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Abstract: We describe a single-molecule-sensitive method to determine the rate of contact formation and
dissociation between tryptophan and an oxazine derivative (MR121) on the basis of measurements of the
photon distance distribution. Two short peptides (15 and 20 amino acids) derived from the transactivation
domain of the human oncoprotein p53 were investigated. With the fluorophore attached at the N-terminal
end of the flexible peptides, fluorescence of the dye is efficiently quenched upon contact formation with a
tryptophan residue. The mechanism responsible for the efficient fluorescence quenching observed in the
complexes is assumed to be a photoinduced electron-transfer reaction occurring predominantly at van der
Waals contact. Fluorescence fluctuations caused by intramolecular contact formation and dissociation were
recorded using confocal fluorescence microscopy with two avalanche photodiodes and the time-correlated
single-photon-counting technique, enabling a temporal resolution of 1.2 ns. Peptides containing a tryptophan
residue at positions 9 and 8, respectively, show contact formation with rate constants of 1/120 and 1/152
ns-1, respectively. Whereas the rate constants of contact formation most likely directly report on biopolymer
chain mobility, the dissociation rate constants of 1/267 and 1/742 ns-1, respectively, are significantly smaller
and reflect strong hydrophobic interactions between the dye and tryptophan. Fluorescence experiments
on point-mutated peptides where tryptophan is exchanged by phenylalanine show no fluorescence
quenching.

Introduction

Conformational flexibility is an important property of proteins
and peptides to form stable folded structures.1 While folded
proteins are routinely characterized with various powerful
techniques, comparably little is known about unfolded proteins
and their conformational fluctuations. A fundamental process
in the dynamics of an unfolded peptide chain is the formation
of amino acid contacts. The stability of these contact formations
is determined by the structural properties of the corresponding
amino acids, such as hydrophobicity and charge, as well as by
molecular interactions with residues in other parts of the chain.2,3

To understand protein folding, it is essential to know the
underlying mechanisms and time scales (extending from seconds
to femtoseconds) of these elementary processes.4-6

To directly monitor nanosecond to microsecond processes,
for example, the intramolecular contact formation in peptides

or DNA hairpins, different strategies can be used. On one hand,
“intelligent” fluorescent probes that can report information about
their environment can be used, e.g., fluorescent dyes that are
selectively quenched by DNA nucleotides.7,8 However, the
fluorescence lifetimes of common fluorophores are typically in
the range of several nanoseconds, i.e., too short to monitor
nanosecond to microsecond processes. To circumvent this
problem, long-living triplet-state probes have recently been
introduced to measure fluctuation dynamics in polypeptides in
the nanosecond to microsecond range by means of transient
absorption spectroscopy.9-12 Measuring the lifetime of the
tryptophan (Trp) triplet state, Lapidus et al. studied the loop-
closure kinetics of peptides Cys-(Ala-Gly-Gln)n-Trp (n )
1-6).11 With Trp at one end of the peptide and cysteine as
efficient triplet quencher at the other, rate constants of end-to-
end contact formation were found to decrease from∼1/40 ns-1

for n ) 1 to∼1/140 ns-1 for n ) 6. On the other hand, pump-
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probe transient absorption experiments require high peptide
concentrations, i.e., 10-100 µM, and the samples have to be
deoxygenated to prevent quenching by oxygen and cross-linking
of thiol groups, as well as to minimize photobleaching. In
addition, UV excitation promotes photodamage especially under
the required high-laser-intensity conditions.11 Hudgins et al. used
2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) as a fluorophore with
an extremely long fluorescence lifetime of several hundreds of
nanoseconds which is efficiently quenched by Trp residues.13

Using polypeptides containing both a DBO residue and a
tryptophan residue, the rate constants of contact formation were
measured through the intramolecular fluorescence quenching
of DBO by Trp with time-correlated single-photon counting
(TCSPC). Unfortunately, the extinction of DBO is too low to
reach the optimum sensitivity of fluorescence measurements
(nanomolar to picomolar level), i.e., single-molecule sensitiv-
ity.13

