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ABSTRACT: We have synthesized DNA oligomers that can combine to form three-way junctions containing
six base pairs in each stem and two unpaired bases at the branch point. Gel electrophoresis experiments
indicate that the oligomers form stable complexes with equimolar stoichiometry. Using two- and three-
dimensional proton nuclear magnetic resonance spectroscopy, we have completed nonexchangeable proton
chemical shift assignments for three junctions which differ only in the identity of the unpaired bases (C-C,
A-A, or I-I) at the branch point. Qur resuits indicate that unpaired pyrimidines at the branch point of
junctions behave differently than do unpaired purines. In a junction with two unpaired cytidines, the 5’
base loops out from the molecule to lie along the minor groove of the preceding duplex stem of the junction.
The 3/ unpaired cytidine also demonstrates an unusual pattern of NOE connectivities with detected cross
peaks to the subsequent base in the 3’ direction. Junctions with unpaired purines at the branch point exhibit
different behavior. Our data suggests that in these molecules the unpaired bases participate in stacking
interactions among themselves and with the neighboring bases in the molecule. Despite these differences,
the NOE patterns from each junction suggest the presence of a preferred, pair-wise stacking between two
of the helices within the molecule. The structural differences between bulge—pyrimidine and bulge—purine
junctions are discussed in light of the functional significance unpaired bases might have in the structure
and dynamics of multistranded DNA junctions and, by extension, to junctions within cellular RNAs.
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DNA junctions arise whenever three or more helices come
together at a single point. The most frequently encountered
DNA junction in biology is the four-stranded, or Holliday,
junction (Holliday, 1964). However, simpler junctions com-
prising just three helices, as well as more complex junctions
containing five or six helices, have been described in vitro
(Ma et al., 1986; Wong et al., 1991).

Holliday junctions are thought to occur within the cellduring
meiotic recombination (Meselson & Radding, 1975; Orr-
Weaveret al., 1981), a process which allows the cell to shuffle
genetic material among homologous chromosomes. However,
three-stranded DNA junctions are also believed to play a role
in certain recombination events (Broker & Doermann, 1975;
Mingawaetal., 1983; Jensch & Kemper, 1986). Furthermore,
as the simplest junctions, three-stranded junctions can serve
as a model for the physical interactions present in Holliday
junctions.

When compared with Holliday junctions, three-stranded
junctions appear to be more flexible in solution (Ma et al.,,
1986). There is disagreement in the literature whether the
arms in a three-stranded junctions are found in a unstacked,
“Y” conformation (Duckett & Lilley, 1990) or in an asym-
metric conformation, possibly including base stacking across
the branch point (Guoetal., 1990; Luet al., 1991). However,
it is likely that helical stacking in three-stranded junctions,
if present, is less stable than that predicted to occur in Holliday
junctions.

t This research was supported by NIH Grant GM34504 to D.P. M.R.
was supported by NIH Medical Scientist Training Program Training
Grant 5-T32-GMO07376. The NMR spectrometers were purchased from
funds donated by the Robert Wood Johnson Trust toward setting up an
NMR center in the Basic Medical Sciences at Columbia University.
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Interestingly, it has recently been shown (Leontis et al.,
1991) that three-stranded junctions could be stabilized with
the addition to one strand of unpaired, or “bulged”, bases at
the branch point. The addition of two or more unpaired bases
allowed stable three-stranded junctions to form with just five
base pairs in each arm. This finding allows one to construct
smaller junctions more amenable to detailed structural
analysis.

Inorder toinvestigate the role of unpaired bases in directing
helix—helix interactions within a three-way DNA junction,
we have constructed three such junctions, each containing
two unpaired bases on one strand at the branch point. The
sequence and numbering scheme of the junctions are shown
in Chart I. The junctions comprise 17 base pairs (six in two
of the arms, five in the other). The three stems are indicated
with Roman numerals. One junction, which we call “J3CC”,
contains two unpaired cytosine bases at the branch point. The
second, called “J3AA”, contains two adenine bases at this
point, whereas “J311” contains two unpaired inosines. Ineach
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of the molecules, two of the strands have been connected to
form a hairpin with a four-base loop.

We have studied these molecules by two- and three-
dimensional homonuclear NMR spectroscopy. Our aim was
to describe the structural features of the three-way junction
withregard to (1) distortions, ifany, from the expected B-DNA
structure in the double helical regions, (2) the presence or
absence of Watson—Crick base pairs adjacent to the branch
point, (3) the position and conformation of the unpaired bases,
and (4) theoverall tertiary structure of the molecules, including
the presence of any pair-wise stacking among the three helices.

We present the results of this study in this paper and its
accompanying counterpart. In this paper we demonstrate
the formation of junction complexes from the component
strands and present the sequential 'H-NMR assignments of
nonexchangeable protons. In the subsequent paper, we
examine the exchangeable proton spectra of J3CC in order
todetermine the status of the base pairs adjacent to the branch
point. We then present a structural model for the J3CC
junction that demonstrates the presence of a preferred pair-
wise helical stacking arrangement within the molecule.

MATERIALS AND METHODS

DNA Synthesis and Purification. DNA oligomers were
synthesized on solid supports (10-uzmol scale) using standard
phosphoramidite chemistry on an Applied Biosystems 391
automated DNA synthesizer. All reagents were supplied by
Applied Biosystems except 5-methylcytidine phosphoramidite,
which was supplied by Pharmacia. Oligomers were cleaved
from the column and deprotected by treatment with concen-
trated ammonium hydroxide for 16 h at 55 °C. The trityl-
containing oligomers were purified by reverse-phase HPLC,
followed by detritylation in 80% acetic acid and repurification
through reverse-phase HPLC. Organic cations were removed
via gel filtration through Sephadex G-25, followed by passage
through a Dowex cation-exchange column to form the Na*-
DNA salt.

DNA Strand Quantification. Oligomer strands were
quantified by UV absorbance at 260 nm in 89 mM Tris—
borate (pH 8.3) with 200 mM NaCl and 5 mM MgCl,.
Extinction coefficients were calculated with consideration of
nearest-neighbor effects (Fasman, 1975). Hypochromicity
effects were accounted for in the double-stranded hairpin stem
region. No attempt was made to correct for the change in
extinction coefficient due to the presence of the 5-methyl-
cytidine residue.

Gel Electrophoresis. Gels contained 20% acrylamide (20:1
mono:bis) with 89 mM Tris—borate (pH 8.3), 200 mM NaCl,
and either 5 mM MgCl, or 2mM EDTA. Samples contained
5-10 ug of either the individual strands or one-to-one mixtures
in 10 uL of gel buffer. They were heated to 80 °C for 15 min
and allowed to cool slowly to room temperature, following
which dye was added, and the samples were loaded onto the
gel. The gels were run overnight in a 4 °C cold room, without
buffer recirculation, at a constant voltage of 100 V. After
electrophoresis was complete, the gels were stained with 5
ug/L ethidium bromide in H,O for 30 min, followed by
destaining for 30 min in distilled HyO. DNA bands were
visualized by transillumination of the gels with 300-nm light
and photographed.

Preparation of NMR Samples. Equimolar amounts of the
two strands, as determined by gel electrophoresis, were mixed
and lyophilized to dryness. The samples were next dissolved
in 0.4 mL of 10 mM phosphate buffer (pH 6.2) containing
200 mM NaCland 0.1 mM EDTA and were heated to 80 °C
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for 15 min, followed by slow cooling to room temperature.
The samples were then repeatedly lyophilized from 99.9%
D,0 and were finally dissolved in 0.4 mL of 99.96% D,0. For
some experiments, 5 mM MgCl, was included through the
addition of an aliquot of concentrated MgCl, in D,0O, followed
by reannealing of the strands. Final DNA concentrations
were 2-3 mM in each strand.

