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Abstract: A flexible peptide chain displays structural and dynamic properties that correspond to
its folding and biological activity. These properties are mirrored in intrachain site-to-site distances
and diffusion coefficients of mutual site-to-site motion. Both distance distribution and diffusion
determine the extent of Förster resonance energy transfer (FRET) between two sites labeled with a
FRET donor and acceptor. The relatively large Förster radii of traditional FRET methods (R0 > 20 Å)
lead to a fairly low contribution of diffusion. We introduced short-distance FRET (sdFRET)
where Dbo, an asparagine residue conjugated to 2,3-diazabicyclo[2.2.2]octane, acts as acceptor
paired with donors, such as naphtylalanine (NAla), tryptophan, 5-L-fluorotryptophan, or tyrosine.
The Förster radii are always close to 10 Å, which makes sdFRET highly sensitive to diffusional
motion. We recently found indications that the FRET enhancement caused by diffusion depends
symmetrically on the product of the radiative fluorescence lifetime of the donor and the diffusion
coefficient. In this study, we varied this product by two orders of magnitude, using both donors
of different lifetime, NAla and FTrp, as well as a varying viscogen concentration, to corroborate
this statement. We demonstrate the consequences of this relationship in evaluating the impact of
viscogenic coadditives on peptide dimensions.

Keywords: short-distance FRET; diffusion; radiative fluorescence lifetime; viscosity; chain dynamics;
peptide structure

1. Introduction

Förster resonance energy transfer (FRET) brings the sensitivity and speed of fluorescence
spectroscopy to structure and distance determination [1]. Since its first application to biopolymers,
namely polyprolines [2], major efforts have been invested to not only broaden the range of FRET
applications, but to also consolidate and enhance the information it provides [3–6]. Although
single-molecule FRET is certainly one of the most notable outcomes of these efforts [3,7–9],
developments in ensemble-FRET technology also deserve attention. This article is about one of them.

The major parameter that characterizes any FRET method is the Förster radius, the distance where
the probability that the donor becomes deactivated by photon emission and external quenching is as
likely as its deactivation by energy transfer to the acceptor [1]. As donor-acceptor distances become
shorter, the probability of FRET events increases with the sixth power. Large Förster radii are suitable
to detect large distances; small radii are required if short distances and minute distance differences
have to be detected. We introduced short-distance FRET (sdFRET), where Dbo, an asparagine
residue conjugated to 2,3-diazabicyclo[2.2.2]octane, acts as an acceptor paired with donors, such
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as naphtylalanine (NAla), tryptophan, 5-fluorotryptophan, or tyrosine [10–13]. The Förster radii are
always about 10 Å, which is about half of the lower limit offered by traditional donor-acceptor pairs.
The high sensitivity towards small distance differences brings about a particularity of sdFRET not seen
with any other FRET method [13].

Each donor is characterized by its natural fluorescence lifetime, the reciprocal decay rate in
the absence of an acceptor. Depending on this lifetime, the donor can shorten its distance to the
acceptor by Brownian motion, and, thereby, increase the probability of FRET events [6,14]. This mutual
diffusional motion between labeled chain positions enhances FRET by a quantity known as FRET
diffusion enhancement (FDE) [6,13]. The parameters of the molecular system that determine the extent
of FRET are the distances between donors and acceptors, as captured by the equilibrium distance
distribution, as well as their end-to-end motion, usually captured by a single diffusion coefficient.
In traditional FRET methods, the impact of diffusion is often treated as negligible; the question whether
this treatment is permissible should become an open debate. In sdFRET, the FDE is simply too obvious
to be neglected, and it must be considered to obtain meaningful information. The parameters of
the photophysical probes that determine the extent of FRET are the Förster radius and the donor
lifetime. However, we have recently shown that FDE cannot be reduced, as had been proposed [15],
by simply adding a co-agent to the experimental solutions that quenches the donor and reduces its
lifetime [13]. Based on theoretical arguments, experiments, and simulations, we concluded that it is
not the experimentally measured lifetime, but the radiative donor lifetime (the lifetime extrapolated to
a donor quantum yield of unity), which determines the FDE. Thus, the view that short donor lifetimes
allow diffusion to be neglected should indeed be revisited for every particular system.

Preliminary experiments in the absence and presence of ethylene glycol, a viscogenic agent,
led us to the hypothesis that what determines the FDE is the product of the radiative lifetime and
the end-to-end diffusion coefficient. Here, we put this assumption of such a symmetry between the
radiative lifetime and diffusion on solid ground. We were indeed able to vary this product over a large
range by two orders of magnitude, and used, to that end, labeled Gly-Ser repeat peptides, (GS)6, with
two donors of largely different radiative lifetimes, NAla and FTrp. The peptides were sufficiently long
to avoid steric-hindrance effects and sufficiently short to lead to sizable FRET (Figure 1). In addition,
we varied the end-to-end diffusion coefficient by altering the ethylene glycol content of the solutions.
As a viscogen, ethylene glycol allows practical experiments to be done at very high concentrations
and guarantees, because of its small size, that the measured macroviscosity is closest to microviscosity
relevant on a molecular scale. Because of these properties, ethylene glycol has previously proven
instrumental in elementary questions on protein folding [16–19]. The theoretical framework of the
analysis is found in the Materials and Methods because the foundations have been laid in previous
studies [1,13,20].

2. Materials and Methods

Donor-acceptor and donor-only labeled peptides (Figure 1) were obtained in >95% purity
(Biosyntan, Berlin, Germany). All peptides were amidated at the C terminus to exclude attractive
electrostatic interactions between the terminal positions. Fmoc-Dbo and 5-fluoro-L-tryptophan
required for peptide synthesis were prepared according to literature methods [21,22]. Other chemicals
were from Sigma (Munich, Germany). Absorption spectra were recorded on a Cary 4000 UV–Vis
spectrophotometer (Varian, Santa Clara, CA, USA) and steady-state fluorescence spectra on a Cary
Eclipse fluorimeter (Varian). Time-resolved fluorescence decays were recorded on a time-correlated
single-photon-counting instrument (FLS920, Edinburgh Instruments, Livingston, UK) by using a
pulsed diode laser (Picoquant, Berlin, Germany) for excitation at 280 nm in the NAla and FTrp sdFRET
measurements. Peptide concentrations were determined by using extinction coefficients of 5.7 ×
103 M−1 cm−1 (FTrp) and 5.5 × 103 M−1 cm−1 (NAla) at 280 nm; they were adjusted to 10 µM in
aerated solutions of varying ethylene glycol content, 25 ◦C, pH 5.0. The donor quantum yields were
determined by comparison with N-acetyl-tryptophanamid (0.14, pH 7.0) [23–25]. The Förster radii
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of NAla/Dbo and FTrp/Dbo were determined by using the absorption and emission spectra of the
single-labeled peptides as previously described [11,23].

