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Abstract

The poor photostability and low brightness of protein autofluorescence have been major limitations
preventing the detection of label-free proteins at the single molecule level. Overcoming these issues,
we report here a strategy to promote the photostability of proteins and use their natural tryptophan
autofluorescence in the ultraviolet (UV) for fluorescence correlation spectroscopy (FCS). Combining
enzymatic oxygen scavengers with antioxidants and triplet state quenchers greatly promotes the
protein photostability, reduces the photobleaching probability and improves the net autofluorescence
detection rate. Our results show that the underlying photochemical concepts initially derived for
organic visible fluorescent dyes are quite general. Using this approach, we achieved UV fluorescence
correlation spectroscopy on label-free streptavidin proteins containing only 24 tryptophan residues,
6.5x less than the current state-of-the-art. This strategy greatly extends the possibility to detect single
label-free proteins with the versatility of single molecule fluorescence without requiring the presence
of a potentially disturbing external fluorescent marker. It also opens new perspectives to improve the

UV durability of organic devices.
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Fluorescence spectroscopy and related methods such as Forster resonance energy transfer (FRET) and
fluorescence correlation spectroscopy (FCS) are widely used to investigate protein structures and
protein interaction dynamics.} However, the need to associate the protein of interest with an
external fluorescent label (organic dye, quantum dot, nanoparticle or another protein member of the
green fluorescent protein family) can turn out being a major challenge for two main reasons. First, the
presence of the fluorescent marker can alter the protein structure and perturb its reactivity.* Second,
the purification of the fluorescently labelled protein sample may lead to an unacceptable loss of
protein material and low concentrations of the final product. An elegant approach to circumvent all
the issues related with the external fluorescence labelling would be to use the intrinsic protein
autofluorescence occurring in the ultraviolet (UV) range. This UV autofluorescence emission is
naturally present in more than 90% of the proteins which contain at least one aromatic amino acid

residues such as tryptophan, tyrosine and phenylalanine.>°

Despite its immediate availability, the protein natural UV autofluorescence remains marginally used
for single molecule detection and related techniques. Even for tryptophan which is the brightest
aromatic amino acid, several issues contribute to challenge its detection within single proteins. First,
the absorption cross-section for tryptophan is typically 10 to 50 times lower than conventional organic
fluorescent dyes.! Second, its quantum yield is only 13% in water and is often reduced by an additional
order of magnitude inside proteins due to electron and energy transfer between amino acid
residues.'>2 Third, the limited photostability of tryptophan prevents the use of high excitation powers
to compensate for the low absorption cross-section and emission quantum vyield.’*® The
photostability issue is likely the most drastic limitation for single molecule fluorescence detection and
FCS experiments, where the fluorescence emission rate per molecule is a crucial figure of merit.
Despite these challenges, a few earlier works have pioneered the UV autofluorescence detection of
single proteins using one, 1% two,*2° or three!® photon excitation schemes. Due to the limited
signal and photostability, only large proteins containing more than 150 tryptophan residues could be

detected so far. The UV photodegradation also affects other scientific fields such as deep-UV Raman
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spectroscopy or organic photovoltaics, and has implications reaching far beyond fluorescence

spectroscopy.

Looking back to the field of single molecule fluorescence detection using organic fluorescent dyes,
several developments could contribute to improve the detected signal, promote the photostability and
expand the technique applicability. Enzymatic oxygen scavenging systems have been introduced to
remove the oxygen dissolved in the buffer solution using glucose oxidase catalase (GODCAT),?%
pyranose oxidase catalase (PODCAT) 23 or protocatechuate-3,4-dioxygenase / protocatechuic acid

(PCD-PCA).2* While deoxygenation improves the photostability by retarding photobleaching occurring



from photo-oxidation, it also bears the negative consequence of promoting the triplet state build-up,
which leads to triplet blinking and quenches the detected fluorescence signal. To avoid the negative
effects of oxygen removal, various chemicals have been added to the oxygen scavenging systems in

order to quench the triplet state, recover photoionized radicals and promote the photostability. These

) 24,25 ) 24,25
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antifading agents include (i) reductants such as ascorbic acid (AA n propyl gallate (nPG
Trolox,?%2” or DABCO,2*%8 (ii) the combination of a reducing and oxidizing system (ROXS, ascorbic acid
and methyl viologen) 2%% and (iii) triplet state quenchers such as 2-mercaptoethylamine (MEA,
cysteamine) 3° or B-mercaptoethanol (BME).3! Several approaches have thus been documented for
organic fluorescent dyes in the visible spectral range. However, very little is known about their
application to the protein autofluorescence in the UV range, where achieving the brightest emission
rate and promoting the photostability are currently the two main challenges inhibiting the detection
of single label-free proteins. Besides, while photobleaching has been thoroughly investigated with
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rhodamines and coumarins 3¢37 dyes, the photobleaching of protein autofluorescence remains