NMR Spectroscopy. One-dimensional proton NMR spec-
tra were recorded on a Bruker AM-400WB spectrometer.
Spectra were acquired with presaturation of the residual HDO
peak during the recovery period. The free induction decay,
which contained 1024 complex data points, was apodized with
a 90° shifted sinebell and zero-filled to 4096 complex points
prior to Fourier transformation. All spectra were referenced
relative to an internal sodium 4,4-dimethyl-4-silapentane-1-
sulfonate (DSS) standard.

Two-dimensional nuclear Overhauser effect spectroscopy
(NOESY) experiments were acquired in the phase-sensitive
mode (States et al., 1982) on a Bruker AM-500 spectrometer.
The two-dimensional data sets were acquired with 1024
complex points ina 10 ppm spectral width in the 7, dimension.
Two different mixing times, 50 and 200 ms, were used in the
NOESY experiments. Typically, 256 real and imaginary
increments were acquired in the ¢, dimension. The two-
dimensional data sets were processed on a VAX/VMS 6310
computer using the software package FTNMR (D. Hare,
Hare Research, Inc., Woodinville, WA). The data were
subjected to Gaussian multiplication with 12-15 Hz of line
narrowing in each dimension. Zero-fillingin ¢, led toa matrix
with 1024 complex points in each dimension.

A three-dimensional homonuclear NOESY-NOESY ex-
periment was run on a Bruker AMX-600 spectrometer in the
phase-sensitive mode using time-proportional phase incre-
mentation (Bodenhausen et al., 1980; Marion & Wuthrich,
1983) in both the ¢, and ¢, dimensions. The pulse scheme
used was as reported by Boelens et al. (1989). We used 150
ms for the mixing time in each dimension, with no solvent
irradiation during these periods. The matrix comprised 512
X 200 X 110 data points in an 8.0 ppm spectral width. The
three-dimensional data set was processed on a Silicon Graphics
IRIS using the FELIX software package (D. Hare, Hare
Research, Inc., Woodinville, WA). The data was Gaussian
multiplied with 12 Hz of line narrowing in each dimension,
with zero-filling to a final matrix size of 512 X 256 X 256
complex points.

RESULTS

Formationof Three-Way Junctions. We performed native
polyacrylamide gel electrophoresis on mixtures of the different
strands to determine whether stable junctions were forming
under the experimental conditions. Figure 1 shows the results
for a representative gel experiment. Lanes 1 and 2 contain
the 14-base oligomers (residues 1-14 in Chart I) with either
two cytidines or two adenines in the center. Both oligomers
migrate quickly through the gel and stain lightly. The greater
retardation of the adenine-containing oligomer may be due
to transient formation of homodimers through mismatched
base pairing. Lanes 3 and 4 contain bulge-loop duplexes, 12
base pairs in length, formed by one-to-one mixtures of either
the cytidine or the adenine 14mer with the “complementary”
dodecamer d(CGTAGCCGATGC). The hairpin oligomer
alone (residues 15—-40in ChartI)isshowninlane9. Itmigrates
somewhat more rapidly than either of the two bulged duplexes,
suggesting that this molecule does not dimerize under these
conditions. We have noted that sequence variants of the
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FIGURE 1: Gelelectrophoresis experiment showing formation of three-
way junctions from component strands. Sample identities are as
follows: (1) d(GCATCGCCGCTACG), (2) d(GCATCGAAGC-
TACG), (3) d(GCATCGCCGCTACG) + d(CGTAGCCGATGC),
(4) d(GCATCGAAGCTACG) + d(CGTAGCCGATGC), (5)
d(GCATCGCCGCTACG) + d(CGTAGCTCCTA[TTTA]TAG-
GACGATGC), (6) d(GCATCGAAGCTACG) + d(CGTAGCTC-
CTA[TTTA]TAGGACGATGC), (7) d(GCATCGCCGCTACG)
+ d(CGTAGCATCCTA[TTTA]TAGGATCGATGC), (8) d(G-
CATCGAAGCTACG) + d(CGTAGCATCCTA[TTTA]TAG-
GATCGATGC), (9) d(CGTAGCTCCTA[TTTA]TAGGACGAT-
GC), (10) d(CGTAGCATCCTA[TTTA]TAGGATCGATGC).
Underlined residues represent unpaired bases (CC or AA) within the
bulge-duplex or three-way junction complexes. The tetraloop residues
from the hairpin strand are enclosed in brackets. Lanes 7,8, and 10
contain a variant of the hairpin strand with one additional base pair
in the stem.

hairpin molecule with an additional GC base pair at the end
of the hairpin stem run as a mixture of monomeric and dimeric
species on gels (data not shown).

Lanes 5 and 6 represent the three-way junctions, J3CC and
J3AA, respectively. Thesetwolaneseachshow a single,sharp
band migrating more slowly than the individual components,
confirming the formation of a stable junction in each case.
We have compared the mobility of these junctions to that of
a larger three-way junction without bulged bases, derived from
three separate, unrelated oligomers, each 16 bases in length.
This junction runs as a single, sharp band with lower mobility
than that of J3CC or J3AA (data not shown), confirming the
strand stoichiometry of the J3CC and J3AA junctions.

Tonic Strength Effects on the Stability of the Three-Way
Junctions. It has been reported that divalent cations play an
important role in the stability and tertiary structure of three-
and four-stranded DNA junctions (Cooper & Hagerman,
1989; Duckett et al., 1990; Leontis et al., 1991; Clegg et al.,
1992). We have repeated the electrophoresis experiment
shown in Figure 1 with 2 mM EDTA instead of 5 mM MgCl,
inthe gel buffer. Under these conditions, the junctionsappear
less stable and are characterized by higher mobility bands or
streaks. This confirms the dependence of junction stability
on ionic strength.

One-Dimensional Proton Nuclear Magnetic Resonance of
the Three-Way Junctions. Figure 2 shows the downfield and
methyl regions of the one-dimensional proton NMR spectra
in DO for the three junctions, J3CC, J3AA, and J3II. DNA
strand concentrations are approximately 0.4 mM. Buffer
conditions are 200 mM NaCl, 2 mM MgCl,, 10 mM phosphate
buffer (pH 6.5), and 0.1 mM EDTA. The resonance lines in
the spectra are relatively sharp, implying that stable, one-
to-one complexes are forming between the two strands in each
case. Minor peaks visible in the spectra may reflect a slightly
inequivalent stoichiometry of the two strands in the NMR
samples. We noted that as the temperature of the sample was
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FIGURE 2: One-dimensional proton NMR spectra at 400 MHz of
three-way junctions in D;O buffer (10 mM sodium phosphate, 200
mM NaCl,2mM MgCl,, and 0.1 mM EDTA). DNA concentration
is approximately 0.4 mM per strand. Base (7.0-8.5 ppm), H1” (5.2
6.5 ppm),and methyl (1.4-2.2 ppm) regionsare shown. (A)Spectrum
of J3CC at 25 °C. (B) Spectrum of J3AA at 30 °C. (C) Spectrum
of J3II at 30 °C. The asterisks mark the unusual positions of the
A29(H1’) and T27(CH3;) resonances in each of the spectra. The
triplet at 1.3 ppm represents a residual triethylammonium impurity
in the samples.

raised above 35 °C, the minor peaks became more numerous
and grew in intensity. By inspecting the NMR spectra of the
individual strands (data not shown), we determined that these
minor peaks originated from the component oligomers of the
junctions. This “melting” effect was even more pronounced
at lower NaCl concentrations. Thus, the stability of the
junctions seemed to be sensitive to counterion concentration,
as was found in gel electrophoresis experiments. Interestingly,
the presence of Mg?* cations had no additional stabilizing
effect when the NaCl concentration was 200 mM or greater.
In fact, the addition of MgCl; served only to broaden the
proton resonance lines in the NMR spectra, indicating transient
aggregation of the sample. We therefore elected to proceed
with our NMR experiments without MgCl, in the sample
buffer.

