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ABSTRACT The four-way DNA (Holliday) junction is an important postulated intermediate in the process of genetic recom-
bination. Earlier studies have suggested that the junction exists in two alternative conformations, depending upon the salt
concentration present. At high salt concentrations the junction folds into a stacked X structure, while at low salt concentrations
the data indicate an extended unstacked conformation. The stereochemical conformation of the four-way DNA junction at low
salt (low alkali ion concentration and no alkaline earth ions) was established by comparing the efficiency of fluorescence
resonance energy transfer (FRET) between donor and acceptor molecules attached pairwise in three permutations to the 5'
termini of the duplex arms. A new variation of FRET was implemented based upon a systematic variation of the fraction of donor
labeled single strands. The FRET results indicate that the structure of the four-way DNA junction at low salt exists as an

unstacked, extended, square arrangement of the four duplex arms. The donor titration measurements made in the presence
of magnesium ions clearly show the folding of the junction into the X stacked structure. In addition, the FRET efficiency can
be measured. The fluorescence anisotropy of the acceptor in the presence of Mg2+ during donor titrations was also measured;
the FRET efficiency can be calculated from the anisotropy data and the results are consistent with the folded, stacked X structure.

INTRODUCTION

The four-way junction structure is postulated to be important
as an intermediate in recombination events (Holliday, 1964;
Meselson and Radding, 1975; Orr-Weaver et al., 1981), par-
ticularly for the integrase class of site-specific recombination
(Kitts and Nash, 1987; Nunes-Diiby et al., 1987; Hoess et al.,
1987; Jayaram et al., 1988). We have proposed a working
model for the high salt structure of the folded four-way DNA
junction, termed the stacked X-structure, based upon experi-
mental and stereochemical considerations (Duckett et al.,
1988; Murchie et al., 1989; von Kitzing et al., 1990; Clegg
et al., 1992). In the presence of sufficient cations, the junction
undergoes pairwise stacking of helical arms, to generate two
quasicontinuous, coaxial helices (Fig. 1 a) that are rotated in
the form of a right-handed X shape. The exchanging strands
are disposed across the small angle of the X, giving an ap-
proximately antiparallel alignment of the continuous strands.
The antiparallel X structure is consistent with the results of
gel electrophoresis (Gough and Lilley, 1985; Cooper and
Hagerman, 1987; Duckett et al., 1988), fluorescence reso-
nance energy transfer (FRET) experiments (Murchie et al.,
1989; Clegg et al., 1992), electric birefringence measure-
ments (Cooper and Hagerman, 1989), and magnetic bire-
fringence and neutron scattering experiments (Torbet et al.,
unpublished observations). The twofold symmetry of the
structure is in agreement with experiments in which junctions
were probed with hydroxyl radicals (Churchill et al., 1988).
The folded structure of the four-way junction involves close
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juxtaposition of the folded structure of the DNA helices, and
there is an optimal stereochemical arrangement in the right-
handed, antiparallel structure whereby the continuous
strands are accommodated in the major grooves of the op-
posed helices (Murchie et al., 1989; von Kitzing et al., 1990).
The interaction of counter-ions is probably required to reduce
the mutual repulsions of the negative charges in the region
of the exchanging strands.

In the absence of added metal ions the four-way junction
appears to have a conformation that is different from the
folded stacked X structure. The molecular conformation in
these very low salt conditions is not as well understood as the
folded structure at higher ion concentrations. We observed
marked differences in the gel electrophoretic migration of
junctions, obtaining results consistent with a square configu-
ration of arms (Duckett et al., 1988, 1990). The extended
structure suggested was consistent with the reactivity of thy-
mine bases at the point of strand exchange at low salt con-
centration, and we have observed chemical reactivity of
bases at the junction of cruciform structures in supercoiled
DNA at low salt concentrations (McClellan and Lilley,
1987). Our earlier FRET measurements (Clegg et al., 1992)
showed low FRET efficiencies for all helical end-to-end vec-
tors in solutions with low ion concentrations, indicating an
extended structure under these conditions, but these data did
not permit us to distinguish between possible structures (such
as tetrahedral or square planar) with confidence. We there-
fore have extended these measurements and employed the
donor titration experiment described in this paper to differ-
entiate between possible low salt structures for the same
junction (junction 3) that we have used to study the folded
X structure in the presence of higher salt concentrations
(Clegg et al., 1992). From these experiments we conclude
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FIGURE 1 Construction ofjunction 3 and its study by fluorescence reso-
nance energy transfer. (a) The junction is constructed by hybridization of
four 34-base oligonucleotides (designated b, h, r, and x), to generate a
structure comprising four 17-bp arms (designated B, H, R, and X). Two of
the strands (b and h in the example illustrated) are conjugated at their 5'
termini with fluorophores, either fluorescein (F) or rhodamine (R). By these
means the fluorophores are attached to the ends of selected arms (B and H
in the example shown), and this can be repeated for other pairs of ends. In
the donor titration experiment, the molar ratio of fluorescein conjugated/
unconjugated strand (b as illustrated) is varied, while that of the acceptor
is maintained at 1.0. (b) The sequence of junction 3 (Duckett et al., 1988;
Clegg et al., 1992) used in these experiments. The central sequence around
the point of strand exchange is shown, as well as the 5'CC termini present
on each arm. (c) The ion-dependent folding of the junction. In the presence
of added cations the junction is folded into the stacked X-structure (right).
However, in the absence of added ions the junction is unable to fold and
remains in an extended, unstacked conformation (left).

that in the absence of added metal ions the junction adopts
a configuration in which the arms are directed toward the
corners of a square.