significantly less explored.3&4

Here, we investigate a range of strategies to promote the autofluorescence photostability of label-free
proteins in the ultraviolet. The combination of enzymatic oxygen scavenging systems together with
antioxidants (ascorbic acid, nPG, Trolox and DABCO) and triplet state quenchers (MEA) promotes the
protein photostability, reduces the photobleaching probability and improves the autofluorescence
linearity at high UV excitation rates. Our results show that the concepts initially derived for organic
fluorescent dyes in the visible spectral range can be successfully applied to the intrinsic UV
autofluorescence of aromatic amino-acid residues. Using an optimized approach to promote the UV
photostability, we could perform UV fluorescence correlation spectroscopy on label-free streptavidin
proteins containing as few as 24 tryptophan residues, 6.5x less than the standard state-of-the-art limit
of detection. The systems presented here significantly extend the applicability of single label-free
protein autofluorescence detection, and opens new perspectives to tune the photodynamic properties

of UV emitters and increase the durability of organic photonic devices.

We first consider the case of pure tryptophan for which detailed information about photokinetic rates
is avalaible,*? and use this information to validate our approach. Figure 1a shows the basic electronic
state model for tryptophan with the ground state So and the excited state S;, connected by the
excitation rate K., the radiative emission rate k. and the internal conversion nonradiative rate k.
Intersystem crossing occurs from S; to the triplet state T, with a rate constant Kjg.. The triplet state is
then depopulated to the ground state with a rate k.. Photo-oxidation occurs from S; to the radical
state R; with a rate constant K,y. The oxidized radical can then be reduced from R; to Sp with a rate

Kreq. Photobleaching is assumed to occur from any excited state (Si, T1, R1) with a rate constant ky, as



currently the technique is not able to distinguish between photobleaching occurring from the excited
singlet, triplet or radical state.3273> Under the steady-state assumption, the photobleaching probability
pp is defined as the ratio of the number of photobleached molecules by the number of excited
molecules in the S; state per unit of time. Using the rate definitions, it can be shown that p, = ky,/kg
where kg = k. + Kk + Kisc + Koy is the inverse of the fluorescence lifetime.323 Taking into account

photobleaching, the system of rate equations for the model on Fig. 1a can then be solved to express

the detected average fluorescence signal F as: 3*7°
bs 4
F:LIJ— 1—eXp __kbslequ (1)
Py 3

which includes the microscope collection efficiency s, the fluorescence quantum yield ¢ = k.. /kg, the
photobleaching probability p, = kj /Ko, the steady state population of the first excited singlet state
Sieqr @and the characteristic diffusion time t4 used in FCS. The fluorescence signal dependence with

the excitation rate key is contained within the population S;¢4, which can be expressed as:®

Kex/Ko
Stea” 1+ Kex (1 4+ Kise | Kox ) Neot (2)
k0 kt kred

where Niq is the total number of molecules in the detection volume. Within the model of Eqgs.(1,2),

. I ki Kk
the fluorescence saturation occurs when the excitation rate approaches K¢, = kq/ (1 + % + k& )
t red

Hence the buildups of the triplet state (expressed by kjs./K;) and of the radical state (determined by
Kox/Kred) Play a key role in setting the transition to fluorescence saturation. Oxygen removal increases
kisc/K¢ as the triplet state is no longer quenched by dissolved oxygen, therefore it is expected that
saturation occurs at a lower excitation power in the absence of oxygen in the solution. However, in
addition to the triplet state contribution, the radical state also plays a major role in the occurrence of
fluorescence saturation via the ratio Koy /Kkyeq. Determining which state (triplet or radical) is the most
limiting the fluorescence brightness requires some detailed information about the photokinetic rates.
We use the independent measurements performed in *? to estimate that for tryptophan Kis./K;
amounts to 38 in presence of dissolved oxygen while the introduction of PODCAT oxygen scavenging
system increases Kis./K; to about 280 (Tab. 1). The triplet state buildup should be compared to the
radical state buildup Koy /Kreq, Which in the case of tryptophan dissolved in water amounts to 550,%
and is thus the main limiting factor in determining the fluorescence saturation. The radical state
population can be quenched by introducing reductants such as ascorbic acid (AA) to the solution, which
promotes K..q and reduces the ratio Kyx/Kyeq, down to an estimated value of 27 in presence of 10

mM ascorbic acid (Tab. 1).4?
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Figure 1. Fluorescence antifading agents to improve the photostability of pure tryptophan. (a)
Electronic state model describing the tryptophan fluorescence with the ground and excited states So
and S;, the triplet state T, the radical state R; and the different rate constants ki. (b) Fluorescence
intensity detected for 1 uM solution of tryptophan dissolved in different buffers as a function of the
UV laser power. The markers are experimental data points and the lines are numerical fits based on
Eg. (1). AA stands for ascorbic acid, PODCAT for pyranose oxidase catalase oxygen scavenging system,
and ROXS for reducing and oxidizing system (GODCAT with 10 mM AA and 1 mM methyl viologen). The
background intensity detected for oxygen scavengers and the different agents has been subtracted for
each curve. (c) Tryptophan photobleaching probability p, deduced from the fits in (b) for the different

antifading conditions.