The TTTA Loop Retains Its Unique Conformation in the
Three-Way Junctions. When joined to a stem of six base
pairs, the DNA hairpin loop, 5-TTTA-3’, posesses a unique
conformation, resulting in several unusual proton chemical
shifts (Blommers et al., 1991). We find these same chemical
shift patterns in the spectra of the three-way junctions. The
T27(CH3) resonanceat 1.95 ppmand the A29(H1’) resonance
at 6.40 ppm are twosuch features visible in the one-dimensional
spectra of the junctions (asterisks, Figure 2). This result leads
us to conclude that the unusual loop structure within the hairpin
remains essentially unchanged when part of a larger three-
way junction.

NOESY Spectrum of J3CCin D>0. Inorder toinvestigate
the structure of the three-way junctions in detail, complete
sequential assignments are necessary. Theseassignmentsare
based on the right-handed nature of the DNA helices, which
places proton pairs from neighboring residues within a short
distance (<4.5 A) of each other (Hare et al., 1983; Wuthrich,
1986). Base protons (H8, H6, H5, and CHj) show NOE
connectivities to sugar protons from the same residue, as well
as to those from the 5 preceding residue. Asa result, one can
startat the 5’ end of a normal B-DNA strand and, by following
the pattern of NOE connectivities, “walk” down the helix
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FiGURe 3: Expanded contour plot of the NOESY experiment (200-ms mixing time) on J3CC in D,O bufferat 25 °C. DNA strand concentration
is approximately 2 mM. The base to H1’ region of the spectrum is shown. Sequential assignments are indicated separately in three panels
for clarity. Intraresidue base (H8 or H6) to H1’ NOE cross peaks are labeled by residue. Asterisks refer to the cytosine H6-HS cross peaks.
Dotted lines represent sequential connectivities that are absent or are unconfirmed due to the presence of overlapping cross peaks. Assignments
for the remaining labeled cross peaks are as follows. Panel A (residues 1-14): (A) A12(H8)-C13(HS), (B) G9(H8)-C10(H5), (C) G1-
(H8)-C2(HS), (D) T4(H6)-C5(H5), (E) C7(H6)-C7(HS5), (F) C8(H6)-C8(HS5), (G) A3(H2)-A3(H1’), (H) A12(H2)-A12(H1). Panel
B (residues 15-28): (A) G19(H8)-C20(H5), (B) C22(H6)-C23(HS), (C) T21(H6)-C22(H5), (D) A18(H2)-A18(H1’), (E) A25(H2)-
A25(H1’). Panel C (residues 29-40): (A) A34(H8)-C35(H5), (B) G39(H8)-C40(H5), (C) A34(H2)-C35(H1"), (D) A29(H2)-T27(H1"),

(E) A34(H2)-A34(HY1’), (F) A37(H2)-A37(HY).

until one arrives at the 3’ terminal residue [for reviews, see
Patel et al. (1987) and van de Ven and Hilbers (1988)].

Figure 3 shows the base to H1” region of a NOESY
experiment (200-ms mixing time) on J3CC in D,0 buffer at
25 °C. The sequential assignments are shown separately in
panels A-C for the three “strands” of the molecule. (Residues
15-28 and 29-40 are considered separately due to the break
in NOE connectivities between T28 and A29.)

For the majority of the residues falling within the duplex
regions of the molecule, the connectivity patterns in the
NOESY spectra are unremarkable. All NOEs expected for
right-handed DNA helices are visible. The NOE cross-peak
intensities clearly indicate that the helices adopt a B-DNA
conformation within the junction. This result isin agreement
with circular dichroism (Seeman et al., 1984; Marky et al.,
1987) and proton NMR (Chen et al., 1991) studies of four-
stranded DNA junctions, in which the helices were judged to
resemble B-DNA. Overall, the NOE buildup rates appear to

be quite rapid. Many NOE connectivities between relatively
distant proton pairs, such as intraresidue H8/H6-H1’ or
interresidue H2'-H6/H8, could be seen clearly in a 50-ms-
mixing-time NOESY experiment. This is most likely at-
tributable to the large size of the molecule, since slow tumbling
rates in solution lead to rapid NOE buildups and more efficient
spin diffusion.

NOE Interactions at the Branch Point of J3CC. The most
interesting observations regarding the NOE connectivities
within the first strand of J3CC (residues 1-14, Figure 3A)
center on the two unpaired bases, C7 and C8. The HS5 proton
chemical shifts from both of these residues (6.04 ppm for C7,
5.78 ppm for C8) are located further downfield than are those
from any of the other cytosine bases in the molecule, save for
C15, a 5-terminal residue. Sequential NOE connectivities
between G6 and C7 are obscured in all regions of the spectrum
due to cross-peak overlap. However, the downfield chemical
shifts of both the H6 and HS protons of C7 suggest that there
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FicUre 4: Expanded contour plots of NOESY experimentson J3CC
in DO buffer at 25 °C. (A) Base to H2’/2” and methyl region
(200-ms mixting time). The T21(H6)-T21(CH;) cross peak is
indicated with an asterisk. Cross peak A represents the C7(H2')-
C7(H6) NOE. Crosspeak Brepresentsthe C7(H2)-C8(H6) NOE.
The C20(H2’/2")-T21(HS6) cross peaks are labeled C in the figure.
(B) Base to H3’ region of the spectrum (200-ms mixing time). Two
cross peaks (A and B) are labeled at wl = 4.65 ppm. In the w2
dimension, peak A corresponds to C7(H6) (7.68 ppm), while peak
B corresponds to C8(H6) (7.57 ppm). (C) H3'toH2’/2” and methy!
region of the NEOSY spectrum (50-ms mixing time). The C20-
(H3)-T21(CH;) cross peak is indicated with an arrow.

has been a disruption of base stacking between this residue
and G6. For the C7-C8 base step, a single sequential
connectivity is resolved in the H2’/2" region. This cross peak
is indicated in Figure 4A. Between residues C8 and G9, all
NOE:s expected for a normal base step in B-DNA are weak
or absent.

The intraresidue H8 to H1” NOE cross peaks of both G6
and G9 are quite weak. The diminished cross-peak volumes
are apparently due to broadening of these resonances in the
molecule. This observation suggests the possible existence of
a conformational equilibrium between two or more states
within this region of the molecule. This dynamic aspect of
the junction might be attributable to the increased mobility
of one or both of the two unpaired cytidine residues.

The sequential assignments for the second “strand” (residues
15-28, Figure 3B) are unremarkable, except for the C20-T21
base step where the H1’-H6 NOE is quite weak (not visible
at the contour level of the figure). The H2’/2”-H6 connec-
tivities for this step are also quite weak and are only seen at
the longer mixing time (Figure 4A). Base-base connectivities
that would normally be expected for a C-T step (H6-HS6,
H6-Me, H5-Me) are either weak or absent as well. Inter-
estingly, the C20(H3’)-T21(Me) connectivity is seen quite
strongly, even in the NOESY experiment with a short (50
ms) mixing time (Figure 4C). These results imply that the
stacking interaction between these two bases has been disrupted
and that a unique backbone conformation exists at this step.

