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To determine whether Forster resonance energy transfer (FRET)
measurements can provide quantitative distance information in
single-molecule fluorescence experiments on polypeptides, we
measured FRET efficiency distributions for donor and acceptor dyes
attached to the ends of freely diffusing polyproline molecules of
various lengths. The observed mean FRET efficiencies agree with
those determined from ensemble lifetime measurements but differ
considerably from the values expected from Foérster theory, with
polyproline treated as a rigid rod. At donor-acceptor distances
much less than the Férster radius Ry, the observed efficiencies are
lower than predicted, whereas at distances comparable to and
greater than Ry, they are much higher. Two possible contributions
to the former are incomplete orientational averaging during the
donor lifetime and, because of the large size of the dyes, break-
down of the point-dipole approximation assumed in Forster the-
ory. End-to-end distance distributions and correlation times ob-
tained from Langevin molecular dynamics simulations suggest that
the differences for the longer polyproline peptides can be ex-
plained by chain bending, which considerably shortens the donor-
acceptor distances.

Férster resonance energy transfer | molecular dynamics
polypeptide | FRET

Imost 40 years ago, Forster resonance energy transfer

(FRET) was introduced in classic experiments by Stryer
and Haugland (1) as a ‘“spectroscopic ruler” to measure
distances in macromolecules. Since then it has been used to
address a wide range of biological questions (2-5). More
recently, renewed interest has come from the realization that
FRET can be used for obtaining distance information in
experiments on single biomolecules (6, 7), with a considerable
body of work on proteins and polypeptides (8—-24). However,
it is well known from ensemble experiments that determina-
tion of distances from FRET can be complicated by dynamical
effects as well as photophysical, photochemical, and instru-
mental factors (25). Are there additional complications in
single-molecule experiments on polypeptides and proteins? To
investigate this question, we studied FRET between dyes
attached to the N and C termini of polyproline of various
lengths. Polyproline, assumed to be a rigid rod, was used as a
spacer by Stryer and Haugland to show that the rate of FRET
depends on the inverse sixth power of the donor-acceptor
distance, as predicted by Forster theory (26).

FRET of individual dye-labeled polyproline molecules
freely diffusing in solution was investigated by using a confocal
fluorescence microscope setup (13). If a molecule diffuses into
the volume illuminated by the focused laser beam, the donor
dye is excited. Depending on the distance to the acceptor, a
certain rate of energy transfer results, which determines the
FRET efficiency, calculated from the fraction of photons
emitted by the acceptor. To test the accuracy of the single-
molecule results, we also determined FRET efficiencies from
ensemble measurements of donor lifetimes in the presence and
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absence of acceptor by using time-correlated single-photon
counting.

Because the FRET efficiencies for the longer peptides were
found to be considerably higher than those expected for polypro-
line treated as a rigid rod, we carried out Langevin molecular
dynamics simulations of polyproline of varying lengths. The
calculations show that the longer peptides are quite flexible, with
end-to-end distance distributions and correlation times that can
account for the observed FRET efficiencies.

Materials and Methods

Peptide Preparation. Polyproline peptides of defined length,
containing 6, 9, 11, 12, 13, 15, 20, 23, 27, 33 and 40 Pro residues,
respectively, were synthesized by using standard FastMoc
chemistry with a model 433A peptide synthesizer (Applied
Biosystems) on fluorenylmethoxycarbonyl-Cys(Xan)-Wang
resin (Peptides International). We included an amino-terminal
glycine and a carboxyl-terminal cysteine residue, which react
through their amino and sulfhydryl groups, respectively, with
succinimide esters and maleimide derivatives of the dyes. After
cleavage, the raw material was purified by reversed-phase
HPLC on a Vydac (Columbia, MD) C4 column (214TP1022)
at a flow rate of 5 ml/min over 45 min by using a linear gradient
from 0.1% trifluoroacetic acid in 10% acetonitrile/90% water
to 0.1% trifluoroacetic acid in 90% acetonitrile/10% water.
Fractions containing the pure peptide as confirmed by elec-
trospray ionization mass spectroscopy were lyophilized, dis-
solved in buffer, and labeled with Alexa Fluor 488 maleimide
(27) at 4°C for 12 h under the conditions recommended by
Molecular Probes (Eugene, OR). Singly labeled peptide was
purified on a Superdex peptide HR 10/30 size-exclusion
chromatography column (Amersham Pharmacia Biosciences)
in 100 mM sodium carbonate buffer/0.001% Tween 20, pH 8.3,
concentrated to ~1 mM and labeled by addition of a 20%
molar surplus of Alexa Fluor 594 succinimidyl ester and
incubation at 20°C for 1 h. Doubly labeled peptide was purified
by a second size-exclusion chromatography run, frozen in
liquid nitrogen, and stored at —85°C.