Table 1. Evolution of the triplet state buildup k;s./K; and the radical state buildup k,y/Keq for the
different buffer conditions investigated experimentally in Fig. 1b. The ratios Kis./k; and Koy /Kreq are
taken from the independent measurements reported in Ref.*? , and are used to estimate the relative

change in the saturation power in our measurements.

Buffer Kisc/K¢ Kox/Kred Change of Estimated Measured
saturation saturation saturation
power power (LW) power (LW)
PBS 38 550 1 - 280+ 30
PODCAT 280 550 0.7 200 20030
AA 5mM 38 46 6.9 1940 1900 + 200
AA 10mM 38 27 8.9 2500 2500 + 300
PODCAT 280 27 1.9 535 600 + 80
+AA 10mM
ROXS 110 110 2.7 745 750+ 100



Figure 1b shows the experimental data recorded for pure tryptophan dissolved in a water-based buffer
containing 25 mM Hepes and 100mM NaCl at pH 7. This data (and similar data displayed on Fig. 2a-c
for proteins) contains only the contribution F stemming from the tryptophan (or protein)
autofluorescence. For each dataset, we subtract the noise contribution B stemming from the
autofluorescence of the buffer solution itself from the total intensity Femr recorded by the
photomultiplier tube, so that we display only F = Fpmr— B. As we work at a constant concentration with
a fixed confocal setup, F is directly proportional to the single molecule autofluorescence brightness or
counts per molecule and the different graphs can be readily compared (F is the product of the counts

per molecule times the number of molecules in the confocal detection volume Nmol).

The experimental data in Fig. 1b clearly follow the trend expected from the knowledge of the
tryptophan photokinetic rates (Tab. 1): adding AA to 5 or 10 mM concentration greatly delays the
occurrence of fluorescence saturation, improves the signal linearity for high excitation powers and
allows reaching higher fluorescence signals. For pure tryptophan, only removing the dissolved oxygen
from the solution actually degrades the fluorescence brightness and promotes saturation, as the triplet
state buildup is strengthened in this case. This directly shows that for pure tryptophan the radical state

buildup is the main factor determining the fluorescence saturation.

Our experimental data fit well with the model of Eq. (1), and can be used to estimate the saturation
power and the photobleaching probability. The saturation power values correspond remarkably well
to the data reported independently in ref.*? for all the different buffer conditions (Tab. 1). This validates
our approach combining the novel UV autofluorescence confocal microscope and the analysis based
on Egs. (1,2). For tryptophan dissolved in PBS, the photobleaching probability p, is estimated around
2e-5. Oxygen removal alone does not significantly change this value (Fig. 1c), as singlet oxygen may
not be the only cause of photobleaching and as increasing the triplet state buildup may further
promote the photobleaching probability by extending the residence time in the triplet state. Adding
AA quenches the radical state and also reduces the photobleaching probability. Combining AA with
oxygen depletion further reduces the photobleaching probability up to two orders of magnitude by
emptying the oxidized state and removing single oxygen (Fig. 1c). In the case of ROXS however, the
supplementary addition of methyl viologen as oxidizing agent 2° counterbalances the effects obtained
with AA and PODCAT so the net photobleaching probability is reduced by one order of magnitude as
compared to the PBS case, but is not as low as for the PODCAT + AA combination alone. Tryptophan’s
radical state appears to be cationic, and can be quenched by AA donating an electron.*? However, the

presence of methyl viologen tends to promote the radical state by accepting an electron.?®



Having validated our approach on pure tryptophan, we now turn to protein samples. The case of
protein autofluorescence is more complicated than for tryptophan alone, as in a protein the presence
of the other amino acids affects the tryptophan emission.! In addition to the photophysics internal to
tryptophan, the nearby amino acids can quench the tryptophan excited singlet state by proton transfer
(lysine and tyrosine), by electron transfer (cysteine, histidine, glutamine, asparagine, glutamic acid,
and aspartic acid), or by solvent quenching (depending on the exposure of tryptophan residues to
water molecules).'*? Energy transfer between multiple tryptophan may also occur.** The relative
influence of each of these phenomena depends on the protein structure, from the primary sequence
of amino acids to the three-dimensional arrangement of polypeptide chains. As a consequence, the
influence of oxygen removal or the addition of antifading agents is expected to be different for each
protein, and there is no a priori unique antifading buffer solution that would work for all protein
samples. The situation is quite similar to the organic fluorescent dyes in the visible spectral range,

where the fluorescence antifades conditions need to be optimized for each different fluorophore. 242628