Nowadays, single fluorescent dye molecules can be easily
detected in solution and on surfaces with high signal-to-
background ratio. Single-molecule spectroscopy (SMS) is suited
to study reaction pathways of individual members in a hetero-
geneous mixture and follow fluctuations that are impossible to
synchronize at the ensemble level.14-18 The ability to record
and analyze trajectories of individuals is also crucial in many
biological systems. Examples range from enzyme reactions with
proposed multiple conformational substates19,20 and protein
folding with multiple unfolded states and pathways21 to interac-
tions between cell surface receptors or components of signal
transduction pathways.22 Furthermore, interactions between
proteins, DNA, and RNA or conformational dynamics of single
DNA/RNA or protein molecules can be studied at the level of
single molecules.23,24 This was made possible not only by the
development of optical single-molecule techniques but likewise
through the application of single-pair fluorescence resonance
energy transfer (spFRET) techniques.17,25Förster-type resonance
energy transfer occurs in the distance range of 2-8 nm for
allowed singlet-singlet transitions and sufficient spectral
overlap of donor emission and acceptor absorption. Due to its
strong distance dependence, spFRET is ideally suited to obtain
information about the structural dynamics of biologically
important molecules on the microsecond to millisecond time
scale.23,24,26-29

The kinetics of DNA hairpin-loop fluctuations are one of
the fastest conformational fluctuations observed so far by single-
molecule spectroscopy. Using a combination of fluorescence
resonance energy transfer and fluorescence correlation spec-
troscopy, the chemical rates for opening and closing of the DNA
hairpins were determined to a few tens of microseconds
dependent on the size and sequence of the loop and stem.23,24

However, this method has two important limitations. First,
spFRET experiments require site-specific labeling of the
polypeptide with two extrinsic probes, a donor and an acceptor
dye. A method that takes advantage of properties of naturally
occurring amino acids would be more useful. Second, the
temporal resolution is restricted by the dead time of the
avalanche photodiodes (APDs) commonly used as detectors
(dead time values between 100 ns and 1µs); i.e., the dead time
of APDs precludes monitoring of fast intensity fluctuations in
the time range<1 µs.

We have developed a new method to measure fluorescence
fluctuations in peptides at the single-molecule level that utilizes
efficient fluorescence quenching of a fluorescent dye by Trp
residues30 in combination with a new technique to measure the
second-order fluorescence intensity correlation with nanosecond
time resolution. The basic idea of the experiment is that the
fluorescence of the excited fluorophore, an oxazine derivative
(MR121), is efficiently quenched by Trp only upon contact
formation. The fluorescence quenching of the dye by Trp is
unique since it requires a close, well-defined molecular interac-
tion. Except for tryptophan itself, all other amino acids quench
with rates that are substantially smaller.31 To demonstrate the
utility of this method, we investigated the rate of contact
formation between an oxazine derivative attached at the
N-terminal end and a Trp residue within two peptides of 15
and 20 amino acid lengths. The peptides are linear fragments
of the amino-terminal transactivation domain of human p53,
which is the target for several protein partners such as the TATA
box-binding protein (TBP), MDM2, or antibodies from the
humoral immune response of cancer patients.32-35 The crystal
structure of a 109-residue amino-terminal domain of MDM2
bound to p53 peptides revealed that MDM2 has a deep
hydrophobic cleft on which the p53 peptide binds as amphipathic
R helix.34 In the absence of MDM2, theR helices are readily
digested by proteases, indicating that the peptides are only
loosely folded, or folded in only a fraction of the molecules.34

Our data support the idea of an unfolded or only loosely folded
peptide.

The general principle of the new fluorescence-based method
for measuring the kinetics of intramolecular contact formation
in biopolymers is shown in Figure 1. A fluorescent dye (MR121)
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and the quencher Trp are incorporated into a peptide. The
dynamics of the peptide backbone will lead to conformations
where the dye and the Trp residue come in contact (top-right,
and bottom-right structures). After excitation of the dye
molecule, it either emits a fluorescence photon (dependent on
the fluorescence quantum yield) or is quenched due to an
interaction with the Trp residue. These two possibilities are
reflected in the rate of the excited-state decay (fluorescence
lifetime), k0, and the intramolecular quenching rate constant,
kq. If contact formation between the dye MR121 and the Trp
residue is followed by immediate fluorescence quenching, the
top-right structure in Figure 1 can be assumed to be practically
nonfluorescent, comparable to an off state due to intersystem
crossing into long-lived triplet states. Hence, second-order
fluorescence intensity correlation can be used to reveal the rate
for contact formation (association rate),k+, as well as the
dissociation rate,k-.