Confocal Fluorescence Microscope. Observations of single-
molecule fluorescence were made by using a custom confocal
microscope as described (13). A 1.4-numerical aperture, 100X
microscope objective (Nikon CFN Plan Apo 85025) was
coupled with immersion oil to one face of a sample cuvette,
consisting of two fused silica coverslips (Esco R425025) sep-
arated by 180-um glass spacers. Light from the 488-nm line of
an argon ion laser (Lexel 95-5, Cambridge Laser Laboratories,
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Fremont, CA) was made circularly polarized by using a
single-mode fiber polarization controller (Thorlabs FPC560,
Newton, NJ) and filtered (CVI F03-488.0-4-1.00, Albuquer-
que, NM) to remove unwanted luminescence from the laser-
tube discharge and optical fiber. The sample was illuminated
by using a dichroic mirror (Omega Optical S05DRLP, Brattle-
boro, VT) and the objective in a standard epifluorescence
arrangement. Sample fluorescence, transmitted by the di-
chroic mirror, passed through a 100-um-diameter pinhole in
the image plane of the objective. After additional filtering
(Omega Optical 495AELP) to remove scattered laser light, the
fluorescence was separated into donor and acceptor compo-
nents by using a second dichroic mirror (Omega Optical
560DCLP) and two final filters (Omega Optical 525AF45 for
the donor and Omega Optical 600ALP for the acceptor). Each
component was focused onto a photon-counting avalanche
photodiode (Perkin-Elmer Optoelectronics SPCM-AQR-15).
Output pulses, corresponding to individual detections, from
the photodiode modules were collected in 1-ms intervals by a
pair of multichannel scalers (EG&G Princeton Applied Re-
search 914P).

Single-Molecule Measurements. For single-molecule experiments,
samples of labeled peptides were diluted to a concentration of
35 pM in 50 mM sodium phosphate, adjusted to pH 7.0,
containing 0.001% Tween 20 to prevent surface adhesion of
the polypeptides. Ensemble experiments were performed in a
Spex Fluorolog 2 under identical buffer conditions at peptide
concentrations of 10 nM. Ry = 5.4 nm for this dye pair in water
was calculated from the measured overlap integral of the
normalized donor-emission and acceptor-absorption spectra
(with a peak extinction coefficient, supplied by Molecular
Probes, of 7.8 X 10* M~ -cm™!), a donor fluorescence quantum
yield of 0.5, and a refractive index of 1.33. Even for higher
values of the donor fluorescence quantum yield, Ry would not
increase beyond 6 nm.

Time-Correlated Single-Photon Counting. Fluorescence lifetime
and anisotropy decay measurements were performed with an
FL920 fluorometer (Edinburgh Instruments, Livingston,
U.K.). A frequency-doubled titanium sapphire laser system
(Tsunami 3960, Spectra-Physics) set to Aex = 435 nm was used
as the excitation light source. The excitation pulse width was
determined to be 100 fs by using an autocorrelator (Pulse
Check, APE, Berlin), and the laser repetition rate of 80 MHz
was reduced to 1 MHz with a pulse picker (Pulse Select, APE).
Fluorescence decays were measured with a multichannel plate
(ELDY EM1-132/300 MCP-PMT, Europhoton, Berlin). The
complete detection system has an instrumental response time
of ~100 ps. For anisotropy decay experiments, emission with
vertical and horizontal polarization with respect to the verti-
cally polarized excitation laser beam was measured by using a
polarization filter. For data analysis, the commercial software
package provided with the FL920 fluorescence spectrometer
was used. The experimental fluorescence decay data were
iteratively deconvolved from the instrument response function
based on a Marquardt algorithm and fit to a single exponential.
No attempt was made to extract end-to-end distributions or
diffusion coefficients from a more detailed analysis of the
decay curves (4). Analysis of anisotropy decay measurements
was performed by calculating the anisotropy from the vertical
and horizontal polarization intensity decay curves after tail
matching.