Fluorescence resonance energy transfer (FRET) is becom-
ing a powerful method for the study of the conformation of

folded nucleic acid structure in solution (Murchie et al.,
1989; Clegg et al., 1992; Clegg, 1992; Cardullo et al., 1988;
Jovin, 1991; Rippe et al., 1993). The conjugation of fluo-
rescent dyes to well-defined synthetic single-stranded DNA
is straightforward, and the separation of labeled oligomers
from unlabeled (but otherwise identical) molecules can be
carried out to yield very pure labeled single-strand (SS) mol-
ecules. We have recently used FRET to investigate the he-
lical structure of DNA oligomers of varying length in so-
lution and to measure the thermodynamic stability of these
nucleic acid molecules (Clegg et al., 1993). This study also
shows the reliability and robustness of the data analysis used
in the present paper. By hybridization of complementary SS
molecules that are 100% labeled with either donor D or ac-
ceptor A molecules, we can be confident that all mul-
tistranded molecules are labeled with both D and A. This is
convenient because the extent of energy transfer depends not
only on the distance and orientation between the D and A
molecules but is also a strong function of the relative extent
of labeling of the D and A. If a comparison between several
related labeled macromolecules is to be made, or if quanti-
tative estimates of the efficiency ofFRET (E) is required, the
average number of each dye molecule attached to the mac-
romolecule must be known.
The extent of dye labeling is not usually employed directly

as an experimental variable, although it is information crucial
to the quantitive interpretation of the FRET results. The mul-
tistranded structures of nucleic acids permit quantitative ma-
nipulation of conjugated dye stoichiometry. This possibility
is unique to macromolecules that associate by complemen-
tarity. A series of labeledDNA duplexes each with a different
fraction of labeling with one chromophore constitutes a la-
beling "titration" series; other than the percentage labeling
the DNA molecules are identical. A comparison of the pre-
dicted titration results with the actual series of FRET donor
titration experiments provides a straightforward model for
testing the reliability and precision of the FRET measure-
ments. This serves as an additional criterion, indicating the
reliability of the FRET measurements and data analysis by
checking the agreement between a well-defined prediction
and a simple experimental procedure. The donor titration
method is applied here in conjunction with FRET to assist in
two measurements: (a) to determine the symmetry of the
four-way junction at low salt conditions by measuring the
enhancement of the acceptor fluorescence, and (b) to deter-
mine the symmetry of the four-way junction at higher salt
concentrations by measuring the fluorescence anisotropy.
The results indicate an extended square structure at low salt,
and the anisotropy FRET measurements at higher salt con-
ditions are compatible with the folded X structure.

MATERIALS AND METHODS

Oligonucleotide synthesis

Oligonucleotides were synthesized using f3-cyanoethylphosphoramidite
chemistry (Beaucage and Caruthers, 1981; Sinha et al., 1984) implemented
on a 394 DNA synthesizer (Applied Biosystems). 5'-amino groups at the
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end of six-carbon linkers were introduced by means of a final coupling step
with N-methoxytrityl-2-aminohexyl-2-cyanoethyl-N,N-diisopropyl amino
phosphite (Connolly, 1987). Fully deprotected oligonucleotides were de-
salted and purified by anion exchange and reverse-phase HPLC. Pure oli-
gonucleotides eluted as sharp peaks.

Conjugation with fluorescent dyes

Pure oligonucleotides were reacted with the N-hydroxy-succinamide ester
of tetramethylrhodamine or fluoresceinisothiocyanate (Molecular Probes)
(Murchie et al., 1989; Clegg et al., 1992), and unreacted dyes were removed
by gel filtration on Sephadex G25 (Pharmacia). Dye-conjugated oligo-
nucleotides were separated from unreacted DNA by electrophoresis in 20%
polyacrylamide in 90 mM Tris borate (pH 8.3) and 7 M urea. Each con-

jugated oligonucleotide migrated as a single fluorescent band; the bands
were excised, and the DNA was recovered by electroelution. Dye-
conjugated DNA and unreacted oligonucleotides were separated by more

than the equivalent electrophoretic mobility of one nucleotide. This method
was designed to yield 100% labeled DNA, and this was confirmed spec-

troscopically.

Construction of junctions

Appropriate combinations of the dye-labeled and unconjugated oligonucleo-
tides were hybridized in 450 mM NaCl, 24 mM Na citrate (pH 7.0), 2 mM
MgCl2 by slow cooling from 65 to 10°C. Junctions were assembled con-

taining two unlabeled strands, one strand 100% labeled with rhodamine, and
one strand as a mixture of unlabeled and fluorescein-conjugated DNA in
selected proportion (molar ratios offluorescein/rhodamine of 0.25, 0.5, 0.75,
and 1.0). Junctions were purified by electrophoresis in 8% polyacrylamide
gels in 90 mM Tris-borate (pH 8.3) and 2 mM MgCl2 with circulation of
the buffer. Bands containing four-way junctions were excised, and DNA was

recovered by electroelution.

Preparation of junctions for spectroscopy

All labeled junction samples were precipitated from ethanol, dried under
vacuum, and dissolved into the fluorescence buffer (90mM Tris-borate, pH
8.3). Absorption measurements were made on these solutions (230-600
nm); these spectra were used to determine the concentration of the junctions
(DNA and the probes), and in conjunction with the fluorescence measure-

ments determined the consistency of the labeling efficiency (Fig. 2). All
samples were measured at 200C. For the series of junction measurements

on junction 3, the salt was added from a concentrated Mg2" solution in one
step. The extent of labeling was verified by absorption measurements at 260,
496, and 558 nm. Absorption spectra of the dye molecules is not generally
as sensitive to the conjugation or the molecular environment as fluorescence
spectra.

