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Philip Tinnefeld, Volker Buschmann, Kenneth D. Weston! and Markus Sauer*

Physikalisch-Chemisches Institut, Wersitd Heidelberg, Im Neuenheimer Feld 253,
69120 Heidelberg, Germany

Receied: July 19, 2002; In Final Form: September 11, 2002

A bichromophoric model systefra short peptide labeled with tetramethylrhodamine (TMR) and the
carbocyanine Cy5embedded in poly(vinyl alcohol) (PVA) was used to investigate energy transfer and
collective blinking effects in multichromophoric systems at the level of single molecules. Experiments using
direct excitation of the acceptor show evidence of photoinduced reverse intersystem crogsingy S;

— &) in single Cy5 molecules. We observed that even when the Cy5 fluorophore is in the triplet state, it
continues to act as an energy transfer acceptor. This demonstrates that-$ifgéttenergy transfer occurs,

and can lead to efficient quenching of the fluorescence of the whole bichromophoric system.

In recent years, single molecule studies have proven to bethe lowest excited-state energy. This chromophore acts as a trap
an excellent tool for the study of multichromophoric systems for the excited-state energy and emits with the highest prob-
such as light-harvesting complexes. To better understand  ability. Evidence for energy hopping and for the fact that the
natural antenna systems, synthetic model systems can be use@nergetically lowest chromophore site acts as an energy trap
These offer the advantage that they can be synthesized in acame from the observation of a blue shift and a change in
controlled manner, enabling the variation of the parameters thatanisotropy of the fluorescence of individual constructs as a
influence the energy-transfer propertfed An artificial system  function of time as individual chromophores undergo photo-
that successfully imitates the energy-funneling behavior of gestructio. When a chromophore enters a dark state that
natural light-harvesting complexes is dendrimers carrying a exhipits transitions to higher excited states that are still in
controlled number of chromophores at the i One of the resonance with the ;S— S, transitions of the other chro-
most intriguing features of these and other multichromophoric mophores, the whole aggregate might be quenched. Several

systems is collective blinking, i.e., when all the chromophores ,,cesses might be responsible for the observation of collective
simultaneously enter a dark, nonemitting state, observed in singley,,x states in multichromophoric systems: (i) intersystem

i 7,11 inki : ) .
nrolecul::‘ e>_<tpe_r|m?ntjs. _In The EaSt’ bl|rr]1k|ngx\lllas sgeln as ad crossing of one chromophore into the triplet-state, dnd
e L o o o Sl Chroropore, M, models USe subseqent esonant T~ Ty raniions 22 () resonan
P P : 9 energy transfer to an oxygen adduct formed by one chro-
common that fast energy hopping among the chromophores to horel4 iy the f . f fl ical
alocal trap is assuméd®13 Local inhomogeneities might lead mophore;® and (iif) the formation of a nonfluorescent radica
X cation or aniort21>Recently, Hofkens et al. showed that there

to slightly different energies of the individual chromophores. .. e
Consequently, the energy is funneled to the chromophore with is indeed a spectral overlap between the emission spectrum and
’ the triplet absorption spectrum of individual peryleneimide
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(A) observation of collective blinking effects in multichromophoric
system¥’ can be directly demonstrated.

The bichromophoric system used in this study has additional
advantages: The carbocyanine dye Cy5 used as acceptor is a
well characterized dye at the level of single molecté%2°
and it is well established that the triplet lifetime of carbocyanine
dyes is very sensitive to oxygen concentration. The triplet
lifetime of carbocyanines dyes can be extended from about 50
us in air to about 100 ms upon removing oxygér?® To
remove oxygen to a sufficient extent, the dye is embedded in a
poly(vinyl alcohol) (PVA) matrix that has low oxygen perme-
ability. To verify that the observed dark states of Cy5 are in
fact due to transitions to the triplet manifold, we varied the
atmosphere from air to nitrogen while recording confocal
fluorescence intensity images of Cy5 immobilized on cover
slides (without PVA) (Figure 1B). The arrow indicates the point
in time when the nitrogen flow was switched on. The nitrogen
flow changes the image appearance dramatically. While only a
few isolated dark states are evident within the point-spread
function (PSF) in air, patchy spots with frequent off-states in
the time range of several milliseconds are observed when the
oxygen is removed. Long dark states were also observed for
Cy5 molecules immobilized in PVA as the low oxygen
permeability of PVA protects the Cy5 triplet states from being
guenched. In contrast, when the rhodamine derivative TMR is
imaged under the same conditions, the images are not altered
Figure 1. (A) Kinetic scheme of the bichromophoric model system Dy the reduction of oxygen either because the triplet states are
used in this study. The donor TMR is excited at 532 nm and transfers not extended into the millisecond range (typical triplet lifetimes
its energy via dipoledipole interactions to the acceptor Cy5. (B) of rhodamines in solution are in the range of a few micro-
Confocal fluorescence images of single Cy5 molecules on a dry glasssecond%“fﬁ or the triplet yield is so low that even extended

surface. The sample was scanned from top to bottom and from left to . : ;
right with a resolution of 50 nm/pixel at an excitation energy of\& triplet states do not play a dominant role in the fluorescence

