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FRET studies of polyproline

Robert B. Best*', Kusai A. Merchant*, Irina V. Gopich*, Benjamin Schuler**, Ad Bax*, and William A. Eaton*$

*Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD 20892-0520;

and *Biochemisches Institut, Universitat Zirich, CH-8057 Zurich, Switzerland

Contributed by William A. Eaton, October 8, 2007 (sent for review September 19, 2007)

Polyproline has recently been used as a spacer between donor and
acceptor chromophores to help establish the accuracy of distances
determined from single-molecule Forster resonance energy trans-
fer (FRET) measurements. This work showed that the FRET effi-
ciency in water is higher than expected for a rigid spacer and was
attributed to the flexibility of the polypeptide. Here, we investi-
gate this issue further, using a combination of single-molecule
fluorescence intensity and lifetime measurements, NMR, theory,
and molecular dynamics simulations of polyproline-20 that include
the dyes and their linkers to the polypeptide. NMR shows that in
water ~30% of the molecules contain internal cis prolines,
whereas none are detectable in trifluoroethanol. Simulations sug-
gest that the all-trans form of polyproline is relatively stiff, with
persistence lengths of 9-13 nm using different established force
fields, and that the kinks arising from internal cis prolines are
primarily responsible for the higher mean FRET efficiency in water.
We show that the observed efficiency histograms and distributions
of donor fluorescence lifetimes are explained by the presence of
multiple species with efficiencies consistent with the simulations
and populations determined by NMR. In calculating FRET efficien-
cies from the simulation, we find that the fluctuations of the
chromophores, attached to long flexible linkers, also play an
important role. A similar simulation approach suggests that the
flexibility of the chromophore linkers is largely responsible for the
previously unexplained high value of Ro required to fit the data in
the classic study of Stryer and Haugland.

fluorescence | molecular dynamics | persistence length | polypeptide |
proteins

F(’irster resonance energy transfer (FRET) has been a widely
used tool for determining distances within and between
biological molecules, and was called a “spectroscopic ruler” by
Stryer and Haugland (1, 2). The basis of the technique is that the
rate of energy transfer, kg, between two chromophores depends
on their separation in space R according to kgt = kp(Ro/R)S, as
shown by Forster (kp~! is the fluorescence lifetime of the
“donor” chromophore and R, the distance at 50% transfer
efficiency). The prediction of an R™° dependence of kgt was
initially confirmed in the experiment by Stryer and Haugland
(1), who used a series of L-proline oligomers (Fig. 14) as spacers
of known length (3) between naphthyl and dansyl chromophores.
Based on the early theoretical estimate by Schimmel and Flory
(4) of 22 nm for the persistence length of poly-L-proline in the
type II conformation, the spacers of 1-12 prolines were consid-
ered as rigid rods, resulting in a good fit of the theory to the
experimental transfer efficiencies. An unexplained result, how-
ever, was that the fit required an Ry significantly longer than the
value determined spectroscopically.

Advances in detector technology and the use of fluorophores
with very high extinction coefficients, large quantum yields, and
photochemical stability have made it possible to measure FRET
in single molecules (5). This development has enabled several
single-molecule FRET studies of protein folding, aimed at
obtaining information on intramolecular distance distributions
as molecules fold (6-20). As a “control” for determining the
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Fig. 1. Polyproline structures. Space-filling representation of polyproline-20
labeled with Alexa Fluor 488 (FRET donor) at the C-terminal cysteine and Alexa
Fluor 594 (FRET acceptor) at the N-terminal glycine in the all-trans conforma-
tion (A) and with residue 8 (purple) in the cis conformation (B). (B Inset) A
polyproline fragment with one cis peptide bond (shown as ““o = 0"). One of
the remaining trans peptide bonds is also indicated (“w = 180").