Molecular Dynamics Simulations. Langevin molecular dynamics
simulations were performed for each of seven polypeptides of
the form Gly-Pro,-Cys, where n = 10, 15, 20, 25, 30, 35, or 40.
The starting conformation of each peptide was obtained by

Schuler et al.

appending extended Gly and Cys residues to polyproline
modeled in a type II helix by using the angular parameters
derived from the crystal structure (28). All simulations were
performed with the EEF1 implicit-solvent energy function (29,
30) implemented in the program CHARMM (31). The EEF1
effective energy function involves a polar-hydrogen descrip-
tion of the peptide solute and a solvation free-energy model.
The EEF1 potential has been used successfully to discriminate
native protein folds from misfolded decoy structures (30) and
in structure-prediction simulations of three peptides of known
structure (32). After minimization of the EEF1 energy to a
root-mean-square gradient of <0.005 kcal/mol per A (1 cal =
4.18 J), the dynamics of each peptide were simulated at 298 K
with a collision frequency of 50 per ps applied to all heavy
(nonhydrogen) atoms. The SHAKE algorithm was applied to the
four bonds involving hydrogen atoms (in the terminal resi-
dues), and a 2-fs time step was used. Atomic coordinates were
saved every 2 ps. Between 1.5 and 4.2 us of dynamics were
analyzed for each peptide.

Results

Energy transfer from the green-fluorescing donor dye (Alexa
Fluor 488) at the carboxyl terminus to the red-fluorescing
acceptor dye (Alexa Fluor 594) at the amino terminus was
measured by determining the fraction of acceptor photons in
bursts from individual molecules containing =100 detected
photons and constructing histograms of FRET efficiencies
[E = n4/(n4 + np), where E is the transfer efficiency and np
and n,4 are the numbers of counts in the donor and acceptor
channels, respectively] calculated from the individual bursts.
Fig. 1 shows the results for a subset of the polyproline peptides
investigated. As expected, the mean transfer efficiencies de-
crease with increasing peptide length. The histograms show a
maximum at transfer efficiencies ranging from ~0.95 for the
six-residue peptide to 0.2 for the 40-residue peptide (Figs. 1
and 2). The additional peak at a transfer efficiency close to
zero is thought to be caused by molecules lacking an active
acceptor chromophore and was not included in the calculation
of mean transfer efficiencies. The peak near zero efficiency
increases with increasing laser intensity and with the size of the
molecule, whereas in previous experiments (16) it was found
to be virtually absent when the solution was flowed. These
observations suggest that the acceptor chromophore under-
goes a photochemical change before entering the confocal
volume to a form that does not accept excitation energy from
the donor. Nevertheless, comparison of the FRET efficiency
in the first and second half of individual bursts shows no
difference, indicating that acceptor photobleaching does not
influence the results.

Surprisingly, even for peptides with >30 residues, a large
amount of transfer was observed. Assuming the same rigid
geometry of polyproline as observed in the crystal structure
(28), these peptide lengths would correspond to end-to-end
distances of >10 nm, and the resulting transfer efficiencies
calculated for the dye pair used would be <3%, which would
be inseparable from the peak near zero efficiency. A compar-
ison with the Forster curve assuming a fixed distance r between
the dyes,

E=[1+(r/Ry)®T Y, (1]

illustrates the dramatically increased FRET efficiencies for
long polyproline peptides (Fig. 24), where Ry = 5.4 nm is the
Forster radius (the distance of 50% excitation energy transfer)
for this dye pair calculated assuming complete orientational
averaging of the dye transition dipoles (25). This discrepancy
raises two questions. Are the single-molecule FRET efficien-
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Fig. 1. Single-molecule FRET efficiency measurements on polyproline peptides. (A) Molecular model of a polyproline peptide used in this study. The acceptor
and donor chromophore are linked to the chain by amino- and carboxyl-terminal glycine and cysteine residues, respectively. The conformation of the proline
20-mer is based on the crystal structure (28); the linkers and dyes were placed in arbitrary orientations. (B) Transfer efficiency histograms obtained from confocal

single-molecule measurements on polyproline peptides of various lengths.

cies accurate? Is it valid to assume that polyproline is a rigid
rod for the longer peptides?

