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The three-dimensional structure of a DNA tridecamer d(CGCAGAATTCGCG), containing
bulged adenine bases was determined by single crystal X-ray diffraction methods, at 120 K,
to 2:6 A resolution. The structure is a B-DNA type double helix with a single duplex in the
asymmetric unit. One of the bulged adenine bases loops out from the double helix, while the
other stacks in to it. This is in contrast to our preliminary finding, which indicated that both
adenine bases were looped out. This revised model was confirmed by the use of a covalently
bound heavy-atom derivative. The conformation of the looped-out bulge hardly disrupts
base stacking interactions of the bases flanking it. This is achieved by the backbone making
a “‘loop-the-loop’” curve with the extra adenine flipping over with respect to the other
nucleotides in the strand. The looped-out base intercalates into the stacked-in bulge site of a
symmetrically related duplex. The looped-out and stacked-in bases form an A-A reversed
Hoogsteen base-pair that stacks between the surrounding base-pairs, thus stabilizing both
bulges. The double helix is frayed at one end with the two “melted” bases participating in
intermolecular interactions. A related structure, of the same tridecamer, after soaking the
crystals with proflavin, was determined to 3:2 A resolution. The main features of this
B-DNA duplex are basically similar to the native tridecamer but differ in detail especially in
the conformation of the bulged-out base. Accommodation of a large perturbation such as
that described here with minimal disruption of the double helix shows both the flexibility
and resiliency of the DNA molecule.
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1. Introduction frame. This mutation,

termed a frameshift,

Bulged nucleotides can occur in double helical
stretches of both DNA and RNA, and may have
profound biological consequences. For example,
insertion or deletion of bases in coding regions of
DNA can cause a shift in the translational reading
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generally produces a protein with an incorrect
sequence following the site of mutation, usually
resulting in a non-functioning gene product. Frame-
shifts that result from unpaired nucleotides can
arise from recombination processes or from displace-
ment of bases during replication (Streisinger et al.,
1966), e.g. when the template strand contains an
unpaired base, the progeny strand will contain a
deletion; conversely, when the non-template strand
has an extra base, subsequent daughter strands will
contain an insertion. These types of mutations occur
more frequently at runs of identical bases, because
correct. base-pairs can form distal to the mutation
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Bulges tn DNA; n.m.r. results

Table 1

Bulged Conformation of the
DNA sequence nucleotide hulge Reference
(5'CGCAGAATTCGCG3), A Stacked-in Patel ef al., 1982; Gorenstein el al.. 1987

Nikonowicz et al.. 1989, 1990

(5'CGCAGAGCTCGCGS), A Stacked-in Hare et al.. 1986
(5'CGCGAAATTTACGCGY), A Stacked-in Roy et al., 1987
(5'CCGGAATTCACGGS), A Stacked-in Kalnik ef al.. 1989«
(5'CCGAGAATTCCGGY ), A Ntacked-in Kalnik et a/., 19892
5CTGACCCATCY A Stacked-in Woodson & Crothers, 1989
YGAC-GGGTAGS
5'CTGCGCCATCS G Ntacked-in Woodson & Crothers. 19886.¢
YGACG-GGTAGH
SNCAAACAAAGY C Looped-out Morden et al.. 1983
3TTT - TTTCH
(5'CCGCGAATTCCGG), C Looped-out/stacked-int Kalnik et al.. 19896
SUTGGTGCGGS T Stacked-in van den Hoogen et al.. 19886
YGACC-CGOCH
(5'CCGGAATTCTCGGY), T Looped-out Kalnik et al.. 1990
(5'CCGTGAATTCCGGY ), T Looped-out/stacked-int Kalnik et al.. 1990

1 Depending on temperature.

site stabilizing the bulged duplex region. All frame-
shifts of this type are fixed and propagate to future
generations. Alternative mechanisms for frameshift
mutations have been proposed and reviewed
(Kunkel, 1990; Ripley, 1990). With the advent of
hetter in vitro enzymatic assays, and more powerful
physical methods to study molecules that play a
role in frameshift mutations, there has been a
renewed effort to understand this process in greater
detail.

Bulges have been observed far more frequently
in RNA than in DNA. They are likely to play a
key role in RNA tertiary structure and have been
shown to be important in protein-RNA inter-
actions (Milligan & Uhlenbeck, 1989; Witherell &
Chlenbeck, 1989; Wu & Uhlenbeck, 1987). It has
been suggested that in nuclear mRNA splicing, the
branchpoint nucleotide, which carries out nucleo-
philic attack on the 5’ splice site in certain classes of
introns (Guthrie, 1991), is a bulge in models
containing both intermolecular (Parker et al., 1987)
and intramolecular (group II) (Michel et al., 1989:
Cech, 1990) helices.

In comparison to the structural characterization
of single base mismatches in double-helical DNA
(Kennard & Hunter, 1989; Shakked & Rabinovich.
1986), relatively little is known about the structure
of a bulged, non-complementary base within the
DNA duplex. The effect of a bulged nucleotide on
the helix could result in several alternative
secondary structures. An extra base could stack into
the double helix or loop out into solution, keeping
all the other base-pairs intact, or conceivably could
cause a misalignment in the vicinity of the extra
base. The existence of unpaired (or extrahelical)
bases in nuecleic acids was first postulated by the
pioneering work of Fresco & Alberts (1960). They
introduced the notion that non-complementary
residues in helical polynucleotides may be looped

out, i.e. unstacked and exposed to solvent, while the
rest of the nucleotides remain in a normal Watson
Crick type double helix. Model building on their
part showed that looping out of a uridine residue is
readily achieved by rotation about its two adjacent
phosphodiester bonds. The only significant altera-
tion to the DNA structure would be a reduction in
the distance between the phosphate groups around
the loop. In addition, loops of more than one residue
can be constructed. A reduction in thermal stability
in these bulged helices, relative to that of the perfect
analog, is observed (Lomant & Fresco, 1975) and is
proportional to the mole fraction of non-comple-
mentary residues.

Other physical studies on bulge-containing RNAs
have been reported, including hybridization and
cd.t (Fink & Crothers, 1972b), photohydration
(Lomant & Fresco, 1973), drug binding studies
(White & Draper, 1987) and n.m.r. (Hartel et al..
1981; Lee & Tinoco, 1980; van den Hoogen et al..
1988a), which all demonstrate the existence of
looped-out. bulges. Thermodynamic studies were
done in an attempt to measure the destabilization of
the RNA double helix by a bulge defect (Fink &
Crothers, 1972a) and the effect of nearby sequences
on the stability (Lomant & Fresco, 1975; Longfellow
et al., 1990). c¢.d. measurements (Gray ef al., 1980).
mixing curve analyses and nuclease digestion
(Evans & Morgan, 1982, 1986) have shown the
existence of unpaired bases in DNA double helices.
Photodimerization of pyrimidines flanking unpaired
thymidine bases is a strong indication that the
unpaired thymidine bases are in a looped-out

tAbbreviations used: c.d., circular dichroism: n.m.r.,
nuclear magnetic resonance; u.v., ultraviolet; F,, .
observed structure factor; F,, ., calculated structure
factor; r.m.s.. root-mean-square: MPD,
2-methyl-2.4-pentanediol.
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Figure 1. A representation of 2 possible models of
the secondary structure of the DNA tridecamer
d(CGCAGAATTCGCG), and its 5-BrC derivative. (a) and
(¢) The fully looped-out model for the native and 5-Br(’
derivative, respectively: (b) and (d) the stacked-in/looped-
out model, respectively. The distance between the
bromine atoms is | base-pair further apart in the stacked-
inf/looped-out model relative to the looped-out model.

conformation. Thermodynamic data for bulges in an
AT tract indicate that the identity of the bulge and
its sequence environment may influence the magni-
tude of the duplex destabilization (LeBlanc &
Morden, 1991). n.m.r. structural analyses of bulge-
containing oligodeoxyribonucleotides are summar-
ized in Table 1. Based on the above physical studies,
and gel-mobility studies (Bhattacharyya & Lilley.
1989; Hsieh & Griffith, 1989; Rice & Crothers, 1989),
certain trends have emerged. Purines appear to
stack into the double helix, causing it to kink.
Pyrimidines, on the other hand, both bulge out from
and stack into the double helix, depending on
temperature and sequence. i.e. flanking bases as well
as bases that are not adjacent to the bulge.
Sequence context does not seem to have an effect on
the conformation of extra purines (see Table 1).
A detailed three-dimensional X-ray structure of
bulged DNA fragments may provide an under-
standing of interactions involved in producing these
aberrations in the DNA molecule, and how they
may be detected and repaired in vivo, once they are
formed.

We have reported on the structure of a DNA
tridecamer d(CGCAGAATTCGCG), (Fig. 1(a})
containing bulged adenine bases (Joshua-Tor et al.,
1988). Here, we describe the refinement of this
sequence and the structure determination and
refinement of this same fragment after crystals were

soaked in a solution of proflavin. The refinement of
the structure of the soaked crystals led to a correc-
tion of our original model, which we have confirmed
by studies with a covalently bound heavy-atom
derivative. We will discuss the conformation of the
bulged region in detail, as seen by X-ray diffraction,
its effect on the structure of the double helix, the
interactions involved in stabilizing its conformation
and a comparison of these features with those of the
proflavin-soaked tridecamer structure,

2. Materials and Methods
(a) Crystallization of the oligonucleotides

The DNA oligomers were synthesized and purified as
described (Saper et al., 1986). The oligonucleotides were
crystallized by the vapor diffusion sitting drop method
(McPherson, 1985) on siliconized Corning depression glass
plates. Each droplet contained 2:4 mg oligonucleotide/ml,
10 mm-sodium cacodylate (pH 7:0), 109, (v/v) 2-methyl-
2.4-pentanediol (MPD), 15 mm-MgCl, and 15 mM-sper-
mine- HC| for the native 13-mer d(CGCAGAATTCGCG),
or 09 mum-spermineHCl for the 12-Br-13-mer
d(CGOGAATTCG®CG). The drops were equilibrated at
4°C against (-5 ml of a reservoir solution that contained
259%, MPD and 0-2 m-NaCl in water for both the 13-mer
and the 12-Br-13-mer. Native crystals grew typically to
approximately 0-8 mm x (-3 mm x 0-:3 mm within 10 to 14
days as elongated triangular prisms; however, the shorter
more spherical crystals proved to diffract better. Crystals
of 12-Br-13-mer were of the same shape.

(b) Soaking of crystals and determination of the ratio
proflavin : duplex

Crystals of the native 13-mer were soaked in a solution
of 3.6 diaminoacridine (proflavin) hemisulfate salt (Sigma
P-2508) at 4°C. Crystals that acquired a yellow color due
to proflavin were then washed several times in mother
liquor in order to remove excess DNA and proflavin. They
were then dissolved and the u.v. spectrum of this solution
and of solutions of the oligonucleotide and of proflavin
separately were taken using a Hewlett Packard diode
array spectrophotometer model 8450A. Ratios were deter-
mined for 2 different soaks of proflavin, a longer soak and
a shorter, less concentrated soak. The longer soak was
done using a 12 mM-solution for about I8 h and the
shorter soak in a (-6 mum-solution for 2 h. The 2 h soak was
used for X-ray data collection.

(¢) Data collection and crystal data

Cryotemperature data collection technigues developed
by Hope (1988) were used for data collection as all
crystals appeared to be highly sensitive to X-ray irradia-
tion even at 4°C. In this manner, complete data sets were
collected, for each experiment, using a single crystal. with
virtually no decay, at approx. 120 K.

