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Abstract

Fluorescence energy transfer is potentially a useful technique for obtaining structural and dynamic informa-
tion on duplex and branched DNA molecules suitably labeled with donor and acceptor dyes. We have assessed
the accuracy and limitations of FET measurements in nucleic acids with respect to the localization of the dyes
and the flexibility of the dye-DNA linkages. A nine base-pair duplex oligonucleotide was synthesized with
donor and acceptor dyes linked at the opposing 5’ termini by alkyl chains. A careful analysis of the
fluorescence decay of the donor revealed that the donor—acceptor distance in this molecule was not well
defined, but was described by a rather broad distribution. The mean donor-acceptor distance and the
distribution of distances have been recovered from the donor decay. Orientational effects on energy transfer
have been included in the analysis. The implications of these findings for FET measurements in nucleic acids

are considered.
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1. Introduction

Fluorescence energy transfer (FET) has been
widely used to determine proximity relationships
in biological macromolecules, particularly in
polypeptides and proteins [1]. Application of FET
to nucleic acids has been limited by the difficulty
of site-specific labeling with fluorophores. A no-
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table exception are certain tRNA molecules that
contain special bases which are naturally fluores-
cent or can be used as labeling sites [2,3]. How-
ever, FET studies of DNA have utilized non-
specifically bound fluorophores, such as interca-
lators or groove-binders [4-6]. The structural in-
formation that can be obtained with these probes
is limited by their lack of spatial localization at a
unique position. The advent of automated
oligonucleotide synthesis provides a general ap-
proach to site-specific fluorescent labeling of
DNA. Using standard phosphoramidite chem-
istry, it is straightforward to synthesize an
oligonucleotide containing an amine-reactive
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linker at any desired position in the sequence
[7-9]. The amine moicty can be readily labeled
with a variety of fluorescent dyes and the resul-
tant oligonucleotide-dye conjugates can be easily
purified. As a result of these advances, it is
expected that FET measurements in DNA will
become more widespread and will yield more
precise structural information than in the past.

This approach has been recently applied to
both duplex [10,11] and branched [12] nucleic
acid species labeled at the 5' termini with dyes. A
potential complication in the interpretation of
FET measurements in these molecules is that the
donor-acceptor distance may not be a consant,
well defined quantity, owing to the flexibility of
the alkyl chains used to link the dyes to the
oligonucleotides. The usual relationship between
the energy transfer efficiency and the sixth power
of the donor-acceptor distance does not hold if a
broad distribution of distances is present [13]. In
addition to the flexibility of the dye-DNA link-
ages, the intrinsic flexibility of the nucleic acid
structure could also influence the distribution of
donor-acceptor distances. To establish that a
range of donor-acceptor distances does actually
exist in these molecules, the excited-state decay
of the donor should be measured. Both time-re-
solved [14,15] and frequency domain [16] fluores-
cence mcthods have been uscd to determine the
distribution of donor-acceptor distances in flexi-
ble bichromophoric molecules [17], oligopeptides
[14] and proteins [15,18,19].

In this study, we have used time-resolved fluo-
rescence spectroscopy to measure the decay of
the donor excited-state in a nine base-pair duplex
oligonucleotide containing donor and acceptor
dyes linked to the opposing 5’ termini by hexyl
chains. Analysis of the donor decay with models
based on either a fixed donor-acceptor distance
or a gaussian distribution of distances shows that
a range of donor—acceptor distances does indeed
exist in this dye-labeled DNA duplex. The mean
donor-acceptor distance and the distribution of
distances have been determined, taking into ac-
count orientational effects on energy transfer.
The implications of these findings for FET meas-
urements in DNA using 5 linked dyes are dis-
cussed.
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2. Materials and methods
2.1 Synthesis of 5’ amino oligonucleotides

Oligonucleotides were synthesized on an auto-
mated DNA synthesizer (Applied Biosystems
model 108B) using beta cyanoethyl phosphor-
amidite derivatives. An aminohexyl phosphate
linker was added to the 5' terminus of the oligo-
nucleotide using the aminolink-2 phosphor-
amidite (Applied Biosystems) during the final
synthesis cycle. After standard cleavage and de-
protection steps, the resulting oligonucleotides
were purified by electrophoresis through denatur-
ing urea acrylamide gels. Two complementary 5’
amino oligonucleotides were synthesized: strand
1=(5) TGAGGCCTA (3’), strand 2 =(5")
TAGGCCTCA (3').

