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Abstract: To acquire accurate structural and dynamical information on complex biomolecular machines
using single-molecule fluorescence resonance energy transfer (sm-FRET), a large flux of donor and acceptor
photons is needed. To achieve such fluxes, one may use higher laser excitation intensity; however, this
induces increased rates of photobleaching. Anti-oxidant additives have been extensively used for reducing
acceptor’s photobleaching. Here we focus on deciphering the initial step along the photobleaching pathway.
Utilizing an array of recently developed single-molecule and ensemble spectroscopies and doubly labeled
Acyl-CoA binding protein and double-stranded DNA as model systems, we study these photobleaching
pathways, which place fundamental limitations on sm-FRET experiments. We find that: (i) acceptor
photobleaching scales with FRET efficiency, (ii) acceptor photobleaching is enhanced under picosecond-
pulsed (vs continuous-wave) excitation, and (iii) acceptor photobleaching scales with the intensity of only
the short wavelength (donor) excitation laser. We infer from these findings that the main pathway for
acceptor’'s photobleaching is through absorption of a short wavelength photon from the acceptor’s first
excited singlet state and that donor’s photobleaching is usually not a concern. We conclude by suggesting
the use of short pulses for donor excitation, among other possible remedies, for reducing acceptor’s
photobleaching in sm-FRET measurements.

Introduction molecule measurements, however, a relatively high excitation
The application of single-molecule fluorescence methods to POWerisneeded, whichoftenleadstoenhanced photobleaghtfig.
As a result, considerable effort has been recently dedicated to

life sciences has taken a stronghold in recent y&&rdn e’ > 3
particular, single-molecule fluorescence resonance energy trans©Ptimizing conditions for sm-FRET experiments, mostly through

fer (sm-FRET) has become a sensitive and powerful tool for the addition of anti-oxident additives to the buffer solution for
determining bioconformational dynamics and biomolecular Preventing/reducing acceptors’ photobleachng’ These works

interactions via accurate measurements of inter- and intramo-focuséd mostly on carbocyanine dyes (CyS), which display
lecular distance:® Beyond measuring energy transfer ef- exc!tat!on |ntenS|_ty dependent cis/trans |s_omer.|za.t|on usllng.CW
ficiency, multiparameter fluorescence detection (MFD) can eXC|tat.|0n. The tlmescales for the resultln.g bllnklr?g/svynch!ng
monitor and globally analyze additional fluorescence parametersPehavior span microseconds to seconds, introducing significant
such as emission intensities, lifetimes and anisotropies, providingN0iSe-to-sm-FRET measuremefts?®

further dynamic molecular informatich’® To achieve high
temporal resolution and to minimize shot noise in single-
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More insight to the problem of acceptor’s bleaching in sm- excitation schemes on the same samples and thus more reliable
FRET experiments could be gained by delineating the actual determination of the initial step along the acceptor bleaching
photobleaching pathway and investigating where anti-oxident process.
additives act along it. It has been recently shown that short laser To probe the various potential pathways leading to acceptor
pulses (femtoseconds to picoseconds and, in some cases, evgphotobleaching, single-molecule and ensemble measurements
continuous wave) could lead to the excitation of higher were performed using dm-ALEX, ns-ALEX, and single-laser
electronic states and accelerate photobleaching, limiting the excitations. Single-molecule burst analysis and ensemble photon
number of emitted photons and, thus, reducing the structural emission rate analysis were then applied to evaluate the
and temporal resolution and accuracy in sm-FRET measure-contributions from different mechanisms along the bleaching
ments?! process. On the basis of the major contributions, we give out

Here we implement novel photophysical tools to study the experimental suggestions for minimizing the acceptor photo-
very initial step along the photobleaching pathway. We have bleaching.
recently introduced a variant of the MFD methodology, dubbed
alternating laser excitation (ALEX), which is capable of
revealing both structural and stoichiometric informatiéf223 In single-molecule experiments, a tradeoff is usually made
Of particular significance to this work, ALEX can efficiently  between the photon-emission rate (signal strength), photobleach-
separate single-molecule events (photon bursts) with photoactiveing rate, and triplet blinking/saturation, all of which increase
fluorophores from those with bleached fluorophores or incom- with laser excitation power. Photobleaching is the result of an
plete labeling. Furthermore, varying the pulse durations and/or increased reactivity of the fluorophore in its excited states,
pulse separations in ALEX can also provide information on the leading to irreversible loss of emission (fluorophore destruction),
acceptor's photobleaching pathway. usually due to a permanent change in the chemical structure of

We previously implemented ALEX with continuous-wave the fluorophore (photochemical reaction). Photobleaching has
(CW) lasers that were modulated on the microsecond time scalelong been one of the major impediments in single-molecule
(tens to hundreds of kHzus-ALEX) using electro-optical spectroscopy. Although it has been demonstrated that anti-
modulators (EOM) combined with polariz&#8or acousto-optic ~ Oxidant additives can reduce photobleacHiri§?by preventing
modulators (AOMP4 In these embodiments ofis-ALEX, oxidation when in the triplet state, this is only a partial solution.
modulation depths, or extinction ratios (ratio between the laser Better understanding of the pathways leading to the fluoro-
“on” intensity and the laser “off” intensity) of several hundreds Phore’s destruction should allow the optimization of experi-
were achieved. Because of the finite modulation rise and fall mental conditions without chemically altering the molecular
times (\,3 MS)1 however’ it was necessary to add a de|ay of environment and pOSSib'y future SynthESiS and high-throughput
several microseconds between successive modulated excitatiog§creening of more resilient dyes.
periods (with both lasers being in the off state during this  In a single-molecule ALEX-FRET experiment, a macromol-
delay)?2 ecule is doubly labeled with a donor fluorophore (D) and an