(1) Native 1.3-mer

A gingle crystal was coated with a viscous oil (Exxon
Paratone-N with no additives), removing all the mother
liquor solution covering the crystal. It was then picked up
with a thin glass fiber, which was fitted into a copper pin
and transferred to the goniometer head mounted on a
Rigaku AFC5-R rotating anode diffractometer operated
at 15 kW. The crystal was placed directly in a cold stream
of freshly boiled liquid N,. The cooling syvstem was a basie
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Table 2
Completeness of data

A. As a function of resolution for the native tridecamer

> 30 04> 30 >30 V> 30

Shell (A) Possibie Observedt 9, Observed (shell) (shell) (sphere) (sphere)
10:0-8-0 47 45 96 45 96 45 96
8-0-6-0 127 123 97 119 94 164 94
6:0-4:0 553 512 93 455 82 619 85
40-3-0 1034 964 93 695 67 1314 75
30-2-8 409 383 94 168 41 1482 68
2-8-2:6 573 520 91 158 28 1640 60
2:6-2+0 3328 2929 88 516 16 2156 36

B. As a function of resolution for the proflavin-soaked tridecamer

i >20 Oy > 20 >20 Vo> 20

Shell (A) Possible Observedt 9 Observed (shell) (shell) (sphere) (sphere)
10-0-8-0 47 46 98 45 96 45 96
8:0-6-0 150 138 92 138 92 183 93
6-0-4-0 576 515 89 500 87 683 fata]
40-3-2 774 632 82 571 74 1254 81
32-3:0 355 242 68 193 H4 1447 76
30-2-8 441 254 H6 171 39 1618 69
2:-8-2-5 571 266 47 133 23 1751 60

T Positive reflections.

Table 3
Completeness of data as a function of resolution for 12-Br-13-mer

>40 merge %,>40 merge >40 merge ©,>40 merge

Shell (&) Possible Obst (1) 9% Obs (1) Obs (2)  ©,0bs (2) (shell} (shell) (sphere) {sphere)
10.0-8.0 47 48 100 48 100 39 83 39 83
8.0-6.0 130 128 98 1258 98 87 67 126 71
6.0-4.0 564 533 95 533 95 220 39 346 47
4.0-3.0 1049 457 44 983 94 301 29 647 36

The space group for this crystal is actually P21 although it has pseudo ("2 symmetry, since A+k = 2n +1 reflections are very weak.

(1) and (2) denote the first and second data sets, respectively.
tPositive reflections.

Enraf Nonius low-temperature apparatus. fitted with a
home-made outlet tube of evacuated glass tubing and
styrofoam, which was constructed to allow relatively free
motion of the y circle while keeping the cold gas stream at
a fixed position with respect to the crystal. Data were
collected with CuKa radiation at 120 K using an w scan at
a speed of 5°/minute to 2:0 A resolution (I A = 0-1 nm).
In all. 6792 reflections were collected, of othese 5530 are
unique, R for all positive data to 2:0 A is 0-048. The
space group is ("2 with_unit cell dimensions a = 7848 A.
h=4284 A, ¢ =2516 A, f =99-36° with | DNA duplex/
asymmetric unit. The number of reflections at different
resolution ranges is shown in Table 2.

(i1) 12-Br-13-mer

Data were collected using the same shock-cooling tech-
nique described for the native 13-mer, except that the
crystal was mounted on a glass spatula. The spatula was
made by attaching a very thin piece of glass of approxi-
mately the size and shape of the crystal to be measured,
to a thin glass fiber as described above. Two data sets,
from the same crystal, were collected on a Rigaku AFC5-
R rotating anode diffractometer operating at 10 kW using
CuKa radiation and an @ scan to 3:5 A resolution at two

TR

sym 19 the unweighted squared R-factor on intensity.

¢

different speeds (4°/min and 2°/min). In all, 1274 and
2352 reflections were collected, respectively. in this case.
1217 and 2234 are unique. The space group is 2, and the
unit cell dimensions @ = 78-67 A, b = 4299 A ¢ = 2509 A,
B =100-70" with 2 DNA duplexes/asymmetric unit with
pseudo 2-fold symmetry between them (resulting in this
space group being pseudo €2 and virtually isomorphous
to the native crystals). Table 3 shows the number of
reflections at different resolution ranges.

(1) Proflavin-soaked 13-mer

The shock-cooling  techniques were used for the
proflavin-soaked crystals. They were coated with oil as
described above and mounted on a glass spatula. Only the
shorter soaked crystals were useful for data collection as
the longer soaked crystals diffracted poorly. Data were
collected on a multiwire Siemens/Xentronics area detector
mounted on a Rigaku rotating anode operating at 10 kW
to 2:5 A resolution (360 frames, the framewidth being 0-5°
and exposure was 300 s/frame). In all, 8318 reflections
were collected. of these 2608 were unique reflections. B,
for all data to 2-5 A being 0-021. Significant data, based on
counting statistics, were obtained only to 3-2 A resolution
(as assessed by the program XENGEN (Howard ef al.,
1987)). The space group is (2 with unit cell dimensions
a=8081 A b=4297 A ¢ =2557 A, f =996°. Table 2
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shows the number of reflections at different resolution
ranges.

(d) Structure solution and model building

The structure was solved via ULTIMA (Rabinovich &
Shakked, 1984) as described by Joshua-Tor ef al. (1988).
An alternative search procedure was conducted in order
to verify the “spin” of the molecule around the helix axis
based on the orientation and position of the helix axis
from ULTIMA. The molecule was rotated around its helix
axis in 5" steps and the molecule subjected to rigid body
refinement at each step using the program CORELS
(Sussman et al., 1977). The R-factort and linear correla-
tion coefficient] were then plotted against the helix spin
dngle at various resolution ranges (20 to 10 A 15 t0 8 A:

5 to 6 A). The results agreed with those of ULTIMA.

The initia] model was a B-DNA dodecamer of the
sequence d(CGCGAATTCGC®), built from B-DNA helix
parameters based on fiber diffraction studies (Arnott et
al.. 1930). Fitting of the model to the electron density
maps was done initially on a Vector General black and
white computer graphics display and later on an Evans &
Sutherland PS390 color graphics system using the interac-
tive computer graphies program FRODO (Jones, 1978:
Pflugrath et al.. 1984). A dictionary of optimal bond
lengths. bond angles and fixed torsion angles for nucleic
acids was used in order to be able to interactively add
extra bases via the SAM and REFT options in FRODO.
This dictionary was modified by us based on fiber diffrac-
tion data (Arnott et al.. 1980) for DNA structures and
acridine dyes.

(e) Refinement techniques

Several different methods were used during the course
of refinement of the native and the proflavin-soaked 13-
mers. Initially. the constrained-restrained least-squares
(CORELS) program (Sussman et al., 1977) was used. This
was followed by the Hendrickson—-Konnert restrained
least-squares  refinement program (Hendrickson &
Konnert. 1981) as modified by Westhof for nucleic acids.
NUCLSQ (Westhof et al.. 1985). As the program X-PLOR
(Briinger et al.. 1987) became available. we used it mainly
for refinement of the looped-out/stacked-in model
together with NUCLSQ (see Results and Discussion for
details of the refinement). All computations were carried
out on a VAX 11/780 or a MicroVAX 3600 computer.
except for X-PLOR refinement. which was run on a
CONVEX (220 computer.

() Difference Fouriers for determining bromine
atom posttions

Two 12-Br-13-mer data sets using #>4-00 reflections
between 10 and 4 A resolution were merged using the
program PROTEIN (Steigemann, 1974). PROTEIN was
also used in order to calculate a difference Fourier map
(F(Br)y-F(Nat))a,,q. where F(Br) and F(Nat) are the
derivative and native structure factors, respectively.
using phases (%,,4) once from a fully looped-out model
(model A) and once from the stacked-in/looped-out model
(model B: see Results and Discussion). This calculation
was repeated with the CCP4 package of programs (from

Z ”Fc)bsl ﬁ

I
t g = = ol = Feadl.
Z|F ol
i o = n’Zﬁwobs calc ZF’oszﬁwcalc
\/nzjnob'. ZFobs 2\/71ch31€ (Zﬁ'calc)

the Daresbury Laboratory, U.K
results.

) yielding very similar

(g) Calculation of helvx parameters

Most of the helix parameters were calculated with the
NEWHELS0 library of programs {(R. E. Dickerson,
personal communication). Conventions and definitions of
helix parameters used are those of the 1989 Cambridge
conventions (Dickerson et al. 1989). described in detail by
Dickerson et al. (1985). The frayed bases were omitted.
Parameters for the A-A base-pair were calculated using
the appropriate looped-out adenine (A17) from the proper
symmetry-related molecule, which is marked A17*. The
overall helix axis was calculated using all C, to ()
vectors along each strand except from Al7* and all
purine-N, and pyrimidine-N|;, vectors except for A17*,
for which C(;, was used instead. because of the special
geometry of the base-pair. The long axis for each base-
pair was taken as the Cg,~Cg, vector and for A4-A1T* as
Cs) N3, Comparisons of helix parameters were done with
the Dickerson-Drew native room temperature dodecamer
and not with the low-temperature (16 K) dodecamer
structure. The 2 crystal structures are quite similar but
the room temperature structure was refined at higher
resolution and therefore parameters are more accurately
determined.

Cvlindrical projections of the DNA structure were done
using a program written by T. Larsen (personal communi-
cation) with an assumed cyvlindrical radius of 10 A,

3. Results and Discussion
) Refinement of the DN A tridecamer structure

The refinement of the DNA tridecamer structure
was carried out initially as described by Joshua-Tor
et al. (1988). Subsequently, a more careful refine-
ment was initiated, which used additional and more
restrictive restraints on the geometry in order to
obtain a better fit to canonical stereochemistry. The
guamne base, (G24, opposite one of the bulges was
built in a syn conformation in order to fit the
electron density maps. The program NUCLSQ
(Westhof et al.. 1985) was used for least-squares
refinement alternating with molecular model
building using FRODO (Jones, 1978; Pflugrath et

al., 1984) into electron density maps on an Evans &
Sutherland PS390 computer graphics system.

At this stage of the refinement. electron density
maps looked satisfactory with a reasonably good
R-factor and stereochemistry (23-09, for 10 to 2:6 A,
Fo>00. r.m.s. deviation from ideality of 0-016 A
for bond lengths with 17 water molecules).
A portion of the electron density map, in the
vicinity of one of the bulges (A17) is shown in
Figure 2(a) and (b). Two questionable features
about the structure determination still remained
based on this model. First, the electron density
between the sugar moiety of one ot the unpaired
bases (A4) and the phosphate group of the residue 3’
to it (G5) was inadequate to fit all the atoms (Fig.
2(¢)), although an omit map (Fig. 2(d)) of this
bulged base indicated that the sugar was positioned
correctly. The two phosphate groups around the
unpaired base as well as its sugar moiety. were too
close. resulting in very tight non-bonded contacts.
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Y
A

Figure 2. (a) Electron density map (2§ ,,,— F ) around one of the bulges (Al17) in the looped-out model (lowest

contour level 1-2a); (b) difference Fourier (F ,,—F )

map in which AI7 was omitted in the computation of the

calculated structure factors of the looped-out model (lowest contour level 1:5g); (¢) electron density map (2F . — F )
around A4 in the looped-out model (lowest contour level 1-00). Note that not all of the backbone atoms fit into the map
and that the phosphate groups flanking the bulge are very close: (d) omit map for A4 in the looped-out model (fowest

contour level 1-50).

We were unable to refine this region so that it would
have both acceptable geometry and, simul-
taneously, have all atoms fit the electron density
maps. Second, there was quite a large unaccoun-
table peak, in the minor groove near the first
nucieotide, C1, in both the 2F , — F_,,. map and in
the difference map.

