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Abstract: The ability to monitor cellular processes at high resolution using genetically
encodable fluorescent protein tags and sensors has revolutionized life science research.
In particular, several super-resolution imaging techniques take advantage of the phe-
nomenon of stochastic fluorescent protein blinking. Here we present a method for mea-
surement and analysis of the blinking behavior of red fluorescent proteins. This project
contributes to the characterization of crucial photophysical parameters of fluorescent

proteins used for super-resolution imaging techniques.
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1 Introduction

1.1 Fluorescent proteins

Since the first demonstration in [1| of a genetically encoded biosensor utilizing green
fluorescent protein (GFP), fluorescent proteins (FPs) have become crucial tools in nu-
merous applications spanning the disciplines of biological science [2]| [3]. Most FPs are
less cytotoxic than dyes, and fluoresce without added coenzymes [4]. Using standard
molecular biology techniques, an FP-encoding sequence can be inserted nearly arbitrar-
ily into the DNA of any organism, allowing for minimally intrusive fluorescent labeling
of virtually any target protein [5]. Common applications of FPs include the quantifica-
tion and tracking of target protein populations in vivo, and the monitoring of cellular
conditions over time. For example, cell cycle transitions in tumor cells have been visu-
alized by tagging structural elements [6], and linked FPs which participate in Forster
resonant energy transfer (FRET) are commonly used as indicators of intracellular pa-
rameters such as pH, temperature, voltage, mechanical stress, and levels of organic and
inorganic signalling molecules [7] [8]. The generic structure of a monomeric FP consists
of a 8 barrel surrounding a light-sensitive chromophore (Fig. 1), though FPs originally

isolated from different species can vary considerably in structure.

Figure 1: Crystal structure of the commonly used red FP mCherry (Protein Data Bank
ID: 2H5Q)), consisting of an 11-stranded § barrel with a chromophore formed by the
condensation of an XYG tripeptide [9].
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Figure 2: Dependence of theoretical brightness on excitation wavelength (lower axis)
or emission wavelength (upper axis) for a variety of common FPs [11].

1.2 Red and near-infrared fluorescent proteins of interest

Proteins which emit in the red and far-red regions of the visible spectrum are ideal
candidates for further investigation, as they require relatively low-energy excitation
wavelengths and emit in the "optical window" where optical attenuation and auto-
fluorescence from cellular components is low [10]. Fig. 2 shows the theoretical molecular
brightness of a selection of currently available FPs as a function of excitation/emission
wavelength. However, red FPs (RFPs) and near infrared FPs (nIRFPs) are generally
dimmer than their blue-shifted counterparts. This is presumably a contributing factor
to the current lack of single-molecule blinking studies on RFPs in the literature, which
this work seeks to address.

This work focused on two RFPs, FusionRed (FR) and FusionRed-M (FRM).
FR was developed to improve on the cytotoxicity and tendency towards aggregation
of previously available RFPs [12]|, and thus is a promising candidate for use in live-

cell imaging. FRM was produced from FR by directed evolution, by selecting for



higher fluorescence lifetime and improved brightness [13]. The blinking behavior of FR
has been demonstrated to work in super-resolution imaging of live cells [14], but the
crucial photophysics controlling its performance have not been characterized, limiting
the generalization of these results. In the future, the techniques developed here for
characterization of RFP photophysics at the single-molecule level can be expanded to

other RFPs of interest.

1.3 Fluorescent protein photophysics

A rainbow of FPs now exist with a wide variety of photophysical properties such as pho-
tostability, excited state lifetime, quantum yield, extinction coefficient, and excitation
and emission spectra (as well as relevant biological parameters such as cytotoxicity,
maturation speed, pH and O sensitivity, and oligomerization) [15]. In practice, all
of these parameters contribute to a researcher’s choice of FP to use in a particular
application and must be well-characterized.

Brightness is one of the most important characteristics of an FP, but the cellu-
lar environment can alter photophysics, so that cellular and molecular brightness are
different in general. The theoretical molecular brightness (B) of an FP is simply given
by Eq. (1), where ® is the fluorescence quantum yield and € is the extinction coefficient

[16].

