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We have solved the structures of the homoduplex d(Gm>CGCGCG),, and
the heteroduplexes d(GCGCGCG)/d(TCGCGCG) and d(GCGCGCG)/
d(CCGCGCQG). The structures form six base-pairs of identical Z-DNA
duplexes with single nucleotides overhanging at the 5-ends. The over-
hanging nucleotide from one strand remains stacked and sandwiched
between the blunt-ends of two adjacent Z-DNA duplexes, while the over-
hanging base of the opposing strand is extra-helical. The stacked and
the extra-helical bases from adjacent duplexes pair to form a distorted
d(G-G) reverse Hoogsteen base-pair in the d(Gm°’CGCGCG), homo-
duplex, and d(G-T) reverse wobble and d(G-C) reverse Watson-Crick
base-pairs in the d(GCGCGCG)/d(TCGCGCG) and d(GCGCGCG)/
d(CCGCGCQG) heteroduplexes, respectively. Interestingly, only the d(G,T)
and d(G-C) base-pairs were observed in the heteroduplexes, suggesting
that both the d(G-T) reverse wobble and d(G-C) reverse Watson-Crick
base-pairs are more stable in this crystal environment than the d(G-G)
reverse Hoogsteen base-pair. To estimate the relative stability of the three
types of reverse base-pairs, crystals were grown using various mixtures
of sequences and their strand compositions analyzed by mass spec-
trometry. The d(G-C) reverse Watson-Crick base-pair was estimated to
be more stable by ~1.5 kcal/mol and the d(G-T) reverse wobble base-
pair more stable by ~0.5 kcal/mol than the d(G-G) reverse Hoogsteen
base-pair. The step during crystallization responsible for discriminating
between the strands in the crystal is highly cooperative, suggesting that
it occurs during the initial nucleating event of crystal growth.
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Introduction

d(GCGCGCG)/d(TCGCGCG) and d(GCGCGCG)/
d(CCGCGCQG) heteroduplexes. A distorted d(G-G)

The proper pairing of nucleotide bases ensures
fidelity in replication and transcription of the gen-
etic information in a cell. The pairing of guanine
with cytosine and adenine with thymine in what is
now known as standard Watson-Crick base-pair-
ing forms the basis for the structure of antiparallel
DNA and RNA duplexes. Unusual base-pairs,
however, also play important roles in the trans-
mission of genetic information. Here, we study the
structures of reversed base-pairs formed by
nucleotides that overhang at the 5-end of the
homoduplex d(Gm>CGCGCG),, and of the

Abbreviations used: RRE, Rev responsive element.
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reverse Hoogsteen base-pair is formed in the
homoduplex, while d(G-T) reverse wobble and
d(G-C) reverse Watson-Crick base-pairs of the
type observed in RNA structures form in the re-
spective heteroduplexes.

The two strands of most DNA and RNA struc-
tures are oriented antiparallel to each other. In
DNA duplexes, Watson-Crick-type base-pairs are
the predominant interactions that hold the two
strands together. When bases are mismatched in
DNA, unusual base-pairing can occur, including
wobble base-pairs between G and T and
Hoogsteen-type base-pairs between two purine
nucleotides (Figure 1). These are less stable than

© 1997 Academic Press Limited
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Figure 1. Comparison of the normal and reverse Watson-Crick d(G-C) base-pairs, wobble d(G-T) base-pairs, and
Hoogsteen-like d(G-G) base-pairs. The nitrogen atoms in the bases of the normal Watson-Crick d(G-C) base-pair are
numbered to orient the reader to the standard numbering of the purine and pyrimidine bases. The glycosidic bond
that links the bases to the deoxyribose (R) in the reverse base-pairs are oriented antiparallel to each other so that
there is no distinction in terms of major and minor grooves, as there are in the normal base-pairs. There is, however,
a common guanine in the three structures studied here, and the major and minor grooves of this base are used as the
reference in discussing the surfaces in the text. The Watson-Crick face of the bases includes the N1 base nitrogen
atom, N2 amino nitrogen atom and O6 keto oxygen atom of the guanine residue and the O2 keto oxygen atom, N3
base nitrogen atom and N4 amino nitrogen atom of the pyrimidine bases of thymine and cytosine. The Hoogsteen
face of guanine is defined by the O6 keto oxygen atom and the N7 base nitrogen atom of the purine base.

standard Watson-Crick-type base-pairs. In RNA
structures, unusual base-pairing is more prevalent,
and has been observed to stabilize the complex ter-
tiary structures of large polynucleotides such as
tRNA (Quigley & Rich, 1976), hammerhead ribo-
zymes (Pley et al., 1994), and the self-splicing
group I intron from Tetrahymena thermophila (Cate
et al., 1996).

Watson-Crick, wobble, and Hoogsteen-type
base-pairs all have reverse analogues in which one
base is completely inverted. Here, we refer to “re-
verse” base-pairs as the pairing of the nucleotide
bases in which the glycosidic bonds are oriented
essentially antiparallel to each other (Figure 1). The
three base-pairs that we study here are asymmetric
in the same manner that the normal pairings are
asymmetric. The Hoogsteen and reverse Hoogsteen
d(G-G) pairs match the Watson-Crick face of one
purine with the Hoogsteen face of the second. The
reverse analogues of the d(G-T) wobble and
d(G-C) Watson-Crick base-pairs match the two re-
spective Watson-Crick faces of the bases. In con-
trast, truly symmetric reverse base-pairs, with two
identical bases related by a dyad axis perpendicu-
lar to the base-pair plane, have been used in the
design of synthetic parallel-stranded DNA oligo-

mers (Rippe et al.,, 1992; Robinson et al., 1994).
These are interesting structures, although their bio-
logical relevance has yet to be determined.

In large RNA structures, however, loops that
fold into local secondary and tertiary structures
often require the formation of unusual base-pairs,
including reverse base-pairs even if the strands are
in antiparallel orientations. For example, in the
crystal structure of yeast tRNATPe " a reverse
Watson-Crick base-pair at (G15-C48) links the o
region of the D arm to the variable V loop, and a
reverse Hoogsteen base-pair at (G22-m’G46) links
the D arm to the variable V loop (Kim, 1978). In a
second example, a reverse Hoogsteen-type base-
pair forms between G7 and G11 at the base of a
GNRA structural motif in an RNA aptamer de-
signed to recognize and bind ATP (Jiang et al.,
1996). Finally, in the NMR solution structure of
the hairpin formed by r(GGAC(UUCG)GUCC), a
r(G-U) reverse wobble base-pair stabilizes the base
of a two nucleotide loop (Varani et al., 1991). This
hairpin structure is thought to occur frequently
in ribosomal and messenger RNAs. Thus, non-
Watson-Crick base-pairs are important for the
proper folding of RNA molecules into the compact
tertiary structure of their functional forms.
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Non-Watson-Crick base-pairs are also important
for RNA-protein recognition. Genetic and bio-
chemical studies have shown that protein binding
sites in RNA are often associated with important
non-Watson-Crick base-pairs (Allmang et al., 1994;
Ibba et al., 1996). In addition, protein binding of
RNA loops can induce the formation of non-
Watson-Crick base-pairs. For example, the HIV
Rev peptide binding to the Rev responsive element
(RRE) in the env gene of HIV is associated with the
formation of two homopurine base-pairs in an in-
ternal RNA loop (Battiste ef al., 1994; 1996).

The infrequent occurrence of reverse base-pairs
makes it difficult to study the intrinsic stability as-
sociated with specific structures. We present here
the atomic resolution structures of three different
reverse base-pairs formed by nucleotides that over-
hang the 5-ends of DNA duplexes. By studying
the structures of these base-pairs and their effects
on duplex formation during crystallization, we
have estimated the stability of the d(G-C) reverse
Watson-Crick and d(G-T) reverse wobble base-
pairs relative to the distorted d(G-G) reverse
Hoogsteen base-pair.