Proflavin-soaked crystals were subjected to
similar experimental protocols, i.e. X-ray data were
collected at 120 K. Starting from the looped-out
model of the tridecamer, we expected that the struc-
ture determination of the proflavin-soaked crystals
to be straightforward, which turned out not to be
the case. The looped-out model of the tridecamer
was initially converted into fractional co-ordinates
because the unit cell of the soaked crystals was
somewhat larger than those of the native cell (7-6 9,
v/v}. It was then subjected to rigid body refinement
using the program CORELS (Sussman et al., 1977)
at 10 to 6 A. The R-factor dropped from 36:39%, to
30-4 9, within five cycles of refinement. Using simu-
lated annealing crystallographic refinement with the
program X-PLOR at 10 to 3 A caused the R-factor
to drop from 4339, to 30:39%, and resulted in an
“expansion’ of the structure towards the crystallo-
graphic 2-fold at (3,0,3). Inspection of different elec-
tron density maps revealed several severe problems
with the model used, especially in the region of one
of the extra bases, A17, and around G24. The struc-
ture was then refined by first omitting (G24 and then

calc

omitting A4 (the other extra adenosine base). Maps
based on these refinements showed no density for
A4 or G24. The other unpaired base, A17, seemed to
be interacting with (3, and (3 and G5 appeared to
be connected through electron density. This led to
substantial rebuilding of parts of the model such
that A4 was inserted into the double helix instead of
3, (3 replaced G2, G2 replaced Cl, and ('l was
removed at this stage. On the opposite strand, A17
from a neighboring molecule (designated A17*) was
modelled to occupy the density that previously was
used by (i24, thus bringing it into a position to pair
with A4. The backbone between (23 and (i24 was
extended around this extra adenine base (A17%),
(24 replaced (125, (25 replaced (326, and (26 was
removed. Thus, there was no room for the terminal
base-pair ('1:G26, since if it were paired it would
“bump’ into the same base-pair of a 2-fold related
neighboring molecule. As in the previous fully
looped-out. model, there are still 12 base-pairs.
except that one of them arises from the pairing of
the two extra bases. This suggested that the
terminal base-pair must be frayed. A large and
initially unexplained peak in the 2F . — F ;. and in
the F,,.— F . maps extending from the phosphate
group of G2 revealed the position of the first nucleo-
tide of one strand. Density for the G26 phosphate
group was also very apparent. and accounted for the
unaccounted for peak previously described for the
fully looped-out model. Another large peak was



Bulge-containing DN A Structures 403

located in the minor groove of a neighboring mole-
cule and was subsequently identified as the sugar
and base of nucleotide G26. At first, C1 and G26
were not included in the refinement in order to
minimize bias in the electron density maps, since
this fraying of the terminal base-pair C1-G26 seemed
rather unusual. Later, after refinement was con-
tinued using X-PLOR, and density became clearer,
these two nucleotides were included.

Thus, refinement of this proflavin-soaked tride-
camer structure led to a different crystal structure
than our looped-out model of the first DNA tride-
camer structure, although no proflavin molecule
could be located. In the soaked crystals, one extra
adenine base is looped-out from the double helix,
while the other stacks into the double helix. The
looped-out adenine base forms an A'A base-pair
with the stacked-in adenine base from a neighboring
molecule. The result is a stacked-in/looped-out
structure rather than a fully looped-out structure.
Both are shown schematically in Figure 1(a) and (b)
for comparison. Such drastic conformational
changes are unlikely to occur in crystals without
cracking them, so we decided to examine how well
this stacked-in/looped-out structure fit the original
native X-ray data. This was initially done by
subjecting both the fully looped-out model A and
the stacked-in/looped-out model B to the same
refinement scheme, ie. simulated annealing and
restrained least-squares using the program X-PLOR
(Briinger et al.. 1987) using reflections with F , > 30
and 10 to 26 A resolution. The R-factor dropped
from 2899, to 2569, for model A and from 41-59
to 2339, for model B, with somewhat better stereo-
chemistry for model B. Various electron density and
omit maps, calculated to assess the results of these
refinements. all showed the superiority of model B.
Although the R-factor and the electron density
maps indicated a solution that favored model B.
both R-factors were sufficiently low so as not to
reject the original model A at this point. Confirma-
tion of the correct structure, using a bromine
derivative is discussed in the next section. Refine-
ment of a “'grossly wrong model” to a reasonably
low R-factor has been reported for a DNA decamer
structure (Heinemann & Alings, 1991). Here, it
should be added that the two models are very
similar throughout a significant portion of the struc-
ture, the central part being virtually identical.
Based on these results, model B was confirmed as
the correct structure for the tridecamer. and refine-
ment was continued.

A simulated annealing procedure was used for the
refinement of model B against the native X-ray
data. This included a preparation stage. which uses
diffraction data together with energy minimization,
followed by heating to 3000 K and running
molecular dynamics for 3 picoseconds with a
timestep of 0-5 femtoseconds. The system was then
cooled to 300 K and running molecular dynamics
for 1-5 picoseconds (the so-called fast cooling pro-
cedure). Charges were turned off during molecular
dynamics.  Following this, several cycles of

restrained energy minimization were run once again.
During the early stages of the X-PLOR refinement,
backbone torsion angles were weakly restrained in
order to drive them to acceptable values for
B-DNA; however, following this, these restraints
were excluded for the rest of the refinement.
Hydrogen bonds were not restrained. Towards the
end of the refinement and after water molecules
were added, the molecular dynamics steps were
excluded from the protocol, ie. only the least-
squares-energy minimization refinement protocol
was used. Geometry was tightened at times by
decreasing the weights for the structure tactors (WA
in X-PLOR) and a weighting scheme of the form
wt = {90-900(sinf/1-0-16667)} ~* was applied at later
stages of the refinement to give approximately
equal weights to AF? as a function of sinf/4 ranges.
Since the dictionary of ideal bond lengths, bond
angles and torsion angles used for X-PLOR and
NUCLSQ proved to be considerably different,
especially with respect to sugar geometry, both
dictionaries were modified on the basis of average
values obtained from well-refined crystal structures
{Saenger, 1984). Other values of the parameter file
used for X-PLOR were adjusted in order to obtain
proper geometry. A few cycles of NUCLSQ were run
at the last stage of refinement using the weighting
scheme described above. The modified dictionary
was used and a 0-35 parameter shift per cycle was
employed. No torsion angle or base-pair hydrogen
bond was restrained.

During all stages of the refinement, electron
density maps were calculated and the refined
models examined to follow the course of the refine-
ment and to rebuild portions of the molecule where
needed. The electron density maps were of the type
2Fobs'_ Fcalc’ Fobs”~ Fcalc* Fcalc— Fobs and omit maps,
in which the region of the model to be examined,
was omitted from the computation of the calculated
structure factors. Omit-refine maps were used, in
which several cycles of least-squares refinement
were run after omitting the part of the structure
being examined. Water molecules were added in a
conservative manner, ie. only peaks that were
above a 3¢ cutoff in the dlfferen(e map. and that
were between 2-4 and 35 A (distances up to 40 A
were sometimes considered) from acceptor/donor
atoms were identified as putative solvent molecules.
Solvent molecules were continuously examined by
omit maps and were deleted if they no longer fit the
criteria after several cycles of refinement. Occupan-
cies were not refined, i.e. they were kept at a value
of 10 during refinement so that £ values could
indicate reliability, apart from one solvent sitting
on a 2-fold axis in which the occupancy was set to
0-5. Individual isotropic temperature factors were
refined during the later stages of refinement. These
were allowed to drop to a minimum value of 20 A2,
Average group B values for phosphate groups, sugar
molecules and bases are given in Table 4. The final
R-factor for the native tridecamer structure is
1869, for 1640 reflections in the range 10 to 2:6 A
(see Table 5).
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) Table 4
Anverage group B-factors (A 2 ) for phosphate groups. sugars and bases of the
tridecamer and those of the proflavin-soaked tridecamer
Phosphate Sugar Base

Residue Native Noaked Native Soaked Native Noaked
1 332 36:8F 287 35D 2540 375
2 345 343 146 120 3H 20
3 134 167 RS} 83 23 24)
4 21-3 153 185 130 5 20
5 124 16:6 140 12:0 13 24
6 -7 192 148 128 134 23
7 36:6 198 337 176 230 27
o) 390 29-0 [EXH 1] 165 23
) 261 276 -0 193 atd R
10 18:9 264 2002 o4 ®7 I
1] 10-7 243 257 IN-X 210 249
12 179 296 1349 254 177 14
13 210 259 222 195 267 131
14 263t 288t 20-6 226 1l 244
15 137 265 262 314 242 145
16 330 353 381 233 321 22
17 2843 20T 2002 133 R31) 2
18 245 218 145 13-4 X 22
19 151 236 17-6 66 165 24
20 26-6 225 232 16:3 a1 24)
21 78 177 206 154 159 2ty
22 22-0 20-4 124 16-2 30 24
23 154 255 102 136 b 240
24 16-3 170 143 S0 2-0) 20
25 315 19-6 7o 24 87 20
26 95 2402 82 214 12-2 16-6
Average 219 244 184 J1-9 12:6 6

FThese values are for O, sine

The reason the R-factor for the prev

Jower than the corrected one appears
several different reasons. Firstly, the

1ous model is

to be due to
resolution of
A resolution.

the previous model was only to 28 A
while that of the corrected model is 2:6 A resolution.
Although a somewhat higher F . /g cutoff was used
in the current refinement, resulting in an improved
guality of the electron density maps, there were still
significantly more reflections used in the current
refinement compared to the previous model (1640
versus 1113 reflections). Not enough care was taken
with respect to the geometry of the previous model,
especially in the backbone torsion angles, thus mak-
ing 1t possible, in some sense, to more easily lower
the r.m.s. deviation from ideality for the bond
lengths and bond angles. This also may have

Table 5
Refinement results for the native tridecamer and for the
proflavin-soaked tridecamer

Native Noaked

R-Factor (%) 186 22-2
Resolution (A) 10-2-6 10-3-2
Cutoft F>30(F) F>20(F)
Number of reflections 1640 1254
Number of non-hydrogen DNA atoms 528 528
Number of water molecules 23 11
r.an.s. deviation from ideality:

bond length distances g&) 0014 0017

bond angle distances (A) 019 0-025

e there are no 5" phosphate groigps.

resulted in lowering the R-factor. In addition, the
inclusion of 50 water molecules may have both
masked some of the errors in the model and further
“artificially”
geometry and the addition of water molecules was
dealt with in a much more conservative and rigor
ous manner in the refinement of the cuarrent
corrected structure, It should be noted. however.
that there was no significant difference in the treat-
ment of the temperature factors in both cases

lowered the R-factor. Both the

(b) Bromine atom positions distinguish between the
looped-out versus the stacked-inflooped-out structiures

In order to verify experimentally that model B
was correct, we used an essentially isomorphous
derivative with 5-bromocytosine (5-Br(’) replacing
cytosine in the penultimate position (Joshua-Tor.
1991). As model B differs from model A hy the
presence of an extra A-A base-pair between the
brominated cytosine bases. the 5-Br(’ bases on
opposite strands in model B would be nine base-
pairs apart. while in model A only eight (see Fig.
1{¢) and (d)). By calculating difference electron
density maps between the derivative and the native
structure factors, using phases from model A and
model B, the positions of the bromine atoms could
be located (Fig. 3). Although the map calculated
with model A phases has several additional noise
peaks, both maps show the location of the bromine
atoms clearly at the same positions in space, and



(c)

Figure 3. Difference maps with amplitudes (#(Br)— F(Nat)) showing the positions of the bromine atoms in the DNA
tridecamer d(CGCAGAATTCGECG),, which was synthesized and purified as described (Saper ef al.. 1986). (a) Map
calculated using phases from model A (the fully looped-out model. lowest contour level at 2-7g) superimposed on model
A; (b) same map superimposed on model B (the stacked-inflooped-out model); (c) map calculated using phases from
model B superimposed on model B (lowest contour level at 3-36). The 3rd peak in this map arises from the bromine on a

2-fold related (25 base and appears in the map shown in (a) and (b) as well. Arrows indicate the 2 bromine peaks from 1
asymmetric unit.
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(a)
Fig. 4.
nine base-pairs apart. directly confirming the terminal G-C base-pair is disrupted with each base

stacked-in/looped-out structure. The fact that the
same peaks were obtained when phasing on either
model verifies the correctness of model B. Further-
more, it eliminates the possibility that there is some
gross disorder, with the two structures coexisting in
the erystal,

(¢) The three-dimensional structure
of the tridecamer

The refined tridecamer structure, shown in Figure
4, is a B-type double helix with one duplex in the
asymmetric unit. One extra adenine base loops out
from the double helix, while the other stacks in. The
double helix is frayed at one end. i.e. a potential

participating in separate intermolecular inter-
actions. This still resulted in a 12 base-pair double
helix (Fig. 4), but different from what we previously
reported (Joshua-Tor et «l.. 1988). The looped-out
adenine base interacts with a neighboring duplex by
intercalating into the major groove, between bases
opposite the stacked-in adenine base of that mole-
cule, forming an A-A base-pair with it (Fig. 5). The
average twist is 347 and the average rise per residue
is 3-3 A. This results in about 10-3 residues per turn
of the helix.