2.2 Dye labeling

Strand 1 was labeled with fluorescein and
strand 2 was labeled with tetramethyl rhodamine,
as follows. The 5' amino oligonucleotides were
incubated overnight at room temperature with a
200-fold molar excess of the N-hydroxyl succin-
imidyl dye ester (Applied Biosystems) in 20 mM
sodium carbonate /bicarbonate buffer (pH 9.0).
Unreacted dye esters were removed by size exclu-
sion chromatography on a Sephedex G-25 col-
umn. Unlabeled oligonucleotides were removed
by affinity chromatography using OPC cartridges
(Applied Biosystems). The concentrations of the
oligonucleotides were estimated from the 260 nm
and visible absorbances (495 nm for fluorescein
and 555 nm for tetramethyl rhodamine).

2.3 Duplex formation

Three different duplexes were used in the ex-
periments: strand 1 labeled with fluorescein and
strand 2 unlabeled (designated 1F:2U); strand 1
uniabeled and strand 2 labeled with tetramethyl
rhodamine (1U:2R); strand 1 labeled with fluo-
rescein and strand 2 labeled with tetramethyl
rhodamine (1F:2R). These were prepared by an-
nealing a mixture of the appropriate dye-labeled
and /or unlabeled strands in 50 m M phosphate
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buffer, pH 7.4, containing 0.15 M NaCl. No dif-
ference was found by annealing the samples at
either 60°C or 20°C. The latter temperature was
used in all cases. To ensure that the dye-labeled
strand of interest was fully hybridized in each
case, increasing amounts of the complementary
strand were added and the fluorescence decay
and time-dependent depolarization of the dve
were measured. The dye-labeled strand was con-
sidered to be fully hybridized when these data did
not change upon further addition of the comple-
mentary strand. This point was reached when
approximately 1.0 molar equivalents of the com-
plementary strand had been added. The 1F:2U
and 1F:2R samples contained 2.0 equivalents of
strand 2, and 1U : 2R sample contained 2.0 equiv-
alents of strand 1.

2.4 Time-resolved fluorescence spectroscopy

Samples were excited at 515 nm with the verti-
cally polarized output of a mode-locked argon ion
laser (Coherent Innova 100-12). The pulse dura-
tion was 90 ps. The pulse repetition frequency
was reduced from 78 MHz to 1.87 MHz with an
acousto-optic beam deflector placed outside the
laser cavity. The fluorescence was collected at 90°
to the excitation beam, passed through a polar-
izer and then focused on the slits of a 0.1m single
grating monochromator (JY H-10). Measure-
ments were made at either 530 nm (fluorescein
dye) or 580 nm (tetramethyl rhodamine dye) with
a spectral bandpass of 4 nm. A microchannel
plate photomultiplier (Hamamatsu R2809U-01)
placed at the exit slit of the monochromator was
used to detect the fluorescence and its output
was processed with a time-correlated single pho-
ton counting system. The instrument response
function was measured by scattering the laser
pulses into the detector with a dilute solution of
non-dairy coffec creamer. The FWHM of the
response was 100 ps. Between 10,000 and 100,000
single photon counts were accumulated in the
peak channel of the fluorescence decay curve.

