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Abstract: Characterizing the photoactivation performance of optical
highlighter fluorescent proteins is crucial to the realization of photoactivation
localization microscopy. In contrast to those fluorescence-based approaches
that require complex data processing and calibration procedures, here we
report a simple and quantitative alternative, which relies on the measurement
of small absorption spectra changes over time with a fiber-optic system.
Using Dronpa as a representative highlighter protein, we have investigated
the capacity of this system in monitoring the fast photoactivation process.
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1. Introduction

Zooming into living cells with unprecedented spatial resolution is now made possible with the
use of various super-resolution microscopy techniques [1,2]. Among them, an intrinsically
wide-field imaging approach called photoactivation localization microscopy (PALM) is
receiving intensive attention in the field of live cell imaging for its simultaneously long imaging
time and large field of view [3-5].

However, PALM relies heavily on a unique class of fluorescence probe, the optical
highlighter fluorescent proteins (FPs). In particular, the photoactivation performance of
highlighter FPs, such as the photoactivation contrast (determined by the fluorescence signal
over background) and the photoactivation/ photobleaching rates, which play a crucial role in the
realization of PALM [6,7]. Therefore, it is necessary to produce, study and optimize highlighter
FPs with enhanced photoactivation performance in all the above aspects [8]. It is preferable to
develop guantitative methods for monitoring the photoactivation dynamics of highlighter FPs,
because these parameters are dynamic and are susceptible to the environment. This should be
beneficial in the evaluation and screening of highlighter FPs.

Nowadays, monitoring the photoactivation dynamics of highlighter proteins is performed
mainly on fluorescence-based approaches, which rely on surveying the changes in fluorescence
intensity during photoactivation [6,7]. However, results obtained through these
fluorescence-based approaches are relative to the system setup, and the experimental apparatus
for measuring the fluorescence is usually very complex making the calibration problematic.
Unsurprisingly, researchers are now trying to develop alternative methods for characterizing
the photoactivation dynamics. For example, other research groups [9-11] have successfully
demonstrated that this could be done by measuring the absorption spectral changes of
highlighter FPs over time. This absorption-based approach is surely a promising alternative to
the fluorescence-based one, since the measurement and data processing of absorption spectra
are much easier and more robust than its fluorescence counterpart. Unfortunately, the
experimental set-ups were mainly based on commercial UV-Vis spectrophotometers, and the
photoactivation control and absorption spectra measurement were carried out separately and
manually. Therefore, photoactivation dynamics could only be measured with time resolution at
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minutes level, which cannot meet the current need of fast PALM where the photoactivation
occurs preferably within one second [12,13].

Here we report the construction of a system based on a commercial fiber-optic spectrometer
for monitoring fast photoactivation dynamics. The performance of this system was
characterized and discussed using a representative highlighter fluorescent protein, Dronpa,
which was reported to have fast response to photoactivation light [6].

2. Experimental
2.1. Sample preparation

Recombinant Dronpa protein was expressed in Escherichia coli. The protein was purified with
Ni-NTA chromatography (GE Heath, USA) [14], dialyzed into phosphate-buffered saline
(PBS, 8.0 g NaCl, 3.58 g Na,HPO,4-12H,0, 0.2 g KCl, 0.24 g KH,PO, dissolved in 1 L distilled
water, pH 7.4), diluted with 70% sucrose solution to obtain the final stock solution at the
concentration of 1.8 x 107> M. In further experiments, a 2 x 10 x 45 mm?® quartz cuvette
containing 200 pL of the stock solution was used.

2.2. Optical setup

First, the frequency of the output of a commercial mode-locked femtosecond Ti:sapphire laser
(Mai Tai BB, Spectra Physics, USA) operating at 800 nm was frequency doubled by a second
harmonic generation (SHG) crystal (BBO, Castech, China), and then passed through a 650 nm
short pass filter (SP650, DHC, China) to remove residual fundamental laser (Fig. 1). The trans-

Power meter
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Computer Spectrometer

Fig. 1. The optical set-up for monitoring fast photoactivation dynamics. SHG, BBO crystal; SF,
short pass filter; ND, neutral density filters; M, mirror; BS, beam splitter; LS, light source; L,
focusing lens; CF, color filters; Block, beam block.
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mitted SHG laser (400 nm) was attenuated by neutral density filters and split into two
orthogonal beams by a glass slide. The intensity of the weaker (reflected) beam was monitored
by a commercial power meter (PD300, Ophir, Israel). The stronger (transmitted) beam was used
to activate the sample solution in a quartz cuvette polished on all four sides.