B=®dxe¢ (1)

Quantum yield is the fraction of photons emitted compared to photons absorbed, and
thus is a measure of the extent to which non-radiative processes contribute to depopu-
lation of the excited state. The extinction coefficient can be converted to the absorption
cross section of the FP molecule, and is a wavelength-dependent constant representing
the capacity of the fluorophore to absorb radiation [10].

The processes resulting from perturbation of an FP with visible light can be il-
lustrated by a simple 3-state model (Fig. 3). At room temperature, the vast majority of

FP chromophores occupy the ground state (.Sp), as dictated by the Boltzmann distribu-



tion [17]. Upon absorption of a photon of appropriate energy, a transition can occur to
the first excited state (S7). From here the system can either relax directly to the ground
state by emitting a photon (the phenomenon of fluorescence), or non-radiatively by in-
ternal conversion. The system might also undergo a non-radiative transition to a dark
state (D). The chemical nature of the dark state varies with different fluorophores.
In some systems, the dark state has been characterized as a cis/trans isomer [18], a
differently protonated or radical form [19], or a triplet state [20]. The non-radiative
transition from S; to D is here called dark state conversion (DSC), and non-radiative
relaxation from D to Sy is called ground state recovery (GSR). It should be noted that
vibrational relaxation to the lowest vibrational level of each molecular energy level also
occurs; however, the timescale for such vibrational relaxation is typically fast compared
to other transitions, so this process is neglected here.

During irradiation, the cycle of excitation, emission, internal conversion, dark
state conversion, and ground state recovery continues until the fluorophore undergoes
an irreversible conformational change or reaction to a state which can no longer fluo-
resce. This process is termed irreversible photobleaching, which can take place from
both the excited and the dark state; however, in the lower irradiance regimes of this ex-

periment, the FP will spend less time in S; on average, making the main photobleaching
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Figure 3: Simple 3-state diagram for ground (Sy), first excited (Si), and dark (D)
states. Vibrational and rotational energy states not shown.

contribution from D.




At the ensemble level, the presence of a dark state leads to a fast decay com-
ponent in the measured fluorescence, as the excited state population decreases due to
DSC. At the single-molecule level, the presence of a dark state gives rise to a blinking
phenomena, where the cycle of excitation and emission between Sy and S; (the "on"
state) is interrupted by a transition to D (the "off" state). Single-molecule blinking was
first observed for GFP [21]. A fluorescent signal trace from this seminal experiment is

shown in Fig. 4.
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Figure 4: First observed single-molecule blinking in GFP (adapted from [21])

In Fig. 3, the chemical rate constants of each transition process are shown as
arrows. Each rate constant is proportional to the corresponding transition probability
[22]. Thus, assuming first-order kinetics, the rate equations describing the populations

of these states are given in Eq. (2)

d
Zfo = —kexns, + (k1o + kem)ns, + kasrnp (2)
d
Zfl = keanisy = (kem + k1o + kpsc)ns,
dn
d_tD = k’DSCnS1 — (k'GSR + k’DPB)nD

where ng,, ng,, and np are the ground, excited, and dark state populations and ke,
kew, kpsc, krc, and kgsr are the rate constants of emission, excitation, dark state

conversion, internal conversion, and ground state recovery, respectively. The total pop-



ulation (ng,+ng,+np) remains constant. These parameters can be calculated from ex-
perimental conditions, photophysical measurements, and fits of experimental ensemble
fluorescence data. The excitation rate k., is proportional to the illumination irradiance
and extinction coefficient of the fluorophore. The internal conversion rate k¢ is given

by solving Eqs. 3, where 7., is the excited state lifetime.

P
exr — 3
Ter = 71— (3)
1
Tex =
kem + kIC’

For a 3-state model, the relationship between these rate constants and the aver-

age blinking on and off time intervals (7oy and Topr) is given by Eq. (4) [23].
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1.4 Applications in super-resolution imaging

The wave nature of light causes diffraction when radiation is incident upon a lens, so
that the image of a point is not point-like, but rather a blur [24]. This gives rise to the
Abbe diffraction limit, a minimum distance at which two points which can be resolved
by optical microscopy. The approximate expression for this distance d is given in Eq.
(5) for incoherent illumination, where \ is the wavelength of illumination in vacuum, n
is the index of refraction of the medium surrounding the lens, and 6 is the angle from
which rays of light from the point reach the outer edge of the imaging lens [25]. The

quantity nsin# is defined as the numerical aperture of the lens.