(1) The conformation of the looped-out bulge

This structure gives us the first detailed look at a
conformation of a looped-out bulge site in a DNA



Bulge-contarning DN A Structures 407

Figure 4. (a) The structure of the tridecamer with strand 1--13 shown in red and strand 14-26 in blue. The 2 extra
adenine bases are highlighted with van der Waals’ dot surfaces: (b) a stereo diagram of the tridecamer structure.

duplex. although several theoretical models have
been built (Fresco & Alberts, 1960; Olson et al.,
1985). At the hulge site, adenine base A17 loops out
with the backbone making what we call a loop-the-
loop curve (since it reminded us of a roller coaster
loop-the-loop). The path of the chain in the 5 to 3
direction looking perpendicular to the helix axis and
towards the major groove is as follows (Fig. 6): the
helix continues downwards towards the phosphate
group of Al7. of which the oxygen atoms are
pointing down, then goes up to the sugar, O, now
pointing in the opposite direction to the rest of the
sugars in that strand, up farther to the phosphate
group of G18 to approximately the same “height”
as the sugar of Cl16 (when looking parallel to the
helix axis), of which the oxygen atoms are pointing
up this time, and then the backbone continues
downwards to the sugar of G18. The looped-out
nucleoside is flipped over, as can be seen from the
opposite orientation its sugar moiety has relative to
the other sugars in this strand. The distance
between the phosphate groups surrounding the
looped-out base (those of A17 and G18) is only 5°1
A. which is closer than the normal distance of
approximately 7.0 A for B-type structures and
approximately 59 A for A-type DNA structures
(Saenger, 1984). This feature was predicted by
Fresco & Alberts (1960) in their model-building
study and is supported by the increased salt depen-
dence of f, for bulge-containing DNA fragments
relative to ordinary DNA fragments (Evans &
Morgan, 1982). The bases 5’ and 3" to the bulge are
well stacked, as if they belong to consecutive

nucleotides (see Fig. 7). The helical rise is 29 A
between these two flanking base-pairs. and their
twist angle is 35°. They do, however, show some
distortion, with a rather large buckle of 127 and 17°
(Table 6).

The looped-out base, A17, is stabilized by inter-
molecular hydrogen bonds and by base stacking. [t
forms hydrogen bonds with A4, the stacked-in extra
base from a symmetry-related molecule, and is also
stabilized by stacking interactions with bases of this
same neighboring molecule above and below, in
particular with the guanine (G24: see Fig. 5(b), and
the next section).

However, this loop-out is likely to correspond to
one of the lower energy conformations of a bulge in
a DNA molecule. There is probably an equilibriam
between the stacked-in and looped-out states that
depends on various environmental factors, e.g.
temperature as seen in the n.m.r. studies for
unpaired pyrimidines in DNA helices (Kalnik et al.,
1989a, 1990), or ionic strength, as in the increased
salt dependence of t,, for DNA fragments containing
bulges relative to ordinary DNA (Evans & Morgan,
1982), indicating that the phosphate groups are
closer to one another in the bulged DNA. Our
structure at the looped-out bulge site agrees with
the latter observation, since the two phosphate
groups 5 and 3’ to the bulged nucleotide are in
closer proximity than in the normal distance in
DNA and is consistent with earlier work (Fresco &
Alberts, 1960). This putative equilibrium of bulge to
stacked conformation is also very likely to depend
on other molecules that can interact with the bulged
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(c)

LIV
*

(a)

Figure 5. (a) One of the extra adenine bases from one molecule {drawn as open bonds) looping-out and forming an AA
base-pair with the other extra adenine base from a neighboring molecule (drawn as filled bonds): (b) a close-up on the
intermolecular interaction; (¢) the stacked-in adenine, A4, from one molecule (drawn as filled bonds) base-pairs with its
Watson-Crick surface. while the looped-out base, A17, from a symmetry-related molecule (drawn as open bonds) uses the
Hoogsteen surface: (d) a drawing depicting the directionality of the strands carrying the paired extra bases. Although
these 2 strands are parallel. since A17 is flipped over and the backbone makes a loop. the 2 bases are in an antiparallel

orientation.

DNA. Hydrogen bonding of a looped-out base to an
amino acid residue of a nearby protein may stabilize
a looped-out conformation in a similar manner as
observed in this crystal structure where the inter-
action is with a nucleotide of a nearby DNA mole-
cule. Stacking interactions with aromatic amino
acid residues, other nucleotides or perhaps aromatic
mutagens as well, may stabilize a looped-out base.

This latter type of stabilization is observed in this
crystal structure as well, since the looped-out base is
sandwiched between two nucleotides in a neigh-
boring double helix.

Fresco & Alberts (1960) suggested that the extra
base can be looped out of the helix by rotation
about its two adjacent phosphodiester bonds.
opening a vacancy into which an adjacent residue

Figure 6. Stereo drawing of the bulge showing the loop-the-loop path the backbone takes around the looped-out base

(see the text).
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Figure 7. The bulge site around A7 (thick lines) super-
imposed upon a regular B-DNA double helix derived from
fiber X-ray studies (broken lines). The nucleotides above
and below the bulge are stacked upon each other in much
the same way as in a regular B-DNA helix.

could move. Careful examination of the backbone
torsion angles of the tridecamer (Table 7) revealed
that these are not the only torsion angles involved
in the bulge observed. In order to get a feeling for
the way this strand can accommodate a looped-out
base, one can envision the following schematic
scenario starting from a B-DNA duplex: the extra
base is turned out from a normal intrahelical posi-
tion to point out from the helix axis. This leaves the
two_bases flanking the extra base in place, about
6-8 A apart. By bringing these two bases closer
together. there would be a gain in stacking energy.
This is achieved by the extra nucleoside flipping
over to an opposite orientation. It results in a
movement of the O, of this sugar towards the 5’
direction, thus dragging along with it the rest of the
chain one step upstream (in the 5 direction of the
strand). An alternative way of visualizing this is
that, since the 3’ flanking base moves upstream, the
looped-out nucleoside flips over to relieve the strain
by increasing the distance between the two phos-
phate groups. This is drawn schematically in Figure

Table 7
Backbone torsion angles (°) for the tridecamer
Residue 2 f y d € e 7
1 161 165 257 1N 261
2 21 138 101 158 205 296 244
3 243 9] 129 98 240 222 217
4 317 116 63 146 214 220 249
i} 333 127 23 136 236 174 267
6 279 110 79 151 206 230 224
7 333 161 24 148 185 254 272
8 281 152 70 99 161 293 231
9 244 165 112 152 152 280 242
10 289 238 37 162 121 293 271
11 260 222 64 154 174 259 277
12 318 167 27 126 223 173 254
13 343 126 24 156 25H
14 o 85 163 242 253 242
15 211 87 118 173 183 238 236
16 191 231 107 137 230 66 297
17 243 90 308 143 322 301 267
18 98 = 150 180 96 165 291 233
19 295 195 40 151 179 242 260
20 324 160 43 149 157 264 267
21 261 179 89 147 226 213 255
22 297 99 93 110 215 290 236
23 352 232 280 153 194 275 245
24 311 188 45 144 223 169 282
25 63 253 199 117 218 343 204
26 283 160 82 172 - 304

+This angle is 211 for the other possible conformation (anti) for
('l (see the text).

8(a). In order to examine which torsion angles are
involved, physical models were built followed by
computer model building. A stepwise construction
of the bulge is shown in Figure 8(b).

The angle around O;,—P of the nucleotide 5 to
the looped-out base, { of C16 is in an ap conforma-
tion. This is observed in other crystal structures, in
UpA(2) (Sussman et al., 1972), in d(pTpT)
(Camerman ef al., 1976), in d(TpA) (Wilson & Al-
Mukhtar, 1976) and at the TpA step in d(ATAT)
(Viswamitra et al., 1978). These all display an
extended backbone structure rather than a helical
arrangement. Another torsion angle that plays a
role in the conformation of the bulge is P-Os,). a, of
(18, which is +se rather than —se. This is observed

Table 6
Helix parameters for the tridecamer and those for the proflavin-soaked tridecamer

Native Soaked Native Soaked Native Soaked

Slide (D)) x displ (d,) y displ (d,)

Base-pair

Twist (Q) Rise (D,) Buckle (k)

Base step Native Soaked Native Soaked Native Soaked
2-C3 382 36-0 2:8 36 -99 25
('3-A4 29-5 365 2:8 3:0 31 0-8
A4-GH 53 50 39 37 86 1-8
(i5-A6 415 372 34 37 —-4+8 =23
AB-AT 399 40-5 34 35 48 —-37
AT-T8 336 331 34 33 —61 =27
T8-TY 379 373 33 30 14 —65
To-C'10 411 389 29 31 — 55 48
C10-G1l 348 377 29 38 117 83
G11-('12 276 40-5 36 32 17-1 60
C12-G13 43-6 315 36 40 112 73
56 —68

06 -6 33 37 07 o2 G2-025
19 2-1 36 38 =07 =1 3-G24
00 =02 27 24 —04 —04 Ad-ALT*
04 05 09 09 00 =03 GH-(23
01 —r4 0-4 — 04 05 05 A6-T22
—-06  —04 0-6 0-2 08 06 A7-T21
ol 00 06 1-0 01 -2 T8-A20
—05 =03 08 1-2 —0-2 — 05 T9-A19
00 0-0 0-8 08 =135 1) CH0-G18
00 0-6 02 o1 —22 —2-1 GI11-C16
17 4 o5 =03 =31 —19 12-G15
08 =12 —-19 —I& G13-C14

* From a symmetry-related molecule.
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(=] ]

Y Base (up)
= Base (down)

[} Phosphate

(b)

Figure 8. (a) A stepwise construction of the looped-out bulge. T, Initial regular B-type structure. 11, A17 swings out,
leaving C16 and G18 in place. Flipping over of A17 and movement upstream from G18 is shown here in 2 steps: 111, A17
flipped halfway, such that the plane of A17 base lies roughly on the plane of the helix axis and perpendicular to the other
bases, the plane of its sugar moiety is also roughly perpendicular to the other sugars. G18 begins to move toward C16. TV,
Al7 sugar and base are flipped over relative to the other bases in the strand, flanking phosphate groups are pushed apart
and the flanking bases C16 and G18 are stacked on top of each other; (b) same steps as in (a) using computer model
building. I, Starting with a double helix of the sequence d(C16-A17-G18) d(C9-C10-G11) in a B conformation (Arnott e/
al.. 1980); numbering was chosen so that it would correspond to numbering at the looped-out bulge site in the
tridecamer. 11, A17 swings out mainly by changing the « and y of both A17 and G18. Specifically, A17a changes from a
—sc to a +sc conformation, A17y from +sc to —ac, G18ax changes from —sc to +sc as well, and G18y from +sc to —ac.
IT1, The main backbone torsion angles that were changed here are A17a, back to a —sc conformation, A17¢ from —ac to
+ac and G18a to an ap conformation. This moves the base of G18 towards C16 halfway up to a normal stacking distance.
IV, Finally, C16{ was changed to a +ap conformation, A17a to —ac, A17{ to a —sc conformation and G18y to an ap
conformation, which completed flipping of the extra base, and allowed proper stacking between the 2 flanking bases. Tt
should be noted that there may be other combinations of torsion angles that might have the same effect.

in the crystal structure of UpA(1) (Sussman et al., backbone, which is found in the anticodon and T
1972), in the second phosphate group of ApA*pA* loops of yeast tRNAP™ where « is in an ap confor-
(Suck et al., 1973), and in ApA (the Ca’* salt) mation (Kim & Sussman, 1976). The glycosidic
(Einspahr et al., 1981). These all display a conforma- angle y of Al7 also changes somewhat in the tri-
tion corresponding to a non-helical # turn in the decamer structure (from ~ —120° in B-DNA to
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(b}

Q €

(g)
(h)

Figure 9. Omit maps for each of the extra adenine bases (lowest contour level 36) for the native tridecamer from a
view looking down the base-pair (top) and from an edge-on view (bottom). (a) and (b) A4 omitted; (c) and (d) Al17
omitted; and for the the proflavin-soaked tridecamer (lowest contour level 3g) from a view looking down the base-pair

(top) and from an edge-on view (bottom). (e) and (f) A4 omitted. (g) and (h) A17 omitted.
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- F at the

Figure 10. Electron density map (2
site of intercalation of the looped-out base. A17. between
(23 and (24 of a neighboring helix (lowest contour level
la).

obs L.’alc)

—63°), probably in order to improve the inter-
molecular interactions with the neighboring mole-
cule, i.e. the AA base-pair and stacking. Still, one
should be cautious about overinterpreting the
significance of the precise values of these torsion
angles since, given the resolution of this structure,
some of the torsion angles may be changed while
still yielding a good fit to the electron density.