A simplified implementation ofis-ALEX can be realized by ~ acceptor fluorophore (A), which differ in their emission
direct modulation of novel solid-state lasers, dubbed hereafter Wavelengths (Figure 1). The donor, upon absorption of a blue
direct modulation ALEX, or dm-ALEX. Here we modulated photon, is excited from its ground to first excited singlet state
iPulse and iBeam lasers (Toptica Photonics, Westfield, MA) (S — 1) and can then relax to its ground state either by
using a digital to analog PC board (PCI-6602, National €mitting a photon or by qonradlatlve energy transfer to the
Instruments, Austin, TX). This implementation achieved extinc- nearby acceptor (FRET; Figure 1A, green dashed arrows). The
tion ratios > 300 with rise and fall imes of several tens of &CCeptor can be excited( — ) either directly by a red
nanoseconds, eliminating the need for inserting a delay betweerPhoton or via FRET, after which it has the choice of three
modulation periods. With this direct modulation scheme, different pathways: (1) relaxation & by emission of a red

The Acceptor’s Bleaching Problem

alternation frequencies of up to 100 MHz can be attainezl, ~ Photon (downward red arrow), (2) absorption of another (blue
orders of magnitude higher than those achievable with AOMs Of red) photon to reach a higher excited sta¢gupward blue
and EOMs. or orange arrows in the center), or (3) inter-system crossing

For the photobleaching study described below, we combined (ISC) to its triplet statél’f followed by relaxation to its ground

dm-ALEX with another technique dubbed nanosecond-ALEX State by phosphorescence (black curved arrow) or absorption
(ns-ALEX), in which picoseconds pulsed excitations are alter- of another (blue or red) photon to reach a higher triplet excited

A .
nated on nanosecond timescafdsimilar to recently reported ~ States T, (upward blue and orange arrows on the right).
PIE techniqu®). Both dm-ALEX and ns-ALEX excitations Higher-order excited states are more sensitive to photochemical
were implemented on the same microscope with a common reactions and can lead to isomerization that might result in

detection path, enabling a direct comparison between the twoPlinking or irreversible bond breakage and hence cessation of
emission (photobleaching). Several pathways can lead to such

higher-energy excited states: (i) energy transfer to a high
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Figure 1. (A) Jablonski diagram of a doneiacceptor pair, adapted for FRET and showing multiple possible pathways for acceptor photobleaching. The

donor, upon excitation by a blue photon during the blue excitation period (upward blue arrow), reaches its first exc@daathtelaxes either by emitting

a photon (downward solid green arrow) or by transferring its energy to the acceptor (dashed green curved arrow). The acceptor is excited frdm its groun

state% to its first excited staté;f either by energy transfer from the donor, by a blue photon during the blue excitation period (not shown), or by a red

photon during the red excitation period (upward orange arrow). The acceptor relaxes to its ground state by emitting a red photon (downward red arrow) o

to its triplet state by intersystem crossing (horizontal black wavy arrow) followed by phosphorescence (downward black wavy arrow), or atigarbs anot

blue or red photon to reach a higher excited s&teThe acceptor can also absorb another blue or red photon while in its triplet state to reach a higher

excited triplet statd ﬁ. (B) Excitation and emission spectra of Alexa Fluor 488 (blue, excitation; green, emission) and Alexa Fluor 647 (orange, excitation;

red, emission). Excitation wavelengths for dm-ALEX and ns-ALEX were-4670 nm for blue (dashed blue line) and 63%0 nm for red (dashed red

line), respectively. The overlap between the donor’s emission and the acceptor’s absorption is highlighted by the hatched green area. (Gip§tamture

of ACBP, with the donor (Alexa Fluor 488) and acceptor (Alexa Fluor 647) labeled at position 17 and 86. (D) Schematic diagram of double-stranded DNA.

are subjected to direct blue and red excitations and to excitationMaterials and Methods

via energy transfer and could therefore be bleached by a  ppqi0n Burst Analysis. Individual molecules (bursts) were separated

combination of different pathways. Donor bleaching was not from the background signal using a previously described burst-search

observed in this study and therefore will be discussed only aigorithm?® For each of these bursts, FRET efficienci) (and

briefly. stochiometry ratio § were calculated according to eq 1 and eq 2,
By implementing dm-ALEX and ns-ALEX on the same setup respectively?

and exciting single-molecule and ensemble samples, we are able

to separate subpopulation of molecules with photoactive ac- E_ FFRET 1)
ceptors from those with bleached acceptors. This constitutes a yFDen 4 FFRET

guantitative measure of the level of photobleaching, which we

monitor as a function of excitation intensity, excitation duration FBZTCJF FFRET

(CW or pulsed), and time delay between blue and red excita- 2
tions. We can therefore distinguish the contributions to acceptor
bleaching from the blue laser versus the red laser, from pulsed
excitation versus CW excitation, and from high FRET efficiency ™' is the acceptor's emission due to FRET, corrected for background,
versus low FRET efficiency. We are then able to optimize the donor cross-talk, and acceptor’s direct excitation (by the D-excitation
excitation parameters fo_r_a speC|f!c molecular qo_nstruct, specific (28) Eggeling, C.; Berger, S.; Brand, L.; Fries, J. R.; Schaffer, J.: Volkmer, A.:

fluorophores, and specific experimental conditions. Seidel, C. A.J. Biotechnol 2001, 86(3), 163-180.