Fluorescence lifetime decay traces in the presence of FRET were obtained from the
donor-acceptor labeled peptides, NAla-(Gly-Ser)6-Dbo-NH2 and 5-F-Trp-(Gly-Ser)6-Dbo-NH2, and, in
the absence of FRET, from the donor-only peptides, NAla-(Gly-Ser)6-NH2 and 5-F-Trp-(Gly-Ser)6-NH2.
Upon excitation of NAla or FTrp at 280 nm and emission recording at 350 nm, the traces were analyzed
by using the FLS920 instrument software (Edinburgh Instruments, Livingston, UK) as described [23]
and by using the software ProFit (Quantumsoft, Zürich, Switzerland). The reproducibility of the
reported fluorescence lifetimes for the monoexponential decays was ±3%.
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Figure 1. The selected donor-acceptor and donor-only labeled peptides composed of Gly-Ser units.
Donors are N-terminal naphthyl-1-L-alanine (NAla) and 5-fluoro-L-tryptophan (5-F-Trp); the acceptor
is C-terminal Dbo, whose optically active group is the azo group of the bicyclic chromophore.

3. Theoretical Analysis

This study was designed to test whether the FDE depends symmetrically on the radiative donor
lifetime and the end-to-end diffusion coefficient. The effective distance treated in the following
depends only on the equilibrium distance distribution and the FDE; it decreases with increasing FDE
and increases with decreasing FDE. As the end-to-end distance distributions of NAla- and FTrp-labeled
peptides can be assumed to be identical, the effective distance changes only in dependence on FDE.
Therefore, we can test whether FDE really depends only on the product of the diffusion coefficient and
the radiative lifetime (Dτrad) by plotting it as a function of Dτrad, or as a function of the product of the
inverse viscosity times the inverse radiative lifetime or intrinsic decay rate (Dτrad ∝ η−1krad). Towards
this goal, it will not be sufficient to only change the ethylene glycol content. To be convincing, we had
to switch donors to achieve dramatically different radiative lifetimes that, together with the variation
in viscosity, would allow us to cover two orders of magnitude changes in Dτrad. In the following,
we outline the analysis that yielded the effective distances and the products of the inverse viscosities
and radiative lifetimes.

(a) The effective distance
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The measured fluorescence lifetimes of the donor-acceptor-labeled peptides, τDA, and of the
donor-only peptides, τD, were converted into the corresponding decay rates, kD and kDA, according to
Equation (1), which yielded the FRET rate constant, kFRET, according to Equation (2).

kD = τD
−1 and kDA = τDA

−1 (1)

kFRET = kDA − kD (2)

At all ethylene glycol concentrations, the kinetic traces followed monoexponential time courses.
In the case of the FTrp-labeled peptide at high ethylene glycol concentrations, biphasic fits seemed to
be slightly more appropriate, and were used to calculate amplitude-weighted lifetimes, τ = ∑i Aiτi,
in accordance with Ref. [4]. The effective distance is defined by Equation (3), which has the form of
Förster’s law (Equation (4)). The effective distances were calculated from Equation (5).

kFRET = kD

(
R0

Reff

)6
(3)

kT(r) = kD

(
R0

r

)6
(4)

Reff = kD

(
kD

kFRET

)1/6
R0 (5)

The Förster radius increases slightly with the ethylene glycol concentration because ethylene
glycol increases the refractive index of the experimental solutions as well as the donor quantum yield
of the experimental peptides. The experimental quantum yields were obtained as follows: The decay
rate of the donor is the sum of the radiative and the non-radiative decay rate in the donor-only peptide
(Equation (6)).

kD = krad + knrad (6)

The donor quantum yield, ΦD, is the ratio of the radiative decay rate, krad, and the decay rate, kD

(Equation (7)). The values of the quantum yield and radiative decay rate in the absence of ethylene
glycol have been reported [13].

ΦD =
krad

krad + knrad
=

krad
kD

(7)

The radiative decay rate depends on the refractive index, n, of the experimental solution, which
increases slightly with the ethylene glycol concentration (Equation (8)) [20,26]. The refractive index in
the absence of ethylene glycol, n0, equals 1.3328 under our conditions.

krad(n) = krad(n0) ·
n2

n2
0

(8)

Accordingly, the quantum yields were calculated from Equation (9):

ΦD(n) =
krad(n)
kD(n)

=
krad(n0)

kD(n)
n2

n2
0

(9)

How the Förster radii depend on the quantum yields and the refractive indices is captured in
Equations (10) and (11). The Förster radii of the FTrp/Dbo and the NAla/Dbo donor/acceptor pair
in the (GS)6 peptides in water, R0

(
ΦD,n0 , n0

)
, have been reported (FTrp/Dbo: R0 = 9.6 Å; NAla/Dbo:

R0 = 9.8 Å).
R6

0(ΦD, n) = C(ΦD, n) · R6
0
(
ΦD,n0 , n0

)
(10)
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The correction term, C, is calculated from Equation (11):

C(ΦD, n) ≡ ΦD

ΦD,n0

n4
0

n4 (11)

Accordingly, the Förster radii at a given ethylene glycol concentration were calculated from
Equation (12):

R0(ΦD, n) = C(ΦD, n)1/6 · R0
(
ΦD,n0 , n0

)
(12)

When the resulting R0(ΦD, n) values are entered in Equation (5), the effective distances
are obtained.

The Förster radius, R0, is also proportional to the sixth root of the orientation factor, κ2. The factor,
κ2, captures that the dipole moments of the donor and acceptor can adopt various orientations towards
each other and can vary between 0 (perpendicular vectors) and 4 (collinear vectors). The consequences
of possibly misjudging the value of κ2 were recently discussed [27]. The orientation factor adopts a
value of 0.67 when donor and acceptor dipoles sample all possible orientations randomly and rapidly
in comparison to the time scale of the donor emission decay [28]; this is the usual assumption that
we also employed. However, it adopts the slightly smaller value of 0.48, when dipole orientations
are random, but remain virtually frozen during the radiative donor lifetime [29,30], which translates
(due to the sixth root dependence) into 5% smaller Förster radii and effective distances. However,
we recently applied sdFRET to short polyproline peptides and could show by MD simulations that
probe orientations are randomized due to the flexible linkers that connect the optically active probes
to the polyproline chain [10]. Furthermore, the probes we employ in sdFRET are small and the time
of randomization, the reorientation time, is well within the picosecond time scale [31]. Thus, even
if, in the presence of a viscogen, the reorientation time is increased by an order of magnitude, it is
still small compared to the donor lifetime (NAla, 256 ns; FTrp, 19.8 ns), and the criteria discussed in
reference [27] are met.

(b) The product of radiative lifetime and diffusion coefficient

The assumption to be tested was that the FDE depends symmetrically on the radiative lifetime,
τrad, (Equation (13)), and the diffusion coefficient, D; that is, on the product, Dτrad. We assumed
that the diffusion coefficient is proportional to the reciprocal viscosity (Equation (14)). The radiative
lifetimes have been determined as outlined above. If the effective distance depends symmetrically on
the diffusion coefficient and the radiative lifetime (Equation (15)), it also depends symmetrically on the
viscosity and radiative rate (Equation (16)), and vice versa. The relationship between the concentration
of aqueous ethylene glycol solutions and their viscosity has been established in Ref. [32] (Equation (17)),
where xEG is the mole fraction of ethylene glycol.