Results

We have solved the structures of the hepta-
nucleotide duplexes d(GCGCGCG), d(Gm>CGCG-
CG),) (where m°C is cytosine methylated at the C5
carbon of the base), d(GCGCGCG)/d(TCGCGCQG)
and d(GCGCGCG)/d(CCGCGCG). In all four
structures, the six underlined nucleotides pair to
form left-handed Z-DNA d(CGCGCG) duplexes.
The nucleotides within these duplexes are num-
bered 1 to 7 for each nucleotide of the common
d(GCGCGCQG) strand, and 8 to 14 for the opposing
d(NCGCGCQG) strand (where N is either G, C, or
T). A single nucleotide (G1 of d(GCGCGCG) and
N8 of d(INCGCGCQG)) is left overhanging each of
the 5-ends of the duplexes. These overhangs pair

with overhangs from adjacent duplexes in the crys-
tal lattice to form three different reverse base-pairs.
The overhanging dG nucleotides of the homodu-
plexes d(GCGCGCG), and d(Gm°’CGCGCG), form
nearly identical reverse Hoogsteen-type d(G-G)
base-pairs (rthGG: Figure 2(a)). However, only the
structure of the methylated sequence will be dis-
cussed here; it provided a more reliable structure,
as was evident from the final R-factors of the re-
fined structures. The duplexes of d(GCGCGCG)/
d(TCGCGCG) form reverse wobble d(G-T) base-
pairs (rwGT) (Figure 2(c)), while the duplexes
of d(GCGCGCG)/d(CCGCGCG) form reverse
Watson-Crick  d(G-C)  base-pairs  (rwcGC)
(Figure 2(b)). Thus, in all the structures, the over-
hanging nucleotide G1 remains stacked against the
Z-DNA duplex, while N8 is extra-helical (Figure 3).
In the remainder of this section, we will first dis-
cuss the duplex structures and crystal lattice inter-
actions that are common to all the sequences,
followed by a more detailed description of the
structure for each type of base-pairing.

Z-DNA duplex structure

The six bases at the 3'-end of each sequence form
standard Watson-Crick d(C-G) base-pairs. The re-
sulting structure is a left-handed duplex that is
nearly identical to the Z-DNA structure of d(CG),
(Wang et al., 1979, 1981). The base conformations
alternate between anti for the dC nucleotides
(x~ —150°) and syn for the dG nucleotides
(x &~ 4+60°) along each strand of the duplex. The
sugar conformations alternate between C2'-endo for
the dC and C3'-endo for the dG nucleotides. The
C3'-endo sugar facilitates formation of the syn con-
formation by the purine bases. The 3'-terminal dG
nucleotide of each strand, although in the syn con-
formation, adopts a C2'-endo sugar conformation,
as was observed in all the standard Z-DNA struc-
tures of hexanucleotides (Ho & Mooers, 1997).

Figure 2. Electron density omit maps of: (a) reverse Hoogsteen-like d(G-G) (thGG); (b) reverse Watson-Crick d(G-C)
(rwcGC); and (c) reverse wobble d(G-T) (rwGT) base-pairs. Shown are F, — F. maps in which the overhanging bases
at the 5-ends were excluded from the phasing information used to calculate the structure factors. The hydrogen
bonds that link the two bases of each base-pair and the common guanosine in syn to its deoxyribose sugar are indi-
cated by the broken lines, along with the distances for each hydrogen bond.
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Figure 3. Stereo view of the crystal lattice. All three crystals in this study are in the space group P2,2,2, with four
symmetry-related heptamers in the unit cell (the contents of one unit cell of d(Gm’CGCGCG), is shown). The axes of
the unit cell are labeled. The one unique heptamer duplex in the unit cell is shown as a ball and stick model, while
the bonds of the symmetry-related hexamer duplexes are shown as simple lines. The guanosine residue in position 8
flips out and hydrogen bonds to the stacked guanosine residue in position 1 of the adjacent molecule in the same
layer of duplexes. Thus, there is a single base-pair interaction between adjacent duplexes within this unit cell.

Thus, the duplexes have the general features of Z-
DNA as defined by the prototype structure of
d(CG)s.

The helical parameters of the duplex structures
are compared to that of d(CGCGCQG) in greater de-
tail in Table 1. The helical twist alternates on aver-
age between —9.1° for the d(CpG) step and —47.7°
for the d(GpC) step for all three structures, to give
an average of —28.4° per base-pair. This is nearly
identical to the —30.1° twist per base-pair observed
in the structure d(CG);. When comparing the indi-
vidual structures, the helical twists between the
base-pairs of the homoduplex are identical (to
within one standard deviation) to those of the ana-
logous base steps in standard Z-DNA. The two
heteroduplexes, however, are slightly less left-
handed at the d(GpC) dinucleotide steps than ob-
served in d(CG);. This distortion in the hetero-
duplex structures is associated with perturbations
required to pair the base of the extra-helical
nucleotides with the stacked guanosine residue G1
of an adjacent duplex.

The other obvious difference is the large buckle
of the base-pairs at the ends of the duplex regions
in all of the current structures. The Z-DNA struc-
ture of d(CG); is very rigid, and the base-pairs
very planar (showing very little propeller twisting
or buckling). The high buckle at the ends is again

likely associated with distortions required to form
the unusual base-pairs here. All other helical par-
ameters, including the rise at each base step and
the propeller twist at each base-pair are identical to
those in the structure of d(CG)s,.

The solvent structures at the major groove sur-
face and the minor groove crevice of the Z-DNA
duplexes are for the most part nearly identical to
that of the magnesium form of d(CG); (Gessner
et al., 1989). For most base-pairs, two water mol-
ecules bridge the N4 amino groups at the major
groove surface of adjacent cytidine residues in
each d(CpG) dinucleotide step. Differences in the
pattern of water interactions at this surface result
from disruptions caused by the binding of a
Co(NH,);" complex at the central d(CpG) dinu-
cleotide. The amino ligands from this complex
form hydrogen bonds to the O4 oxygen atom and
N7 nitrogen atom of G5, while two amino groups
hydrogen bond to the phosphate oxygen atom of
the phosphodiester linking C4 to G5. This phos-
phate oxygen atom is also hydrogen-bonded to a
water ligand of a hydrated magnesium complex.
Water molecules from this Mg(H,0);" complex
also form hydrogen bonds to the backbones of two
adjacent duplexes and to the N7 of G12 on one of
these duplexes. Thus, the hydrated magnesium
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Table 1. Comparison of the helical parameters for base steps and base-pairs of the (CG); Z-DNA regions

(CG), rhGG rwcGC rwGT
Twist (degree/base step)
C2G3/C13G14 -9.2 -7.7 —6.5 —74
G3C4/G12C13 —48.9 —47.7 —47.5 —47.5
C4G5/C11G12 —94 —10.4 -10.5 —-10.3
G5C6/G10C11 —50.8 —48.5 —48.0 —47.1
C6G7/C9G10 -12.2 -9.1 -9.8 —-10.6
Average for CG steps -103 +1.7 —-91+13 —89+21 —94+18
Average for GC steps —499+13 —48.1+0.6 —47.8 +0.4 —473+0.3
Rise (A/base step)
C2G3/C13G14 3.8 3.4 3.4 3.4
G3C4/G12C13 3.6 3.7 3.7 3.6
C4G5/C11G12 3.9 4.0 39 4.1
G5C6/G10C11 3.5 3.6 3.6 3.7
C6G7/C9G10 4.1 3.8 3.9 3.8
Average for CG steps 39+02 37+£03 3.7+£03 3.8+03
Average for GC steps 3.6+0.1 37+0.1 3.7+0.1 3.7+0.1
Propeller twist (degree/base-pair)
C2.-Gl4 1.1 -1.2 6.3 -0.7
G3-C13 3.2 13 0.1 22
C4-G12 -09 —0.3 -0.7 -0.9
G5.C11 -1.5 -0.3 —-0.9 12
C6-G10 0.5 -0.3 22 -3.6
G7-C9 2.7 3.8 0.1 54
Buckle (degree/base-pair)
C2-Gl4 1.9 10.2 10.0 10.4
G3-C13 -3.5 —6.1 -3.5 -5.9
C4-G12 3.0 0.6 0.0 0.1
G5-C11 —24 -1.7 -21 -0.7
C6-G10 2.0 3.3 3.8 8.2
G7-C9 0.0 —4.7 -1.3 -83

Values of twist, rise, propeller twist, and buckle are shown for each of the three structures (rhGG, rwcGC, and rwGT) described in
the text and are compared with the 1.0 A crystal structure of d(CG); containing only MgCl, (Gessner et al, 1989). Morphologies of
the 5-overhanging ends are not shown. Each structure was evaluated using the program NASTE (Nucleic Acid STructure Evalua-
tion), which utilizes a global helix axis to determine each parameter. The rhGG, rwcGC, and rwGT structures were analyzed with
the 5'-overhangs removed and with the remaining d(CG); duplex juxtaposed to the reference d(CG); structure. Residues 2 to 7 and
9 to 14 in the rhGG, rwcGC, and rwGT duplexes, respectively, correspond to residues 1 to 6 and 7 to 12 in d(CG),.

links together three duplexes and appears to be im-
portant in stabilizing the crystal lattice.

In the minor groove, the four central d(C-G)
base-pairs show a spine of interconnected water
molecules. This spine is formed by two water mol-
ecules lying nearly in the plane of each base-pair.
The disruption of this spine at the terminal base-
pairs is associated with the large buckling and the
unusual stacking of the paired overhanging
nucleotides. The DNA structure and the solvent
structure around the six standard Watson-Crick
d(G-C) base-pairs, therefore, are very similar to
that of standard Z-DNA, with some variations that
are specific for the crystal lattice interactions.

