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Abstract: Recently, it has been shown that the red fluorescent protein DsRed undergoes photoconversion
on intense irradiation, but the mechanism of the conversion has not yet been elucidated. Upon irradiation
with a nanosecond-pulsed laser at 532 nm, the chromophore of DsRed absorbing at 559 nm and emitting
at 583 nm (R form) converts into a super red (SR) form absorbing at 574 nm and emitting at 595 nm. This
conversion leads to a significant change in the fluorescence quantum yield from 0.7 to 0.01. Here we
demonstrate that the photoconversion is the result of structural changes of the chromophore and one amino
acid. Absorption, fluorescence, and vibrational spectroscopy as well as mass spectrometry suggest that a
cis-to-trans isomerization of the chromophore and decarboxylation of a glutamate (E215) take place upon
irradiation to form SR. At the same time, another photoproduct (B) with an absorption maximum at 386 nm
appears upon irradiation. This species is assigned as a protonated form of the DsRed chromophore. It
might be a mixture of several protonated DsRed forms as there is at least two ways of formation.
Furthermore, the photoconversion of DsRed is proven to occur through a consecutive two-photon absorption
process. Our results demonstrate the importance of the chromophore conformation in the ground state on
the brightness of the protein as well as the importance of the photon flux to control/avoid the photoconversion
process.

Introduction like proteins show photoinduced modifications (photoconver-

Proteins from the family of the green fluorescent protein sion) of the absorption aqd/or emission properties on irradiétion.
(GFP) are extensively used in molecular and cellular biology Although photoconversion might be a drawback for a stable
as genetically encoded fluorescent markers for monitoring fluorescent probe, it can serve for dual color imagiig.
protein expression, protein dynamics, and proteirotein Recently, a photoconversion mechanism was proposed for

interaction'~3 Wild-type GFP (wt-GFP) and some of the GFP- Wt-GFP, where the chromophore is transformed from the
protonated form to the deprotonated form upon irradiation with

UV or visible light®° van Thor et al. demonstratéthat the
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proposed for the photoinduced deprotonation of some GFP by the same objective, passed through a dichroic mirror (Q497LP,
mutants’ We recently reportédthe photoconversion of the red  Chroma Technology), and separated into a green and a red emission
fluorescent protein DsRed from a coral of thiscosomagenus Py @ dichroic mirror (DM560, Olympus). The green and the red
in which the chromophore absorbing/emitting at 559/583 nm emission were pas_se_d through filters (BA505-525, Chroma Technology,
(R) converts on irradiation with a pulsed laser at 532 nm into for the green emission, and BASGOIF’ Chrpma Technology,_ for the
a red-shifted super red (SR) species, absorbing at 574 nm andred emission, respectively) and imaged, via a 10 pinhole, into

o . photomultiplier tubes. Photoconversion of DsRed was performed by
weakly emitting at 595 nm. The red chromophore is the matured irradiating a cell with a 543 nm light from a CW He\e laser (05-

form of a GFP-like precursét and is known to be a depro- | Gp_193, Melles Griot) fo2 s at apower of 28 KW/crin the focus.
tonated species at neutral pH. In the case of DsRed, photo-a 543 nm dichroic mirror (Q555LP, Chroma Technology) was used
conversion leads to a deprotonated form with a significantly for irradiation.

lower fluorescent quantum yield, in contrast to the photo-  FT-IR Spectroscopy.FT-IR difference spectroscopy was performed
conversion product of wt-GFP and its mutah#dn the present on a Bruker IFS 66v spectrometer (Bruker Analytische Messtechnik).
paper, we report on the mechanism of the photoconversionThe preparation of the sample for the conventional transmission
taking place in DsRed by means of detailed ensemble absorp-technique was as follows: a droplet of a DsRed ;olutiorf{m was

tion, fluorescence, and vibrational spectroscopy as well as masgUt 0" @ Bak cuvette and dried by a stream of nitrogen. A droplet of
spectrometry. We demonstrate the importance of the Conforma_walter was added, and the cuvette was sealed by a cover window of the

. . same material (for more details, see ref 16). For sample illumination,
tion of the chromophore for the brightness of the fluorescent the 532 nm light provided by a nanosecond frequency-doubled Nd:

protein. We show tr_lat the conversion takes place through ayag |aser (Quanta Ray, GCR 12S, 10 Hz, fwhm8 ns, Spectra-
consecutive absorption of two photons. Physics) at a power of 5 mJ/pulse was used. All data were collected
Materials and Methods with 2 cn? resolution. Temperature of the sample was set to 293 K

Purification and Sample Preparation of DsRed Protein.Details by a circulating water bath. .
about the bacterial expression and purification procedures for DsRed ~R@man Spectroscopy.Raman spectra were aquired under pre-

were published elsewhetg The protein was stored in a phosphate resonant conditions with excitation at 752 nm from a Kr ion laser
buffer saline (PBS) solution (10 mM, pH 7.4, Sigma). (Innova 90K, Coherent). The laser radiation was fed into a confocal

LabRam spectrometer (Jobin-Yvon), where the laser emission was

Spectroscopy and PhotoconversionSteady-state absorption and : e "
fluorescence spectroscopy were performed on a Perkin-Elmer Lambdaf®cused by & microscope objective 10, Olympus) to a spot (diameter