Isotropic fluorescence decay curves werc mea-
sured with the emission polarizer oriented at
54.7° to the vertical excitation polarization.
Time-dependent fluorescence depolarization was
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measured by alternating the emission polarizer
between vertical and horizontal orientations ev-
ery fifteen seconds and collecting the two decay
curves in separate memory segments of a multi-
channel analyzer. The small polarization bias of
the detection system was corrected for by multi-
plying the perpendicular polarized fluorescence
intensity by 1.023 (g-factor). All measurements
were made at 4°C,

2.5 Data analysis

The fluorescence decay of the donor in the
absence of energy transfer is given by

In(t) =g(1) = K(1) (1)
and

N
K(t) = X a; exp(—t/7), (2)

i=1

where I,(t) is the isotropic fluorescence decay of
the donor in the absence of the acceptor, g(z) is
the instrument response function, * denotes con-
volution of two functions, «; is the fractional
amplitude associated with each donor lifetime 7,
and N is the number of lifetimes. The parame-
ters «; and 7; were optimized for a best-fit of
egs. (1) and (2) using a non-linear least-squares
method [20]. The goodness of fit was judged by
the reduced chi-square value, Xf, and by exami-
nation of the weighted residuals [20].

The fluorescence decay of the donor in the
presence of an acceptor at a fixed distance R is
given by

Ton() = 1)+ [(1 ~f) Laexn{(~1/7)

X[+ (Ro/RY Y +f10() (3)

where I,(¢) is the donor decay in the presence
of the acceptor and R, is the critical transfer
distance. Note that a; and r; are determined
from egs. (1) and (2). The first term describes the
decay of donors that undergo energy transfer to
the acceptor, while the second term accounts for
a fraction (f) of donors that do not undergo
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energy transfer. The critical transfer distance is
determined by the spectral properties of the donor
and acceptor

RS = {9000(In 10) &by, /1287 Nn*)
X [ Ep(A)ep()A dA (4)
0

where «” is an orientation factor, ¢ is the
donor’s fluorescence quantum vyield, N is Avo-
gadro’s number, n is the refractive index of the
medium separating the donor and acceptor, F(A)
is the donor fluorescence intensity at wavelength
A and €,(A) is the extinction coefficient of the
acceptor at the same wavelength. The critical
transfer distance for the fluorescein—tetramethyl
rhogamine pair linked by a hydrocarbon chain is
54 A (assuming «* = 2/3) [21]. We assumed that
this value could also be used for the dyes linked
by an oligonucleotide chain.

If the donor-acceptor distance is instead de-
scribed by a probability distribution, P(R), then
the donor decay is given by

Ioa() =g<t>*[<1—f)fj2ai exp{( /%)

x[14+ (Ry/R)}P(R) dR| +flp(1)

(%)

This equation assumes that the distribution of
distances is static on the time scale of the energy
transfer. We further assume P(R) to be of gauss-
ian shape:

R-RY
L_L} )

P(R)=(m/—2?) : exp{— >

20
where R is the mean donor-acceptor distance
and o is the standard deviation of the distribu-
tion. The width of the distribution (FWHM) is
given by 2.35¢.

The orientational dependence of the enecrgy
transfer process also influences the donor decay.
If the donor and acceptor rotate freely on a time
scale that is rapid compared with energy transfer,
then eq. (5) is appropriate and R, is calculated
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with x? = 3. However, the rotation of the donor
and acceptor dyes linked to DNA is hindered and
x* can have a range of values. The limiting val-
ues, k% and «3, that were compatible with the
rotational mobility of the dyes was estimated from
the theory of Haas et al. [22]. The donor decay in
eq. (5) was then averaged over this range of «?
values [15]

1- ®
0500 G5

Xexp{—(f/ﬂ-)[l +(BR0/R)6]}

XP(R) dR dB| +flp(t) (7N

where B = 2«”. Note that R, is calculated with
x* =%, and that 8 corrects the value of R{ in eq.
(7). B, and B, correspond to i and «3, respec-
tively.