Crystal lattice interactions

The duplexes are aligned end-to-end along the
crystallographic c-axis, similar to the stacking of Z-
DNA hexanucleotides in this same space group
(Figure 3). In the crystal lattice of standard Z-DNA
hexanucleotides, the duplexes stack end-to-end to
form quasi-continuous columns along the c-axis.
Each adjacent column is staggered by two base-
pairs along this axis. In the current heptamer struc-
tures, however, the adjacent Z-DNA duplex re-
gions are all exactly aligned. This can be

envisioned as a series of discrete stacked sheets of
Z-DNA.

The most noticeable feature of the crystal lattice,
however, is that in these heptanucleotide se-
quences, there is a single base overhanging each 5'-
end. The structures of the overhanging nucleotides
are not identical, even in the homoduplex
d(GCGCGCQG),. In all cases, one of the overhan-
ging guanosine nucleotide residues sits stacked
against the duplex, while the other nucleotide resi-
due (whether it is guanosine, cytidine, or thymi-
dine) is extra-helical, extending out and away from
the duplex. The extra-helical base pairs with the
stacked guanosine residue of an adjacent duplex
within each layer, effectively interlinking the Z-
DNA duplexes. The extra-helical base also serves
to fill the gap between two stacked duplexes. Thus,
the lattice consists of layers of duplexes in which
each duplex is linked to two adjacent duplexes by
pairing the bases that overhang the 5'-ends.

The pairing of extra-helical bases has previously
been observed in the crystal structure of the Z-
DNA hexamer of d(CCGCGG) (Malinina et al.,
1994). In this case, the bases at both ends flip out
and form Watson-Crick base-pairs between adja-
cent duplexes, leaving only four standard base-
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pairs as Z-DNA in the center of the hexamer struc-
ture.

In the lattice of the current heptanucleotides, the
reverse base-pairs bring adjacent helices so close
together that a direct helix to helix hydrogen bond
forms between O2P of G3 and the O3’ of G7 of the
duplexes. This hydrogen bond is analogous to the
short (2.63 A) interhelical hydrogen bond observed
between the O1P of G2 of one hexamer duplex and
the O5 of G12 in an adjacent hexamer in the crys-
tal structure of the Z-DNA hexamer d(CG); (Wang
et al., 1979, 1981).

The third base step in each strand of these hepta-
nucleotide structures (G3/C4 and G10/C11) is in
the unusual Z;; conformation, which has been at-
tributed to crystal packing effects in the crystal
structure of d(CG)3 (Wang et al., 1979, 1981). When
a base step is in the Zy; conformatlon the 1nterven—
ing phosphate is rotated outward about 1 A away
from the minor groove. In all three heptamer crys-
tal structures, the phosphates of nucleotides C4
and C11 are not directly hydrogen-bonded to a
neighboring duplex or a metal complex, as was ob-
served in the base steps that adopt the Z;; confor-
mation in the crystal structures of Z-DNA
hexamers and decamers (Gessner et al., 1985,
Brennan et al., 1986). Thus, while the Z; confor-
mation in the heptamers may be caused by crystal
packing, the lattice interactions causing this distor-
tion remain unclear.

Structure of the helical stacked
guanosine nucleotide

In all cases, the guanosine residue that remains
stacked against the Z-DNA duplex is in the syn
conformation, extending the alternating anti-syn
pattern of nucleotides from the duplex to include
this overhanging nucleotide. The syn conformation
of this nucleotide is stabilized by a hydrogen bond
between the O5 oxygen atom of the terminal hy-
droxyl group to the N2 amino and N3 nitrogen
atoms of the guanine base (Figure 2). The Watson-
Crick edge of the guanine is subsequently oriented
to allow pairing with the intervening base of the
extra-helical overhanging nucleotide of an adjacent
duplex. Since the interduplex base-pairs bring the
5'-nucleotides of adjacent duplexes together within
these layers, the strands held together in this man-
ner are necessarily parallel with each other. These
base-pairs are therefore the reverse type, with the
d(G-G) overhangs forming reverse Hoogsteen-type
base-pairs, the d(G-C) overhangs forming reverse
Watson-Crick base-pairs, and d(G-T) overhangs
forming reverse wobble base-pairs (Figures 1 and
2).

Structure of the reverse Hoogsteen
d(G-G) base-pair

The Watson-Crick edge of the stacked guanine
faces the Hoogsteen edge of the extra-helical gua-
nosine nucleotide of an adjacent duplex to form a

reverse Hoogsteen-type d(G-G) base-pair (thGG,
Figure 2(a)). In this case, although the stacked
guanosine is in syn, the extra-helical guanosine
base adopts the anti conformation. This is analo-
gous to the two mismatched G(anti)-G(syn)
Hoogsteen base-pairs in the structure of
d(CGCGAATTGGCG), (Skelly et al., 1993). The hy-
drogen bonds that hold the base-pair together are
shown in Figure 2(a). The N1 to N7 distance is in
the range of hydrogen-bond donor to acceptor dis-
tances observed in Watson-Crick base-pairs. The
N2 to O6 distance, however, is significantly longer
than that expected for a standard hydrogen bond.
This is a result of the shift of both guanine residues
within the plane of the bases. This shift is very no-
ticeable when the rhGG base-pair is superimposed
on a rhGG base-pair that is part of the r[(G-C)*G]
triplet in yeast tRNA™<¢ (Westhof et al., 1988;
Figure 4), and is likely the result of an additional
hydrogen bond formed between the N2 amino ni-
trogen of the extra-helical base and the O2P oxy-
gen of cytidine 9 of a third duplex. The base planes
of the two guanine residues are almost exactly co-
planar as a consequence of being sandwiched be-
tween two Watson-Crick base-pairs of the stacked
Z-DNA duplexes (Figure 5a). In contrast, the
Hoogsteen d(G-G) base-pairs in the antiparallel
duplex of d(CGCGAATTGGCG) are propeller
twisted about their long axes (Skelly et al., 1993). In
the current structure, several water molecules link
each overhanging guanine base to neighboring
DNA atoms. There is, however, no water molecule
that directly bridges the two guanine residues in
this thGG base-pair. The structure of this base-pair
is distorted by the crystal lattice and therefore may
not represent the type of rhGG base-pair expected

Figure 4. Comparison of the reverse Hoogsteen d(G-G)
base-pair (open bonds) with the r(G22:C13)m’G46 triplet
(hatched bonds) in the crystal structure of tRNA™e
(Westhof et al., 1988). The hydrogen bonds between the
analogous bases in the two structures are drawn as bro-
ken lines. This superposition reveals a sliding of G8
within the base plane of the Hoogsteen-like base-pair in
the current structure. This is likely a result of the hydro-
gen bond formed between the N2 amino group and an
oxygen atom from the phosphodiester bond of a third
duplex (not shown).
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Figure 5. Comparison of the base-pair stacking and
solvent interactions in the crystal structures of (a)
d(Gm®CGCGCG),, (b) d(GCGCGCG)/d(CCGCGCG),
and (c¢) d(GCGCGCG)/d(TCGCGCG). The views are
down the helical axes of the three base-pairs in the junc-
tion between two stacked duplexes. The overall set of
interactions involve three different duplexes, two in
which the blunt ends of the fully duplex Z-DNA hexam-
ers sandwich the common guanine (base shown as a
ball and stick model), while the third is adjacent to the
lower duplex, but contributes the extrahelical base to
each reverse base-pair (both the base and deoxyribose of
this extended nucleotide are shown as ball and stick
models). The nucleotides with open bonds are closest to
the viewer and include an extrahelical base that extends
to form another reverse base-pair with an adjacent helix
which is not shown. The nucleotides with shaded bonds
are farthest from the viewer and include the stacked
guanosine residue in the 5 terminal position. The
broken lines connect hydrogen bond donors and accep-
tors important in conferring specificity in the formation
of each reverse base-pair.

to form in RNA structures. We will still refer to
this as the rhGG base-pair, however, because it
does conform to the geometry of this type of base-
pair (Figure 1) and, as we will see later, will be a
useful reference structure for comparing the stab-
ilities of the rwcGC and rwGT base-pairs.