40 spectrophotometer and a Spex Fluorolog 1500 fluorimeter (Spex @PProximately 2qum) and an effective laser power of 50 mw. The
Industries), respectively. A 18 M DsRed solution in a quartz cell ~ S@mple was prepared by gently concentrating the protein on the inner
(path length: 1 mm) was irradiated with 532 nm light provided by a surface of a quartz cuvette. The light scattered from the sample was
nanosecond frequency-doubled Nd:YAG laser (Quanta Ray, 10 Hz monitored in backscattering configuration, where the Rayleigh-scattered
fwhm = 8 ns, Spectra-Physics). The average integral powér at thé light is rejected by a holographic notch filter. The inelastically scattered
sample ranged from 80 mW/@ri. MW peak power) to 350 mW/cin photons are dispersed by a grating (1800 groqves/mm) and detected
(4.4 MW peak power). Irradiation experiments with continuous wave PY @ Peltier-cooled CCD camera. The resuling Raman spectrum,
(CW) light were performed by using the 568 nm light from an-Air corrected by subtracting an apparatus-specific, wavenumber-dependent
ion laser (Stabilite 2018-RM, Spectra-Physics) at a power of 200 mw background, has a datapoint spacing of 0.57¢rand a spectral
with two different beam waists, resulting in beam sizes of 0.7 cm 'esolution of 2 cm'. The spectrum was measured with a collection
(corresponding to 285 mW/cinand 0.005 crh(corresponding to 40 time of 1 h. o
Wicr?), respectively. During the irradiation experiments, absorption ~ Mass Spectrometry. Electrospray mass spectra were acquired in
and fluorescence spectra were recorded. The recorded fluorescenc@©Sitive ion mode on a quadrupole/orthogonal acceleration time-of-
spectra were corrected according to literature proced@fisosecond ~ [1ght mass spectrometer (Q-Tof 2, Micromass). Samples were infused
laser-induced time-correlated single-photon counting (TCSPC) fluo- with a flow rate of 5uL/min in a mixture of acetonitrile and water

rescence spectroscdp¥f (excitation at 543 and 580 nm) was performed (1:1) containing 1% acetic acid. Capillary voltage was set to 3000 V,
on solutions of 10° M fresh DsRed and of 1@ M photoconverted and a cone voltage of 35 V was used. The masses of the compounds

were obtained by deconvolution of the spectra using the MaxEnt
Photoconversion Measurement under the MicroscopeConfocal algorithm of the Masslynx 3.4 software. The accuracy of the mass is

laser scanning microscopy images Bf coli cells transfected with +1 Da.

DsRed were measured by using an inverted microscope (IX70, Rasults and Discussion

Olympus) with an oil immersion objective lens (200 NA 1.4,

Olympus) and Fluoview FV500 program. The cells were dropped on ~ Reaction Scheme of the PhotoconversionThe visible

a polylysine coated cover glass. The excitation source was a 488 nmabsorption spectrum of DsRed shows two maxima located at

light from a CW Ar ion laser (model 163-C1210, Spectra-Physics) at 559 and 483 nm (see Figure 1&)-8 The 559-nm absorption

a power of 9 kW/crin the focus. The excitation light was directed  peak was assigned to the mature chromophore (R), while the

on the sample through the objective lens. Fluorescence was collectedahsorption peak at 483 nm was attributed to an immature green

precursor form of R! On irradiation with a 532-nm nanosecond-

DsRed in PBS, respectively.

(10) Cotlet, M.; Hofkens, J.; Habuchi, S.; Dirix, G.; Van Guyse, M.; Michiels,

J.; Vanderleyden, J.; De Schryver, F.Roc. Natl. Acad. Sci. U.S.R001, pulsed laser, the absorption peak at 559 nm diminished and
98, 14398-14403. i i i 1

(11) Gross, L. A;; Baird, G. S.; Hoffman, R. C.; Baldridge, K. K.; Tsien, R. Y. shifted t_)athOChromlca"y up to 574 nm (see Flgure Ea)‘.
Proc. Natl. Acad. Sci. U.S.£200Q 97, 11990-11995. Concomitantly a new band appeared at 386 nm. The absorption

(12) Cotlet, M.; Hofkens, J.; Kian, F.; Michiels, J.; Dirix, G.; Van Guyse, M.;

Vanderleyden, J.: De Schryver, F. Chem. Phys. Let001 336, 415 band associated with the immature green chromophore modified

423.
(13) Lakowicz, J. RPrinciples of Fluorescence Spectros¢dflenum Press: (16) Heberle, J.; Zscherp, @ppl. Spectroscl996 50, 588-596.
New York, 1986; pp 49995006. (17) Baird, G. S.; Zacharias, A. A.; Tsien, R. Froc. Natl. Acad. Sci. U.S.A.
(14) Hofkens, J. et all. Phys. Chem. B001, 105, 4999-5006. 200Q 97, 11984-11989.
(15) Maus, M.; Rousseau, E.; Cotlet, M.; Hofkens, J.; Schweitzer, G.; Van der (18) Matz, M. V.; Fradkov, A. F.; Labas, Y. A.; Savitsky, A. P.; Zaraisky, A.
Auweraer, M.; De Schryver, F. C.; Kruegen, Rev. Sci. Instrum 2001, G.; Markelov, M. L.; Lukyanov, S. ANat. Biotechnol1999 17, 969~
72, 36-40. 973.
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neither in position nor in intensity. Two isosbestic points, at
343 and 467 nm, were observed. The absorption spectra of
DsRed were decomposed into four bands by using Gaussian § 04,
functions: a blue (B) band peaking at around 386 nm, a green 3
(G) band peaking at around 479 nm, a red (R) band peaking at 3 45|
around 559 nm, and a super-red (SR) band peaking at around
574 nm (see Figure 1BY.After resting in the dark for 24 h, no

