mine directly (Eq. 4) (24). This change is
especially significant genetically in mamma-
lian DNA (1-6), whose methylation pat-
terns are critical to gene regulation and
differentiation (25).

The results show that NO induces a mu-
tation in bacteria that in people has been
linked to a variety of disorders suspected to
result from base deamination. The list of
conditions in which such G:C—A:T transi-
tions have been implicated includes hemo-
philia (2), familial Alzheimer’s disease (3),
colon cancer (5), retinoblastoma (6), and
Gerstmann-Straussler syndrome (26), to
name just a few.

Nitrosative deamination of DNA by NO
may represent an important mechanism of
genomic alteration. Given the numerous
sources of human exposure to endogenously
as well as exogenously produced nitric oxide
(8-11, 14), and recent evidence for NO-
induced DNA damage in mammalian cell
lines (12, 27), this pathway’s possible in-
volvement in the above-mentioned and oth-
er genetic changes thought to arise from
deamination of nucleic acids should be well-
worth exploring.
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Prediction of a Crystallization Pathway for

Z-DNA Hexanucleotides

P. SHING Ho,* TopD F. Kacawa, KATHAN TSENG,
GARY P. SCHROTH, GUANGWEN ZHOU

Crystallization of macromolecules for structural studies has long been a hit-or-miss
process. The crystallization of hexanucleotides as Z-DNA was studied, and it was
shown that the cation concentration for crystal formation could be predicted from
solvation free energy (SFE) calculations. Solution studies on the conformation and
solubilities of the hexanucleotides showed that a critical concentration of the DNA in
the Z-conformation must be present in solution to effect crystallization. The SFE
calculations therefore predict the propensity of the hexanucleotides to adopt the
left-handed conformation and the driving force required to reach this critical concen-
tration relative to the intrinsic solubility of Z-DNA for crystallization.

INGLE-CRYSTAL STUDIES ON OLIGO-

nucleotides have provided a wealth of

structural information on the currently
recognized forms of DNA and RNA and
have the potential to expand our under-
standing of other important conformations.
The general application of x-ray diffraction
is limited to cases where diffraction-quality
single crystals can be obtained. The “sci-
ence” of crystal growth has, at best, been a
hit-or-miss proposition.

The crystallization of polynucleotides is
further complicated by a number of factors.
The dense packing of DNA and RNA into a
crystal necessarily requires high salt concen-
trations to counterbalance the negatively
charged phosphate backbone. At least for
DNA, varying the ionic condition also af-
fects the conformation of the molecule in
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*To whom correspondence should be addressed.

solution. DNA structures are of interest
because of their high degree of polymor-
phism and because sequence and environ-
ment can affect their conformations. These
same factors, however, significantly hinder
DNA crystallization by introducing a high
degree of conformational heterogeneity to
the oligomers in solution. In this report, we
describe studies that address the critical steps
in the crystallization of hexanucleotides as
Z-DNA, including the stabilization of the
Z-conformation under solutions that are
relevant to crystallization and the intrinsic
solubility of the Z-conformation at these
conditions. From this, a pathway is predict-
ed that allowed us to crystallize the previ-
ously unstudied sequence d(CICGCG) as
Z-DNA.

In order to gain insight into the factors
that stabilize Z-DNA at the molecular level,
the structures for a number of hexanucle-
otides have been studied by x-ray diffraction
at atomic resolution (7). The crystals of
these hexanucleotides are all isomorphous,
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Fig. 1. Stereo diagram of the crystal packing of d(CGCGCG) as Z-DNA. The unit cell typical for
hexanucleotides crystallized as Z-DNA in the P2,2,2, space group is outlined in white. The diagram
is slightly extended along the x- and y-axes to include all of the atoms representing at least two complete
hexamers in the crystal (shown represented as van der Waal’s spheres). The neighboring hexamers that
complete the crystal packing are shown as simple bonds. The hexamers stack end-to-end along the
crystallographic c-axis to form essentially continuous strands of Z-DNA.