Instrumentation

Absorption measurements were taken on either a Uvicon 820 (Kontron) or

a Cecil CE6600 spectrophotometer. All steady-state fluorescence experi-
ments were made with a SLM 8000S (Urbana, IL) instrument. Excitation
and emission spectra were corrected for lamp fluctuations and instrumen-
tation variations. Polarization artifacts were avoided by employing "magic
angle" conditions (e.g., the angle of the linear polarizer relative to the ver-

tical position is 54.50 for excitation and 00 for emission). Excitation and
emission fluorescence spectra were acquired and processed with an LSI
DEC computer. Each spectrum was fitted to a series of Chebyshev poly-
nomials (De Boeck et al., 1985) to filter random noise. All energy transfer
measurements were corrected for the contribution of the buffer. The stand-
ard fluorescence spectra for FRET were collected over a broad range of
excitation and emission wavelengths (excitation spectra: Aex = 400-590 nm,
Aem = 600 nm; emission spectra: Aex = 490 nm, Aem = 500-650 mm). The
absorption of all solutions used for the fluorescence measurements at the
wavelength of excitation was always below 0.015. Junctions that were singly
labeled with fluorescein and rhodamine were also synthesized; the fluo-
rescence spectra of these probes were used to decompose the doubly labeled
fluorescence spectra into donor and acceptor components, as described
below.

For the steady-state fluorescence anisotropy measurements the excitation
and emission wavelengths were constant. The wavelengths (in nm) for ex-

citation and emission for the anisotropy of fluorescein alone, for rhodamine
alone, or for both donor and acceptor with FRET were, respectively, 490
and 520, 565 and 600, or 490 and 600.

DATA ANALYSIS FOR FRET DONOR TITRATION
AND ANISOTROPY

Efficiency of energy transfer

The rate of nonradiative dipole-dipole energy transfer, kT,
from the singlet state of a donor D to the singlet state of an

acceptor A is (Forster, 1949),

(1)
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FIGURE 2 Plot of the ratio of fluorophore absorbances (absfl/abs,h) ver-

sus d+ for the three representative end-to-end vectors of junction 3. The
end-to-end vectors RH, XH, and XR were prepared with 100% rhodamine
(rh) labeling, and 25, 50, 75, or 100% fluorescein (fl) labeling.

where Ro = 8.785 X 10-23 FDDK2 n 4 J(v) cm6; (DD and TD
are the emission quantum yield and lifetime ofD in the ab-
sence of A; J(v) is the overlap integral; R is the scalar D-A
separation; n is the index of refraction of the condensed mat-
ter betweenD andA; and K is the orientation factor for dipole-
dipole coupling. Ro for the fluorescein and rhodamine D-A
pair is generally considered to be between 40 and 55 A,
although the value for each particular case of conjugated dyes
can vary considerably due to the sequence of the DNA at the
ends, length of the linker, and the solution conditions.

For a particular configuration of the donor and acceptor the
efficiency of energy transfer E is defined in terms of kinetic
constants of decay from the excited state of the donor, or in
terms of R and Ro by Eq. 1,

kr 1
E=T_1+4 l +(R/Ro)6(2)
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There may be several different configurations of D and A,
each with possibly different values ofR and Ro, in which case
the observed efficiency is the appropriate average over the
molecular ensemble.
We assume that K2 and Ro have the same values for all the

fluorescently labeled junctions. Sufficient rotational freedom
of just the donor can render K2constant (Stryer, 1968); the
value of rfluorescein (the fluorescence anisotropy of the fluo-
rescein) is low enough that we can make a reasonable ap-
proximation that K2 is constant for all samples.

FRET donor titration analysis

Our previous measurements have shown that E is very small
for FRET measurements at low salt with the four-way junc-
tions described here. The expected efficiency of FRET is
only a few percent.
The efficiency of energy transfer is measured from the

induced emission of the acceptor as follows:

1. The fluorescein contribution from each energy trans-
fer emission spectrum is removed by fitting the 500-
530-nm portion (only fluorescein emits here) to a standard
singly labeled fluorescein junction spectrum and subtract-
ing this fluorescein emission component from the emission
spectrum from 500 to 650 nm. Alternatively, a linear com-
bination of standard donor and acceptor emission spectra
(using singly labeled molecules) is fit to the entire emis-
sion spectrum, and the rhodamine fraction is then deter-
mined directly.

2. The resulting spectrum, consisting of only the rhoda-
mine emission, is normalized by the maximum (or the in-
tegrated intensity between 530 and 570 nm) of the excitation
spectrum from the same sample (an emission spectrum ex-
cited at -565 nm can also be used for this purpose). The
precision of the measurement is determined by measuring the
repeatability of the quantities discussed below several times
on certain junction vectors.

Normalizing the fluorescence emission to the concentra-
tion of molecules (step 2 above) is necessary for all FRET
determinations, and achieving this with fluorescence spec-
tral measurements on the samples alone has advantages
(Conrad and Brand, 1968). The following is a quantitative
description of the formalism just described and the explicit
effect of the fraction of donor and acceptor labeling on the
FRET analysis.
By using known fractions of unlabeled and labeled do-

nor single strands of DNA with 100% labeled acceptor
single strands, and separating specifically the double-
stranded products, we can easily vary the fraction of donor
labeling of the final structure. We define d+ to be the frac-
tion of the particular single-stranded oligomer that is actu-
ally labeled with D. d- is the fraction of this oligomer that
is unlabeled (d+ + d- = 1). a+ and a- refer to the same
values for A.