accuracy of distances obtained from single-molecule FRET
results, Schuler et al. (15) effectively repeated the Stryer and
Haugland experiment at the single-molecule level on freely
diffusing molecules with continuous wave laser excitation (15),
using longer polyprolines of 6—40 residues because of the larger
Ry (5.4 nm) in their experiment. The FRET efficiencies of the
oligomers with >17 residues were found to be much higher than
expected for rigid polyproline. This effect was largely repro-
duced by implicit solvent simulations, and explained in terms of
polyproline flexibility [a persistence length of 5 nm was obtained
from the simulations, compared with the original estimate of 22
nm by Schimmel and Flory (4)]. Schuler et al. (15) also found that
the width of the FRET efficiency distribution was greater than
expected from shot noise, but did not investigate possible causes.
In a subsequent study, Watkins et al. (21) measured single-
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molecule photon trajectories from continuous wave excitation of
immobilized polyprolines of 8§-24 residues. After correcting for
shot noise, they concluded that there is a static distribution of
different conformers of polyproline. Using a worm-like chain
model, they calculated that a persistence length of 2.3 nm would
be required to fit the observed mean efficiency. Watkins et al.
(21) also suggested that the structure distribution resulted from
the presence of cis prolines but made no estimate of their
contribution.

Given the importance of experiments on polyproline for
quantifying distance information in single-molecule FRET ex-
periments, as well as the large variation in reported persistence
lengths, we have investigated this problem further. We have used
NMR spectroscopy to determine the fraction and location of cis
prolines (Fig. 1B), measured single-molecule photon trajectories
using pulsed, picosecond excitation of freely diffusing molecules
to obtain accurate FRET efficiencies from the fluorescence
decay curves of subpopulations, and performed molecular dy-
namics calculations to interpret the results. The single-molecule
lifetime and intensity data are interpreted in terms of the
NMR-determined populations of cis isomers and the efficiencies
for these isomers obtained from molecular dynamics calculations
that include the dyes and their linkers. To compare the FRET
efficiency histograms with the predictions from the simulations,
a theoretical model was used that accounts for both photon
statistics and background noise. Measurements were also made
in trifluoroethanol (TFE), believed to reduce the cis proline
content relative to water (22).

Results

Fraction and Location of cis Residues in Polyproline Determined by
NMR. The H® region of the 'H spectra of polyproline-8 and
polyproline-20 [(Pro)sGly and (Pro);oGly] in D,O is shown in
Fig. 2 4 and B. The highest intensity peak at 4.73 ppm can be
attributed to the major population of prolines: residues that are
trans and followed by a trans peptide bond. The integrated peak
intensities indicate that the smaller signals at 4.44, 4.64, and 4.78
ppm each correspond to ~1 residue. The resonances at 4.78 and
4.64 are assigned to residues 1 and 2 based on sequential H*-H?
NOE:s, whereas that at 4.44 lacks such NOEs, and instead shows
an NOE to the amide proton of the C-terminal Gly (data not
shown). Four additional, smaller resonances at 4.31, 4.53, 4.60,
and 4.85 are also apparent for both peptides in D,O. Strong
He-H* NOE:s between the signals at 4.31 and 4.85 (broken lines
in Fig. 2 D and E), and 4.53 and 4.60 (solid lines in Fig. 2 D and
E), indicate two pairs of proline residues that are each separated
by a cis peptide bond. The first pair is due to cis proline within
the main chain because it scales with the number of residues and
the signal must therefore be due to cis proline within the main
chain. The intensity of the latter pair scales with the signals for
the terminal residues and is attributed to a small population of
cis proline at the C terminus. From peak intensity ratios, the
fraction of cis proline at the C terminus is ~10% (10.3 = 1.0%
in polyproline-8 and 11.9 = 2.0% in polyproline-20). The relative
peak integrals indicate that the fraction of cis peptides within the
chain is =~2% (1.8 = 0.2% in polyproline-8 and 1.9 * 0.2% in
polyproline-20).

In the NOESY spectrum of polyproline in TFE, only a single
He-H* NOE is observed (Fig. 2F). The absence of sequential
He-H? NOE:s to either signal confirms that this cross-peak is due
to a cis proline at the C terminus. The corresponding peaks on
the diagonal appear as shoulders on the larger peaks at 4.42 and
4.49 (indicated by asterisks in Fig. 2C). Because of this overlap,
the cis fraction at the C terminus cannot be obtained from 1D
integration, however, from an analysis of the intensities of the
diagonal and cross peaks in the NOESY spectrum, we estimate
that ~12.5 = 3.0% of the C-terminal residues are cis. There is
no detectable H*-H* NOE signal for internal cis residues;
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Fig.2. Populations of cis proline from NMR. The H* regions of the 'H spectra
of polyproline-8 in D,0 (A), polyproline-20 in D,0 (B), and polyproline-20 in
TFE (C) reveal minor populations of cis residues. Resonances from residues
adjacent to a C-terminal cis peptide bond are indicated by asterisks, and those
adjacent to internal cis peptides are indicated by filled circles. The spectra have
been vertically expanded to illustrate the low intensity signals, with the full
spectra shown as Insets. NOESY spectra of the same region confirm the two
groups of cisresonances in polyproline-8 (D) and polyproline-20 (E) in D;0, and
only one group in TFE (F). NOESY cross-peaks arising from internal cis peptides
are identified by broken lines, and those from C-terminal cis proline are
identified by solid lines.