(it The A-A base-pair

The bulged base is stabilized in two ways, one of
which is intermolecular hydrogen bonding. The
looped-out base (A17) from one duplex extends
through the major groove of another duplex and
forms a base-pair with the stacked-in extra adenine
base of that duplex. This is a novel type of base
base interaction in DNA crystal structures. The
inserted adenine base (A4) uses the Watson-Crick
side for pairing, while the looped-out base (A17%)
uses the Hoogsteen surface. Specifically, the amino
group (N,) of adenine base A4 forms a hydrogen
bond with N5, of A17* and the amino group of
A17* forms a hydrogen bond to N, of A4 (Fig.

5(e)). The strand carrying A4 and that carrving
looped-out A17* with which A4 base-pairs. run in
parallel directions but, since A17 ix lipped over ax
discussed above, the two nucleotides A4 and AIT*
are oriented antiparallel to one another as ilins
trated in Figure 5(d). Omit. maps for these twa extra
bases are shown in Figure 9.

(ii1) The looped-out base inserts into a neighboring
duplex

The looped-out base, A7, from one duplex ix
stacked between the bases of a neighboring double
helix. and it intercalates into this svmmetry-related
molecule through the major groove (Fig. 5). There
fore. the two bases ((23 and G24) on the opposite
strand from the stacked-in extra adenine base (A4)
to which the looped-out base (A17*) hydrogen
bonds, inerease their separation to 6:5 A to allow
A1IT* to intercalate. However. the twist angle
between these base-pairs remains close to that of
consecentive base-pairs and is 38 . A17 is therefore
stabilized by intermolecular stacking as well axs
hydrogen bonding.  An  electron  density  map
(2F e — Fcare) map for this region is shown in Figure
10. Stacking is very good both with the guanine
base (G24) on one side and with the eytosine base
(C23) on the other. as discussed in subsection (viii).
helow. Tts base-pair partner. A4, on the other hand.
stacks well with the guanine base ((G3) below but
appears unstacked with the eytosine base (('3)
above it. which is the normal case for a pyrimidine
purine step in B-DNA. The base-pair helical rise
(hetween C, =€y vectors) between (9G24 and
A4LATT* 03 2.8 A and between A4A17* and GH023
is 39 At Without the looped-out base intercalating
between (123 and G240, these two bases would proh:
ably stack on top of each other, This might result in
kinking or bending of the helixg a feature that was
shown by n.m.e. and gel mobility studies (Goren-

FThese values do not add to 63 A because the helieal
rise is defined as the distance between basc-pairs along
the helix axis.

Figure 11. Stereo drawing of the intermolecular interaction between (26 and G2 from molecules related by a 2-fold

axis. One molecule is drawn with filled bonds and the other with open bonds. The 2:('25 base-pair and G26 of each
molecule is shown. The amino group of each G26 makes a hydrogen bond. drawn as a broken lines, with N3, of G2 in the
minor groove of the 2-fold related molecule. A water molecule (or ion) lies on the 2-fold axis. bridging the phosphate

groups of the symmetry-related (326 nucleotides.
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€

Figure 12. Omit-refine map of C1 (lowest contour level
2-2¢). The syn conformation for C'l is drawn as continuous
lines and the anti conformation as broken lines.

stein ¢f al., 1987: Nikonowicz et al., 1989, 1990:
Patel ef al.. 1982; Wang & Griffith, 1991). This is
consistent with stacked-in extra bases discussed in
the Introduction., and from models, based on the
n.m.r. results, built by molecular dynamics and
energy minimization (Hirshberg et al., 1988). Hence.
it is tempting to imagine A17* as having the effect
of “straightening” out a bent helix by this intercala-
tion. A similar type of effect could, of course, result
from intercalation of other aromatic molecules, e.g.
acridines.

(iv) Frayed ends

Another feature of the structure is the fraying of
the molecule at one end. As the tridecamers in the
crystal structure are stacked end-to-end, and as
there is space due to crystal packing for only 12
hase-pairs, a potential base-pair at one end is frayed
apart. The terminal guanine base (G26) lies in the
minor groove of a neighboring molecule (see Fig.
11}, Tts amino group (N,,)) forms a hydrogen bond
with N, of G2 of the symmetry-related molecule
(N2 N@y. 29 A). The phosphate groups of two of
these guanine bases related by a 2-fold axis, are
bridged by an assigned water molecule. However.
when omitting all of the water molecules and calcu-
lating a difference map, the peak between these two
phosphate groups is the highest peak in the differ-
ence map. It is significantly higher than all the rest
of the peaks that were interpreted as water mole-
cules. most of which have similar values. It is there-
fore reasonable to interpret this peak as a hydrated
magnesium ion. in which two of the water molecules
were replaced by two phosphate oxygen atoms. Its
melted partner Cl extends out to a different direc-
tion within the minor groove of yet another neigh-
horing molecule and away from its own double
helix. The backbone around the 3’ phosphate group
(of (G2) adopts torsion angles characteristic of
extended structures. Namely, { of C1 is in an ap
conformation as was described for { of ('16, and o« of
(i2, the torsion around the P-Os, bond, is in a +sc
conformation, as is the case for G18a flanking the
bulge. At this resolution, it is not clear from the

electron density maps whether this cytosine base is
in an anft or a syn conformation. However, the
appearance of the maps do favor a syr conformation
over the anti conformation. The anti conformation,
although possible, does not fit the electron density
maps as well as the cytosine base in the syn confor-
mation even when using phases of the anti model. In
addition, an omit-refine difference map calculated
after omitting C1 and the adjacent phosphate group
(of G2) and running several cveles of refinement
shows that the syn conformation fits the electron
density better than the anti conformation (Fig. 12).
Twao intermolecular and one intramolecular hydro-
gen bonds may form if this cytosine base is in a syn
conformation. One intermolecular hydrogen hond is
between its N4, amino hydrogen and N3, of G15 in
the minor groove of a symmetry-related duplex
(NN distance at 2:8 A). The other requires the
protonation of the N, of the cytosine base, which
can then form a hydrogen bond to the carbonyl
oxygen atom (0)) of C14 of that same symmetry-
related molecule (N3~0,, distance 2:9 A :see Fig.
13). Although the pK, value for N, of cvtosine as a
free nucleotide is 4-54 (Saenger, 1984), pK, values
are likely to change significantly when there is a
stabilizing association with other moieties, as for
example in a base-pair. A self base-paired parallel
structure is observed for d(Cp(3) in which one of the
two cytosine bases is protonated. where the pH of
crvstallization was 53 (Coll et al., 1987h). In addi-
tion, protonation of eytosine in solution at pH 7 was
proposed from c.d. studies (Gray, 1974: Gray et al.,
1984}, An additional intramolecular hydrogen bond
may form between the carbonyl O,, of (‘1 and its 5’
hydroxyl group. In the anti conformation. the same
hydrogen bond may form between the amino group
of the cytosine base and Ng) of G15 (N(,,-N,
distance being 26 A), but this is the only inter-
action. The gain in energy in forming an additional
hydrogen bond (~3 to 6 keal mol ' per bond) may
well stabilize the syn conformation over the anti
conformation in this case. Another form of stabiliza-
tion of this frayed cytosine residue ix by stacking
interactions  between two such cytosine bases
related by a 2-fold axis of symmetry. The electron
density indicates the existence of an additional
minor conformation for this c¢yvtosine base. In this
conformation, ('] lies at the end of the major groove
of the molecule, but no apparent interaction was
found that can stabilize this particular conforma-
tion. It should be noted that this minor conforma-
tion was not included in the refinement.

(v) Parking and intermolecular stacking interactions

The molecules stack lengthwise, although in alter-
nating directions (head-to-head and tail-to-tail)
along the ac diagonal (Fig. 14(a)) in endless columns
of double helices. Stacking is between molecules
related by 2-fold symmetry. For one end of the
molecule, the twist angle between the two molecules
is 287 and the rise is 34 A. At the other end, the
stacking is between the second base-pair of each
molecule. i.c. base-pair G2:(25 stacks on top of



114 L. Joshua-Tor et al.

C25

Figure 13. Stereo drawing of the hydrogen bonding interactions (drawn as broken lines) of the frayed cytosine, C1. in
the syn conformation. C1, G2 and (25 from one duplex is drawn with filled bonds and C12, G13, C14 and G15 from a
neighboring duplex are drawn with open bonds. The amino group (N4, of C1 forms a hydrogen bond with N3, of G15 in
the minor groove. Another hydrogen bond forms between O, of Cl and its own O(s,. The 3rd hydrogen bond requires
protonation of N, of the frayed cytosine base (see the text) and forms with the carbonyl (O of Cl4.

another G2-C25 related by 2-fold symmetry. On this
end, the twist angle is —66° with a rise of 3-3 A.
Edge-on views of these two intermolecular stacking
interactions are shown in Figure 14(b) and (c). The
other type of intermolecular interactions was
discussed in detail above and involves the hydrogen
bonding between the two extra adenine bases, i.e.
the A-A base-pairs, and the intermolecular hydrogen
bonding in which the frayed bases are involved. The
A-A base-pairs form between molecules related by a
2-fold screw axis. Several solvent molecules are
involved in hydration bridges between helices as
well. These will be discussed in detail below.
Packing in this crystal is not as tight as seen in
the B-DNA decamers, which also pack in a (2

crystal lattice with end-to-end stacking (Privé et al..
1991), or in the phosphorothionate hexamer, erys-
tallized in a P2,2,2, crystal form (Cruse et al.
1986), both of which, however, stack head-to-tail,
since they are related by unit cell translation and
not by a 2-fold axis seen in the tridecamer. The
columns of helices do not come as close to one
another as in the decamers. A view of the packing
down the helix axis of the tridecamer is shown in
Figure 15. In order to get a measure for how tight
the packing is, one can calculate the unit cell
volume per DNA molecular mass in the cell, i.e. the
DNA “packing volume” for the different crystals.
Two of the decamers (GA and CG decamers in Privé
et al. (1991)) have a packing volume of 2:02 and

Table 8
(Teometry of the possible three-centered hydrogen bonds in the major groove
Heavy-atom distance H atom distance Angles
Base-pair  R12  R3I R23 R24 Rl14 Al2 A3l A23  SAN Propeller
A6T22 37 32 27 18 101 101 155 357 — 88
T9-A19 34 29 30 2-0 95 100 164 359 —275

The Table is in the same format as an equivalent Table in Yanagi ef al. (1990). Atom 3(N,) and
2(0y4,) are on the same base-pair and atom 1(O,) is on the same strand as 2(Og,) on an adjacent
base-pair. Hydrogen atom 4(H) is bonded to 3(N). R12, R31 and R23 are the distances (in A)
between atoms | and 2, 3 and 1, and 2 and 3, respectively. A12, A31 and A23 are the angles defined by
atoms 1. 4 and 2, by atoms 3, 4 and 1 and by atoms 2, 4 and 3, respectively. SAN is the sum of 3 angles
about central atom 4, as a measure of planarity of the 3-center cluster. Propeller is the propeller twist

angle of the first bage-pair.
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Figure 14. (a) A packing diagram of the tridecamer structure showing one layer of molecules as viewed down the
crystallographic b axis. Each strand is represented by lines conneeting the C;, atoms, and the base-pairs are drawn as
straight lines connecting the C,;,, atoms on opposite strands. For the 2 extra adenine bases, a line conneects the C,,
{(shown as filled circles) and N;, atoms. (b) Stereo drawing depicting the stacking interactions between 2 molecules (one
drawn with open bonds and the other with filled bonds) around the 2-fold axis at (4,0,3); (c) same as (b) around the 2-fold
axis at the origin. The terminal base-pair is frayed in each molecule and the stacking is between the 2nd base-pair,
(2-G25, in each molecule.
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Figure 15. A packing diagram of the tridecamer struc-
ture in a view down the helix axis. The looped-out bases
are seen protruding into neighboring helices: notice the
looped-out base from the top helix inserting into the
center helix and the looped-out base from the center helix
inserting into the bottom right helix.

