa. It could
be shown that these photophysical observations are con-
nected to structural properties of the chromophore and the
surrounding peptide chain.

To use FCS for studying reversible processes, their time-
scale has to be clearly faster than the residence time of the
molecules within the detection volume of one to a few
femtoliters. In aqueous solution, accessible reaction times are
typically on a microsecond timescale and faster. Irreversible
reactions that are significantly slower than the time necessary
for data acquisition, i.e., ~5 s, could also be resolved.

Due to these limits of FCS, we introduced a micrometer-
sized continuous-flow reaction system developed to enable
fast time-resolved measurements of light-induced reactions.
In a miniaturized system (so-called micro total analysis sys-
tems, uTAS), low sample (volume) consumption in combi-
nation with low sample concentration was enabled, rendering
this approach extremely advantageous for efficient separa-
tion and analysis of sample mixtures (32,33). Although
microflow systems were also useful for studying reactions
induced by mixing of the reactants (34,35), we established in
this experiment the detection of an optically triggered re-
action on the single-molecule level on a polydimethylsilox-
ane (PDMS)/glass chip.

The sample was pumped through a microfluidic channel.
After having passed the focused light of a 405-nm emitting
diode laser to initiate the photoreaction, the fluorescence
analysis was performed by another focused beam (A = 488 nm)
of an Ar ion laser. Contrary to conventional FCS measure-
ments of diffusing systems, each protein molecule passing the
reaction zone was detected just once. Since both educt (green
Kaede) and product (red Kaede) could be excited with 488 nm
and differentiated by optical filtering of the emission light, the
number of green and red Kaede proteins could be counted, and
thus the reaction yield could be determined. In this experi-
mental arrangement, the time elapsing between initiation and
probing of the reaction could be derived from the flow
velocity, which is always recorded simultaneously by FCS.
Since the time resolution of this technique is only dependent
on the flow velocity, a broad temporal range is accessible.
Hereby, the nature and temporal range of molecular reaction
and intramolecular motility of the Kaede protein can poten-
tially be resolved.
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MATERIAL AND METHODS

Optical setup and data processing for diffusion
and flow measurements

FCS and flow measurements were carried out in a confocal setup based
on the experimental setup described previously (36). In the experiments
described here, two light beams, i.e., the laser for activation (405 nm, blue
laser diode; Laser 2000, Wessling, Germany) and the laser for excitation
(488-nm line of an Ar ion laser; Lasos, Jena, Germany) are superimposed by
a dichroic mirror (405 DCLP, all filters purchased from AHF, Tiibingen,
Germany) and adjusted into the microscope (Olympus IX 70, Tokyo, Japan).
They are reflected by a dichroic mirror (495dcx, custom made) and focused
by a water immersion objective with high numerical aperture (UplanApo
60X, NA 1.2, Olympus). The emitted light is collected by the same
objective. The green and red part of the fluorescence spectrum is split by the
dichroic mirror 560 DCLP, and the background signal is reduced by
bandpass filter (525DF50 and 630DF60, see Fig. 2). The light is then
collected by fiberoptics (diameter 100 wm) transferring the signal to the
detectors (avalanche photodiodes CD3017, EG&G Optoelectronics, Vau-
dreuil, Canada). Data acquisition was performed either by a correlator card
(ALV, Langen, Germany), or by the PC card AdWin light (ADWin-LD,
Jager Messtechnik, Lorsch, Germany). For the latter, a homemade program
(based on TestPoint, CEC, Billerica, MA) was used (integration time of
5 ms) for data acquisition and for data saving.

For the flow measurements, both foci are displaced from the center of the
objective in opposite directions, resulting in a slightly distorted shape of
the foci. The distance of the foci centers were 15 wm determined by imaging
the fluorescence from the spots on a CCD camera. The maximum light
power of the beams before the objective was 13.6 mW (405 nm), and
0.38 mW (488 nm).

For acquisition of fluorescence spectra, we used a spectrometer (S2000,
Ocean Optics, Dunedin, FL) coupled to glass fiber.