assuming that the cis and frans signals are not exactly overlapped,
this result indicates that the fraction of internal cis residues is
<0.1%.

FRET Efficiency Histograms: Shot Noise, Bleaching, and Blinking.
Photon trajectories were recorded in TFE for dilute solutions of
freely diffusing polyproline-20 labeled at the N terminus with a
FRET acceptor (Alexa Fluor 594) and at the C terminus with a
FRET donor (Alexa Fluor 488) (Fig. 1). The trajectories were
divided into “bins” of 2 ms and those bins having a sum of donor
and acceptor photons of <25 were discarded. Before further
analysis, the data were corrected for differences in donor/
acceptor quantum yield and detection efficiency, by random
deletion of acceptor photons (23) [see supporting information
(SI) Text]. No background subtraction was performed; rather,
the background was considered explicitly in later analysis.

Fig. 3 shows the distribution of transfer efficiencies. The main
peak in the distribution in TFE (Fig. 34) occurs at an efficiency
of ~0.34; the additional low efficiency peak is due to molecules
lacking an active acceptor dye. In the corresponding efficiency
histogram for the same experiment in water (Fig. 3B), the main
peak is shifted toward a higher efficiency of ~0.45.

The widths of the main peaks in the efficiency distributions in
TFE and water are wider than expected from statistical “shot
noise” arising from the finite number of detectegzphotons. The
expected shot noise width was calculated from o5, = (E)(1 —
(EY)XN—1) (19, 24, 25), where N is the number of photons in each
bin, yielding shot-noise limited widths of 0.088 and 0.095 for
polyproline-20 in TFE and water, respectively. The actual stan-
dard deviation of the main peak in the efficiency distribution is
0.116 (32% wider than shot noise) in TFE and 0.146 (54% wider
than shot noise) in water.

The histograms of time delays were calculated for donor
photons belonging to time bins on the low and high side of the
donor/acceptor FRET peak in Fig. 3. There is a small difference
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Fig. 3. Distributions of FRET efficiency for polyproline-20. The efficiency of
each molecule E = na/(na + np) was calculated from the (y-corrected) na
acceptor and np donor photons detected as it passes through the observation
volume, in TFE (A) and water (B) (solid bars). Broken yellow lines indicate the
shot-noise-limited width of the distribution (24, 19). Solid blue line in A gives
a maximum likelihood fit of the data a multistate model. Solid blue line in B
gives the expected efficiency distribution for a heterogeneous mixture of
species containing cis proline, taking the relative populations from NMR and
the efficiencies from simulation. (/nsets) The donor fluorescence decays for
donor photons from the subpopulations with corresponding colors in the
efficiency histograms.

between the two curves in TFE (Fig. 34 Inset), but a marked
difference in water (Fig. 3B Inset). This difference indicates that
some of the width arises from structural heterogeneity of
polyproline that is not averaged on a time scale comparable with
or longer than the interval between detecting photons (50-100
us). We note that additional width cannot arise from heteroge-
neity in labeling (i.e., exchange of donor and acceptor attach-
ment points) because different chemistry is used to attach the
donor and acceptor chromophores.

Additional width could also arise from bleaching and blinking
of the acceptor dye. In Fig. 44, we compare the efficiency
distributions calculated from the first and second half of each
bin. The similarity of the distributions suggests that photobleach-
ing of the acceptor dye is not a significant effect, because it would
tend to shift the distribution from the second half of the bin to
lower efficiency.