We used optical excitation of the oxazine dye MR121 in the
red spectral range to measure the Trp-induced fluorescence
quenching upon contact formation by calculating the second-
order fluorescence intensity correlation from 10-10 M peptide
solutions. To achieve the desired time resolution in the
nanosecond range, the signal was shared by two avalanche
photodiodes using a 50:50 beam splitter and recorded by the
TCSPC technique. Using the classical antibunching setup,36-38

the temporal interval distribution between fluorescence photons
detected on the two APDs, i.e., the interphoton times, were
registered with a time resolution of 1.2 ns. Association (contact
formation) and dissociation rate constants in the range of a few
hundred nanoseconds were measured for two tryptophan-
containing peptides. The exchange of the tryptophan by a
phenylalanine residue results in the disappearance of the short
correlation term in the 100 ns time range.

Materials and Methods

Synthesis of Fluorescently Labeled Peptides. N-terminal labeling
of the peptides with the fluorescent dye MR121 was performed by
classicalN-hydroxysuccinimidyl ester (NHS ester) chemistry using
standard solvents purchased from Merck (Darmstadt, Germany). The
oxazine dye MR121 (1µmol/mL) and the synthetic peptides (1µmol/
mL) were dissolved in dimethylformamide (DMF). A 10µL (10 nmol)

sample of the dye solution was added to 100µL (100 nmol, 10-fold
excess) of the peptide and 2µL of diisopropylethylamine (DIPEA).
The solution was incubated for 3 h at room temperature in the dark.
The amino-terminal conjugate was purified by reversed-phase (Hypersil-
ODS column) HPLC (Agilent Technologies, Waldbronn, Germany)
using a linear gradient of 0-75% acetonitrile in 0.1 M aqueous
triethylammonium acetate. Reaction yields of the amino-terminal
products of about 55% were achieved. The purity of the probes was
checked by capillary gel electrophoresis.

Fluorescence Ensemble Measurements.All measurements were
performed at room temperature (25°C) in an aqueous solution of
phosphate-buffered saline (PBS; pH 7.4). Relative fluorescence quantum
yields,Φf,rel, of the labeled peptides were measured with respect to the
fluorescence intensity of the peptide conjugates containing phenylala-
nine instead of tryptophan. Ensemble fluorescence lifetimes,τ, were
measured with a standard spectrometer from IBH (model 5000MC;
Glasgow, U.K.) for TCSPC using a pulsed diode laser (635 nm) as the
excitation source (4096 channels, 12.5 ps, 5.000 photons in the
maximum channel). To exclude polarization effects, fluorescence was
observed under the magic angle (54.7°). The decay parameters were
determined by least-squares deconvolution, and their quality was judged
by the reducedø2 values and the randomness of the weighted residuals.
In case a monoexponential model was not adequate to describe the
measured decay, a multiexponential model,I(t) ) I(0)∑aiτi, was used
to fit the decay. Hereai are the preexponential factors that describe
the ratio of the excited species, andτi denote their lifetimes.

Single-Molecule Experiments.To diminish glass surface adsorp-
tions, all single-molecule measurements were performed in 100 mM
sodium phosphate buffer (pH 7.4) containing 0.3 mg/mL hen eggwhite
albumin. Details of the experimental setup are described in ref 41. To
report briefly, a krypton-argon ion laser (Stabilite 2018, SpectraPhys-
ics) at 647.1 nm was used as the excitation source. The laser light passes
an excitation laser-line filter (647NB4, Omega Optics), and is directed
into a high-aperture oil-immersion objective (100×, NA 1.4, CFI;
Nikon) by a dichroic mirror (650DRLP, Omega Optics). Sample
fluorescence is collected by the same objective and transmitted through
the dichroic mirror. A tube lens focuses the light onto a 100µm pinhole
for confocal imaging. After the pinhole, the light is split by a polarizing
beam splitter (TSWP 670, Linos Photonics), and two chromatic doublet
lenses refocus the light onto the active area of two single-photon APDs
(AQR-14, Perkin-Elmer) with quantum yields of∼60% at 670 nm.
Two emission band-pass filters (690DF40, Omega Optics) discriminate
fluorescence and scattered light. The TTL pulses of the APDs were
recorded by time-correlated single-photon-counting electronics (Time-
Harp200, Picoquant). The card measures the time distance between
two photon detection events from the two APDs. The interphoton times
are histogrammed in 4096 channels. The card parameters were set to
measure interphoton times over a time range of 5µs with a temporal
resolution of 1.2 ns. The solutions for single-molecule experiments were
prepared by diluting a stock solution (10-6 M) with the appropriate
amount of buffer down to the required concentration of 10-10 M.