The total emission measured from a solution of donor
and acceptor labeled junctions, excited at frequency v' and

measured at v, is

F(v, v')

ac [S] - [ED(V) . ?A(v) - E * d -a + EA(v ) * A(v) . a

+ E (v ) * (Dv) * d * {(l1 - E) - a' + a-}]

= FA(v, v') + FD(v, v )- (3)

The superscripts D and A refer to the donor and acceptor,
[S] is the concentration of the completely reassembled
junction molecules, E'(v') is the molar absorption coeffi-
cient of the donor, V'A(v) is an emission spectrum shape
function proportional to the fluorescence quantum yield of
the donor, and FD(v,v') is the spectral component of the
donor contributing to the total fluorescence emission spec-
trum. E4(v'), tA(v), and FA(v,v') are the corresponding
parameters for the acceptor. FA(v,v') is derived from both
direct excitation and energy transfer from the donor. The
inclusion of the factors d+, a+, and a- conveniently
express the extents of labeling of the single-stranded
moieties.
We define the term F'(v, v') as the measured rhodamine

component of the emission spectrum, after subtracting the
fluorescein component; F'(v, v') is composed of the first two
terms in Eq. 3 (i.e., all terms having d'). The measured
spectrum F'(v, V) corresponds to the theoretical expression
FA(v, v') defined in Eq. 3.

F'(v, v') is normalized by a fluorescence value of the rho-
damine alone, measured in an excitation (or emission) spec-
trum as described above. To generalize, the measurement of
rhodamine fluorescence alone with an excitation at v" is
made with the emission at v2, and the FRET measurement
with an excitation at v' is made with an emission at vl. The
following ratio is then formed:

F'(v1, V')
(ratio)A- F(v2, i/')

FED(V') EA(V') A('ViE * d+ A(/)+ A(V)| (vEA(t EAv)J s(2
(4)

(ratio)A is linearly dependent on both d+ and E. The (ra-
tio)A values reported here are calculated from an emission
spectrum with v' = 490 nm and v- 585 nm, and an ex-
citation spectrum with ii' 560 nm and v2 = 600 nm; EA
(v')/EA(v') and EP(v')/?1(I') are easily measured. If v1 =

v2 the last term of Eq. 4 is 1. Of course, all instrumentation
constants resulting from differences between the settings of
the instrument for the excitation and emission spectra must
be taken into account (this is not shown in Eq. 4). The cor-
rection factors can be calculated by comparing the last term
of Eq. 4 with the intercept of the (ratio)A versus d+ plot of
Fig. 3, or from measurements on singly labeled rhodamine
junctions.

Measuring the normalized enhanced fluorescence of the
acceptor according to Eq. 4 avoids certain experimental fac-
tors that could introduce uncertainty into the FRET mea-
surement, and it is a robust and reliable measurement for our
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much lower (probably close to zero) because of the energy

transfer process.Therefore, the measured anisotropy of
fluorescence excited and collected where both D and A ab-
sorb and emit will decrease as the efficiency of FRET in-
creases. The small increase in the donor anisotropy will
not contribute significantly. For these measurements the
anisotropy was measured by exciting at 490 nm and ob-
serving the emission at 590 nm, r49, 590. For the rest of
this section, the first and second subscripts refer to the ex-

citation and emission wavelengths in nanometers. The su-

perscripts ex and em refer to excitation or emission fluo-
rescence spectra, and superscripts D and A refer to the
donor or the acceptor. For instance, F490590 is

the fluorescence intensity of an emission spectrum excited
at 490 nm and observed at 590 nm; and Fem, D is a fluores-
cence intensity from an emission spectrum of the donor
alone, normalized to 1 at the maximum, observed at 590
nm, and excited at any wavelength (this assumes the shape
of the spectrum is independent of the excitation wave-

length); and F490J590 is the donor component of an emission
spectrum excited at 490 nm and observed at 590 nm. The
following expressions can be written:

Fem, D(590)
Frem, D 41em4050Fem D(518) 49,58

fraction donor (d+)

FIGURE 3 Enhancement of acceptor emission as a function of the frac-
tion of donor labeling (d+) for three representative end-to-end vectors of
junction 3. The end-to-end vectors RH (0), XH (U), and XR (*) were

prepared with 100% rhodamine (rh) labeling and 25, 50, 75, or 100% fluo-
rescein (fl) labeling. (a) Plot of (ratio)A versus d+ in the absence of added
magnesium. (b) Plot of (ratio)A versus d+ in the presence of 5 mM MgCl2.

situation. Some important points for our measurements are:

(a) (A does not enter directly into the (ratio)A, only the ratio
4Y1(vl)/IA(v 2) at two wavelengths is needed; (b) a' does

not enter into Eq. 4; (c) error in the percentage labeling of
the donor (i.e., ±Ad') will introduce this same percentage
error into the derived value ofE since the factorE - d+ enters
directly into Eq. 4; (d) VW(vj), which can vary for different
D environments, affects only the actual value of E, not the
measurement directly.

