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Determination of two-photon photoactivation rates of
fluorescent proteins

Tobias M. P. Hartwich,abc Fedor V. Subach,d Lynn Cooley,e Vladislav V. Verkhushad

and Joerg Bewersdorf*afg

The application of two-photon activation of photoactivatable fluorescent proteins is limited by a lack of

information about two-photon activation rates. Here we present rates for the commonly used

photoactivatable proteins PAmCherry, PAmKate and PA-GFP at different wavelengths using a novel

method that allows us to determine the two-photon activation rates directly, independent of any

reference data, with microscopic sample volumes. We show that PAmCherry features the highest rates

of the tested proteins at 700 nm activation wavelength followed by PAmKate. Towards longer

wavelengths, two-photon activation rates decrease for all three proteins. For PAmCherry, our data

contradicts an activation model relying solely on two-photon activation and suggests additional

activation pathways requiring at least two absorption steps. Our method is readily expandable to other

photoactivatable fluorescent molecules. The presented results allow optimization of experimental

conditions in spectroscopic and imaging techniques such as super-resolution fluorescence microscopy.

Introduction

The advent of photoactivatable fluorescent proteins (PAFPs)
has initiated a plethora of new imaging techniques. These
proteins which change their emission characteristics upon
irradiation with light, can be subdivided into four groups
according to their switching process: irreversibly photoactiva-
table from a dark to a fluorescent state (such as PA-GFP1 and
PAmCherry1, further in this paper referred to as PAmCherry2),
irreversibly photoconvertable from a green to a red fluorescent
state (such as Kaede3), reversibly photoswitchable from a dark to
a fluorescent state (such as rsTagRFP,4 rsEGFP5 and Dreiklang6)
and both reversibly and irreversibly photoconvertable from a
green to a red fluorescent state (such as IrisFP7).8 Labeling
target proteins with PAFPs instead of conventional FPs allows
singling out protein sub-populations through light and has

enabled researchers to probe cells and organisms in completely
new ways. By activating only one cell, for example, individual
cells can be followed over time.9 Similarly, single organelles or
even individual protein populations can be tracked to observe,
for example, fusion dynamics or protein turnover.9 Stochastic
or targeted photoactivation/photoconversion/photoswitching
of PAFPs allows to overcome the diffraction limit in microscopy
achieving down to B10 nm spatial resolution.10 PAFPs can even
be used to fabricate optical storage devices.5

Most of these methods rely on PAFP-activation in a specific
area of a sample while excluding the rest. The available spatial
control is, however, limited since the (usually violet) light
required for activation penetrates the whole sample and photo-
activation is therefore not confined in depth. This leads to
unwanted activation of PAFPs in out-of-focus planes and
thereby to problematic background as well as photobleaching
of these molecules. Analogous to two-photon excitation (2PE)
microscopy,11 this lack of spatial control can be resolved by
utilizing two-photon (2P) absorption to confine photoactivation
three-dimensionally: using near-infrared light where each
photon carries only half of the necessary activation energy
requires simultaneous absorption of two photons and thereby
limits activation to the focus of a high-intensity laser beam. By
scanning this laser focus, three-dimensional activation patterns
can be created.

The possibility of using two-photon activation (2PA)
for PAFPs and other photoactivatable probes has previously
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been demonstrated,12–16 but only one study about Kaede has
reported quantitative information about 2PA rates.17 Here, we
report the wavelength and power dependence of 2PA rates for a
number of widely used PAFPs directly measured by a novel method
which requires no knowledge of probe concentrations or diffusion
coefficients. Our approach is readily applicable to all photoactiva-
table probes and requires only microscopic sample volumes under
typical biological sample preparation conditions.

Methods
Bacterial cell culture

LMG194 bacteria carrying pBAD/HisB-PAFP plasmid were grown
over night in LB medium supplemented with 100 mg ml�1

ampicillin and 0.004% arabinose. They were then washed twice
in phosphate-based saline (PBS), fixed for 30 minutes in 4%
paraformaldehyde at room temperature, and washed again three
times in PBS. For imaging, 10–20 ml of the bacteria–PBS stock
were added onto a poly-L-lysine coated cover slip, mounted on a
microscope slide and sealed using two-component silicon glue.