A

d=~0.61
nsind

()

For typical microscope lenses and visible light, the diffraction limit is about 200 nm.



Various optical microscopy techniques have been developed in recent decades to
overcome the diffraction barrier and achieve super-resolution. The discussion here will
be limited to several which harness the properties of photoactivatable FPs (PAFPs),
which change fluorescent states upon irradiation of specific wavelength and intensity.
Possible changes include activation from a non-fluorescent to fluorescent state, irre-
versible photoconversion to fluoresce at a new wavelength, and reversible switching
between fluorescent states [26].

The basis of each of these techniques is the ability of fluorescent probes to switch
and be switched between "on" and "oftf" states. Temporal resolution of fluorescence
events can be obtained and converted to spatial resolution by tuning illumination con-
ditions so that only a small part of the population is in the on state at a time. Thus
the fluorescence collected from each diffraction-limited spot is assumed to come from a
single molecule, the location of which is further resolved by statistical analysis of the
point-spread function.

In 2006, three groups independently developed super-resolution techniques which
involve active conversion of fluorescent probes between fluorescent states. In photoac-
tivated localization microscopy (PALM), small subsets of the population of PAFPs in
a sample are successively switched to a fluorescent state and then photobleached, by
modulation of the illuminating laser pulse intensity and duration [27]. The approach
of fluorescence photoactivated localization microscopy (fPALM) is similar, but imaging
is carried out on a traditional confocal microscope system [28], while PALM utilizes
total internal reflection fluorescence microscopy (discussed in section 2.2.1). Similarly,
sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM)
involves successive photoactivation and deactivation of small subpopulations of fluores-
cent dye molecules using radiation of different wavelengths [29].

These techniques are capable of enhancing spatial resolution down to tens of
nanometers [30], at the expense of temporal resolution. Running enough cycles of
controlled photoactivation and deactivation to construct an image requires minutes of

acquisition time [31]. In contrast, super-resolution optical fluctuation imaging (SOFI) is



a technique which relies on spontaneous reversible photoswitching between fluorescent
states, so the acquisition rate is in principle limited only by the intrinsic timescale of
the fluorophore’s switching [32]. Thus the goal of the present study is to characterize
the photophysics of FPs which exhibit spontaneous "blinking" as they switch from off

to on and back. These FPs are well-suited to super-resolution techniques such as SOFI.

1.5 Ensemble fluorescence measurements

Ensemble measurements of FPs involve measuring fluorescence emitted over time from
a large number of FP molecules. The observed fluorescent decay results from depop-
ulation of the S; state by all radiative and non-radiative processes, and the shape of
the decay gives insight into the rates of these processes. Fluorescence decay patterns
vary from simple mono- and multiexponential decay curves to transient increases or de-
creases, eventually followed by decay, and vary depending on the FP, intensity regime,
and temporal illumination pattern [33].

Information is extracted by fitting the fluorescence traces according to a model as
in Fig. 3. Ensemble measurements on purified protein and E. coli using continuous and
pulsed illumination in the time and frequency domains have been used to extract DSC
and GSR rate constants for various RFPs [33|[34]. However, these measurements in the
100 W/cm?- 100 kW /cm? irradiance regime are far from the 1-10s of W/cm? regime
of typical biological imaging conditions, and the extrapolation of these parameters to
lower irradiance regimes is not trivial [35]. The ultimate goal of the present study
is to characterize DSC and GSR in these low irradiance regimes relevant for imaging
applications.

In this experiment, ensemble measurements were performed on FPs in E. coli
without the temporal resolution necessary to discern details of fluorescence decay at
us timescales as reported in [33]. However, at low enough intensities, permanent pho-
tobleaching processes are slow, so that the decay consists of clearly differentiated fast
and slow decay process (discussed in section 3.1). The fast component roughly corre-

sponds to GSR [33], typically the limiting process in fluorescence recovery, and the slow



component is due to permanent photobleaching. At higher intensities, photobleaching
occurs faster, and these two decays occur on comparable timescales. In this experiment,
ensemble measurements were performed to qualitatively estimate the timescales of GSR
and permanent photobleaching, and find an irradiance regime at which the decay due
to photobleaching is much slower than the fast decay. In this regime, curve fittings and
simulations based on the 3-state model in Fig. 3 can be done while neglecting photo-
bleaching, a difficult parameter to estimate and an undesirable process in real imaging
applications. The DSC and GSR rate constants can then be calculated by fitting the
ensemble data to the analytic solution of Eq. 2 without considering photobleaching.
The analytic solution is a complicated vector function of all of the rate constants and
time. kpsc and kgsgr values obtained in this way can then be used to predict average
on and off times, which can be observed from single molecule imaging, according to Eq.