Structure of the reverse Watson-Crick
d(G-C) base-pair

A reverse Watson-Crick base-pair is formed by
pairing the stacked guanosine with the extra-heli-
cal cytidine of a d(CCGCGCG) strand, with the
Watson-Crick edges of their bases facing each
other. In this case, the cytidine in anti pairs with
the guanosine in syn. In contrast to the normal
d(G-C) base-pairs, the resulting rwcGC base-pair
is held together by only two hydrogen bonds
(from the N1 and N2 of the guanine to O2 and N3
atoms, respectively, of the cytosine base. In ad-
dition, a single water molecule was observed to
bridge the guanine N2 to the cytosine N4 nitrogen
atom, which may provide additional stability to
this base-pairing (Figure 5b). When taken together,
the reverse Watson-Crick base-pair appeared to
have the greatest number of base-base and base-
water-base hydrogen bonds of the three reverse
base-pairs presented here.

Structure of the reverse wobble
d(G-T) base-pair

A reverse wobble base-pair is formed by pairing
the stacked guanosine with the extra-helical thymi-
dine of the d(TCGCGCG) strand, with their
Watson-Crick edges of their bases facing each
other. In this case, both nucleotides are in the syn-
conformation. The resulting rwGT base-pair is held
together by two hydrogen bonds (from the N1 and
06 atoms of the guanine to the O4 and N3 atoms,
respectively, of the thymine base; Figure 3c). In
several crystal structures of DNA duplexes con-
taining wobble G-T mismatches, a water molecule
or a hydrated magnesium cation bridges the gua-
nine O6 and the thymine O4 (Ho et al., 1985;
Hunter et al.,, 1986). No analogous solvent inter-
action was observed in the current rwGT base-pair.
In fact, very few water molecules were observed
around this base-pair (Figure 5(c)). This may be the
result of slight positional disorder within the base-
pair plane. The average temperature factors for
this base-pair are ~twofold higher than the re-
mainder of the DNA, and 20% higher than that of
the thGG and rwcGC base-pairs.

The deoxyribose O5" oxygen atom of the thymi-
dine forms a hydrogen bond to the O2 atom oxy-
gen in the base of cytidine C9 from an adjacent
stacked duplex. This intermolecular hydrogen
bond apparently stabilizes the syn conformation
of the thymidine nucleotide. In comparison, the de-
oxyribose O5' of the anti cytidine in the rwcGC
base-pair does not show this same hydrogen bond-
ing interaction. As in the case of the rhGG base-
pair, the bases in the rwGT base-pair are nearly co-
planar. This is similar to the normal wobble
d(G-T) base-pair observed in the crystal structure
of a Z-DNA hexamer (Ho ef al., 1985). On the other
hand, the normal wobble d(G-T) and d(G-U) base-
pairs in several A-DNA crystal structures (Kneale
et al., 1985; Hunter et al., 1986; Vojtechovsky et al.,
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Table 2. Backbone and glycosidic torsion angles and sugar puckers of 5-overhanging nucleotides

rhGG rwcGC rwGT

Gl G8 C8 Gl T8
v (C5-C4) 17.90 28.01 26.91 140.15 159.91 —162.68
3 (C4-C3) 161.03 175.43 161.81 126.98 106.64 120.36
¢ (C3'-03) —156.05 —97.43 —155.20 —-79.05 —58.74 —124.54
£ (03'-P) —16.70 169.38 —20.17 75.36 —60.63 —134.33
% (C1'-N) 74.62 (S) —76.75 (S) 79.86 (S) 171.71 (A) 39.13 (S) 75.58 (S)
Sugar pucker C2'-endo C2'-endo C3'-exo C1'-exo C3'-endo C1'-endo

Torsion angles (degrees) shown above were calculated using the program Xfit (MacRee, 1992). The conformation of the base relative
to the deoxyribose ring is denoted beside y angles as either S (syn) or A (anti).

1995) and A-RNA crystal structures (Holbrook
et al., 1991, Cruse et al., 1994) show significant pro-
peller twists.

Relative stability of reverse base-pairs

We observed only the rwGT base-pairs in the
crystals of the heterogeneous duplexes formed by
mixing the sequence d(GCGCGCG) with
d(TCGCGCG). To confirm this observation from
the crystal structure, the single crystal was redis-
solved and the DNA strand composition ana-
lyzed by MALDI mass spectrometry (Figure 6).
The mass spectrum showed that, within exper-
imental error, the crystal was composed of near
equal ratios of the two strands. Mass spectra re-
corded from the four remaining crystals in the
crystallization set-up were identical with that of
the mounted crystal, indicating that this was not

40 1 <2097 (2105)
r21 22 (2130)

;

20 |

Abundance

|
|
\‘w\/‘ujklfw A

2400

1600 2000
Mz

Figure 6. MALDI mass spectrumetry analysis of the
DNA strand composition of d(GCGCGCG)/d(TCGCG-
CG) single crystals. The horizontal axis indicates the
mass to charge ratio (M/Z) of the observed fragments,
while the vertical axis is the abundance of each frag-
ment. The calculated mass of each strand is shown in
parentheses next to the measured mass. The mass deter-
mined for the d(GCGCGCG) single strand is 2122 g/
mol (calculated to be 2130 g/mol), while that of the
d(TCGCGCG) single-strand is 2097 g/mol (calculated to
be 2105 g/mol).

unique to the crystal that we had originally
studied. We would expect that mixing these
sequences would result in a 1:2:1 ratio
of d(GCGCGCG),, d(GCGCGCG)/d(TCGCGCG),
and d(TCGCGCG), duplexes in solution. This
mixture of homo- and heteroduplexes should also
be observed when d(GCGCGCQG) is paired with
d(CCGCGCG). Again, only the rwcGC pairing
was observed. Thus, the crystal lattice discrimi-
nates between the reverse base-pairs that are
formed by the overhanging nucleotides, favoring
both rwGT and rwcGC over rhGG base-pairs.

In order to gain additional insight into the
mechanism for this discrimination and the free
energy differences between the thGG versus either
rwGT or rwcGC, we studied the crystallization of
these duplexes in solutions containing increasing
ratios of the d(GCGCGCQG) strand (Gg) relative to
either the d(TCGCGCG) or d(CCGCGCQG)
strands, redissolved the DNA in the crystals, and
quantified the strand composition within the crys-
tals by mass spectrometry. The mass spectra
showed equal quantities of d(GCGCGCG) and
d(TCGCGCG) when the two strands were added
at a 1:1 ratio, but showed only the d(GCGCGCG)
strand at ratios >2:1. For the d(CCGCGCG) con-
taining crystals, equal proportions of both strands
persisted to a ratio of 3:1. At a 4:1 ratio of
d(GCGCGCG) added to d(CCGCGCG), however,
the spectrum showed predominantly (>90%) the
d(GCGCGCG) strand. Thus, the crystals convert
from the heteroduplexes to the homoduplex of
d(GCGCGCG), as the ratio of d(GCGCGCG)
added was increased. The order of stability for
the reverse base-pairs can thus be defined as
rwcGC > rwGT > rhGG. This was confirmed in an
experiment where crystals were grown with all
three sequences added in equal proportions. In
this case, the mass spectrum of the dissolved
crystals showed only the d(GCGCGCG) and
d(CCGCGCQG) strands, indicating that this was
the preferred pairing of the DNA.

To estimate the stability of the rwcGC and
rwGT base-pairs relative to the rhGG base-pair,
we derived a thermodynamic model to simulate
these titration results. The sharp transition from
hetero- to homoduplexes in the crystals suggests
that discrimination between the various reverse
base-pairs occurs at a highly cooperative step



804

Structure and Stability of Reverse Base-pairs

during crystallization. This is most likely during
the nucleating event that initiates the formation
of the crystals. In this model, we consider only
two different duplexes that can crystallize, the
homoduplex (GG) formed by the d(GCGCGCG)
strands in solution (Gg) and the heteroduplex
(GY) formed by Gg and Yg in solution (where Y
represents  either the d(CCGCGCG) or
d(TCGCGCG) strand). The homoduplexes (YY)
are not considered in the model because these
have not been observed to crystallize in these
studies. Qualitatively, we can think of this mech-
anism as one in which the initiation step of crys-
tallization is the formation of a lattice in a
solution consisting of either the homo- or hetero-
duplexes of the DNA. Once formed, this lattice
allows the addition of duplexes that are identical
with those already in the lattice, excluding all
others. Thus, discrimination between base-pairs
results from the probability of bringing n number
of identical duplexes together to form the initial
nucleating lattice in solution (equations (1) and
(2)). Subsequent growth of the crystal is then de-
pendent on the composition of this initial lattice:

nGGs <> GGp. 1)

I’lGYS <~ GYL (2)

The duplexes in the lattices (GG, and GY) are
considered to be in equilibrium with the free du-
plexes in solution (GGg and GYs) in this model.
Thus, the probability for forming GY; versus GG
is given by equation (3), where Kgy; and Kggp
are the equilibrium constants for formation of the
nucleating lattices:

[GGL/IGYL] = (GGs]"Kaar)/(IGYs]"KayL)
= ([GGs]/[GYs])"(KeoL/Kayr)  (3)

The ratios of the homo- and heteroduplexes in
solution are dependent on the ratios of the
single-strands added to the solutions (equations

(4) to (6)):
2Gs <> GGy, and Kggs = [GGs]/[Gs]*  (4)

Gs + Ys < GY,, and Kgys = [GYs]/[Gs][Ys] (5)

[GGs]/[GYs] = (Kas[Gs])/(Kys[GsI[Ys])
= (Kgas[Gs))/(Kays[Ys]) (6)

Since the base-pairing and structure of the result-
ing duplex regions are identical between the
homo- and heteroduplexes, we can assume that
Keas =Kgys:  Thus,  [GGg]/[GYs] = [Gs]/[Ys].
During the slow nucleation steps, the DNA is
predominantly in solution, so that [Gg]/[Yg] can
be assumed to be the ratio of the two strands
added to solution. The relative probabilities for
initiating the GG, and GY|, lattices are related to
the strand compositions of the crystallization
setup and to the difference in free energy be-

tween the lattices of the two types of duplexes
(AAG®), as in equation (7):

[GGLI/IGYL] = ([Gs]/[Ys])"(Kcor/KayL)
= ([Gs]/[Ys])"e AAC/RT (7)

The mass spectrometry analyses provide the com-
positions of the crystals as the types of single-
strands and not of DNA duplexes. Thus, the ob-
served quantities are the ratios of the individual
strands that are associated with each type of
duplex that is potentially found in each crystal.
The GG, species contributes two strands of
d(GCGCGCG) while GY[ contributes one such
strand. The observed quantity of d(GCGCGCG)
in the lattice (Gg,e) is thus 2 GGy + GY;. The
amount of Y strand observed from the mass
spectra (Y, is simply GYy, since this is the only
species that contributes. Thus, the ratio G,/
Yoos = 2([GG. ]/[GY.]) + 1. The data we obtained
showed the complete conversion from the hetero-
to the homoduplex; we therefore represent the
observed data as the fraction of Y, (fy, from
0.5 to 0.0). Finally, this can be related to the ratio
of the two strands in solution by equation (8):

fr =05/{(Gs]/[Ys]"e 24 /K 413 @®)

Using equation (8), we can simulate titration
curves for [Gg]/[Yg] from 1:1 to 5:1 and values
for n=1 to 16, in which the transition from
the heteroduplex (fy=0.5) to the homoduplex
(fy=0) occurs at [Gg]/[Ys] ~ 3.5 (Figure 7a). The
simulated curve at n =16 reproduces the sharp
transition observed between the two lattice types
(assuming a 10% accuracy in defining f, from the
mass spectrometry data). This suggests that the
discrimination between rwcGC and rhGG base-
pairs in the crystal lattice occurs when a mini-
mum of 16 duplexes (the contents of four com-
plete unit cells) associate to form an initiation
complex. The assembly of four complete unit
cells in the lattice, therefore, appears to be the
defining step for the composition of the crystals.
The assembly of a minimum of four unit cells
produces an environment in which all the poss-
ible intermolecular interactions (within the unit
cell and between unit cells) are represented.

With the value of n = 16, or four unit cells defin-
ing the minimum size of the initiation complex, we
can now estimate the free energy differences be-
tween rhGG and the other two types of base-pairs.
In this initiation complex, there is one interduplex
base-pair interaction within each unit cell and one
between each unit cell. For the most compact as-
sembly, there are a total of four base-pairs within
and four between the four unit cells, yielding a
total of eight identical base-pairing interactions. If
we now consider the total difference in free energy
of interaction as the sum of eight individual inter-
actions (AAG°/int), the titration curves can be
simulated (equation (8); Figure 7b). This assumes
that only the differences in the free energy for pair-
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Figure 7. Comparison of the fractions of the
d(YCGCGCG) strand (fy=Y/(Y+ G), Y =observed
quantity of d(YCGCGCG) and G =quantity of
d(GCGCGCG) in the crystal) as the ratio of the
d(GCGCGCG) strand relative to the d(YCGCGCG)
strand ([Gg]/[Ys]) is increased from 1:1 to 4:1 in the
crystallization setups, as observed in the crystals and
calculated using the model and equation (8) in the text.
(a) The fraction of the strand d(CCGCGCG) ( fc) in the
crystal of the heteroduplex d(GCGCGCG)/d(CCGCG-
CG) was determined at each [Gg]/[Ys] ratio by MALDI
mass spectrometry (filled circles, with errors approxi-
mated at 10%). The simulated curves were calculated
with the number of duplexes in the initiation complex
(n) set at 1 to 16 in equation (8), and AAG® set to a
value that places the midpoint of the transition at [Gg]/
[Ys] =3.5 for each curve. (b) The fraction of the
d(YCGCGCQG) strand in crystals of the heteroduplexes
d(GCGCGCG)/d(YCGCGCG) is compared for Y =
cytidine (filled cicles) and Y = thymidine (open boxes).
The values for f, were calculated using equation (8),
with n =16 and the difference in free energy between
the rhGG and the rwcGC and rwGT reverse base-pairs
normalized to each interaction expected within and
between four unit cells (AAG®/interaction) set at 0.0,
0.5, 1.0, and 1.5 kcal/mol.

ing bases between the duplexes are important.
A comparison of the simulated and the mass spec-
trometry results show the rwcGC base-pair to be
~1.5 kcal/mol more stable than rhGG, and rwGT
to be ~0.5 kcal/mol more stable than rhGG, within
this crystal system.

Discussion

We present here the structures of reverse base-
pairs formed by pairing the 5-overhanging
nucleotide of d(Gm>CGCGCG) with either the 5'-
guanosine of d(Gm°’CGCGCG) to form a d(G-G)
reverse Hoogsteen, the 5-thymidine of d(TCGC-
GCGQG) to form a d(G-T) reverse wobble, or the 5'-

cytidine of d(CCGCGCQG) to form a d(G-C) reverse
Watson-Crick base-pair (Figure 2). The common
guanosine nucleotide is stacked against the stan-
dard Z-DNA and is relatively inflexible in its con-
formation (Figure 3). In all three structures, this
guanosine is in the syn conformation, extending
the alternating anti-syn character of the Z-DNA
duplex.

The extra-helical nucleotide, which distinguishes
each type of base-pair, adopts either the anti con-
formation (in rthGG and rwcGC) or the syn confor-
mation (in rwGT). This is likely determined by the
requirements for orienting the base so that the
proper face is presented to the stacked guanine to
form the base-pair. For example, the thymine of
the rwGT base-pair must lie towards the major
groove of the guanine in order to properly pair its
N3 and O4 atoms with the O6 and N1 of the gua-
nine base (Figure 2(c)). This pushes the pyrimidine
base closer to the duplex in the lattice and thus re-
quires that the nucleotide adopt the more compact
syn conformation (Figure 5(c)). The cytosine and
guanine bases of the rwcGC and rhGG base-pairs,
on the other hand, are pulled towards the minor
groove, and thus can adopt the more extended anti
conformation (Figure 2(a) and (b)). Indeed, the
rhGG is an extreme case, where the extra-helical
guanosine residue is extended to the point where it
now has only a single hydrogen bond within the
base-pair. A second hydrogen-bonding interaction
occurs between the N2 amino nitrogen atom of this
extended guanosine and the O2P oxygen atom of
cytidine 9 in a third duplex (Figure 5a). This fea-
ture of the purine-purine base-pair is not observed
in either of the base-pairs formed with the pyrimi-
dine residues.

The structure of the rwcGC base-pair is identical
with that of the analogous base-pairs observed in
tRNA (Westhof et al., 1988). The root-mean-square
(rms) deviation between the atoms of the bases in
this structure and that of the tRNA™* is 0.160 A. In
comparison, the average rms deviation of the
d(G-C) Watson-Crick base-pairs within the struc-
ture of rwcGC is 0.124 A, and relative to the
d(G-C) Watson-Crick base pair in the structure of
B-DNA at 2.5 A resolution is 0.184 A. Likewise, the
bases of the rwGT base-pair are similar to the G-U
reverse wobble base-pair observed in the solution
structure of the unusually stable RNA hairpin
formed by the sequence r(GGAC(UUCG)GUCC)
(Varani et al., 1991).

