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Resolution of the conformational distribution and dynamics of a flexible
molecule using frequency-domain fluorometry
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We report the first resolution of both the conformational distribution and end-to-end diffusion coefficient of a flexible molecule. This
molecular information was recovered using only the donor intensity decay in a single solvent at a single viscosity, as observed by the
technique of frequency-domain fluorometry. This technique can be extended to measurements of structural fluctuations of biological

macromolecules.

1. Introduction

The function of proteins, membranes and other
biomolecules depends on their conformation and
dynamics [1,2]. Fluorescence spectroscopy, with
its high sensitivity and natural time-window on
the pico- to nanosecond time scale, makes this
technique the method of choice for studies of
biopolymer dynamics [3-7]. However, obtaining
useful information from the emission requires
high-resolution measurements of the complex flu-
orescence intensity or anisotropy decays. Such res-
olution has recently become available using the
frequency-domain method [8-10].

In this preliminary report, we used the phe-
nomenon of fluorescence resonance (nonradiative)
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energy transfer (FRET) [11] to recover both the
end-to-end distance distribution and diffusion
coefficients of a flexible molecule (TUD; fig. 1).
FRET occurs from the tryptamine donor to the
dansyl acceptor. A previous publication [12] claims
that time-domain measurements of the donor
emission alone are inadequate to resolve both the
initial ¢ = 0 distance distribution and the end-to-
end diffusion coefficient. However, the results of
the present paper demonstrate that the frequency
response of the donor emission alone is easily
capable of determining these static and dynamic
molecular characteristics.

2. Theory
Consider a flexible molecule described by a

Gaussian end-to-end distance (r) probability dis-
tribution
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where R, is the mean distance and the half-width
(hw) of the distribution is given by hw = o8 -1In2 .
Assume that the molecule undergoes end-to-end
diffusion characterized by a diffusion coefficient
D. According to ref. 13, the time-dependent change
in concentration N *(r,t) of excited donor mole-
cules with the end-to-end distance r is described
by the diffusion equation with an additional dis-
tance-dependent transfer term,

IN*(r,1)
ot

_ _%[1 + (%)6]N*(r,t)+ ﬁ

aﬁ*(r,t)] 2

0
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In this expression Ny(r) denotes the initial donor-
to-acceptor distance distribution (at ¢ = 0) of the
excited molecules, N*(r,t)=N*(r,t)/Ny(r) is
the excitation probability normalized by the ¢ =0
distance distribution, 7 is the donor fluorescence
lifetime in the absence of an acceptor, and Ry is
the critical distance for donor-acceptor energy
transfer. The initial condition is N*(r,t =0)=1.
At each distance r the rate (k1) of donor-to-
acceptor transfer is kp =17 1(Ry/r)® [11]. The
first term on the right describes depletion of the
excited donor population due to spontaneous
emission and nonradiative energy transfer. The
rightmost term described repopulation of the ex-
cited donor population by end-to-end diffusion.
To recover the donor distribution and diffusion
parameters, eq. 2 is solved with appropriate
boundary conditions. We assumed that, apart from
the long-range energy transfer, there is no ad-
ditional reaction between excited donors and
acceptors, either at the encounter distance r,;, or
at the maximal distance r,,,. Hence, we used the
reflecting boundary correlations at r;, and r,,,

53]
[dﬁ;(rr,z) =0 @)

In this work we used an algorithm which is

analogous to that described in ref. 14. This method
involves solution of eq. 2 in Laplace space [15],
followed by inversion to time [16}, and then least-
square fitting of the Fourer transform to the
experimental data [17,18].

The frequency-domain data were also analyzed
using the multi-exponential model,

I(1) = Lae /" (5)

where «, are the pre-exponential factors and ; the
decay times [9,18]. The fractional intensity of each
component in the decay is given by

fi=~— (6)
& T:

The goodness-of-fit is characterized by
1 9= 0]’ 1[0 Mey]?
R R e U

where » is the number of degrees of freedom, and
8¢ and 8m are the experimental uncertainties in
the measured phase angles (¢_) and modulation
(m,,), respectively.