Protein treatment

Green Kaede protein was produced and purified as described before (18). It
was stored at —80°C in buffer (10 mM Tris-HCI, 1 mM EDTA, 150 mM
NaCl, pH 8.0). Just before the experiments, the protein was dissolved in
10 mM MOPS-buffer, pH 7.0. The concentration for diffusion measure-
ments was between 7.8 and 39 nM, in flow measurements 390 pM. For
preparation of a pure red Kaede protein solution, photoconversion was
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FIGURE 2 Fluorescence spectra of original (/) and photoconverted (2)
Kaede protein. The dashed lines represent the transmission spectra of the
optical filters used to differentiate between both chromophores (bandpass
filter 525 DF 50 (3) and 630 DF 60 (5), and dichroic mirror 560 DCLP (4)).
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initiated by illumination of a small unit of grKaede (50 uL, 78 nM) with the
unfocused light of the diode laser for 20—30 min at a laser power of 13.6 mW.
All measurements were carried out at room temperature, or 22°C.

Microstructures for flow measurements

PDMS/glass microstructures were prepared as described previously (36).
The dimension of the single linear channel is 50 um horizontally and 15 um
vertically. The channels were incubated with buffer/BSA solution for
~30 min; likewise, BSA was added to the protein solution. The flow rates
were controlled by alternating droplet heights at the end reservoirs. For this,
we used small tips inserted into the water reservoir covered with a foil to
reduce fast evaporation of sample solution.

Calibration and fitting procedures of
autocorrelation curves

Fitting of the recorded autocorrelation curves G(7) was performed by the
software Microcal Origin, version 6.0, using the following functions.

Diffusion and calibration measurements

The autocorrelation curves for fluorescent molecules with the diffusion co-
efficient D yielding an average time of 74 in the detection volume with a
size of wy and zg in lateral and axial dimension (defined by 1/e® — decay of
the central light intensity) are fitted using the expressions (26):

G(r) = G(0)Gr(r) = G(0) [(1 + 7/ Tan)

-1
Xa/1+ wér/zénm} [1 =T+ Texp(—7/Tup)],(12)

and

Tan = 0, [4D. (1b)

G(0) is the amplitude at 7—0, and corresponds to the inverse average
number of fluorescent molecules inside the detection volume. Since most
dye molecules undergo a triplet transition (37), the timescale (yp) and
extent of triplet transition (fraction 7)) is also considered in calibration mea-
surements. For simplification, it is not included in the following diffusion
and flow measurements.

Autocorrelation measurements for calibration of the 488-nm laser spot
were performed with a Rhodamine Green solution (diffusion coefficient of
thodamine dyes: D = 2.8 X 10~ cm?/s; 26). Using Eqgs. la and 1b, the
dimensions of the detection volume were determined (wo = 0.34 um, zg =
2.38 um for the green detection channel, and wy = 0.38 um, zp = 2.66 um
for the red detection channel).

Comparable calibration measurements for the 405-nm laser spot were
carried out with Alexa 435. Due to the small radius and the non-Gaussian
shape of the diode laser, the focus is much larger and deviant from a three-
dimensional Gaussian profile. However, we estimated the lateral radius to be
wo = ~0.8 wm.

Diffusion with additional blinking reactions

The autocorrelation curves for reversible transitions between fluorescent
states with different brightness (dark and bright states) can be approximated
by additional exponential terms (20):

Gbunk(T) = G(O)Gdiff(T) HXi(T) (2a)

X(1)= (1 —F) '(1 = F, + Fexp(—1/1))), (2b)
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where i = 1, 2,... reflects the number of dark/bright-state pairs with the
transition rate k; = 1/7;

Flow measurements

In flow measurements, the transport of fluorescent molecules through the
detection volume with the flow time 74, was determined, from which the
flow velocity v could be derived (38,39):

Grow () = G(0)Gair (7) exp [—(7/Taow)” (1 + 7/Tar) ']
(a)
V = 0o/ Tiow- (3b)
If, for high velocities, the residence time in the detection volume is mainly

predefined by the directed transport (Tgow << Taifr), the diffusion term G
can be ignored.

RESULTS AND DISCUSSION
Spectral shift

The fluorescent Kaede protein exhibits a significant shift of
the emission maximum from 518 to 582 nm after illumi-
nation with 405 nm light (Fig. 2). The absolute fluorescence
intensity for red Kaede decreases ~50% for excitation with
488 nm, since the absorption maximum is also shifted. The
photoconversion is irreversible. Intensive exposure with the
405-nm light to the already red converted protein causes a
reduced fluorescence, which recovers partly after several
minutes.