10 F
05 |
(7))
3 L
Qoo
-
05 L
1.0
[ N 1 N 1 2 1
-1.0 0.0 1.0 2.0

AGrpz

Fig. 2. Plot of cation strength (CS) at which
Z-DNA hexamers crystallized versus B- to
Z-DNA transition energies (AGyp.,) predicted
from SFE calculations. Data for the previously
crystallized hexamers from other laboratories are
plotted as filled diamonds: (a) d(m°CG); (8); (b)
d(CDCGTG) (6); (c) d(m°*CGTAmM®CG) (9); (d)
d(CG); (10); and (e) d(CACGTG) (11). Se-
quences crystallized in this laboratory are plotted
as an open circle [(f), d(m*CGUAmM’CG)] (5)
and as an open square [(g), d(CICGCG)] from
this study. The linear regression fit of the points
yields a relation of log(CS) = 0.66AGr .2y, —
0.40. The standard error of the slope is 0.09 and
of the intercept is 0.08.

which suggests that the crystal packing is
specific for this length and conformation of
the DNA (Fig. 1). In general, such crystals
are obtained by the vapor diffusion method
in which the DNA, a buffer, various salts,
and a precipitant (2-methyl-2,4-pentanediol
or MPD) in a crystallization well are allowed
to equilibrate against a large reservoir of a
higher concentration precipitant solution
under a closed system. Upon equilibration,
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the crystallization solution is concentrated
until the DNA is no longer soluble so that it
forms either an amorphous precipitate or an
ordered array.

A broad spectrum of salt and buffer con-
centrations (typically up to 1.5 M) is nor-
mally searched when attempting to crystal-
lize a new hexamer sequence as Z-DNA.
Since cations affect the stability of Z-DNA
more so than do anions, the general ionic
environment at any stage of the crystalliza-
tion can be described by a cation strength
(CS) (2). The precipitant concentration
(typically 35 to 50% MPD, v:v) affects the
solubility and, to some extent, the stability
of Z-DNA. A number of multivalent poly-
amines and metal complexes have facilitated
the crystallization of some hexamers. All of
these factors affect the relative stability of
Z-DNA, which suggests that the crystalliza-
tion of hexanucleotides as Z-DNA is depen-
dent on the ability of the sequence to adopt
the Z-conformation. The two factors, there-
fore, that need to be considered in crystal-
lizing Z-DNA are (i) the stabilization of the
conformation in solution and (ii) the solu-
bility of the DNA under these conditions.

We studied the relative stability of B-
versus Z-DNA by calculating the solvent
free energy (SFE) difference between the
two DNA forms (2). The effects of methyl-
ation (2) and sequence (3, 4) on Z-DNA
stability were attributed to the interactions
of water with the B- versus the Z-forms.
Substituent groups that stabilized Z-DNA
were found to increase the hydrophilicity of
the solvent-accessible surface of this confor-
mation. The SFE calculations are consistent

with the experimentally determined stability
of various sequences as Z-DNA in solution
(3) and the interactions of solvent with
Z-DNA observed in single crystals (5).

We observed an empirical relation be-
tween the cation strengths reported for the
crystallization of hexanucleotides as Z-DNA
versus the SFE predictions for the ability of
these sequences to adopt the Z-conforma-
tion (Fig. 2). The SFE calculations do not
take into account the components of the
crystallization solutions and therefore do
not directly estimate the stability of the
hexamer sequences as Z-DNA under the
crystallization conditions. They do, howev-
er, estimate the propensity of a sequence to
adopt the Z-conformation and thus predict
the effect of sequence on the driving force
(the CS and MPD in the crystallization
solutions) required to induce a B- to
Z-DNA transition. Therefore, Fig. 2 relates
the driving force for inducing Z-DNA in the
crystallization solution to the propensity for
the sequence to adopt the Z-conformation.
This relation also holds for the crystalliza-
tion of sequences containing unnatural bas-
es, including deoxyuridine bases, as in the
sequence d(m*CGUAm®CG) crystallized by
Zhou and Ho (5), and diaminoadenine (D)
bases, as in d(CDCGTG) crystallized by
Coll et al. (6). In both cases, the cation
strengths required for crystallization were
consistent with their predicted stabilities as
Z-DNA.

