Biochemistry 1995, 34, 293—300

Donor—Acceptor Distance Distributions in a Double-Labeled Fluorescent
Oligonucleotide Both as a Single Strand and in Duplexes’
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ABSTRACT: A 16-mer deoxyribonucleotide was labeled at the 5’-end with x-rhodamine and at the 3’-end
with fluorescein. Forster resonance energy transfer was used to determine the distribution, P(R), of donor—
acceptor distances for the oligomer in three duplex structures (hybridized to complementary strands having
10, 16, and 24 bases) and as a single strand; measurements were made in 0.18 M NaCl and 1 M KCI
solutions. These distributions were derived from lifetime measurements made in the frequency domain
using a multiharmonic frequency phase fluorometer. The fluorescein fluorescence decay for each duplex
structure was fit very well with P(R) modeled as a shifted Gaussian. On the basis of the mean donor—
acceptor distance, these structures for the 16-mer and the 24-mer were consistent with that of B-DNA.
For the 16-mer duplex in 0.18 M NaCl, the distribution was centered at 68.4 A with 0 = 6.4 A. For the
10-mer duplex, the mean donor—acceptor distance, 61.8 A, is much larger than that for a structure with
the fluorophores extended perpendicular to the helix axis. For the single-strand data, various high-quality
fits yielded physically unreasonable distributions or could not accurately account for the acceptor response.
Considered analyses suggested that the single-strand distribution was best represented by a shifted Gaussian,
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with R = 51.5

and 0 = 10.0 A in 0.18 M NaCl. In all cases, o increased and R decreased in 1 M KCl

relative to their values in 0.18 M NaCl, consistent with the increased flexibility of the polymer.

Over the past several years, we have been carrying out
solution studies with a fluorescently double-labeled oligode-
oxyribonucleotide (Parkhurst & Parkhurst, 1992, 1993, 1994).
In the preceding paper in this issue (Parkhurst & Parkhurst,
1995), we have reported the results of our work that involved
using the labeled oligomer to signal hybridization in solution
and to determine the kinetics of hybridization, exploiting the
pronounced differences in the steady-state fluorescence
emission for the oligomer as a single strand and in a duplex
structure. The oligomer has 16 bases, with x-rthodamine
covalently bound to the 5’-end and fluorescein bound to the
3’-end: x-rhodamine’5’-GTAAAACTGACGGCCAG-3"fluo-
rescein (Figure 1). The fluorescein and x-rhodamine act as
a donor/acceptor pair, respectively, for Forster resonance
energy transfer, a coupled dipole interaction that results in
the direct transfer of excitation energy from the donor to
the acceptor chromophore. Because the efficiency of transfer
is dependent on the inverse sixth power of the distance
between the two fluorophores, the integrated fluorescence
emission intensities sensitively reflect changes in that
distance. Resonance energy transfer has been used exten-
sively to obtain the mean distance between two fluorophores
that are bound to a relatively rigid structure (Latt et al., 1965;
Stryer & Haugland, 1967; Steinberg, 1971; Yang & Soll,
1974, Stryer, 1978; Cheung, 1991a). More recently, energy
transfer has been used to obtain the distribution of distances,
P(R), between two fluorophores bound to a nonrigid structure
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(Grinvald et al., 1972; Lakowicz et al., 1987, 1988; Cheung,
1991b; Haran et al., 1992, Eis & Lakowicz, 1993).

We have extended our studies with the labeled oligomer,
analyzing fluorescence lifetime measurements made in the
frequency domain to obtain the distribution of donor—
acceptor distances for the oligomer as a single strand and in
three duplex structures, at low and high salt concentra-
tions. We explored the effect on the fit of diverse distribu-
tions, particularly for the data obtained from the single-
stranded oligomer, and arrived at a model-free method of
fitting. The single-strand data were well fit by significantly
different models; the plausibility of the associated distribution
and the predicted response of the acceptor, x-rhodamine,
were used to determine the P(R) that best represented the
data.

EXPERIMENTAL PROCEDURES

Tris-HCl and quinine, as the hemisulfate salt, were
purchased from Sigma (St. Louis, MO). The 16-mer
deoxyribonucleotide with covalently bound 5'-x-rhodamine
and 3'-fluorescein (R*oligo*F)! was synthesized and HPLC-
purified by Research Genetics, Inc. (Huntsville, AL), as was
the single-labeled oligomer with only 3’-fluorescein (oligo*F).
The 16-mer complement (oligosesc), the 10-mer complement
to the middle 10 bases (oligoiqc), and a 24-mer complement
(oligoa4, the 16-mer complement with an additional 5’-TCAC

! Abbreviations: all oligonucleotides are oligodeoxyribonucleotides;
Rioligo*F, the 16-base oligomer 5'-GTAAAACTGACGGCCAG-3’ with
x-rhodamine (structure shown in Figure 1) covalently bound at the 5’
end and fluorescein at the 3’-end; oligo*¥, the 16-base oligomer with
only 3’-fluorescein; oligoigc, the 10-mer complementary to the middle
10 bases of the labeled oligomer; oligoe., the 16-mer complement to
the labeled oligomer; oligos4., a 24-mer identical to oligois: but with
additional 5-TCAC and 3’-TACA.