We also address the issue of “blinking” of the acceptor
chromophore to a nonfluorescent state with a poor spectral
overlap with the donor fluorescence, and occurring on time
scales longer than or comparable with the interphoton detection
interval (24). For bins belonging to each interval of 0.1 in
efficiency in the FRET histograms the frequency distribution of
“strings” of consecutive donor and acceptor photons of different
lengths were calculated, and normalized by the number of
possible strings of each length, given the empirical distribution
of the number of photons per time bin. The distribution for
donor photons is shown in Fig. 4B and the distribution for
acceptor photons is shown in SI Fig. 12. In each such interval, the
acceptor fraction of the total photons, which is denoted by e,
should be approximately the same. If the order of detection of
donor and acceptor photons is random, the probabilities of a
sequence of v consecutive acceptor photons or vp consecutive
donor photons are simply given by p(va) = ¢*aand p(vp) = (1 —
g)"p, respectively. Blinking of the acceptor chromophore (or
photobleaching) would give rise to a more frequent observation
of long strings of donor photons. However, we find that the
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Fig. 4. Lack of evidence for acceptor photobleaching or “blinking.” (A)
Histograms of FRET efficiency calculated from the first (black lines) and second
(red lines) halves of each bin in TFE (Upper) and water (Lower). (B) Probabilities
of “strings”” of consecutive donor photons from time bins belonging to
different slices of the efficiency histogram for polyproline-20 (Fig. 3); up and
down triangles represent the data in TFE and water, respectively. Data are
color coded by slice as indicated in the legend. The solid lines are calculated as
p(vp) = (1 — &)*®, where ¢ is the mean efficiency in each slice, and 1p is the
number of consecutive donor photons.

distributions match what is expected for uncorrelated emission,
within error (Fig. 4B).

Conformational Distributions, Dynamics, and Persistence Length from
Molecular Simulations. We used an implicit solvent model for
all-trans polyproline, because its structure is essentially deter-
mined by repulsive interactions. However, we used a five-proline
fragment attached to each dye in explicit solvent to sample the
distribution of the dye conformations, because they are attached
to the polyproline by flexible linkers. This multiscale approach
avoids costly simulations of the (very long) dye-labeled polypro-
line in explicit solvent.

Fig. 5 summarizes the relative contribution of the polyproline
flexibility and range of motion of the linkers to the interdye
distance distribution for polyproline-20. The contributions of the
linkers to donor-acceptor distance fluctuations were approxi-
mated by projecting the distance from the polyproline terminus
to the center of each chromophore onto the axis of the polypro-
line helix.

In SI Fig. 8, we present the various correlation functions for
polypeptide, donor, and acceptor motions.

To determine the persistence length from the simulations, the
average projection of the end-to-end vector onto the initial chain
direction was calculated as a function of chain length (see SI Fig.
10C). The extrapolated limit of this projection for very long
chains, ~13 nm, corresponds to the persistence length, /,. A
second approach, which allows an estimate of the persistence
length for shorter chains, uses the analytical approximation of
Thirumalai and Ha (26) to the radial probability distribution for
a worm-like chain. Fitting their equation to the end-to-end
distribution for polyprolines gives persistence lengths in the
range 9-12 nm for polyprolines of more than ~20 residues, using
a number of different force fields (see SI Fig. 10 A and B).

Comparing Donor Fluorescence Decays with Simulations. In Fig. 64

are shown the histograms of time delays for polyproline-20 in
TFE. The donor lifetime in the absence of an acceptor was
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Fig. 5. Contributions to donor-acceptor distance distributions from simula-
tion. (A) Length of polyproline-20 (distance between the amide nitrogen of
Pro-2 and carboxyl carbon of Pro-21 in Gly(Pro),oCys) for all-trans polyproline
(black). (B) The projection of proline-donor distance onto the N-C vector for
trans (black) and cis (green) residues at the C terminus. (C) The corresponding
distribution for proline-acceptor distance. (D) Resultant distribution of donor-
acceptor distances for all-trans (black) and C-terminal cis only (green). The
bimodal shape for C-terminal cis arises from transient sticking of the dye to the
polyproline. (Insets) The part of the molecule whose fluctuations are plotted.

obtained by using donor photons from time bins belonging to the
“donor-only” peak in the FRET histogram, defined conserva-
tively as £ < 0.1. The time delay histogram for the main
efficiency peak was obtained from donor photons from time bins
with E > 0.2. The fluorescence intensity decay /() was calculated
from simulation using the time-dependent rates determined
from the trajectory, averaging over multiple initial points (27).
The mean efficiency was obtained from integration of I(¢) as
described in SI Text The calculated intensity decay for all-trans
polyproline in TFE is given by the red curve in Fig. 6A. Inclusion
of the ~12.5% cis proline at the C terminus found by NMR, gives
a very similar result (solid blue curve in Fig. 64). We note that
calculation of lifetime distributions, or FRET efficiencies, in the
limit of slow chain dynamics (Eq. S6 in SI Text) is a very good
approximation to the full calculation.