A potential complication in single-molecule experiments
arises from differences in the photon-collection efficiencies of
the two detection channels corresponding to donor and ac-
ceptor emission. This effect can be corrected for by introduc-
ing into the equation used to calculate the transfer efficiency
from the experimental data a factor vy that accounts for
differences in the detection efficiencies of the emission chan-
nels and fluorescence quantum yields of the dyes (33),i.e.,E =
n4/(ng + +ynp); y must be determined for the particular
experimental setup and pair of chromophores. For the instru-
ment and dyes used here, we previously compared single-
molecule and ensemble FRET efficiencies measured with a
calibrated spectrofluorimeter to show that y ~1 (13). To
further test this approximation, we performed time-correlated
single-photon counting measurements on bulk samples of
labeled polyproline to determine FRET efficiencies from the
fluorescence lifetime of the donor chromophore as a function
of peptide length. The FRET efficiency is given by [1 —
(1pa/7p)], where 7p4 and 7p are the donor lifetimes in the
presence and absence of acceptor, respectively. As shown in
Fig. 2, the efficiencies from the lifetime measurements are in
good agreement with those from the single-molecule intensity
measurements, eliminating the possibility of the high efficien-
cies arising from y < 1.

For the shortest peptides, a significantly lower transfer effi-
ciency than expected is observed experimentally. Polarization
measurements point to a possible reason for decreased energy
transfer. For the shortest polyproline peptides, an increase in the
steady-state residual anisotropy is observed for the donor, from
0.05 for the longest peptides to 0.11 for the hexaproline peptide:
the decrease in the lifetime of the excited state of the donor
caused by the very rapid energy transfer to the acceptor no
longer permits complete orientational averaging of the chro-
mophores. Consequently, the value of 2/3 for the orientation

2756 | www.pnas.org/cgi/doi/10.1073/pnas.0408164102

factor k? derived assuming rapid orientational averaging, and
most commonly used for the analysis of FRET experiments in
solution, is not applicable. As a limiting case, we calculated the
distance dependence of the mean transfer efficiency (E) for dyes
with a fixed separation and random but static relative transition
dipole orientations from the isotropic probability density p(x?)
using T

4
(E)Xr) —jE(r, Kp(kHdk*  with

0

E(r 2),<1+L(,/R)6>” (2]
» K= 3k? 0 ’

The result shows a decreased FRET efficiency for small dis-
tances (Fig. 24), providing an upper bound on the influence of
a lack of orientational averaging.

The larger discrepancy with Eq. 1 is observed for the longer
polyprolines (Fig. 2A4). To investigate the influence of the
polypeptide bending, which would bring the dyes closer together,
providing an explanation for the higher FRET efficiency of the
long polyprolines, we performed Langevin molecular dynamics
simulations. Trajectories of several microseconds were com-
puted for a range of polypeptide lengths. The simulations
included the glycine and cysteine residues at the termini but not

ttFor the case in which all orientations of the donor and acceptor transition dipoles are
equally probable (25, 47),

1

In2 + 0=kK=1
) =12 e \/é) ’
K2) =
1 2+
7In(7\/§> 1=k*=4,
2 /3% VK k2 =1

with k2 = (cosfr — 3cosfpcosfa)?, where Oris the angle between the donor and acceptor
transition dipoles, and 6p and 64 are the angles between the transition moments and the
line connecting the centers of the donor and acceptor, respectively.

Schuler et al.
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Fig.2. Mean transfer efficiencies fromsingle-molecule measurements (filled

red circles) and ensemble time-correlated single-photon measurements (open
red circles) as a function of the contour lengths of the peptides (Gly-Pro,-Cys)
assuming the geometry of polyproline found in the crystal structure (28) in
comparison to the dependences calculated for a rod-like spacer assuming
isotropic averaging (solid curve) or a random, but static angular distribution
of the dipoles of donor and acceptor (dashed curve) (A) and in comparison to
the dependences calculated for the different dynamic regimes according to
Egs. 4 (dark-gray squares), 5 (black squares), and 6 (light-gray squares) using
the normalized end-to-end distance distributions from the molecular dynam-
ics simulations of the peptides (Fig. 3) (B). The corresponding lines are empir-
ical fits of the data to the equation £ = 1/[1 + (r/C)*], where C is the fit
parameter. (Inset) The growing deviation of the transfer efficiency measured
in the single-molecule experiment (E;;,) from the prediction of Eq. 1 (Ef) as the
peptide contour length is increased beyond Ro.