0006-2960/95/0434-293%09.00/0 © 1995 American Chemical Society
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FIGURE 1: Fluorescently double-labeled 16-mer oligodeoxyribonucleotide. x-rhodamine is bound at the 5’-end with a 6-carbon linker arm,

and fluorescein is bound at the 3’-end with a 3-carbon linker.

and 3-TACA) were prepared in our departmental oligo-
nucleotide synthesis facility and shown by gel electrophoresis
to be >95% pure. The buffer was 0.01 M Tris (pH 8) and
0.001 M EDTA, with either 0.18 M NaCl or 1 M KCl, as
noted in the text. The concentrations of oligo*f and
R¥oligo*F were 140 and 250 nM, respectively, either alone
or with a 40% excess of complement. Duplex structures
were prepared at least 45 min before the measurements were
made; steady-state work had shown that, with these solution
conditions, hybridization would be essentially complete in
that time. All measurements were made at ambient tem-
perature (20—22 °C).

Instrumentation, Theory, and Data Analysis. In the
absence of transfer, the fluorescence decay of the donor in
the time domain is described by

1) = 1Y oy expl— (kg + kpgi] (1)

where I is the initial fluorescence intensity, and the rate
constants kr and k; pertain to fluorescence decay and
nonradiative decay (including intersystem crossing), respec-
tively. The inverse of the donor lifetime, 747}, is the sum
of these intrinsic decay processes, kr + k1. Donor decay
can be mono- or multiexponential, the latter a consequence
of variations in 4i.

When an acceptor is present at a fixed distance R from
the donor, a second term is needed to account for decay due

to transfer:

I, = 1Y oy expl—[(ks + k) + k1] )

where k, is the rate constant for transfer (=1/1p+(R/R)%), and
the parameters o and (kg + kj)g; are assumed to be
unchanged by the presence of acceptor. R, is the Forster
distance, the distance at which the efficiency of transfer is
0.5, that is, k, = (ke + k1) = o+ 1. 7p« in the additional
term (1/1p«(R/R)S, eq 3) therefore is the donor lifetime
uniquely associated with a particular value of R, and remains
constant so long as acceptor absorption and donor emission
spectra remain unchanged. When the donor and acceptor
are bound to a nonrigid moiety, their distance apart varies
over some probability distribution P(R) (Cantor & Pechukas,
1971), and eq 2 becomes

" R,\6
I,(0) = Ido‘/;) P(R) Zo‘di exp[—(rid + r[t)*(E) )] dR
’ 3)

The fluorescence decay of the donor can also be obtained
in the frequency domain, by measuring the phase and
amplitude of the response to modulated excitation. The sine
and cosine Fourier transforms (N and D, respectively) of eq
3 yield the equivalent frequency response functions:
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where w is the frequency (in radians second™!), 1/74,; = 1/7y;
+ 1/tp«(R/R)%, and the normalization term J = 3 QlaaiTdai.

Fluorescence lifetime measurements were made using an
SLM-Aminco Model 4850 multiharmonic frequency phase
fluorometer. The fluorescein was excited with the 488 nm
line from an Ar™ laser (Lexel, Model 75), which was
modulated simultaneously at 28 frequencies from 5 to 140
MHz with a base frequency of 5 MHz; a 520 nm interference
filter (Oriel Corp., Stratford, CT) was positioned between
the sample and the photomultiplier. The SLM software was
used to collect and least-squares fit the emission data to
obtain the phase shift and modulation that best described
the fluorescein emission response at each frequency and,
subsequently, to determine the optimal values for 7. These
relationships and methods of analysis are discussed elsewhere
(Lakowicz et al,, 1984). In all cases, the data were very
well fit by a biexponential decay model (y? values of 0.2—
1.6). This means only that the data were very well
represented by a biexponential model that approximates a
distribution of lifetimes and does not necessarily imply decay
from two components. The weighting factor a in the SLM
software is the fractional contribution of each component to
the total integrated intensity; these a’s were converted to
preexponential @’s by solving the expression a; = (Q,T/2.T;)
for each a, with normalization >o; = 1. These measure-
ments and analyses were made on donor only (oligo*F) and
donor/acceptor (R*oligo*F) molecules, each as a single strand
and in three duplex structures (hybridized to oligo;ec, 0ligoig,
and oligoy:). Data for each of these four donor—donor/
acceptor pairs were collected in buffered solutions containing
either 0.18 M NaCl or 1 M KCl. For each sample, 5 replicate
measurements were made and averaged to give a single data
set; 6—10 such data sets were collected during each period
of data acquisition (on any given day), and the optimal data
set, based on the ¥ values, was chosen. Phase (¢(w)) and
modulation (m(w)) vectors for each case were composite files
averaged over 2—35 such optimal sets. The error vectors for
phase and modulation were the standard deviations at each
frequency for the initial five replicate measurements; a
composite error vector was then made for both phase and
modulation.