= D, FRET A
Foem -+ FPRET 4 Fhen
exc exc
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Figure 2. Simulated single-molecule 2D E-S ALEX histograms of (A) pure doubly labeled FRET species (dashed black square) and (B) a scenario where
the acceptor is partially bleached, showing donor only (solid black square), FRET species (dashed black square), and “bridge” events.

wavelength) contrlbutlonsFDem is the donor's emission during the therefore is susceptible to polarization noise (laser polarization fluctua-
D-excitation period, corrected for background contrlbutldﬂﬁ‘-‘m is tions and other fluctuations in the optical path), (i) the intrinsic response
the acceptor’s emission during the A-excitation period, corrected for time constant associated with charging/discharging the electrooptic
background; and is the ratio of the donor and acceptor product of crystal limits its temporal response to several microsecounds. Previ-
the detection efficiency and quantum vyield. Figure 2 summarizes in ously, a short interval of zero voltage was inserted into the two
2D E-S histograms simulations of freely diffusing doubly labeled single complementary square waves during the “on” and “off” transitions to
molecules* Molecules with active D and A are identified as a avoid overlapping excitation periods, and (iii) the ALEX excitation
subpopulation with corresponding E and S values determined by the path contains quite a few optical components and residual polarization
distance between the labeling positions and the brightness of eachellipticity is accumulated as the light traverses these components,
fluorophore (Figure 2A). Molecules with a bleached acceptor (identified reducing extinction ratios to about 100:1 (1% leakage is noticeable
as donor-only, or D-only subpopulation) hak& "' ~ 0 andFAe ~ and needs to be taken into account in the data analysis).

0, and therefore appear on the 2D E-S histogram as a subef)copulation In the second case, the laser beams pass through an AOM and the
with anE value close to 0 and &value close to 1 (solid black square,  directions of their first diffraction orders are alternated according to
Figure 2B). When the acceptor’s photobleaching time constant is wavelength and applied RF power, directing them into or out of an
comparable to or shorter than the molecule’s transit (diffusion) time optical fiber used to deliver the excitation light into the microscope.
through the confocal excitation volume (6:2 ms, depending on Despite the greater stability and extinction ratios achieved using this
molecular size and viscosity of the solution), the acceptor’s emission technique, it still has a response time-e8 us, thereby necessitating
could cease as traversing the excitation volume (while leaving the donor the use of a non-excitation delay and restricting faster alternation
in its active emitting state). Such events result in a burst with a reduced frequencies.

apparent acceptor brightness and are visualized as a smear-like "bridge”  Recently, Toptica Photonics AG has introduced the iPulse and the
populating the area between the D-only (solid black square) and the jBeam solid-state laser sources that can be directly modulated up to
FRET (dashed black square) subpopulations on the 2D histogram200 MHz while maintaining good beam characteristics and full
(Figure 2B). In extracting bursts corresponding to a specific subpopu- modulation depth (Figure S1, Supporting Information), outperforming
lation, we define the verticalH) and horizontal § boundaries to  external EOM/AOM modulators. They have plausible stability and can
minimize contamination from these “bridge” eveftso that D-only be directly modulated by simple TTL voltage signals. Additionally,
subpopulation corresponds only to molecules with an inactive acceptor the response time is as fast as tens of ns, with achievable extinction

during the whole bursts and the-A subpopulation corresponds only  ratios> 300:1, making them a more efficient instrumentation for ALEX
to molecules with both the donor and the acceptor active during the gver a wider dynamic range.

whole bursts. Ensemble Bleaching Experiments.Alternating laser excitation

In our study, each identified burst represents the crossing of the ynder ensemble conditions can also be used to study the mechanism
confocal volume by a single molecule. If the donor and the acceptor of acceptor bleaching. When a fluorophore is bleached at a rate faster
have the same emission rates (brightness) and the donor and the accept@han the replenishment of molecules into the observation volume, the
detection channels have the same detection efficiepcy (1), the ensemble-averaged count rate will decrease significantly. We therefore
number of accumulated bursts per subpopulation will be proportional ysed this average count rate of fluorophores as an indication of
to that subpopulation’s concentration. Thus, a larger D-only subpopu- pleaching events. The ensemble measurements were conducted as a
lation indicates a higher level of acceptor bleaching. In our analyses, function of: (1) blue pulse or CW intensity, (2) red pulse or CW
we infer the degree of acceptor photobleaching by counting the numberintensity, (3) nanosecond separation of alternating pulsed lasers, and
of D-only bursts and calculating their fraction in the whole sample.  (4) microsecond separation of alternating CW lasers. Thus, we could

dm-ALEX. us-ALEX was previously implemented using two CW  compare the contributions to acceptor photobleaching from blue and
lasers with external EOM3or AOMs?2* In the first case, light amplitude red photon excitation and from singlet absorption or triplet absorption,
modulation is achieved by providing an on/off voltage (square wave which enabled us to further elucidate the acceptor bleaching pathway.
function) to an electrooptical crystal, which in turn rotates the Optical Setup. The combined dm-ALEX/ns-ALEX setup is de-
polarization of a linearly polarized laser. This polarization rotation is scribed in Figure 3. We used similar wavelengths for both excitation
then converted into an amplitude modulation by a polarizer. For a two- schemes, namely, CW 470/640 nm for dm-ALEX (iPulse470, and
color ALEX scheme, two such EOMs are needed, driven by two jBeam640, Toptica GmbH, Westfield, MA) and picosecond pulsed 467/
complementary square waves. 635 nm for ns-ALEX (LDH-P-C-470 and LDH 635-B, PicoQuant