the dyes. The starting structure was a polyproline type II helix
modeled according to the crystal structure (28). The simulations
reveal considerable bending of the peptides, especially for the
higher oligomers. Because of the strong distance dependence of
Forster transfer, this bending will make a significant contribution
to an increase in transfer efficiency between the dyes on the
termini, particularly for the longer peptides. The ends of the
polypeptide containing 40 proline residues, which has a contour
length of ~12 nm, can get to within ~6 nm in the simulation (Fig.
3), corresponding to an increase in the (instantaneous) transfer
rate by a factor of ~2°.

The end-to-end (Gly nitrogen atom to Cys sulfur atom)
distance distributions obtained from the simulations are very
similar to those of a worm-like chain. To obtain an estimate of
the persistence length, the distributions were fit with the equa-
tion of Thirumalai and Ha (34), which provides a good approx-
imation for the end-to-end distance distribution P(r) of a semi-
flexible chain,

47Nr? 31,
P(r) =

L1 = (/1772 TP\ 4, [1 - (r/m) Bl
where r is the end-to-end distance, /. and /, are the contour length
and the persistence length of the chain, respectively, and N is a

normalization constant. The fits of the worm-like chain model to
the data give a persistence length of 4.4 *+ 0.9 nm (Fig. 3). The
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Fig.3. End-to-end distance distributions obtained from molecular dynamics
simulations of peptides containing 10, 15, 20, 25, 30, 35, or 40 proline residues
plus terminal glycine and cysteine residues (black lines) and the least-squares
fits to a worm-like chain model (red lines) using Eq. 3. (Inset) The values for /¢
(filled circles) and I, (open circles) resulting from the fits are shown for the
different peptide lengths.

apparently smaller persistence lengths for the shortest peptides
may be due to the larger deviations of the fits at the short
distance ends of the distributions.

A quantitative determination of the influence of chain bending
on the mean FRET efficiency also requires consideration of the
time scale of the end-to-end distance fluctuations and the donor
fluorescence lifetime (35, 36). Fig. 4 summarizes the relevant times.
The typical duration of a photon burst in our experiments is ~1 ms,
much longer than the donor fluorescence lifetime or the end-to-end
distance correlation time, resulting in complete conformational
averaging during the observation time for an individual molecule.
The fluorescence lifetimes of the donor, as determined by time-
correlated single-photon counting measurements, range from ~0.4
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Fig. 4. Time scales of the dynamic processes involved. Indicated are the
rotational correlation time of the donor chromophore (blue dashed line), the
relaxation time of the autocorrelation function of the end-to-end distance
fluctuations calculated from the simulations (green filled circles), and the
fluorescence lifetime of the donor dye (red circles) as a function of the number
of proline residues in the chain. The typical duration of a photon burst is ~1
ms. (Left Inset) The end-to-end distance autocorrelation function for the
polyproline 20-mer (green) fit to a single-exponential decay (black). (Right
Inset) The anisotropy decay of the donor chromophore (blue) fit to a double-
exponential decay (black). The faster component of the decay (0.3 ns), which
contains 70% of the amplitude, was assigned to the rotational correlation
time of the dye (48), and the slower component (0.8 ns) was assigned to the
rotational correlation time of the entire molecule.

PNAS | February 22,2005 | vol.102 | no.8 | 2757

BIOPHYSICS



Lo L

P

2N

to 3.6 ns for the different labeled peptides. The reorientational
correlation time of the donor chromophore is ~0.3 ns as deter-
mined from the anisotropy decay of donor-labeled peptide in the
absence of transfer. Chain dynamics were quantified from the
molecular dynamics simulations by calculating the autocorrelation
functions of the end-to-end distance fluctuations and fitting them
with single-exponential decays. The resulting relaxation times are
between ~(.2 ns for the proline decamer to ~10 ns for the longest
peptides (Fig. 4). Chain dynamics and fluorescence decay are in a
very similar range for all peptides, and for the shortest chains, the
donor fluorescence lifetime approaches the reorientational corre-
lation time, as expected from the corresponding increase in residual
anisotropy mentioned above. Therefore, we should consider all
three physically plausible limits for the possible averaging regimes:

1. If the rotational correlation time 7, of the chromophores is
small relative to the fluorescence lifetime 7; of the donor and
the dynamics of the polyproline chain (with relaxation time
7,) are slow relative to Ty,

le
(Ey= f E@P@dr with E(r) = (1 + (r/R9)®) ™" [4]

a

where P(r) is the normalized interdye distance distribution
and « is the distance of closest approach of the dyes.