Diffusion analysis by FCS

For studies of the photophysical properties of the green and
the red fluorescent chromophore (referred to henceforth as
grKaede and rKaede, respectively), we applied FCS in aque-
ous droplets (Fig. 1 A) for a pure solution of either grKaede
or rKaede. Additionally, due to the similarity of Kaede and
the well-investigated fluorescent protein EGFP (enhanced
green fluorescent protein) comparative measurements were
carried out under the same conditions. In all experiments, the
fluorophores were excited by the 488-nm line of an Ar ion
laser. Fluorescence light was detected by filtering the emitted
light either between 500 and 550 nm (EGFP and grKaede,
emission maximum at 518 nm), or between 600 and 660 nm
(rKaede, emission maximum at 582 nm).

First, we determined the average transition time, 7g;s, of
the proteins through the detection volume. For this, auto-
correlation functions (ACF) were recorded at pH 7.0 and
excitation intensity of 30 kW/cm?®. The ACFs were fitted
according to Eq. 1a for delay times 7 > 0.1 ms to eliminate
fast dynamics (see below). The diffusion time of EGFP was
found to be 74;;r = 0.43 £ 0.03 ms, four times smaller than
the diffusion time calculated for grKaede, 74;¢r = 1.75% 0.04
ms, and eight times smaller than that obtained for rKaede
(Tair = 3.60 = 0.12 ms). Using Eq. 1b, we calculated
diffusion coefficients of 6.7 X 10~ cm?/s for EGFP, 1.7 X
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107 cm?/s for grKaede, and 1.0 X 107 cm?/s for rKaede,
ie., Kaede protein has a larger hydrodynamic size than
EGFP, whereas the length of the amino acid chains of the
primary structures are similar (18). These findings are in
agreement with the observation of Ando et al. that Kaede
tends to form aggregates similar to other fluorescent proteins
such as DsRed (20). They determined a molecular mass of
116.0 kDa for Kaede, whereas EGFP has a molecular mass
of 26.75 kDa, and suggested the formation of tetramers.
However, since for globular molecules the diffusion co-
efficient is proportional to the cubic root of the molecular
mass, we assume, from the values obtained by FCS, the
formation of even larger aggregates, which are also present
in freshly prepared solutions with extremely low concentra-
tion. Slightly deviating experimental protocols influencing
the partial unfolding of the protein, e.g., different temper-
ature and buffer conditions, might also contribute to the large
diffusion coefficients.

Interestingly, we found different diffusion coefficients for
green and red Kaede which might be explained by an in-
creased aggregation tendency of rKaede, or by a significant
change of the protein structure during photoconversion.

Additionally, we determined the brightness per Kaede
aggregate (1max) by FCS. The value 7 is calculated by mul-
tiplying the recorded photon count rate by the amplitude of
the autocorrelation curve, which is the inverse average
number of fluorescent molecules inside the detection volume
(Eq. 1a). The value increases with the intensity of the excita-
tion beam until photobleaching is predominant. In the setup
used here, M.« is 60 kHz (EGFP), 35 kHz (grKaede), and
20 kHz (rKaede).

Internal dynamics of green and red
fluorescent Kaede

The recorded ACF for the diffusion analysis of rKaede clearly
showed a ‘‘shoulder’” in timescales of submilliseconds.
Typically, transitions to the triplet state as commonly ob-
served for fluorophores give rise to on/off switches in the
fluorescence trace. These intersystem crossing dynamics
occur usually on a faster timescale of a few microseconds
(37), and are additionally present in the autocorrelation curves
of Kaede. Therefore, we assumed a blinking reaction fre-
quently observed in fluorescent proteins, i.e., a fast reversible
transition from a fluorescent to a nonfluorescent state (20,28),
and investigated this effect for grKaede and rKaede in detail.