Despite its great merits, this configuration entails a few problems: GmbH, Berlin). Both pulsed lasers were synchronized to the same 40
(i) the amplitude modulation relies on polarization modulation and MHz source from the laser driver (PDL-800B, PicoQuant GmbH,

4646 J. AM. CHEM. SOC. = VOL. 129, NO. 15, 2007
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Figure 3. Combined dm-ALEX/ns-ALEX setup. The two picosecond pulsed lasers are synchronized with the same driver. Their beams are combined with
a dichroic mirror DM2 (550DRLP, Omega Optical, Brattleboro, VT) and coupled into an optical fiber (QSMJ-A3A,3AF-488-3:8/220z0ptics, Ottawa).
Alternatively, the beams of the CW iPulse and the iBeam are directly modulated by the DAC board (National Instruments, Austin, TX, PCI-6602) and are
combined and coupled into the same fiber in a similar fashion. Switching between the two excitation schemes is achieved through the flippdB\® mirror (

just before coupling the light into the fiber. The light output of the fiber is collimated, polarized, and reflected by DM3 (400-535-635TBDR, Otitagja Op
Brattleboro, VT) and focused by the microscope objective (100X Apochromat, NA 1.4, Zeiss, Jiena) into the sample. Collected photons are split by a
polarizing beam splitter (PBS) into vertical (V) and horizontal (H) polarizations and split again by DM3 and DM4 (630DRLP, Omega Optical, Brattlebor

VT) into D and A emissions. Bandpass filters BPBP4 (BP1 and BP3: 580DF30; BP2 and BP4: 661AGLP, Omega Optical, Brattleboro, VT) are used

to exclude photons of the incorrect wavelength. The signals are detected by avalanche photodiodes APD1-APD4 (SPCM-AQR-14, Perkin-Elmer, Fremont,
CA).

Berlin). A fixed time delay of 14 ns between the blue and red pulses board. The iPulse/iBeam lasers were set “off"mit VV and “on” with
was accomplished by a fixed length coaxial delay cable. The iPulse 5 V. Because both excitation and data recording commands were sent
and the iBeam beams (similarly with the picosecond pulsed beams) through the same DAQ board, data acquisition could be conveniently
were combined with a dichroic mirror (550DRLP, OMEGA Optical, triggered and synchronized with the excitation modulation.
Brattleboro, VT). We switched between the two excitation schemes  The alternation frequency and duty-cycle were controlled via the
by using a flippable mirror to couple either the iPulse/iBeam lasers or LabVIEW (National Instruments, Austin, TX) program. To demonstrate
the pulsed lasers into an optical fiber (QSMJ-A3A, 3AF-433%/125- the modulation performance of the lasers, we used a photodiode to
3-2, OzOptics, Ottawa). The output beams were collimated, coupled monitor the beam intensities and recorded the signals with a 500 MHz
into the microscope objective (100X Apochromat, NA 1.4, Zeiss, Jiena), digital oscilloscope (TDS3052B, Tektronix, Richardson, TX) as a
and then focused into the sample. Fluorescence from the samples wagunction of the modulation frequency (Figure S1, Supporting Informa-
collected through the same objective and refocused onto aufi00 tion). Although the modulation at higher frequencies deviates from a
pinhole to reject chromatic aberrations. The emitted photons were thensquare wave (generated by the DAQ board), good modulation perfor-
separated by a polarized beam splitter cube (TECH SPEC Polarizingmance could be achieved (with the current PC board) up to 10 MHz
Cube Beam splitters, Edmund Optics, Barrington, NJ), further split by (100 ns modulation period). Thus, the current modulation performance
wavelength using dichroic mirrors (630DRLP, OMEGA Optical, is 1 order of magnitude faster than the fastest performance achieved
Brattleboro, VT), and finally detected by four avalanche photodiodes with  AOM/EOM modulators {1 MHz). For subsequent FRET
(SPCM-AQR-14, Perkin-Elmer, Fremont, CA). experiments, modulation periods of 180 us were used.

We generated TTL signals using a customized LabVIEW program  In the ensemble bleaching experiment, we achieved a series of pulse
and output the signals through a National Instruments PXI-6602 DAQ separations by using the following technique: for ns-ALEX, the blue
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and red picosecond pulsed lasers were triggered by a common, externalD for ns-ALEX). However, the fraction of the D-only
oscillator operating at a repetition rate of 40 MHz (25 ns period). The subpopulation was significantly larger for the ns-ALEX than
two trains of pulses were therefore fully synchronized with one train  of the dm-ALEX (4D vs 4B). A much stronger trend was
delayed with respect to the other using an electronic delay box (425A, observed when the high sample (0.0 M [GUHCI]) (4E vs 4F
Ortec, TN). For dm-ALEX, the TTL waveform frequency (laser for dm-ALEX and 4G vs 4H for ns-ALEX) was measured. The
alternation frequency) was set to 200 kHz, with ad “on” period D-only subpopulation in the ns-ALEX was 4 times larger
and a 4us “off” period (for both blue and red pulse trains); the red
excitation train was delayed with respect to the blue train with an compared _to the dm-ALEX (4H vs 4F). In both GU_HC|
interval continuously varying between 0 and 3% concentrations (low and high), Alexa Fluor 647 bleaching
Sample Preparation.Acyl-CoA binding protein (ACBP, Figure 1C)  rate was faster using ns-ALEX.
was purified and labeled with donor (Alexa Fluor 488, Invitrogen, These experiments were repeated for average excitation
Carlsbad, CA) at position 17 and acceptor (Alexa Fluor 647, Invitrogen, powers ranging from 50 to 1Q0N for the blue excitation (while
Carlsbad, CA) at the €terminus as previously describ&idsDNA: maintaining the red excitation at 20V) and 10 to 2QuW for
Oligodeoxyribonucleotides (Figure 1D) were prepared by automated e req excitation (while maintaining the blue excitation at 60