In all of these crystal structures, only one well-
defined type of reverse base-pair was observed,
even though we attempted to solve the structures
with all possible combinations of base-pairs. It is
easy to rationalize the common stacked guanosine
nucleotide, since this is an extension of the highly
invariant Z-DNA duplex. It is less obvious, how-
ever, why the extra-helical base of the heterodu-
plexes should always be the pyrimidine, since the
pairing two guanine residues of the homoduplex
can obviously be accommodated by this same lat-
tice. Mass spectrometry analysis of these heterodu-
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plex showed that crystals grown with equal ratios
of each strand are composed only of the heterodu-
plexes. In addition, when looking at the population
of crystals, all the crystals analyzed in this way
had this same composition. We concluded that the
difference must result from the greater stability of
the rwcGC and rwGT base-pairs over the thGG in
this environment.

Since these base-pairs result from crystal lattice
interactions, we were able to estimate the relative
stability of each type of base-pair within nearly
identical environments by analyzing the compo-
sitions of crystals grown with various ratios of the
parent strand (d(GCGCGCQG)) with the paired pyr-
imidine strand (d(CCGCGCG) or d(TCGCGCQG)).
In the case of the rwcGC structure, the transition
from all heteroduplexes to all homoduplexes in the
crystals was highly cooperative. The simplest
model for this transition defines the discriminating
step as the initial nucleation event of crystal
growth. This is not the only interpretation of the
cooperativity. However, it seems reasonable that
once a particular lattice type is established, the
growth of the crystal can proceed only by extend-
ing this same lattice. The minimum cooperativity
coefficient that fits the data requires that 16 du-
plexes be involved in the nucleation of the crystal.
This is the content of four complete unit cells,
suggesting that this is the minimum size of a regu-
lar lattice. In this model, all the interactions be-
tween molecules within the unit cell and between
unit cells are established within this minimum lat-
tice. Thus, once this initial lattice is formed, the
structure of the pockets in which the extra-helical
bases must fit become defined. These pockets then
allow only a single type of duplex to add to the
crystal lattice.

The free energies determined here are specific
for the base-pairing and lattice interactions ob-
served in these crystals, with the rwcGC > rwGT
>rhGG base-pairs. All of these form two hydro-
gen bonds within the lattice, either directly to the
stacked guanine, as in the rwcGC and rwGT
structures, or one with the stacked guanine and
one with the backbone of a third duplex as in
the rhGG structure. With both the atomic resol-
ution structures and the thermodynamic data in
hand, we can ask what accounts for the differ-
ences in stability. The rwcGC base-pair places the
pyrimidine nucleotide in the anti conformation. In
addition, water molecules in the plane of the
base-pairs accommodate the unfulfilled hydrogen-
bonding groups of the bases and thus may con-
tribute to the overall stability of the rwcGC base-
pairing.

The relative instability of the rwGT base-pair
likely results from the disfavored syn conformation
adopted by this pyrimidine base (Haschemeyer &
Rich, 1967; Neumann et al., 1979). Furthermore, no
water molecule was observed bridging the guanine
and thymine bases, as has been observed in the
structures of “normal” d(G-T) wobble base-pairs

(Ho et al., 1985; Kneale et al. 1985; Hunter et al.,
1986).

The relative instability of the rhGG base-pair
is likely associated with the sliding of the extra-
helical guanine away from the stacked guanine,
leaving only a single distorted hydrogen bond
between the two bases. Still, one would expect
the hydrogen bond interactions between the N2
amino nitrogen atom and the phosphate group of
a third duplex (there is one direct hydrogen
bond and a second water molecule-mediated
interaction) to compensate for the hydrogen bond
lost between the two bases. However, the coordi-
nation of three duplexes to form all the observed
hydrogen bond interactions may not occur during
the nucleation event. It is not clear whether a
more standard rhGG base-pair forms at these in-
itial stages, which is then distorted by subsequent
lattice interactions. To test these possibilities, we
crystallized a reverse d(A-A) base-pair, but its
structure is significantly different from the
d(G-G) so that they are not comparable at this
time. The structure and thermodynamics of a
d(G-I) base-pair in this crystal system should re-
solve this problem. Thus, although the rhGG
base-pair observed here is highly distorted by the
crystal lattice, and thus may not represent the
structure expected in RNA structures, it does
serve as a reference for comparing the stability of
rwcGC and rwGT base-pairs.

Materials and Methods

Synthesis, purification, and crystallization

The seven-base oligonucleotides d(Gm>CGCGCG),
d(GCGCGCG), d(TCGCGCG), and d(CCGCGCG) were
synthesized using phosphoramidite chemistry on an Ap-
plied Biosystems DNA synthesizer in the Center for
Gene Research and Biotechnology at Oregon State Uni-
versity. Size exclusion chromatography on a Sephadex
G-25 column was used to remove salts, blocking groups,
and prematurely terminated oligonucleotides. The oligo-
nucleotides were lyophilized, redissolved in 30 mM
sodium cacodylate buffer (pH 7.0), and used for crystalli-
zation without further purification. The oligonucleotides
d(GCGCGCG) and d(Gm°’CGCGCG) produce homodu-

lexes with two G overhangs. The oligonucleotides
d(GCGCGCG) and d(TCGCGCG) were mixed in an
equimolar ratio to yield duplexes with G and T over-
hangs. Likewise, d(GCGCGCG) and d(CCGCGCG) were
similarly mixed to produce duplexes with C and G over-
hangs.

Crystals of the duplexes were grown at room tempera-
ture by vapor diffusion in sitting drop setups. All se-
quences crystallized from initial solutions containing
0.5 mM DNA (single-strands), 50 mM sodium cacodylate
(pH 7.0), 1 mM MgCl,, 2.5 mM cobalt hexaammine (Al-
drich), and 5% (v/v) 2-methyl-2,4-pentanediol (MPD),
equilibrated against a reservoir of 17% MPD. Blocky,
amber-colored plates appeared within one week and
reached dimensions of up to 0.4 mm x 0.4 mm x 0.1 mm
within two weeks.
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Table 3. Diffraction data from the crystal structures of the sequences d(Gm>CGCGCG),,
d(GCGCGCG)/d(CCGCGCEG), and d(GCGCGCG)/ (TCGCGCG) which crystallized in
the space group P2,2,2,. The crystals are represented by their overhangs as rhGG,
rwcGC, and rwGT, respectively

rhGG rwcGC rwGT

Unit cell dimensions (A)
a 20.34 20.32 20.28
b 29.62 29.54 29.41
c 51.93 51.84 51.89
Measured reflections 28,961 20,832 5,784
Unique reflections 5,324 5,340 2,601
Resolution range (A) 29.60-1.46 14.20-1.48 14.00-1.88

,;ym( ) for I >0 (%) 8.6 8.3 72

* Ryym(D) =100 x (Xhkl (I — (I)|/[KD)]))/ n where I is the integrated intensity of a reflection, (I) is
the average of all observations of the reflection and its symmetry equivalents, and 7 is the number

of unique reflections. All positive, non-zero reflections were merged.

X-ray diffraction data collection

X-ray diffraction data for the crystals were collected at
room temperature using a Siemens P4 diffractometer
with a Siemens HI-STAR area detector (Cu-K, radiation
from a sealed tube source). The raw data were integrated
and scaled using the software package SAINT (Siemens,
Inc.). All crystals were isomorphous (in the space group
P2,2,2, with nearly identical unit cell dimensions
(Table 3)), and diffracted to high resolution (1.68 to
1.9 A).

Structure solution and refinement

The structure of d(Gm°CGCGCG) was solved first
using features of the diffraction data to construct an ap-
propriate model for molecular replacement. The dimen-
sions of the unit cell suggested that the heptamer was in
the Z-DNA form and aligned along the crystallographic
c-axis. The space group was the same as that of most
previously crystallized Z-DNA hexamers, and the a and
b unit cell axial lengths were very similar to those of the
archetypal Z-DNA hexamer d(CGCGCG) (Wang ef al.,
1979, 1981). The length of the ¢ axis (~52 A) could ac-
commodate 14 base-pairs with a helical rise of 3.7 A,
suggesting that the helical axes of two stacked heptamers
were aligned parallel to the c-axis. This was confirmed
by the Patterson map, which showed base-palr Cross vec-
tors spaced 3.7 A apart along the c-axis.

The alternating purine-pyrimidine heptamer se-
quence could pair to form d(Gm°CGCGC) hexamer du-
plexes with guanosine residues overhanging the 3'-ends
or d(m>’CGCGCG) hexamer duplexes with guanosine
residues overhanging the 5-ends. This latter case
seemed more likely. Sequences of the type d(CGCGCG)
typically crystallize as Z-DNA, while d(Gm°’CGCGC)
crystallize as A-DNA (Mooers et al., 1995). This is con-
sistent with studies by Quadrifoglio et al., (1984) show-
ing that short alternating d(CG) sequences, but not
alternating d(GC) sequences form Z-DNA in solution.
Both possibilities, however, were tested. Models of
both types of structures were constructed using the
program InsightIl (Biosym/MSI Corp.) with standard
helical parameters for Z-DNA. The initial 3'-overhang
model was generated by removing the cytidine
nucleotide at the 5-end of the duplex structure of
d(CGCGCGCQG), while the 5'-overhang model was con-
structed by removing the nucleotide at the 3’-end of
the duplex structure of d(GCGCGCGC).