The absorption spectra of the same solution were measured in an optical path perpendicular
to the photoactivation light. A tungsten-halogen light source (HL-2000-FHSA-LL, Ocean
Optics, USA) was guided by a fiber (P400-2-UV-Vis, Ocean Optics, USA), collimated by a
glass lens (focal length = 10 mm), attenuated by neutral filters, modulated by a color filter
(QB2, Yinxing Optical, China) and a 650 nm short pass filter (SP650, DHC, China), and then
used as the light source of the absorption spectra measurement. The transmitted
tungsten-halogen light was focused into a fiber (P100-2-UV-Vis, Ocean Optics, USA) by an
objective (25x, NA = 0.40, DHC, China) and measured by a miniature fiber-optic spectrometer
(USB2000+ , Ocean Optics, USA). Note that the light entered the spectrometer without an
entrance slit, collimated by an SAG+UPG mirror onto a 600 lines/mm groove density grating
blazed at 500 nm (Ocean Optics grating #3), focused successively by another SAG+UPG
mirror, a cylindrical detector collection lens and a OFLV-350-1000 variable long pass
order-sorting filter onto a Sony ILX511 CCD array detector with 2048 pixels. The recorded
data were saved by an operating software called ‘SpectraSuite’ (Ocean Optics, USA) and
analyzed in Matlab R2009b.
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Fig. 2. The absorption spectra of Dronpa measured with a commercial Lambda 950
spectrophotometer and our system based on a USB2000+ miniature fiber-optic spectrometer.

3. Results and discussion
3.1. Measuring the absorption spectrum of Dronpa

The absorption spectrum of Dronpa solution was measured with our fiber-optic system and
compared to the results from a commercial spectrophotometer (Lambda 950, PerkinElmer,
USA). As shown in Fig. 2, the two spectra overlap nicely, which demonstrates excellent
accuracy in both wavelength and intensity of our fiber-optic system.
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The wavelength accuracy of our system could be attributed to the fact a careful wavelength
calibration using a mercury argon calibration light source (CAL-2000, Ocean Optics, USA) was
performed prior to any absorption spectra measurements. However, it was found that the
selection and inclusion of suitable color filters into the optical setup (for example, QB2 and
SP650 in this study, see Fig. 1) is crucial to guarantee the intensity accuracy.

To understand the role of the color filter used in the setup, it is necessary to begin with a
widely used parameter for quantifying the performance of an optoelectronic device, the
signal-to-noise ratio (SNR). It is well-known that SNR is defined as the power ratio of signal to
the noise corrupting the signal. In our case, the main cause of noise is from the output
fluctuation of the light source (HL-2000-FHSA-LL tungsten-halogen lamp) and the noise of the
detector (USB2000+ miniature spectrometer). Since the light intensity is attenuated by ND
filters (see Fig. 1), the noise from the light source (NLS) equals to the product of the power of
light (S) and its power stability (a). Thus N_s = a x S. Meanwhile, the noise of the spectrometer
is from its photo-electronic detector, which is a linear array CCD. As outlined previously [15],
the noise of the CCD (Nccp) can be described by the following formula:

Neco = /S + Dt +N? @

where S is the signal, D is the dark current, t is the integration time, and N, represents the read
noise. In our experiment, since the signal reaches at almost the full scale of the detector, the dark
noise and the read noise could be safely ignored. Noticing that the contributions of the light
source and the detector to the noise are statistically independent, and considering signal
averaging (n) between acquisitions, the SNR of the system becomes

nS 1
SNR,,, = = )