0.6+

0.0

modification was noticed in the absorption spectrum of the 00

T T T
400 500 600 300
Wavelength / nm

400 500 600
Wavelength / nm

photoconverted DsRed. However, it should be mentioned that
SR and B are not long-term stable species. The absorption of
SR and B decreased substantially in the dark after a week. The §
- - : < 0.4
time evolution of the peak absorbancies of the decomposed &

bands is depicted in Figure 1c. The absorbance of R decreasedg

0.6+

with increasing irradiation time at a given intensity; the 20
absorbance of B increased with increasing irradiation time. The
peak absorption of SR first increased, and after reaching a

maximum value, it decreased again. This suggests that SR is

an intermediate species. On the basis of the time evolution of
R, SR, and B, a consecutive reaction from R to SR and finally
to B might be applied as a kinetic model of the photoconversion.
We excluded the contribution of photobleaching of the chro-
mophore, since the positions of the isosbestic points were
constant during the measurement. The time evolution of the three
species, however, could not be fitted with a consecutive model
(Figure 9, see Supporting Information). Consequently, the time
evolution of the peak absorbencies was analyzed with a model
that takes into account, in addition to the consecutive reaction
from R to SR to B, direct conversion from R to B. In this model,
the time evolution of the peak absorbencies of R, SR, and B
can be described as follows,

Abs = a, exp{ (—k, — ky)t} (1)

Absgp =

k
_(ﬁ?—kg,) exp(—kt[1 — expf{(k, — k; — k3)t}] (2)

Abs. —al1— [ K —k
S =agl— kz_kl_ks eXp[(_ 1~ 3)t}+

(—k2 - k3) exp(—kzt)] @3)
wherek; andk; are the rate constants of the photoconversion
from R to SR and from SR to B, respectivels is the rate
constant of the photoconversion of R into&, a,, andaz are

the concentration of the initial species (R) multiplied by the
extinction coefficient ) of R, SR, and B, respectively. Fitting
the time evolution of R, SR, and B by eqgs 1, 2, and 3, rate
constants of 2.1x 1073 st (k;), 2.2 x 104571 (ky), and 4.4

x 107 s71 (ks), respectively, were obtained (see Figure 1c).
Thea values obtained from the fitting were 0.64;); 0.40 @),

and 0.12 &3). The difference in the values is indicative of
the differente of the three species (R, SR, B). From these
values, thee is estimated to be 49 000 M cm™, and 15 000
M~1 cm™1 for SR and B, respectively, assuming thef R to

be 75000 M1 cm™117 (see Figure 1b). According to the
analysis of the time evolution of the absorption spectrum, a

(19) The absorption spectra of DsRed were decomposed into four bands
assuming that the R form was completely converted into the SR form after
93 min of irradiation with a 532-nm pulsed laser light at an excitation power
of 350 mw.

<

0.0

0 25

75

50 100
Time / min
Figure 1. (a) Time evolution of the absorption spectrum of DsRed in PBS
on irradiation with a 532-nm pulsed laser at an excitation power of 350
mW/cn®. (b) Decomposed absorption spectra of B (blue line), G (green
line), R (red line), and SR (purple line). The extinction coefficients of B
and SR are estimated from thealues obtained by egs 2 and 3, respectively.
Note that the absorption spectrum of G is drawn in an arbitrary unit. (c)
Time evolution of the peak absorbances of B (blue circle), G (green circle),
R (red circle), and SR (purple circle) during the irradiation experiment.
These time evolutions of the peak absorbances are fitted by eq 1 for R, eq
2 for SR, and eq 3 for B, and the fitting curves are shown as the solid
lines.

reaction scheme of the photoconversion can be described as a
competitive reaction between direct conversion from R to B
and consecutive reaction from R to SR to B.