Results and Discussion

Fluorescence Quenching of MR121 by Trp Residues.To
interpret intramolecular quenching experiments in terms of
contact formation, bimolecular quenching experiments have to
be performed. Among the 20 natural amino acids, only Trp
quenches the fluorescence of the red-absorbing oxazine dye
MR121 significantly. The quenching experiments yielded identi-
cal results, within error, in PBS, pH 7.4, and unbuffered H2O.
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4333.

Figure 1. General principle behind using fluorescence quenching of dyes
by Trp to measure peptide dynamics. The dye/Trp association and
subsequent efficient fluorescence quenching are used to reveal contact
formation rate constants. It should be noted that the diffusion rate constants
in the excited state (*) are assumed to resemble those in the ground state
for the association ratek+ and for the dissociation ratek-.
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We measured the steady-state absorption and fluorescence
intensity as well as the fluorescence lifetime of free MR121 as
a function of Trp concentration (Figure 2), yielding a relatively
small bimolecular dynamic quenching rate,kq,d, of 3.0 × 109

M-1 s-1 though the observed decrease in fluorescence intensity
is much more pronounced. In addition, the absorption and
emission maxima of MR121 show significant bathochromic
shifts upon addition of Trp (Table 1). The Stern-Volmer plots
obtained from steady-state experiments display a upward
curvature, indicating the existence of at least two populations
of fluorophores. Comparison of the bimolecular static quenching
rate,kq,st, of 11.9 × 1010 M-1 s-1 calculated from the linear
region of the plot with the estimated diffusion-controlled
bimolecular rate constant (∼6.5 × 109 M-1 s-1) demonstrates
the formation of nonfluorescent or only weakly fluorescent
ground-state complexes between MR121 and Trp. The fact that
the fluorescence lifetime of MR121 remains monoexponential
in the presence of Trp indicates that these complexes are
essentially nonfluorescent; i.e., they exhibit a fluorescence
lifetime shorter than the time resolution of the instrument (∼40
ps) used to measure the fluorescence decays. Considering the
bimolecular dynamic quenching rate, we extracted an association
constant,KS, for complex formation of∼220 M-1 from the static
Stern-Volmer plot.

The intramolecular quenching efficiency was measured for
both peptides with MR121 at the N-terminus and either Trp

(W) or Phe (F) at position 8 or 9, respectively, i.e., peptides
MR121-W8, MR121-W8‚F8, MR121-W9, and MR121-
W9‚F9 (Table 1). As in the intermolecular quenching experi-
ments, the absorption and emission maxima show slight red
shifts especially in the Trp-containing peptides. Figure 3 shows
the fluorescence decays of peptide MR121-W9 and MR121-
W9‚F9. The pure dye MR121 exhibits a monoexponential
fluorescence lifetime of 1.85 ns under the experimental condi-
tions. The two peptides show similar fluorescence decays with
approximately 10% of a shorter fluorescence lifetime of∼500-
600 ps, and a main component with a lifetime slightly longer
than the lifetime of the free dye of∼2 ns. In contrast, the
fluorescence quantum yields reflect the expected selective
fluorescence quenching of MR121 by Trp residues (Table 1).
There is a dramatic decrease in fluorescence quantum yield for
peptides containing Trp (peptides MR121-W8 and MR121-
W9). On the other hand, the fluorescence quantum yield of
MR121 is slightly increased in peptides MR121-W8‚F8 and
MR121-W9‚F9. This implies the formation of complexes
between Trp and MR121 that exhibit very efficient fluorescence
quenching. Such ultrafast processes fall beyond the detection
limit of our experimental setup. Hence, we can assume those
complexes as essentially nonfluorescent. The lifetime component
of 500-600 ps can be well ascribed to slight quenching of the
other amino acids.