In Fig. 3, the influence of protonation is demonstrated for
pH values between 9 and 4.5. Although the brightness drops
(to Mmax ~35 kHz) for both grKaede and rKaede, we found
a significant shift in the autocorrelation curves of grKaede
with decreasing pH. The FCS curves of rKaede remain un-
changed within varying proton concentration. For pH <5.5,
an additional shoulder for long diffusion times was raised in
the ACF of both types of Kaede that could not be prevented
by further diluting the protein solution. It might be caused by
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FIGURE 3 Autocorrelation functions for varying pH (solid lines represent fits according to Eqs. 2a and 2b). For grKaede (lef?), the curves shift to shorter
residence times 7, whereas they remain almost unchanged for rKaede (right). The shoulder at 10-100 ms arises at low pH 5.0 and 4.5 for both grKaede and
rKaede (pH 9, 8, 7, 6.5, 5.5, 5.0, and 4.5 in the direction of the arrow). The insets show the fit results for pH 5.5-9 obtained from Eq. 2b (transition rates 7,
(squares) and 7, (stars, right inset) and fractions F (squares) and F, (stars, right inset)).

(partial) unfolding of the peptide chain at low pH leading to
a decreased diffusion coefficient, or by formation of even
larger clusters.

The autocorrelation curves were fitted with one additional
exponential term (Eqs. 2a and 2b, and solid lines in Fig. 3)
neglecting the first part of the curves representing the
triplet transitions, i.e., the fit starts for 7 = 0.01 ms. Keeping
Tqirr = 1.74 ms constant, an increasing fraction up to 63% for
decreasing 71 from 403 ws to 235 ws (rates of 2.5-4.2 kHz)
could be determined (Fig. 3 left, inset).

The timescale is comparable to values determined with the
same technique for GFP (28). Here, internal protonation
processes between the chromophoric group and the proton
binding site close to the chromophoric group were assumed.
Since grKaede protein has a sequence very similar to that of
GFP, and could be found in a nonfluorescent neutral and
a fluorescent protonated form (19), the fast flicker dynamics
found could be assigned to the transition between these two

forms. Consequently, the loss of pH dependence after
photoconversion suggests the absence of a protonated form
in rKaede, which is also in accordance with the proposed
structure by Mizuno et al. (19).

Next, we varied the excitation light intensity (at constant
pH 7.0) from 2.5 to 78 kW/cm? (Fig. 4). For the grKaede
protein, we observed a shift of the autocorrelation curves to
shorter diffusion times. Again we applied the fitting function
(Egs. 2a and 2b, 74;;r = 1.74 ms constant, and solid lines in
Fig. 4), and also observed an increasing fraction up to 51%
for rates between 0.8 and 2.2 kHz.

Likewise, the ACF of rKaede shifts for increasing exci-
tation intensity. However, there are changes in a timescale of
microseconds that are clearly different from those obtained
for grKaede. The ACF could be fitted only with a two-state
model (Egs. 2a and 2b, i = 2), where we could determine
flickering rates up to 32 kHz (fraction 31%) and 10 kHz
(fraction 20%).
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FIGURE 4 Dependence of the excitation intensity on the autocorrelation curves obtained for grKaede (/eff) and rKaede proteins (right). Solid lines represent
fits according to Eqs. 2a and 2b. The applied excitation intensities in the direction of the arrow were 2.5, 4.9, 12.4, 19.6, 39.1, and 78.0 kW/cm?. The transition
rates and fractions for the blinking reaction are given in the insets (transition rates 7; (squares) and 7, (stars, right inset) and fractions F; (squares) and F,

(stars, right inset)).
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For interpretation of the ACFs, photobleaching reactions
have to be considered. Photobleaching reactions are irre-
versible, and cause a complete loss of the fluorescent prop-
erties. Since they are induced by light, they occur during the
transition of the fluorescent protein through the laser spot.
The dwell time of the diffusing molecules after photobleach-
ing is beyond registration and, thus, the autocorrelation curve
is shifted to a shorter diffusion time 745 (27). In the fitting
function, these reactions could be approximated by an
additional exponential term (27), i.e., in the same way as the
blinking reactions. Thus, the exact differentiation between
blinking and photobleaching reactions is only possible by
FCS as long as the timescales are different.