To provide a better understanding, we investigate here three different protein samples and explore
for each of them a broad range of conditions using enzymatic oxygen scavenging systems, antioxidants
and triplet state quenchers (Fig. 2). The selected proteins are streptavidin from Streptomyces avidinii,
penicillin amidase from Escherichia coli, and B-galactosidase from Escherichia coli. Each protein
contains several tryptophan amino acids to provide a higher autofluorescence signal and compensate
for the intramolecular quenching induced by the other amino acids. Streptavidin has a tetrameric
structure containing a total of 24 tryptophans. This protein is largely used in biochemistry owing to its
high affinity for biotin. So far, it is the smallest label-free protein ever explored for confocal UV FCS.
Penicillin amidase is also a multi-tryptophan protein, with a total of 29 Trp residues for which negligible
inter-tryptophan energy transfer quenching was reported.* It appears therefore as a good candidate
for a stable UV autofluorescence emission. Lastly, B-galactosidase is the largest protein investigated
here, with a tetrameric structure containing 156 Trp residues. It is the first protein for which label-free
UV FCS with one-photon excitation scheme was reported,’ and it still constitutes today the current
state-of-the-art.1%% As enzymatic scavenging system, we select PODCAT as it does not experience the

t.23 We also

significant pH drop over the course of the experiment seen for its GODCAT counterpar
found that the protocatechuic acid (PCA) used as substrate in the PCD-PCA enzymatic scavenging
system produces a large autofluorescence background in the UV which prevents the use of PCD-PCA
for UV applications. Lastly as antifading agents, we explore a broad range of compounds which have
been used for experiment on organic fluorescent dyes.?*3° These agents involve 10 mM ascorbic acid

(AA), 100 uM n propyl gallate (nPG), 1 mM Trolox, 10 mM DABCO, and 10 mM cysteamine (MEA).
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Figure 2. Improving the photostability of protein autofluorescence in the UV. (a-c) Fluorescence
intensity detected for label-free streptavidin (a), penicillin amidase (b) and B-galactosidase (c) at 1 uM
concentration in the presence of the PODCAT oxygen scavenger system plus different antifading
agents. The background intensity detected for PODCAT and the different agents has been subtracted
for each curve so that only the autofluorescence signal stemming from the protein is analyzed here.
(d) Fluorescence brightness gains brought by the antifading agents added to the PODCAT system. The
gain is expressed relative to the standard Hepes or PBS buffer solution for 100 uW excitation power at
266 nm. (e) Photobleaching probability p, deduced from the fits in (a-c) for the three different proteins

with and without the addition of the PODCAT system and 100 uM nPG.

Figure 2a-c show the net detected fluorescence intensity recorded for increasing UV excitation powers
for each label-free protein. For each trace, the background signal corresponding to the same buffer
condition (oxygen scavenger and antifade) has been subtracted to present only the signal contribution
from the protein. The total fluorescence signal increases from streptavidin to B-galactosidase as the
number of Trp residues grows. However, the gain is not purely linear with the number of Trp residues
as a consequence of intra-molecular autofluorescence quenching by the nearby amino-acids
(Supporting Information Fig. S1). The presence of the enzymatic oxygen scavenging system PODCAT
improves significantly the signal for streptavidin and B-galactosidase (Fig. 2d), it also promotes the
fluorescence linearity with the excitation power and reduces the photobleaching probability (Fig. 2e).
On the contrary, penicillin amidase does not follow this trend and behaves more like pure tryptophan,

where the sole removal of dissolved oxygen marginally influences the autofluorescence emission. The



solution to further improve the photostability is to associate the oxygen scavenger with a reductant
(AA, nPG, Trolox, DABCO). The combination of both oxygen removal and radical state depletion then
promotes the net signal at high excitation rates (Fig. 2d) and reduces photobleaching (Fig. 2e). For the
triplet state quencher MEA, we obtain similar observations, which may indicate that it is the reducing
ability of MEA which plays a role here. We also cannot exclude that the other antioxidant compounds
may contribute to quench the triplet state. Importantly, we observe a gain for all the three different
proteins and the different antifading agents, the only exception (out of 15 cases tested) being that
DABCO appears to quench the emission of penicillin amidase even at moderate excitation powers. Out
of the different compounds, nPG associated with PODCAT appears to provide the best all-around

solution yielding good performance for streptavidin, penicillin amidase and B-galactosidase.