4.

1.6 Single-molecule fluorescence measurements

The first successful demonstrations of single-molecule optical imaging began nearly
three decades ago, first using laser frequency double modulation techniques to observe
single pentacene dopant molecules in a crystal matrix at cryogenic temperature [36].
Shortly thereafter, individual fluorescent dye molecules were observed in solution [37].
Since then, SM imaging techniques have been used to elucidate the mechanisms of
various cellular processes.

SM studies provide the same information about average transition rates as en-
semble measurements, with additional insight into time-dependent processes and pos-
sible heterogeneity of molecule populations which must be assumed in ensemble mea-
surements to be homogeneous. In SM studies, stochastic "quantum jumps" between
radiative and non-radiative electronic states can be directly observed as abrupt inter-
ruptions in fluorescence [20], a process which is more difficult to probe at the ensemble
level (though it can be done [34]), where the transitions of individual molecules are

not synchronized. From SM studies, frequency histograms can be constructed, show-



ing the full distribution of a measured parameter. Multiple peaks and skewing of the
distribution can indicate the presence of heterogeneous subpopulations. In biological
contexts such as FPs, where different folded configurations give rise to differing spectral
properties, detecting heterogeneity is especially critical [38].

Fluorescent molecules have been shown to give better signal-to-background ratio
than the first optical SM techniques involving sophisticated laser modulation, because
emitted photons are red-shifted, and can thus be effectively distinguished by long-pass
filters from the excitation beam [38]. Still, achieving maximum signal-to-background is
the main challenge of SM fluorescence spectroscopy. Background noise comes from a
variety of sources, including scattering from optical components, detector dark count,
residual unfiltered excitation radiation, and fluorescence from the solvent and impurities

[38].

2 Experimental Methods

2.1 Ensemble measurements of photobleaching

Ensemble measurements of FR in the bacteria F. coli were done to obtain the rate
constants of dark state conversion and ground state recovery. The plasmid DNA of FR
was transformed into and expressed in E. coli cells and grown for 45-60 minutes in LB
media in a shaker at 37 °C and 230 rpm. The culture was plated on an agar plate with
ampicillin resistance and arabinose for overnight expression in an incubator at 37 °C.
Colonies which showed bright color were chosen from plates. 2-3 colonies were mixed
with 500 pL imaging buffer (150 mM HEPES, 100 mM NaCl, pH 7.4) by vortexing
for no longer than 20 s. A glass coverslip and glass slide were cleaned with Alconox
detergent, rinsed with deionized water, and blown dry with filtered compressed air. 9
L of the mixture were added between the coverslip and glass slide, which formed a
sample chamber.

The sample was imaged on an Olympus IX73 inverted microscope system (Fig.

5). It was excited by 561 nm continuous wave laser illumination (Toptica) and im-
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Figure 5: Olympus IX73 inverted microscope system with which ensemble and single-
molecule measurements were taken.

aged through an inverted 0.8 numerical aperture 60x oil-immersion objective lens. The
objective focus was first found by imaging the sample under bright-field illumination,
then the sample was removed and the laser was focused at the ceiling (approximately
2 m beyond the sample location) for this placement of the objective. The sample was
then replaced, and fluorescence was collected through a 629/56 nm band-pass filter by
a SCMOS camera (Andor Zyla). Video was collected with an exposure of 8 ms and
frame rates of 32 FPS for the fast component of the decay and 10 FPS for the slow

2

component, at irradiances ranging from 2-200 W/cm®. Fig. 6 shows a single frame

from video collected at 19 W /cm?.

2.2 Single molecule measurements
2.2.1 Sample preparation and single molecule imaging

FR was expressed in F. coli cells and purified by His-tag gravity chromatography, then
flash frozen with liquid Ny and stored at -80°C in dialysis buffer (150 mM NaCl, 50
mM Tris-HCL, pH 7.4).