Quenching Mechanism.Inter- and intramolecular quenching
experiments indicate that the underlying quenching mechanism

Table 1. Ensemble Spectroscopic Characteristics of the Oxazine Derivative MR121 and Labeled Peptide Conjugates
MR121-SQETFSDLWKLLPEN (MR121-W9), MR121-SQETFSDLFKLLPEN (MR121-W9‚F9), MR121-SPDDIEQWFTEDPGPDEAPR
(MR121-W8), and MR121-SPDDIEQFFTEDPGPDEAPR (MR121-W8‚F8)a

λabs

(nm)
λem

(nm) Φf,rel

τ1

(ns) a1

τ2

(ns) a2 ø2

MR121 661 673 0.82 1.85 1.00 1.066
MR121/50 mM Trp 667 683 0.05 1.42 1.00 1.084
MR121-W9 666 683 0.31 0.56 0.06 2.11 0.94 1.107
MR121-W9‚F9 664 676 1.00 0.61 0.11 2.27 0.89 1.105
MR121-W8 667 683 0.17 0.51 0.09 2.00 0.91 1.138
MR121-W8‚F8 664 677 1.00 0.61 0.12 2.26 0.88 1.071

a Measurements were performed in PBS at room temperature.λabsandλem are the absorption and emission maxima of the measured probes,Φf,rel denotes
the relative fluorescence quantum yield, andτi are the fluorescence lifetimes with corresponding amplitudes,ai. Abbreviations for the amino acid residues
are A, alanine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; I, isoleucine; K, lysine; L, leucine; N, asparagine; P, proline; Q, glutamine;
R, arginine; S, serine; T, threonine; and W, tryptophan.

Figure 2. Static and dynamic bimolecular Stern-Volmer plot of MR121
and Trp in PBS, pH 7.4 (excitation wavelength 635 nm, detection
wavelength 680 nm). The inset shows an expanded view.

Figure 3. Fluorescence decay of Phe-containing peptide MR121-W9‚F9
(gray) and the Trp-containing peptide MR121-W9 (black) in water excited
at 635 nm together with the instrument response function (IRF). Fluores-
cence was monitored at 680 nm (12 ps/channel).
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is only efficient at short distances, i.e., within the complexes.
This is corroborated by the observation that the static quenching
rate,kq,st, strongly decreases upon addition of denaturing agents
such as urea or guanidium chloride. Therefore, it can be
concluded that hydrophobic interactions between MR121 and
Trp play an important role in the formation of these nonfluo-
rescent ground-state complexes.40,41 Fluorescence experiments
in D2O did not give any evidence for the involvement of
hydrogen bonds in fluorescence quenching. As collisional
quenching is inefficient (kq,d, ) 3.0 × 109 M-1 s-1), a stacked
arrangement of the indole ring and the oxazine ring system in
the complex appears to be responsible for ultrafast fluorescence
quenching.42,43 Most likely, the mechanism involves a photo-
induced charge-transfer interaction between the Trp and MR121.
Photoinduced electron transfer from electron-rich donors such
as the DNA base guanosine to excited rhodamine and oxazine
dyes is a well-known process.7,8,44,45Electron-transfer reactions
are controlled by the relation between the free energy of the
reaction, the reorganization energy, and the distance between
the donor and acceptor.46,47 Furthermore, electron-transfer
reactions do not require intimate molecular contact and may
well occur over larger distances, e.g., through space or through
bond by a superexchange mechanism.48 Hence, the measured
rate constants may not directly reflect intrachain contact
formation. However, the bimolecular quenching constants point
out that efficient quenching via electron transfer occurs only at
van der Waals contact (∼0.4 nm).