Optical setup

All measurements were taken with a custom-built fluorescence
microscope as described elsewhere.18 In short, continuous-
wave lasers (488 nm, 556 nm, 568 nm) were coupled into a
standard inverted microscope stand for wide-field excitation.
Additionally, a mode-locked Ti:sapphire laser (Mai Tai, Spectra-
Physics, 80 MHz, o100 fs at the laser output) was focused into
the sample and the diffraction-limited focus was scanned
across the field of view (15 � 30 mm2) in a Lissajous pattern
for photoactivation. Fluorescence images were recorded with
an electron-multiplying CCD camera.

Data recording and pre-processing

For each measurement, between 5000–50 000 frames were
recorded at frame rates of 20–35 frames per second. Axial
scanning, using a piezo actuator, is performed continuously
over a range of 3 mm which exceeds the thickness of the sample.
The sample is scanned in 10 steps with a step size of 300 nm
pausing for 75 ms between steps.

The sample is either continuously exposed to activation and
excitation light or illuminated alternatingly. Generated fluores-
cence from the sample is imaged onto a region of interest (ROI)
of the camera while a second ROI detects only background
signal (see Fig. 1a). For each frame, the signal in both ROIs is
summed up and the value from the background ROI is sub-
tracted from the other one to correct for background and
camera offset. The resulting data (further called activation
curve) shows a periodic modulation which is correlated to the
performed axial scanning of the sample (see Fig. 1b). The
periodic increase in signal is caused by 2P excited fluorescence
of the activated species which increases the signal when the
scanned laser beam is in the same plane as the imaged
bacteria. The minima in the signal represent fluorescence
excited by only the 488 nm, 556 nm or 568 nm laser. For
further analysis, only the lower boundary curve (blue line in
Fig. 1c) created from these minima is used which eliminates
potential 2PE contributions.

Activation rate determination

To determine the 2PA rate we record activation curves at
different activation intensities and wavelengths to characterize
the nonlinear absorption process and to determine its spectral
dependence. To resemble typical microscopy experiments, we
use E. coli bacteria expressing PAFP in the cytoplasm and
mounted in PBS between a standard cover slip and a microscope
slide. Due to the high sensitivity of this method only microscopic
sample quantities (B5 bacteria) are required per measurement.

In order to extract the activation rate from this activation
curve we describe our system using a three-state model in
which molecules turn from an initial non-activated state I into
a fluorescent state F with an activation rate kact. From there they
transfer into a bleached state B described by a bleaching rate
kbl. This model is represented by the rate equations

dNIðtÞ
dt

¼ �kactNIðtÞ (1)

dNFðtÞ
dt

¼ kactNIðtÞ � kblNFðtÞ (2)

Fig. 1 Example of activation data acquisition. (a) Typical camera frame during acquisition. The fluorescence signal from the sample is imaged onto the upper region
of the camera chip (red box) while the lower region (yellow box) only detects background signal. Scale bar: 10 mm. (b) Background-corrected signal over time. Inset
highlights periodic modulation stemming from the axial scanning of the sample. (c) For further analysis only the lower boundary curve (blue) is used. Fitting a model
function (red curve) to the boundary curve allows to extract rate parameters.
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dNBðtÞ
dt

¼ kblNFðtÞ (3)

where NI, NF and NB represent the number of molecules in the
respective states at each time point t. Solving this system of
linear differential equations yields the number of fluorescent
molecules as a function of time:

NF(t) = A(e�kbl(t�t0) � e�kact(t�t0)) (4)

Here A is an amplitude factor representing the total number of
molecules in the observed sample volume and t0 accounts for
the possibility of molecules being already activated at the
beginning of the measurement. Since the observed fluores-
cence signal is proportional to NF, we fit the measured data
using a function based on eqn (4) with the addition of a
constant to account for background. Since no significant frac-
tion of pre-activated PAFPs could be observed, we set t0 to zero.
The validity of this approach was confirmed by comparing fit
results with and without setting t0 to zero (data not shown).

