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Singlet Oxygen Photosensitization by EGFP and its Chromophore HBDI
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ABSTRACT The photosensitization of reactive oxygen species and, in particular, singlet oxygen by proteins from the green
fluorescent protein (GFP) family influences important processes such as photobleaching and genetically targeted chromophore-
assisted light inactivation. In this article, we report an investigation of singlet oxygen photoproduction by GFPs using time-resolved
detection of the NIR phosphorescence of singlet oxygen at 1275 nm. We have detected singlet oxygen generated by enhanced
(E)GFP, and measured a lifetime of 4 us in deuterated solution. By comparison with the model compound of the EGFP fluorophore
4-hydroxybenzylidene-1,2-dimethylimidazoline (HBDI), our results confirm that the B-can of EGFP provides shielding of the
fluorophore and reduces the production of this reactive oxygen species. In addition, our results yield new information about the
triplet state of these proteins. The quantum yield for singlet oxygen photosensitization by the model chromophore HBDI is 0.004.

INTRODUCTION

Proteins from the family of the green fluorescent protein
(GFP) have become popular as genetically encoded reporters
for intracellular dynamics, protein expression, and protein-
protein interaction studies based on fluorescence microscopy
(1,2). However, extended observation of GFPs is limited by
photobleaching/photoconversion of the chromophore or light-
induced damage of the surrounding biological medium. Pho-
toproduction of reactive oxygen species (ROS) can play a
role in this limitation (3). Photosensitized singlet oxygen
(102) has indeed been detected in GFP-expressing Esche-
richia coli bacteria and kidney cells by means of electron
spin resonance (4). 'O, is a highly reactive ROS that is po-
tentially damaging to biological systems. In proteins, dam-
age is mainly directed to cysteine, histidine, methionine, and
tryptophan residues (5). The photoinduced formation of 'O,
mainly involves energy transfer from a photosensitizer with
a suitable triplet energy level. Although photooxidation by
'0, is not the main photobleaching pathway in GFPs, its in-
fluence in the process has been evidenced (6).
Photosensitization of 'O, by GFP-like proteins is not only
regarded as a negative factor affecting its performance in
fluorescence microscopy, but it can also be of great use in
genetically targeted chromophore-assisted light inactivation
(CALI) (7). CALI consists in the illumination of a photo-
sensitizer-tagged molecule to specifically inactivate a target.
It has been shown that it is possible to use GFP derivatives
for this purpose (8—11). Moreover, GFPs have been mutated
with the particular goal of generating ROS for photode-
struction of cells. Very recently, Lukyanov et al. have
developed KillerRed, a fully genetically encoded photosen-
sitizer derived from the GFP-like hydrozoan chromoprotein
anm2CP (12). Killer Red inactivates efficiently E. coli and
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eukaryotic cells, and it has been shown that l02 is the main
responsible for its phototoxicity.

Despite the interest generated by the capability of GFPs to
behave like photosensitizers (1,2), very few studies have ad-
dressed this topic. In this article, we report the investigation
of 'O, photosensitization by GFP-like proteins by means of
time-resolved detection of the NIR phosphorescence of 'O,
at 1275 nm (13). We have chosen EGFP as model protein for
this study, and we have compared the results with those on
the model compound of the EGFP fluorophore 4-hydroxy-
benzylidene-1,2-dimethylimidazoline (HBDI) (14). This com-
parison may assist in the estimation of the effect of the protein
scaffold on the photosensitization properties.

EXPERIMENTAL SECTION

HBDI was synthesized as described previously (purity >95%) (14). The
EGFP vector was purchased from Clontech Laboratories (Mountain View,
CA). The measurements were performed in D,O (SdS, Solvents Documen-
tation Synthesis, Peypin, France) buffered solutions, since deuterium greatly
enhances the 102 lifetime and thus makes its detection easier. Thus, all the
HBDI experiments were carried out in D,O buffered solutions, while all the
EGFP experiments were performed in a 1:3 mixture of phosphate-buffered
saline (PBS) and deuterated PBS (D-PBS).