Trp is known as a strong intrinsic electron donor in peptides
with an oxidation potential of∼0.80-1.00 V vs SCE at neutral
pH,49,50 i.e., even lower than guanosine (Eox ) 1.25 vs SCE).7

Unfortunately, the reduction potential,Ered, of MR121 is not
available. However,Ered can be estimated roughly from
measured values for several, structurally related red-absorbing
rhodamine derivatives to approximately-0.5 V vs SCE.51 With
a transition energy,E*, of ∼1.9 eV for MR121 the free energy
change for photoinduced electron transfer,∆G°, from the
ground-state Trp to the excited oxazine chromophore at infinite
separation can be estimated to be approximately-0.5 eV. On
the other hand, it has been proposed that electron-transfer-
induced fluorescence quenching of end-labeled probes by a
terminal Trp in peptides becomes important only when the
excited-state reduction potential (Ered + E*) exceeds a value of
1.5 V.52 Hence, the electron-transfer reaction between Trp and
MR121 is, if any, only slightly exergonic in peptides, consistent
with the small bimolecular dynamic quenching rate obtained

from intermolecular measurements. This demonstrates that the
formation of ground-state complexes between Trp and MR121
is the primary prerequisite for efficient electron transfer. These
unique quenching properties of the donor/acceptor pair Trp/
MR121, i.e., the contact-induced efficient quenching process,
can be used to monitor the rate of intramolecular contact
formation in peptides.

Single-Molecule Fluorescence Fluctuation Analysis.Gener-
ally, the photophysics of fluorescent dyes such as MR121 is
described by a three-state model, comprising the ground state,
S0, the first excited singlet state, S1, and the first excited triplet
state, T1. If the dye is in S1 or T1 during association with Trp,
a fast electron transfer occurs from the Trp residue to S0 of the
dye, followed by either a fast reverse electron transfer of the
S1 electron to Trp or a slow relaxation of the T1 state.
Furthermore, we assume that the transition from S1 to S0, as
well as the electron-transfer processes, occurs on a time scale
faster than that of the nanosecond temporal resolution of the
setup used. Then the observable photodynamics of fluorescence
can be described by the reduced scheme shown in Figure 4.
Upon excitation of the dye MR121, the triplet state T1 is
populated with an effective ratekeff ) kexckics/(k10 + kics), where
kexc is the local excitation rate (excitation intensity times
absorption cross section),kisc is the intersystem crossing rate,
and k10 is the transition rate from S1 to S0. The rate constant
for contact formation, i.e., the association rate, is given byk+.
If contact formation takes place in the excited state S1 or ground
state S0, it automatically ends in a nonfluorescent ground state,
S0*; if contact formation occurs in the triplet state T1, the dye
is transferred into a modified triplet state (radical anion state),
T1*, from where it relaxes with a modified rate,kt*, to S0. Here,
kt* is understood as an effective rate constant comprising both
the dissociation of the dye from the Trp residue and relaxation
to S0 as well as relaxation to S0* and subsequent dissociation
from the Trp residue. As long as the dye stays in S0*, its
fluorescence is assumed to be completely quenched via an
efficient electron-transfer reaction.

Denoting bys0, t1, t1*, and s0* the probabilities to find the
dye in the corresponding states, the kinetic equations are given
by

During a measurement, the temporal interval distribution
between subsequently detected photons is measured, resulting
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Figure 4. Simplified energetic scheme for the photophysics of the dye
MR121 when attached covalently to a polypeptide containing a Trp residue
as an efficient fluorescence quencher.

s̆0 ) -(keff + k+)s0 + ktt1 + k1* t1* + k-s0
+

ṫ1 ) keffs0 - (kt + k+)t1

ṫ0 ) k+t1 - k1* t1*

s̆0* ) k+s0 - k-s0*

(1)
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in a photon distance distribution (PDD). Measuring temporal
interval distances between subsequent photon detection events
is similar to measuring the fluorescence autocorrelation in
fluorescence correlation spectroscopy, with the additional
restriction that between the two photon detection events no
additional photons are detected. The detection of the first photon
conveys the information that the dye molecule has just returned
to the ground state S0 at the moment of detection. The
probability to detect the next photon after timet is directly
proportional to the probabilitys0(t) to find the dye still in S0
(in the simplified scheme of Figure 4, the fluorescence emission
rate is directly proportional tos0(t), provided that the excitation
intensity is far below optical saturation). With the initial
conditionss0(0) ) 1, t1(0) ) 0, t1*(0) ) 0, ands0*(0) ) 0, the
solution fors1 is found from eq 1 in a standard way as