Results and discussion
Activation rates

Fig. 2 shows the determined activation rates, kact, for the widely
used proteins PAmCherry (Fig. 2a), PAmKate19 (Fig. 2b) and PA-GFP
(Fig. 2c) as a function of the average activation laser power, Pavg, in
the sample for different wavelengths. In our hands, the also
examined PAFPs Dendra220 and mEos221 did not show sufficient
activation using the Ti:sapphire laser to be quantifiable.

Measurements were repeated 3–14 times for different FOVs
and samples at each wavelength and Pavg. For PAmKate and
PA-GFP activation rates at very low activation powers were
below our detection limit. Activation rates were observed to
decrease with increasing wavelength. Fits of the data points
with third-order polynomials show clear 2P dependence which
is replaced by a third or higher order dependence for higher
Pavg. PAmCherry was the only PAFP from the pool of our
investigated proteins that exhibited significant activation by
the readout laser.

A typical recorded activation curve using only the excitation
laser at 556 nm and no activation laser can be seen in Fig. 3a
(black curve). It exhibits a slow continuous increase due to the
low activation rate associated to the 556 nm laser. Also shown is
an activation curve using a 568 nm laser for excitation instead
of the 556 nm laser (grey curve). This small shift in excitation
wavelength suppresses any observable cross-talk activation and
only reveals a slow decrease of the signal due to bleaching of
background.

Observation of multistep activation processes during
PAmCherry photoactivation

Despite the apparent lack of activation of PAmCherry by the
568 nm laser alone, we see a clear dependence of the activation
rate on the 568 nm laser intensity when reverting to the original
illumination scheme with both the excitation and the activation
laser switched on (Fig. 3b). Higher 568 nm laser intensities

yield higher activation rates as is evident from the increasingly
steeper slopes seen in Fig. 3b recorded at 7.3 W cm�2,
14.7 W cm�2 and 34.0 W cm�2 of excitation intensity at 568 nm
(2.0 mW activation laser power in the sample at 700 nm were used
for all measurements). This indicates a previously unobserved
complexity in the photoactivation process of PAmCherry.

To further probe this phenomenon, we altered our illumina-
tion style to a pattern in which we turn on the excitation and
activation lasers in an interleaved fashion for the same dura-
tions of time. Fig. 4 shows a typical activation curve recorded
with this new illumination pattern. The sample is alternatingly
illuminated by the excitation laser at 568 nm (0.6 s, 4.7 W cm�2)
and the Ti:sapphire activation laser at 700 nm (0.6 s, 2.0 mW).
Since PAmCherry can be activated but not efficiently excited at
700 nm, the signal drops to background level during the
activation periods.

As can be seen in the close-up (inset Fig. 4), the signal shows
no activation during the first excitation period of 0.6 s which

Fig. 2 Activation rates for PAmCherry (a), PAmKate (b) and PA-GFP (c) for
different wavelengths (700 nm: blue, 800 nm: green, 900 nm: red, 1000 nm:
yellow) as a function of activation power in the sample (PAmCherry: 556 nm
excitation laser at 3.9 W cm�2; PAmKate: 556 nm excitation laser at 3.6 W cm�2;
PA-GFP: 488 nm excitation laser at 22.2 mW cm�2).
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starts the experiment. This is in agreement with our previous
result that the 568 nm laser alone is not sufficient to activate

PAmCherry. The clear jumps in signal that happen during the
activation periods (highlighted by the red arrows) are due to
activation by the Ti:sapphire laser. Interestingly, however, the
signals during the subsequent excitation periods which are
each preceded by a 2PA period, show an increase in the
amplitude as highlighted by the blue arrows. This cannot be
explained by a simple one-step activation process.