Despite the difficulty in accounting for photobleaching,
we followed the discussion in Malvezzi-Campeggi et al. (20)
where a similar light-induced flickering process for DsRed
could be observed by FCS. Thus, we can assume at least
one spectrally distinguishable state in rKaede in addition to
the basic fluorescent form that was not present before the
photoconversion reaction.

It should be mentioned that we transferred results from
similar studies of different fluorescent proteins (EGFP and
DsRed) to interpret the ACFs for the Kaede protein, which
seems to be justified due to the structural similarity of these
proteins. Because of the specific characteristics of Kaede,
particularly aggregation, the observed changes in the ACFs
for varying pH and excitation light intensity could also be
caused by internal dynamics of the single chromophore, or
by interactions of chromophores within single protein aggre-
gates. Furthermore, alteration of the equilibrium of different-
sized protein aggregates cannot be fully excluded.

Nevertheless, for both pH and light-intensity dependence,
the FCS studies clearly demonstrate the change of fluo-
rescent characteristics during the photoconversion reaction,
reflecting indeed the formation of a new chromophore.

Flow measurements

Since the photoconversion reaction itself was beyond the
time resolution of FCS, a different experimental setup was
designed with a flowing system to increase the time resol-
ution of the measurements. Furthermore, in a flowing sys-
tem, every single protein molecule would be analyzed once.

The microfluidic structures used here were prepared by
casting PDMS from a silicon master. Covering it with a glass
plate, it could be adapted to the optical setup. Choosing a
miniaturized channel with dimensions of 25 X 15 um? over
a length of 5 mm, the sample consumption of ~15 wl in sub-
nanomolar concentration was indeed extremely low.

For the flow experiments, the spots of the excitation laser
and the laser that initiates photoconversion were created
by the same objective, but were slightly displaced (distance:
15 pm, see illustration in Fig. 1 B). Proper alignment of the
channel to the flow direction allowed for subsequent ini-
tiation of the reaction and probing by the excitation laser.
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FIGURE 5 Single-molecule detection in a microfluidic channel. (A) Out
of the fluorescence trace of the green and red detection channel, the
fluorescence bursts above a set threshold (50 kHz) are analyzed. Histograms
of the bursts for low (B) and high (C) intensity of the initiation laser (0.07
and 427 kW/cm? at 405 nm). The ratio of red to green intensity per burst
corresponds to the color of detected protein. For grKaede, /rea/lgreen < 1; for
rKaede, /rea/lgreen > 1.

Green and red fluorescence was recorded simultaneously by
two detectors (‘‘red’’ and ‘‘green’’). From the fluorescence
traces (Fig. 5 A), we could observe signal bursts correspond-
ing to passing protein molecules. For a pure buffer solution
pumped through the microchannels, almost no fluorescence
bursts were recorded. However, stray light from the diode
laser triggering the photochemical conversion, and from the
Ar/Kr laser probing the emission behavior could not be
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suppressed completely by optical filtering. By subtracting
the additional signal at high intensities of the diode laser,
the background signal in all experiments was equalized to
~20 kHz. For data evaluation, fluorescence bursts with
intensity >50 kHz on either the green or red detector were
assigned to a passing molecule. This value corresponds to the
background signal plus double the standard deviation of the
average fluctuation of the background signal (15 kHz).
Detected photons above the threshold were added until the
signal dropped again below the threshold. The ratio of red to
green signal of a fluorescence burst was calculated. From
measurements with pure grKaede and rKaede solutions, we
could guarantee the clear differentiation between both forms,
i.e., a ratio <1 could be directly assigned to grKaede, and
analogously a ratio >1 corresponded to rKaede.

In Fig. 5, the histograms shown were obtained by the anal-
ysis described before. By raising the intensity of the 405-nm
initiation laser beam (from 0.07 to 427 kW/cm? in Fig. 5, B
and C), we observed the expected increase of red Kaede
protein.

For very high intensities of the blue diode laser, a tre-
mendous decrease of the total number of protein molecules
as well as of rKaede protein was found, which could either be
due to molecules being in a nonfluorescent intermediate
state, or to quenching and bleaching of the protein before or
after photoconversion. For the latter, we could directly verify
quenching of rKaede fluorescence in a flowing sample solu-
tion of pure rKaede when irradiated with 405 nm and
subsequently with 488 nm light. From these calibration
measurements, a linear reduction of rKaede with intensity of
the 405 nm laser of up to 30% was determined, which was
considered in the following calculations.