\/(naS)2+nS \/a2+1
nS
From Eq. (2), it is shown that the SNR of the system could be optimized by increasing the
number of signal averaging (n) and the signal level (S), while the maximum SNR is the
reciprocal of the power stability (a) of the light source. Using the HL2000 tungsten-halogen
lamp (a = 0.5%) as the light source [16], the maximum SNR was calculated to be 200. However,
in our experiments, although the signal (S) from the USB2000+ miniature spectrometer could
easily reach its upper detection limit (~6 x 104 counts) [17] with a good combination on the
integration time and ND filters, the number of signal averaging (n) is limited to the desired time
resolution of the setup, since it was designed to monitor dynamic absorption changes.
Considering a time resolution of less than one second and using a typical integration time of 100
ms, the number of signal averaging was set to be 5 in all the experiments. In this case, the
maximum SNR ( SNRQ,%X ) was calculated to be 188. If the number of signal averaging is more
than 5, SNRES™ increases slightly while the time resolution degrades rapidly.
To estimate the minimum resolvable absorption, it is necessary to begin with the definition
of absorption:
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where |y and | represent the intensity of the incident and the transmitted lights, respectively. Al
= lo-1 is the total light intensity variance during the transmission. From Eq. (3), it is obvious that
the minimum measurable absorption (Amin), or sensitivity (AA), is determined by the accuracy
of Al/l; measurements. Note, that when the SNR falls below 1.0, the signal could not be
detected [18]. As a result, the minimum measurable Al,;, equals to the noise of the system at the
intensity level of 1y, and the value of Al./lg is the reciprocal of the SNR of the absorption
spectra measurement system. In our experiment, when the value of Al /1o approaches zero, Eq.
(3) could then be approximated as

Al (4) _ 043
l,(4)  SNRI™

'Sys

Ay (2)=AA(2) 2043

(4)

Singe SNRST/E‘X = 188, the minimum measurable absorption (Ami,) Was calculated to be 2.29 x
107

However, the sensitivity (minimum measurable absorption) that is estimated above is only
valid for the wavelength region with the strongest signal. Since the absorption spectrum
typically covers a broad wavelength range, it is thus necessary to take into account the
inhomogeneous output of the tungsten-halogen lamp and estimate those wavelengths with
weaker signals. The output of the HL2000 tungsten-halogen lamp is shown in Fig. 3a. Note that
the spectral sensitivity of the grating and the CCD detector inside the USB2000+ spectrometer
distorted the output profile of the lamp, which should emit with increasing intensity from 300
nm to 2000 nm [16]. Since we are interested in measuring the absorption spectrum of Dronpa
whose absorption maximum is located at 503 nm [9], it is necessary to use appropriate filters to
shift the maximum output of the lamp from 600 nm to shorter wavelengths. In fact, in our set-up
a combination of a color filter QB2 and a 650 nm short pass filter was used, therefore, the signal
(S) in the wavelength range from 440 nm to 650 nm is higher than 1 x 10* counts (see Fig. 3b
and 3c). With setting the number of signal averaging to 5, the SNR in this wavelength range is
calc3ulated to be higher than 149, corresponding to a minimum measurable absorption of 2.89 x
10

3.2 Monitoring the light-activated trans-cis isomerization of Dronpa

It has previously been reported, that upon minimal illumination at 405 nm, Dronpa can be
light-activated from the dark trans state to the fluorescence cis state, in which the 503 nm
absorption peak dominates [19]. However, Dronpa in PBS solution displays an absorption
maximum at 503 nm and a minor peak at 388 nm, indicating that the UV light-driven cis-trans
isomerization of the chromophore is actually accompanied by complex conformational changes
[10]. To better monitor this cis-trans photo-isomerization, the Dronpa solution was pretreated
with a 473 nm laser (80 mW/cm?) using a solid state laser (MXL-111-473, CNI) for about 15
minutes. Under these conditions, the fluorescence of Dronpa solution was significantly reduced
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and the absorption at 503 nm reaches a minimum (A = 0.04, see the spectrum with lowest
absorption in 503 nm in Fig. 4a).
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Fig. 3. The measured output of the tungsten-halogen lamp with (a) no filter, (b) color filter QB2,
and (c) QB2 and SP650 (short pass filter). The inset shows the intensity changes after inserting
the filters.
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Fig. 4. The absorption spectrum of Dronpa changes with time during the photoactivation process
(a) and the evolution of peak absorption at 503 nm wavelength versus time can be fitted well with
a first-order kinetic model (b).