In this study we used the SFE calculations
to actually predict a target cation strength
for crystallizing the previously unstudied
sequence d(CICGCG) as Z-DNA. The SFE
calculations indicated that deaminating gua-
nine bases at the N2 position destabilizes
Z-DNA by +0.28 kcal/mol per base pair
(4), so that the propensity for d(CI) to
adopt the Z-conformation is lower than
even d(TA). The crystallization of
d(CICGCG) would therefore require a sig-
nificantly higher CS (4.2 M) than that for
any previous alternating pyrimidine-purine
hexanucleotide. We used this prediction to
set up a crystallization experiment for
d(CICGCGQ) as listed in Table 1. The cation
strengths upon equilibration against 30%
MPD were lower than the targeted CS =
4.2 M in all six wells. Under these condi-
tions, the DNA in wells 1 and 2 and in wells
4 and 5 precipitated as amorphous oils that
eventually became highly disordered crys-
tals. These crystals could not be indexed for
diffraction studies; we therefore did not
pursue this route as a general strategy for
crystallizing Z-DNA hexanucleotides and,
instead, focused on direct crystallizations
from solution. The solutions in wells 3 and
6 remained clear after equilibration at 30%
MPD.
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The salts in the crystallization wells in-
crease upon equilibration against 50% MPD
such that only well 3 reaches the target
cation strength. Within 1 week, a single
large diffraction-quality crystal, which was
isomorphous with previous Z-DNA crys-
tals, was obtained in well 3. A cluster of
Z-DNA-like crystals also grew in well 6.
Smaller, Z-DNA-like crystals were also ob-
served in well 2, while only amorphous
precipitates were observed for wells 1, 4,
and 5. Thus, the hexanucleotide sequence
d(CICGCG) crystallizes as Z-DNA at the
target conditions predicted from the SFE
calculations. The predicted crystallization
pathway falls in a narrow range of cation
strengths (2.8 to 4.2 M) that yield Z-DNA
crystals. This path, although not unique,
avoids precipitation and therefore maintains
sufficient quantities of the hexanucleotide in
solution to undergo a B- to Z-DNA transi-
tion. The question, then, is what do the SFE
calculations actually predict in terms of
Z-DNA crystallization?

The concentration of d(CICGCG) hex-
amer remaining in well 3 after crystal
growth was determined to be 0.21 mM, or
an intrinsic solubility (S®) for the
d(CICGCG) crystals of 8.2 x 107* (7).
When compared to other hexanucleotide
sequences (Table 2), S° of the Z-DNA
crystals appear to mirror the differences in
SEE for the Z- versus the B-conformations.
The intrinsic solubilities are therefore de-
pendent on the propensity of the hexanucle-

Table 1. Crystallization of d(CICGCG) as Z-
DNA. Listed are the cation strengths (CS) and
the state of the DNA at the initial MPD
concentrations and after equilibration against
30% and 50% MPD in the reservoir. The initial
MPD concentrations were 10% for wells 1, 2,
and 3 and 15% for wells 4, 5, and 6. Cation
strength was calculated as CS = [Na*] + 4
[Mg?*], where [Na*] is the concentration of
the sodium cation in the sodium cacodylate
buffer and [Mg?*] is the concentration of
magnesium chloride in solution. These were
calculated under initial conditions and after
equilibration against 30% and 50% MPD in the
reservoir of the crystallization setups. For the
DNA, P refers to the observed amorphous
precipitate  or disordered crystals in the
crystallization well, C refers to diffraction
quality Z-DNA crystals, and S refers to the
DNA remaining in solution with no observed
precipitates or crystals.

0,

Well gl 30%MPD  50% MPD
(o) €S s DNA €S DNA
1 043 130 P 217 P
2 063 19 P 317 P,C
3 083 250 S 417 C
4 043 087 P 144 P
5 063 127 P 211 P
6 083 167 S 278 C
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otide to adopt the Z-conformation. This
finding is consistent with the premise of the
SFE calculations that sequences which are
more stable as Z-DNA are more hydrophilic
than sequences that are not as stable. The
order of magnitude of the S° values, how-
ever, is significantly greater than the varia-
tion over these values, suggesting that there
is an overall intrinsic solubility for the hex-
amer. Thus, there is a critical concentration
of DNA for Z-DNA crystallization. Must
the DNA at this critical concentration, how-
ever, be in the Z-conformation?