11



Figure 6: Single frame from video collected of E. coli cells expressing the RFP Fu-
sionRed.

a)
b)

\

N

Figure 7: a) Original sample chamber, which did not provide a level imaging surface.
b) Final sample chamber constructed by attaching a glass slide and coverslip together
with double-sided tape.

Initially, sample chambers were built by punching holes in plastic petri dishes
and gluing a glass coverslip over the hole through which to image (Fig. 7a), in an
effort to replicate expensive commercial cell culture imaging dishes. This method was
eventually discarded because the gluing process produced an imaging surface which
was not level, making it difficult to focus. Finally, sample chambers were constructed
by attaching a glass slide and glass coverslip together using thin strips of double-sided
tape (Fig. 7b). Multiple strips could be used to produce multiple compartments on the
same slide, in order to test different conditions, but more than three resulted in fast
evaporation of the sample.

Though minimizing the presence of impurities is always important, it is of partic-

ular concern in single-molecule studies, where large numbers of observations of authentic
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Figure 8: Comparison of cleaning methods for glass microscope slides [40]. Plasma
cleaning is the most effective method for reducing contaminants.

individual fluorescent molecules are crucial. To this end, several methods were tested
for cleaning the glass slides and coverslips used to make sample chambers. Eventually
the most effective method was found to be plasma cleaning, wherein a reactive plasma
species is created by applying high voltage to Oy gas, and the energy released by this
species breaks the bonds of organic surface contaminants, the fragments of which evap-
orate [39]. This result is corroborated in the literature [40]. A visual comparison of
their various cleaning methods can be found in Fig. 8.

Before plasma cleaning, the slides and cover slips were cleaned with Alconox
detergent and rinsed with deionized water, then soaked in methanol for at least an
hour, in order to dislodge large contaminants. A container was designed and custom-
built by the JILA machine shop for the purpose of holding slides and cover slips of the
appropriate size inside the reactive ion etcher, so that they rested upright in grooves
and both sides could be exposed to the plasma.

The sample chambers were constructed as described above and used within two
days of plasma cleaning, to avoid recontamination. The sample was thawed, properly
diluted, and loaded by slow ejection from a 200 uL. micropipette (larger tip ejects

too quickly, spilling FP solution onto the coverslip surface). It was determined that FP

13



concentrations greater than 300 pM produced crowding and poor signal-to-background
ratio, while lower concentrations resulted in such sparse fields of view that it became
difficult to find the correct focus height, and measurements yielded too few data points.
Additionally, a washing procedure was developed in order to minimize the presence of
FPs in solution, not stuck electrostatically to the glass imaging surface. After loading
the sample into the chamber, it was left for 10-15 minutes (in the dark, to prevent
photobleaching) to allow FPs to settle onto the imaging surface. Then a volume of
dialysis buffer equal to 4-5 times the volume of loaded sample was flowed through the
chamber. The liquid was slowly ejected by micropipette on one side of the chamber
while filter paper was used to absorb the liquid flowing out from the other side. This
washing procedure helped significantly to maximize signal-to-background ratios.

The samples were imaged using total internal reflection fluorescence (TIRF)
microscopy on the same microscope set-up described for ensemble measurements. TIRF
microscopy relies on the bending of light away from normal upon traveling from a higher
index of refraction (n;) medium to a lower index of refraction medium (n,), as given by
Snell’s law [41]. At angles of incidence beyond the critical angle (6..), the light is totally
internally reflected, and an evanescent wave propagates along the interface on the lower
n side, with an amplitude which decays exponentially with distance into the medium.
This phenomenon occurs when light propagates from the glass of a coverslip to the
imaging solution, allowing for selective excitation of molecules within a few hundred
nm of the surface [42]. The intensity of the evanescent field (I.) is given in terms of the

incident intensity (1), the ratio of indices of refraction (n = 2), and the incident angle

(6) [41]:

I 4(cos0)?(2(sind)? — n?) (©)
© " " n4(cosh)? + (sind)? — n2

Thus the evanescent field intensity can be several times greater than the incident inten-
sity for incident angles just beyond the critical angle. A schematic of an objective-type

TIRF microscopy system is found in Fig. 9. Irradiances for single-molecule studies

were calculated using Eq. 6 after measuring incident power using a power meter and
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Figure 9: Schematic of TIRF system used for single-molecule imaging [41].

setting the angle of incidence for maximum contrast. The laser spot size was calculated
to be 3.0 x 10 cm?. Videos of FR single-molecule blinking were recorded with 20 ms

exposure and frame rate 32 FPS, at irradiances of 25-116 W /cm?.