Spectroscopic and Chemical Nature of SR and BThe
fluorescence spectrum of fresh (nonirradiated) DsRed displays
a maximum at 583 nm independent of the excitation wavelength
(see Figure 2a, BY.18 An additional peak, weak in intensity
and located at around 500 nm, is present, when DsRed is excited
at 470 nm, which corresponds to the absorption band of G (see
Figure 2a). The 500 and 583 nm emission peaks were assigned
to R and G, respectively. DsRed is known to form a tetramer
even at nanomolar concentration. The observed red emission
(583 nm) can, therefore, be interpreted by resonance energy
transfer from G to R? On irradiation with a nanosecond-pulsed
laser at 532 nm, the fluorescence spectrum (470 nm excitation)
of the red emission decreased and shifted bathochromically to
595 nm (see Figure 2a, inset). Simultaneously, the green
emission (500 nm) revealed a 2.5-fold intensity enhancement
(see Figure 2a and inset). While the fresh sample showed a ratio
of the green to red emission of 0.11 on irradiation for 93 min,
this ratio increased to 17, about 160 times larger than the original
value. The fluorescence spectrum excited at the absorption band
of R (543 nm) showed an analogous decrease and bathochromic
shift for the red emission (583 nm) (see Figure 2b) upon
irradiation’® The time evolution of the maximum fluorescence
intensity on irradiation (532 nm) displayed a similar behavior
as observed for the absorption band of R (see Figure 2b inset),
suggesting that the emission of R is dominantly contributing to
the detected red emission. Indeed, the fluorescence quantum
yield (@) of SR is calculated to be 0.012, i.e<60 times smaller
than that of R ¢ = 0.7), taking into account the difference in
the absorbance for the fresh and photoconverted samples at the
excitation wavelength together with the 250 times smaller
fluorescence intensity of the photoconverted DsRed (93 min
irradiation) as compared to the fresh sample.
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Figure 2. (a) Time evolution of the fluorescence spectrum of DsRed in
PBS excited at 470 nm upon irradiation with a 532-nm pulsed laser at an
excitation power of 350 mW/ctn (Inset) Time evolution of the peak
intensity of the red emission (red circle) and green emission (green circle).
(b) Time evolution of the fluorescence spectrum of DsRed in PBS excited
at 543 nm during irradiation with a 532 nm pulsed laser at an excitation
power of 350 mW/crh (Inset) Time evolution of the peak intensity of the
red emission. (c) Fluorescence decay (dot) of the fresh DsRed excited at
543 nm and detected at 600 nm. The blue line shows the fitting curves. (d) 20 1
Fluorescence decay (dot) of the photoconverted DsRed excited at 543 nm - T T
and detected at 600 nm. The blue line shows the fitting curves. 1180 1170 1160 1150 1140

AAbsorbance / 107
o

-2.54

Wavenumber / cm’™
1159.2
The fluorescence of the fresh DsRed excited at 543 nm decays“:o_ 11500] © "‘E 170l d
single exponentially with a decay time constant of 3.6978, 3 ] ~
independent of the monitoring wavelength (see Figure 2c). In 211588+ 8 1168
contrast to the fresh sample, the fluorescence decay detected 8 11586 8
from 600 up to 660 nm on excitation of the photoconverted g 1 2 11681
DsRed (93 min irradiation) at 580 nm displays a multiexpo- § = ] B! 1164

nential behavior (see Figure 2d). Four components, having the 11582 T s 3 A R S
decay times of 2.8, 0.66, 0.13, and 0.03 ns with the relative Number of Pulse / 10° Number of Pulse / 10°
amplltudg of 0.05, 0.08, 0.24, and 0.64, were necessary to Figure 3. (a) Upper spectra show light-induced FT-IR difference spectra
globally fit the decays. The low fluorescence quantum yield of DsRed in PBS after 600 (red line) and 30 600 (blue line) laser pulses
and the fast decay time suggest that SR has additionalwith a 532-nm pulsed laser. Lower spectrum shows Raman spectrum of

nonradiative deactivation channels as compared to R. ThesePSRed in BPS. (b) Time evolution of the FT-IR spectrum of DsRed at
P around 1160 cmt® upon irradiation with a 532-nm pulsed laser. (c) Time

O_bservations suggest that_ the R and _SR C_hromOphore h"JIVG'evqution of the peak position of the 1158 chband. (d) Time evolution
different structures and/or different protein environments. Hence of the peak position of the 1166 cthband.

we next investigated the chemical structure of the chromophore
by FT-IR as well as Raman Spectroscopy_ pair at 1158 le (negat|Ve)/1166 ClTil (positive) (See Figure
Negative and positive bands in a difference FT-IR spectrum 3& P)- Afterlthe complete photoconversion, the band pair shifted
correspond to vibrations of the nonirradiated and irradiated t© 1159 cnT* (negative)/1171 cm (positive) (see Figure 3a).
protein samples, respectively (see Figure 3a). Bands in the The temporal evoluthn of the difference sp_ectrum in this region
Raman spectrum, which has been taken in preresonance mode3nOWs that, for the first few hundred applied laser pulses, the
can be attributed to vibrations of the chromophore of nonirra- @Psorption is rising at 1166 crhwhile decreasing at 1158 cth
diated DsRed (see vertical lines in Figure 3a). Most of the (S€€ Figure 3b). Atlater times of the photoconversion at both
negative peaks in the difference FT-IR spectrum align with the frequencies, a decrease of the infrared absorption is observed
vibrational bands of the chromophore observed in the Raman concomltantlwnh a shift to higher wave.numbers for the posmve.
spectrum. These findings suggest that the structural change upor?@nd (see Figure 3b). The spectral shifts can be clearly seen in

photoconversion is dominated by changes in the chromophorefigure 3c and d. These features are interpreted by a two-step
structure. process. According to the time evolution of the absorption

The largest feature in the FT-IR difference spectrum at the spectrum of DsRed upon irradiation, the first and the second

early stage of the photoconversion is a negative/positive bands'[epS cgrrespond to the conversion from R 10 SR and the
conversion from R or SR to B, respectively.