207 B3 molg ' respectively. while for the tri-
decamer this value is 2:64 A> mol g ', implying that
it is not as tightly packed. The value for the
Dickerson-Drew dodecamer is 229 A’ (g/mol
DNA} '. Indeed, the decamers are the best
diffracters among the four. while the tridecamer is
the worst.

(vi) Narrowsing of the minor groove

The minor groove near the middle of the structure
at the A+ T-rich region is narrowed to a width of 87
A between phosphorus atoms across the groove.
Narrowing of the minor groove is characteristic of
A+ T-rich sequences. This most likely arises from
the high propeller twist in that region, which affects
the width of the minor groove (Fratini et al., 1982).
Propeller twist in this structure is discussed in the
following section. The minor groove opens up
towards the G+(-rich ends of the duplex and is
more pronounced at the frayed end of the duplex
than at the other side. A plot of the P-P distances
across the minor groove is shown in Figure 16.

(vii) Propeller tuast

Figure 17 displays the observed propeller twist
angles for the tridecamer and those of the
Dickerson—Drew native dodecamer. Both structures
have an increased propeller twist at the center
AATT region. A large propeller twist is generally
observed for runs of A residues (A-rich) (Coll et al.,
1987a: DiGabriele e¢f al., 1989; Fratini et «l.. 1982:

Figure 16. Cvlindrical projection of the native DNA
tridecamer structure showing phosphorus-phosphorus
distances across the minor groove to be narrower in the
center of the structure. in the vicinity of the AT-rich
region. and more open at the 2 ends of the duplex (GC-
rich region).

Nelson et al.. 1987). Curiously though, the propeller
twist for two of the AT base-pairs (A20-T8 and
AT9TH) is closer to that of the A-tract sequences,
i.e. around —28°, while for the other two base-pairs
it is lower. The propeller twist of A7T21 is similar
to the value for the A-T base-pairs in the Dickerson

Drew dodecamer at around —17" (some of the
dodecamer crystal structures, eg. at 16 K, do
exhibit larger propeller twist angles of around
—237) and for AGT22 it is closer to the average for
other sequences (—97). The increased propeller
twisting positions the adenine base amino group
towards its 3" side and within hyvdrogen bonding

o -
. .10
; Propelier twist (w)
3 154
5 a0
2
2
o 254
304
BT T T T T T T T
5C-G-C-A-G-A-A-T-T-C-G-C-G7%
¥G-C-G—A-C-T-T-A-A-G C-G-C5
1 A
5C-G-C---G-A-A-T-T-C-G-C-G¥

¥G-C-G---C-T-T-A-A-G-C-G-C¥&

Figure 17. Observed propeller twist angles for the
native tridecamer (filled circles), the proflavin-soaked
tridecamer (open squares) and the Dickerson Drew native
dodecamer (open circles). All structures exhibit a large
propeller twist in the AATT region. Sequences are given
for the tridecamers (top) and for the dodecamer (bottom).
Note that the 2 strands of the dodecamer were swapped
for comparison with the tridecamer structures for reasons
explained in the discussion about helix bending (see the
text).
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Figure 18. Stereo drawing of 2 A'T base-pairs exhibiting a strong propeller twist. A bifurcated hydrogen bond may
form in the major groove between the amino group, N,. of A19 and the O, carbonyl group of T9 and the O,,, carbonyl
group of T8 of the flanking base-pair. Hydrogen bonds are shown as broken lines.

distance of the thymine carbonyl group of the
following base-pair. Thus, this amino group may
form a bifurcated (3-centered) hydrogen bond in the
major groove with two successive thymine bases of
the opposite strand, a feature that is found in the A-
tract sequences mentioned above. In the tridecamer
structure, two such bifurcated hydrogen bonds may
form. One between the amino N, hydrogen atom
of A19 with the carbonyl O, atom of T9 (N)—0O4
distance 3:0 A) and the carbonyl O, atom of T8
(\(6)*()(4) distance 29 A). This involves the two
hase-pairs that exhibit the strongest propeller twist
angles and is shown in Figure 18. The other involves
the amino hydrogen atom of A6 and O, of T22 (of
its Watson—C'rick base-pair: N -0, distance 27 A)
and Oy, of T21 (N4-Oy, distance 32 A). By
generating hydrogen atoms in idealized positions,
the geometry of the three-centered hydrogen bonds
was examined. This shows the geometry to fit the
criteria  for a three-centered hydrogen bond
described by Yanagi ef al. (1991) and based on data

listed in Table 8 (Jeffrey & Mitra, 1984). In order for
a potential three-centered hydrogen bond to be
accepted as such, each of the three angles about the
central hydrogen atom should be greater than 90°
and their sum should be approximately 360° (indi-
cating the coplanarity of the 4 atoms involved).
Distances should be within reasonable hydrogen
bonding distances. Of course, these bifurcated
hydrogen bonds do not form the zig-zag system of
hydrogen bonds down the major groove that is
characteristic of the A-tract sequences, since a
minimum of three successive adenine bases (or
thymine) are needed for this purpose (Coll et al.,
1987a: Nelson ot al., 1987).

(viil) Base-pair stacking

In general. base stacking in the tridecamer is
typical of DNA in the B form, i.e. good intrastrand
stacking for purine-pyrimidine and purine—purine
steps and poor stacking for pyrimidine-pyrimidine
and pyrimidine-purine steps. Figure 19 shows stereo
plots for all base-pair steps, including steps
involving the interduplex A-A base-pair and the two
non-bonded steps from one helix to the next. They
are all displayed in a view perpendicular to the
mean plane of the upper base-pair shown with filled
honds. The direction is 5" to 3’ on going from top to
bottom on the right strand. These were compared
with bagse-pair step stereos of the Dickerson—-Drew
native dodecamer (Fig. 7 in Dickerson & Drew

(1981)). They prove to be very similar in most cases.
It is remarkable that adding such perturbations as
two extra adenosine bases in the structure has so
little effect on the base-pair stacking scheme. Tt
should be stressed here that the Dickerson—Drew
dodecamer was never used for solving or refining the
structure and that only an Arnott-type regular
B-DNA double helix was used for these purposes.
Therefore, it is especially interesting to note how
“normal” this C-G base-pair step looks from the
view across the bulge, i.e. flanking A17 (Fig. 19(j)).
The two terminal base-pair steps do differ. however,
from the dodecamer. Specifically, the stacking
between base-pairs G2:C25 and (3:G24 (Fig. 19(b}))
is rather poor in contrast to what would be expected
for a G-C step. The slide between the two base-pairs
is also quite apparent from this Figure. Displace-
ment is even more noticeable for the last C-G step
between ('12:G15 and G13:C14. Note the path of the
backbone of the second strand pulling to the left
between (!14 and G15. Changes in stacking at the
ends of the molecule may arise from differences in
packing requirements in the tridecamer relative to
the Dickerson—Drew dodecamer. Stacking in a
central A-T step, namely between A7T2]1 and
T8-A20, is better than the stacking of the equivalent
step in the native dodecamer. A combination of low
helical twist angle (of 28°) and large displacement in
the —a direction (towards the minor groove) for
base-pair G11-C'16 results in good stacking between
G116 and C12 in the first strand but relatively poor
stacking of the other two bases, C16 and (G15 in the
second strand. Two special base-pair steps take
place in the ladder of base-pairs of the tridecamer
and involve the A'A base-pair and flanking base-
pairs. As was mentioned earlier, there is good stack-
ing between (24 and the looped-out Al7* (Al7
from another molecule), while C3 and A4 are not
stacked (Fig. 19(c)). A17* also stacks well with (23,
as does A4 with G5 (Fig. 19(d)). Stacking inter-
actions between molecules is shown in Figure 19(a)
and (m) and was discussed earlier.

(ix) Helix bending and base-pair displacement

The double helix of the tridecamer is bent by
about 22°. The direction of the bend is roughly
similar to the bend in the Dickerson-Drew dodeca-
mer. Another way of illustrating the axial bending
of the tridecamer double helix is by plotting the x
and y direction cosines of the normal to the best
mean plane through each base-pair. This is shown in
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Figure 19. Stereo drawings of all the base-pair steps in the DNA tridecamer structure, including the 2 non-bonded
steps between helices. Kach view is perpendicular to the mean plane of the upper base-pair shown with filled bonds. The
5" to 3’ direction is downwards for the right strand and upwards for the left strand. The base on the right hand side of
each pair is indicated. (a) The non-bonded step between helices G2*(C25%/G2-C25: (b) G2:(25/C3-G24: (¢) (3-G24/
A4A1T* (d) A4 A1T*/G5(23; (e) G5 C23/A6:T22; (f) A6 T22/AT-T21; (g) A7TT21/T8A20; (h) T8-A20/T9-A19; (i) TO-A19/
C10-G18; (j) the base step flanking the bulge C10-G18/G11-C16; (k) G11-C16/C12-:G15; (1) C12:G15/C13-(G14; (m) the non-
bonded step between helices C13-G14/C13*G14* (nucleotides from symmetry-related duplexes are marked by an

asterisk).

Figure 20. The points represent the tip of a base-
pair normal vector drawn from a common origin
and looking down the helix axis. The distance
hetween any two vector tips is the arc sine of the
angle between the mean planes through each base-
pair and is therefore a combination of the roll and
tilt angles. In the tridecamer structure. one immedi-

ately notices a progression from right to left, which
indicates bending of the helix axis. Another feature
that is apparent from this plot is that little changes
occur in the middle of the structure while most of
the changes occur at the ends of the molecule; in
particular, between vector 11 (normal to (311-C'16 at
the 5 end of the bulge) and vector 12 (normal to
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Figure 20. Polar diagram of normals to the mean plane
of the base-pairs. projected onto a plane perpendicular to
the best global helix axis. The points (numbered 2 to 13
according to the residue number of 1 member of the base-
pair) represent the tip of normal vectors. with all vectors
brought to a common origin and viewed down the best
helix axis. The distance from the origin to each point
corresponds to the sine of the angle between the mean
plane of the base-pair and the perpendicular to the best
helix axis. Distances between points in this projection can
be converted approximately into angles by using the scale
at the bottom of the plot. The progression of the points
from right to left illustrates the bending of the helix.

C12:G15), a step that also has the largest roll angle.
Surprisingly. there is very little change across the
bulge. as can be seen by examining the change
between vectors 10 (normal to C10-G18) and 11.
However, there is a large change also between
vectors 4 and 5. probably due to tilt, which will be
discussed below. For the Dickerson—-Drew dodeca-
mer, when using the numbering system used by the
authors, one finds a similar progression but in the
opposite direction (Fig. 41 in Dickerson et al.
(1985)). Since the direction is only due to the
numbering scheme, the sequence being symmetric,
and since the packing is different in any case, it is
more natural to compare the two structures when
they are aligned such that their curvatures lie in the
same direction. For this reason, the two strands of
the dodecamer were swapped in the comparison
plots (or, in other words, the 1st base-pair in the
tridecamer would be compared to the last base-pair
of the Dickerson—Drew dodecamer; the 2nd to the
penultimate, and so forth). One such plot displays
the behavior of roll angles from one base-pair to the
next in the tridecamer and in the dodecamer (Fig.
21(a)). The roll angle becomes generally more posi-
tive going along the sequence and up the helix. This
indicates a compression of the major groove when
progressing along the sequence. The bending in the
tridecamer, as in the dodecamer, is due mainly to
the roll component. Figure 21(b) depicts the
behavior of tilt angles between base-pairs in the
tridecamer and in the dodecamer for comparison.
Most of the tilt angles are relatively small, apart

@ ° '

Roll (deg.)