Ground-state absorption spectra were recorded using a 4E spectro-
photometer (Varian, Palo Alto, CA). For time-resolved phosphorescence
detection, irradiation at 355 nm or 532 nm was achieved with a Q-switched
diode-pumped Nd:YAG laser (10 kHz repetition rate, FTSS 355-Q; Crystal
Laser Systems, Berlin, Germany), which produces ~1 ns pulse-width laser
pulses at 355 nm (5 mW, 0.5 uJ per pulse) or at 532 nm (12 mW, 1.2 uJ per
pulse). NIR phosphorescence was detected using a customized time-
correlated single-photon counting instrument (Fluotime 200, PicoQuant,
Berlin, Germany) equipped with a NIR-sensitive photomultiplier (model No.
H9179-45, Hamamatsu Photonics, Hamamatsu City, Japan) and a multi-
channel scalar (model No. MSA300, Becker & Hickl, Berlin, Germany). The
amount of laser pulses received by each sample (ranging from 20 to 40
millions) as well as the channel width (20-200 ns/channel) was changed from
experiment to experiment.

HBDI samples were contained in squared 1-cm optical path fused silica
cuvettes (model No. 101-QS, Hellma, Muellheim/Baden, Germany),
whereas EGFP solutions were contained in rectangular 1 X 0.4 X 3.5 cm
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fused silica cuvettes (model No. QS-117.104F, Hellma), and were
centrifuged before use. The concentration of the samples was adjusted to
produce an absorbance at the excitation wavelength close to 0.1.

RESULTS AND DISCUSSION

The absorption spectra of EGFP in PBS 50 mM buffer pH
7.4 and of HBDI in NaOH 1 M (anionic form) and phosphate-
citrate buffer 50 mM pH 5.0 (neutral form) are shown in
Fig. 1. Upon irradiation at 355 nm of the model compound
HBDI in anionic form, which is the major ionization state in
EGFP at pH 7.4, we were able to detect a signal at 1275 nm,
which grows with a lifetime of ~3 us and decays in 20 us
(Fig. 2). The spectrum of the 20-us component matches that
of 'O, phosphorescence (Fig. 2, inser), which strongly
suggests that this component represents the 'O, lifetime.
Upon addition of the 102 quencher sodium azide (6 mM),
the lifetime decreased from 20 to ~5 us, consistent with a
quenching constant, kg, of 5-9 X 10’ M~ X s in basic pH
(15), which further supports its assignment to the decay of
'0, phosphorescence. The 20 us lifetime is shorter than the
natural lifetime of 102 in D,0 (67 us (16)), suggesting partial
quenching by HBDI. We attribute the 3-us rise to the
formation of 'O, with the lifetime of the triplet state of
anionic HBDI. Irradiation of the neat solvent in the same
conditions did not produce any signal at 1275 nm, which
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FIGURE 1 Normalized absorption spectra of the studied compounds: (A)

anionic form of HBDI in NaOH 1M (continuous line) and neutral form
in phosphate-citrate buffer pH 5.0 (dotted line); (B) EGFP in PBS buffer
pH 7.4.
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FIGURE 2 'O, signal photosensitized by HBDI in the anionic form. A

solution of HBDI in NaOH 1M was irradiated with 20,000,000 laser pulses
at 355 nm and the concomitant phosphorescence of 'O, was detected at
1275 nm (100 ns per channel). The signal was fitted by Eq. 1 with lifetimes
of 2 pus and 17 us for the rise and decay, respectively. (Inset) 'O,
phosphorescence spectra obtained from the intensity of the signal at different
wavelengths.

further supports that singlet oxygen is produced by the HBDI
sample. We cannot rigorously exclude the possibility of an
impurity in the sample being the actual photosensitizer;
however, that impurity should compete effectively with
HBDI for the incoming photons and have the same pH
behavior as HBDI. As the purity of the HBDI sample was
>95%, we judge this combination of factors unlikely. It is
worth noting that basic HBDI solutions are very unstable and
experiments were performed on freshly prepared samples.
Furthermore, we verified that the degradation product(s) did
not contribute to the signal at 1270 nm by carrying out the
following two experiments: in the first one, we monitored
the intensity of the signal with time and upon extended
irradiation of the solution. After light doses 10-fold larger
than those used in the previous experiments, the variations of
intensity were <20%. In the second series of experiments, we
repeated the measurements in acetonitrile/methanol 4:1 with
10 mM NaOH added. This produced better singlet oxygen
signals, owing to the larger radiative rate constant in this
medium, and allowed us to decrease the number of laser
pulses by a factor of 5. The stability of HBDI was also higher
in this less-polar and less-protic solvent. The extent of sample
degradation was now <10% and under these conditions we
measured a quantum yield of singlet oxygen ®, = 0.003 =
0.001, close to the value in D,O (®, = 0.004, see below).
Thus, we can safely rule out a degradation product as the
actual singlet oxygen photosensitizer.