τrad = k−1
rad (13)

D ∝ η−1 (14)

Reff = f (Dτrad) (15)

Reff = f (ηkrad) (16)

η = 0.8938 + 7.4579xEG + 13.3928x2
EG − 4.7608x3

EG (17)

(c) The end-to-end diffusion coefficient and distance probability distribution obtained from a global
analysis based on the Haas-Steinberg equation

The Haas-Steinberg equation (HSE, Equation(18)), first derived in reference [14], relates the rate
of donor deactivation—the decrease with time of the number, N*, of chains with an excited donor in
dependence of the donor-acceptor distance, N*(r,t)/∂t, in donor-acceptor labeled chains to the sum
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of three terms accounting for the donor decay in the absence of FRET, for the donor decay caused by
FRET, and for diffusion.

∂N∗(r, t)
∂t

= −kDN∗(r, t)− kD
R6

0
r6 N∗(r, t) +

∂

∂r

(
N∗

0 (r)D
∂(N∗/N∗

0 )

∂r

)
(18)

The initial distance distribution, N0*(r) or N0*, instantly after short-pulse donor excitation,
mirrors the distance distribution in all peptide chains in the experimental sample because the
probability of donor excitation does not depend on the distance of the acceptor. Thus, N0*(r),
when normalized to

∫
N0*(r) dr = 1, is identical to the probability distribution in the ground-state

equilibrium ensemble of chains, i.e., N0*(r) = p(r). In the widely used skewed Gaussian distribution
(Equation (19)), the meaningful parameters, a and b, determine the shape of the distribution, whereas c
is a normalization constant determined by the condition that the integral of the probability density
over all possible distances has to equal unity,

∫
p(r) dr = 1.

p(r) = c · πr2 exp(−a(r − b)2) (19)

In essence, when the photophysical parameters, the donor decay rate constant in absence of the
acceptor, kD, the Förster radius, R0, as well as the parameters describing chain conformation and
dynamics, a, b, and D, are fed into the HSE—a linear partial differential equation, which can only be
solved numerically, the HSE returns the fluorescence decay kinetics and, through further calculation,
previously outlined in reference [13], the effective distance, Reff. As we determined the kD and R0

values for 48 donor/viscosity combinations, we could simultaneously analyze 48 equations, each with
its own pair of kD and R0 values, with the diffusion coefficient, Dη , at viscosity, η, given by Equation
(20)—where D and η0 are the values in water—and with the parameters of the distance distribution,
a and b, whose values were kept constant in all 48 equations.

Dη = D · η0

η
(20)

In the global optimization, a, b, and D were varied and the equations solved till the sum-of-squares
difference between the computed and the experimental Reff values could not be further minimized.
The result is illustrated in Figure 7 in the Results and Discussion section. This kind of optimization
does not directly provide standard deviations of the parameters of interest. Therefore, we further
tested the reliability of the obtained values by performing the same global optimization analysis on
subsets that contained only a limited number (15 to 35) of data points, randomly chosen from the set
of 48 experimental data points (200 optimizations). The computations were carried out in MATLAB
(MathWorks).

4. Results and Discussion

That FRET in the double labeled (GS)6 peptides occurs and how it is strongly influenced by
ethylene glycol is illustrated in Figure 2. The peptide, NAla-(GS)6-Dbo-NH2, shows a fluorescence
spectrum (red curve) with two regions of maximal intensity, one around 340 nm arising from NAla
fluorescence and another at 440 nm due to Dbo fluorescence. Since Dbo in the absence of a donor
cannot be optically excited at 280 nm [12], it receives its excitation from NAla through FRET. In the
presence of increasing concentrations of ethylene glycol, the fluorescence from NAla increases and
the fluorescence from Dbo decreases. This is a first indication of reduced diffusion, and of a reduced
FDE in the presence of viscogen. A second cause is the well documented quenching of Dbo by protic
solvents [33].
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Figure 2. (a) Steady-state fluorescence emission spectra and (b) time-resolved fluorescence decays
(λobs = 350 nm) of NAla-(GS)6-Dbo-NH2 upon excitation at 280 nm at ethylene glycol concentrations
(vol/vol) ranging from 0% (red) to ca. 92% (blue). The donor lifetime increases from 10.3 ns (red curve)
to 34.3 ns (blue curve).

In Figure 2b, time-resolved measurements show an increase of the donor (NAla) lifetime in
the presence of FRET and in the presence of an increasing concentration of ethylene glycol, which
parallels the steady-state fluorescence increase in Figure 2a. It was possible and beneficial to base
the quantitative analysis (see Materials and Methods) on time-resolved measurements as they do not
depend on the absolute peptide concentration.

Figure 3a,b show the measurements that form the basis of the NAla and FTrp sdFRET analysis.
The obtained lifetimes of the donor-acceptor and donor-only labeled peptides yield the FRET quenching
rates as expressed in Equations (1) and (2). The radiative lifetime, τrad, of the NAla-only peptide (256 ns,
τrad = τD/ΦD) exceeds the radiative lifetime of the FTrp-only peptide (19.8 ns) by a factor of 13. While,
in the presence of an acceptor, FRET shortens the donor lifetime (red traces in Figure 3a,b), ethylene
glycol increases it by increasing the quantum yield of both donors, NAla and FTrp (Figure 3c,d).

In a compilation, Figure 4 visualizes the experimental data required to reveal the relationship
between the effective distance and the product that, as we hypothesized, solely determines the FDE,
the product, Dτrad, or, eqivalently, ηkrad (Equations (13)–(16)). The viscosity of the experimental
solutions increases exponentially with the ethylene glycol concentration (Figure 4a, Equation (17)) and
the refractive index linearly (Figure 4b). The refractive index, in turn, affects the radiative lifetimes
of the donors, NAla and FTrp (Figure 4d), according to Equation (8). Donor quantum yields were
calculated according to Equation (7). The quantum yield of NAla increases with ethylene glycol content
(Figure 4c, red). The quantum yield of FTrp (Figure 4c, blue) increases even more and almost coincides
with that of NAla at the highest ethylene glycol concentration that we employed (92%). This stronger
dependence of the FTrp quantum yield on the presence of the coadditive is also reflected in the case of
the Förster radii (Equations (10)–(12)) of the donor/acceptor pairs, NAla/Dbo (red) and FTrp/Dbo
(blue), shown in Figure 4e. While both graphs show an increase of R0, they do not run in parallel.
At high viscogen concentrations, the FTrp/Dbo values even exceed the NAla/Dbo Förster radii.
The effective donor/acceptor distances in NAla-(GS)6-Dbo-NH2 (red) and in 5-F-Trp-(GS)6-Dbo-NH2