3. Materials and methods

Syntheses of the donor control (TMA) and
donor-acceptor pair (TUD) are described in ref.
19. Also described in ref. 19 is the value of Ry =
257 Ain propylene glycol at 5°C, the frequency-
domain measurements in this solvent, and the
distance distribution. Frequency-domain measure-
ments were performed on the instrument de-
scribed previously in detail [10]. All intensity de-
cays were measured by using rotation-free polari-
zation conditions, 290 nm excitation, with the
donor emission selected by a 360 nm interference
filter, 10 nm bandwidth, in methanol at 20°C.
Under these conditions, the Forster distance was
found to be 24.9 A as determined from the quan-
tum yield and spectral overlap. For all analyses
the uncertainties in the phase (§¢) and modula-
tion (8m) values were taken as 0.2° and 0.005,
respectively.
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4. Results

Emission spectra and structures of the donor
alone (TMA) and of the donor-acceptor pair are
shown in fig. 1. The donor emission centered at
355 nm is quenched by the presence of a cova-
lently linked acceptor. The extent of quenching is
greater in the nonviscous solvent methanol (20°C,
continuous line) than in the more viscous solvent
propylene glycol (5°C, broken line). The in-
creased quenching in methanol is due to end-to-
end diffusion which occurs during the donor de-
cay time in methanol, but which is too slow in the
more viscous solvent.

The frequency response (®) of the donor emis-
sion in methanol is shown in fig. 2. Also shown is
the best fit to the data using eq. 2. This fit results
in a diffusion coefficient of 2.6 X 107¢ cm?/s (26
Az/ns) and a ¢=0 distance distribution (fig. 3)
which is nearly identical to that found in pro-
pylene glycol [19] where diffusion is not signifi-
cant during the excited-state lifetime. Also shown
in fig. 2 is the frequency response expected for a
static distance distribution (------ ), with the same
distance distribution as shown in fig, 3, This ii-
lustrates the substantial contribution of diffusion
to the time-dependent donor emission. The shift
towards higher frequencies is the result of the
shorter donor decay resulting from end-to-end
diffusion.
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Fig. 2. Frequency response of the donor emission. The dots (@)
are the experimental data, the solid line the best fit with
D=26x10"%cm?/s, R,, =122 A and hw =13.0 A, and the
dashed line is the frequency-response expected for the distance
distribution in fig. 3 with no diffusion (D = 0).

The results of the donor intensity decay analyses
are summarized in table 1. The donor alone (TMA)
shows a single-exponential decay, as indicated by
X& = 1.6. A single-exponential decay for the donor
is not a requirement of our analysis method, which
has been extended to multi-exponential donors
[20,21]. The presence of the acceptor in TUD
results in a complex donor decay which cannot be
fitted by a single decay time (x} = 491) and re-
quires at least three decay times for a satisfactory
fit. This effect 1s due to the presence of acceptor at
a range of distances from the donor. However, the
data are accounted for by the diffusive model (eq.
2). We note that the data cannot be fitted if one
assumes that the donor and acceptor are at a
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Fig. 1. Emission spectra of the donor alone (TMA), acceptor
alone (dansyl amide) and of the donor-acceptor pair (TUD) in
methanol at 20°C ( ) and in propylene glycol at 5°C
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Fig, 3. Distance distributions for TUD in methanol at 20°C
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Table 1

Donor decay analysis for the TMA donor and the TUD donor-acceptor pair in methanol at 20°C

Compound 7 (ns) @, R, (A) hw (A) D (x10%)cm?/s) Xk

TMA 5.76 10 - - - 1.61

TUD 0.35 1.0 - - - 491.0
0.11 0.57 - - - -
0.57 043 - - - 39
0.04 0.73 - - - -
0.16 0.14 - - - _
0.60 0.13 - - - 1.9

TUD - - 122 13.0 26 23
- - 15.8 a* 0.063 3875
- - 14.6 5.7 {0 19.6

* The angular brackets ( ) indicate this parameter was held fixed at the indicated value.