2.2.2 Data analysis

All analysis was conducted using home-built programs in MATLAB. The elements of
analysis were as follows:

Background subtraction: In each frame of each video, a background value was
calculated as the average pixel value over the entire image. Though this average includes
the bright spots as well as the background, the fraction of bright pixels in any frame is
less than 107, so their contribution can be neglected. Over an area roughly equal to %
of the image area, the average pixel value varied by less than 2% over the entire image,
meaning that the background signal is fairly uniform within a single frame so subtraction
of a single background value is valid. Between frames, however, the background value
varied as much as 5%, validating the need for frame-specific background subtraction.
Spot identification: After frame-specific background subtraction, the brightest 1%
of pixels were identified and adjacent pixels were grouped into fluorescent "spots" cor-
responding to single molecules. Spots consisting of one pixel were discarded, because

real images of single molecules are larger.
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Figure 10: a) Locations of top 1% of pixels identified in all frames of a typical video,
before filtering based on persistence. b) Locations of spots remaining after filtering
based on persistence.

Removing redundancy: At this point, it would be easy to obtain fluorescent signal
traces for each spot identified in each frame. However, this would generate a huge
number of redundant signal traces, as each spot is likely identified in multiple frames.
Complicating matters, for each spot, slightly different pixels may be identified in differ-
ent frames. To get around this, a map was created of all pixels identified in all frames,
and the fluorescence signal trace for each selected pixel was considered individually.
Thus none of the traces are redundant, since they are from different locations. A map
showing the locations of identified spots at this stage is found in Fig. 10(a).
Filtering based on persistence: Pixels which only appear bright for a few frames
are likely not real single molecules stuck to the glass interface, but rather cosmic rays
or molecules diffusing past in solution. To remove these cases, a selection filter was
added to determine which of the selected pixels remain bright (in the top 1%) for some
minimum number of frames. The pixels meeting this criteria were then recombined into
spots if found adjacent to each other. A map showing identified spots from all frames
remaining after this step is found in Fig. 10(b).

Manual visual filtering: The algorithm at this point had identified 40-200 spots
in each video. The fluorescence traces from these spots were visually inspected, and
only those with the best signal-to-background ratio were kept for analysis. Fig. 11

shows a typical array of fluorescence traces, and examples of traces which were chosen

16



a 100 200 2do
"] LI ol
0 0 oNYPIM o |o

0

Fluorescence intensity (a. u.)

Time (frames) b) j:

Figure 11: a) A typical array of a selection of fluorescence traces of spots identified in
one video. b) Two examples of good spots subjectively chosen from this array.

from this array. Chosen traces exhibited unambiguous on/off transitions and relatively
good signal-to-noise. Unfortunately, no other way could be determined at this point
to algorithmically select these spots. However, this problem is well-suited for machine-
learning methods, which would mitigate the need for subjective comparison.
Binarization of fluorescence traces into on and off states: If the experimental
blinking data were similar to that obtained for GFP [21], then the determination of
whether the FP is in the off or on state would be as simple as defining a signal cutoff,
above which the FP is on and below which it is off. However, since FR is not as bright
as GFP, signal-to-noise levels in the present experiment are significantly worse. The
example blinking traces found in Fig. 11b can be compared to that in Fig. 4.

In order to account for the noise, for each selected trace, an average fluorescence

intensity was calculated over increments of several frames (ny). When the intensity
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Figure 12: Results of binarization algorithm for two example fluorescent traces.

of a pixel averaged over a given frame plus the next n; frames was higher than some
threshold (), the FP was considered to be on, and when lower, it was considered to be
off. This way, if the intensity decreased slightly below ¢ for a short time due to noise,
it would not be considered a blink. This method produces a bias against short blinks,
which should be considered when interpreting results. Different irradiances required
different values of 7 fyqmes and t. Binarization results of two individual blinking traces
are found in Fig. 12. For each trace, the last interval was excluded from analysis,
whether on or off, as the actual duration of this interval is unknown since data collection
ended.