Fluorescence anisotropy

Under certain circumstances, we can estimate the effi-
ciency of FRET from the fluorescence anisotropy, and the
donor titration series provides an opportunity to determine
the reliability of such a measurement. The measured aver-

age anisotropy is the sum of the weighted anisotropies of
each species. The weighting factors are the relative emis-
sion intensities at the excitation and emission wavelengths
used for the anisotropy measurements. The anisotropy of
directly excited rhodamine is fairly high (-0.24, at 200C),
and the contribution to the measured anisotropy from ac-

ceptor molecules that are excited by energy transfer is

Fex A(490)
FFem,A=FFex490, 590 558, 590 Fex, A(558) (5)

* [correction factor for emission spectra]

In our case,

Fex, A(490) Eex, A(490)
Fex, A(558) Eex, A(558)'

where E is a molar extinction coefficient. F40,518 and
Fex^8 5are the fluorescence of the donor (decreased by
FRET) and the acceptor (with no enhancement from
FRET) of a doubly labeled molecule without the interfer-
ence from the complement of the D-A pair. The anisotropy
r that is measured is

(Fem,D . r +Fem,A . )F490590. rD 490, 590 rA
'490,590 Fem,D + Fem,A + Fem,A

490, 590 490, 590 490, 590, FRET

where rD and rA are the anisotropies of the donor and ac-

ceptor fluorophores, which are spectroscopically isolated
(from the F490518 and F"8, 590 spectra) but in the doubly la-
beled DNA molecules, and F9moT is the fluorescence
intensity from the acceptor molecules that are excited by
the FRET mechanism. In Eq. 6 it is assumed that the an-

isotropy contribution from F490, FRET is zero, due to the
energy transfer from statically and dynamically random-
ized orientations of the donor molecules, and that the an-

isotropy of the fluorescein is constant for all of the mol-
ecules that are compared in a titration series. This latter
condition is expected since all donor labeled molecules are

identical in that they all also have an acceptor.

a
0.32
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*_b
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b
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RESULTS

Characterization of fluorescently labeled
junctions
Absorption and fluorescence spectra and fluorescence po-
larization measurements show that our junctions are suitable
for energy transfer measurements (see Clegg et al., 1992, for
details and for an example of similar fluorescence spectra on
such probes). Fig. 2 shows the ratio of the fluorescein ab-
sorbance (A = 496 nm) to the rhodamine absorbance (A =
600 nm) for all three junction isomers, as a function of the
percentage donor labeling (d+). The plot shows that the ratio
of fluorescein to rhodamine is indeed that expected from the
sample preparation; the small scatter in the data shows the
precision of the percentage donor labeling and the agreement
among the three sets of samples.
The fluorescence anisotropy measurements indicate that

the fluorescein is very mobile within the fluorescence life-
time of 3-4 ns (Clegg et al., 1992). The fluorescence an-

isotropy of each fluorescence probe can be measured inde-
pendently, even in the doubly labeled junctions, by
measuring the fluorescence at the appropriate wavelengths
(see Materials and Methods). At 20°C rhodamine conjugated
to the junctions has an anisotropy of 0.25, and the fluorescein
anisotropy (singly labeled) is 0.07 at low salt concentrations
and 0.11 at the higher salt concentrations; this indicates that
the fluorescein undergoes considerably faster rotational dif-
fusion within a greater angular displacement than rhodamine.
Such rapid movements of dyes within their excited state life-
time and random static orientations of the dye transition mo-
ments simplify the interpretation of energy transfer measure-
ments (Forster, 1951; Steinberg, 1968).

significantly more energy transfer for any given extent of
donor labeling than either the HR or XR vectors. This is
consistent with the antiparallel X structure in which the B and
X arms are stacked, resulting in the vector XR crossing the
acute angle of the stacked X structure.

Donor titration analysis of anisotropy

The measured fluorescence anisotropy (r) from a solution of
doubly labeled molecules depends upon the efficiency of
FRET (see the data analysis section). Such fluorescence an-

isotropy measurements on the HR, XR, and XH vectors are

presented in Fig. 4. The best fit of E according to Eq. 6 to
the XR data (expected to have the highest efficiency of trans-
fer from the above measurements) is shown bracketed by
plots generated presupposing either no FRET or twice the
fitted extent of FRET. The presence of FRET is clearly dis-
cernible, and the efficiency agrees with that determined from
the analysis according to Eq. 6. The extent of FRET, meas-

ured by anisotropy, of the junction molecule with D-A labels
juxtaposed across the acute angles according to the proposed
X model (XR) can be clearly distinguished from the other
two labeled isomers (HX and RH), which have longer ex-

pected distances separating the D-A pair according to the X
model (across the obtuse angle, and over the distance of a

quasicontinuous helix with a length of two arms).

DISCUSSION

The donor titrations presented above provide a measure for
judging the precision of our FRET measurements.

0.28

FRET donor titrations at low and high salt
concentration

Energy transfer was measured for the junction 3 isomers HR,
XH, and XR, each labeled with 100% acceptor and 25%,
50%, 75%, and 100% donor. These isomers were chosen to
typify the three possible dispositions of the donor and ac-

ceptor fluorophores, namely across the acute angle, across

the obtuse angle, or on opposite ends of a quasicontinuous
helix, according to the working model of the stackedX struc-
ture.

Plots of the (ratio)A as a function of the percent donor
labeling are given in Fig. 3, a and b. In Fig. 3 a are the donor
titration measurements in the absence of added magnesium.
One vector (XH) exhibits a consistently lower energy trans-
fer ratio than the other two (HR and XR). This would be
expected for an extended square structure, where the XH
vector constitutes the diagonal of the square, while the HR
and XR distances are shorter because they constitute two
sides of the sequence. The intercepts of the straight lines are

those expected from the 0% labeled donor duplex.
Fig. 3 b shows the analogous data obtained with magne-

sium added to the solution of the labeled junctions. The re-

sults are clearly different from those in the absence of added
ions; under these conditions the XR shows consistently and

g 0.23
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2 0.13
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fraction donor (d+)
1 1.25