The junctional base step of the third strand, A34-C35, shows
a number of strong sequential NOE connectivities in the
NOESY spectrum. Two of these, A34(H1/)-C35(H6) and
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Table I:

Nonexchangeable Proton Chemical Shift Assignments for
the J3CC Junction in D,O Buffer at 25 °C

chemical shifts (ppm)

base H6/H8 HS5/CH; H2 HlIY H2” H2 HY
Gl 7.91 593 277 261 4.84
Cc2 7.46 5.40 567 248 216 4.89
A3 8.35 769 630 298 273 504
T4 7.16 1.40 589 241 201 484
Cs 7.38 5.56 564 227 195 485
Gé6 8.01 6.05 264 253 472
C7 7.68 6.04 579 228 192 465
C8 1.57 5.78 587 233 199 465
G9 7.96 6.00 289 271 4.86
C10 7.53 5.44 6.06 256 215 4.8
Ti11 7.48 1.73 573 249 218 493
Al2 8.37 7.60 624 289 276 5.08
C13 7.31 5.40 568 231 187 4.80
Gl4 7.88 613 239 260 4.67
C15 7.65 5.88 578 245 205 4.72
G16 8.01 6.02 283 271 501
T17 7.31 1.55 568 245 212 491
Al8 8.24 755 611 292 276 5.10
G19 7.73 580 264 248 501
C20 7.56 541 616 247 228 486
T21 7.42 1.57 6.04 254 212 4799
C22 7.67 5.73 6.01 250 227 483
C23 7.51 5.55 584 248 210 4.7
T24 7.36 1.67 573 239 202 49s
A2S 8.32 7.67 624 286 2.68 499
T26 7.28 1.47 594 219 209 482
T27 7.84 2.02 631 211 179 472
T28 7.38 1.38 527 200 1.65 4.45
A29 8.24 8.07 645 328 3.02 491
T30 137 1.41 568 241 212 486
A3l 8.15 7.50 6.06 2.84 265 S5.0.
G32 7.63 553 266 252 497
G33 7.61 567 274 252 497
A34 8.07 775 615 279 260 499
C35 7.18 5.14 554 218 171 481
G36 7.88 556 281 272 5.00
A37 8.18 774 621 291 261 5.00
T38 7.02 1.37 571 231 1.8¢ 4.82
G39 7.80 589 266 254 495
C40 7.33 5.19 6.13 220 220 447

A34(H8)-C35(HS), are visible in Figure 3C. NOE con-
nectivities between A34 and C35 are present in every region
of thespectrum. Inall, weseea total of 16 interresidue NOEs
for this base step, making it the most strongly interacting pair
of residues at the branch point site of J3CC.

We also note the unusual upfield position of the C35(H5)
resonance at 5.14 ppm. In DNA, chemical shift changes are
exquisitely sensitive to base-stacking interactions, as the strong
ring current effect from purines can alter the electronic
shielding of nearby nuclei. Itis quite possible that the upfield
chemical shift of this HS proton is due to its stacking under
the base moiety of A34. These results suggest that stacking
interactions are intact within the A34-C3S$ base step.

The chemical shifts of all nonexchangeable protons assigned
for the J3CC junction in D,O buffer at 25 °C ar- listed in
Table 1.

Three-Dimensional Homonuclear Spectroscopy of J3CC.
Since so many of the NOE connectivities in the NOESY
spectrum of J3CC were at least partially obscured by
overlapping cross peaks, we ran a three-dimensional, homo-
nuclear NOESY-NOESY experiment on this junction. This
allowed us to confirm the sequential assignments completed
from the two-dimensional NOESY spectra As an example,
in the base to H3 region of the NOESY experiment (Figure
4B), twocross peaks at wl = 4.65 ppm (A and B) are indicated.
In the w2 dimension, peak A aligns with the H6 proton of
C7, whereas peak B aligns with that of C8. This result poses
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FIGURE 5: (A) Contour plot of a two-dimensional slice (wl = 4.65
ppm) from the three-dimensional homonuclear NOESY-NOESY
experiment on J3CC in D,O buffer at 25 °C. This slice corresponds
tothewl position of cross peaks A and B in Figure 4B. (B) Expansion
of the boxed region of the contour plot in panel A. The base to
H2’/2" and H1’ to H2’/2” regions are shown. The assignments for
the cross peaks are indicated. The presence of two sets of HI'-
H2’/2" cross peaks confirms that both C7(H3’) and C8(H3’) resonate
at 4.65 ppm. The absence of strong cross peaks for C7(H6)-C7-
(H2’/2”") indicates that this nucleotide adopts an unusual confor-
mation in the junction.

a question as to whether these cross peaks represent intra- or
interresidue NOEs, or a combination of the two. In Figure
5A, the wl = 4.65 ppm plane of the three-dimensional
NOESY-NOESY experiment on J3CC is shown. An ex-
panded region of this plane demonstrating the base-H?2’/2”
and the H1’-H2’/2” cross peaks is shown in Figure 5B. Two
sets of H1’-H2’/2"" NOE cross peaks, belonging to C7 and
C8, are labeled in the figure. We therefore conclude that
both C7(H3") and C8(H3’) resonate at 4.65 ppm and that
cross peaks A and Bin Figure 4B each represent an intraresidue
NOE, though interresidual contributions to the NOE intensity
may be present as well.,

Also shown in Figure 5B are the H6~-H2’/2” cross peaks
for C7 and C8. It is clear from the figure that these NOEs
are qualitatively different; the cross peaks from C7 are weak
orabsent. Fora nucleotidein the normal B-form conformation
(C2-endo sugar pucker), the H3'-H2'-H6 spin diffusion
pathway should be quite efficient. This is not the case for C7,
and so we conclude that this residue adopts an unusual
geometry, in agreement with our previous findings from the
NOESY spectra.

Two-Dimensional NMR Spectroscopy of J3CC with a
5-Methylcytidine at Position7. We prepared an analogue of
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FIGURE 6: Expanded contour plots of a NOESY experiment (200-
ms mixing time) on the methylated J3CC junction in D,O buffer at
25°C. (A) The baseto methyl regionis shown. The H6-CH; NOEs
for residues C7 and T21 are labeled with asterisks. Twointerresidue
NOEs obscured in the NOESY spectrum of the original molecule
arealsoindicated. Cross peak A represents the G6(H8)-T21(CH3)
NOE, whereas peak B represents the A37(H2)-C7(CH3) NOE. (B)
Base to HI1’ region of the same experiment. The sequential
connectivities for residues 1-14 are labeled in the figure. Cytidine
H5-H6 cross peaks are labeled with an asterisk. The arrow on the
lower horizontal axis indicates the approximate position of C7(H6)
in the original J3CC junction.

the J3CC junction in which the first unpaired base, C7, was
replaced by a 5-methylcytidine residue. Our purpose in this
endeavor was to confirm the absolute assignments for C7 and
C8 in the original junction. These assignments were based
solely on the observation of a single sequential NOE in the
base to H2’/2” region of the NOESY spectrum (Figure 4A).
Since these bases are most likely found in a nonstandard
geometric configuration, the accuracy of these assignments
could be called into question.

We ran a NOESY experiment (200-ms mixing time) in
D,O buffer at 25 °C on the new junction with a 5-methyl-
cytidine residue. Contour plots of the base to H1” and base
to methyl regions of this spectrum are shown in Figure 6.
From the results, it is immediately evident that our initial
assignments are correct. In J3CC, the cytosine base with the
most downfield shifted base protons (H6 = 7.68 ppm, HS =
6.04 ppm) belonged to C7 (peak E, Figure 3A). In the
NOESY spectrum of the new junction molecule (Figure 6B),
this cross peak has disappeared. The Hé6 proton of SMe-C7
is now located at 7.47 ppm. This upfield shift of 0.21 ppm
is similar to that seen for H6 protons from model pyrimidine
compounds when they are methylated at the C5 position
(Fasman, 1975).