For each initial model, the best orientation and pos-
ition of the heptamer in the unit cell was located using
the rotation and translation search functions of the pro-
gram AMoRe (Navaza, 1994). The R-values for the best
initial solutions were 44.7% for the 5-overhang model
and 47.7% for the 3'-overhang model. Subsequent refine-
ment of these models demonstrated that the 5'-overhang
structure was correct. The model was refined to an R-
value of 41.6% using the rigid body and rigid parts (with
the bases, deoxyribose, and phosphate treated as inde-
pendent groups) refinement functions in X-PLOR
(Briinger, 1992) using a new parameter file for the DNA
(Parkinson et al., 1996) and data from 8 to 3.5 A. After
simulated annealing (with a starting temperature of
3000 K) the R-factor was reduced to 30.6% for data from
8t022A.

The actual conformations of the overhanging
nucleotides were determined from electron density
maps calculated using only the phasing information
from the six base-pairs of the d(CGCGCG) duplex.
Difference maps generated using XtalView (MacRee,
1992) showed that only one of the 5-terminal guanine
bases was stacked. The other overhanging nucleotide
was flipped out and extended so that it base-paired
with the stacked overhanging guanine of a neighboring
duplex (Figure 2). The refinement converged to a final
R of 20.7% (R = 27.8%) at 1.68 A resolution, with 49
water molecules added, including one cobalt hexa-
ammine and one hydrated magnesium complex. The
coordinate error of less than 0.2 A was estimated from a
Luzzati plot (Luzzati, 1952).

The final structures of d(GCGCGCG), and
d(Gm°’CGCGCG), were identical in all respects. The
structures of the heteroduplexes of d(GCGCGCG)/
d(TCGCGCG) and d(GCGCGCG)/d(CCGCGCG) were
solved in a similar fashion, using the d(CGCGCG) du-
plex region of the d(GCGCGCG) structure as the starting
model, and defining the conformations of the overhan-
ging bases from difference maps. The statistics for the re-
fined structures of d(Gm®’CGCGCG),, d(GCGCGCG)/
d(TCGCGCG), and d(GCGCGCG)/d(CCGCGCG) are
listed in Table 4.

In the crystallization solution of the heteroduplexes,
homoduplexes of d(GCGCGCG) may have been present.
As an independent check on the composition of the crys-
tals of the heteroduplexes, four large crystals of the
duplex d(GCGCGCG)/ d(TCGCGCG) were isolated,
carefully washed with cold crystallization solution lack-
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Table 4. Refinement results for the crystal structures of d(Gm°CGCGCG),, (thGG),
d(GCGCGCG)/d(CCGCGCQG) (rwGC), and d(GCGCGCG)/d(TCGCGCG) (rwGT)

rhGG rwGC rwGT

R-working (%) 20.7 20.9 19.1
Refree (%) 287 272 28.6
Resolution range (A) 8-1.68 8-1.80 8-1.90
Data completeness (%)* 82.2 84.5 76.3
Number of reflections 3538 3127 2230
No. of non-hydrogen® 286 281 283

DNA atoms
No. of water molecules® 49 64 47
Av. B-factors (A?)

DNA atoms 15.9 13.3 17.5

Water atoms 31.1 31.5 29.6
r.m.s. deviation from ideality

Bond lengths (A) 0.007 0.008 0.008

Bond angles (degrees) 1.477 1.304 1.311

2 Exclusive of the reflections sequestered in the test set to calculate Rg,... Refinements were made
with a three sigma on F cutoff on each dataset.
® Each structure was refined with a cobalt hexa-ammine and a hexa-aquomagnesium complex in

addition to these water molecules.

ing DNA, dissolved at 90°C in 50 pl of deionized and
distilled water, and individually analyzed by mass spec-
trometry as described below. The spectra from each crys-
tal showed that the d(GCGCGCG) and d(TCGCGCG)
strands were present in a 1:1 ratio (Figure 6).

Helical parameters for the Z-DNA duplex regions
were analyzed using the program NASTE (Nucleic Acid
STructure Evaluation), a program developed in this lab-
oratory for analysis of the helical parameters in Z-DNA
structures. The final coordinates and structure factors for
the structures of d(Gm°CGCGCG),, d(GCGCGCG)/
(CCGCGCG), and d(GCGCGCG)/d(TCGCGCG) have
been deposited in the Nucleic Acid Data Base (Berman
et al., 1992). Their reference codes are ZDGB55, ZDG054,
and ZDGO056, respectively.

Crystallization and mass spectrometry analyses
of crystals grown with different
strand compositions

To estimate the relative stability of the different du-
plex pairings, crystals were grown from solutions in
which d(GCGCGCG) was mixed with either
d(CCGCGCQG) or d(TCGCGCG) in molar ratios of 1:1,
2:1, 3:1, and 4:1, with the total concentration held con-
stant at 1.4 mM. The crystallization solutions contained
the identical buffers, salts, and precipitants as those that
yielded the original crystals. After two weeks, crystals
were isolated from the setups, washed several times
with deionized water, then dissolved into deionized
water for analysis by mass spectrometry.

Dialyzed DNA from the dissolved crystals was ana-
lyzed by matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry using a custom-built time-
of-flight instrument, as previously described (Jensen et al.,
1993). All samples were analyzed with a matrix of 10
mg/ml of 2,4,6-trihydroxyacetophenone (Aldrich) in a
50 mM diammonium hydrogen citrate/50% (v/v) aceto-
nitrile solution. For each mass analysis, 0.5 pl of DNA
analyte was mixed in a 1:2 ratio with the matrix solution
and 0.5pl of this mixture was placed on the sample
stage. At the first sign of crystal formation (generally 10
to 15 seconds after deposition when viewed with a

stereo microscope), the droplet was gently wiped with a
lab tissue, leaving a seed layer of crystallites on the sur-
face of the sample stage. Another 0.5 ul of the analyte/
matrix mixture was then deposited on top of the seed
layer and then gently rinsed with cold (4°C) Millipore-fil-
tered water. Each mass spectrum was recorded as the
sum of 30 consecutive spectra, each produced by a single
pulse of 355 nm photons from a Nd:YAG laser (Spectra
Physics). Mass spectra were calibrated using ion-signals
from the matrix.

Acknowledgments

This work has been supported by grants from the Na-
tional Science Foundation (MCB 9304467), the National
Institutes of Health (R5GM54538A) and the Environmen-
tal Health Sciences Center (EHSC) at Oregon State Uni-
versity (NIEHS ES00210). We thank Dr Victor Hsu for
sharing his computer resources, Dr Herman Schreuder of
Marion Merrell Dow Research Institute for his program
Luzzati, Dr Lilo Barofsky in the Analytical Core unit of
the EHSC for mass spectrometry analyses, Beth Basham
for her NASTE program, and Cyndi Thompson for help-
ful discussions concerning non-canonical base-pairs in
RNA.

References

Allmang, C., Mougel, M., Westhof, E., Ehresmann, B. &
Ehresmann, C. (1994). Role of conserved nucleotides
in building the 16S rRNA binding site of E. coli
ribosomal protein S8. Nucl. Acids Res. 22, 3708-
3714.

Battiste, J. L., Tan, R., Frankel, A. D. & Williamson, J. R.
(1994). Binding of an HIV Rev responsive element
RNA induces formation of purine-purine base-pairs.
Biochemistry, 33, 2741-2747.

Battiste, J. L., Moa, H., Rao, N. S., Tan, R., Muhandiram,
D. R, Kay, L. E,, Frankel, A. D. & Williamson, J. R.
(1996). a-Helix-RNA major groove recognition in an



Structure and Stability of Reverse Base-pairs

809

HIV-1 Rev peptide-RRE RNA complex. Science, 273,
1547-1551.

Berman, H. M., Olson, W. K., Beveridge, D. L.,
Westbrook, J., Geblin, A., Demeny, T., Hsieh, S.-H.,
Srinivasan, A. R. & Schneider, B. (1992). The
Nucleic Acid Database: a comprehensive relational
database of three-dimensional structures of nucleic
acids. Biophys. . 63, 751-759.

Brennan, R. G., Westhof, E. & Sundaralingam, M.
(1986). Structure of a Z-DNA with two different
backbone chain conformations. Stabilization of the
decadeoxyoligonucleotide d(CGTACGTACG) by
[Co(NH,)]** binding to the guanine. . Biomol.
Struct. Dynam. 3, 649—-665.