FIGURE 4 Plot of the fluorescence anisotropy r490,590 (excitation at 490
nm and emission at 590 nm) for the end-to-end vectors RH, XH, and XR
as a function of d+. There are several ways to measure fluorescence an-

isotropy. The most common is: r = (Fl - F±)/(F11 + 2 F±), where Fll =
fluorescence signal measured with vertical excitation and emission polar-
izers, and F1 = vertical excitation and horizontal emission polarizers, where
the fluorescence is measured at right angles to the excitation beam. The lines
are simulations according to Eq. 6 (see the text for an explanation of the
terms in the equation); the bold line assumes E = 10%. The thin lines at
the top and the thin line at the bottom are the simulations assuming no FRET
and twice the amount of FRET indicated in the thick line. The middle thin
line assumes E = 4%. The data are for the vectors: 0, XH; 0, RH; 0, XR.
See the text for an explanation of the analysis.
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Such titration experiments are naturally suited for nucleic
acid samples with complementary sequences that form
multiple-stranded nucleic acid structures. Similar titration
experiments are often employed to titrate donor (acceptor)-
labeled single strands into a solution of complementary ac-
ceptor (donor)-labeled single strands in order to determine
the stoichiometric amounts of single strands needed to form
duplexes (see, for instance, Cardullo et al., 1988); however,
the goal and the experimental procedure of our present ex-
periments are different. We have used the donor titrations to
provide an additional experimental criterion to evaluate our
determination of the relative extent of energy transfer of the
differently labeled isomers of the four-way junction at low
salt. The agreement of the donor titration results with the
predictions of Eq. 4 supports our structural interpretation of
the FRET results. The agreement between the intercept of
Fig. 3 a and the measured (ratio)A of double-stranded DNA
junctions labeled only with the acceptor, and the expected
linear plot of (ratio)A versus d+, shows that the incremental
change in (ratio)A as d+ increases can be well determined.
These two parameters (the intercept and the linearity of the
plot) provide additional criteria for judging the precision of
our FRET measurements.
As is evident from the data shown in this paper very small

incremental values of E can be determined accurately by
measuring the acceptor enhancement using the (ratio)A
analysis of the FRET data. The differentiation between small
E values is comparatively difficult and less precise when
observing the donor quantum yield alone (Clegg, 1992) (it
involves determining small differences between large num-
bers). Determining E by measuring lifetimes of the donor
fluorescence decay suffers from the same deficiency. For
instance, it would be required to determine the fluorescence
lifetimes of fluorescein (3-4 ns) within a precision of 30 to
100 ps in order to differentiate the different values of d+ for
one isomer or to distinguish between the labeled isomers.

Distinction between the FRET donor titrations
using doubly labeled macromolecules and other
related FRET experiments

The concentrations and ratios, [D]/[A], of donor and acceptor
molecules are often varied in FRET measurements, espe-
cially when the distances between theD andA molecules are
not restrained by being attached to the same molecule. If the
dye molecules are independently distributed in solution, the
mean distance between D and A molecules will decrease as
their concentrations increase, and this leads to a greater ex-
tent of energy transfer. The concomitant decreasing fluores-
cence intensity and polarization of the donor are the original
observation that led to the development of the theory of fluo-
rescence resonance energy transfer (Perrin, 1927; Forster,
1948). If the D andA molecules are distributed randomly in
one, two, or three dimensions, and if FRET is operative the
excited state of the donor does not decay exponentially
(Forster, 1949); rather, the excited state of the donor decays
as e - (A - t+B tD/6), where the dimension of space is labeled by
D = 1, 2, or 3 (see Hauser et al., 1976, and references

therein). A and B are independent of time, and B is propor-
tional to the concentration of A. For three dimensions the
factor has been well documented (e.g., see Bennett, 1964;
Mataga et al., 1969). If the density distribution follows a
fractal power law, D is a noninteger; fractal analyses have
been invoked to characterize polymer networks (Dewey,
1992; Drake et al., 1991). Key parameters in the above analy-
ses are the distribution of A molecules surrounding the D
molecules and the ratio [D]/[A].
FRET can be useful for detecting the close association of

two interacting (but translationally independent) molecules
labeled with D and A chromophores, and this is another in-
stance where the [D]/[A] ratio is varied. For instance, normal
titration experiments have been used to determine the dis-
tributions and numbers of receptor sites on cell surfaces
(Dale et al., 1981; Szollosi et al., 1984; Jovin and Arndt-
Jovin, 1989; Kubitscheck et al., 1991). Such titration ex-
periments employ D- andA-labeled molecules that are trans-
lationally independent of each other (before forming a
complex), and the distribution of D-A radial distances
changes dramatically during the course of the titrations; the
change in the average D-A separation is a major experimental
variable.

In our FRET donor titrations with doubly labeled DNA
molecules, only isolatedD-A pairs with identical FRET char-
acteristics are present in the solution, together with intact
DNA molecules labeled solely with A. The spectroscopic
parameters defining the efficiency of energy transfer of these
D-A pairs are independent of the fraction of donor present,
in contrast to the applications discussed in the last paragraph.
The measured emission characteristics of the donor are in-
dependent of the extent of donor labeling because every do-
nor molecule is attached to a DNA molecule that has a
complementary acceptor (all DNA molecules have accep-
tors). The relative acceptor emission (i.e., ratio A, which is
our measured, or rather derived, FRET parameter) does de-
pend on the extent of donor labeling, but in a predictable
fashion, according to Eq. 4. Fig. 3 shows that we are able to
measure the relative FRET efficiencies with the accuracy
necessary to distinguish the differently labeled isomers of the
junction molecules in low salt conditions. The FRET data,
together with the electrophoresis results (Duckett et al.,
1988), imply that the arms of the four-way junction at low
salt are oriented relative to each other in a square arrange-
ment.