In the absence of oxygen removal, the antifading agents help to promote the photostability of
streptavidin (Supporting Information Fig. S2). The best solution for the streptavidin case is to associate
the reduction ability of Trolox with the triplet state quenching ability of MEA. However for penicillin
amidase and B-galactosidase, no effect of the antifading agents could be detected in the presence of
dissolved oxygen. For these proteins, it appears that oxygen must first be removed from the solution.
Altogether, these results importantly demonstrate that the fluorescence antifading agents combined
with oxygen scavengers can be used successfully to promote the UV photostability and improve the

autofluorescence emission of label-free proteins.

Now that we have determined for each protein sample the best buffer configuration to promote the
autofluorescence photostability and increase the autofluorescence brightness, we can use this
approach to perform UV (auto)fluorescence correlation spectroscopy and characterize single label-
free proteins. In FCS, the quality of the data and the signal to noise ratio are primarily determined by
the fluorescence brightness per molecule.*’°° This highlights the need for an optimization of the
fluorescence emission rate and photostability, as in FCS a low signal cannot be compensated by a
higher fluorophore concentration.?® Figure 3a-c shows the FCS correlation traces for the three different
proteins in the conditions yielding the optimum signal to background. The corresponding fluorescence
time traces are displayed in the Supporting Information Fig. S3 for each protein and each buffer alone.
We point out that in the standard hepes or PBS buffer, the FCS signal to noise is strongly degraded
(Supporting Information Fig. S4) preventing the direct acquisition of FCS data on label-free proteins if
no special care is taken. We have also checked that no FCS correlation is obtained in the absence of
the protein sample (Supporting Information Fig. S5).#° From the FCS data analysis (see details in the
methods section below), the diffusion time t4 (Fig 3d) and the number of proteins Ny, in the confocal
detection volume (Fig. 3e) are quantified. Ideally, other fast processes inducing a change in the

autofluorescence intensity could be detected by FCS, such as triplet state blinking °!, photoinduced



electron transfer (PET) 2°3 or intra-chain diffusion.>* However, the uncorrelated blinking from the
collection of a large number of Trp emitters and the limited FCS signal to noise ratio at lag times below

10 us currently prevent any clear observation of any of these fast dynamics phenomena.
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Figure 3. Fluorescence correlation spectroscopy experiments performed on label-free proteins in the
UV range. (a-c) FCS correlation functions recorded for streptavidin (a), penicillin amidase (b) and B-
galactosidase (c) at 500 nM concentration. The lines are numerical fits based on the diffusion model in
Eqg. (3), the arrows indicate the diffusion time tq4. The lower traces display the fit residuals. The signal
to background ratio defined as SNR = F/B = (Fpmr— B)/B is displayed on each graph. For (a) the buffer
contains 1 mM Trolox and 10 mM MEA. For (b), we use the PODCAT system with 100 uM nPG while
for (c) only POCDAT is used. (d) Diffusion time measured by UV FCS as a function of the molecular
hydrodynamic radius. The line is computed from Stokes Einstein equation using a laser beam radius at
1/e? of 195 nm (see text for details). (e) Number of proteins detected by UV FCS as a function of the
sample concentration. The line corresponds to a confocal volume of 2.2 fL. (f) FCS correlation function
for B-galactosidase without and with 40% w/w sucrose to increase the viscosity. (g) Increase in the
diffusion time recorded by UV FCS due to the addition of 40% w/w sucrose to the solution. The orange

dashed line corresponds to the viscosity increase independently measured in Ref.>>

10



Several tests can be made to assess the validity of our FCS results. First, we plot the FCS diffusion time
measured for each protein as a function of its calibrated hydrodynamic radius (Fig. 3d, the data for the
UV fluorescent dye p-terphenyl is taken from our previous work Ref.*® ). For streptavidin and B-
galactosidase, we use the hydrodynamic radii independently measured in Ref.>®*>” and in Ref.??
respectively. For penicillin amidase, we estimate the hydrodynamic radius from the total number of
amino acid residues in the polypeptide chain, following the approach developed in Ref.>® The FCS
diffusion time scales as tq = W2/4D, where w is the laser beam radius at 1/e? at the microscope focus
and D = kgT/(6nRy) is the protein translational diffusion coefficient, which is inversely
proportional to the hydrodynamic radius R, and the solvent viscosity 1 according to Stokes-Einstein’s
law. Thus the diffusion time t4 scales linearly with the hydrodynamic radius Ry, and our experimental

data nicely reproduces this trend. From the slope of the line in Fig. 3d we get a laser beam radius w of

195 nm, which corresponds well to the 1/v2 In2 * A/2NA = 190 nm estimate of the spot 1/e? beam

radius fora A = 266 nm laser beam focused by a NA = 0.6 objective.*?