(7 ms integration time per pixel). The arrow indicates the point in time IMages. Autocorrelation analysis of the fluorescence intensity
when the nitrogen purge was started. The appearance of the fluorescenci@jectories of 45 Cy5 molecules immobilized in PVA yielded
spots representing single molecules changes dramatically upon thea triplet lifetime of 18+ 10 ms and intersystem crossing yield,
atmosphere changes due to an increase of the triplet lifetime. Yy, of ~1074.17

S

532 nm

For successful energy transfer from the donor to the acceptor

systems by using a simple bichromophoric model system, a shortlriPlet state, the T— Ty transition of the acceptor must be in
peptide (Cys-(Pra)-Lys) labeled at one termini with a donor ~ résonance with the;S~ S transition of the donor. Recently, it
dye, tetramethylrhodamine (TMR), and at the other with an Was shown by single molecule spectroscopy that some chro-
acceptor dye, carbocyanine (Cy8)Ensemble measurements mophores can undergo photoinduced reverse intersystem cross-
of TMR—Cys-(Pro)o-Lys-Cy5 revealed a high-energy transfer "9 UPon exc!tatlon with a seconq Iasqr wavelerégzgh which is in
efficiency of 0.85. The single-molecule measurements were "ésonance with thesF— Ty transition (Figure 1A7*27In other
performed with confocal fluorescence microscopes equipped cases, asingle 'a$er \é\éavelength was sufficient to mdupe reverse
with either a frequency-doubled Nd:YAG laser (532 nm) to intersystem crossing:28As depicted in the four-electronic-state
excite the donor TMR or a diode laser (635 nm) to directly

scheme for the acceptor Cy5 in Figure 1A, there are two possible
excite the acceptor Cy%:17 Spectrally filtered signals were

pathways available for the molecule in the excited triplet state,
detected by avalanche photodiodes. Samples were prepared b

iN, to return to the singlet regime: (i) by internal conversion,
diluting stock solutions in water containing 1% w/v poly(vinyl —® and subsequent intersystem crosskag, 10 &, or (ii) by
alcohol) (PVA) and spin casting onto glass substrates.

reverse intersystem crossing*, from Ty — Sy followed by
] ; relaxation to the first-excited singlet statg. $Senerally, a
Since we use the dye pair TMR/CyS, the energy transfer path shortening of the triplet lifetime with increased excitation energy
is known beforehand. This is an advantage over dendrimerjndicates photoinduced reverse intersystem crogSirgo
systems that have been studied in the past which hold chemicallygetermine if the Cy5 undergoes photoinduced reverse inter-
identical chromophores. The chromophores in those systemssystem crossing when excited with the laser used for singlet
differ in energy only due to interactions with their local absorptiong = 635 nm, we studied the dependence of the triplet
environment. Instead of a random lowest energy chromophore, dark times on excitation intensity (Figure 2). Figure 2A shows
the direction of the energy transfer is intrinsically controlled a time trace of a single Cy5 molecule embedded in PVA. After
(Figure 1A). Energy transfer in this dye pair is known to occur about 8.5 s, the excitation intensity was increased fropWl
and is well characterizet:'*® Each chromophore can be excited to 10 uW. Simultaneously, a change in the blinking pattern
selectively by choice of excitation wavelength, and detected occurred. The data were analyzed with both a duration histogram
independently using two spectrally resolved detection channels.method and an autocorrelation approdghielding comparable
These features facilitate the interpretation of energy transfer andresults. Figures 2B and 2C show the distribution of on-times
collective blinking effects. Hence, resonant singletplet and off-times, respectively, for the low and high excitation
energy transfer processes which might be responsible for thepower regions of the time trace. The on-times shorten with
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Figure 2. (A) Intensity time trace of a single Cy5 molecule im- 0.0
mobilized in PVA (4 ms per bin). After 8.5 s the excitation intensity ’ 0.8 1.0 1.2
was increased from AW to 10uW. A change in the blinking pattern Relative energy transfer efficiency

is evident. (B) Histogram of the on-times atWV (gray) and at 10 ; ; TR —

W (black). Average on-times are reduced from 39 to 5 ms at the higher ;Ir?glgjlree'l?,Mléé)C)(l)sv ?{,?gg_ﬁ,tg;g?&ggﬁg ((b|a|i°£°|'i:;)l a}?ﬁﬁfgﬁﬁ;d