In water, the experimental I(¢) lies below that calculated from
simulation of all-trans polyproline (red curve in Fig. 6B). Fluo-
rescence decays for polyprolines with internal cis prolines were
generated from implicit solvent simulations of polyproline-20
molecules with a single cis residue at each possible position, as
for the all-trans molecule. The average over all-trans polyproline
and the cis proline species, weighted by the NMR populations is
remarkably close to the experimental curve (blue curve in
Fig. 6B).

Comparing FRET Efficiency Distributions with Simulation. We char-
acterize the heterogeneity in FRET efficiencies by a model in
which there are an assumed number K of species with popula-
tions w; and efficiencies ¢;. Each time bin is associated with only
one species (i.e., species do not interconvert over the duration of
the bin). We use the experimentally determined distribution of
the sum of donor and acceptor photons, to bypass the problem
of modeling diffusion through the laser spot (23, 25, 28). The
joint probability of ns acceptor photons and np donor photons
in a time bin is then given by (see SI Text)

Best et al.
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Fig. 6. Donor fluorescence decays from polyproline-20 in TFE (A) and water
(B). The distribution of donor time delays (i.e., between the laser pulse and
donor photon detection) for bins belonging to the ““donor-only” peak in the
efficiency histograms (Fig. 3), defined as 0.0 < E < 0.1 is given by open black
symbols and the time delay distribution for the remainder of the histogram
(E > 0.2) by open red symbols. The solid black lines represent exponential
decay of the fluorescence from the donor-only peaks with a lifetime of 4.3 ns.
Intensity decays calculated from simulations of all-trans polyproline-20 are
given by solid red lines. In A, the solid blue curve is the result of adding a 12.5%
population of cis proline at the C terminus; the broken black curve is the
expected lifetime distribution for a rigid all-trans polyproline. In B, the solid
blue curve represents the lifetime distributions of all 38 possible species from
simulation, weighted by the populations estimated from NMR. The same data
are plotted on a linear scale in the Insets.
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where p(na + np) is the probability of a bin containing na + np
photons, b and bp are the number of background counts per bin
in the acceptor and donor channels, and (V) is the mean number
of photons per bin (all of which can be obtained from experi-
mental data).

For polyproline-20 in TFE, a three-species model was used
(donor-only, all-trans, and C-terminal cis). The parameters w;
and ¢; were optimized by maximizing the joint likelihood of all
observed bursts, where Eq. 1 gives the likelihood of the obser-
vation in an individual time bin. The efficiency histogram
back-calculated from the optimal parameters is plotted in Fig.
3A. The largest fitted population in TFE has an efficiency of 0.34
and a population of 81% (excluding donor-only). The other
species (apart from donor-only) has an efficiency of 0.53 and a
population of 19%. These populations are close to the NMR
values of 87.5 = 3.0% for all-trans polyproline, and 12.5 = 3.0%
for molecules with a C-terminal cis proline. The corresponding
efficiencies from simulation, determined by integrating I(¢), are
0.40 and 0.61.

In water, the NMR data show that there is the possibility of
many different polyproline conformations with various combi-
nations of cis prolines (38 in total, neglecting the small popula-
tion of molecules expected to have more than one internal cis
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proline), so any fit would be highly underdetermined. We
therefore calculated the FRET efficiency histogram with the
populations taken from the NMR analysis and the efficiencies
calculated from the simulations for each of the 38 isomers,
assuming a uniform distribution of internal cis residues. We find
that the prediction of the histogram is in remarkably good
agreement with the measured histogram.