An explanation for these observations lies in a more complex
photoactivation mechanism of PAmCherry, which involves
activated decarboxylated states described previously.22 Our data
is consistent with the following model: near-ultraviolet light or
2P absorption in the 700 nm range is required to initially
decarboxylate the molecule. Several additional transitions are
possible between decarboxylated states. Light at the excitation
wavelength of 568 nm can switch the molecule between the cis
and the trans states of (i) the deprotonated or (ii) protonated
forms as well as (iii) from the deprotonated to the protonated
form. Activation with near-ultraviolet light or by 2P absorption
in the 700 nm range is, however, required to (iv) switch the
molecule from a protonated back to a deprotonated form. Only
the decarboxylated, deprotonated trans form is fluorescent.
A schematic of these transitions is shown in Scheme 1 and
explains all observed phenomena: in the interleaved activation
scheme, following this model, a fraction of the PAmCherry
molecules transitions out of the inactive state during the
2PA period and ends up in the non-fluorescent deprotonated
cis form. During the excitation period some of these non-
fluorescent molecules will then be pumped into the fluorescent
state by light at 568 nm wavelength. This explains the observed
increase in signal during the excitation period and the depen-
dence of the activation rate on the intensity of the 568 nm
excitation laser (in the interleaved as well as in the simulta-
neous illumination case).

Conclusions

We have reported 2PA rates for PAmCherry, PAmKate and
PA-GFP, over a wavelength range ranging from 700 to
1000 nm for typical imaging conditions. Our data provides
for the first time quantitative information about this important
photophysical property for three of the most popular PAFPs. All
tested PAFPs achieve highest activation rates at the lowest

Fig. 3 Dependence on the excitation laser. (a) Recorded fluorescence signal for
PAmCherry illuminated with 556 nm laser light at 3.6 W cm�2 (black curve)
showing a slow increase in signal due to activation by the 556 nm laser, and by
568 nm laser light at 60.2 W cm�2 (grey curve) showing no activation and only a
slow bleaching of the autofluorescent background. (b) Activation curves for
PAmCherry recorded at 2.0 mW of 700 nm laser illumination and 7.3 W cm�2,
14.7 W cm�2 and 34.0 W cm�2 of 568 nm laser illumination for the blue, green
and red curve, respectively. The steepening of the activation slope with increasing
568 nm laser intensity demonstrates a dependence of the activation on the
568 nm laser. Please note, that all curves are normalized. The observed peak
signals in (b) are about three orders of magnitude larger than the ones in (a).

Fig. 4 Sequential illumination signal response. Recorded fluorescence signal
using a sequential illumination scheme. Inset contains a close-up of first 6
seconds. The sequential illumination pattern is shown with excitation periods
(green, ‘E’) and activation periods (red, ‘A’) at the top of the inset. Red arrows
highlight step-like increases of fluorescence signal after activation periods. Blue
arrows mark activation during excitation periods.

Scheme 1 Model of light-driven transitions during the activation of PAmCherry.
The activation laser (near UV or two-photon illumination at B700 nm; shown as
red arrows) can pump molecules from the carboxylated and protonated state
into the decarboxylated and deprotonated cis or trans state. Within decarboxy-
lated states, the activation laser can trigger deprotonation whereas the excitation
laser (568 nm; shown as green arrows) can switch molecules between their cis
and trans forms and trigger protonation.
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wavelength used (700 nm). It is unclear whether lower wave-
lengths would result in even higher activation rates. 700 nm
represents, however, a practical lower limit for most 2PA
experiments because of the tuning range of available Ti:sapphire
lasers as well as potential overlap with the emission spectra of
red fluorophores. At a reasonable 2PA laser power in the sample
of 1 mW and 700 nm wavelength and for low excitation
intensities, PAmCherry activates about 3-fold faster than PAm-
Kate and about 22-fold faster than PA-GFP. Based on the
additional experiments with PAmCherry presented here, it
can, however, be assumed that this ratio is likely to change
for higher excitation intensities. Furthermore, our experiments
have revealed a previously unobserved phenomenon of addi-
tional light-driven transitions for PAmCherry, which cannot be
explained by a simple three-state model but are consistent with
a mechanistic model reported previously.22

The presented results demonstrate the versatility of the
reported method. We want to point out that our approach is
not limited to PAFPs but can be readily expanded to other
photoactivatable probes used in biomedical imaging (e.g.
super-resolution microscopy) or microfabrication. Microscopic
volumes are sufficient and applications are not limited to
bacteria. In fact, any sample suitable for microscopy, such as
cultured mammalian cells, tissue sections or single molecules
on a cover slip, can be used.
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