excitation power. (C) Histogram of the off-times apWV (gray) and in PVA using an excitation energy of 8V (10 ms/bin). In addition,

at 10uW (black). The off-times are reduced from 17 to 4 ms. the calculated single-pair energy transfer efficiend&sand corre-
sponding intensity histograms with Gaussian fits are given. (B)

increased excitation energy as expected for intersystem crossing istogram of relative energy transfer efficiencies (quotient of mean
onor intensities recorded during acceptor on- and off-states) comparing

to the triplet state, a phOtO'“dUC,ed process. '!'he average r_]umbeginglet state acceptor properties and triplet state acceptor properties
of photon counts detected during on-times is constant with 75 tor ‘44 pichromophoric systems.

+ 10 at 14W and 68+ 12 at 10uW. The off-times also ) ) ) ) o ]
decrease significantly at higher excitation power (from 17 to 4 bichromophoric system is monitored, the blinking in the first
ms), an indication of photoinduced reverse intersystem crossing.Part of the trace can be denoted as “collective” because the
While fast photobleaching makes this experiment difficult, we fluorescence is temporary quenched, even though two chro-
observed a total of eight Cy5 molecules at low and high mophores are present. From th.IS point of view, the system is
excitation power and observed that all showed the same result:cOmparable to multichromophoric systems that show collective
shortened on-times and off-times with higher excitation power. on/off behavior. The background-corrected energy transfer
We also observed large differences in photoinduced reverseefficiency, ES, was calculatedE® = 1" — C/(IR" — C +
intersystem crossing rates. This implies that besides the well-13™") for each 10 ms bin that had an overall intensity of 1 kHz
known heterogeneity of single-molecule absorption and emissionabove the average background level of 2 kHz. These calculated
spectrad triplet absorption spectra or the coupling between the ES*-values are also plotted in Figure 3A (gray dots). The cross
triplet and singlet manifold can also vary from molecule to talk, or contribution of TMR on the long-acceptor channel
molecule. Due to photoinduced reverse intersystem crossing ofwas 9%, so tha€ = 0.09 x 13™". In the first part of the trace,
Cy5 molecules upon excitation at 635 nm, and the broadnessefficient energy transfer took place from the donor TMR to the
of the tetramethylrhodamine (TMR) emission spectrum, sirglet acceptor Cy5. Although Figure 3 shows the overall fluorescence
triplet energy transfer between TMR and Cy5 can be anticipated. intensity recorded at the donor and acceptor channels, the first
The results reported here are consistent with these hypotheses3 s of the trace show strong fluorescence blinking similar to
Hence, intersystem crossing of one chromophore and subsequerthat observed from directly excited Cy5 in PVA (see Figure 2).
resonant singlettriplet energy transfer from the other chro- This demonstrates that the TMR-fluorescence does not recover
mophore(s) might cause the occurrence of collective blinking when the Cy5 molecule is in the nonfluorescent triplet state.
in multichromophoric systems. The fact that the donor TMR remains quenched indicates that
By selectively exciting the donor, TMR, in TMRCys- the triplet state T of Cy5 is still an efficient energy acceptor.
(Pro)o-Lys-Cy5, and detecting the fluorescence intensity of the The fluorescence of the donor recovers only after the acceptor
donor and acceptor separately, it was possible to directly photobleached at3.5 s. The fluorescence intensity traces of
determine the efficiency of singtetriplet energy transfer in TMR molecules are often characterized by several intensity
individual bichromophoric systems. A representative example levels. They also exhibit blinking on a slower time-scale than
of the overall emitted fluorescence (sum of the intensities Cy5 with a few isolated transitions to dark states. Hence, the
detected in the donor and acceptor channel) of a single FMR first part of the trace is dominated by the acceptor and reflects
Cys-(Pro)o-Lys-Cy5 construct immobilized in PVA is shown the typical behavior of a single Cy5 molecule in PVA while
in Figure 3A (solid line). The first 3.6 s of the trace is the second part of the trace represents a time trace of a single
characterized by frequent blinking. Between 3.6 and 5.7 s the TMR molecule. For~80% of the 44 constructs studied, the
emission is more stable and only one intensity jump occurred emission of the donor TMR reemerges after the photobleach of
before the construct photobleached. As the fluorescence of athe acceptor Cy5. In the other20% of the traces, no donor
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signal recovery was observed, indicating that the donor photo- (A)
bleached before the acceptér.