The second set of validity tests checks that for the three different proteins at the same concentration,
comparable number of molecules are measured by FCS (Fig. 3e insert). We also check by performing a
series of dilutions that the number of molecules measured depends linearly with the concentration
(Fig. 3e and Supporting Information Fig. S6). The third and last test goes with the addition of 40% w/w
sucrose to the solution to change the viscosity 77 in a calibrated manner.>® The viscosity increase directly
impacts the FCS diffusion time, and our FCS data for both streptavidin and [B-galactosidase
guantitatively reproduces the expected viscosity increase within experimental uncertainties (Fig. 3f,g
and Supporting Information Fig. S7). It should be noted that the evolution of the viscosity with the
sucrose content is highly nonlinear, and a 1% change in the sucrose amount can modify the viscosity
by 10%. Altogether, the different characterizations reported in Fig. 3d-g validate the UV FCS approach
and establish our ability to analyze label-free proteins. As the microscope is fully time-resolved, the
same setup can also be used to provide fluorescence lifetime information (Supporting Information Fig.

S8).

To conclude, the presumed poor photostability and low brightness of protein UV autofluorescence
have been limiting factors preventing the direct label-free detection of proteins in the ultraviolet. The
limited UV photostability has consequences affecting other scientific domains such as deep-UV

5980 or organic photovoltaics.6* 3 Here we show that combining

surface-enhanced Raman spectroscopy
of enzymatic oxygen scavenging systems with chemical antifading agents can greatly promote the
protein photostability, reduce the photobleaching probability and improve the net autofluorescence
detection rate per molecule. These strategies, inspired by the developments for organic visible

24-30

fluorescent dyes, are now for the first time applied to the intrinsic UV autofluorescence of natural

11



proteins, showing the their underlying photochemical concepts are quite general. The reductant nPG
associated with PODCAT oxygen scavengers provides a good performance for the different proteins,
while ascorbic acid, Trolox and MEA offer efficient alternatives. Using this photostability optimization,
we could record FCS data on label-free proteins to measure their local concentration, diffusion
coefficient and hydrodynamic radius without adding any external fluorescent marker. While previous
works relied on large proteins containing more than 150 Trp residues,'>*>720 here we could detect
label-free streptavidin proteins containing as few as 24 Trp residues. This approach greatly extends the
applicability of single label-free protein autofluorescence detection and improves our understanding
of the photochemical degradation in the UV. It can be combined with nanophotonics and plasmonics
46,64-67 35 well as with reverse intersystem crossing ® to further enhance the fluorescence brightness
and promote photostability. Our results open new perspectives for different scientific communities.
For single molecule biophysics, a wide range of FCS studies and related techniques can now be

performed on a large library of proteins, 570

not being restricted anymore to specific proteins featuring
several hundreds of tryptophan residues. For physical chemistry, further experiments and modelling
can build on our results to explore new strategies to control the photokinetics of indole-based

emitters. For organic optoelectronics, our results suggest new strategies to increase the UV durability.

Tryptophan and protein samples. All the chemicals are purchased from Sigma Aldrich if not stated
otherwise. L-tryptophan is dissolved in a Hepes buffer (Hepes 25 mM, NaCl 100mM, pH 7) at pH 7 or
PBS, if indicated. The proteins used in our UV molecular autofluorescence studies are 3-galactosidase
from Escherichia coli (M=465 kDa, 156 tryptophan residues), streptavidin from Streptomyces avidinii
(M=52.8 kDa, 24 tryptophan residues) and penicillin amidase from Escherichia coli (M=86 kDa, 29
tryptophan residues). The protein concentrations are assessed by a spectrophotometer (Tecan, Spark
10M). The stock solutions of protein molecules are stored at -20 °C. Before the measurements, the
stock solution is slowly defrosted at 4 °C, then at the room temperature (20 °C) and diluted to
concentrations indicated previously. For single molecule analyses, sodium hydroxide and 0.5% v/v
Tween20 are added in the final protein mixture in order to prevent aggregate formation. The solution
pH lies in proximity of 8 in those cases. Concentrations of streptavidin, penicillin amidase and B-
galactosidase equal 500 nM for single molecule investigation by UV FCS. In addition, we study
autocorrelation functions for B-galactosidase at several concentrations. For the viscosity increase
experiment, 40 w/w% sucrose (Analytical reagent grade, Fisher Scientific) is introduced in the buffer

solution.
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Oxygen scavengers, antioxidants and antifades. D-glucose (299.5%), pyranose oxidase (from Coriolus
sp., expressed in E.coli, M=270 kDa), glucose oxidase (from Aspergillus niger, M=160 kDa) and catalase
(from bovine liver, M=250 kDa) are exploited in this work. PODCAT oxygen scavenger mixtures contain
10 wt% of D-glucose, 0.83 uM of catalase and 1.5 uM of pyranose oxidase. GODCAT solution contain
10 wt% of D-glucose, 0.83 uM of catalase and 0.3 uM of glucose oxidase. We found similar results for
these PODCAT and GODCAT systems. The lower activity of pyranose oxidase (as compared to glucose
oxidase) is compensated by a higher concentration of this enzyme. Stock solutions of oxygen scavenger
enzymes are stored in the hepes buffer at -20 °C, while a D-glucose stock solution is stored in Milli-Q

water at 4 °C.