In the base to methyl region of the NOESY experiment on
the methylated J3CC analogue (Figure 6A), the strong C7-
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FIGURE 7: Expanded contour plot of the NOESY experiment (200-ms mixing time) on J31II in D,O buffer at 25 °C. The base to H1’ region
of the spectrum is shown. Sequential cross peaks are traced out separately for each of the three strands. Dotted lines represent absent sequential
connectivities. Assignments for the remaining labeled cross peaks are as follows. Panel A (residues 1-14): (A) A12(H8)-C13(HS), (B)
G1(H8)-C2(H5), (C) G9(H8)-C10(H5), (D) T4(H6)-C5(HS), (E) [I7(H2) or I8(H2)]-17(HY’), (F) [I7(H2) or 18(H2)]-I8(H1"), (G)
[I7(H2) or I8(H2)]-G9(H1’), (H) A3(H2)-A3(H1’), (I) A12(H2)-A12(H1’). Panel B (residues 15-28): (a) G19(H8)-C20(H5), (B)
C22(H6)-C23(HS5), (C) T21(H6)-C22(HS5), (D) A25(H2)-A25(H1"), (E) A18(H2)-A18(H1’). Panel C (residues 29-40): (A) G39-
(H8)-C40(HS5), (B) A34(H8)-C35(HS5), (C) A29(H2)-T27(H!’), (D) A34(H2)-A34(H1").

(H6)-C7(CHj) cross peak is labeled C7*. A new NOE cross
peak of interest (peak B) is also indicated in the figure. This
represents an NOE between the methyl group of C7 and the
H2 proton of A37, located within the minor groove of stem
I. This C7 methyl group also shows NOEs to C5(H1’) and
T38(H1’), both of which are in the minor groove of stem I,
as well as to an unidentified H4’ proton, possibly belonging
to G6. This new information confirms our earlier supposition
that C7 does not stack within the helical portions of the
junction. Instead, we now discover that the base is looped out
from the helix, positioned along or within the minor groove
of the preceding stem.

We also discovered that the substitution of a 5-methylcy-
tosine base at position 7 of J3CC led to some serendipitous
changes in the chemical shifts of protons on neighboring
residues. Asa result,several newly resolved NOE cross peaks
were visible. One of these is shown as peak A in Figure 6A.
It represents an NOE between G6(H8) and T21(CHj;). In
the original junction, J3CC, the G6(H8) proton overlaps with

G16(H8), obscuring the G6(H8)-T21(CHj) cross peak
underneath the much stronger G16(H8)-T17(CH3) connec-
tivity. This new finding, coupled with the prior observation
that the bases of A34 and C35 are most likely stacked upon
each other, suggests that stems I and III of the junction may
be colinear, combining to form a quasi-continuous helix within
the molecule.

Assignment of Nonexchangeable Proton Resonances for
J3II. With the assignments completed for the J3CC junction
complex, the assignment of nonexchangeable proton reso-
nances in the J3II complex was relatively straightforward.
Figure 7 shows three panels of the base to H1’ region of a
NOESY experiment (200-ms mixing time) on J3II in D,O
buffer at 25 °C. As was done for the J3CC junction, the
sequential assignments are shown separately for the three
strands in panels A-C.

In the first strand (panel A), the sequential assignments
within the segment G6-17-18 can be traced without inter-
ruption. The absolute assignments for 17 and I8 are made



6570 Biochemistry, Vol. 32, No. 26, 1993

with confidence here due to the directionality of the NOE
connectivity pattern in this region. There is no NOE cross
peak between I8(H1") and G9(H8). We do see other proton
resonances, at 7.82 and 7.85 ppm, that show NOEs to the H1’
protons of 17, I8, and G9 (cross peaks E, F, and G, Figure
5A). These are most likely the H2 protons of 17 and I8.
However, we are unable to make absolute assignments for
either of these protons.

Due to the overlap of the H6 proton resonances for residues
C20 and T21 (Figure 6B), it is difficult to determine the
presence or absence of a sequential NOE between C20(H1’)
and T21(H6). This overlap, which cannot be resolved by
changing the temperature, precludes the assignment of other
critical NOEs at this step. We do note that there is a
moderately strong NOE between C20(HS5) and T21(CH3) in
the NOESY spectrum (data not shown). In J3CC, no such
NOE connectivity was seen. This represents a significant
difference in the NOE cross peak patterns of the twojunctions.

For the A34-C35 base step in the third strand, there is a
weak NOE between A34(H8) and C35(HS5) (cross peak B in
Figure 6C). The A34(H1’)-C35(H6) NOE is obscured in
this experiment by the overlapping NOE cross peak between
C40(H1’) and C40(H6). However, C40 is a terminal base
whose proton chemical shifts are quite tempreature sensitive.
We therefore repeated the NOESY experiment on J3II at 35
°C, and have obtained a spectrum in which we observe a weak
but well-resolved A34(H1')-C35(H6) NOE. Nevertheless,
judging by both the small number and the weaker strength
of the NOE cross peaks between residues A34 and C35, the
interaction between these two bases is much weaker in the
J3II junction than it is in J3CC.

The other finding of note for this segment is the chemical
shift of the H6 and H5 protons of C35. These resonances are
located at 7.36 and 5.46 ppm, respectively. This represents
a substantial downfield shift when compared with the
corresponding resonances of the J3CC junction. Thischange,
as well as the weaker nature of the A34-C35 NOE connec-
tivities, suggests that the geometry of this base step is quite
sensitive to the identity of the unpaired nucleotides across the
branch point.

In Figure 8, we have plotted portions of the base to H2"/2”
and methyl region from the same NOESY experiment on
J3I1. The NOE connectivities between the H2’/2"” and H8
protons for the G6-17-18-G9 segment are indicated in panel
B. Intraresidue NOE cross peaks are identified by residue,
while sequential NOEs are marked by asterisks. Once again
we find no sequential NOE cross peak between I8 and GS.
One additional NOE of interest is shown in panel A of Figure
8. The arrow indicates an NOE connectivity between G6-
(H8) and T21(CH;). This NOE, also observed in the
methylated J3CC junction, is highly suggestive of a helical
stacking interaction between stems I and III. Thus, despite
significant differences between the NOESY spectra of J3CC
and J31I1, it appears that the stacking between stems I and 111
is conserved.

The chemical shifts of all nonexchangeable protons assigned
for the J31I junction in D,O buffer at 25 °C are listed in Table
II.

Assignment of Nonexchangeable Proton Resonances of
J3A4A. We also ran and analyzed NOESY experiments on
the junction J3AA with two unpaired adenines instead of
inosines at the branch point. Figure 9 showsexpanded contour
plots from the 200-ms-mixing-time NOESY spectrum of this
molecule at 25 °C in D;0 buffer. We have traced out the
sequential connectivities for residues 1-14 within the base to
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FIGURE 8: Expanded contour plots of the NOESY spectrum (200-
ms mixing time) of J31I in D,O buffer at 25 °C. (A) Portion of the
base to methyl region of the spectrum. The T21(H6)-T21(CHj3)
cross peak is labeled. The arrow represents an NOE between G6-
(H8) and T21(CHs). (B) Portion of the base to H2’/2” region of
the spectrum detailing NOE connectivities involving the sequence
G6-17-18-G9. Intraresidue H8—H2’/2” cross peaks are labeled, while
interresidue cross peaks are indicated by asterisks. No NOE
connectivities are seen for the I8-G9 base step.

H1’ region (panel B). The results are strikingly similar to
those from J3II, the only significant difference being the
chemical shift of A7(H1’) in J3AA versus that of I7(H1") in
J3II. As was the case for J3II, we can trace out the NOE
connectivities for the sequence G6-A7-A8 within J3AA.
However, cross-peak overlap makes it difficult to determine
whether there are any visible NOE connectivities between A8
and G9. These NOEs, if present, are clearly quite weak.
Furthermore, the H2 protons of A7 and A8 both resonate at
7.74 ppm, overlapping with A34(H2). NOE interactions from
these protons to others within the bulge site are therefore
difficult to discern. We also note that, in this case, the A34-
(H11)-C35(H6) NOE is well-resolved at 25 °C (data not
shown), with a similar cross-peak intensity to that seen in
J31I.