Discussion

FRET has been extensively used for obtaining qualitative dis-
tance information in single-molecule experiments on biomol-
ecules (14, 29, 30). More recently, experiments have suggested
that despite the large chromophores and long linkers, it should
be possible to obtain accurate quantitative distance information
in both proteins and nucleic acids (15, 16, 19, 21, 31). However,
quantitative analysis of single-molecule FRET experiments us-
ing polyproline of varying lengths as spacers between donor and
acceptor dyes has raised some doubt. Using continuous wave
excitation, Schuler et al. (15), and later Watkins et al. (21), found
that the mean FRET efficiency was much higher than expected
for polyproline acting as a rigid rod spacer and that the width of
the FRET efficiency distribution is much greater than expected
from shot noise alone. Schuler et al. (15) used molecular
dynamics simulations of polyproline to attribute the high mean
efficiency to flexibility of polyproline, assumed to be in the
all-trans type 11 helix, whereas Watkins et al. (21) suggested that
cis prolines would contribute to both the high efficiency and
excess width, but did not carry out any structural analysis or
molecular simulations. Our objective in this work has been to
provide a more quantitative explanation of these two findings by
repeating experiments on polyproline-20 using pulsed laser
excitation and time-tagging of individual photons to obtain
histograms of FRET efficiencies for single molecules and of time
delays for subpopulations, NMR experiments to estimate both
the location and fraction of cis prolines, and molecular dynamics
simulations of polyproline that include cis residues, as well as the
dyes and their flexible linkers. This information leads to a
satisfactory quantitative explanation of both the high mean
FRET efficiency and the excess width.

Our NMR experiments demonstrate that in water ~30% of
the molecules contain internal cis prolines, whereas in TFE there
are no detectable internal cis prolines (Fig. 2); in both solvents,
there is also a small population of cis proline at the C-terminal
residue. The internal cis prolines produce kinks in the chain that
bring the donor and acceptor dyes closer together, and imme-
diately provide a qualitative explanation for both the higher
mean efficiency and shorter lifetime in water compared with
TFE and the greater width in excess of that expected from shot
noise alone (Figs. 3 and 6). Can we explain these results
quantitatively?

To do so, we carried out molecular dynamics simulations and
developed a theoretical framework for analyzing FRET effi-
ciency histograms. Distance distributions obtained from the
simulations show that all-frans polyproline itself is relatively stiff,
with rms fluctuations of 0.2 nm in end-to-end length (Fig. 54).
The much broader distribution of lengths (15) obtained in earlier
simulations of polyproline with the same force field were a result
of the integration step (2 fs) being too short for the friction (50
ps™1) used (see SI Text). The persistence length for all-frans
polyproline, calculated several different ways and with different
force fields, is 9-13 nm (see Results and SI Fig. 10). This
flexibility is too little to increase the FRET efficiency much
above that expected for a rigid rod, even for the 40-residue
polyproline in the study of Schuler ez al. (15).

We have compared the results of the simulations with both the
intensity and lifetime data (Fig. 6). In TFE there are only two
populations of molecules: 88.5% all-trans and 12.5% with a cis
residue at the C terminus. The result is that the fluorescence
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decay calculated from the simulations (see SI Text) differs only
slightly from that expected for 100% all-trans polyproline. To
calculate the fluorescence decay in water from the simulations,
we used the fractions of C-terminal and internal cis residues from
NMR and assumed an equal probability for a single cis residue
at each internal position. This enumeration results in a total of
38 isomers. The internal cis residues have a much bigger effect
than the C-terminal cis residues, and result in a large decrease
in fluorescence lifetime compared with the all-trans molecule.
The calculated fluorescence decay curves are in remarkably
good accord with the observed histogram of donor time delays.

Calculation of FRET efficiency histograms requires careful
consideration of both the shot noise and background fluores-
cence. We first ruled out any significant contribution to the width
of the distribution from bleaching or blinking of the acceptor dye
by comparing the FRET efficiency in the first and second half
of each burst of photons, and by examining the distribution of
continuous strings of donor photons (Fig. 4).

We calculated FRET efficiency histograms using a model that
allows for multiple species with different FRET efficiency (see
Eq. 1). In the case of TFE, maximum likelihood was used to
determine optimal populations and efficiencies for the species,
consistent with the distribution of donor and acceptor photons
in the individual bursts as the molecules diffuse through the
detection volume. The efficiency histogram computed from the
optimal parameters explains the very small excess width above
that expected from shot noise. The optimal populations are
similar to those determined by NMR and the efficiencies are only
slightly less than obtained from the simulations (Fig. 3). In the
case of water, direct calculation of the efficiency histogram from
38 different isomers with populations determined from the
NMR experiments and mean efficiencies from simulations is
remarkably similar to the observed histogram. Although internal
cis prolines bring the ends of the molecule closer together, the
mean efficiency is only modestly increased because the dynamics
associated with the additional flexibility is effectively slow
relative to the donor lifetime (see SI Fig. 8).