synthesig? labeled, and hybridized to form-PA double-stranded DNA e .
(dsDNA) fragments. For the three DNA fragments set, the top-strand #W). The guideline for choosing the constant power of the

sequence was 'EGATAACAGGTAAGTGATTGCCATTAGTC- segonq laser While.varying th.e power of the first Iaserlwas to
CGATAAGCAGTAAAACG-3, with amino-C6-dT residues (Glen malntalln the effective excitations from both colors while not
Research, Sterling, VA) at position 24; the two bottom strands were bleaching the fluorophores by the second laser. The results are
3-GCTATTGTCCATTCACTAACG-5 and 3-GTAATCAGGCTAT- summarized in Figure 5A (denatured ACBP) and B (native
TCGTCATTTTGC-3, modified with amino-C6-dT residues at positions ACBP). The ranges of average powers were selected according
13, 17, or 20 of the second bottom strand, respectively. Oligodeoxyri- to values normally applied in single-molecule experiments for
bonucleotides were HPLC-purified, labeled with the same fluorophores Alexa Fluor 488 and Alexa Fluor 647 and adjusted such that
with N-hydroxy-succinimidyl esters as linkers using manufacturer's the emissions rates following blue excitation are comparable
instructions, and HPLC-purified again. dsDNA was formed by hybrid- {; those following the red excitation. This ensuB@hlues close

ization of top and bottom strands in 40 mM Tris-HCI pH 8, 500 mM P c i b
to 0.5, where sensitivity to stoichiometry changes is highest.
NaCl after heating for 2 min at 98C and cooling to 25C overnight. y . y g g
As can be seen from Figures 4 and 5, the acceptor's

Results and Discussion photobleaching rate is increased upon raising the average blue

Single-Molecule ALEX. Bleaching as Revealed from E-S  €xcitation power for both dm-ALEX and ns-ALEX, but at a
Histograms. ACBP was measured with dm-ALEX and ns- faster rate for ns-ALEX. This result agrees with the c_onclusmns
ALEX at two different denaturant conditions with two average ©" other acceptor fluorophores reported by Eggeling et'al.,
excitation powers (50 and 100W, Figure 4). By varying Whgre a comparison between CW and pulsed green (502 nm)
denaturant concentration, the protein chain expands (in a two-€Xcitation of several red dyes and a FRET dye pair (Rh110/
state fashion) from a compact folded (native) state to an CYS) indicated a significant difference in the acceptor’s pho-
expanded unfolded (denatured) state, where the distance betweetpPleaching (and a modest difference in acceptor's brightness),
the two fluorophores increases (and therefore the FRET ef- due to nonlinear excited-state absorptién.
ficiency decreases). The dashed black squares highlight the To distinguish between the contributions from blue and red
subpopulation with both fluorophores active{B subpopu- excitations, shown in Figure 5 (solid and dashed red curves) is
lation), whereas the solid black rectangles highlight the D-only the acceptor’s photobleaching rate as a function of the average
subpopulation. As mentioned earlier, the size and position of red excitation power. Doubling the red power from 10 to 20
these selections were made so that D-only subpopulation#W while maintaining the blue power (at GON) resulted in
corresponds only to molecules with an inactive acceptor during no increase in bleaching rate for both dm-ALEX and ns-ALEX.
the whole bursts, and the-BA subpopulation corresponds only ~ For the highE ACBP sample, the average emission rate of red
to molecules with both the donor and the acceptor active during acceptor photons within detected bursts was 13 kHz fer\&0
the whole bursts. The least possible number of bridge e¥fents of direct red excitation and 11 kHz for acceptor excitation via
was counted in either of the selected subpopulations. In doing FRET with 100uW of blue excitation. Therefore, the FRET
so, we excluded bursts with more than one molecule in the focal excitation rate of the acceptor for most of the experiments was
volume and bursts with acceptor bleached during traversing thesomewhat lower than the direct excitation by the red laser, as
focal spot. However, because acceptor bleaching is directly the first excited states were more populated when:20 of
reflected by the percentage of D-only subpopulation, only the direct red excitation was applied. The photobleaching rate,
solid black rectangle selection influences the calculation of nonetheless, was higher for the blue excitation, suggesting that
bleaching percentages. Thus, in this work, we used the samethe main pathway for acceptor's photobleaching involves
selection criteria for all molecules in all experiments to ensure excited-state absorption of blue photons.
the consistency and reproducibility of our calculations. Accord-  As in Eggeling et al?! direct excitation of the red acceptor
ing to eq 1,E = 0.9 for 0 M [GuHCI] (folded protein) and& dye by the D-excitation laser is negligible (even more so in our
= 0.2 for 6.0 M [GUHCI] (denatured protein) were calculated, case, where 467 nm rather than 502 nm excitation was used).
whereas the calculate8l value increases with increased blue Thus, it is unlikely that the acceptor’'s photobleaching is the
excitation intensity, as predicted by eq IQBQ‘ and FFRET gre result of direct excitation by a blue photon. This conclusion is
increased WhereaF;.ﬁ\Aem stays constant). - further supported by the ensemble experiment (see below).