(20) Heikal, A. A.; Hess, S. T.; Baird, G. S.; Tsien, R. Y.; Webb, W.R¥oc. The bands at 1158 crh (negative)/1166 crt (positive) have
Natl. Acad. Sci. U.S.A200Q 97, 11996-12001. been identified as marker bands for the trans-to-cis isomerization
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Scheme 1. Mechanism for the Photoconversion from R to SR in 28175.7

DsRed X a
R form SR form 2
7 - 2
B [e] o R Qo
: (N co, O\I»f £
o Y [
o =N Z N TN o =
o] \FO \f T
Gh215 R Conformation change P R &
Glu215
HN" O N0 28176.9 '
o : b
. . . X
in the chromophore of photoactive yellow protéin23 which >
owes the same phenol grodpdouble bond structure as GFP 3
and DsRed. Other less pronounced marker bands for the 2 281317
isomerizatiod®?4 cannot be clearly observed in the spectrum. E
Nevertheless, it can be deduced from the assignment of the 3
feature at 1158 cmt (negative)/1166 cmt (positive), that the K
photoconversion from R to SR could be the result of a cis-to- 28125 28150 28175 28200
trans photoisomerization of the chromophore as shown in mass / Da
Scheme 1. Figure 4. Mass spectra of (a) fresh DsRed and (b) photoconverted DsRed
The strong negative band at 1159 dmwith a weak irradiated with a 532-nm nanosecond-pulsed laser.

counterpart at 1171 cm observed at a later stage of the

photoconversion has been assigned as a marker band for thénodes of COOH groups. No band can be observed above 1700
protonation reaction of GFP fromequoria victoria?526 and cmtin the FT-IR difference spectra during the photoconver-
DsRed?’ Therefore, the photoconversion from R or SR to B sion. It can therefore be concluded that no change in absolute
can be attributed to protonation of the chromophore. The Number or environment of a COOH group occurs during the
absorption spectrum of B displays an absorption maximum at DsRed photoconversion. It rather indicates thaf[ decarpoxylatlon
386 nm (see Figure 1b) which is close to the absorption peak of glutamate, most probably at the E215 residue (vide infra)
of the protonated form of the DsRed chromoph#§r& sup- which is in close vipinity of the chromophore_, takes pla_ce _during
porting this idea. Whether the B form of DsRed has undergone the photoconversion (see Scheme 1) with E215 in its de-
complete cis-to-trans photoisomerization cannot be decided Protonated form (COO).

based on the FT-IR data. No change in the shape of the This ideais further supported by mass spectrometry measure-
absorption spectrum of B was observed during the conversionments. The mass spectrum of fresh DsRed revealed only one
which might indicate that the B chromophore directly converted Species with a mass of 28176 Da, which corresponds well with

from R also has a trans configuration. a calculated value (28178 Da) of the protein mass including
Another important feature in the difference FT-IR spectrum His-tags (see Figure 4a).
is the pair of bands at 1568 and 1389 ¢dnfsee Figure 3a). In contrast to fresh DsRed, the mass spectrum of the DsRed

These bands are present in both the early and later stages o$ample photoconverted with a nanosecond-pulsed 532 nm laser
the conversion and can be tentatively assigned. The negativeshowed two peaks with masses of 28 176 and 28 132 Da which
band at 1568 cmi represents contributions from three different can be attributed to the mass of R and SR, respectively (see

vibrations, a vibration of the phenolic grodp,a vibration Figure 4b). The fact that the mass of SR is 44 Da smaller than
delocalized over the imidazolinone ring with significarfC= that of R together with the results of the FT-IR measurement
N) characte£? and an asymmetric vibration of a CO@roup. strongly suggests that the decarboxylation reaction takes place

A complementary symmetric stretch of the CO@roup is during the photoconversion from R to SR. The presence of both
observed at 1389 cm. The parallel disappearance of these two peaks with masses of 28 176 and 28 132 Da even after prolonged
bands (1568 crri, 1389 cnil) can be interpreted as the loss of irradiation can be explained by the presence of a substantial
a COO group, i.e., a decarboxylation of an amino acid residue fraction of the green precursor form or by an incomplete
containing a COOQ in the side chain. decarboxylation of the SR form of DsRed.
The only vibrations of amino acids showing infrared absorp- As mentioned above, SR has an additional nonradiative
tion in the region above 1700 crhare the G=O stretching deactivation channel as compared to R. It is proposed for asCP,
a GFP-like nonfluorescent protein that becomes bright upon
) R D B ke 370 0% T T Getzoff, E. D Gerwert, K- jrradiiation, that trans-to-cis isomerization of the chromophore
(22) Imamoto, Y.; Shirahige, Y.; Tokunaga, F.; Kinoshita, T.; Yoshihara, K.; might be the origin of the change in the fluorescence quantum
(o 208 MIBOETEmR001 40,596 9004 o bors . Yield 31 Since the chromophore in the SR state is suggested to

g:: yan _Stokla%rg,4lz. Fdoz’;\ﬁ'—;loH()eg;ngweﬁ' K. J.; van Grondelle, R.  have a trans configuration, the dimness of SR might arise from
iochemistr : . . . ; X
(24) Haker, A.. I}(éndriks, J.; van Stokkum, I. H. M.; Heberle, J.; Hellingwerf, its trans configuration. However, a recent X-ray crystallographic

- lé. ﬂ fr:g[aﬁrd,%\(.w Geﬂfch,g.'\?ip# ChemFgOEg),?a %78 8114%0%453}@’ study revealed that the chromophore of a red fluorescent protein
( )4f25_443"1_ e X.; Wachter, R. M.; Tonge, P. Blochemistry200Q 39, eqFP611, which has the same chemical structure as DsRed, has

(26) van Thor, J. J.; Pierik, A. J.; Nugteren-Roodzant, A.; Xie, A.; Hellingwerf, g trans configuratiof? although the protein has relatively high
K. J. Biochemistry1998 37, 16915-16921.