The light-activated trans-cis isomerization of Dronpa was performed under 400 nm
excitation from a frequency-doubled femtosecond Ti:sapphire laser at a power of 1.7 mW/cm?,
During the light-activation process, changes in the absorption spectra of Dronpa were recorded
simultaneously and shown in Fig. 4. It was found that the absorption at 503 nm increased
rapidly in the early period of time then gradually saturated and reached a constant value. By
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fitting the time evolution of the peak absorbance with a first-order kinetic model, the
photoswitching rate constant was calculated to be 1.17 x 102 s™*, which is comparable to the
reported value of 9.6 x 10~% s™ using 405 nm 1 mW/cm? picosecond laser by Hofkens et al [10].
And in their paper, the time evolution at absorbance 388 nm was also monitored and the
photoswitching rate constant at 388 nm was found to be almost the same compared to that for
503 nm [10]. This is understandable since both the disappearance of the trans state and the
appearance of the cis state are from the same light-activation laser. In our experiments, the
absorption at 388 nm could not be monitored due to the poor SNR in the wavelength shorter
than 440 nm.

It was reported that the trans-cis photo-isomerization of Dronpa depends on the activation
light intensity [6]. Therefore, the time evolution of the absorption spectrum of Dronpa under
different irradiation intensity was measured and are shown in Fig. 5, and the time evolution of
the peak absorbance at 503 nm was calculated and is shown in Fig. 5. Note that all the
light-activation experiments were repeated three times and the data in Fig. 5 are from
representative measurements. After fitting the time evolution of the peak absorbance with a
first-order kinetic model, the photoswitching rate constants at different irradiance intensity
could be obtained and is shown in Fig. 6. A linear dependence of the photoswitching rate
constant on the irradiation intensity verifies that the light-activated trans-cis
photo-isomerization is from a single photon absorption process, which is consistent with the
result by Hofkens et al [10]. Moreover, the slope of the activation-intensity-dependent
photoswiching rate constant (Fig. 6) was calculated to be 5.27 x 10~° cm* mW ™ s™*, compared
to the reported value of 1.09 x 10° cm’ mW™ s obtained from a complicated
fluorescence-based approach [6]. This finding proves the validity of our absorption-based
approach.

Finally, it is useful to estimate the capacity of our fiber-optic system in monitoring fast
photoactivation dynamics. Notice that the HL-2000-FHSA-LL tungsten-halogen lamp emits
more than 1 x 10° counts per ms of integration time in the wavelength range between 400 nm
and 800 nm [20].With the use of proper ND and color filters, the USB2000+ spectrometer could
easily collect 1 x 10* counts signals from the lamp with an integration time of 1 ms. Actually,
when the integration time is set to be 1 ms and the number of signal averaging is set to be 5, the
time evolution of absorption spectrum between 400 nm and 800 nm could be monitored every
10 ms (as shown in the inset of Fig. 5 (b)), where the minimum measurable absorption change is
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Fig. 5. Time evolvement of Dronpa’s peak absorption during the activation process under low (a)
and high (b) intensity of activation light (MW cm2). Note that under high activation intensities,
the absorption changes were recorded every 10 ms (see the inset of (b), which is for an activation
intensity of 333.3 mW cm™).
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Fig. 6. The photoswiching rate constant depends linearly on the intensity of activation light. Note
that the data points are from the mean of three independent experiments, and the reproducity of
these experiments is shown with the error bars.

about 3 x 10>, In addition, replacing the tungsten-halogen light source used in our setup with a
halogen-deuterium light source could extend the wavelength range of our setup to as short as
250 nm [21].

4. Conclusion

In this paper, we have introduced a fiber-optic system for monitoring fast photoactivation
dynamics of optical highlighter proteins. Using Dronpa as a representative highlighter protein
and the 400 nm light from a frequency-doubled femtosecond Ti:sapphire laser as the activation
source, we have demonstrated that this system is capable of recording time evolution of the
absorption spectrum of Dronpa between 440 nm and 650 nm, where the interval between two
absorption spectra is less than one second and the minimum measurable absorption is 2.89 x
1073, Moreover, we have found that it is necessary to include suitable color filters in the optical
setup, otherwise the intensity accuracy in the absorption spectrum measurement could not be
guaranteed. Finally, we show that this fiber-optic system is capable of monitoring absorption
changes of about 3 x 107 at every 10 ms, which is of great benefit for the development of fast
PALM.
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