Ascorbic acid (AA) is dissolved in Milli-Q deionized water at 300 mM concentration, and we add 1M
NaOH to bring it to pH7. Then, the stock solution is diluted to 10 mM for all corresponding experiments,
if not indicated otherwise. Mercaptoethylamine (MEA) is dissolved at 1 M concentration, adjusting its
pH to 7.5 using glacial acetic acid. The MEA solution is then diluted to reach a 10 mM concentration
for our experiments. 1,4-Diazabicyclo[2.2.2]octane (DABCO) is dissolved in Milli-Q deionized water at
1 M concentration, and pH is adjusted at 7.5 by adding HCl in the solution. DABCO is diluted down to
10 mM for all corresponding experiments. n-Propyl gallate (nPG) stock solution is prepared at 10 mM
concentration in 1 v/v% absolute ethanol/water. nPG starts promoting photostability at lower
concentrations, therefore it is diluted to 100 uM. For creating ROXS-conditions, we used 1 mM solution
of methyl viologen (MV) and 10 mM ascorbic acid solution in the final mixture with oxygen scavengers.
Trolox is dissolved in DMSO at 100 mM concentration and is stored under aluminum foil no longer than
48 hours in order to prevent Trolox-quinone accumulation in the solution. Trolox-quinone is supposed
to be present during the experiment in the confocal volume due to its UV-induced formation under

the 266 nm laser illumination. The final Trolox concentration is 1 mM in the investigated solutions.

UV FCS microscope. Ensemble fluorescence measurements and FCS experiments on individual proteins
are performed using a home-built UV confocal microscope setup. The laser source is a LDH-P-FA-266
laser emitting at 266 nm (Picoquant, 70 ps pulse duration, 80 MHz repetition rate). The laser beam is
spatially filtered with a 50 um pinhole and spectrally filtered by a short pass filter (FFO1-311/SP-25,
Semrock). FCS experiments on B-galactosidase are performed at 150 uW laser power (measured at the
microscope entrance port before the dichroic mirror), while the experiments on penicillin amidase and

streptavidin are taken at 300 uW in order to compensate the lower autofluorescence signal.

The microscope uses a dichroic mirror (FF310-Di01-25-D, Semrock) to reflect the laser beam and

transmit the autofluorescence signal. A Zeiss Ultrafluar 40x, 0.6 NA glycerol immersion objective
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focuses the UV laser beam inside a protein solution through a 0.15 um quartz coverslip creating a
diffraction limited confocal volume. The fluorescence light is collected back through the same objective
and transmitted through the dichroic mirror, a long pass filter (FFO1-300/LP-25, Semrock) and an
emission band pass filter (FF01-375/110-25, Semrock). An air-spaced achromatic doublet with 200 mm
focal length (ACA254-200-UV, Thorlabs) is used as a tube lens of the microscope. The detection channel
is equipped with a 80 um pinhole for spatial filtering of the fluorescence light. The detection of the
autofluorescence light in the 310-410 spectral range is performed by a photomultiplier tube (PMA 175,
Picoguant) whose output is connected to a time correlated single photon counting module (Picoharp
300, Picoquant) in a time tagged time resolved mode (TTTR).The analysis of the autofluorescence time
traces is carried out with SymPhoTime 64 software (Picoquant). FCS correlation functions are extracted
from time traces integrated for 5 min. The detector afterpulsing is negligible for correlation lag times

longer than 1 ps.

FCS analysis. Fitting of correlation functions is performed with a standard Brownian diffusion model:

69,70

1 B \2 1
G(t) = 1-— . - 3
( ) Nmol ( FPMT) (1+a)-(1+‘<2td)0.5 (3)

B/Fpmr is the ratio of background counts B to the total detected fluorescence signal Fpmr = F+B (where
F represents the autofluorescence signal stemming only from the proteins), Nmo is the number of
molecules in the detection volume, 14 represents the average diffusion time of the molecules through
the detection volume. The aspect ratio of confocal volume « is kept at a constant value of 8 for all the
fits. This model does not consider triplet state blinking ! nor other fast dynamics processes such as

) 52,53

photoinduced electron transfer (PET or intra-chain diffusion®?, as the large number of Trp emitters

and the limited signal to noise ratio in FCS at short lag times below 10 us prevent any clear observation
of these phenomena. The parameters extracted from the FCS correlation function are Nmo and tq,

which provide information on concentration of protein molecules and diffusivity, respectively.