Taking these corrections into account, the increase of
rKaede versus the applied intensity is nonlinear, i.e., the
slope in a double-log plot (graph not shown) is <<1. This
could be a result of saturation effects of the 405-nm laser
spot, as well as of competing reactions, such as photo-
bleaching or photophysical transitions that are likely to be
induced by 405-nm light preventing the green-to-red-photo-
conversion. In this context, the findings by Jung et al. (40)
should be mentioned: Those authors observed an influence
of 405-nm light on the population of the fluorescent bright
state for GFP and mutants (depopulation of the neutral form),
which results in an increase of the green fluorescence. Since
these chromophores are similar to the ones investigated here,
their findings could probably be adapted to explain the re-
duced quantum yield of the photoconversion. For the Kaede
protein, depopulation of the excited neutral form would
result in a reduction of the photoreaction.

In contrast, photobleaching by the probe beam (488 nm)
should be very small in flowing systems and negligible for
the data analysis, as long as the measured burst size (i.e.,
detected photons before photobleaching) is clearly above the
threshold. Indeed, increasing the excitation intensity of the
488-nm laser beam did not result in a significant reduction of

Biophysical Journal 89(5) 3446-3455

Dittrich et al.

counted proteins, and was set to the highest available inten-
sity of 78 kW/cm?.

Since the photoreaction is initiated and probed individu-
ally for each fluorescent molecule, it is possible, with this
technique, to reveal fluorescent intermediates during the
reaction. However, we frequently found fluorescence bursts
either with high green or high red fluorescence, i.e., there
was no indication for an intermediate fluorescent state with
equal green and red fluorescence intensity. That observation
is particularly surprising, since Kaede protein is most prob-
ably aggregated, i.e., comprises several individual chro-
mophores. We suggest an efficient energy transfer from
green to red chromophore in which the green fluorescence is
almost completely suppressed after photoconversion of only
one chromophore inside a single aggregate. This is in agree-
ment with the measurements of immobilized proteins, where
an alternating emission pattern with intensity either in the
green or red detection channel was recorded (data not shown),
and is a subject for further study.

Determination of the reaction rate

In the experiments described next, the flow speed of the
sample solution was varied. While recording the fluores-
cence trace for passing proteins, the autocorrelation curves
were obtained simultaneously (Fig. 6 B). Using Eq. 3a, auto-
correlation curves were fitted. From the results, we evaluated
the flow velocities determined at the central position of
the microchannel that correspond to the time delay be-
tween initiation of the reaction and probing of the reaction
progress (t = 15 um/v). By changing the flow velocity from
1.50 to 0.23 mm/s, we varied the delay time between 10 and
65 ms.

During this time, the molecules were transported directly
from the initiating laser to the probing laser. The flow rates
inside the PDMS/glass structures used here could in principle
be increased up to a few mL/h, corresponding to a flow speed
at the center of the microfluidic channel of a few hundred
mm/s. This makes the technique adaptable to study any fast
light-induced reactions in time ranges up to 10°/s.

However, although the flow speed could be enhanced
easily, deceleration to the range of diffusion will induce more
complexity in data analysis. Diffusion is a random move-
ment in all directions. Thus, movement of molecules out of
focus of the probing laser after having passed the initiation
laser, as well as the movement of molecules into the probing
laser focus without passing the initiation laser, cannot be
ignored. The maximum distance d that is passed by a mole-
cule with the diffusion coefficient D (here: 1.7 X 10~ cm?/s
for grKaede) during the time ¢ can be calculated by the ex-
pression d* = 2Dt for the applied delay times, d = 0.6-1.5 um.
For slow velocities, these distances are in the range of the
size of the laser spot, and we omit them in our calculations to
avoid complexity of data analysis. In this context, a channel
with smaller dimensions or a sheath flow might be helpful
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FIGURE 6 (A) Reaction yield (counted rKaede) for various flow velocities and intensities of the 405-nm diode laser. The intensity of the initiating 405-nm
laser diode was corrected taking into account the time the proteins are exposed to the light while passing the focus. The time given for each graph corresponds
to the delay between initiation and probing of the reaction. (B) The applied flow velocities in A at the channel center were determined with FCS (measured data
and fit). The arrow indicates increasing flow velocity. (C) Determination of the reaction rate: From A, the reaction yield was determined for a constant intensity
(value 4.7 of the corrected intensity) for different delay times. The solid line represents the monoexponential fit with the increase time of 25.9 ms and amplitude
of 2% at delay time of 0 ms, corresponding to the amount of rKaede frequently observed in a pure grKaede solution.

and would additionally prevent the protein from adsorption
to the channel walls.