For each pair, the data were analyzed for P(R) as
follows: The observed donor/acceptor response was obtained
by constructing, at each frequency, the sine and cosine
Fourier transforms from the phase shift and modulation
vectors, using the following:

D(w)y, = — ) ©)
obs [1 +tan2 ¢((U)]1/2

and
N(@) s = [m(w)* — D(w)*]"* )

(Lakowicz et al., 1984). These observed values for N(w)
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and D(w) were used on the left-hand sides of eqs 4 and 5.
Weighting vectors for the sine and cosine transforms were
generated from the composite raw phase and modulation
vectors and their associated error vectors using standard error
propagation. On the right-hand sides of eqs 4 and 5, the
o’s pertain to the donor-only case and 1/74,; = 1/74; + 1/7Tp»
X (RJ/R)®. Various expressions were used for P(R), and a
Simplex algorithm (Noggle, 1985) was used to minimize the
weighted sum of squared residuals in eqs 4 and 5 as the
parameters within the distribution function were varied.
Within the Simplex, the numerical integration over P(R) was
carried out by a variable-step Simpson’s rule integration over
the interval 3.5—120 A. The minimum distance between
the two fluorophores that is physically reasonable is the sum
of their van der Waals radii, ~3.5 A, and the maximum
distance, the length of the fully extended oligomer plus the
two linker arms, we calculated to be 120 A (see Figure 1).
The intervals were subdivided until the absolute value of (T
— M)/S was <1E — 5, where T, M, and S are trapezoidal,
midpoint, and Simpson’s rule integrations, respectively, with
S = (T + 2M)/3. The integrals in eqs 3—5 were normalized
to the distribution function, P(R), by dividing by fP(R) dR
over the same range of integration.
The Forster critical distance, R,, was calculated using

R, (A) =979 x 10° (’n "¢, f )" (8)

(Lakowicz, 1983), where « is the angular portion of the
dipole—dipole interaction for the transition dipoles of the
donor and acceptor, # is the refractive index of the medium,
and ¢y is the quantum yield of the donor (Férster, 1948).
The overlap integral of the donor and acceptor is defined as

Saa= [ Fad) €,(A) A* dA )

where Fy4(4) is the normalized fluorescence emission of the
donor at each wavelength, €,(1) is the extinction coefficient
(in M~! em™!) of the acceptor at each wavelength, and 4 is
wavelength in centimeters. The value of n was fixed at 1.343
(Washburn, 1930) and ¢4 at 0.93 (Martin & Lindqvist, 1975).
Initially, « was assigned the value of /3, which assumes
complete rotational averaging. This assumption is in accord
with the work of Hochstrasser et al. (1992), who concluded
from fluorescence anisotropy measurements that nearly
complete rotational averaging was occurring for fluorophores
with linker arms similar to those on our dyes. The response
function of the photomultiplier was calibrated using quinine
sulfate (Melhuish, 1972), and the fluorescein emission
spectrum was corrected accordingly.

P(R). Our a priori model for the duplex structures was
that of a rigid central region with random orientation of the
dyes on either end. In a simple Monte-Carlo simulation of
the end-to-end distribution based on this model, the dyes
were allowed to occupy any point within the sphere defined
by the maximum length of their tethers (except those points
within the helix cylinder). Using 10 000 random positions
for the donor and acceptor, we obtained a distribution that
very closely approximated a shifted Gaussian. Further, the
vast majority of the positions occupied by the dyes were
within the thin surface shell of the sphere, so that o and R
for the distribution largely reflected the arcs swept out by
the angular motion of the dyes. The lifetime data for the
three duplex structures, in 0.18 M NaCl and in 1 M KCl,
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were subsequently fit to a shifted Gaussian distribution:

P(R) = A exp[—(R — R)*120%] (10)

where A is a normalization constant.

Our initial model for the single strand was that of a random
coil with freely jointed segments, in which case, for R <
Rumaximum (~120 A), the distribution would approximate the
form (Tanford, 1961)

P(R) = AR* exp(—BR?) (11)

which is a skewed Gaussian with B = (3/2)(1/R2), A=4dm x
(B/m)*?, and only one fitted parameter, R>. The quantity R
= /R P(R) dR, and 0> = R* — (R)*. The very poor fit to
this model led to extensive analyses of the single-strand data.
We postulated that the average value of «? might not be %5,
and «? became a fitted parameter. This resulted in no
improvement in the fit. In fact, because «, o, and R are
correlated, for 0 < x? < 4, the values for ¢ and R adjust in
a three-parameter fit to give essentially the same quality of
fit for all values of 2. For 0.45 < «? < 0.90, the values of
o and R changed by <7%. We then assumed that x? was
not dynamically averaged in the single-stranded oligomer,
and we introduced a second integral into egs 4 and 5, with
the «? distribution modeled in various ways. The details of
the «2 fitting have been reported elsewhere (Parkhurst &
Parkhurst, 1994). We were unable to significantly improve
the fit in these analyses and concluded that the distributions
of R and «? might not be separable.