At the lowest irradiance obtainable in the current TIRF microscope system (25
W /cm?), eight videos were collected of 300 frames each, in which only 71 suitable single-
molecule fluorescence traces exhibiting blinking were identified. In future experiments,

much more data should be collected.
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3 Results and discussion

3.1 Ensemble fluorescence measurements

Ensemble fluorescence decay traces for FRM can be found in Fig. 13, illustrating the
faster timescale of photobleaching at higher intensities. With similar data for FR at 19
W /cm?, a biexponential fit was used to qualitatively determine the timescales of GSR
and photobleaching, assuming that the fast decay corresponds to GSR and the long
decay to photobleaching (Fig. 14, left). The resulting approximate time constants were
2.3 and 10.7 s, respectively, meaning that the processes are competitive. Accordingly,
only the first 4 s of the decay was fit using the solution to Eq. 2 to extract kpsc

Land 0.11 s, giving a GSR time constant of 9.1 s

and kggp values of 5.6 x 103 s
(Fig. 14, right). Despite good agreement between the fitting and experimental curves,
the two fitted GSR time constants do not agree. This is because the 3-state model
assumed no irreversible photobleaching, but there was experimentally a non-negligible
photobleaching contribution. Thus the GSR time constant obtained by fitting the 3-

state model was longer, and the DSC and GSR time constants obtained from the 3-state

model fitting do not reflect their actual values.

3.2 Single-molecule fluorescence measurements

Normalized frequency distribution histograms for on and off times can be found in Fig.
15. The mean on and off times were 0.12 and 0.15 s, respectively. The predicted on
and off times, based on the ensemble decay fitting and Eq. 4, were 0.15 and 9.0 s,
respectively. The experimental and theoretical on times approximately agree, while
the off times differ by over an order of magnitude. The discrepancy can be explained
by two considerations. First, the contribution from photobleaching is non-negligible
but not accounted for in the 3-state model, as previously discussed. Second, these
histograms represent only 71 observed single molecules, which may not provide an
accurate statistical result (in single-molecule literature, results are typically reported

from hundreds or thousands of molecules).
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Figure 13: Ensemble fluoresence decay traces for FRM at a range of illumination inten-
sities. At lower intensities, the decay is more biexponential, as the timescales of GSR
and photobleaching differ significantly, while at higher intensities, the decay becomes
closer to monoexponential.
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Figure 14: Left: Biexponential fit of FRM fluorescence decay, yielding time constants
Tasr=2.3 s and 7pp=10.7 s. Right: Fit to solution of 3-state model, yielding time
constant 7gsr=9.1 s.
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Figure 15: Frequency distribution histograms for on and off times during FR blinking
at 25 W/cm? irradiance.

Another consideration in interpretation of these results is that the blinking spots
were selected by applying the criteria of persistence for 4 frames continuously (7 frames =
4). This biases the collected data against short blinks on, and in fact the average
experimental on time is consistent with a 4-frame persistence, based on the time interval
of 31 ms between frames. Thus the persistence filter may be limiting the accuracy of
on and off times at small time intervals. Considering these factors, the agreement in
DSC time constant could be coincidence, or could indicate that the DSC time constant
is not as sensitive to photobleaching as the GSR time constant, since the timescales

between DSC and photobleaching differ by orders of magnitude.

3.3 Conclusion and future directions

The value of this work is primarily in establishing a protocol for observing and an-
alyzing blinking behavior in RFPs at the single-molecule level, and in attempting to
obtain the crucial photophysical parameters for super-resolution imaging techniques by
bridging ensemble and single-molecule measurements. The blinking results discussed
here are preliminary. Future studies will need to collect more data in order to construct
meaningful on/off time histograms. A neutral-density filter may be used to access lower

irradiance regimes where photobleaching can be neglected during the observation time
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as required by imaging applications. With single molecule blinking data and ensemble
fluorescence decay data under proper illumination conditions, parameters obtained by
fitting according to the 3-state model can be compared to the experimental on and off
time intervals to validate or refute the model. The work done here to develop a protocol
for sample preparation and an algorithm for analysis of noisy fluorescence blinking data

can be used as a foundation for the future study of promising RFPs and nIRFPs.
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