In Figure 9A the base to methyl region of the NOESY
spectrum is shown. The most significant finding here is the
presence of a cross peak between C20(H6) and T21(CHj;)
(peak B, Figure 9A). In the NOESY spectrum of J3II, no
such cross peak was visible due to the overlap between C20-
(H6) and T21(H6). However, we also see an NOE between
G6(HS8) and T21(CHj3;) (peak A, Figure 9A), similar to that
seen in J3II. This finding makes it difficult to decide whether
J31I and J3AA possess a similar conformation with respect
to coaxial stacking of the helical stems. The potentially
dynamic nature of base pairing at the branch point of J3AA
might explain the unusual NMR finding. This idea is
examined in more detail in the Discussion section.

The chemical shifts of all nonexchangeable protons assigned
for J3AA in DO buffer at 25 °C are listed in Table III.
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Table II: Nonexchangeable Proton Chemical Shift Assignments for
the J3I1 Junction in D,O Buffer at 25 °C

chemical shifts (ppm)

base H6/H8 HS5/CH; H2 HIY H2” H2 HY¥
Gl 7.94 595 279 261 4385
C2 7.48 5.42 568 250 217 491
A3 8.37 772 633 300 274 5.06
T4 7.17 1.43 592 244 203 4.86
C5 7.36 5.56 5.61 224 187 4381
Gé6 7.86 572 265 250 4.80
17 7.95 7.82¢ 582 231 225 4.69
18 8.12 7.84¢ 588 259 249 4588
G9 7.78 580 280 2.68 4.87
C10 7.51 5.37 599 253 213 494
Ti1 7.47 1.68 571 249 219 492
Al2 8.36 760 624 289 275 507
c13 1.31 5.40 568 230 1.87 4.80
Gl4 7.89 6.14 238 260 4.67
Ci15 7.65 5.90 578 244 203 472
Gl16 8.01 600 281 270 5.00
T17 7.29 1.54 5.65 242 212 4.89
Al8 8.21 749 610 291 274 508
G19 7.64 576  2.60 243 497
C20 7.44 5.30 6.06 247 231 4.80
T21 7.44 1.55 592 248 214 481
C22 7.60 5.64 591 248 223 4382
C23 7.55 5.57 585 248 212 475
T24 7.37 1.68 574 242 203 488
A25 8.30 763 623 285 266 4.98
T26 7.28 1.46 594 219 208 481
T27 7.84 2.02 631 211 179 472
T28 7.38 1.37 526 200 165 4.46
A29 8.24 8.07 646 327 302 491
T30 7.36 1.40 572 244 214 486
A3l 8.14 745 6.05 283 264 5.00
G32 7.62 5.54 264 251 496
G33 7.55 561 264 240 498
A34 8.07 7.81 6.17 270 265 4.96
C3s 7.36 5.46 551 229 191 4.82
G36 7.90 561 282 272 5.01
A37 8.19 785 620 289 263 5.00
T38 7.03 1.37 572 232 189 480
G39 7.82 591 268 257 496
C40 1.37 5.27 6.16 221 221 449

@ H2 protons of 17 and I8 were not distinguished.

DISCUSSION

Formation of Three-Way Junctions. We have designed a
system in which two DNA oligomers, a hairpin loop with
dangling ends and a complementary strand, may combine to
form a three-way junction with six base pairs in each arm and
two unpaired bases at the branch point. We have made three
junctions with either purines or pyrimidines as the unpaired
bases. Gel electrophoresis experiments demonstrate that these
strands do combine in a one-to-one stoichiometry to form
DNA junctions under appropriate ionic conditions. The
junctions with either unpaired purines or unpaired pyrimidines
behave similarly in native polyacrylamide gels. However, these
experiments are sensitive only to changes in the end-to-end
distance between helical arms. In molecules with very short
arms such as are found in the three-way junctions, confor-
mational differences are unlikely to cause any significant
change in electrophoretic mobility.

Assignment of Nonexchangeable Protons in the Three-
Way Junctions. Sequential resonance assignments for a
molecule as large as our junctions pose a special problem due
to the extensive cross-peak density in the NOESY spectrum.
To aid in the assignment process, we designed the nucleotide
sequence of stems I and II to coincide with a series of bulge-
loop duplexes previously studied in this laboratory (Rosen et
al., 1992a,b). In these studies, structural distortions of the
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FiGURE 9: Expanded contour plots of the NOESY spectrum (200-
ms mixing time) of J3AA in D,O buffer at 25 °C. (A) Base to
methyl region. The H6-CH; NOE for residue T21 is labeled with
an asterisk. Cross peak A represents the G8(H8)-T21(CH;) NOE.
Peak B represents the C20(H6)-T21(CH;) NOE. (B) Base to H1’
region. Sequential connectivities for residues 1-14 are indicated.
Cytidine H6—H5 NOEs are labeled with asterisks. Additional cross
peaks are labeled as follows: (A) A12(H8)-C13(HS), (B) G1(H8)-
C2(H5), (C) G9(H8)-C10(H5), (D) C2(H6)-C2(H1’) and T11-
(H6)-T11(H1"), (E) T4(H6)-C5(H5), (F) A3(H2)-A3(H1"), (G)
A12(H2)-A12(H1%).

DNA helix were localized to within one or two base pairs of
the bulge loop. By assuming that the conformational rear-
rangements in a three-way junction are similarly localized to
the branch point site, we could easily trace the NOE
connectivity pattern for these two stems. We also designed
the hairpin loop in stem III to coincide with a sequence
previously studied by Blommers et al. (1989, 1991). Using
their prior work, as well as the unusual NOE pattern from the
TTTA tetraloop, we were able to complete the assignments
for stem III as well.

Despite these favorable circumstances, the assignment
process was at times hampered by severe overlap in the
NOESY spectrum. Inmany casesit was necessary tocompare
oneside of the diagonal toits image in order to take advantage
of the superior resolution in the w2 dimension for each proton
type. NOEs between base (H8 or H6) and sugar (H1/, H2"/
2”, and H3’) protons were assigned in conjunction with the
NOE cross-peak patterns within the sugar moieties themselves.
For mapping the intraresidue connectivities within the sugars,
we found that data from a short-mixing-time NOESY (50
ms) was superior to data from COSY-type experiments,
possibly due to the large line widths of the proton resonances.
Stereospecific assignments for the H2//2” proton pair were
made on the basis of the relative intensity of the H1’~H2’ and
H1’-H2” NOE cross peaks in the 50-ms-mixing-time NOESY
spectrum, assuming the latter should always be greater at this
short mixing time. For residuesin which such a determination
was not possible, comparisons were made to previously reported
assignments of the component duplex stem regions (Blommers
et al., 1991; Rosen et al., 1992a).