Diverse distributions were used in fitting the single-strand
data. These included a shifted Gaussian, a sum of shifted
Gaussians, and a shifted Gaussian with a preexponential
variable term, C, of the form

P(R)=AR — O\ exp[—(R — R*2¢*]  (12)

withn =1 and 2. Another model assumed that there might
be both random coil, described by a random walk model,
and structure, characterized by a shifted Gaussian:

P(R) = C,A, exp[—(R — R)*/20%] +
(1 = C)AR* exp(~BR?) (13)
For each of these distributions, «? was both fixed at %/ and

allowed to vary. For P(R) as a shifted Gaussian, a sum of
P(R) and a skewed Gaussian was also examined:

[A+ (1 —A){1 - e BPR) (14)

with additional fitted parameters A, 8, and n. Equations 4
and 5 were also modified to include a constant contribution
from free fluorescein or from a contaminant of oligo*F in
the R*oligo*F solution, and data were fit using various of
these forms for P(R).

The general problem of fitting for P(R) is the form of eq
15 in the frequency domain or eq 16 in the time domain:

Nw) = [T K(w,R) P(R) dR (15)

I = [TK(tR) P(R)dR (16)

These are examples of Fredholm integral equations of the
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first kind, with known kernels K and K’, and can be solved
for P(R) by expanding P(R) in an orthonormal basis set. A
reasonable basis set for this problem would be the Hermite-
polynomials multiplied by the corresponding Gaussian
weighting factor, since they are orthonormal over the interval
[0,c} and contain a Gaussian function that alone should
approximate many random end-to-end distributions reason-
ably well. Through order », the function is

P(R)= Y CNH,[a"*(R — R)] exp[—o(R — R)*/2]
y=0
a7

where the C,’s are fitting coefficients, N, is a normalization
constant (=(2'v!)~Y%(o/m)#), and H, is the Hermite poly-
nomial of order v [Hy = 1, H; = 20"%(R — 7), etc.; recurrence
relation: H,+(x) = 2xH,+1(x) — 2(v + 1)H,(x)]. Foreq 17,
the fitting parameters are thus a, R, and the C,’s.

Most of the distributions described here gave fits with
unacceptably large sums of squared residuals when the phase
and modulation vectors for frequencies from 5 to 140 MHz
were used. Those distributions that gave good fits included
regions of probability that were physically unreasonable.
These analyses all relied upon the donor decay changing in
the presence of acceptor due only to energy transfer, that is,
0y; and the 1y part of 74y in egs 4 and 5 must be the same
as 0g; and 7y for oligo*f. In subsequent analyses of the
lifetime data, this constraint was removed. The o and 74
terms (within 74,) in eqs 4 and 5 that pertain to the donor
only became fitted parameters, along with ¢ and R in the
shifted Gaussian distribution (eq 14). Because the o’s were
normalized to Y0, = 1, 0, was defined as (1 — @), and the
five fitted parameters were o, R, o, and 74; and 74; (within
the 74, terms). The data for the three duplex structures and
the single strand, in 0.18 M NaCl and in 1 M KCl, were all
fit in this way. The quality of the fits for duplex and single-
strand structures was also studied as the phase and modula-
tion data sets were progressively truncated from the high-
frequency end. The steady-state acceptor emission was also
calculated by integrating the efficiency of transfer over the
distribution, P(R), to provide a constraint on the donor
parameters.

RESULTS

The critical distance R, for the donor/acceptor pair was
calculated using eq 8 to be 59.6 A. This distance is for
fluorescein/x-rhodamine, and for fluorescein, 7 = 3.96 ns.
If k&1 changes, R, also changes, but k; must remain invariant
to such changes. We therefore write eq 3 with the 1p fixed
at 3.96 ns and denote that Tp as 7o+, linked to R, = 59.6 A.
The distance between the 3’- and 5'-ribosyl oxygens in a
16-mer B-DNA duplex structure is 54.7 A based on
molecular modeling, making the fluorescein/x-rhodamine pair
well suited to the study of this structure.