(blue) could now be obtained from Equation (5) (Figure 4f).
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efficiency of 24.7% and an effective distance of 11.5 Å. (c) Time-resolved fluorescence decays 
measured with NAla-(GS)6-Dbo-NH2 and (d) 5-F-Trp-(GS)6-Dbo-NH2 at 350 nm after excitation at 280 
nm, at ethylene glycol concentrations (vol/vol) ranging from 0% (red) to 92% (blue). 
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Figure 3. (a) NAla sdFRET measurements: Time-resolved fluorescence decays measured with
NAla-(GS)6-NH2 (black) and NAla-(GS)6-Dbo-NH2 (red) at 350 nm after excitation at 280 nm in
water. The lifetime of the donor-acceptor peptide, τDA = 10.3 ns, and the lifetime of the donor-only
peptide, τD = 34.7 ns, yield an energy transfer efficiency of 70.4% and an effective distance of 8.5 Å.
(b) FTrp sdFRET measurements: Time-resolved fluorescence decays measured with 5-F-Trp-(GS)6-NH2

(black) and 5-F-Trp-(GS)6-Dbo-NH2 (red) at 350 nm after excitation at 280 nm in water. The lifetime of
the donor-acceptor peptide, 2.0 ns, and the lifetime of the donor-only peptide, 1.5 ns, yield an energy
transfer efficiency of 24.7% and an effective distance of 11.5 Å. (c) Time-resolved fluorescence decays
measured with NAla-(GS)6-Dbo-NH2 and (d) 5-F-Trp-(GS)6-Dbo-NH2 at 350 nm after excitation at
280 nm, at ethylene glycol concentrations (vol/vol) ranging from 0% (red) to 92% (blue).
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Figure 4. (a) Viscosity and (b) refractive index of aqueous ethylene glycol solutions plotted against
the ethylene glycol concentration. (c) Donor quantum yield of NAla in NAla-(GS)6-NH2 (red) and
of 5-F-Trp in 5-F-Trp-(GS)6-NH2 (blue) plotted against ethylene glycol concentration. (d) Radiative
lifetimes of NAla in NAla-(GS)6-NH2 (red) and of 5-F-Trp in 5-F-Trp-(GS)6-NH2 (blue) plotted against
the refractive indices that correspond to the ethylene glycol concentrations shown in (b). (e) Förster
radii of the NAla/Dbo donor/acceptor pair in NAla-(GS)6-Dbo-NH2 (red) and of the 5-F-Trp/Dbo
donor/acceptor pair in 5-F-Trp-(GS)6-Dbo-NH2 (blue) plotted against ethylene glycol concentration.
(f) The effective donor/acceptor distances in NAla-(GS)6-Dbo-NH2 (red) and in 5-F-Trp-(GS)6-Dbo-NH2

(blue) plotted against the ethylene glycol concentration.

With the combined data in hand, it is possible to retrieve the relationship between the effective
distance and the product, ηkrad, of viscosity, η, and inverse radiative lifetime, krad (Figure 5, top).
The inverse product, (ηkrad)−1, is directly proportional to Dτrad (Equations (13)–(16)). To ease the
understanding of Figure 5, we depicted the courses of its components, the viscosity and the inverse
lifetime, beneath it (Figure 5, middle and bottom panel). The critical step is going from solutions that
contain high amounts of ethylene glycol and peptides labeled with NAla or NAla/Dbo to solutions that
contain no or little amounts of ethylene glycol and peptides labeled with FTrp or FTrp/Dbo. This jump
in viscosity when going from ethylene glycol to water is perfectly balanced when simultaneously
going from NAla to FTrp. The continuity of the course of the effective distance proves that it is only the
product, ηkrad, and, equivalently, Dτrad, which influences the FDE. With a decrasing FDE (Figure 5),
the effective distance increases from ca. 8 Å to ca. 14 Å. Our choice of (GS)6 model peptides seemed to
be appropriate as their dimensions emerged to be a good match to the Förster radii (ca. 10 Å) of the
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sdFRET methods. The remarkable increase of the effective distance emphasizes that any FRET-based
study and inferrence on peptide structure could be gravely incorrect if a possible FDE is simply ignored.
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Figure 5. (Top panel) The effective donor/acceptor distance in NAla-(GS)6-Dbo-NH2 (red) and
5-F-Trp-(GS)6-Dbo-NH2 (blue) plotted against the product, ηkrad, of the viscosity of the aqueous
ethylene glycol solutions and the intrinsic decay rates (reciprocal radiative lifetimes) of NAla in
NAla-(GS)6-NH2 and of 5-F-Trp in 5-F-Trp-(GS)6-NH2 (blue). (Middle panel) The corresponding
viscosity values and (Bottom panel) radiative decay rates of NAla in NAla-(GS)6-NH2 (red) and of
5-F-Trp in 5-F-Trp-(GS)6-NH2 (blue).

The Dτrad or ηkrad symmetry has important implications. In Figure 6, the effective distance is
again plotted against ηkrad. The dotted line marks the simultaneous switch from high to low viscosity
and from a short to a long donor lifetime. If the coadditive has no impact on peptide dimensions, this
course is continuous (case (2)). If the intrachain distances contract upon addition of the coadditive,
they should expand again when the experimental series goes from highest to lowest ethylene glycol
content (case (1)). If the intrachain distances expand upon addition of the coadditive, they should
contract again when the experimental series starts again at 0% ethylene glycol (case (3)). In this study,
we clearly observed a type-2 course. Even though ethylene glycol changes not only the viscosity and
the refractive index of the solutions, but also the dielectric permittivity and other properties, it has,
even at very high concentrations, no impact on the peptide dimensions.
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How a coadditive influences peptide dimensions is a topic of interest to the protein folding
community and in the field of natively unfolded proteins or intrinsically disordered peptides [34,35].
The depicted procedure—the simultaneous switch of viscosity and donor lifetime—could be
transferred to investigations of the impact of other viscous coadditives (urea, guanidinium chloride,
or glycerin) on the dimensions of peptide chains, in which the number and distribution of ionizable,
polar and hydrophobic residues could also be varied.
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Figure 6. (a) The effective donor-acceptor distance (Reff, relative scale) in donor/acceptor labeled
peptides plotted against ηkrad. The dotted vertical line marks the point where the viscosity switches
back from high to low ethylene glycol content and where a donor of high radiative lifetime is exchanged
for one with low radiative lifetime. The three possible cases are (1), (2), and (3). (1) The end-to-end
distances in the experimental peptide shorten upon addition of ethylene glycol, such that the switch
back to low ethylene glycol content shows an up-jump of the effective distance (red and green line).
(2) The distances are completely independent of the ethylene glycol concentration (red and blue line).
(3) The peptide expands upon addition of ethylene glycol, such that the switch back to low ethylene
glycol content shows a down-jump of the effective distance (red and black line). (b) The distance
distributions (probability density plotted against relative donor-acceptor distance) that correspond to
the three cases in (a) shown in corresponding colors. For instance, case (2) points to virtually identical
distance distributions (red and blue) that do not change with the ethylene glycol concentration.