Conformational Features of J3CC. The nonexchangeable
proton NMR resonance assignments for J3CC demonstrate
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Table III: Nonexchangeable Proton Chemical Shift Assignments
for the J3AA Junction in D,O Buffer at 25 °C

chemical shifts (ppm)

base H6/H8 HS5/CH; H2 HlI’ H2” H2 HY¥
Gl 7.91 593 279 260 485
C2 7.47 5.40 5.68 248 218 491
A3 8.37 772 631 299 273 5.06
T4 7.17 1.44 591 241 199 4385
Cs 7.38 5.60 559 220 1.83 4.80
G6 7.86 580 260 241 4.80
A7 7.95 774 574 228 211 477
A8 8.11 774 591 265 256 491
G9 7.79 578 273 264 4.9
C10 7.46 5.33 596 251 210 4.75
T11 7.46 1.68 568 248 215 491
Al2 8.35 7.58 6.23 288 274 507
Cl13 7.30 5.39 5.67 229 195 479
Gl4 7.87 6.12 260 238 4.67
C15 7.62 5.86 575 243 202 471
Glé 7.99 599 280 269 4.99
T17 7.28 1.53 563 241 210 4.89
AlB 8.20 749 609 292 275 508
G19 7.66 574 261 248 497
C20 7.42 5.29 6.03 245 232 4380
T21 7.47 1.59 6.01 250 220 485
C22 7.69 5.79 6.00 250 229 485
C23 7.55 5.61 589 250 213 479
T24 7.37 1.70 575 241 203 4.89
A2S 8.31 766 624 286 267 499
T26 7.28 1.47 594 219 210 482
T27 7.84 2.02 632 211 180 473
T28 7.38 1.37 527 201 166 4.46
A29 8.25 8.08 646 327 3.03 491
T30 7.37 1.42 572 244 215 487
A3l 8.16 751 605 283 265 501
G32 7.63 551 263 250 497
G33 7.58 564 260 241 494
A34 8.04 774 616 265 257 494
C3s 7.38 5.54 5.52 230 194 4381
G36 7.91 553 279 270 5.00
A37 8.22 780 625 292 265 502
T38 7.06 1.39 573 233 192 483
G39 7.81 591 267 256 496
C40 7.32 5.16 6.13 222 222 448

that the junction consists of three right-handed, B-form helices,
one of which is part of a stem—loop structure. All intra- and
interresidue NOE cross peaks expected for B-form DNA are
seen within these regions of the molecule. This result agrees
with studies of four-way DNA junctions, in which the helices
exhibit a B-DNA conformation in solution (Marky et al.,
1987; Chen et al., 1991).

When the structure of multistranded DNA or RNA
junctions is studied, the crucial areas of interest are at the
segments that span the branch point site in the junctions.
Accordingly, in our analysis of the NOESY spectrum of J3CC,
we have focused our attention on the segments G6-C7-C8-
G9,C20-T21,and A34-C35. Ourgoals have beentodetermine
the conformational status of the unpaired bases at the branch
point and to obtain information concerning the disposition of
the three helices relative to each other.

The sequential NOE pattern for the two unpaired cytosines
in J3CC is unusual, indicating that these residues adopt
nonstandard conformation(s) within the molecule. The
downfield chemical shift of the base protons from these two
residues suggests that these bases may loop out from the helix
into solution. This hypothesis was confirmed in the NOESY
spectrum of the methylated J3CC analogue, in which NOE
cross peaks were observed from the C7 methyl group to minor
groove protons of stem 1.

In the J3CC junction, the presence of many strong
interresidue NOEs between A34 and C35 suggests that these
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two bases stack with one another. This makes stems I and
I the most plausible candidates for colinear stackingin J3CC.
If such an arrangement of the helices were taking place, one
would also expect to see NOE connectivities between residues
G6 and T21. Due to cross-peak density within the NOESY
spectrum, we cannot see such interactions within J3CC.,
However, the J3CC analogue with a 5-methylcytosine base
at position 7 produces a NOESY spectrum with superior cross-
peak resolution. In this molecule, the G6(H8)-T21(CHj3)
NOE is clearly visible. This result constitutes a strong piece
of evidence in support of the colinearity of stems I and III in
the junction.

The use of a methylated analogue of the J3CC junction to
confirm and complete assignments raises the question of
whether such a modification will perturb the structure of the
molecule. Small chemical shift differences are detectable in
bases at the branch point, suggesting some alteration of the
conformation and/or dynamics of the molecule in this region.
In one or two cases these alterations have led to serendipitous
detection of new NOE cross peaks. However, we believe that
there are no dramatic conformational differences between
the two molecules. All chemical shift differences between
these molecules (except for protons belonging to C7) are small.
Furthermore, discounting those NOEs seen to the C7-Me
protons, all newly discovered NOEs in the spectrum of the
methylated junction have been judged by us as likely to be
present but obscured in the NOESY spectrum of the original
molecule.

These NMR results on the J3CC junction can be contrasted
with gel electrophoresis studies on three-way junctions lacking
additional bases at the branch point (Duckett & Lilley, 1990),
which suggest that no helical stacking occurs and that these
junctions adopt a symmetric, “Y” conformation. Other
researchers (Guo et al,, 1990; Lu et al., 1991) have seen
evidence of an asymmetric disposition of the arms of three-
stranded junctions. However, none of these studies have looked
at junctions containing unpaired bases at the branch point.
These bases have been shown to stabilize three-way junctions
(Leontis et al., 1991). It is conceivable that the function of
the unpaired bases is to relieve a conformational stress that
otherwise prevents the molecule from adopting a structure in
which the internal bases participate in Watson—Crick pairing
while maximizing base-stacking interactions at the branch
point site.

Comparison of Nonexchangeable Proton Chemical Shifts
for J3CC and J3II. A residue-by-residue comparison of
selected nonexchangeable proton chemical shifts for J3CC
and J3II is plotted in Figure 10. The unpaired bases at the
branch point and in the loop are omitted. Twelve residues are
plotted in each panel so that the branch point of the junction
is located in the middle of each plot. Not surprisingly, proton
resonances from internal residues of the junction are most
dependent on the identity of the two unpaired bases at the
branch point. Interestingly, this effect is not limited to the
strand containing the unpaired bases but is more diffusely
spread throughout the branch point region of the molecule.
This implies that conformational differences exist between
the J3CC and J3II molecules that are not due solely to the
disposition of the two unpaired bases at the junction.

A closer look at Figure 10 reveals several significant features.
There is an upfield shift in the H8 and H1’ proton resonances
of G6 and G9 when inosine bases replace the cytosines at
positions 7 and 8. Proton chemical shift values in DNA are
heavily dependent on nearest-neighbor interactions. The
upfield shifts in residues G6 and G9 seen in J3II may reflect
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FIGURE 10: Bar graph showing the chemical shift differences at 25
°C between the base, H1", H2", and H2" protons of J31I and J3CC
for residues within the double-helical regions of the junctions. A
positive difference indicates that the proton resonance in question is
located further downfield in the J3II molecule.

the presence of stacking interactions between these guanine
bases and the neighboring inosines.

A second stretch of residues at the branch point, G19-
C20-T21-C22, contain proton resonances that shift upfield in
J311. Since ring current effects from pyrimidine bases within
this sequence are generally weaker than those from purine
bases, it is likely that one or both of the two inosine residues
of J3II is interacting with some of the bases in this region as
well. Thisindicates that, in the structure of the J3II junction,
the inosine bases effect the proton chemical shifts of a number
of residues on different strands.

The most striking chemical shift differences between J3CC
and J3II take place at residue C35. In the J3CC molecule,
the H6, H5,and H2’ /2" protons all resonate at extreme upfield
positions. In 3JII, we see a downfield shift of these proton
resonances to more normal values. There are two possible
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explanations for this observation. Ring currents from either
17 or I8 might again be responsible if the C35 residue were
to lie adjacent to one of these bases in the plane of the purine
ring. However, it is more likely that global conformational
changes between the two junctions are the cause of this
chemical shift difference. If base stacking with A34 results
in the upfield C35 resonances in J3CC, as is suggested by the
large number of NOE connectivities between these two bases,
then any disruption of this interaction would explain the more
downfield chemical shift values for proton resonances from
residue C35 in the J3II junction. The smaller number of
strong NOE connectivities between residues A34 and C35 of
J31I supports this notion.