(27) He, X,; Bell, A. F.; Tonge, P. Drg. Lett.2002 4, 1523-1526.

(28) Vrzheshch, P. V.; Akovbian, N. A.; Varfolomeyev, S. D.; Verkhusha, V.  (31) Chudakov, D. M.; Feofanov, A. V.; Mudrik, N. N.; Lukyanov, S.; Lukyanov,

V. FEBS Lett.200Q 487, 203-208. K. A. J. Biol. Chem2003 278 7215-7219.
(29) Wiehler, J.; von Hummel, J.; Steipe, BEBS Lett.2001, 487, 384—389. (32) Petersen, J.; Wilmann, P. G.; Beddoe, T.; Oakley, A. J.; Devenish, R. J.;
(30) He, X.; Bell, A. F.; Tonge, P. J. Phys. Chem. B002 106, 6056-6066. Prescott, M.; Rossjohn, J. Biol. Chem2003 278 44626-44631.
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Figure 5. Fluorescence anisotropy decay (dot) of the photoconverted DsRed Figure 6. Changes in the absorption spectrum of DsRed on irradiation
excited at 580 nm and detected at 640 nm. The solid line shows the fit by \ it 2 568 nm cw laser at the irradiation power of 200 mW. Absorption

using a double-exponential decay function. spectrum before irradiation (black line). Absorption spectra after 330 min
. 33 . irradiation with the beam size of 0.7 éf800 mW/cn?, red line) and 0.005
fluorescence quantum yieldb(= 0.45)73 A more plausible cM? (40 W/cn?, blue line), respectively.

interpretation for the dimness of SR is the torsional motion of
the SR chromophore around the two central bonds in the excitedabove, such the conformation change induced by a matrix can
state. Theoretical calculations suggested that the twisting of theinfluence the fluorescence properties of the chromophore
chromophore in the excited state decreases the energy gagignificantly. The influence of a polymer matrix has also been
between the excited and ground state potential energy surfacepbserved for the fluorescent protein HcFR&d.
resulting in the nonradiative deactivation of the excited state. Mechanism of the Photoconversion.To investigate the
For an efficient torsional motion, the activation energy should inflyence of the photon flux on the photoconversion, irradiation
be low?** meaning that the hydrogen-bonding network around measurements with different photon densities were performed
the chromophore and the free volume around the chromophorepy, ysing a 568-nm laser. Figure 6 shows the changes in the
play an important role. Therefore, it is most likely that the apsorption spectrum of DsRed on irradiation at the same power
hydrogen-bonding network around the chromophore in the SR (200 mw) and same irradiation time, but with different beam
state of DsRed is substantially different from that in the R state gjze.
due to its proposed trans configuration and the decarboxylation  \when irradiated with a wide beam, corresponding to 300 mW/
of E215, since the carboxylate of E215 fills the adjacent space c?, almost no photoconversion was observed (see Figure 6).
near to the phenolic group of the chromoph#r&herefore, On the other hand, when the sample was irradiated with a
the efficient nonradiative deactivation of SR might be attributed ¢, ,5eg beam, corresponding to 40 Wicrthe absorption
to the different hydrogen-bonding network as well as the free spectrum displayed a red shift up to 563 nm (after 330 min
volume around the chromophore, which allow the formation of 4 qiation: a further shift to 566 nm was observed after 600
the twisted configuration. Free rotation of the chromophore as i) similar to that observed for 532 nm nanosecond-pulsed
the origin of the dimness of SR, however, is excluded, since |;5er jrradiation (see Figure 6). These findings clearly demon-
S,R shows similar h'gh, an.|sotropy and '0”9 rotational correlation gyrate that the photoconversion cannot be described as a simple
times gompared to R in time-resolved anisotropy measurementone_photon excitation process. The results rather indicate that
(see Figure 5). _ the photoconversion occurs through a consecutive two-photon
The photoconversion from R to SR form was also observed gy itation mechanism. A short-lived intermediate is formed after
at the single-molecule lev@iThe fluorescence of SR formis,  ihe absorption of the first photon, and the converted species
however, very unlikely to be detected by the single-molecule (SR) is produced by excitation of that intermediate by the second
measurement because of the very low fluorescence quantumypsormed photon. It is calculated from the absorption cross
yield of SR form (¢ = 0.012). From our experience, the  gection ¢) of DsRed at the irradiated wavelength (568 nm,
fluorescence quantum yield of a molecule should be higherthan_ 5 55, 1916 cm?) and the photon density of the irradiation
0.1 to be detected at the single-molecule level. At the moment, light that a DsRed molecule absorbs a photon eachst@nd
we can only speculate on the origin of the enhancement of the .5 -1, 5 5 ms when irradiated with the focused beam (40 W/cm
fluorescence in the single-molecule measurements. One pos— 4 the wide beam (300 mW/@nrespectively. Therefore, the
sibility is matrix-induced fluorescence enhancement. The con- jitatime of the intermediate is estimated to be far less than
formation of the chromophore or the interaction between the iiiseconds but in the microsecond time range. This model
chromophore and the barrel might be modified by fixing the 51 5150 interpret the photoconversion observed for 532-nm
molecule in a polymer matrix. Because the chromophore nanosecond-pulsed laser irradiation. Here, a DsRed molecule
conformation and the free volume around the chromophore are ;< orbs a photon each 6:2.8 ns when irradiated with a pulsed
crucial for the fluorescence properties of DsRed as discusseds3o_nm laser at the irradiation power of 3580 mWi/cn?,