The phase shift and modulation responses for the three
duplex structures, in 0.18 M NaCl and in 1 M KCl, were fit
very well to a biexponential decay model, and the &’s and
7’s are given in Table 1.” Excellent fits to eqs 4 and 5 were
obtained with these data, with P(R) modeled as a shifted
Gaussian. The optimal values obtained for o and R are
shown in Table 2. In 0.18 M NaCl, o for each of the three
duplexes is ~6.5 A. The mean distance between the two
fluorophores was nearly the same for the 16-mer and 24-
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Table 1: Optimal Values for the &’s and 7’s That Characterized
the Biexponential Decay of the Fluorescein Emission in the Oligo'F
(D) and **Oligo™ (D/A) Molecules as a Single Strand and in the
Duplex Structures (in 0.18 M NaCl and 1 M KCl)

0.18 M NaCl 1 MKCl]

a; 71(ns)  T2(ns) o; T1(ns) Oz 72(ns)

single strand

D 075 394 025 033 077 411 023 1.09

D/A 0.19 277 0.81 058 0.15 3285 0.85 047
10-mer duplex

D 081 397 019 0.67 079 392 021 079

D/A 062 242 038 0.84 053 231 047 0.73
16-mer duplex

D 078 385 022 053 068 376 032 0.52

D/A 071 275 029 0.63 0.62 254 038 046
24-mer duplex

D 0.87 409 0.13 055 0.84 419 0.16 098

D/A 082 299 0.18 080 0.76 3.04 0.24 0.0

Table 2: Values for ¢ and R That Best Describe the
3’-Donor—5’-Acceptor Distance Distribution for R*Oligo'F as a
Single Strand and in Three Duplex Structures (in 0.18 M NaCl and
1 M KCl)

0.18 M NaCl 1M KCl1
R*oligo’F (A RA) o (A) RA)
single strand 10.01 51.5 15.3 45.3
10-mer duplex 6.8 61.8 8.4 58.7
16-mer duplex 6.4 68.5 8.8 66.5
24-mer duplex 6.5 71.4 10.5 70.9
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FIGURE 2: Theoretical values (lines) and observed phase shift (+)
and modulation (A) as a function of frequency for the duplex
composed of R*oligo*F and oligo;s. (in 0.18 M NaCl), with P(R)
modeled as a shifted Gaussian. The theoretical values were
calculated from the sine and cosine Fourier transforms obtained at
each frequency using the optimal values for o and R.

mer duplexes, 68.5 and 71.4 A, respectively, but was
significantly less, 61.8 A, for the 10-mer duplex. In 1 M
KCl, the value of o increased by 2 A for the 10- and 16-mer
duplexes and by 4 A for the 24-mer duplex; the mean
distance between the fluorophores decreased slightly (0.5—2
A) for each duplex. The sine and cosine Fourier transforms
of the donor/acceptor response, to which the data were fit,
were recovered in all cases to within experimental error. The
theoretical values for the phase shift and modulation at each
frequency were determined from the sine and cosine
transforms using eqs 6 and 7 and are shown in Figure 2,
together with the observed values, for the oligois. duplex
structure in 0.18 M NaCl. This plot is typical of that for
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FIGURE 3: Phase shift and modulation plots, showing the lack of
fit of the data from the single-stranded oligomer (in 0.18 M NaCl)
to a shifted Gaussian distribution, using the donor properties of
oligo*F. Observed phase shift (O0) and modulation (<) are shown
with the theoretical values (lines) obtained at the least-squares
minimum for o (10.01 A) and R (51.5 A). The average residual
for this fit is ~5x larger than the experimental error.

each of the duplex cases. Notably, essentially the same
values for o and R were obtained using data sets truncated
(from the high-frequency end) to include only seven frequen-
cies from 5 to 35 MHz, with little change in the quality of
the fit (og).

The distribution for the 16-mer duplex in 0.18 M NaCl is
shown in Figure 6. For the Monte-Carlo simulations, the
maximum lengths of the tethers from the ribosyl oxygens to
the centers of the dyes were 16.3 A for the fluorescein and
20.3 A for x-thodamine. The helix was considered to be
rigid. Letting all points within a sphere (with radius equal
to the maximum length of the tether) centered on the ribosyl
oxygens, but excluding the DNA helix, be available for the
dyes, we obtained 6 = 9.7 A and R = 60.1 A. With one
adjustable parameter, the excluded distance from the cylinder,
which accounts for van der Waals contacts between the tether
and the helix as well as the excluded volume of the tether,
we obtained 0 = 8.4 A and R = 66.9 A for an excluded
distance of 7.25 A. These o and R values compare very
well with the experimental values for 1 M KCI (o = 8.8 A
and R = 66.5 A), where charge interactions between the dyes
and the helix are greatly reduced.