single distance, i.e., a narrow distance distribution
(hw=1 A), even with a floating mean distance
and diffusion coefficient (x& = 388). This result
indicates that the data contain significant infor-
mation on the r=0 distance distribution. Ad-
ditionally, the data cannot be fitted (table 1) if the
diffusion coefficient is set to zero (x& = 19.6),
indicating that the data are not consistent with
any static distance distribution. These results dem-
onstrate that we were able to recover both the
end-to-end distance distribution and diffusion
coefficient from the frequency-domain data of the
donor decay.

It is of interest to consider the range of distance
distribution parameters and diffusion coefficients
which are consistent with our experimental data.
This uncertainty analysis is of particular interest
given the suggestion [12] that correlation between
the parameters prevents resolution of the type
shown in figs 2 and 3. Consequently, we examined
the x% surfaces for R, , hw and D (fig. 4). Such
surfaces account for all correlations because the
minimum value of x4 is calculated for each fixed
parameter on the x-axis. The intersection of these
surfaces with the 67% F-statistics (------ ) can be
taken as the range of values consistent with the
data, and from experience we know that this pro-
cedure overestimates the uncertainties by at least
50%. Hence, the x% surfaces in fig. 4 demonstrate
that R,,, hw and D are determined from the
donor-alone frequency response. Importantly, the

range of values is modest, and there are no local
minimum and/or flat regions in x% which could
result in poorly determined parameters and/or
nonconvergent fits. It should be emphasized that
such resolution is only to be expected if the decay
times and diffusion rates are comparable in mag-
nitude.
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Fig. 4. Distance distribution and diffusion coefficient x&
surfaces for TUD in methanol at 20°C.
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5. Discussion

Why were we able to recover both the end-to-
end diffusion coefficient and distance distribution
when the simulations by Beechem and Haas [12]
suggested that such resolution was not possible?
One possible reason for this apparent discrepancy
is due to the use of different methods. Beechem
and Haas simulated time-domain data with a
limited number of counts (20000 counts) in the
peak channel. In contrast, we used frequency-do-
main measurements, which resulted in distance
distribution and diffusion-x% surfaces using the
donor-alone data which are vastly superior to those
presented by Beechem and Haas [12] for the
donor-alone data.

Beechem and Haas [12] also claimed that reso-
lution of the distance distribution and diffusion
was only possible using global analysis of data for
both the donor and the acceptor. In our opinion
the value of the acceptor decay data is overesti-
mated in their analysis. Specifically, the authors
appear to assume that all the acceptor emission
results from energy transfer from the donor. In
almost every experimental situation excitation of
the donor also results in excitation of the acceptor
due to the longer absorption wavelengths of the
acceptors. The directly excited acceptors are often
the dominant origin of the acceptor emission when
one excites a covalently linked donor-acceptor pair
at the absorption maximum of the donor. Conse-
quently, a significant if not dominant fraction of
the acceptor emission results from directly excited
acceptors, and this acceptor emission does not
contain information on the distance distribution
or diffusion coefficient. Hence, actual experimen-
tal data for the acceptor will provide less informa-
tion than predicted by Beechem and Haas [12].
We note that their formalism appears to contain
the ability to account for directly excited accep-
tors (their eq. 5), but this effect was apparently
not included in their simulations.

Our experimental methods and analysis de-
scribed above can be readily extended to biologi-
cal macromolecules. For instance, it should be
possible to recover end-to-end distances and diffu-
sion rates for labeled proteins {21,22], nucleic acids
[23] and lipids [24]. Such data can provide a more

detailed view of the solution dynamics of macro-
molecules, which can be used to correlate biologi-
cal dynamics with function or for comparison of
theoretical calculations of dynamics.
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