For analysis of the reaction progress, it must be considered
that the flow velocity influences the integrated intensity of
the initiating laser light: A fast flow velocity results in a short
exposure time of the initiation light to grKaede protein.
Therefore, the intensity was corrected by multiplying the
applied intensity with the duration time of the proteins inside
the detection volume: Ig.ndardized = Idetermined X TA.

Fig. 6 A gives an overview of the reaction yield, i.e.,
counted rKaede protein in relation to the total number of
protein molecules, for different flow speed and intensity
of the initiation laser. For slow velocities, the reaction yield
of rKaede increases up to 73%, whereas fast flow velocities
produce just a few detectable photoconverted rKaede mol-
ecules of <10% as a result of the short time remaining from
initiation to probing of the reaction. For calculation of the
reaction rate, the reaction yield was plotted against the time
lag (Fig. 6 C) for the same standardized intensity (/siandardized
= 4.5). The data were adjusted with a monoexponential
function, and an exponential increase of 25.9 ms was found,
which corresponded to a reaction rate of 38.6 s~ for the
irreversible photoreaction.

The determined reaction rate is in a range that is much
slower than reaction rates typically observed for photoin-
duced reactions, such as photoisomerization (10_8—10_11

sfl). However, the photoconversion reaction described here
is most likely a cleavage reaction (19) that is coupled with a
rearrangement of the peptide chain surrounding the chro-
mophore, which is very likely a much slower process.
Mizuno et al. (19) proposed that the photoreaction occurs
after excitation of the neutral chromophore and deprotona-
tion in the excited state. Without relaxation, the cleavage
reaction is induced. The reaction rate determined using the
method described here covers the complete process from loss
of green fluorescence to the formation of the red chromo-
phore.

CONCLUSION AND OUTLOOK

Green fluorescent Kaede protein undergoes a photoreaction
when exposed to 405 nm light that results in a broad red
shift of the fluorescence spectrum accompanied by altered
fluorescence properties. The spectroscopic techniques
presented here allowed for a comprehensive study of fast
reversible dynamics (in the microsecond time range) of the
protein before and after photoreaction, as well as the
irreversible dynamics of the photoreaction itself (millisec-
ond time range) on a single-molecule scale. The study
revealed temporal information that could be assigned to the
data determined by structural analysis in former studies by
Mizuno et al. (19).
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Using FCS, internal blinking reactions of the chromo-
phore group could be observed. In particular, the recon-
struction of the chromophore after the photoreaction was
apparent, accompanied by the loss of pH-dependent flicker
processes on the one hand, and the formation of light-
induced flicker dynamics on the other hand.

The dynamics during the reaction was resolved, introduc-
ing a microflow continuous reaction system. Accessible
reaction rates up to 10° s~ ' are exclusively dependent on the
distance between two focused laser spots (limited by the size
of the objective from 0 to 15 um), and the applied flow speed
that is determined simultaneously by FCS. Using this
technique, any photoinduced reaction could be directly ob-
served on a single-molecule scale. Of course, the formation
of reaction educts, products, and probable intermediates
must be accompanied by changes in the fluorescence char-
acteristics such as the spectral shift from green to red
described here.

The remaining uncertainties regarding the determined
reaction rate are due to the presumably complex photo-
physics and the aggregation tendency of Kaede, and will be
investigated in detail in upcoming studies. They will cer-
tainly limit the usefulness of the protein for cellular applica-
tions. Some modifications in the amino acid sequence, as
done for similar fluorescent proteins, might introduce im-
proved characteristics, and less aggregation, which opens the
way to switching and tracking proteins at any time and place.
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