The conformations of d(CICGCG) were
studied spectroscopically at cation strengths
and MPD concentrations that mimic the
crystallization process (Fig. 3). The ultravi-
olet (UV) absorption spectra at CS < 2.3
M, 0% MPD was essentially that of single-
stranded DNA. The spectra collapsed to that
of duplex B-DNA at CS = 4.2 M, 0% MPD
and at CS = 2.3 M, 10% MPD. At the
initial phases of the crystallization process,
therefore, the hexanucleotide undérgoes a

single-stranded to B-DNA transition. Fur-
thermore, MPD appears to stabilize the
duplex conformations of DNA.

At MPD concentrations =35%, the ultra-
violet absorption spectra become sharper
and the absorbance maxima (A_,,,) shift to
longer wavelengths (Fig. 3C). At 35%
MPD and at all cation strengths, the spectra
were identical (A,,, = 268 nm). The 15%
hypochromism as CS increased from 0 to
4.2 M is consistent with a salt-induced sin-
gle-stranded to duplex DNA transition. The
circular dichroism (CD) spectra of the hex-
anucleotides at CS = 2.3 M, 35% MPD are
typical of a right-handed B-DNA.

The spectra at CS < 2.3 M, 50% MPD
(Fig. 3D) were nearly identical in shape and
overall absorbance to those at 35% MPD,
but A _,, at CS = 4.2 M was shifted to 272
nm. The CS = 4.2 M minus CS = 2.3 M
difference spectrum showed a maximum
positive absorbance at 292 nm and a mini-
mum negative absorbance at ~260 nm and
was characteristic of a solution of ~60%

0.5 F 0.5 |
A 0% MPD B 10% MPD
0.4 0.4
0.3 F 0.3 |
0.1 0.1 F
§ 0.0 [, L 1 I 1 0.0 [ L 1 1
.g 225.0 250.0 275.0 300.0 325.0 225.0 250.0 275.0 300.0 325.0
6
[7,
<
0.4 0.6 | vos
. D so%MPD .
0.3 0.5 F
a0
e
EE TR (TR T T
0.2 0.3
0.1p 0.2 |
0.0 [, 1 1 1 1 0.0 [ 1 L 1
225.0 275.0 300.0 325.0 225.0 250.0 275.0 300.0 325.0

250.0

Wavelength (nm)

Fig. 3. Ultraviolet absorption spectra of d(CICGCG) at different MPD concentrations and CS. (A)
Spectra at 0% MPD for CS = 0.0, 0.43, 2.3, and 4.2 M, with the absorbance maximum (4,,,,) at 256
nm. (B) Spectra at 10% MPD for CS = 0.0, 0.43, 2.3, and 4.2 M. (C) Spectra at 35% MPD (A,
= 268 nm). The spectra for CS = 0.0, 0.43, and 2.3 M are shown. The CS = 4.2 M spectrum, which
is nearly identical to that of CS = 2.3 M, is omitted for clarity. (D) Comparison of spectra at CS = 2.3
(Amax = 268 nm) versus 4.2 M (A, = 272 nm), at 50% MPD. Spectra at CS = 0.0 and 0.43 M,
50% MPD are nearly identical to that of CS = 2.3 M. The inset shows the difference spectrum of CS

= 4.2 M minus CS = 2.3 M at 50% MPD.
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Fig. 4. Cation strength ver-

sus MPD phase diagram for
crystallization solutions of
d(CICGCG) as Z-DNA.
(A) Conformations from
UV absorption and CD
studies on d(CICGCG).
Open circles represent sin-
gle-stranded DNA, right-
hashed circles represent du-
plex (presumably B-form)
DNA, and the left-hashed /00
circle represents predomi-
nantly Z-DNA in solution.
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and Z-DNA according to CD studies. The transition interfaces for the three conformations are delineated. (B) Phase diagram for the solution and
precipitated forms of d(CICGCG), as labeled. The vectors A to C (solid arrows) represent crystallization pathways for crystallization wells 1, 2, and 3,
respectively. Similarly, vectors D to F (broken arrows) represent pathways in wells 4, 5, and 6, respectively. (C) Effect of Z-DNA stability on the phase
diagram for crystallization of hexanucleotides. The broken arrows indicate the nearly parallel shift to lower CS and MPD concentrations for the B- to Z-DNA
transition (curve) and the Z-DNA crystal domain (hashed oval) as the propensity of a sequence to adopt the Z-conformation increases.