In our case, we were able to retrieve absolute values for the diffusion coefficient and distance
distribution by a global analysis of all data points based on the Haas-Steinberg equation (HSE, Equation
(18)), as described in the Material and Methods section. The result of the global optimization is shown
in Figure 7a. The agreement of theoretical (black) and experimental (red and blue) data is remarkable,
considering that only three parameters were freely adjustable in the optimization. The analysis yielded
a diffusion coefficient of 55.4 Å2/ns in the absence of ethylene glycol, and a skewed Gaussian distance
distribution, p(r) = cr2·exp(−a(r − b)2, with a = 1.27 × 10−3 Å−2 and b = −25.3 Å (Figure 7b) at all
solution conditions. Because the optimization could not directly provide confidence intervalls of the
parameters of interest and because we have repeatedly expressed our skepticism, whenever very
sharp values of diffusion coefficients were reported in the literature [13,36], we tested the robustness
of the analysis and the results by also analyzing random subsets, limited to 15–35 points, of the entire
set of 48 data points. This procedure and the analysis of 200 optimizations yielded D = 53.4 ± 6.0 Å,
a = 1.28 ± 0.06 × 10−3 Å−2, and b = −25.7 ± 2.3 Å, which is very close to the results obtained from all
48 points.



Polymers 2018, 10, 1079 12 of 15
Polymers 2018, 10, x FOR PEER REVIEW  12 of 15 

 

 
Figure 7. (a) The effective donor/acceptor distance in NAla-(GS)6-Dbo-NH2 (red) and 5-F-Trp-(GS)6-
Dbo-NH2 (blue) plotted against the product, ηkrad, as in the top panel of Figure 5. The black circles 
represent the best fit of the data points, as obtained from an optimization based on the numerical 
solution of the Haas-Steinberg equation (HSE, Equation (18)). It yielded a diffusion coefficient of 55.4 
Å2/ns in the absence of ethylene glycol, and a skewed Gaussian distance distribution, p(r) = cr2∙exp(−a(r 
− b)2, with a = 1.27 × 10−3 Å−2 and b = −25.3 Å, as shown in (b) for all employed ethylene glycol 
concentrations (0–92%). The normalization constant, c, is fixed by the condition that ∫p(r)dr = 1. 

End-to-end and site-to-site diffusion coefficients in linear polymers, mostly in peptides and 
proteins, have been published previously [15,34,36–41]. The reported values range from 4 Å2/ns [40] 
to 58 Å2/ns [34]. Most often, ensemble measurements on peptides and proteins [34,36,39,40] were 
analyzed on the basis of the Haas-Steinberg equation [14]. To dissect the contributions of the 
equilibrium distance distribution and diffusion requires a global analysis [42]. Haas et al. 
simultaneously analyzed the donor fluorescence kinetics as well as the decay kinetics of the acceptor 
optically excited through FRET [39,40,42]. Other proposals to carry out a global analysis included the 
use of an external quencher to modulate the donor lifetime [15], or the simultaneous analysis of the 
donor decay kinetics of peptides labeled with two different donors [34]. We challenged both attempts 
in previous works [13,36]. However, the corrected end-to-end diffusion coefficient, 58 Å2/ns, reported 
in reference [34] and measured for labeled (GS)16 peptides, is only slightly larger than our value of 55 
Å2/ns for the (GS)6 peptides that we studied here. At short chain lengths, the diffusion coefficient is 
expected to grow with an increasing length of the probe-intermittent chain [36,39], but we can also 
expect that this effect will level off for chains of sufficient length; naturally, the parts of the chain 
closest to the probes exert the largest effect on probe diffusion. 

In an outlook, we would like to emphasize that future applications of sdFRET are not limited to 
low-molecular weight polymers or short peptides. In investigations of protein folding processes, the 
ability to detect when two labeled chain sites approach each other closely can become crucial [43–47]. 
In regard to the structure and dynamics of synthetic polymers, the Duhamel group demonstrated the 
insight that can be gained from pyrene photophysics [48–51]. Along similar lines of synthesis, one 
could carry out a random copolymerization with added monomers carrying the optically active 
probes relevant in sdFRET. Polymers prepared with these probes usually allow the simultaneous 
application of a second photophysical method of CIFQ (collision-induced fluorescence quenching), 
as we demonstrated in two previous works [35,36]. 

5. Conclusions 

Through a two orders of magnitude variation in parameter range, we have shown that the FRET 
diffusion enhancement depends symmetrically on the diffusion coefficient and the radiative donor 
lifetime. That this relationship holds has been expected on the grounds of theoretical considerations 
[13], however, it has never been consolidated in a systematic experimental analysis. The key result 

Figure 7. (a) The effective donor/acceptor distance in NAla-(GS)6-Dbo-NH2 (red) and
5-F-Trp-(GS)6-Dbo-NH2 (blue) plotted against the product, ηkrad, as in the top panel of Figure 5.
The black circles represent the best fit of the data points, as obtained from an optimization based on
the numerical solution of the Haas-Steinberg equation (HSE, Equation (18)). It yielded a diffusion
coefficient of 55.4 Å2/ns in the absence of ethylene glycol, and a skewed Gaussian distance distribution,
p(r) = cr2·exp(−a(r − b)2, with a = 1.27 × 10−3 Å−2 and b = −25.3 Å, as shown in (b) for all employed
ethylene glycol concentrations (0–92%). The normalization constant, c, is fixed by the condition that∫

p(r)dr = 1.

End-to-end and site-to-site diffusion coefficients in linear polymers, mostly in peptides and
proteins, have been published previously [15,34,36–41]. The reported values range from 4 Å2/ns [40]
to 58 Å2/ns [34]. Most often, ensemble measurements on peptides and proteins [34,36,39,40]
were analyzed on the basis of the Haas-Steinberg equation [14]. To dissect the contributions of
the equilibrium distance distribution and diffusion requires a global analysis [42]. Haas et al.
simultaneously analyzed the donor fluorescence kinetics as well as the decay kinetics of the acceptor
optically excited through FRET [39,40,42]. Other proposals to carry out a global analysis included the
use of an external quencher to modulate the donor lifetime [15], or the simultaneous analysis of the
donor decay kinetics of peptides labeled with two different donors [34]. We challenged both attempts
in previous works [13,36]. However, the corrected end-to-end diffusion coefficient, 58 Å2/ns, reported
in reference [34] and measured for labeled (GS)16 peptides, is only slightly larger than our value of
55 Å2/ns for the (GS)6 peptides that we studied here. At short chain lengths, the diffusion coefficient
is expected to grow with an increasing length of the probe-intermittent chain [36,39], but we can also
expect that this effect will level off for chains of sufficient length; naturally, the parts of the chain closest
to the probes exert the largest effect on probe diffusion.

In an outlook, we would like to emphasize that future applications of sdFRET are not limited
to low-molecular weight polymers or short peptides. In investigations of protein folding processes,
the ability to detect when two labeled chain sites approach each other closely can become crucial [43–47].
In regard to the structure and dynamics of synthetic polymers, the Duhamel group demonstrated
the insight that can be gained from pyrene photophysics [48–51]. Along similar lines of synthesis,
one could carry out a random copolymerization with added monomers carrying the optically active
probes relevant in sdFRET. Polymers prepared with these probes usually allow the simultaneous
application of a second photophysical method of CIFQ (collision-induced fluorescence quenching),
as we demonstrated in two previous works [35,36].