Obtaining an acceptable fit to the single-strand data was
considerably more complex. The best fit to the random walk
model (eq 11) gave an rms residual ~20x greater than the
experimental error, with an rms end-to-end distance,

(RH", of 54.6 A. For a sufficiently long random coil, this
should be the proper P(R), but as noted by Yevich and Olson
(1979), for short single-strand oligonucleotides, P(R) distri-
butions are not expressible in simple mathematical forms.
Figure 3 shows the best fit to the experimental phase shift
and modulation data for the single strand in 0.18 M NaCl,
with P(R) modeled as a shifted Gaussian. The rms weighted
residual for this fit was 5 times the experimental error. The
optimal values for 0 and R were 10.0 and 51.5 A,
respectively, in 0.18 M NaCl. This distribution is shown in
Figure 6. As the phase and modulation vectors were
truncated, the fit to the symmetric Gaussian improved
dramatically and was within experimental error for frequen-
cies <40 MHz, while the optimal parameter values changed
by <5%. When a shifted Gaussian was used with eq 14,
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FIGURE 4: Theoretical (lines) and observed phase shift () and
modulation (&) vs frequency for the single-strand oligomer (in 0.18
M NaCl), obtained using Hermite polynomials (with n = 3) to
model P(R).

the coefficient (1 — A) weighting the additional term
approached zero, with essentially no change in the fit.
Modification of various of the P(R) forms to include a
constant contribution from the fluorescein-only labeled
oligomer also resulted in the coefficient for the additional
term approaching zero. The introduction of additional
parameters that allowed the overall shape of the distribution
to change, as with eqs 15 and 16, resulted in a significantly
improved fit, with the average residual ~2x the inherent
error. However, the fitted distributions had a large region
of negative amplitude as R decreased, which was physically
unreasonable. When the data were fit using Hermite
polynomials (eq 17), the average residual was 1.5x the
experimental error, with no improvement in the fit from »
= 2 to n = 4. The theoretical phase shift and modulation
derived from this fit are shown in Figure 4, together with
the experimentally observed values. The distribution ob-
tained from this fit was very similar to that for eqs 15 and
16, with a large region of negative P(R), and is shown in
Figure 5. As the data vector was truncated from 140 to 40
MHz, the fit improved to well within the experimental error;
the shape of the distribution changed, approaching that of a
shifted Gaussian centered at ~60 A (Figure 5), bit still with
an area of negative probability.

The above analyses rely on the assumption that the donor
decay parameters in oligo*¥ are unchanged in R®*oligo*F,
except for addition of k for the latter case. It is this
assumption that allows one to use the ag’s and 74’s measured
for the donor-only decay on the right-hand sides of eqs 4
and 5, thus representing the donor decay in the presence of
acceptor in terms of the decay of the donor-only; the latter
is modified by the term 1/7p«((R/R)® to account for energy
transfer. This assumption was called into question by fitting
eqs 4 and 5 for the &’s and 1’s that described the donor-
only decay, in addition to the distribution parameters. This
procedure was used for the three duplex structures, with P(R)
modeled as a shifted Gaussian. The values obtained for a;,
T, Oz, and 7, were very close to those actually measured
for oligo*F, in both low and high salt. For each case, the
Simplex algorithm was run repeatedly using widely different
starting conditions; without exception, the optimal parameters
represented a clear minimum. That is, there was sufficient
information in the phase shift and modulation data to allow
the hypothetical donor-only properties to be extracted. The
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FIGURE 5: 3’—5’ distance distributions obtained for the single-
stranded oligomer for P(R) obtained from Hermite polynomials.
The distribution obtained fitting the complete data set is shown as
a solid line; numerous of the P(R) forms yielded distributions with
this general shape. As the data set was truncated from the high-
frequency end, the shape of the distribution approached that of a
shifted Gaussian centered at ~60 A; the distribution shown (-+*)
was obtained by fitting the data from 5 to 40 MHz. Both
distributions are normalized over the interval 3.5—120 A.

values obtained for the 16-mer duplex structure in 0.18 M
NaCl were typical: the fitted values obtained for the donor-
only decay in eqs 4 and 5 were a; = 0.81, 7, = 4.2 ns,
= (.19, and 7, = 0.48 ns, which are very similar to those
measured for oligo*! in a duplex (see Table 1). The values
obtained for ¢ and R were 6.9 and 66 A, respectively, also
very similar to the values obtained in the 2-parameter fit.
The sum of squared residuals was the same as that for the
2-parameter fit. For the single strand, the parameters
describing donor decay obtained from the 5-parameter fit
significantly differed from those actually measured for
oligo*F. With P(R) modeled as a shifted Gaussian, the fitted
values (for 0.18 M NaCl) were o; = 0.21, 7, = 3.9 ns, o
=079, 7, =0.64 ns,0 = 9.6 A, and R = 68.8 A, and the
data were fit to within experimental error. An equally good
fit was obtained with essentially identical values for the a’s
and 7’s, but with o0 = 12.7 AandR=72 A; the correlation
of these parameters led to a double minimum during the
minimization.