Time-dependent fluorescence depolarization
was used to determine the rotational mobility of
the dyes. the data were analyzed according to the

following equations;

I(e) =g ()= [{1+2r ()} K(1)] (8)
and
I,(t)=g(t)=[{1-r()}K(1)], 9)
where

2
r(’)zkg Tor €Xp(—1/dy). (10)

I,(¢) and I (t) are the time-resolved intensities
of thc parallel and perpendicular polarization
componetts of the fluorescence, r(¢) is the time-
dependent fluorescence anisotropy and K(t) is
defined in eq. (2). In eq. (10), ry, and ¢, are the
Iimiting anisotropy and decay time associated with
local rotation of the dye, while ry, and ¢, are the
corresponding quantities describing overall rota-
tion of the dve-linked oligonucleotide. The total
limiting anisotropy is ry = #g, + rgp- The parame-
ters ry, and ¢, were optimized for a simultane-
ous best fit to /(¢) and I, (2) [23], with the
parameters in the expression for K(r) kept fixed
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at the values determined from the isotropic fluo-
rescence decay. The goodness of fit was judged as
described above. The angular range of local dye
rotation was estimated using a model for diffu-
sion within a cone, with the cone semi-angle
given hy [24]

6= cos™'{3[(1+85)"*~1]) (11)
where

1/2
S=(rgp/r) .

3. Results

3.1 Isolated donor decay

The fluorescence decay of the fluorescein
donor was first measured in the duplex 1F:2U, in
which the tetramethyl rhodamine acceptor was
absent. Analysis of the isotropic decay of the
fluorescein emission according to eqs. (1) and (2)
indicated the presence of two lifetimes xf =105
with two lifetimes, Xf > 3 with one lifetime). The
best-fit parameter values are shown in Table 1.
The decay was dominated by the 4.9 ns lifetime,
which was similar to the lifetime of free fluores-
cein under the same conditions (data not shown).
The minor lifetime was shorter than the free dye
lifetime, indicating that some excited-state

Table 2

Anisotropy decay parameters 2
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Table

Lifetime analysis of dye-linked duplexes *

Duplex® A, r(ns) ryns) e a,
(nm) (+£0.05) (£0.10) (£0.005) (+£0.005)

1F:2U 530 161 492 0.092 0.908
IU:2R 580 115 4.34 0.143 0.857

? Age =515 nm, 4°C.
b 1F :2U= F(5)TGAGGCCTA
ACTCCGGAT()
1U:2R= (5" TGAGGCCTA

F = fluorescein

R = tetramethyl rhod-
amine
ACTCCGGAT(5')-R
The dye-labeled strands were hybridized with a two-fold ex-
cess of the unlabeled complementary oligonucleotide in each
case. Standard errors of measurement are given in parenthe-
SES.

quenching occurred in the oligonucleotide-linked
dye.

3.2 Rotational mobility of the donor and acceptor

Time-dependent fluorescence depolarization
of duplexes 1F:2U and 1U:2R was used to de-
termine the rotational mobility of the donor and
acceptor dyes. Fluorescein emission was observed
at 530 nm, while tetramethyl rhodamine emission
was observed at 580 nm. The fluorescence depo-
larization data were analysed with egs. (8) to (10).
The dye lifetimes shown in Table 1 were used in
the analyses. Excellent fits were obtained for
both dyes (y2 = 1.05). The best-fit parameter val-
ues are presented in Table 2.

Duplex ® Aem &4(ps) ¢,(ns) Tot oz ro 8(deg)
(nm) (+50) (£0.15) (£0.005) (+£0.005) (001 (£3)

1F:2U 530 241 461 0.116 0.253 0.369 28

1U:2R 580 323 4.57 0.169 0.168 0.337 38

? Ag =515 nm, 4°C.
® 1F :2U = F-(5')TGAGGCCTA
ACTCCGGAT(S')
IU:2R = (5))TGAGGCCTA
ACTCCGGAT(5')-R

F = fluorescein,

R = tetramethyl rhodamine.

The dye-labeled strands were hybridized with a two-fold excess of the unlabeled complementary oligonucleotide in each case.