5. Conclusions

Through a two orders of magnitude variation in parameter range, we have shown that the
FRET diffusion enhancement depends symmetrically on the diffusion coefficient and the radiative
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donor lifetime. That this relationship holds has been expected on the grounds of theoretical
considerations [13], however, it has never been consolidated in a systematic experimental analysis.
The key result shown in Figure 5 also underscores and confirms that the FRET diffusion enhancement
depends on the radiative and not on the measured donor fluorescence lifetime. In the case of a donor
quantum yield of about 0.1, a quite common value, the radiative lifetime would exceed the measured
lifetime by an order of magnitude (τrad = τD/ΦD). If, in any FRET study, the measured donor lifetime
is short, the FDE could still be high and would have to be acknowledged to arrive at meaningful
information. Finally, as exemplified in this work, the Dτrad symmetry can be employed to conclude on
the impact of viscogenic coadditives on peptide chain dimensions. Measurements in the presence of a
viscogen can even provide absolute parameters of chain dynamics and dimensions.

Author Contributions: Conceptualization, M.H.J.; Funding acquisition, M.H.J. and W.M.N.; Experiments, I.G.;
Analysis, M.H.J., I.G., R.N.D., Software coding, R.N.D., Supervision: M.H.J. and W.M.N., Writing—original draft,
M.H.J.; Writing—review and editing, M.H.J. and W.M.N.

Funding: This research was funded by the German Research Foundation (DFG), grant number NA 686/9.

Acknowledgments: We would like to express our gratefulness to Ana Rei for preliminary experiments.
We thank Thomas Schwarzlose for the synthesis of Fmoc-Dbo and Fmoc-FTrp. We thank the Deutsche
Forschungsgemeinschaft (DFG, NA 686/9) for financial support.

Conflicts of Interest: The authors declare no conflicts of interest.

References and Note

1. Förster, T. Zwischenmolekulare Energiewanderung und Fluoreszenz. Ann. Phys. 1948, 2, 55–75. [CrossRef]
2. Stryer, L.; Haugland, R.P. Energy Transfer: A Spectroscopic Ruler. Proc. Natl. Acad. Sci. USA 1967, 58,

719–726. [CrossRef] [PubMed]
3. Haas, E. Fluorescence Resonance Energy Transfer (FRET) and Single Fluorescence Detection Studies of the

Mechanism of Protein Folding and Unfolding. In Protein Folding Handbook; Buchner, K., Ed.; John Wiley &
Sons: Hoboken, NJ, USA, 2008.

4. Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Kluwer Academic/Plenum: New York, NY,
USA, 2006.

5. Stryer, L. Fluorescence Energy Transfer as a Spectroscopic Ruler. Annu. Rev. Biochem. 1978, 47, 819–846.
[CrossRef] [PubMed]

6. Stryer, L.; Thomas, D.D.; Meares, C.F. Diffusion-Enhanced Fluorescence Energy Transfer. Annu. Rev.
Biophys. Bioeng. 1982, 11, 203–222. [CrossRef] [PubMed]

7. Ha, T. Single-Molecule Fluorescence Resonance Energy Transfer. Methods 2001, 25, 78–86. [CrossRef]
[PubMed]

8. Schuler, B. Single-Molecule Fluorescence Spectroscopy of Protein Folding. ChemPhysChem 2005, 6, 1206–1220.
[CrossRef] [PubMed]

9. Schuler, B. Application of Single Molecule Förster Resonance Energy Transfer to Protein Folding. Methods
Mol. Biol. 2007, 350, 115–138. [PubMed]

10. Sahoo, H.; Roccatano, D.; Hennig, A.; Nau, W.M. A 10-Å Spectroscopic Ruler Applied to Short Polyprolines.
J. Am. Chem. Soc. 2007, 129, 9762–9772. [CrossRef] [PubMed]

11. Sahoo, H.; Nau, W.M. Phosphorylation-Induced Conformational Changes in Short Peptides Probed by
Fluorescence Resonance Energy Transfer in the 10-Å Domain. ChemBioChem 2007, 8, 567–573. [CrossRef]
[PubMed]

12. Jacob, M.H.; Nau, W.M. Short-Distance FRET Applied to the Polypeptide Chain. In Folding, Misfolding
and Nonfolding of Peptides and Small Proteins; Schweitzer-Stenner, R., Ed.; John Wiley & Sons: Hoboken, NJ,
USA, 2012.

13. Jacob, M.H.; Dsouza, R.N.; Ghosh, I.; Norouzy, A.; Schwarzlose, T.; Nau, W.M. Diffusion-Enhanced Förster
Resonance Energy Transfer and the Effects of External Quenchers and the Donor Quantum Yield. J. Phys.
Chem. B 2013, 117, 185–198. [CrossRef] [PubMed]

14. Haas, E.; Katchalski-Katzir, E.; Steinberg, I.Z. Brownian Motion of the Ends of Oligopeptides Chains in
Solution as Estimated by Energy Transfer Between the Chain Ends. Biopolymers 1978, 17, 11–31. [CrossRef]

http://dx.doi.org/10.1002/andp.19484370105
http://dx.doi.org/10.1073/pnas.58.2.719
http://www.ncbi.nlm.nih.gov/pubmed/5233469
http://dx.doi.org/10.1146/annurev.bi.47.070178.004131
http://www.ncbi.nlm.nih.gov/pubmed/354506
http://dx.doi.org/10.1146/annurev.bb.11.060182.001223
http://www.ncbi.nlm.nih.gov/pubmed/7049062
http://dx.doi.org/10.1006/meth.2001.1217
http://www.ncbi.nlm.nih.gov/pubmed/11558999
http://dx.doi.org/10.1002/cphc.200400609
http://www.ncbi.nlm.nih.gov/pubmed/15991265
http://www.ncbi.nlm.nih.gov/pubmed/16957321
http://dx.doi.org/10.1021/ja072178s
http://www.ncbi.nlm.nih.gov/pubmed/17629273
http://dx.doi.org/10.1002/cbic.200600466
http://www.ncbi.nlm.nih.gov/pubmed/17299825
http://dx.doi.org/10.1021/jp310381f
http://www.ncbi.nlm.nih.gov/pubmed/23215358
http://dx.doi.org/10.1002/bip.1978.360170103


Polymers 2018, 10, 1079 14 of 15

15. Lakowicz, J.R.; Kusba, J.; Gryczynski, I.; Wiczk, W.; Szmacinski, H.; Johnson, M.L. End-to-End Diffusion and
Distance Distributions of Flexible Donor-Acceptor Systems Observed by Intramolecular Energy-Transfer
and Frequency-Domain Fluorometry—Enhanced Resolution by Global Analysis of Externally Quenched
and Nonquenched Samples. J. Phys. Chem. 1991, 95, 9654–9660. [CrossRef]

16. Jacob, M.; Schindler, T.; Balbach, J.; Schmid, F.X. Diffusion Control in an Elementary Protein Folding Reaction.
Proc. Natl. Acad. Sci. USA 1997, 94, 5622–5627. [CrossRef] [PubMed]