(33) Wiedenmann, J.; Schenk, A."8@r, C.; Girod, A Spindler, K.-D.: which is far shorter than the estimated lifetime of the intermedi-
Nienhaus, G. UProc. Natl. Acad. Sci. U.S.2002 99, 11646-11651. ate. Since the pulse width of the irradiation laser (8 ns) allows

(34) Yveber, W 'D%?K”lgbg'ég”%%?g%‘fgé_l A Langhoff, P. Rfoc. Natl. a DsRed molecule to absorb two photons within one pulse, the
(35) Follenius-Wund, A.; Bourotte, M.; Schmitt, M.; lyice, F.; Lami, H.;  conversion would occur within a pulse. Under such high photon

Bourguignon, J.-J.; Haiech, J.; Pigault, Biophys. J.2003 85, 1839—
1850

(36) Yarb'rough, D.; Wachter, R. M.; Kallio, K.; Matz, M. V.; Remington, S. J.  (37) Cotlet, M.; Habuchi, S.; Dirix, G.; Michiels, J.; Vanderleyden, J.; Lukyanov,
Proc. Natl. Acad. Sci. U.S.2001, 98, 462—467. K. A.; De Schryver, F. C.; Hofkens, J. In preparation.
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transfer from the chromophore to the glutamic acidThe
2{  slope = 1.08 photoconversion of DsRed is accompanied by decarboxylation,
most probably at the E215 residue, which points to the same
Y A type of reaction as that in wt-GFP. Decarboxylation in wt-GFP,
%, 08 however, results in the conversion from the protonated to the
Z o6 deprotonated form, and the cis conformation of the chromophore
X 04 is kept® This is in contrast with the conversion of DsRed in
which cis—trans isomerization of the chromophore is suggested
to occur. In the case of wt-GFP, glutamate E222 (corresponds
0.2

0 00 260 300 400 to E215 in DsRed) is incorporated into the hydrogen bonding
Irradiation Power / mW network around the chro.mophore wheln the chromophore. is
Figure 7. Double-logarithmic plot of the rate constants of the photocon- protonated. Decarboxylation of E222 will, therefore, result in
version from R to SR. rearrangement of the network, and the deprotonated form of
the chromophore will be more stabilized with this network. On
the other hand, the chromophore of DsRed is deprotonated in
the R form, and E215 does not interact directly with the

Table 1. Light Source Dependence for the Rate of
Photoconversion in DsRed

0 -1 1 a .
ght source fate constant (s 7) relatve rate chromophore by the hydrogen bonding netw#rK-ray crystal-
3 .
nanosecond-pulsed 532 nm Z110° 1 lographic study also revealed that the deprotonated form of the
CW 568 nm (focused beam) 3910°° 0.032

CW 568 nm (wide beam) d neb DsRed chromophore is stabilized by a number of hydrogen
bonds as well as a chargeharge interaction with a neighboring

2 Relative rates were estimated by assuming a linear dependence of thelysine residue (K1633¢ Therefore, decarboxylation of E215
fate constants %gfgfmﬁﬁg'tfﬁéo?afg"(‘:’gﬁ;z’r‘]%e in the absorption spectrum 5 qvides free volume around the chromophore which allows

the chromophore to have a trans conformation as mentioned

flux, most of the molecules are excited into the sfate and above, rather than modifying the protonation state.
form a constant population of the intermediate independent of  Origin of the Change in the Fluorescence Spectrum on
the excitation power. Hence, the absorption of the second photonirradiation. As shown in Figure 2a, the ratio of the green to
would be quasi one-photon process, leading to the linear red emission (470-nm excitation) has changed from 0.11 up to
dependence of the rate constant of the conversion on the17 upon irradiation with a 532-nm nanosecond-pulsed laser. The
irradiation power® As expected, the rate constant of the mechanism of the photoconversion demonstrated above offers
conversion from R to SRk() decreased linearly with reduction  factors contributing to the change in that ratio. The red emission
of the laser power (slope 1.08) on irradiation with the 532-  excited at 470 nm occurs mainly via intratetramer energy transfer
nm nanosecond-pulsed laser (see Figure 7). from G whose population stays constant on irradiation. An

The efficiency of the photoconversion on irradiation with the  efficient Faster-type resonance energy transfer is expected
two light sources (532-nm nanosecond-pulsed laser, 568-nm CWhetween both G and R and G and SR due to the large spectral
laser) is summarized in Table 1. overlap (Foster distance is estimated to be 4.2 and 3.9 nm for

The light source dependence of the photoconversion pointsenergy transfer from G to R and G to SR, respectively).
to the fact that the intermediate species is formed within 8 ns However, R contributes dominantly to the red emission due to
from the § state of R and the lifetime of the state is in the the dimness of SR& = 0.012). Consequently, the decrease of
order of microseconds. Although the nature of the intermediate the red fluorescence is the result of a decrease of the population
is not clear at the moment, possible candidates are for exampleof the R form, i.e., the conversion from R to SR and R to B.
the triplet state, an isomerized form, or a different ionic state. |ndeed, the time evolution of the intensity of the red emission
These states could be formed within nanoseconds and could begs similar to the time evolution of the absorption of R (see Figure
stable for microseconds. Taking into account the proposed 23 inset). The increase of the fluorescence intensity of G is due
consecutive two-photon excitation mechanism, the conversiontg the conversion from R and SR to B. Both of the conversions
induced by 532-nm nanosecond-pulsed light and 568-nm |ead to a decrease in the population of the acceptor within the
focused CW light might take place via a higher excited state of tetramer, resulting in the decrease in the efficiency of energy
the intermediate which is formed by excitation of the intermedi- transfer from G to R or SR. Actually, the time evolution of the
ate state. The hypothesis is supported by the fact that higherintensity of the green emission shows a similar behavior as the
excited states often open new photophysical pathways leadingtime evolution of the absorption of B (see Figure 2a inset).