For neutral HBDI, we found biexponential decaying
signals (3 and 0.6 ws) in the range 950—1350 nm. However,
the spectra of none of the components resembled that of 'O,
phosphorescence, and neither their lifetime nor their inten-
sity was affected by saturation with Ar or O,. Thus, no 'O,
was detected in this case.
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To quantify the quantum yield of 'O, photosensitization
(®,), defined as the number of photosensitized 102 mole-
cules per absorbed photon, the phosphorescence intensity
at time zero, S(0), was compared to that produced by an
optically matched reference in the same solvent and at the
same excitation wavelength and intensity. S(0), a quantity
proportional to ®,, was determined by fitting Eq. 1 to the
time-resolved phosphorescence intensity at 1270 nm:

S(t) = S(0) (e — e ™)1y ) (1r — 7a). (1)

For the isolated anionic chromophore HBDI (in NaOH
1 M in D,0), &, = 0.004 = 0.001 (versus sulfonated
phenalenone in the same solvent, ®, = 1 (17)). The value of
®, not only provides information about the efficiency of 'O,
photosensitization, but also represents a lower limit for the
intersystem crossing quantum yield in HBDI. We found the
same ®, value in acetonitrile/methanol 4:1 with 10 mM
NaOH added. The triplet state of GFPs and model chromo-
phores has not been studied in detail, presumably because the
low yield of triplet formation (in the 0.001 range judging
from singlet oxygen data) challenges the use of transient
absorption spectroscopy. Most of the information on this
state has been provided by fluorescence correlation spec-
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troscopy (FCS) and single-molecule experiments (18-20),
but no information on the triplet quantum yield has been
reported to our knowledge.

In the case of EGFP in a mixture of PBS and deuterated
(D)-PBS (1:3), signals were rather small so a high protein
concentration (~0.2 mM) was needed, which might induce
some aggregation. The signal at 1275 nm shows, as in the
case of anionic HBDI, a rise followed by a decay, with
components of 7; ~ 4 us and 7, = 25 us, respectively
(Fig. 3 A). It is tempting to directly assign these lifetimes to
the formation and decay of 102, as above. However, it is
worth noting that the preexponential factors of both compo-
nents were different, i.e., the signal could not be fitted by
Eq. 1, and that the spectrum of the long component does not
match that of the phosphorescence of 'O». On the other hand,
the 4-us component only appeared at 1275 nm, suggesting
that it is indeed related to 'O,. Experiments performed in
1100-1300 nm region revealed the presence of the kinetic
component of 25 ws, which also contributes to the detected
signal at 1275 nm. In an attempt to isolate the 'O, signal, our
approach was to normalize the signals at 1275 and 1100 nm
(Fig. 3, A and B) and subtract the latter from the former (see
Supplementary Material). The resulting signal (Fig. 3 C)
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could then be fitted by Eq. 1, and rises in 4 us and decays
in 25 us. Note that, according to Eq. 1, the signal rises with
the lifetime 7o when 71 > 74, as the preexponential factor is
positive in this case.

The addition of azide (7 mM), which should affect the
singlet oxygen lifetime and amplitude but not the EGFP
triplet lifetime neither its amplitude (see Supplementary
Material), eliminated the rise component of the signal at
1275 nm, confirming its attribution to 'O, phosphorescence.
The presumably smaller amplitude of the rise and its faster
kinetics precluded a reliable determination of its time con-
stant (Fig. 3 D and Supplementary Material). As to the nature
of the 25-us component observed in the range 1100-1300
nm, we tentatively attribute it to the protein phosphores-
cence, since saturation with oxygen resulted in a decrease of
this component to a few us (Fig. 3 E). Our triplet-state
lifetime value of 25 us for EGFP would confirm a previous
proposed value of ~30 us, extracted from FCS measure-
ments on this protein (21). The exceptionally long triplet
lifetime of EGFP in air-saturated solution may be explained
by the low accessibility of O, to the chromophore due to its
screening by the B-can (22). As for the 'O, lifetime, which
we would expect as ~11 us given the proportion of H,O/
D,0 used (23), the shorter value probably reflects its reaction
with the amino acids near the chromophore and/or quenching
by the chromophore itself, as found for anionic HBDI.