Briinger, A. (1992). X-PLOR Manual, Version 3.1, Yale
University, New Haven.

Cate, J. H., Gooding, A. R., Podell, E., Zhou, K., Golden,
B. L., Kundrot, C. E., Cech, T. R. & Doudna, J. A.
(1996). Crystal structure of a Group I ribozyme
domain: principles of RNA packing. Science, 273,
1678-1685.

Cruse, W. B. T., Saludjian, P., Biala, E., Strazewski, P.,
Prangé, T. & Kennard, O. (1994). Structure of a
mispaired RNA double helix at 1.6-A resolution
and implications for the prediction of RNA sec-
ondary structure. Proc. Natl Acad. Sci. USA, 91,
4160-4164.

Gessner, R. V., Quigley, G. J., Wang, A. H.-J,, van der
Marel, G. A., van Boom, J. H. & Rich, A. (1985).
Structural basis for stabilization of Z-DNA by cobalt
hexaammine and magnesium cations. Biochemistry,
24, 237-240.

Gessner, R. V., Frederick, C. A., Quigley, G. J., Rich,
A. & Wang, A. H.-J. (1989). The molecular structure
of the left-handed Z-DNA double helix at 1.0 ang-
strom atomic resolution. Geometry, conformation,
and ionic interactions of d(CGCGCG). J. Biol. Chem.
264, 7921-7935.

Haschemeyer, A. E. V. & Rich, A. (1967). Nucleoside
conformations: an analysis of steric barriers to ro-
tation about the glycosidic bond. J. Mol. Biol. 27,
369-384.

Ho, P. S. & Mooers, B. H. M. (1997).
crystallography. Biopolymers, 44, 65—90.

Ho, P. S., Frederick, C. A., Quigley, G. J., van der Marel,
G. A, van Boom, J. H.,, Wang, A. H.-J. & Rich, A.
(1985). G-T wobble base-pairing in Z-DNA at 1.0 A
atomic resolution: the crystal structure of
d(CGCGTG). EMBO ]. 4, 3617-3623.

Holbrook, S. R., Cheong, C., Tinoco, I, Jr & Kim, S.-H.
(1991). Crystal structure of an RNA double helix
incorporating a track of non-Watson-Crick base-
pairs. Nature, 353, 579-581.

Hunter, W. N., Kneale, G., Brown, T., Rabinovich, D. &
Kennard, O. (1986). Refined crystal structure of an
octanucleotide duplex with G-T mismatched base-
pairs. J. Mol. Biol. 190, 605-618.

Ibba, M., Hong, K.-W., Sherman, J. M., Sever, S. & Soll,
D. (1996). Interactions between tRNA identity
nucleotides and their recognition sites in glutami-
nyl-tRNA synthetase determine the cognate amino
acid affinity of the enzyme. Proc. Natl Acad. Sci.,
USA, 93, 6953-6958.

Jensen, O. N., Barofsky, D. F., Young, M. C., von
Hippel, P. H., Swenson, S. & Seifried, S. E. (1993).
Direct observation of UV-crosslinked protein-nucleic
acid complexes by matrix-assisted laser desorption
ionization mass spectroscopy. Rapid Commun. Mass
Spectrom. 7, 496-501.

Z-DNA

Jiang, F., Kumar, R. A, Jones, R. A. & Patel, D. J. (1996).
Structural basis of RNA folding and recognition in
an AMP-RNA aptamer complex. Nature, 382, 183—
186.

Kim, S.-H. (1978). The three dimensional structure of
transfer RNA and its functional implications.
Advan. Enzymol. 46, 279-315.

Kneale, G., Brown, T. & Kennard, O. (1985). G-T base-
pairs in a DNA helix: the crystal structure of d(G-
G-G-G-T-C-C-C). J. Mol. Biol. 186, 805—814.

Luzzati, P. V. (1952). Traitement statistique des erreurs
dans la determination des structures cristallines.
Acta Crystallog, 5, 802-810.

MacRee, D. (1992). A visual protein crystallographic
software system for X11/Xview. J. Mol. Graphics, 10,
44-46.

Malinina, L., Urpi, L., Salas, X.,, Huynh-Dinh, T. &
Subirana, J. A. (1994). Recombination-like structure
of d(CCGCGGQG). J. Mol. Biol. 243, 484—-493.

Mooers, B. H. M., Schroth, G. P., Baxter, W. W. & Ho,
P. S. (1995). Alternating and non-alternating dG-dC
hexanucleotides crystallize as canonical A-DNA.
J. Mol. Biol. 249, 772-784.

Navaza, J. (1994). AMoRe: an automated package for
molecular replacement. Acta Crystallog. sect. A, 50,
157-163.

Neumann, J.-M., Guschlbauer, W. & Tran-Dinh, S.
(1979). Conformation and flexibility of GpC and
CpG in neutral aqueous solution using 'H nuclear-
magnetic-resonance and spin-lattice-relaxation time
measurements. Eur. ]. Biochem. 100, 141-148.

Parkinson, G. N., Vojtechovsky, J., Clowney, L. &
Berman, H. M. (1996). New parameters for the
refinement of nucleic acid-containing structures.
Acta Crystallog, sect. D. 52, 57—64.

Pley, H. W., Flaherty, K. M. & McKay, D. B. (1994).
Three-dimensional structure of a hammerhead
ribozyme. Nature, 372, 68—-74.

Quadrifoglio, F., Manzini, G. & Yathindra, N. (1984).
Short oligonucleotides with d(G-C)n sequences do
not assume left-handed conformation in high salt
conditions. J. Mol. Biol. 175, 419-423.

Quigley, G. J. & Rich, A. (1976). Structural domains of
transfer RNA molecules. Science, 194, 796—-806.
Rippe, K., Fritsch, V., Westhof, E. & Jovin, T. M. (1992).
Alternating d(G-A) sequences form a parallel-
stranded DNA homoduplex. EMBO . 11, 3777-

3786.

Robinson, H., van Boom, J. H. & Wang, A. H.-]. (1994).
5-CGA motif induces other sequences to form
homo base-paired parallel-stranded DNA duplex:
the structure of (G-A),, derived from four DNA oli-
gomers containing (G-A); sequence. |. Am. Chem.
Soc. 116, 1565-1566.

Skelly, J. V., Edwards, K. J., Jenkins, T. C. & Neidle, S.
(1993). Crystal structure of an oligonucleotide
duplex containing G-G base pairs: influence of mis-
pairing on DNA backbone conformation. Proc. Natl
Acad. Sci., USA, 90, 804-808.

Varani, G., Cheong, C. & Tinoco, I, Jr (1991). Structure
of an unusually stable RNA hairpin. Biochemistry,
30, 3280-3289.

Vojtechovsky, J., Eaton, M. D., Gaffney, B., Jones, R. &
Berman, H. M. (1995). Structure of a new crystal
form of a DNA dodecamer containing T-(0°Me)G
base-pairs. Biochemistry, 34, 16632-16640.

Wang, A. H.-J., Quigley, G. J., Kolpak, F. J., Crawford,
J. L., van Boom, J. H., van der Marel, G. & Rich, A.
(1979). Molecular structure of a left-handed double



810

Structure and Stability of Reverse Base-pairs

helical DNA fragment at atomic resolution. Nature,
282, 680-686.

Wang, A. H.-J.,, Quigley, G. J.,, Kolpak, F. J., van der
Marel, G., van Boom, J. H. & Rich, A. (1981). Left-
handed double helical DNA: variations in the back-
bone conformation. Science, 211, 171-176.

Westhof, E., Dumas, P. & Moras, D. (1988). Restrained
refinement of two crystalline forms of yeast aspartic
acid and phenylalanine transfer RNA crystals. Acta
Crystallog sect. A, 44, 112-123.

Edited by I. Tinoco

(Received 13 February 1997, received in revised form 1 April 1997, accepted 2 April 1997)



	The Structures and Relative Stabilities of d(G.G) Reverse Hoogsteen, d(G.T) Reverse Wobble, and d(G.C) Reverse ...
	Introduction
	Figure 1

	Results
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1
	Table 2
	Z-DNA duplex structure
	Crystal lattice interactions
	Structure of the helical stacked guanosine nucleotide
	Structure of the reverse Hoogsteen d(G.G) base-pair
	Structure of the reverse Watson-Crick d(G.C) base-pair
	Structure of the reverse wobble d(G.T) base-pair
	Relative stability of reverse base-pairs

	Discussion
	Materials and Methods
	Table 3
	Table 4
	Synthesis, purification, and crystallization
	X-ray diffraction data collection
	Structure solution and refinement
	Crystallization and mass spectrometry analyses of crystals grown with different strand compositions

	Acknowledgments
	References