¢ Cone semi-angle calculated from eq. (11).
Standard errors of measurement are given in parentheses.
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The longer anisotropy decay time (¢,) was in
the nanosccond range, as expected for rotational
diffusion of the entire dye-linked oligonucleotide.
In addition, the same decay time was obtained
for both fluorescein and tetramethyl rhodamine
dyes, which further confirms that ¢, was due to
overall motion of the duplex. The shorter decay
time (¢,) was in the picosecond range, reflecting
the rapid local rotation of the dye. The cone
semi-angle for local dye rotation, calculated from
eq. (11), was 28° for fluorescein and 38° for te-
tramethyl rhodamine. These results indicate that
both dyes underwent rapid, large amplitude rota-
tional motions and that the rotation of fluores-
cein was somewhat more restricted than that of
tetramethyl rhodamine.

The total limiting anisotropy, r,, was in the
range 0.34 to 0.37. This value was close to the
theoretical maximum value of 0.4, showing that
most of the anisotropy decay was resolved in the
experiments. A fast decay of anisotropy may have
been occurring within the 100 ps instrumental
response time, but its amplitude must have been
small.

A range of possible k° values was estimated
on the basis of these data. The limiting values,
k=040 and x%=120, encompass the most
probable values of the orientation factor that are
consistent with the rotational mobility of the dyes
[22]. The corresponding B values, 8, =0.6 and
B, = 1.8, were used as the limits of integration in
eq. (7).

2

3.3 Donor decay in the presence of the acceptor

Energy transfer was measured in the duplex
1F:2R, in which the fluorescein donor and te-
tramethyl rhodamine acceptor were located at
opposing 5’ termini and separated by nine inter-
vening base-pairs, The steady-state emission in-
tensity of fluorescein was significantly reduced in
1F: 2R compared with the same duplex lacking
the acceptor dye, 1F:2U. The energy transfer
efficiency calculated from the intensity reduction
was 0.772.

The fluorescence decay of the fluorescein
donor in 1F:2R was much more rapid than in
1F:2U (Fig. 1), again reflecting energy transfer
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Fig. 1. Isotropic fluorescence decay of fluorescein in dye-
labelled duplexes 1F:2U (upper curve) and 1F:2R (lower
curve). The 1F:2U duplex was labeled with fluorescein at the
§' terminus of strand 1, while strand 2 was unlabeled. The
1F:2R duplex was identical, except that strand 2 was labeled
at the 5" terminus with tetramethyl rhodamine. The base
sequence of strands 1 and 2 are given in the text. The best fit
of egs. (3) and (5) are superimposed on the decay of 1F:2R
and the weighted residuals for the two fits are shown below
the decay. The y? values for the two fits are also indicated.
The fit to eq. (3), designated A, assumes a constant donor—
acceptor distance. The fit to eq. (5), designated B, assumes a
gaussian distribution of donor-acceptor distances. The corre-
sponding best fit parameters in each case are given in Table 3.

Residuals

from fluorescein to tetramethyl rhodamine. The
donor decay was first analyzed with a fixed
donor—acceptor distance. The best fit of eq. (3)
was found by adjusting f and R using non-linear
least squares. The parameters w; and 7, were
kept fixed at the values determined in the ab-
sence of the acceptor (Table 1). The best fit curve
1s shown in Fig. 1 together with the weighted
residuals. The corresponding parameter values
are presented in Table 3. The fit was obviously
poor, as indicated by the large y? value and the
systematic deviations apparent in the residuals
(Fig. 1). We conclude that the donor decay in the
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presence of the acceptor cannot be reproduced
with a single donor-acceptor distance.

The donor decay was then analyzed with a
gaussian distribution of distances according to
eqs. (5) and (6). The integral in eq. (5) was
evaluated numerically by Romberg integration
[25]. The data were fitted by adjusting R, o and f
using non-linear least squares. As shown in Fig.
1, the fit was clearly improved with a distribution
of distances. This was also reflected in the x;
value. The best fit parameters are presented in
Table 3.