Increasing the donor excitation power for the I&sample Eggeling et aP! suggested that the pathways for acceptor's
(6.0 M [GuHCI]) increased the donor-only subpopulation for photobleaching in FRET experiment involves resonant energy
both excitation schemes (4A vs 4B for dm-ALEX and 4C vs transfer of donor excitation into eith&), S, or T; followed
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Figure 4. Single-molecule dm-ALEX and ns-ALEX histograms of ACBP under various denaturation and average blue excitation power conditions (red
excitation power is fixed). (A) dm-ALEX, 6.0 M [GuHCI], 5aW; (B) dm-ALEX, 6.0 M [GuHCI], 100uW; (C) ns-ALEX, 6.0 M [GuHCI], 50uW; (D)
ns-ALEX, 6.0 M [GuHCI], 100uW; (E) dm-ALEX, 0.0 M [GuHCI], 50uW; (F) dm-ALEX, 0.0 M [GuHCI], 100uW; (G) ns-ALEX, 0.0 M [GuHCI], 50

uW; (H) ns-ALEX, 0.0 M [GuHCI], 100uW. Solid black squares highlight events with bleached acceptor (donor-only), and dashed black squares highlight
doubly labeled FRET events.

by excited-state absorption of the green photon (blue photon in highly excited states efficiently couple to ionic states, leading
our case) tcsﬁ or T’:. In water (or other polar solvent), these to an enhanced reactivity with free radic&g4 Moreover, a
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Figure 5. Fraction of D-only events as a function of the excitation scheme
and average excitation powers. (A) Denatured ACBP (6.0 M [GuHCI], low
FRET); (B) folded ACBP (0.0 M [GuHCI, high FRET]). All blue lines
represent the fraction of D-only events as a function of average blue
excitation power; all red lines represent the fraction of D-only events as a
function of average red excitation power. Solid: dm-ALEX scheme;
dashed: ns-ALEX scheme.
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Figure 6. Effect of GUHCI on bleaching. (A) Fraction of bleached
molecules as a function of GUHCI measured for 3 dsDNA molecules with
dye separations of 10 bases (solid), 14 bases (dashed), and 17 bases (dotted).
(B) Fraction of bleached molecules as a function of GUHCI measured for
ACBP molecules by dm-ALEX (solid) and ns-ALEX (dotted).

samples doubly labeled with the same fluorophore pair, in O
and 6 M [GuHCI]. Because dsDNA can be considered a rigid
rod under these conditions, and the distance between the
fluorophores was fixed, any effects observed would originate
solely from the solution environment of the fluorophores. We
used ns-ALEX excitation scheme to seek maximum bleaching
effect on DNA samples, and we studied 46 bases long dsDNA
with 10, 14, and 17 bases separating between the two fluoro-
phores, resulting i = 0.61, 0.54, and 0.31, respectively.
Addition of GuHCI increased the acceptor photobleaching
rate for the three DNA samples (Figure 6A), probably due to a
solvent induced photophysical effect, whereas this rate decreased
for the labeled proteins (Figure 6B). The opposing photobleach-
ing trends displayed by adding GuHCI to dsDNA vs protein
samples support the conclusion that the bleaching rate is
proportional to the FRET efficiency and is not a solvent induced
artifact. In fact, the increase of acceptor bleaching due to

pulsed picosecond excitation leads to even stronger nonlinearincrease of FRET (on ACBP from 0 M GuHCI) is much
excited-state absorption and, hence, enhanced photobleachingligher than shown because part of the bleaching at low FRET

With the combination of dm-ALEX and ns-ALEX, we aim to

(5 M GuHCI) is due to the denaturant. Moreover, the dsDNA

separate these processes and extract the first major step in thi/ith the shortest base separation between fluorophores (10 bases,

acceptor bleaching pathway, as shown below.
The photobleaching rate of the folde& & 0.9) ACBP
molecule is higher than that of the denaturéd< 0.2) ACBP

molecule, when both are excited at the same excitation irradi-

ance, confirming that the FRET process is involved in the
bleaching mechanism. This is likely because higher FRET
efficiencies result in increases in tI@ (and possinyT’f)
populations and, therefore, higher probability of acceptor’'s
excited-state absorption (of a blue photon).

Based on these dm-ALEX and ns-ALEX experiments, we

highest FRET) also shows the highest bleaching rate (Figure
6A).