2. If 7. < TF and T <K 15

J4Ro/)°P(r)dr
1+ [“(Ro/r)°P(r)dr

(E) = [5]

3. If . > 1rand 7, > 7y,

4l
(E) —f f E(r, K*)P(r)p(kddr dx*  with

0Ya

2 -1
E(r, '<2)=<1+73 2(r/R0)6> . [6]
K

In all cases we used the normalized end-to-end distance
distributions from the molecular dynamics simulations, P(r) (Fig.
3) and the theoretical isotropic probability density p(x?) to
calculate the mean transfer efficiencies for the polyproline
peptides studied by simulation.™ The results are plotted in Fig.
2B and illustrate that the flexibility of the chains results in
markedly increased transfer efficiencies compared to those
calculated for rod-like molecules (Fig. 24). Moreover, they
demonstrate the strong influence of the different dynamic
regimes. Considering that 7. << 77 and 7, ~ 7 for the longer
oligomers, we expect the corresponding experimental results to
be in the range of the values calculated with Eqs. 4 and 5. The
static limit (Eq. 6) will only be relevant for the shortest peptides.
All in all, chain flexibility and dynamics account well for the
experimentally observed mean transfer efficiencies.**

Discussion

To determine whether FRET measurements can provide quan-
titative distance information in single-molecule fluorescence
experiments, we have measured the FRET efficiency for donor

*We should mention that in the simulations of the 30- and 35-mer, sudden transitions to
long-lived kinked structures were observed but were excluded from our analysis (Figs. 3
and 4). We suspect that these structures are artifacts that reflect our use of an implicit-
solvent model and will require additional investigation with explicit solvent. Such struc-
tures would increase the calculated mean FRET efficiency, bringing the calculated values
in even closer agreement with the observed. They might also contribute to the yet-to-
be-understood observed excess width of the FRET efficiency distribution (Fig. 1B) over
that expected from pure shot noise (36).
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and acceptor dyes attached to the ends of freely diffusing
polyproline molecules of various lengths. Polyproline, the stiffest
homooligopeptide (37), forms a type II trans helix with a pitch
of 0.31 nm per residue in aqueous solution (28), and its confor-
mation does not change after addition of denaturants (13).
However, our experimentally observed interdye-distance depen-
dence of the mean FRET efficiency differs greatly from the
predictions of the simplest Forster formula, Eq. 1, assuming a
perfectly rigid rod for the polyproline spacer and fast, isotropic
rotational averaging of the chromophores (Fig. 24). For pep-
tides with a length much shorter than the size of the Forster
radius, too low a transfer efficiency is observed; for longer
peptides, the transfer efficiency is substantially higher than
expected for a rod-like behavior of polyproline. The differences
are not a result of inaccuracies in the single-molecule measure-
ments, because the mean efficiencies have been confirmed with
ensemble lifetime measurements.

Two factors may contribute to the deviations for the smallest
oligomers. One factor is the lack of orientational averaging
during the donor lifetime, as indicated by the decay of the
anisotropy (Fig. 4 Inset), so that the average angular factor k? <
2/3. Our calculations (Egs. 2 and 6) provide an upper bound on
this effect, and the experimental data are well within the
expected range (Fig. 2). The second factor is the breakdown of
the point-dipole approximation of Forster theory, which requires
that the size of the donor and acceptor be small compared to
their intermolecular separation. In the present case, the lengths
of both donor (0.7 nm) and acceptor (1.2 nm) dyes are not small
compared to the length of the 10-residue polyproline spacer of
~3 nm. The point-dipole approximation leads to the important
property of the theory that all the parameters can be calculated
directly from experimental measurables; if this is not true, the
rate must be calculated from a detailed quantum mechanical
treatment of the Coulomb interaction between the charge
distributions (38-40), which is not nearly as reliable and could
lead to either a faster or slower rate of excitation energy transfer
(i.e., either a higher or lower FRET efficiency than predicted by
using the point-dipole approximation).