where theλj are the nonzero roots of the characteristic equation
of eq 1 (one of the characteristic roots is always zero, reflecting
the fact that the sum of all state population probabilities always
remains one, and is associated with the constantc0 in the last
equation). In the case where there is no MR121/Trp association
and thus no fluorescence quenching, only one physically
meaningful and nonzero root remains, given byλ1 ) kt + keff.
The photon distance distribution,g(t), i.e., the probability to
detect a photon at timet after having detected a photon at zero
time with no detection event between is then proportional to

whereε is a constant depending on the fluorescence excitation
rate and detection efficiency. The approximation is valid as long
asεt , 1, which is true for the measurements reported below.
Thus, at sufficiently low excitation intensity and for sufficiently
short timest, there is no difference in temporal behavior between
the interphoton time distribution and the fluorescence autocor-
relation function.

In a rigorous sense, the derived solution fors1(t) andg(t) is
valid only for a constant value of the ratekeff and the coefficient
ε. However, in the experimental setup used, one has large
variations in excitation intensity and detection efficiency over
the detection region, so that the measured interphoton time
distribution,g(t), is proportional to a complicated average over
all different positions of a molecule in the detection region:

The angular bracket denotes averaging over all possible positions
of the molecule within the detection volume, whereas this
averaging and the constantsc̃j are defined in such a way that
the normalization〈1〉 ) 1 holds. This notation is very convenient
for rewriting the average of the exponential as an exponent of
a cumulant expansion of averages:

If the distribution of values ofλj is sufficiently narrow so
that 〈(λj - 〈λj〉)2〉 , 〈λj〉2, the averaged exponent can be

approximated by the exponent of the average, and one observes
a simple exponential decay behavior forg(t).

Contact Formation Rates in Peptides.PDDs were recorded
for 10-10 M solutions of the four different polypeptides
MR121-W8, MR121-W9, MR121-W8‚F8, and MR121-
W9‚F9 (Table 1), and the pure dye MR121 in PBS, pH 7.4
(Figure 5). Each measurement was performed at two different
excitation intensities (400µW and 4 mW). For the highest
excitation intensity used, the detected average photon count rate
was below 10 kHz. For an estimated fluorescence detection
efficiency of better than 10%, and an absolute fluorescence
quantum yield of larger than 0.1, the average excitation rate is
thus still by more than 3 orders of magnitude below optical
saturation (τ ≈ 2 ns). Hence, a linear relationship between
excitation intensity and excitation rate was assumed. In all cases,
the obtained PDDs,g(t), could be perfectly fitted by either a

s1(t) ) c0 + ∑
j)1

3

cj exp(-λjt) (2)

g(t) ∝ εs1(t) exp[-ε∫0

t
dt* s1(t*)] ≈ εs1(t) (3)

g(t) ∝ const+ ∑
j)1

3

c̃j〈exp(-λjt)〉 (4)

〈exp(-λjt)〉 ) exp[-〈λj〉t - 〈(λj - 〈λj〉)
2〉t2 - ...] (5)

Figure 5. PDDs measured in PBS, pH 7.4, at excitation intensities of 400
µW and 4 mW: (a) MR121-W9‚F9; similar curves were obtained for
MR121-W8‚F8, and the pure dye MR121; (b) MR121-W9; (c) MR121-
W8. The lower curves refer to the low-intensity excitation measurement
(circles) and the upper curves to the high-intensity excitation measurements
(triangles).
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single exponential and a constant or a sum of three exponentials
and a constant. This justifies the replacement of the average of
the exponential by the exponential of the average in eq 1,
because otherwise significant deviations of measured PDDs from
simple exponential decays would be expected. It shows also
that, within the time window of 5µs, the impact of translational
diffusion on the autocorrelationg(t) is still negligible. In
addition, no polarization effects play any discernible role; i.e.,
the characteristic time of the rotational diffusion of a dye such
as MR121 is faster in aqueous surroundings (<1 ns) than the
temporal resolution of the measurement of 1.2 ns. First, the
measurements of the pure dye and the peptides without Trp
residues (MR121-W8‚F8 and MR121-W9‚F9) were analyzed.
Figure 5a shows the PDDs obtained from the polypeptide
conjugate MR121-W9‚F9. Similar curves were obtained for
MR121-W8‚F8 and pure MR121. In the absence of fluores-
cence quenching by Trp residues, the PDDs were perfectly fitted
by a monoexponential decay. The decay constant is solely
determined by the triplet-state dynamics of the dye MR121 and
is given byλ1 ) kt + keff. Becausekeff is directly proportional
to the excitation intensity, the measurement of the PDD at two
different intensities with known ratio allows one to extract the
rate constantkt of the transition from the triplet (T1) to the
ground (S0) state from the two fitted values ofkt + keff. Analysis
of the data demonstrates that the triplet lifetime of MR121 is
not influenced by the covalent attachment to a peptide. The pure
MR121 and the two peptide conjugates without a Trp residue
(MR121-W8‚F8 and MR121-W9‚F9) exhibit the same triplet
lifetime of 5.8µs (Table 2). In contrast, contact formation with
the Trp residue in peptides MR121-W8 and MR121-W9
induces additional fluorescence dynamics. The measured PDDs
for the two Trp-containing peptides (Figure 5b,c) were fitted
with the full model as described by eq 1, resulting in a three-
exponential decay. With the assumption that the ground-state
complexes formed between MR121 and Trp are essentially
nonfluorescent, the ratioKeq ) k+/k- for the quenched peptides
is given by the relative fluorescence quantum yields of the
conjugates (Table 1). Furthermore, it is justified to assume that
the triplet-state lifetime,kt