Orientational effects on the donor decay were
incorporated by averaging the donor decay func-
tion over the range of possible values for the
orientation factor. The orientational average in
eq. (7) was calculated numerically. The parame-
ters R, o and f were again adjusted to achieve a
best fit of eq. (7) to the donor decay curve in
1F:2R. The best fit parameters were almost
identical to those obtained from eq. (5) (Table 3).
The recovered distance distribution is shown in
Fig. 2.

In the preceding analysis, it was assumed that
R, was the same for both decay components of
the donor, i = 1 and 2 in eqs. (3), (5) and (7). This
is not strictly valid if the two decay components
correspond to different configurations of the
donor that do not interconvert during the ex-

Table 3

Donor decay parameters in 1F:2R ?

R Width®  f°© B B X}
(A) (A)

39.69 0 0.163 - - 4.71
37.0°¢ 13.7 0.121 - - 1.17
378 12.8 0.118 0.6 1.8 1.16

2 1F:2R = F-(5')TGAGGCCTA F = fluorescein,

ACTCCGGAT(5')-R R = tetramethyl
rhodamine.

Strand 2 was present in two-fold excess compared to strand 1.

The sample temperature was 4°C.

b Full width at half maximum of the donor—acceptor distance

distribution.

Fraction of donors that do not transfer to an acceptor.

Donor-acceptor distance determined from eq. (3).

Mean donor—acceptor distance determined from eq. (5).

C
d
€
I Mean donor-acceptor distance determined from eq. (7).
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Fig. 2. Gaussian distribution of donor-acceptor distances in
dye-labeled duplex 1F:2R determined from eq. (7).

cited-state lifetime [15]. However, the use of dif-
ferent R, values for each component, scaled ac-
cording to the individual lifetimes [15], had no
effect on the recovered parameters or the quality
of the fits. This was not surprising since the
isolated donor decay was not strongly heteroge-
neous (Table 1).

The fits to egs. (3), (5) or (7} all indicated that
a small fraction (f) of the fluorescein donors in
the 1F:2R sample did not undergo energy trans-
fer to an acceptor (Table 3). Attempts to fit the
donor decay with =0 in egs. (3), (5) or (7) gave
significantly worse fits in all cases, Nevertheless,
even under these conditions, eqgs.-(5) and (7) still
gave much better fits than eq. (3), again showing
that a distribution of donor-acceptor distances
was implied by the data. The presence of fluores-
cein donors that did not transfer, to an acceptor
could have been due to incomplete removal of
unreacted fluorescein ester, incomplete removal
of unlabeled strand 2, or incomplete hybridiza-
tion of strands 1 and 2. Even with an efficiency of
97% at cach of these steps, it is expected that
10% of the fluorescein dye in the 1F:2R sample
will not be closely associated with an acceptor.
This residual population of isolated donors is not
a serious problem in time-resolved fluorescence
measurements since they can be rcadily identified
on the basis of their decay behaviour. However,
in steady-state fluorescence measurements, these
donor molecules are indistinguishable from those
that do transfer to an acceptor, which Jeads to an
underestimate of the transfer efficiency and an
overestimate of the donor-acceptor distance.
Based on intensity measurements alone, the
transfer efficiency in 1F:2F was 0.772, which
corresponds to an apparent donor—acceptor dis-
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tance of 43.6 A. This value is considerably larger
than the true mean distance of 38 A (Table 3).

4, Discussion

The existence of a range of donor—acceptor
distances in the 1F: 2R duplex is strongly implied
by the donor decay analysis, but is also supported
by other lines of evidence. Duplexes labeled with
only the donor or acceptor dyes exhibited two
fluorescence lifetimes, a long lifetime that was
essentially identical to the free dye lifetime, and a
shorter lifetime that indicated some degree of
excited-state quenching. Since the shorter life-
time was absent in the free dye esters, it must
have been due to an interaction between the dye
and the oligonucleotide strand. We have previ-
ously shown that the magnitude of this short
lifetime and its abundance depend strongly on
the identity of the base at the 5 end of the
labeled strand, suggesting that the dye interacts
closely with the DNA [26]. Therefore, the pres-
ence of both quenched and unquenched dye life-
times implies the existence of a range of distances
between the dyes and the 5 termini of the
oligonucleotides.