> . s
to an efficient photochemical reactiér. Application of the Photoconversion for Selective Imaging.
Photoinduced decarboxylation of wt-GFP has been thought 1,4 change in the ratio of the green to red emission upon

to occur via a Kolbe-type reaction mechanism. This reaction is j4 giation indicates the applicability of the photoconversion for
described as a photoinduced electron transfer from the adjacent o ctive imaging. Figure 8 shows dual-color fluorescence
glutamic acid to the chromophore which is accompanied by images ofE. coli cells transfected with DsRed

decarboxylation of the glutamic acid, followed by back electron

While the red emission was dominant before irradiation (see
(38) Miyasaka, H.; Murakami, M.; ltaya, A.; Guillaumont, D.; Nakamura, S.; Figure 8a, b), the green emission revealed an enhancement of

Irie, M. J. Am. Chem. So@001, 123 753-754. i i 0 issi i
(39) Murakami. M : Miyasaka. H.. Okada, T.. Kobatake, S.: Irie, MAM. the intensity up _to 2_50_/0 ar_1d the red emission dlsapp_eared
Chem. Soc2004 126, 14764-14772. completely upon irradiation with a 543 nm CW laser (see Figure
(40) Finnefeld, P, H,f’,[fﬂgﬂskj.ge“géﬁg;vgr' ,F:";C'V.""‘Ssg‘férs,&h"eﬁgﬁy g Sotiet. g, d). The changes in the intensity are similar to that observed
2004 5, 1786-1790. for a pulsed laser irradiation (see Figure 2a). Although Marchant
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pulsed 532-nm light. It was clearly demonstrated that the
different spectroscopic properties of the photoconverted species
are related to the structure of the chromophore. It was suggested
that the DsRed chromophore in the SR state has a trans
configuration in which the hydrogen-bonding network around
the chromophore is different from that in the R state. Further-
more, a glutamate located in close proximity to the chromophore
(E215), is decarboxylated in SR which provides free volume
around the chromophore. The dimness of 8R< 0.012) might,
therefore, be attributed to the low activation energy to form the
twisted configuration of the chromophore in the excited state
which enhances the efficiency of the nonradiative deactivation.
Decarboxylation of E215 on irradiation indicates a Kolbe-type
reaction mechanism of the photoconversion from R to SR
similarly observed before in wt-GFP. A consecutive two-photon
excitation process, which probably results in a higher excited
state of the chromophore, was proposed for this reaction upon
-- irradiation with a 532-nm nanosecond-pulsed laser. The ap-
Figure 8. Dual color fluorescence images Bf coli cells transfected with plicability of the photoconversion as a tool of selective imaging

DsRed excited at 488 nm. (a, ¢) and (b, d) show the fluorescence images, _ ; ;
of the green and the red emission, respectively. (a) and (b) show the imageswaS proved by dual-color fluorescence imaging of DsRed

before irradiation. (c) and (d) show the images after irradiation with a 543- transfected cells.

nm cw laser. The irradiated cell is indicated by white circles. Scale=bar Fina”y, our results show the importance of the Chromophore
2 pm. conformation for the brightness of the fluorescent protein. We
also demonstrated the importance of the photon flux to control

they used a femtosecond pulsed laser to induce the conversiorme photoconversio_n procegs. _Alth_OUQh the_ control of the
via a multiphoton excitation. In our case, the photon density brightness of GFP-like proteins is still not straightforward yet,

required for the conversion can be easily obtained with the cw the detailed knowledge about the photoinduced processes in
lasers that are nowadays often used for life cell imaging. fluorescent proteins, as demonstrated here, can be used to

Even relatively low powers (2&W) are sufficient for con- engineer reliable photoactivatable fluorescent proteins and hence
version and optical marking, provided that high numerical "€W Maging schemes.

objective lenses are used. Moreover, the photoconversion can Acknowledgment. S.Habuchi thanks JSPS for a postdoctoral
be localized in three dimensions using focused CW laser light, fellowship. The KULeuven research fund (IDO), the Federal
since the high powers required for conversion with a CW laser Science Policy through IAP/V/03, the Flemish Ministry of
are only reached in the focal point of the excitation beam, Education (GOA 2/01), the FWO, the FSR (UCL), and the

exploiting the dependence of the conversion efficiency on the FRFC (9.4532.04) are acknowledged for supporting this re-
photon flux. search.

et al. reported about a similar photoconversion of DsRed,

Concluding Remarks . . . . " .
Supporting Information Available: Detailed fitting of Figure

In the present study we investigated the mechanism of the 1 full reference (PDF). This material is available free of charge
photoconversion of DsRed on irradiation with a nanosecond- via the Internet at http://pubs.acs.org.

(41) Robinson, L. C.; Marchant, J. Biophys. J2005 88, 1444-1457. JA0470230
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