The fitting algorithm was run repeatedly with diverse
initial conditions, with convergence invariably occurring at
one of these two minima. The two lifetimes were similar
to those measured for oligo*F; however, the values for the
o’s, o = 0.21 and oy = 0.79, were very different from those
measured, where a; = 0.75 and a, = 0.25 (with @, always
assigned to the larger 7). The distribution for the single
strand, with ¢ = 9.6 A and R = 68.8 A, is shown in Figure
6. The 5-parameter fit for the single strand in 1 M KCl gave
similar results. When the value of 7, was constrained in
the fitting routine to be <4 ns, the optimal parameters were
a; =017, 7, =4ns,a, = 0.83, 7, = 0.5 ns, 0 = 18 A,
and R = 78 A. When no constraints were imposed, o, =
0.17, 71 =4.2ns, 0, = 0.83,0 =17 A, and R = 74 A. The
fit to these two cases was identical and within experimental
error. The essential result obtained from the 5-parameter
fit was that o for the single-strand distribution was signifi-
cantly larger than that for the duplexes, but the mean end-
to-end distance was nearly unchanged from those of the 16-
and 24-mer duplex structures.
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FIGURE 6: Optimal distributions (in 0.18 M NaCl) with P(R)
modeled as a shifted_Gaussian. For the 16-mer duplex structure
(—),0c=64 A_and R =68.5 A, for the single strand (- - -), 0 =
10.01 A and R = 515 A. The light line (— —) shows the
distribution for the single strand derived from the 5-parameter fit
(0 = 9.6 A and R = 68.6 A), which removed constraints on the
donor-only decay; although the fit to the fluorescein decay was
excellent, the results could not accommodate the emission response
of the x-rhodamine.

To more clearly evaluate these results, the change upon
hybridization in the integrated emission intensity of the
acceptor, x-rhodamine, was considered. The integrated
intensity of x-rhodamine for any given R is (Tx-thodamine)(Et)-
The efficiency of transfer, E,, is k/(kg + ki + k), and 7,
rhodamine Was found to have the same value in the single strand
as in the duplex. To accommeodate a distribution of distances,
the average E; can be evaluated from fP(R) E; dR, and this
was done for each of the two components of the donor decay,
a; and 0. The integrated intensity was thus calculated for
x-thodamine in the duplex and in the single strand, with P(R)
modeled as a shifted Gaussian, and a ratio of these values
was taken. When the parameters used in the integral for
the single strand were those from the 2-parameter fit, the
ratio of the x-rhodamine integrated intensity in the duplex
to that in the single strand was 0.47, which is in good accord
with the 0.5 value observed in the steady state. When the
single-strand parameters were those obtained from the
S-parameter fit, however, the ratio was 1.86. Thus, although
the fluorescein data were fit extremely well when the
constraints on the donor-only decay were removed, the results
did not account for the x-rhodamine response observed in
the steady state. When the distribution for the single strand
was described by a Hermite polynomial (with n = 2), the
ratio was 0.49, essentially the same as that observed in the
steady state.

DISCUSSION

Diverse expressions can be used to model P(R) in eqs 4
and 5. In cases where the appropriate model is not known
or cannot be readily determined, P(R) can be extracted from
the fluorescence decay data as a sum of weighted Hermite

.polynomials, a procedure that is model independent, provided
the kernel K or K’ is known. This approach was useful in
analyzing the single-strand data, for which we encountered
a consistent lack of fit with P(R) modeled in various ways.
Hermite polynomials have been used previously (Flory,
1969) in expansions of the distribution function for the end-
to-end vector.
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The 16- and 24-mer duplexes have P(R) parameters that
are consistent with the B-DNA structure. These duplex
structures are considered to be sufficiently rigid that the value
of o must derive primarily from the random motion of the
dye linker arms. These resuits are in accord with those of
Hochstrasser et al. (1992), who labeled the 5”-end of each
strand of a 9-mer duplex and obtained the end-to-end distance
distribution from measurements made in the time domain.
Sixteen base pairs compose 1.5 helical turns, causing the
3’- and 5’-ends to be positioned on opposite sides of the
helical cylinder. Base pair 11 lies directly above base pair
1 when viewed down the helix axis. Consider the duplex
formed when the 16-mer ®*oligo*F hybridizes with oligoioc,
forming 10 base pairs with 3 bases left unpaired at each end.
Base pairs 1 and 10 are separated by 30.6 A parallel to the
helix axis and by 36° in a plane perpendicular to the helix
axis. Were the three terminal nucleotides and dyes maxi-
mally extended and perpendicular to the helix axis, the
separation between dye centers would be 40 A (assuming
the extended length of the 16-mer oligonucleotide plus dyes
to be 120 A). For the distribution parameters obtained in
our fitting to be consistent with the B structure of DNA, the
R value of 61.8 A must correspond to an average structure
having the three nonpaired bases in an extended conforma-
tion, as if continuing the helix. The value of o, 6.8 A, is
scarcely different from that in the 16-mer duplex, also
suggesting significant structure in the nonpaired ends of the
16-mer oligo when hybridized to the 10-mer complement.
Clegg et al. (1993) considered the helical geometry in
interpreting their steady-state energy transfer measurements
on typical duplex structures with all bases paired.