The experimental data obtained from the biochromophoric 10
system confirm that the;S—~ S transition of the donor is in
resonance with the ;T— Ty transition of the acceptor.
Furthermore, we found that the energy transfer efficiency is
similar for singlet-singlet and singlettriplet energy transfer.
According to Faster theory?? the difference between the rate
constant for singletsinglet and singlettriplet energy transfer
is controlled by the differences in absorption spectra and
extinction coefficients of theS— S, and T, — Ty transitions
of the acceptor, respectively. It has been shown that some 3 Acceptor
cyanine dyes exhibit almost the same extinction coefficient,
for Ty — Ty and $ — S; transitions ér = 1.1-1.6 x 1M1 0% 5 " c 2
cm~1).33 Furthermore, it is important to note that for fast energy Time [ms]
transfer rates, i.e., for very short donor/acceptor distances such (B)
as in the peptide used, the extinction coefficient of the acceptor 10
has only a minor influence on the energy transfer rate. To
compare the singletsinglet and singlettriplet energy transfer 1 Donor
efficiency, time traces of the double labeled peptides in PVA
were analyzed in the following way. First, the acceptor-
dominated part of the trace was selected, e.¢3.6 s for the
trace shown in Figure 3a. For this part of the trace the
distribution of acceptor fluorescence intensities (5 ms time bins)
was used to determine a threshold intensity level. The threshold
level was used to decide, for each time bin, whether the Cy5
was in the triplet state (off-state) or in the singlet state (on-
state). Hence, the difference between sings#hglet and
singlet-triplet energy transfer efficiencies of the constructs can
be obtained by comparing the donor (TMR) fluorescence .
intensities recorded during the acceptor (Cy5) on- and off-states, Time [ms]
respectively. The quotient of the mean values of donor intensities Figure 4. Fluorescence intensity time traces of donor (top) and acceptor
measured during the acceptor on- and off-states is a measurdbottom) of a single bichromophoric model system immobilized in PVA
o he diference between the energy ansfe efiencyto the %1 ueton snerayofBl, () g D aste e oy
acg:eptor singlet and triplet states, €., 'Fhe relatlve energy tranSfeﬁcceptor constructs studied, anticorrelgted fluorescence intensities were
efficiency for each construct. The distribution of relative energy opserved for long acceptor dark times (in the range of 100 ms). (B)
transfer efficiencies for the 44 constructs analyzed is shown in The expanded view of the same time trace directly demonstrates that
Figure 3B. The fact that the relative energy transfer efficiency within the shorter off-times of the acceptor (due to intersystem crossing
is near one for all the molecules clearly demonstrates that theto the triplet state) the donor emission does not recover. The data are
acceptor properties of the Cy5 triplet state are very similar to Pinnéd 10ms/point and 1ms/point in (A) and (B), respectively.

the acceptor properties for the Cy5 singlet state. anticorrelated fluorescence of donor and acceptor is not related
Some (7%) of the single-molecule traces exhibited a phe- to the cis-state of Cy5. More likely, it is related to an electron-
nomenon different from that previously described. These transfer process (an oxidized or reduced acceptor) or to a
molecules showed additional anticorrelated donor and acceptorreversib|e pho’[oreaction Wlth, e.g., oxygen, as was suggested
fluorescence intensities. The observation of this phenomenonto be the source of collective etoff b||nk|ng in Conjugated
was previously reported for the same donor/acceptor pair polymers!?
covalently attached to a protein in an aqueous environAiéft. The results presented here demonstrate that singlptet
An example intensity trace showing anticorrelated donor and energy transfer is an efficient pathway to quench the fluores-
acceptor signals is shown in Figure 4. The acceptor shows fastcence of a multichromophoric system. Furthermore, our data
intensity fluctuations with typical off-times of about 20 ms due show that singlettriplet energy transfer should be taken into
to transitions to the triplet state and one pronounced off-state account for the dye pair TMR/Cy5 when interpreting SpFRET
of ~100 ms duration after about 500 ms. In contrast to the short experiments. Since the photophysics of the dyes used are
triplet dark times, the donor-fluorescence recovers fully during influenced by the surrounding medium, e.g., the oxygen
the longer off-state. These off-states occur very infrequently concentration and the experimental conditions (excitation
under our experimental conditions. It is known that Cy5 intensity), the resulting FRET efficiencies might be affected.
possesses a second nonfluorescent conformation in solution, i.e.,
the cis-conformatiod? The fact that the isomerization is Acknowledgment. We thank A. Schulz for technical as-
photoinduced in both directioHsindicates that the cis-state  sistance. This work was supported by the Volkswagen-Stiftung
absorbs in the same spectral region as the trans-state. ConsgGrant 1/78 094) and the Bundesministeriurir fBildung,
quently, the donor should remain quenched when the acceptorWissenschaft, Forschung und Technologie (Grant 311864).
Cy5 resides in the cis-state. The fact that the long off-state
exhibits anticorrelated behavior of the donor and acceptor References and Notes
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