We find that linker dynamics plays an important role: the
donor dye is conjugated to the C-terminal cysteine residue by a
very flexible five-carbon linker and undergoes large projected
fluctuations (rms of 0.9 nm; Fig. 5B), compared with the much
smaller fluctuations of the acceptor, attached to the C-terminal
glycine by a two carbon linker (0.25 nm Fig. 5C). Thus, the
overall donor-acceptor distance distribution in Fig. 5D largely
reflects the mobility of the donor chromophore. Whereas this
mobility has the advantage that the orientational contribution to
FRET, 2, is close to the isotropic value of 2/3, it also means that
the contribution of linker dynamics to donor-acceptor separation
needs to be carefully considered when determining distance
information from FRET.

A related question that arose in the course of this work was
whether donor/acceptor dynamics might explain the discrepancy
mentioned earlier concerning the Ry in the classic study of Stryer
and Haugland (1). We found that simulations that included the
dynamics of a naphthyl donor and dansyl acceptor resulted in
increased FRET efficiency, explaining a large part of the
difference between the calculated curves using the experimen-
tally determined Ry and the fitted Ry (see SI Fig. 11).

The consistency of the results from NMR, single-molecule
lifetime and intensity measurements, and molecular dynamics
simulations indicates that, despite the structural complexity, it is
indeed possible to understand single-molecule FRET experi-
ments with polyproline spacers in quantitative detail. These
results, as well as the previous work on proteins unfolded by
chemical denaturants (6-20), suggests that single-molecule
FRET will become an increasingly powerful tool in investiga-
tions of structure distributions in protein folding and related
problems.
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Materials and Methods

NMR Spectroscopy. 'H NOESY spectra were acquired for
(Pro)sGly and (Pro)»Gly in D0, and for (Pro),oGly in deuter-
ated TFE (Cambridge Isotope Laboratoraties, Andover, MA) at
8°C to separate the water and H* signals; similar results were
obtained at 20°C. All spectra were acquired on an 800-MHz
Bruker spectrometer.

Single-Molecule Instrument. Single-molecule measurements were
carried out with a Picoquant Microtime 200 confocal fluores-
cence microscope (Berlin, Germany). A 470-nm pulsed diode
laser (20-MHz repetition rate, 80 ps FWHM, 35 uW average
power) was used to excite the donor chromophore, and donor
and acceptor fluorescence were detected by single-photon ava-
lanche photodiodes. A TimeHarp200 card was used to record the
detection channel (donor, acceptor), the absolute arrival time
(100 ns resolution), and fluorescence lifetime (37 ps resolution)
of each photon.

Molecular Dynamics Simulations. Polyproline dynamics were inves-
tigated by using Langevin simulations of polyproline peptides of
sequence Gly-(Pro),-Cys with the EEF1 implicit solvent force-
field (32). The dye-linker dynamics were studied by using
all-atom simulations (CHARMM27 force-field) of polyproline-
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dye fragments consisting of the peptide Gly-(Pro)s-Cys linked
either to a “donor” (attached to Cys using maleimide chemistry)
or “acceptor” (attached to Gly by peptide chemistry) dyes.
Simulations were run for 20 ns in explicit TIP3P water with
periodic boundary conditions (4.67-nm box size) at constant
pressure (1 atm) using NAMD (33). To calculate time-
dependent transfer rates kgr(f), composite trajectories were
assembled from the three simulations by choosing random,
independent time origins from each and evaluating kgr(f) over
the subsequent portions of the simulations (differences in units
of time because of friction as described above were also ac-
counted for). Further details of simulations and efficiency
calculations are in SI Text

Note Added in Proof. A recent study by Doose et al. (34) provides
evidence for internal cis prolines in aqueous solutions from short-range
(sub-nanometer) fluorescence quenching by photoinduced electron
transfer in ensemble and FCS experiments on polyprolines up to 10
residues in length but does not quantify either the fraction of internal cis
residues or their effect on the FRET efficiency.
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