Comparison between J34A and J3II. For the most part,
our analysis of the NOESY spectrum of J3AA matches that
of J3I1. The mostsignificant difference inthe NOESY spectra
of the two molecules is the resolution of C20(H6) and T21-
(H6) in J3AA, with the concomitant observation of the C20-
(H6)-T21(CH;) NOE. Such an NOE might indicate the
presence of a stacking interaction at this base step. However,
in the case of J3AA, inspection of the sequence demonstrates
that there are two alternative base-pairing schemes available
tothe molecule: T21 could pair with either A34 or A8. Which
pairing, if either, would be energetically preferred is impossible
topredict a priori. InJ3II, the analogous pairing alternative,
a T21-I8 mismatch, would be less likely to occur. For this
reason, we have chosen to focus our analysis on the NOESY
spectrum of J3II. In J3AA the presence of the G6(HS8)-
T21(CH;) NOE assures us that the geometries of the two
purine—bulge junctions are similar. The additional presence
of a C20(H6)-T21(CHj3) NOE in J3AA may simply reflect
the transient formation of an alternative conformation that
includes a base pair between A8 and T21.

Position of Unpaired Bases in Bulge-Loop Duplexes and
Three-Stranded Junctions. The tendency of bulged pyrim-
idines to loop out from the helix of duplex DNA (Morden et
al., 1983, 1990; Kalnik et al., 1989b, 1990) seems to be echoed
in the behavior of the unpaired cytidine bases in the three-
way junction J3CC. In the studies of bulged pyrimidines in
duplex DNA, the unpaired base could not be localized to any
particular position. In contrast, we can explicitly locate the
first unpaired cytosine of J3CC within or along the minor
groove of stem I. This is not the first time we have observed
such a phenomenon with unpaired pyrimidines in DNA. In
a DNA duplex containing an abasic site, a cytosine base
opposite the lesion is also located in the minor groove of one-
half of the molecule (unpublished data). This phenomenon
may be general to DNA. Whether unpaired pyrimidines
within duplex regions of RNA will behave similarly, though,
is not clear at this time.

For bulged purine residues, solution NMR studies have
shown that these bases prefer to remain stacked within the
helix (Patel et al., 1982; Woodson & Crothers, 1988; Kalnik
etal., 1989a; Nikonowicz et al., 1990). This observation was
recently extended in our laboratory to include bulge loops of
two or three purine bases (Rosen et al., 1992a). The NMR
results presented for J3II and J3AA support the placement
of the two purine bases in the interior of the junctions. In
these molecules, none of the proton resonances from the bulged
bases are significantly downfield shifted, as would be expected
if any of these residues were to loop out into solution. In J3II
and J3AA, the H8 protons of G6 and G9 resonate further
upfield than they doin J3CC. Inthe NOESY spectra of J31I
and J3AA, we see continuous through-space connectivities
within the sequences G6-17-18 and G6-A7-A8, respectively.
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In J3AA, the presence of an NOE connectivity between A7-
(H8) and A8(HS8) is strongly suggestive of a stacking
interaction at this base step, while in J3II, NOEs between the
inosine H2 protons and nearby H1’ protons are indicative of
a right-handed helical conformation in this region.

In bulge-loop duplexes, the insertion of two or more bases
into the helix causes the DNA molecule to kink away from
the bulge-containing strand (Rosenet al., 1992b). Ithasbeen
suggested (Leontis et al., 1991) that a similar structural
deformation would facilitate the formation of three-way
junctions. However, in a junction such as J3II, the covalent
geometry about the unpaired bases is quite different. One
would therefore expect that the geometricrelationship between
helices in three-way junctions and bulge-loop duplexes would
be different. The configuration of bases at the branch point
of the purine junctions J3II and J3A A remains unclear at this
time. In particular, it is difficult to imagine how G6 might
stack with both T21 and I7/A7. Our NMR data does not
allow us to resolve this dilemma. Therefore, our proposals
regarding the branch point conformation of J3AA and J3I1
remain qualitative. However, it is clear that the unpaired
purines in these molecules are at least partially stacked with
their neighboring base pairs within the interior of the molecule.
Thisresult can bedirectly contrasted with that of J3CC, where
one of the unpaired pyrimidines loops out from the interior
of the molecule to reside within the minor groove of a
preceeding stem.

Structural and Biological Effects of Unpaired Bases within
Three-Way Junctions. Inallthreejunctionsstudied, the NOE
data suggest that stems I and III interact to form a quasi-
continuous helix, However, differences in the proton chemical
shifts and the NOE cross-peak pattern suggest that the identity
of the unpaired residues in the junction may have an affect
on the tertiary structure of the molecule. This result has
important consequences for understanding the tertiary struc-
ture of larger RN A molecules, in which structural features
such as multistranded junctions are commonly encountered.
The 5S RNA molecule is one of the simplest cellular RNAs
known. Extensive phylogenetic comparisons and chemical
modification studies of natural 5S RNA and site-directed
mutants have led to a consensus secondary structure in which
a three-way junction is the dominant feature. A number of
evolutionarily conserved, unpaired residues are located on one
strand at the branch point of this junction. Elimination or
substitution of these residues leads to structural alterations
detectable by chemical modification and protein binding assays
(Egebjerg et al., 1989; Romaniuk, 1989; Baudinetal., 1991).
It has been suggested that these bases may play an importnat
rolein the structure and dynamics of the junction. Our results
on three-way DNA junctions support this idea. Unpaired
purine and pyrimidine bases appear toadopt strikingly different
conformations when placed at the branch point of three-way
DNA junctions. We suggest that this phenomenon may in
turn affect the overall structure and dynamics of the multi-
stranded DNA and RNA junctions.

CONCLUSIONS

We havedemonstrated that stable three-way DNA junctions
with unpaired bases at the branch point may be formed from
twooligonucleotide strands. We have assigned all of the base,
H1’,H2’, H2”, and H3' protons in three junctions that differ
only in the identity of the unpaired bases. The inclusion of
an unusually stable four-base hairpin loop within the junction
molecules has greatly aided us in the process of completing
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sequential proton resonance assignments. We have also
demonstrated the utility of using three-dimensional homo-
nuclear NMR experiments to help resolve ambiguous as-
signment possibilities in the two-dimensional NOESY spectra
of complex DNA molecules.

Our results indicate that the helices of these three-way
junctions retain a B-like conformation in solution. All bases
at the branch point maintain an anti configuration about the
glycosidic bond. In the junction with two unpaired cytidine
residues, the bases show an unusual pattern of proton chemical
shifts and NOE connectivities. The 5" residue, C7, is clearly
looped out from the interior of the molecule and resides along
the minor groove of stem I. The 3’ residue, C8, may be located
within the interior of the molecule but does not stack normally
with its 3’ neighbor, G9.

Inthe junctions with either two inosine or twoadenine bases
at the branch point, the chemical shift and NOE patterns are
more indicative of an internally stacked position for both of
these residues. The NOESY spectra of these molecules
demonstrate the presence of sequential NOE connectivities
within these regions, leading us to propose that the unpaired
bases in these molecules adopt a right-handed helical con-
figuration and participate in some base-stacking interactions
with the neighboring residues.

In both junctions, there is a strong indication of a preferred
pair-wise stacking among two of the three helices. This
observation should be contrasted with earlier studies in which
the helices in three-way DNA junctions were shown to be
symmetrically disposed in the molecule. However, these
studies were done on junctions lacking bulged bases at the
branch point site.

In comparing the junction molecules we have studied, we
find some significant differences in proton chemical shifts
and NOE cross-peak patterns. These differences indicate that
the identity of the unpaired bases at the branch point may
influence the tertiary structure of the molecule. This finding
has implications for the role of evolutionarily conserved, single-
stranded bases in determining the structure of multistranded
junctions within cellular RNAs.
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