17. Jacob, M.; Geeves, M.; Holtermann, G.; Schmid, F.X. Diffusional Barrier Crossing in a Two-State Protein
Folding reaction. Nat. Struct. Biol. 1999, 6, 923–926. [PubMed]

18. Jacob, M.; Schmid, F.X. Protein folding as a diffusional process. Biochemistry 1999, 38, 13773–13779. [CrossRef]
[PubMed]

19. Zeeb, M.; Jacob, M.H.; Schindler, T.; Balbach, J. 15N Relaxation Study of the Cold Shock Protein CspB at
Various Solvent Viscosities. J. Biomol. NMR 2003, 27, 221–234. [CrossRef] [PubMed]

20. Strickler, S.J.; Berg, R.A. Relationship Between Absorption Intensity and Fluorescence Lifetime of Molecules.
J. Chem. Phys. 1962, 37, 814–822. [CrossRef]

21. Hudgins, R.R.; Huang, F.; Gramlich, G.; Nau, W.M. A Fluorescence-Based Method for Direct Measurement
of Submicrosecond Intramolecular Contact Formation in Biopolymers: An Exploratory Study with
Polypeptides. J. Am. Chem. Soc. 2002, 124, 556–564. [CrossRef] [PubMed]

22. Nau, W.M.; Huang, F.; Wang, X.J.; Bakirci, H.; Gramlich, G.; Marquez, C. Exploiting Long-Lived Molecular
Fluorescence. Chimia 2003, 57, 161–167. [CrossRef]

23. Sahoo, H.; Roccatano, D.; Zacharias, M.; Nau, W.M. Distance Distributions of Short Polypeptides Recovered
by Fluorescence Resonance Energy Transfer in the 10 A Domain. J. Am. Chem. Soc. 2006, 128, 8118–8119.
[CrossRef] [PubMed]

24. Eftink, M.R.; Jia, Y.; Hu, D.; Ghiron, C.A. Fluorescence Studies with Tryptophan Analogues: Excited State
Interactions Involving the Side Chain Amino Group. J. Phys. Chem. 1995, 99, 5713–5723. [CrossRef]

25. Joshi, S.; Ghosh, I.; Pokhrel, S.; Madler, L.; Nau, W.M. Interactions of Amino Acids and Polypeptides with
Metal Oxide Nanoparticles Probed by Fluorescent Indicator Adsorption and Displacement. ACS Nano 2012,
6, 5668–5679. [CrossRef] [PubMed]

26. Lampert, R.A.; Meech, S.R.; Metcalfe, J.; Phillips, D.; Schaap, A.P. The Refractive Index Correction to the
Radiative Rate Constant in Fluorescence Lifetime Measurements. Chem. Phys. Lett. 1983, 94, 137–140.
[CrossRef]

27. Wallace, B.; Atzberger, P.J. Förster Resonance Energy Transfer: Role of Diffusion of Fluorophore Orientation
and Separation in Observed Shifts of FRET Efficiency. PLoS ONE 2017, 12, e0177122. [CrossRef] [PubMed]

28. Haas, E.; Katchalski-Katzir, E.; Steinberg, I.Z. Effect of the Orientation of Donor and Acceptor on the
Probability of Energy Transfer Involving Electronic Transitions of Mixed Polarization. Biochemistry 1978, 17,
5064–5070. [CrossRef] [PubMed]

29. Steinberg, I.Z. Long-Range Nonradiative Transfer of Electronic Excitation Energy in Proteins and
Polypeptides. Annu. Rev. Biochem. 1971, 40, 83–114. [CrossRef] [PubMed]

30. We also tried to expose the peptides to conditions of extremely high viscosity, to achieve frozen conformations,
by creating gels on the basis of sucrose and trehalose. Although the results reported herein were qualitatively
supported (very low energy transer efficienicy values in gels) we did not succeed in a direct comparison of
these glassy-matrix conditions due to several unknown parameters, such as the refractive indices.

31. Dutt, G.B.; Doraiswamy, S.; Periasamy, N.; Venkataraman, B. Rotational reorientation dynamics of polar dye
molecular probes by picosecond laser spectroscopic technique. J. Chem. Phys. 1990, 93, 8498–8513. [CrossRef]

32. Bohne, D.; Fischer, S.; Obermeier, E. Thermal Conductivity, Density, Viscosity, and Prandtl-Numbers of
Ethylene Glycol-Water Mixtures. Berichte der Bunsengesellschaft für Physikalische Chemie 1984, 88, 739–742.
[CrossRef]

33. Nau, W.M.; Greiner, G.; Rau, H.; Wall, J.; Olivucci, M.; Scaiano, J.C. Fluorescence of 2,3-diazabicyclo[2.2.2]
oct-2-ene revisited: Solvent-induced quenching of the n,pi*-excited state by an aborted hydrogen atom
transfer. J. Phys. Chem. A 1999, 103, 1579–1584. [CrossRef]

34. Möglich, A.; Joder, K.; Kiefhaber, T. End-To-End Distance Distributions and Intrachain Diffusion Constants in
Unfolded Polypeptide Chains Indicate Intramolecular Hydrogen Bond Formation. Proc. Natl. Acad. Sci. USA
2006, 103, 12394–12399. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/j100177a012
http://dx.doi.org/10.1073/pnas.94.11.5622
http://www.ncbi.nlm.nih.gov/pubmed/9159122
http://www.ncbi.nlm.nih.gov/pubmed/10504725
http://dx.doi.org/10.1021/bi991503o
http://www.ncbi.nlm.nih.gov/pubmed/10529221
http://dx.doi.org/10.1023/A:1025449611201
http://www.ncbi.nlm.nih.gov/pubmed/12975582
http://dx.doi.org/10.1063/1.1733166
http://dx.doi.org/10.1021/ja010493n
http://www.ncbi.nlm.nih.gov/pubmed/11804484
http://dx.doi.org/10.2533/000942903777679424
http://dx.doi.org/10.1021/ja062293n
http://www.ncbi.nlm.nih.gov/pubmed/16787059
http://dx.doi.org/10.1021/j100015a064
http://dx.doi.org/10.1021/nn301669t
http://www.ncbi.nlm.nih.gov/pubmed/22591378
http://dx.doi.org/10.1016/0009-2614(83)87560-5
http://dx.doi.org/10.1371/journal.pone.0177122
http://www.ncbi.nlm.nih.gov/pubmed/28542211
http://dx.doi.org/10.1021/bi00616a032
http://www.ncbi.nlm.nih.gov/pubmed/718874
http://dx.doi.org/10.1146/annurev.bi.40.070171.000503
http://www.ncbi.nlm.nih.gov/pubmed/4331120
http://dx.doi.org/10.1063/1.459288
http://dx.doi.org/10.1002/bbpc.19840880813
http://dx.doi.org/10.1021/jp984303f
http://dx.doi.org/10.1073/pnas.0604748103
http://www.ncbi.nlm.nih.gov/pubmed/16894178