For the long peptides, Langevin molecular dynamics simula-
tions show that the difference can be explained by the flexibility
of polyproline. The decay of the autocorrelation function indi-
cates that the end-to-end distance distribution is sampled com-
pletely within the 1-ms collection time of photons from individ-
ual molecules. By considering the averaging regimes relevant for
the reorientation of the dyes and the fluctuations of the end-
to-end distances of the chains, the main components contribut-
ing to the enhancement of the mean FRET efficiencies are
accounted for (Fig. 2B). A more complete analysis would include
the donor and acceptor dyes and their linkers in simulations with
explicit solvent and a direct calculation of the FRET efficiency,
as was done, for example, in the case of Forster transfer of
excitation energy from tryptophan to heme, calculated by using
an all-atom molecular dynamics trajectory of myoglobin (41).

Polyproline peptides were first used in the context of FRET in
the work of Stryer and Haugland (1), who experimentally observed
the distance dependence of the transfer efficiency predicted by
Forster (26), assuming polyproline to be a rigid rod. For the longer
polyprolines used in the present work, however, the end-to-end
distance distributions obtained from Langevin molecular dynamics
simulations are not those of a rigid rod but are much more like the
distributions of a worm-like chain (42). To extract an apparent
persistence length, the end-to-end distributions were fit with the
model function of Thirumalai and Ha (34), Eq. 3 (Fig. 3). The
persistence length obtained from the fits is 4.4 = 0.9 nm, signifi-
cantly less than the textbook value of 22 nm (37, 42), indicating
greater flexibility than previously estimated by assuming a fixed
value of the backbone dihedral angle ¢ (37). However, in the range

Schuler et al.
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of the small peptide lengths used by Stryer and Haugland (up to the
dodecamer), polyproline can be approximated by a rigid rod.%

Interestingly, since the experiments of Haugland and Stryer,

there have been very few studies of the distance dependence of
the FRET efficiency and no rigorous determination of the
accuracy of Forster theory at distances for which the point-
dipole approximation should apply. In the only previous single-
molecule study of the distance dependence, Deniz et al. (43) used
B-form, double-stranded DNA as a spacer between large donor
and acceptor dyes. By using the reported Ry = 5.3 nm and an
assumed correction factor y = 1, the measured FRET efficiency
was also found to be much higher than the predictions of Eq. 1,
although flexibility is expected to play a very small role because
the persistence length of DNA is ~10-fold larger than the Ry of
the donor—acceptor dye pair. However, a very recent reinvesti-
gation found excellent agreement between measured and pre-
dicted FRET efficiencies, by including dye flexibility, by using
alternating laser excitation of the donor and acceptor to elimi-
nate the zero-efficiency peak (44), by determining a more
accurate value for the correction factor vy, and by redetermining
Ry from spectroscopic data to be 6.9 nm (N. K. Lee, A. N.
Kapanidis, Y. Wang, X. Michalet, J. Mukhopadhyay, R. H.
Ebright, and S. Weiss, personal communication).

Polyproline has been used as a spectroscopic reference for

single-molecule fluorescence experiments (13), and because of the
large number of potential photochemical complications in single-

88Stryer and Haugland (1) also fit their data by using an Ro of 3.4 nm instead of the value

molecule studies on biomolecular dynamics, we expect labeled
polyproline peptides to become an important standard for calibrat-
ing measurements and for testing and refining new experimental
methods. For single-molecule FRET experiments on proteins, it is
desirable to use a polypeptide-based reference molecule, because
the type of attachment chemistry and the characteristics of the
immediate molecular environment can influence the photophysical
properties of fluorophores (45, 46). Single-molecule measurements
have the advantage of providing distributions, and they can be used
to separate subpopulations and to investigate their dynamics indi-
vidually. Although the chromophores necessary for these studies
are relatively large, our results show that, in principle, there are no
additional complications in single-molecule experiments other than
those arising from photodestruction due to multiple excitations at
the high laser intensities used. As in ensemble FRET experiments,
consideration of the dynamics is critical for extracting structural
information.
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