A Gaussian distribution of donor-acceptor
distances that is consistent with the donor decay
is shown in Fig. 2. A number of factors could
contribute to the observed width of the distribu-
tion. (i} A range of orientations of the donor and
acceptor transition dipoles. (ii) The hexyl chains
linking the dyes to the 5’ phosphate group adopt
a variety of conformations that place the dye at
different distances from the DNA terminus. (iii)
The bending flexibility of the double helix pro-
duces a distribution of end-to-end distances.

The contribution of orientational effects to the
recovered distribution is minimal since both the
donor and acceptor dyes rotate rapidly over a
wide angular range, resulting in a substantial
degree of dynamic averaging of the orientational
dependence of the energy transfer rate. Thus the
orientation factor 2 lies in a relatively narrow
range about the limiting % value. Averaging the
donor decay function over this range of «* values
had only a minor effect on the recovered distribu-
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tion parameters. The width of the recovered dis-
tribution therefore predominantly reflects a range
of distances between the donor and acceptor
dyes.

The hexyl chains that link the dyes to the 5’
phosphate group of each strand are flexible and
could adopt a variety of conformations. As noted
above, a range of distances between the dyes and
the 5° termini of the DNA is implied by the
hetrogeneous decay of the isolated donor or ac-
ceptor dyes. Different conformations of the linker
are presumably responsible for this behaviour.
The linker flexibility is probably the major deter-
minant of the donor-acceptor distance distribu-
tion in the 1F: 2R duplex. The maximum distance
between dyes should be about 57 010\, assuming
that each extended linker adds 13 A [10] to the
length of the duplex (31 A). This is consistent
with Fig. 2.

The intrinsic flexibility of the DNA may also
contribute to the width of the donor-acceptor
distance distribution, although this is probably a
small cffect since the ninc base-pair duplex is
much shorter than the persistence length of dou-
ble-helical DNA.

The analysis presented here assumes that the
distance distribution is static on the time scale of
the energy transfer. This assumption may not be
strictly valid, since local conformational changes
of the hexyl linker chains may occur in the sub-
nanosecond time range. However, interconver-
sion between compact folded conformations of
the linker, that may be stabilized by dye-DNA
interactions, and extended conformations that
place the dye in solution is likely to occur on a
much slower timescale than that of energy trans-
fer. Treating the donor-acceptor distance distri-
bution as static is therefore a reasonable first
approximation. The effects of donor-acceptor
diffusion can be included in a more sophisticated
analysis [17].

5. Conclusions
Fluorescein and tetramethyl rhodamine dyes

form a donor-acceptor pair with a large degree
of spectral overlap and are consequently attrac-
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tive for FET measurements of long range dis-
tances in nucleic acid molecules in solution. These
dyes have been covalently linked to both duplex
and branched DNA molecules by flexible alkyl
chains [10-12]. The findings of this study show
that caution must be used in interpreting energy
transfer efficiencies in such labeled DNA
molecules, since the donor-acceptor distance is
described by a rather broad distribution that
probably reflects the flexibility of the linkers. The
usual relationship between the transfer efficiency
and the sixth power of the donor—acceptor sepa-
ration is not valid under these conditions. This
may be responsible for the apparent failure of the
Forster model to predict distances in a series of
duplex oligonucleotides of different length [11].
In branched DNA molecules labeled at the branch
termini with dyes [11,12], flexibility about the
branch point will also contribute to the width of
the donor-acceptor distance distribution. Time-
resolved fluorescence energy transfer, combined
with a distance distribution analysis, could pro-
vide information about the flexibility of such un-
usual nucleic acid structures.
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