We have attempted to record the steady-state emission
spectrum of EGFP up to 1000 nm at room temperature and
also at 77 K (the latter to reduce radiationless deactivation)
using a Fluorolog 1500 fluorimeter (Spex Industries,
Metuchen, NJ). Unfortunately, this spectrometer lacks the
sensitivity to detect the EGFP phosphorescence. Also, we
have attempted to extend our time-resolved emission mea-
surements down to 1000 nm (the lower limit of our apparatus)
but no maximum could be located in that range either. We
must conclude that the phosphorescence maximum must be
<1000 nm, i.e., the triplet energy of EGFP is >120 kJ X
mol .

Due to the presence of an additional signal at 1275 nm,
we are not able to quantify the photosensitization ability of
EGFP in terms of ®,. In any case, our above results show
that the 8-can indeed provides shielding of the chromophore
and reduces its ability to sensitize 'O,, as judged from the
different triplet lifetimes in HBDI and EGFP.

Attempts were also made to detect 'O, in the red GFP-like
protein DsRed. However, we could only find luminescence
signals that did not show the spectral signature of 'O, and
that were insensitive to azide. We thus assign them ten-
tatively to phosphorescence from the chromophore.

It is unclear at this point which are the features governing
the ability to photosensitize 'O, by the different GFPs. Some
of the factors might be the accessibility of molecular oxygen
to the chromophore due, for example, to a looser B-can, or a
more suitable triplet energy of the chromophore. The acces-
sibility of oxygen to the chromophore can be related to the
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maturation time of the GFPs (24), so further work comparing
maturation times and 'O, photosensitization properties
might be helpful to elucidate whether this is an important
factor. In the comparison of the photosensitizing KillerRed
with other mutants of its precursor anm2CP, it was found that
the combination of the two mutations Asn-145 and Ala-161
(corresponding to positions 148 and 165 in Aequorea vic-
toria GFP) played a key role in the increase of photo-
sensitizing ability (12). In addition to these two mutations,
which are close to the chromophore, other folding mutations
were also included in KillerRed and their impact in the
phototoxicity was also shown to be considerable (12). The
availability of the crystal structures of these proteins might
shed light onto this issue, and help to understand the origin of
the different phototoxicity in GFP-like proteins.

CONCLUSION

The low efficiency for triplet state formation and 'O,
photosensitization by GFPs is possibly the reason why little
was known to date about the kinetic parameters involved in
these processes. However, it has been possible to show
before (4,6) and also in this work that irradiation of EGFP
indeed results in the formation of 102. Our results confirm
this by providing, for the first time, unequivocal evidence for
singlet oxygen production derived from its specific phos-
phorescence at 1270 nm. Our work goes one step further and
also provides kinetic information on the EGFP- (and HBDI)
photosensitized formation and decay of '0,. We find that
'0, is formed with a lifetime of ~25 us, in agreement with
the triplet lifetime measured by FCS (21). The extremely
long triplet lifetime in aerobic conditions seems to be a direct
consequence of the low oxygen accessibility to the chromo-
phore in the B-can. Likewise, the lifetime of 'O, photo-
sensitized by EGFP (4 us) is substantially shorter than that of
'0, produced by the model chromophore HBDI, which sug-
gests that it is being partially quenched by the amino acids
surrounding the chromophore in EGFP.

We were unable to estimate a value for ®, in EGFP, but
we have shown that this value is 0.004 for HBDI, providing
the first estimation on lower limit for the triplet yield of this
model compound.

The study of 'O, photosensitization and its correlation
with the protein environment of the chromophore can be
helpful in designing more efficient genetically encoded
CALLI agents. In a similar way, more photostable GFPs with
less ROS production can be envisaged for their use in
fluorescence microscopy and, in particular, in single mole-
cule spectroscopy where the irradiation conditions are more
demanding.

SUPPLEMENTARY MATERIAL

Procedure for recovering the singlet oxygen decay from data
at 1270 and 1100 nm. To view all of the supplemental files
associated with this article, visit www.biophysj.org.
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