Tt {deg.}

Swe | 7 3 4 5 & 7 s'é&;(‘fzw
5C-G-C-A-G-A-AT-T-C-GC-GY
’G-CS—‘—CTTAI\GCGC"
A
£C-G-C - G-AAT-TCoG-C-@
$6.0-6. C.T-T-A-AGC G Cw

Figure 21. (a) Variation in roll angles between base-
pairs for the native tridecamer (filled circles), the
proflavin-soaked tridecamer (open squares) and the Dick-
erson- Drew dodecamer (open circles). Sequences are
drawn for the tridecamers (top) and for the dodecamer
(bottom). (b) Variation in tilt angles between base-pairs
for the native tridecamer (filled circles), the proflavin-
soaked tridecamer (open sqguares) and the Dickerson—
Drew dodecamer (open circles). Sequences are given for
the tridecamers (top) and the dodecamer (bottom).

from the angle between the special A-A base-pair
and the following G-C base-pair. This tilt is mainly
due to the neighboring looped-out adenine, which
comes into the double helix from the major groove
at a slight angle.

Packing forces are most likely responsible for
producing this particular bend in the helix. The
bend is similar to the bend in the dodecamer strue-
ture, but the packing is very different. Although it
is not completely clear what bends the helix, one
explanation could be that in order for Al7, the
looped-out base, to be in the right position to hydro-
gen bond to the stacked-in extra adenine base from
another molecule, it pulls the backbone of C16, thus
somewhat bending the helix. Hence. while it
straightens out one side of another double helix, it
actually bends its own double helix. The other
forces would be those of end-to-end stacking with
other duplexes. The bending of the upper part of the
molecule (towards C12-G15) is also characterized by
a relatively large y displacement in the direction of
strand 2 (('14-G26) as can be seen in Table 6. The
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Figure 22. View of the structure of the tridecamer
showing the large displacement of the 1st 2 base-pairs in
the direction of the major groove towards the inter-
calating base (drawn with filled bonds). A spine made up
of lines connecting the N ;, atoms of the purines from one
base-pair to the next is drawn to help illustrate this.

magnitude of this displacement is of course depen-
dent on the position of the helix axis and so in a
way, and in this instance, it illustrates the bending
of the helix. The slide, however, is irrespective of the
choice of the helix axis. The relatively large positive
slide between the last two base-pairs towards the
other direction (strand 1f) may indicate a
straightening out at this end.

Another type of helix distortion seems to arise
from intermolecular interactions in which the
looped-out bulge is the major culprit. Figure 22
shows the molecule in a view that accentuates the
rather large displacement of the first two base-pairs
in the direction of the major groove (in the positive
x direction). From this view, it is apparent that this
displacement results in improved stacking inter-
actions between the guanine base (G24) sandwiching
the bulge and between the bulged base (A17*). Since

tStrand 1 is defined as the strand from C1 to G13 (see
Fig. 1).

Al7* is restrained by its own helix, it seems that.
(24 compensates by stretching out towards A17*.

resulting in a displacement of about 3 A from the
helix axis.

(x) Structured solvent molecules

Due to the limited resolution of this erystal struc-
ture, only 23 solvent molecules could be located
unambiguously. These are given in Table 9 together
with their contacts with acceptor and/or donor
atoms and are shown in Figure 23. Water molecules
were added conservatively as described in Materials
and Methods. Four solvent molecules seem to be
involved in hydration bridges between helices. One
of these (W15) makes a bridge between phosphate
groups of G26 belonging to two symmetry-related
molecules and sits on a 2-fold axis (see Fig. 11). As
was discussed previously, this assigned water peak
was interpreted as a hydrated magnesium ion, since
it is at a significantly higher level in the map
relative to the other assigned water molecules even
for a peak on a special position. i.e. on a 2-fold axis.
The somewhat closer distance to the phosphate
oxygen atoms of the two G26 nucleotides may also
indicate that these oxygen atoms replace two of the
water molecules in the hydration shell of the ion. A
water molecule was located between the phosphate
groups of A4 and that of C25 of a symmetry-related
molecule. Two solvent molecules form a hydration
bridge between the phosphate groups of G18 and
that of (G15. All the water molecules are first
hydration sheil molecules. with at least one inter-
action with DNA atoms. Of these, 12 water mole-
cules interact with phosphate oxygen atoms, which
are the principal site of hydration in nucleic acids

Table 9
Water—-DN A and water—water contacts in
the tridecamer

Water Interaction Distance (A) B (A%
1 G111 O, C16 Nig,o G153 O, 25 2:9; 311 57
2 €23 N, 30 94
3 Wi4: G24 O p 3-8 4:0 20
4 T8 e, 27 48
5 G18 Oypy W20 28; 28 30
6 A20 Ny A20 N, 2:8: 28 20
7 G11 Ogpy: C10 O, 2-2; 32 190
8 M2 Ozp 33 86
9 A19 Oppy: A19 Opypy AL9 O,y 2:5: 3+4; 34 69

10 C25 Ozpy; A4 Oysp 35: 38 19-6

11 A4 N7 A4 Ny, 2:5: 249 24)

12 A4 N5 G26 O, WI3 3-3: 35; 35 20

13 (35 Nppy; G5 Ny W12 30 33 35 182

14 (25 Oyp; W3 33 3 240

15 (26 Opy; G26 Ot 1 20

16 C10 O3, 34 399

17 A7 N, 36 32

18 C10 Opzpy 24 20

19 G18 Ogzp, 3-8 11-0

20 W5: G15 Oy 2-8: 37 421

21 T21 Oy, 20

22 G5 N7 Ad Ny, 83

23 T22 Oy; A6 N6 G5 O, 13-9

tBetween 2 symmetry-related molecules.
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Figure 23. Hydration of the tridecamer. The 23 solvent molecules located in the crystal structure are shown as van der

Waals’ dotted spheres.

(Saenger, 1984), two of these also have an inter-
action with backbone (Os, or O,) oxygen atoms,
one bridging to the adjacent Os,, oxygen and one to
the adjacent O3, oxygen atom. There are two more
water molecules in this structure involved in
hydration of backbone oxygen atoms. Of the seven
water molecules hydrating the major groove, there
are two (W6 and W11) that interact both with the
N amino group and the N, atom of the same
adenine base and one water molecule that interacts
only with an N, amino group of adenine (W17).
One water molecule (W23) in the major groove
bridges between N g, of A6 and Oy, of T22 as well as
O of G5. Another molecule (W1) bridges O, of
G11 and N4, of C16 of the same base-pair. There is a
water molecule (W22) interacting with G5 N, but
has a weak interaction also with N, of A4. N, of
(23 is hydrated as well. Only two solvent molecules
have been located in the minor groove of this struc-
ture, one between N3 and amino N(;, both of G5
and one bridging between a backbone oxygen O,
atom and N, of A4 belonging to a symmetry-
related duplex. Hence, the minor groove spine of
hydration, first described by Drew & Dickerson
(1981), and often present in B-DNA crystal struc-
tures, was not identified in this structure nor in
other structures at a resolution of 25 A or less
(Privé et al., 1991). This may be due to the limited
resolution.

(d) The structure of the proflavin-soaked
DN A tridecamer

Proflavin belongs to the family of acridine dyes
that are flat polycyclic molecules that have been
observed to cause frameshift mutations (Brenner et
al., 1961). They are known to bind preferentially to
DNA sequences that contain bulges (Woodson &
Crothers, 1988a). These aromatic molecules can
intercalate into the double helix, leading to the
hypothesis that this may be the mechanism
inducing frameshift mutations (Lerman, 1963).
Alternatively, they may bind to bases that loop out
from the double helix by stacking interactions, thus
stabilizing the looped-out structure and increasing
the probability for a mutation. They may adopt
several other “outside” binding modes, as seen in
some crystal structures of small oligonucleotides
and dinucleoside phosphate groups complexed with
proflavin (Berman et al., 1979; Westhof et al., 1988).
Diverse frameshift specificities have been ohserved
tn vivo and in vitro for acridine-induced frameshifts,
as reviewed by Ripley (1990), which may reflect the
differences in acridine~DNA interactions or the
influence of different proteins involved in DNA
metabolism.

It was our intention to examine, in the solid state,
how proflavin may bind to a DNA molecule
containing extra bases. We considered two alterna-
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Figure 24. (a) Stereo drawing of the proflavin-soaked tridecamer structure; (b) stereo drawing of the looped-out bulge
(A17) in the proflavin-soaked tridecamer; (c) a representation of the bulge conformations in the native (left) and in the
proflavin-soaked (right) tridecamer crystal structures. The backbone is depicted as a ribbon whose loop is oriented
approximately perpendicular to the plane of the base-pairs in the native structure, while it lies flat, parallel to the bases,

in the proflavin-soaked tridecamer structure.

tive experimental strategies. One was to co-crystal-
lize a DNA fragment containing an unpaired base,
like the tridecamer described above, with proflavin.
The other was to soak the mutagen into the existing
crystals of the tridecamer. The latter is by far
easier, although perhaps somewhat biased, the
reason being that the proflavin molecule may have
less effect on the stabilization of the extra bases as

they may be stabilized by the lattice, as turned out
to be the case here. Nevertheless, the second
pathway was the first we tried.

Solution and model rebuilding of the proflavin-
soaked tridecamer was described above as it was an
integral part of the solution of the native tridecamer
structure. The same general strategy of refinement
was used as in the native tridecamer, i.e. X-PLOR
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refinement with initial restraints of backbone
torsional angles that were later released; interven-
tion with manual refitting to electron density maps;
tightening of weights on the geometry; conservative
addition of water molecules in subsequent stages (11
molecules were added); and refinement of isotropic
temperature factors. Average group B values for
phosphate groups, sugars and bases for the
proflavin-soaked tridecamer are given in Table 4.
Many of these values, especially for the bases, tend
to reach the minimum value allowed (2:0 AZ). This
may be due to the cutoff in resolution (10 to 3-2 A).
Several cycles of NUCLSQ were run at the last stage
of the refinement, which resulted in further
improvement of geometry. Although X-PLOR
moved sugar puckers to various and different values
there was no apparent change in R-factor or quality
of the maps when restraining them to C,, endo
puckers. Therefore, in the course of the NUCLSQ
refinement, all sugar puckers were restrained to C,,
endo. Proflavin could not be located in the differ-
ence maps. This is not surprising, since it would
have a rather low occupancy due to the low incor-
poration of the drug in the crystals used for data
collection (see below). Of course, it is possible that
proflavin does not bind to any specific site and
therefore cannot be located in the crystal structure.
The final R-factor is 2229 for data between 10 and
32 A resolution (see Table 5).

(e) I'ncorporation of proflavin

The ratio of proflavin to duplex in the crystals
was determined by means of u.v. absorbance
measurements for a longer soak and a shorter, less
concentrated soak (see Materials and Methods). For
both soaks, the crystals acquired the yellow color of
the drug, which remained even after multiple wash-
ings of the crystals and after there was no yellow
“halo™ around the crystals. A ratio of 1-5 proflavin
molecules per duplex was established for the longer
soak, while the ratio for the shorter soak was about
0-15 proflavin molecule per duplex. Reflections from
crystals from the longer soak were too broad and
diffraction was poor. As the crystals from the
shorter soak were used for X-ray data collection, it
is not surprising that the drug molecule could not be
seen. Nevertheless. it was this structure that led to
the correct model for the native tridecamer.
Furthermore, even though this was done at lower
resolution and is not as well refined as the native
tridecamer, a fact that precludes discussion of the
structure in any great detail, the unit cell dimen-
sions are somewhat larger and the packing
constraints are different enough to impose signifi-
cant and observable changes in conformation.

(f) The three-dimensional structure of the
proflavin-soaked tridecamer

The structure of the proflavin-soaked tridecamer
is, in general, very similar to the structure of the
tridecamer described above and is shown in Figure

24(a). It is a B-type double helix as well. with an
average twist angle of 34° and average rise per
residue of 3-4 A. One extra adenine base is looped
out from the double helix and forms an A-A base-
pair with the other extra stacked-in adenine base of
a neighboring helix in much the same way as the
native tridecamer, and one end of the molecule is
fraved as well. The main difference is that the helix
is somewhat “expanded’ relative to the native
tridecamer (see Fig. 25). As a result, there are some
changes in local conformation, i.e. the structure is
more relaxed and regular, helix and base-pair para-
meters being in many cases closer to the Dickerson—
Drew dodecamer (although this dodecamer was
never used for refinement) than the native struc-
ture. This is expressed by the difference in cell
dimensions between the two, which may he due to
the flash cooling procedure, which often causes a
different shrinkage of the cell upon cooling
(L. Joshua-Tor & F. Frolow, unpublished results).