Ensemble Measurements of Bleaching Rated.o further
elucidate the pathway leading to acceptor’'s bleaching, we
studied the same protein samples at the ensemble level (10 nM).
We used an identical confocal geometry and laser alternation
schemes to measure the acceptor’s average photon count rate
emitted by an ensemble of doregicceptor pairs occupying the
confocal volume. We expect this count rate to decrease when
acceptors are bleached at a faster rate than the replenishment

conclude that: (i) short pulse excitation bleached the acceptorof new pairs into the observation volume. In addition to the

more severely than CW excitation; (ii) blue excitation, even at

alternating blue and red lasers of different intensities (as in

a lower excitation rate, induced more bleaching to the acceptor Single-molecule ALEX measurements), ACBP molecules were

than red excitation; and (iii) high FRET resulted in more

excited by individual blue and red lasers, probing the bleaching

bleaching. These conclusions were further supported by photonresponse to excitation by photons of different energy.

arrival time analysis within the buréis(the mean arrival time

relative to the beginning of the burst of blue and red photons

shows acceptor bleaching during the burst, data not shown).
Effect of Protein Denaturant in Solution. To rule out the

A pronounced plateau in the acceptor’s emission rate (at a
level of 50 kHz) was observed when a blue-only pulsed
excitation was varied from 10 to 160V; the donor emission,
on the other hand, stayed linear with power in this range (Figure

possible contributions to bleaching from GuHCI, we performed 7A). The plateau of the acceptor’'s emission is interpreted to be
control experiments using double-stranded DNA (dsDNA) due to photobleaching; the linear increase in donor emission
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Figure 7. Ensemble count rates measured from ptipmbe experiments. (A) Donor (solid) and acceptor (dashed) emission as a function of blue excitation
power using ns-ALEX. (B) Acceptor emission as a function of blue excitation power (solid) and red excitation power (dashed) using ns-ALEX. (C) Donor
(solid) and acceptor (dashed) emission as a function of blue excitation power using dm-ALEX. (D) Acceptor emission as a function of blue exeéation po
(solid) and red excitation power (dashed) using dm-ALEX.

suggests negligible donor bleaching in this range. Because onlyincremented by steps of 0.5 ns (tuned over th9 ns range),
blue excitation was applied, the acceptor's bleaching must and the average donor and acceptor emission rates were recorded
involve blue photons. In contrast, when red-only pulsed excita- as a function of this time delay. When the two pulses overlapped
tion was applied (varied from 1 to Z0V), the acceptor emission (A7 = 0 ns andAt = 25 ns, Figure 8A), the acceptor’'s emission
rate increased well above 200 kHz before saturation (Figure rate reached a minimum, indicating maximal bleaching. The
7B). Compared to the 50 kHz saturation level using the blue- donor emission, on the other hand, reached a maximum value
only excitation, we infer that red excitation is less detrimental (bleached acceptors are less likely to quench the donors, thus
to the acceptor. These measurements were highly reproducibledonor emission was increased). As the red pulse was further
with little statistical error (bars shown in the inset of Figure delayed from the preceding blue pulse, the acceptor emission
7A). Similar trends were found when CW blue-only and red- rate showed an abrupt rise to a constant value up to a delay of
only excitations were used, but with higher saturation levels ~18 ns. When the delay was between 18 and 25 ns, the
(Figure 7C and D). We therefore conclude that excited-state acceptors’ emission rate gradually decreased toward its mini-
absorption of a blue photon frof to S or fromT; to T/ are mum. This gradual decay as a function of pulse separation
the first step on the acceptor’s pathway to photobleaching.  confirms that the major contribution to bleaching is through
To confirm the effect of blue photon absorption and to the acceptor’s singlet excited-state absorption of a blue photon.
determine if this absorption is frorﬁf or from T4, we studied When the acceptor is excited to its first excited s@eit will
the bleaching kinetics on the nanosecond and on the microsec-dwell in this state, on average, for the acceptor lifetime. If a
ond timescales using the same dm-ALEX and ns-ALEX blue photon is applied during this time (before relaxation), the
schemes (but at a 10 nM concentration). The ability to acceptor is able to absorb a blue photon and be excitéﬁ,to
electronically vary the time delay between the picosecond blue resulting in a higher probability for photobleaching. The gradual
and red pulses provides a simple scheme for puprpbe decrease between 18 and 25 ns is therefore an indirect measure
spectroscopy, directly probing the singlet stﬂf‘e) @bsorption. of the acceptor’s lifetime. The sharp rise from 0 to 2 ns suggests,
The delay A7) between the blue and the red pulses was however, that a second red photon is unlikely to be the main
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Figure 8. (A) Ensemble donor (black) and acceptor (gray) emission rates as a function of the time delay between a consecutive red and blue picosecond
pulses (ns-ALEX excitation scheme). Order of pulse arrivals is shown in cartoons below the figure. (B) Acceptor emission rate as a functionaf time del
(gray) and a fit to the model described by eq 3 (dashed black). (C) Donor (black) and acceptor (gray) emission rates as a function of time delay between
microsecond modulated CW pulse trains (dm-ALEX excitation scheme). (D) Acceptor’'s emission rate normalized to the donor’s emission rateas a functi

of excitation power in a static cell (solid) and in a continuous-flow mixing device (dashed).

bleaching source, because when the red excitation was applieqresulting in a count rate that is not linearly proportional to
after the blue excitation with no overlap; the acceptor count Sf). A more elaborate model is needed to fully describe the
rate was constant and was independent of the pulse separatioabserved decay in Figure 8B. Nevertheless, this does not alter
between the two lasers. the main conclusion.