Structure of the junction in low salt solutions

We have shown previously that the extent of energy transfer
for all six end-to-end vectors of the doubly labeled junction
3 in the absence of added salt is small, which is consistent
with an extended structure. These small values of transfer
were also modulated in an interesting way; the end-to-end
vectors BR and HX were both lower than the remaining four
vectors, indicating that the diagonal end-to-end distances
were longer under these conditions. However, this difference
was small, and the donor titration experiments presented here
provided us with additional evidence to test this interpreta-
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tion. The slopes of the straight lines show differences in the
extent of energy transfer for different end-to-end vectors in
the absence of Mg2" (Fig. 3 a). Two of the labeled isomers
exhibit more energy transfer (i.e., shorter distances) than the
other, and as before (Clegg et al., 1992), it was the diagonal
vector that was associated with the lower energy transfer.
The fitted intercepts of the linear fits in Fig. 3, a and b, are
-0.27, and this corresponds to the measured value for the
junctions singly labeled with the acceptor (0% donor). The
square structure (Fig. 1) predicts the shortest donor-acceptor
distance to be across right angles between neighboring arms
for both vectors RH andXR ofjunction 3; the donor-acceptor
distance for the vector XH would be larger, equal to the sum
of two helical arm lengths across the square. Thus for the XH
vector the energy transfer and, concomitantly, the slope
would be less. This is what we observe and is the first physi-
cal measurement in solution that is at variance with the tet-
rahedral structure and consistent with the square global struc-
ture of the junction in the absence of higher salt
concentrations. These data are in good agreement with the
interpretation of experiments of the electrophoretic anomaly
at low bivalent salt (Duckett et al., 1988) that the structure
is square (see Fig. 5).
We can estimate the angles between the arms by assum-

ing a simplified static molecular model for the DNA. The

Junction 3
major groove side

3

FIGURE 5 Ribbon model of the extended structure of the four-way DNA
junction at low salt concentration. This illustrates the unstacked, extended
structure in the absence of added cations, in which the four arms are ex-

tended toward the corners of a square. The junction has two inequivalent
faces, where the central base pairs present either their major groove or their
minor groove edges; the view shown is that of the major groove face. The
inequivalence makes a pyramidal structure probable, and the apparent pla-
narity of this illustration should not be assumed to be literal.

FRET efficiency has a maximum of ~-5% in the low salt
region (this maximum efficiency increases to -15% in the
folded form of the junction) (Murchie et al., 1989). We as-
sume K2 = 2/3, which is a reasonable assumption in our
case (Clegg et al., 1992). Using these E values and the re-
lationR = RO[1/E - 1]1/6 we can calculate the angles between
the arms (assumed to be rods) by simple trigonometry. For
Ro values ranging from 40 to 50 A and for 17-basepair-length
helical arms the acute angles estimated from the above ef-
ficiences are 55-71° for the high salt conditions and 69-90°
for the low salt conditions. The angles between the arms at
low salt conditions indicate that the square arrangement of
the arms might not be planar (for a discussion of this, see
below). In interpreting these values one must keep in mind
the possible complications inherent in any FRET analysis
(Clegg, 1992), the assumptions in using steady-state fluo-
rescence to measure the efficiency of FRET (Clegg, 1992),
and the oversimplified molecular model. In this regard we
have shown previously (Clegg et al., 1992) that the steady-
state measurements are consonant with time-resolved FRET
measurements on the stacked X structure. The positions of
the dye molecules relative to the DNA helices and the ro-
tations of the helical arms about their axes relative to the
other arms will modulate the D-A distances (Clegg et al.,
1993). Time-resolved fluorescence experiments have been
reported (Hochstrasser et al., 1992) with the purpose of es-
timating distributions in the positions of dye molecules co-
valently attached to DNA helices. The conformational dis-
tributions of flexible polymers can be extensive, and
corresponding analyses have been implemented to investi-
gate the distribution functions (Cantor and Pechukas, 1971;
Haas et al., 1975) and kinetic aspects (Eisinger et al., 1969;
Haas et al., 1978, Haas and Steinberg, 1984). The physical
space available for dyes attached to double-stranded DNA
molecules is limited by the rigidity of the helix. The distances
between the dyes and the angles determined by us assuming
a static dye-dye distance with a relatively small distribution
are in a range consistent with both the square (low salt) and
X (high salt) forms of the four-way junction with 17-bp arms.

Although both our electrophoretic and fluorescence ex-
periments indicate a square arrangement of the helical arms
at low salt concentrations, it is not required that the structure
be planar, and pyramidal arrangements are equally consistent
with the data. In fact, since the two sides of the junction are
inequivalent (in the unfolded structure there is also a "major
groove" side and a "minor groove" side, similar to the folded
structure; see von Kitzing et al., 1990), it is quite probable
that there will be some pyramidal distortion of planarity (see
below).
An earlier study of a four-way junction of different se-

quence using transient electric birefringence (Cooper and
Hagerman, 1989) reports a structure in the absence of
Mg21 that is different from the structure in the presence of
Mg2+ and yet is also different from a square configuration
of arms; their proposed structure is incompatible with their
earlier electrophoretic results on the same junction molecules
(Cooper and Hagerman, 1987). This may indicate that
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electric birefringence is not well suited to the study of such
complex polyelectrolyte structures (Diekmann and Por-
schke, 1987), particularly since the extended structure in the
absence of added ions may be distorted by high electric
fields. We find complete agreement between our gel experi-
ments and FRET results, with and without added Mg2".
Without exception, all of the junction molecules that we have
studied (this includes six fully paired junctions incapable of
branch migration, two that may branch migrate by one step,
and 18 junctions containing a single-base mismatch at the
point of strand exchange) (Duckett and Lilley, 1991) give the
same gel electrophoretic pattern indicative of the open struc-
ture in the absence of added ions; even though this is strong
evidence that the structures are similar in all the cases in-
vestigated by us, we cannot exclude the possibility that there
may be sequences with low salt conformations different from
what we propose here.