-1, of the dye MR121 is similar to
the lifetime determined for the non-tryptophan-containing
peptides, i.e., remains unchanged at 5.8µs. Taking into account
that the excitation intensities and thus the values ofkeff differ
by a factor of 10 in the two measurements for the same peptide,
the remaining two fit parameters,kt* and k+, determine the

characteristic roots,λj, via eq 1. The resulting fit parameterskt,
kt*, k+, and k- are summarized in Table 2. The obtained
association rate constantsk+ of 1/120 and 1/152 ns-1 for the
peptides MR121-W9 and MR121-W8, composed of 15 and
20 amino acids, respectively, are of the same order of magnitude
as those measured for end-to-end contact formation in peptides
Cys-(Ala-Gly-Gln)n-Trp (n ) 1-6).11 The dissociation rate
constantsk- of 1/267 ns-1 for MR121-W9 and 1/742 ns-1 for
MR121-W8 reflect the different quenching efficiencies of the
Trp residues in positions 8 and 9, respectively. Furthermore,
these values demonstrate that the association between the end-
labeled dye and the Trp in position 8 is favored. Whereas the
measured dissociation rate constants are influenced by the
hydrophobic association of MR121 and Trp, it has to be
discussed whether the experimental measured contact formation
rate constants report on the rate constants of hydrophobic
association rather than on the pertinent biopolymer chain
mobility. First, the measured contact formation rate constants
are similar to those reported for other peptides using ensemble
time-resolved pump-probe absorption or fluorescence measure-
ments.9-13 Second, it is unlikely that hydrophobic interactions
across eight or nine amino acids impose contact formation
between the dye and the Trp residue. As soon as contact
formation occurs (initiated by backbone fluctuations in the
peptide), hydrophobic interactions certainly stabilize the com-
plex. This is directly reflected in the slower dissociation rate
constants.

Conclusions

Our results and analysis show that measurements of the
photon distance distributions of fluorescently labeled peptides
containing a single Trp residue can accurately determine the
rate constants of contact formation and dissociation with
nanosecond temporal resolution. The advantages of the presently
introduced fluorescence quenching based method comprise the
ease of experimental monitoring in water under air with single-
molecule sensitivity. Because Trp forms ground-state complexes
with the oxazine dye used and quenches within these complexes
at a rate that is much faster than that of any other amino acid,
fluorescence fluctuation analysis directly reveals the association
and dissociation rate constants. We have assumed that quenching
in the peptides via photoinduced electron transfer occurs only
at van der Waals contact within the complexes. In future studies
it will be important to determine how the measured contact
formation rate constants depend on the peptide length and
sequence and solvent conditions.
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Table 2. Fit Results for the Characteristic Times of the Applied
Model Scheme Shown in Figure 4

1/kt

(µs)
1/kt*
(µs)

1/k+

(ns)
1/k-

(ns)

MR121
MR121-W9‚F9 5.80
MR121-W8‚F8
MR121-W9 5.80 3.18 120 267
MR121-W8 5.80 1.74 152 742
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