Table 2. Comparison of the intrinsic solubilities
(S° of Z-DNA hexamer crystals versus the
difference in solvent free energy between Z- to
B-DNA transition [ASFE . p)], as calculated
from solvent accessible surfaces.

s ASFE,s,

Sequence (x 10%  (kealimol)
d(m°CGUAmCG) 3.1 ~0.221
d(m*CGTAm*CG) 21 ~0.099
d(CG)s 0.98 0.216
d(CICGCG) 0.82 0.482

Z-DNA. This result was confirmed by the
CD spectrum. Thus, d(CICGCG) is pre-
dominantly in the Z-form under conditions
that the SFE calculations predict would
stabilize Z-DNA and yield Z-DNA crystals.
Under all other solution conditions, the
DNA was either single-stranded or in the
B-form. The CD studies also suggested that
some Z-DNA was present at CS = 2.0 M,
50% MPD and CS = 4.2 M, 35% MPD.
The crystallization of hexanucleotides as
Z-DNA therefore requires a critical concen-
tration of the left-handed Z-conformation.
Furthermore, the conditions, particularly
the cation strength, at which this critical
concentration occurs can be predicted by the
SEE calculations.

Mapping these conformations on a CS
versus MPD plot results in a phase diagram
for d(CICGCG) under the solution condi-
tions that are relevant for its crystallization
(Fig. 4A). This diagram shows the solution
conditions that stabilize the various confor-
mations of the hexanucleotide. When the
observations from the actual crystallization
of the sequence are taken into account, the
solution phases can be related to the nonso-
lution phases of the hexanucleotide (Fig.
4B). The crystallization paths for the condi-
tions in Table 1 are represented as vectors A
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to C for wells 1 to 3 (solid arrows) and D to
F for wells 4 to 6 (dashed arrows). An
interface between B-DNA in solution and a
precipitate is defined near 30% MPD at CS
< 2.0 M, as indicated by the observed
precipitates in wells 1 and 2. The eventual
formation of Z-DNA-like crystals in well 2
at 50% MPD suggests that the edge of this
interface lies along the crystallization vector
B. Vector C traces the DNA transitions
within well 3 during crystallization. The
narrow Z-DNA crystal domain shown lying
between vectors B and C is a minimum
range for this phase.

The effect of sequence on the domains of
the phase diagram is shown in Fig. 4C. As
the propensity for a sequence to adopt the
Z-conformation increases, the driving force
(the salt and MPD) required to induce the
B- to Z-DNA transition in solution decreas-
es. There is an intrinsic solubility of the
hexanucleotide as Z-DNA that defines a
critical concentration for its crystallization.
Thus, as the B- to Z-DNA transition in
solution shifts to lower salt and MPD con-
centrations, the crystalline Z-DNA domain
shifts along a nearly parallel path. The SFE
calculations therefore predict the propensity
for the hexanucleotides to adopt the Z-con-
formation and thus the placement of the B-
to Z-DNA transition interface and the
Z-DNA crystal domain within the phase
diagram for crystallization for a given hexa-
nucleotide sequence.

These studies show that, with sufficient
knowledge of a DNA system in terms of
conformational stability and solubilities,
we could predict a path that led to precip-
itation of a particular conformation of an
oligonucleotide. In this case, we relied on
the intermolecular packing forces to pre-
cipitate Z-DNA hexamers as a crystal. The
nature of these forces and why they appear
to be unique for hexanucleotides are not

fully understood; however, knowing that
they exist, we can predict how to crystallize
a hexamer sequence as Z-DNA. Thus mac-
romolecular crystallization, at least for oli-
gonucleotides, can be approached in a sys-
tematic manner. In order to apply this to
the crystallization of different lengths and
conformations of DNA (such as B-DNA),
a similar set of phase diagrams relating
conformational stability and solubility
would need to be developed. Once under-
stood, however, the relation between the
stability and intrinsic solubilities of poly-
nucleotide conformations could be exploit-
ed to develop rational approaches to the
crystallization of novel and interesting
DNA and RNA molecules for structural
studies.
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