Polymers 2018, 10, 1079 15 of 15

35. Norouzy, A.; Assaf, K.I.; Zhang, S.; Jacob, M.H.; Nau, W.M. Coulomb Repulsion in Short Polypeptides.
J. Phys. Chem. B 2015, 119, 33–43. [CrossRef] [PubMed]

36. Jacob, M.H.; D’Souza, R.N.; Schwarzlose, T.; Wang, X.; Huang, F.; Haas, E.; Nau, W.M. Method-Unifying
View of Loop-Formation Kinetics in Peptide and Protein Folding. J. Phys. Chem. B 2018, 122, 4445–4456.
[CrossRef] [PubMed]

37. Nettels, D.; Gopich, I.V.; Hoffmann, A.; Schuler, B. Ultrafast Dynamics of Protein Collapse from
Single-Molecule Photon Statistics. Proc. Natl. Acad. Sci. USA 2007, 104, 2655–2660. [CrossRef] [PubMed]

38. Nettels, D.; Hoffmann, A.; Schuler, B. Unfolded Protein and Peptide Dynamics Investigated with
Single-Molecule FRET and Correlation Spectroscopy from Picoseconds to Seconds. J. Phys. Chem. B 2008,
112, 6137–6146. [CrossRef] [PubMed]

39. Grupi, A.; Haas, E. Time-Resolved FRET Detection of Subtle Temperature-Induced Conformational Biases in
Ensembles of Alpha-Synuclein Molecules. J. Mol. Biol. 2011, 411, 234–247. [CrossRef] [PubMed]

40. Grupi, A.; Haas, E. Segmental Conformational Disorder and Dynamics in the Intrinsically Disordered Protein
Alpha-Synuclein and Its Chain Length Dependence. J. Mol. Biol. 2011, 405, 1267–1283. [CrossRef] [PubMed]

41. Buscaglia, M.; Lapidus, L.J.; Eaton, W.A.; Hofrichter, J. Effects of Denaturants on the Dynamics of Loop
Formation in Polypeptides. Biophys. J. 2006, 91, 276–288. [CrossRef] [PubMed]

42. Beechem, J.M.; Haas, E. Simultaneous Determination of Intramolecular Distance Distributions and
Conformational Dynamics by Global Analysis of Energy Transfer Measurements. Biophys. J. 1989, 55,
1225–1236. [CrossRef]

43. Ratner, V.; Amir, D.; Kahana, E.; Haas, E. Fast Collapse but Slow Formation of Secondary Structure Elements
in the Refolding Transition of E. coli Adenylate Kinase. J. Mol. Biol. 2005, 352, 683–699. [CrossRef] [PubMed]

44. Orevi, T.; Ben Ishay, E.; Pirchi, M.; Jacob, M.H.; Amir, D.; Haas, E. Early Closure of a Long Loop in the
Refolding of Adenylate Kinase: A Possible Key Role of Non-Local Interactions in the Initial Folding Steps.
J. Mol. Biol. 2009, 385, 1230–1242. [CrossRef] [PubMed]

45. Orevi, T.; Ben Ishay, E.; Gershanov, S.L.; Dalak, M.B.; Amir, D.; Haas, E. Fast Closure of N-Terminal Long
Loops but Slow Formation of Beta Strands Precedes the Folding Transition State of Escherichia coli Adenylate
Kinase. Biochemistry 2014, 53, 3169–3178. [CrossRef] [PubMed]

46. Lerner, E.; Orevi, T.; Ben Ishay, E.; Amir, D.; Haas, E. Kinetics of Fast Changing Intramolecular Distance
Distributions Obtained by Combined Analysis of FRET Efficiency Kinetics and Time-Resolved FRET
Equilibrium Measurements. Biophys. J. 2014, 106, 667–676. [CrossRef] [PubMed]

47. Orevi, T.; Rahamim, G.; Amir, D.; Kathuria, S.; Bilsel, O.; Matthews, C.R.; Haas, E. Sequential Closure of Loop
Structures Forms the Folding Nucleus During the Refolding Transition of the Escherichia coli Adenylate
Kinase Molecule. Biochemistry 2016, 55, 79–91. [CrossRef] [PubMed]

48. Duhamel, J.; Yekta, A.; Winnik, M.A.; Jao, T.C.; Mishra, M.K.; Rubin, I.D. A Blob Model to Study Polymer
Chain Dynamics in Solution. J. Phys. Chem. 1993, 97, 13708–13712. [CrossRef]

49. Duhamel, J. Polymer Chain Dynamics in Solution Probed with a Fluorescence Blob Model. Acc. Chem. Res.
2006, 39, 953–960. [CrossRef] [PubMed]

50. Chen, S.; Duhamel, J.; Winnik, M.A. Probing End-to-End Cyclization Beyond Willemski and Fixman. J. Phys.
Chem. B 2011, 115, 3289–3302. [CrossRef] [PubMed]

51. Casier, R.; Duhamel, J. Pyrene Excimer Fluorescence as a Direct and Easy Experimental Means to Characterize
the Length Scale and Internal Dynamics of Polypeptide Foldons. Macromolecules 2018, 51, 3450–3457.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/jp508263a
http://www.ncbi.nlm.nih.gov/pubmed/25470659
http://dx.doi.org/10.1021/acs.jpcb.8b00879
http://www.ncbi.nlm.nih.gov/pubmed/29617564
http://dx.doi.org/10.1073/pnas.0611093104
http://www.ncbi.nlm.nih.gov/pubmed/17301233
http://dx.doi.org/10.1021/jp076971j
http://www.ncbi.nlm.nih.gov/pubmed/18410159
http://dx.doi.org/10.1016/j.jmb.2011.04.056
http://www.ncbi.nlm.nih.gov/pubmed/21570984
http://dx.doi.org/10.1016/j.jmb.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21108951
http://dx.doi.org/10.1529/biophysj.105.071167
http://www.ncbi.nlm.nih.gov/pubmed/16617069
http://dx.doi.org/10.1016/S0006-3495(89)82918-2
http://dx.doi.org/10.1016/j.jmb.2005.06.074
http://www.ncbi.nlm.nih.gov/pubmed/16098987
http://dx.doi.org/10.1016/j.jmb.2008.10.077
http://www.ncbi.nlm.nih.gov/pubmed/19013178
http://dx.doi.org/10.1021/bi500069w
http://www.ncbi.nlm.nih.gov/pubmed/24787383
http://dx.doi.org/10.1016/j.bpj.2013.11.4500
http://www.ncbi.nlm.nih.gov/pubmed/24507607
http://dx.doi.org/10.1021/acs.biochem.5b00849
http://www.ncbi.nlm.nih.gov/pubmed/26666584
http://dx.doi.org/10.1021/j100153a046
http://dx.doi.org/10.1021/ar068096a
http://www.ncbi.nlm.nih.gov/pubmed/17176034
http://dx.doi.org/10.1021/jp109528h
http://www.ncbi.nlm.nih.gov/pubmed/21405032
http://dx.doi.org/10.1021/acs.macromol.8b00459
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Theoretical Analysis 
	Results and Discussion 
	Conclusions 
	References