Can we rationalize the approximate square
structure at low salt?

The resistance of the four-way junction to folding into the
stacked X structure at lower salt concentrations is likely due
to strong electrostatic repulsion forces that must be com-
pensated for in order to stabilize the folded structure. One of
the major stabilizing factors of the stacked X structure is
probably the favorable free energy of base pair stacking be-
tween the base pairs flanking the neighboring helical arms
(Duckett et al., 1988; Murchie et al., 1989; Clegg et al.,
1992). Apparently strong electrostatic repulsions between
closely spaced phosphate charges (possibly at the exchange
point) must be screened before this stacked conformation can
form. Upon stacking, a close interaction of the two quasi-
continuous helices is then possible provided that the right-
handed X structure is formed. If the helices are oriented this
way, one of the phosphate strands of one helix can fit over
the major groove of the other helix, thereby minimizing the
unfavorable van der Waals and electrostatic interactions (von
Kitzing et al., 1990). Mg21 is probably the natural counter-
ion needed to achieve the necessary ion screening, but we
have shown that Ca21 is almost as effective and that Na+
alone also allows the junction to fold globally at higher ion
concentrations (Clegg et al., 1992).

However, at low salt the screening action of the surround-
ing ions is insufficient to override the unfavorable electro-
static repulsions between the phosphates. The junction must
then adjust to a more extended conformation in order to mini-
mize the overall free energy; strong electrostatic interactions
and van der Waals restrictions probably impose constraints
upon the molecular orientations of the helical arms.

Is it reasonable, from the point ofview of only electrostatic
repulsions, to assume that the low salt structure is approxi-
mately a square? The helical arms are connected by the con-
tinuous intertwined single strands. At least one phosphate is
positioned between each pair of helical arms (defined by Fig.
1 a). If we assume that there are no preferential interactions
between any pair of neighboring arms (such as that found in

the stacked X structure) then the structure probably would
have symmetrically disposed arms. Assume, for the moment,
that this is the case. The simplest model of the phosphate
distribution about the center point of the junction consists of
four phosphate charges connected to each other across the
faces of the center flanking base pairs. If we consider only
the electrostatic repulsion forces between these four phos-
phates to be active in such a simple restricted system, what
would be the three-dimensional charge distribution with the
minimum energy? The charges would tend to separate maxi-
mally from each other, and this would lead to a square ar-
rangement. However, we would not necessarily expect a per-
fect planar structure; and indeed, it has been realized
previously that a minor and major groove face of such a
square extended junction structure is expected (von Kitzing
et al., 1990). On the other hand, were the charges free to move
on the surface of a sphere, in a spherically symmetric fashion
about the center point (e.g., if they were charged rods con-
nected at the ends at the center point), the electrostatic forces
would tend to arrange the arms in a tetrahedral fashion (with
equivalent FRET signals), and this does not agree with our
experimental results. This is not to say that the actual elec-
trostatic forces can necessarily be modeled according to such
simple ideas; and surely there are other important, and per-
haps overriding, physical considerations. However, consid-
ering the problem from this point of view it is perhaps not
surprising that our results are consistent with a square struc-
ture at low salt concentrations.

Fluorescence anisotropy measurement of FRET

The extent of energy transfer between two labeled arms of
the junction 3 molecule at higher salt concentrations previ-
ously measured by other methods (Clegg et al., 1992) is seen
to account for the FRET acceptor anisotropy measurements
shown in Fig. 4. Usually the fluorescence anisotropy of the
donor is used to detect energy transfer (Weber, 1960a,b).
However, as discussed above, provided that the acceptor has
sufficient anisotropy, it is possible to measure FRET by ob-
serving the fluorescence anisotropy of the acceptor. The
agreement between the r490, 590 measurements of the donor
titrations and the expected values based on our earlier pub-
lished measurements (Clegg et al., 1992), lends further sup-
port for the stacked X structure of the four-way junction at
higher salt conditions. In addition, the assumption that the
anisotropy of the donor is sufficiently low to approximate the
angular factor K2 to be -2/3 is further justified. We have used
this analysis method subsequently to estimate E values from
FRET for a series of bulge molecules, and good agreement
between the estimates for E from the anisotropy measure-
ments and the more conventional analyses was found
(C. Gohlke et al., manuscript in preparation).

Possible biological relevance of the extended low
salt structure

Since the ionic concentration inside cells is greater than the
level required to fold the four-way junction, the extended
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structure is unlikely to exist stably in vivo, at least in the
absence of proteins. However, this structure may resemble a
transient intermediate in dynamic processes such as isom-
erization and branch migration. Moreover, this study em-
phasizes the important role played by cations in the folding
of the junction, inducing a major conformational change.

In this work we have used a number of new FRET ap-
proaches, including the global comparison of vectors, the
titration of donor labeling, and the use of anisotropies, to
obtain useful information on the geometry and transitions in
an important DNA structure. We expect that FRET will be
more widely used in investigations of nucleic acid structures,
just as this well-established technique has been usefully ap-
plied to numerous biological and polymeric systems (Stryer,
1978; Valeur, 1989).

We thank Dr. S. Diekmann for discussion, Dr. E. v. Kitzing for collaboration
on theoretical aspects of the four-way junction structure, and Annelies
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