If indeed the sole contribution to the acceptor bleaching was
from a second blue photon, the acceptor emission rate would
be determined by the population Bﬁ and exhibit a decay as
a function of the pulse separation according to:

Similar experiments were performed on the microsecond time
scale using dm-ALEX, probing possible contributions to bleach-
ing from triplet states. This was achieved by delaying one TTL
pulse train (red) continuously with respect to the other train
1(A7) = crp{1 — Aexp[(At — 25)fA]} ©) (b_Iu_e). Here again the_ a(?ceptor’s emission rate reached a

minimum when both excitations overlapped but was completely

wherer, is the acceptor fluorescence lifetimgy is the pulse  constant when they did not (between 1 and/&5Figure 8C).
separationc and A are normalization factors. By fitting the ~ Donor emission was also constant in this non-overlapping
acceptor emission response to pulse separation with this modelregion. Because triplet states lifetimes are in the microsecond
we obtainedra of 2.2 ns (Figure 8B) compared to the directly range, and because no dependence on time delay was observed,
measured acceptor lifetime of 1.5 ns. This deviation indicates we conclude that the contribution of excited triplet state
that there might be other contributions to the acceptor’'s absorption to acceptor photobleaching is insignificant. This
photobleaching. For example, the red pulse could also bleach aconclusion is already confirmed by our preliminary results on
small portion of the acceptors before the blue pulse arrives the effect of an oxygen scavenger (MEA). We observed that

4652 J. AM. CHEM. SOC. = VOL. 129, NO. 15, 2007



Photobleaching Pathways in sm-FRET Experiments ARTICLES

A
“N— B A\

SA
n

blue blue
excitation excitation

S & S &
Py -
' I ‘ I
blue A ‘FRET, s blue M ...FRET, ’
excitation = excitation ==
3is T Bif S
. T 0 e 0 o
S E— S E—
Donor Acceptor Donor Acceptor

Figure 9. Simplified Jablonski diagrams for a doresicceptor pair where the absorption of a donor excitation photon by the acceﬁfoilsi(ﬂ) allowed
and (B) prohibited.

the bleaching of Alexa 647 is not affected by addition of MEA is proportional to the FRET efficiency, that it is higher for short
(data not shown), which is generally applied to suppress (picosecond) pulsed excitation (compared to CW excitation),
bleaching via triplet state absorption. Thus, the photobleaching and that the main pathway for acceptor’s bleaching is through
of Alexa 647 does not involve triplet state and cannot be absorption of a blue (donor excitation) photon from the first
alleviated by oxygen scavenging additives. acceptor’s excited singlet (and not triplet) state. Thus, we suggest
Photobleaching vs Saturation.To verify that the decrease that applying shorter pulses for the blue laser (donor excitation)
in acceptor emission is indeed caused by photobleaching rathercan effectively reduce acceptor bleaching, because the prob-
than by saturation of the excited state, we repeated the ensemblability of the acceptor absorbing another blue photon, after being
measurements described in Figure 7 in a continuous-flow excited to the first excited-state by FRET, is decreased. This
mixing-device, where fresh, unbleached, molecules are continu-certainly results in higher peak irradiance on the donor if the
ously replenishing the confocal observation volume (with a same average power is maintained, which usually might cause
transit time of~50 us). In this device, bleached molecules are bleaching to the donor. However, we have shown that under
flushed out in a unidirectional way, minimizing the probability typical sm-FRET experimental conditions there is no significant
of bleached molecules re-entering the observation volume. donor photobleaching. And because the doreracceptor
Hence, we expect the average count rate to be independent oenergy transfer rate is in the range of nanoseconds to tens of
bleaching and only dependent on saturation effects. Figure 8D picoseconds (proportional to the inverse of the quenched donor’s
shows very little relative decrease in the acceptors’ count rate lifetime), which is comparable to the pulse durations, decreasing
(normalized to the donors’ emission) when the measurement isthe blue pulse duration can efficiently reduce the probability of
performed in the mixer (dashed) but a significant decrease whenexciting the acceptor i§, and prevent significant bleaching to
performed in a static cell (solid). This observation indicates that the acceptor. In addition, in both ns- and dm-ALEX, lowering
bleaching and not excited-state saturation is the source of thethe blue laser power will reduce acceptor bleaching, though it
plateau in acceptor emission vs blue excitation power (Figure will also result in lower detected count rates and increased shot-
7) and again supports the proposed mechanism for bleachingnoise broadening.
(excited-state absorption of a blue photon fr&). The choice and optimization of a FRET pair for a particular
system under study requires a careful consideration of the
system, the distance and distance changes to be measured, the
We introduced four technical innovations: (i) direct modula- Forster radius, the spectral overlap, photostability, quantum
tion us-ALEX (dm-ALEX), (ii) merging of dm-ALEX with ns- yields, emission colors, assay format, use of anti-oxidents, and
ALEX in a single experimental setup, (i) application of the more. This work and previously reported restilsLggest that
merged dm-ALEX/ns-ALEX to photophysical pumprobe the photobleaching of the acceptor via its excited-state absorp-
ensemble measurements of donor and acceptor emission rategion of a donor excitation photon is an important parameter in
and (iv) implementation of fast flowing device to replenish choosing the pair.
bleached molecules. These advances were used to study the It is yet to be determined if the results reported by Eggeling
pathway for photobleaching in single-molecule FRET experi- et al. and here are general for all FRET pairs or particular to
ments. We found that the acceptor photobleaching probability the pairs used in these two studies (Rh110/Cy5 in Eggeling et

Conclusions
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(Figure 9B). Such a solution, if could be found (or engineered),
will eliminate the need for anti-oxidant additives.

Future investigations will focus on downstream steps in the
pathway, other dye pairs, the effects of anti-oxidants additives
on the different parts in the bleaching pathway, and further
optimization for sm-FRET experiments. JA068002S

Supporting Information Available: Laser beam modulation
(in dm-ALEX) as a function of alternation frequency. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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