(i) The conformation of the looped-out bulge

As the packing is not as tight as in the native
crystals, the bulged-out nucleotide (A17) has more
space. It is more easily positioned relative to a
neighboring molecule to form an A-A base-pair with

Figure 25. The proflavin-soaked tridecamer, drawn in
thick lines, is “expanded’ relative to the native double
helix, drawn with thin lines.
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. Table 10
Distances (A ) between atoms around the bulge site in
the native and in the proflavin-soaked tridecamers

Atom 1 Atom 2 Native Proflavin-soaked
16C1’ 17CY 79 o1
17CY1 18C1’ 91 97
16C1’ 18C1’ 46 58
17P 18P 51 55

the stacked-in extra adenine base of that molecule,
and the glycosyl angle, y of Al7, is closer to a
normal value, —130°, than that observed in the
native structure. Therefore, the backbone at the
bulge adopts a somewhat different conformation.
The backbone loop that the bulge makes, lies flat
and parallel to the base-pairs (Fig. 24(b)). On going
from 5’ to 3', the path the backbone takes in the
structure of the proflavin-soaked crystals is: from
the sugar of C16 the backbone goes down and out to
the phosphate group of Al7, out further to the
sugar, then back inward to the phosphate group of
(18 and then down and in to its sugar. A represen-
tation of the bulge conformations for the native and
proflavin-soaked structures is shown in Figure 24(c).
Most everything is further apart in this structure, as
can be seen from various distances for both struc-
tures in Table 10. However, the phosphate groups
flanking the bulge are still relatively close together,
at 55 A, when compared to normal 4 or B-type
helices. This is again consistent with the increased
salt dependence for bulge-containing DNA frag-
ments, as predicted by Fresco & Alberts (1960), and
as discussed for the native tridecamer.

(i1) Intermolecular interactions

The inter-helical A-A base-pair is very similar to
the equivalent base-pair in the native structure.
Omit maps for both bases of this base-pair are
shown in Figure 9.

As in the native structure, the looped-out base is
like an intercalator into the strand opposite A4. As
such, it is stabilized by stacking interactions with
(23 and G24. Stacking with cytosine base C23 is
even better in the proflavin-soaked structure.

The same fraying of one of the terminal base-pairs
is seen in this structure. In general, these bases
interact with the same neighboring molecules as in
the native structure but in detail these interactions
are slightly different. G26 makes two hydrogen
bonds in the minor groove of a 2-fold related mole-
cule. One with its amino group, N, to N, of
symmetry-related G2 (N(;)~N, 2'5 A) and the other
hydrogen bond is between N, of G26 and the
amino group, N, of the same base, ie. G2
(N(3-N(z 29 A). This second hydrogen bond may
be very weak in the native structure, since the
distance between G26 N ;) atom and the amino Ny,
of symmetry-related G2 for that structure is 36 A
and therefore was not discussed there. Two phos-
phate groups of 2-fold related G26 nucleotides are
held together by what was assigned as a water

molecule, which can also be an ion, such as mag-
nesium, for the same reasons as in the native
structure.

As for the cytosine, Cl, it does not extend as far
into the minor groove of the neighboring molecule
as in the native tridecamer and so the hydrogen
bond between its amino N, to N3, of G15 is very
weak (N~N3), 3-5 A). It is also in a syn conforma-
tion with the carbonyl O,, atom hydrogen bonding
to the free 5" hydroxyl group.

Stacking between helices bears a close resem-
blance to the native tridecamer in this aspect of the
structure as well. The twist angle of one end (G13-
Cl4) is virtually the same (28°) with a somewhat
larger rise of 3:6 A, and for the other end (G2-C25)
the twist is very close (—59° versus —66°), again
with a slightly larger rise of 3:5 A.

(iii) Helix parameters

Many of the structural parameters of the
proflavin-soaked tridecamer are more regular than
the native structure and it is even more similar to
the Dickerson—Drew dodecamer, see for example the
behavior of roll and tilt angles of the three struc-
tures in Figure 21. The minor groove is not as
narrow as in the native tridecamer, with a width of
94 A between phosphorus atoms across the groove
of the A'T-rich region, which is even wider than in
the dodecamer. Two of the AT base-pairs exhibit an
increased propeller twist but not as high as in the
native structure and, in fact, more similar to the
dodecamer (~18°), the other two AT base-pairs
have less of a propeller twist (~10°) as does the
native structure (see Fig. 17).

Base stacking, in most cases, is very similar to the
native structure. Differences do exist, however.
Stacking of A17* (from another duplex) with C23 is
improved. The AT step between A7'T21 and T8 A20
is different. There are small differences in the GA
step between G5C23 and A6:T22, the TC step
between T9A19 and Cl0-G18 and the GC step
between G11-C16 and C12-G15. The large y displace-
ment that was apparent for the last CG step
between C12:G15 and G13:Cl14 in the native struc-
ture is considerably smaller in this structure. The
base-pair stack flanking the bulge looks, again, like
a normal CG step.

The double helix of the proflavin-soaked tride-
camer is bent by about 19°, which is similar to the
native tridecamer and to the dodecamer. But the
bend, which as described above, is an effect of the
roll angles between base-pairs and is more gradual
than in the native tridecamer. Roll angles along the
sequence are plotted in Figure 21(a) together with
those of the native tridecamer and the dodecamer
for comparison. Tilt angles are very similar to the
dodecamer in this case and are relatively small (Fig.
21(b)). The large tilt resulting from the “intercala-
tion” of the looped-out base into the helix in the
native structure disappears here, since the bulge is
in a better orientation to interact with the stacked-
in extra base A4. The y displacement at the top part
of the helix, namely at base-pair C12-G15, is not as
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large as in the tridecamer, but the x displacement of
base-pairs C3-G24 and G2-C25 towards the major
groove is similar (see Table 6).

(iv) Solvent molecules

For this structure, only 11 solvent molecules were
located. We find the same bridging solvent (W10)
between phosphate groups of symmetry-related G26
nucleotides as found in the native tridecamer. Here
too, peak height and the close distance to the
oxygen atoms suggest that this is an ion rather than
a water molecule. Another solvent peak was located
just above these phosphate groups (W4). There are
three other water molecules, W3, W5 and W7,
which are involved in hydration of the backbone,
one of which (W7) bridges between a phosphate
oxygen atom and N, of A4. Three water molecules
are located in the major groove, W2, W9 and W11,
and one. W6, hydrates the sugar Oy, and N, of
G13. Two water molecules, W1 and W8, which are
located in the minor groove, are typical for B-DNA
structures and belong to the so-called “‘spine of
hydration™. They bridge between thymine O,, and
adenine N3, of the opposite strand and the adjacent
base-pair at the AA and TT steps; however, a water
molecule that would normally bridge the two (at the
AT step) was not located here.

4. Conclusions

The most surprising observation that can be
drawn from the crystal structures of the tridecamer
and the proflavin-soaked tridecamer is both the
flexibility and the overwhelming resiliency of the
B-DNA double helix. Mismatches, in general, can be
accommodated with only small deviations from
geometry of normal Watson—Crick helices (Kennard
& Hunter, 1989). It has been shown that placing
even a bulky purine-purine G'A mismatch into the
DNA double helix, with bases in the anti conforma-
tion, does not create a bulge in the structure but
rather can be accommodated by the base-pair being
pushed further into the major groove (Privé et al.,
1987, 1991). In the tridecamer, although the pertur-
bation is potentially even larger, because of the
extra nucleotide, the double helix is flexible enough
to accommodate the bulge without a major disrup-
tion of the structure. Deviations from regularity are
reminiscent of those observed in other B-DNA
helices. Even locally, bases flanking the looped-out
base stack as if they belong to consecutive nucleo-
tides in a normal B-DNA geometry. This, as well as
other deformations caused by packing effects, i.e.
interactions with other duplexes in the crystal
lattice by stacking interactions or hydrogen
bonding interactions, emphasize the inherent flex-
ibility of DNA in the B-form as well as its overall
conformational resilience.

Novel features are evident in this nucleic acid
structure that enhance our understanding of the
DNA molecule and the processes in which it is
involved. Among these are the two different confor-
mations of looped-out bulges seen in detail and the

types of interactions that may be involved in their
stabilization. The intercalation of a nucleotide from
one DNA molecule into another is an example of an
unexpected way to straighten out and stabilize a
double helix containing a stacked-in bulge.
Although in this case it is another DNA molecule
that binds to and interacts with the bulge site and
alters its conformadtion, it is conceivable that other
molecules, i.e. amino acid residues, drug molecules,
etc., could mimic this effect. These could, in prin-
ciple, interact with the bulges in a similar fashion,
i.e. hydrogen bonding and stacking, shedding new
light on a mechanistic view of frameshift mutations.
Indeed, ethidium and acridines, both of which bind
preferentially to bulge-containing sequences (Nelson
& Tinoco, 1985; Woodson & Crothers, 1988a) are
aromatic molecules capable of both hydrogen
bonding and stacking.

Extra purines are stacked into the double helix,
based on n.m.r. studies in solution (see Table 1). The
two crystal structures described here show that they
may also loop out, particularly if there are some
stabilizing factors. Based on our results, it is not vet
possible to determine a priori whether an extra base
will be looped out or stacked in to the double helix,
regardless of the nature of the extra base. The
conformation that buiges adopt seems to be very
much dependent on other molecular interactions. 1t
may depend also on other environmental factors,
such as temperature, as seen in n.m.r. structures. An
example may be the interaction between a bulge site
and a polvmerase. Although we do not know the
detailed conformation of the bulge site in the
context of the polymerase, we do know that the
same DNA sequence may have different frameshift
error rates for different polymerases (Kunkel &
Soni, 1988). This implies that there is a different
conformation, or different interactions of the
proposed extra base with the different polymerases,
which may arise by protein-induced conformational
changes in the DNA. This feature. in which DNA
undergoes conformational changes upon interaction
with proteins is observed in structures of DNA-
protein complexes (Kim ef al., 1990; Suck et al,,
1988) and accentuates the structurally flexible and
dynamic¢ nature of this molecule. Based on the
conformations that bulge sites conld adopt, a mech-
anism for frameshift mutagenesis has been proposed
(Berman, Sussman, Joshua-Tor, Revich & Ripley.
personal communication).

In conclusion, this work has dealt with the
conformation of extra bases in DNA. the effect they
have on the overall structure of the DNA molecule
and implications for frameshift mutagenesis. Both
the structure of the tridecamer and of the proflavin-
soaked tridecamer have one of their bulged adenine
bases looping out from the double helix. They inter-
calate into the other bulge site of neighboring
helices and are stabilized both by stacking inter-
actions and by hydrogen bonding vie formation of
an A‘A base-pair with the extra stacked adenine
base. The conformation of the bulge is somewhat
different for the two structures, but the inter-
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molecular interactions and their affect on the struc-
ture of the double helix are basically the same. In
one case, the backbone makes a loop-the-loop curve
at the bulge site, flipping the sugar to the opposite
direction. while in the other case, the loop at the
backbone lies parallel to the base-pairs. Both allow
the bases, above and below the looped-out base, to
be stacked upon each other as if they belonged to
consecutive nucleotides. The stacked-in extra base
is stabilized by an “intercalator”. which happens to
be the looped-out base from another molecule. If the
helix were kinked. as found in n.m.r. and gel
mobility studies. the intercalation causes it to
straighten out. These observations manifest the
conformational flexibility and resilience of the DNA

molecule. In addition, the body of structural
information collected on  bulge-containing DNA
fragments from the n.m.r. solution structures

described in the Introduction and the crystallo-
graphic studies presented here show that the confor-
mation of the bulge itself and of the double helix
carrying this perturbation ig dependent on several
factors. These include the nature of the bulged
nucleotide, the sequence context in which the hulge
lies. on environmental factors and on its possibility
to undergo various interactions with other factors in
its surroundings.

DNA has come a long way from being thought of

ax a beautiful but rather repetitive and boring mole-
cule, to what is now seen as a dynamic and fine-
structured entity. not vet disclosing all of its secrets
to us.
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