In all cases, for both the single strands and the duplex
structures, the width of the distribution increased and the
mean end-to-end distance decreased in 1 M KCl relative to
those in 0.18 M NaCl, which is consistent with increased
flexibility due to further neutralization of negative charges
along the phosphate backbone.

Interpretation of the results from the single-strand data
presents a dilemma. If the full data set (5—140 MHz) is
analyzed and the donor a’s and 7’s in eqs 4 and 5 are
assumed to be those of the fluorescein in oligo*F, then a
model independent P(R) is obtained (Figure 5) in a very good
fit, but with a region of negative amplitude. Yevich and
Olson (1979), in their study of random-coiling polynucle-
otides, found regions of negative probability around the
origin in Hermite series expansions of Wy(g) (the 3-dimen-
sional spatial distribution of all chain vectors, expressed in
terms of the displacement vectors (@) of the chain termini
relative to the persistence vector (p)), which were attributed
to truncation of the Hermite series. In our study, the negative
region for P(R) is very sensitive to phase and modulation
data; truncation of the high-frequency data changes the shape
of the distribution to approach that of a shifted Gaussian
centered at ~60 A, although an area of negative probability
is retained (Figure 5). This fit predicts a change upon
hybridization for the x-rhodamine emission that is essentially
identical to the change measured in the steady state. If the
Oyq’s and 74’s are allowed to vary in a 5-parameter fit with
P(R) as a shifted Gaussian, convergence is obtained, the fit
is within experimental error (Figure 4), but the change in
the integrated emission intensity of the x-rhodamine is
predicted to increase by ~2-fold upon hybridization, whereas
the observed value is a factor of 2 decrease. If, in the
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2-parameter fit, P(R) is required to be a shifted Gaussian,
the rms residual is about 5 times the experimental error;
however, the quality of the fit improves dramatically with
truncation of the data set, with very little associated change
in the optimal values for o and R. The changes in integrated
emission intensity of the x-rhodamine derived from this fit
agree with the observed changes in the steady-state emission.
It appears that the latter P(R) is the better choice. If so, the
kinetic differences for hybridization between oligo*F and
Ripligo*F reported in the preceding paper (Parkhurst &
Parkhurst, 1995) are correlated with altered fractions of
statically quenched fluoresceins in the two oligomers—an
alteration induced in the 3’-fluorescein by the 5’-x-rhodamine.
The possibility cannot be excluded, however, that the donor
properties in egs 4 and 5 are altered in R*oligo*F compared
to those of oligo*F, but with no parameter constraints, an
erroneous minimum is obtained. We are in the process of
collecting time dependent acceptor data so as to fit, simul-
taneously, donor and acceptor phase and modulation vectors
to constrain the fitting parameters.

It may be that a static P(R) is not entirely appropriate for
analysis of the data since relative donor/acceptor motion is
possible in the single-strand molecule during the donor
lifetime. We constructed the following simple 1-dimensional
model with one donor site at a distance 60 A from the
acceptor and the other 53.4 A from the acceptor. For the
former case, the distance (R») is R,; for the latter, the transfer
rate constant k, was doubled. The distributions were thus
combinations of two Dirac delta functions, a simple comb
distribution: P(R) = 0.56(R — R;) + 0.56(R —R;). The
donor lifetimes for each site in the absence of transfer were
set at 4; the donor was allowed to occupy either site (assumed
to be equally populated at the instant of excitation) and
moved between the two sites with rate constants, k™ and k™,
assumed to be equal. The eigenvalues for this problem are
calculated readily, and the predicted biexponential time
course of the donor fluorescence was calculated as a function
of k =kt = k. If k = 0.07 ns™!, one can recover the
distances R; and R; quite well (54.90 and 61.68 A). Ifk=
0.7 ns™!, however, one recovers, in a clear misfit, a distance
of 56.44 A for both R, and R,. A good fit is obtained with
a shifted Gaussian with R = 56.5 A and 0 = 0.6 A. (Just
as in the corresponding NMR experiment involving chemical
exchange, the static distribution appears altered by the
chemical exchange.) This simple calculation shows that
motion of the fluorophore in times comparable t0 Tyonor Will
not allow the true static distribution to be recovered. In fact,
the fit to the true distribution will be worse than to a shifted
Gaussian. That Gaussian will give an R intermediate
between the two static positions and a ¢ that is much too
small to represent the acceptor distances to the two donor
sites. A value of 0.7 ns™! for the hopping frequency over
6.6 A corresponds to a diffusion constant of 0.3 x 1075 cm?
s~1, which is approximately what is expected in water at 20
°C for a dye the size of fluorescein plus one base as the
diffusing entity.

These considerations suggest that parameters for P(R) for
unfolded proteins and single-stranded oligonucleotides may-
need to be interpreted with some caution and should be used
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only in a comparative sense. Experiments over a range of
viscosities that still allow rotational averaging of «? should
further clarify this matter.
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