Notes
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S1. Autofluorescence brightness as a function of the number of tryptophan residues
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Figure S1. (a) Brightness per molecule (in detected photons per second) at 10 uW excitation power at
266 nm for the different samples as a function of the number of tryptophan residues per protein. The

excitation power is well below the occurrence of saturation hence, antifading agents play a minimal

role here and pure Hepes buffer is used to record this data. The line is a guide to the eyes.

Intramolecular fluorescence quenching occurring between aminoacid residues inside the protein
prevent the brightness from following a simple linear relationship with the number of tryptophan
emitters. (b) Quantum yield and brightness per tryptophan residue for the different protein samples,
estimated at excitation powers < 10 uW well below saturation. Here we assume a quantum vyield of

13% for pure tryptophan in PBS solution and use it as a reference.

S2. Influence of antifading agents in the absence of oxygen scavenger
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Figure S2. Influence of antifading agents on the autofluorescence intensity, in presence of the oxygen

naturally dissolved in the solution (no oxygen scavenger is used here). The autofluorescence intensity
is recorded for streptavidin (a) and penicillin amidase (b) at 1 M concentration in the presence of
different agents.
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S3. Time traces of protein autofluorescence used for FCS
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Figure S3. Fluorescence intensity time traces Fpmr for the different protein samples corresponding to
the FCS data in Fig. 3. The lower time traces (displayed in gray) correspond to the fluorescence
background B from the buffer alone (oxygen scavengers, antifades). The concentration of protein
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samples is 500 nM, the average laser power is 300 uW for (a) and (b), and 150 uW for (c).

S4. Comparison of FCS data recorded with and without antifading agent
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Figure S4. UV FCS correlation function recorded in penicillin amidase at 500 nM concentration
respectively in the absence or presence of PODCAT (1.5 uM pyranose oxidase, 0.83 uM catalase, 10
wt% glucose) and 100 uM nPG. The improved fluorescence brightness brought by PODCAT and nPG
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significantly reduces the noise in the FCS data.
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S5. Correlation of background fluorescence from the buffer alone
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Figure S5. Fluorescence autocorrelation functions for the background noise B recorded on two
different buffers alone: MEA 10 mM + Trolox 1 mM (a) and PODCAT + nPG 100 uM (b), in the same
conditions as Fig. 3. In the absence of the protein sample, no correlation is obtained, confirming that
the FCS data on Fig. 3 stems from the protein.

S6. FCS data on dilutions series of B-galactosidase samples
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Figure S6. FCS correlation functions recorded at 3 different B-galactosidase concentrations. The FCS
amplitude scales with the inverse of the number of molecules. Therefore, the correlation amplitude
increases as the protein concentration goes down. A linear relationship between the concentration
and the number of molecules is recovered, see Fig. 3e of the main document.
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$7. Increasing the viscosity on streptavidin UV FCS experiments
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Figure S7. FCS correlation function for streptavidin without and with 40% w/w sucrose to increase the
viscosity. Two different conditions are tested, leading to similar results: (a) streptavidin with 4 mM
MEA and 1 mM Trolox, (b) streptavidin with PODCAT (1.5 uM pyranose oxidase, 0.83 uM catalase, 10
wt% glucose) and 10 mM Dabco.

S8. Protein autofluorescence lifetime analysis

The fitting of lifetime decays is performed by Levenberg-Marquard optimization using a commercial
software (Picoquant SymPhoTime 64). The program carries out an iterative reconvolution fit taking
into account a contribution from the instrument response function (IRF). The region of interest in the
temporal decays are set to ensure that more than 97% of all detected photons are considered. In the
fitting procedure, we include non-single exponential fit due to the nature of tryptophan
photochemistry. We use 3 exponential components for lifetime decay fitting, one of the components
is kept fixed at 0.01 ns to interpolate the main peak. The other two components are free in the
numerical fit. The intensity averaged lifetime is taken to compare the lifetimes of L-tryptophan, B-
galactosidase, penicillin amidase and streptavidin.
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Figure S8. Normalized TCSPC lifetime decays for the different protein samples. No clear influence of

the antifading agents or oxygen scavengers could be seen on the TCSPC decay trace. The fit results are

detailed in Table S1.

Table S1: Parameters for the triexponential fits of the TCSPC histograms for tryptophan and proteins.

T indicate the lifetimes, |; are the relative intensities of each exponential component and <ti,> is the

intensity-averaged lifetime. The first component is always fixed at 10 ps to account for the residual

backscattering of the laser light and the Raman scattered light.

Sample T1(ns) T2(ns) 3 (ns) I I, Is <Tint> (NS)
Tryptophan 0.01 0.54 3.07 0.02 0.02 0.96 3
Penicillin amidase 0.01 0.47 2.68 0.07 0.2 0.73 2.1
B-galactosidase 0.01 0.4 2.11 0.15 0.31 0.54 1.25
Streptavidin 0.01 0.3 1.59 0 0.27 0.73 1.24
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