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| NTRODUCTI ON

Macr omol ecul ar x-ray crystallography is the
qui ntessential method for determ ning three-dinensional
structures of biological macronmol ecules to atomc
resolution. Several recent textbooks and reviews provide

excel l ent practical and experinental treatnments of protein

crystallography.1'3 DNA crystall ography has the sanme
fundamental theoretical and experinmental underpinnings as
protein crystall ography. As in a protein crystall ography
experiment, DNA crystallography is performed by the
foll ow ng steps:

e Crystal growh,

» X-ray diffraction data collection and reducti on,

* Phase determnation by nolecular replacenment,
mul tiple isonorphous replacement (MR), or nultiple
wavel engt h anonal ous diffraction (MAD) , and

* Refinenent

However, DNA crystallography differs sonmewhat from

protein crystallography in nethods of crystal growh, data
collection and reduction, and phase determ nation. Those
distinctions will be the primary focus of this report.
CRYSTAL GROWMH

To initiate crystal growth, a solution is slowy

brought to supersaturation.4 Small aggregates act as
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nucl ei, allowing crystal growmh to conmence. One i npedi nent
to growth of high quality crystals is the prescriptive
difference in optinmm solution conditions for nucleation
and for growh.

Opti mum crystallization conditions favor
conformationally stable and honogeneous popul ati ons and
promote specific intermolecular interactions. DNA
crystallization, in our view, is best understood by anal ogy
with DNA condensation into toroids. DNA toroids are |ess
ordered than crystals but nore ordered than aggregates. The
conditions that pronote nucleation and growth of crystals
can be anticipated by those required for nucleation and
growth of toroids, with the caveat that condensation

i nvol ves DNA polyners while crystallization involves DNA

ol i gonucl eotides. As reviewed by Bloonfield,® DNA condenses
in the presence of polyamnes such as sperm ne and
sperm dine, or trivalent inorganic cations such as cobalt
hexam ne. DNA also condenses in the presence of both
al cohols and divalent cations. The majority of DNA
structures contained within the Nucleic Acid Structural
Dat abase (NDB)6 were obtained from crystals grown from
solution conditions favorable to DNA condensati on.

To find solution conditions favorable for crystal

growt h, one nust perform a nulti-paraneter search. As
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described in a previous review of DNA crystallography, / the
paraneters to be varied in a search for DNA crystallization
conditions include (1) nmetal ions and pol yam nes, (2) type
and concentration of DNA |ligands, (3) alcohol and buffer,
(4) pH, (5) tenperature, and (6) "precipitating agents".
In our |aboratory, pH, tenperature and precipitating agents
are not generally early search paranmeters for grow ng DNA
or DNA-drug crystals.

Di fferences between DNA and protein crystal growth
arise fromthe pol yanionic nature of DNA and the dependence
of DNA conformation and stability on cations, as opposed to
a less-ionic character of nobst proteins. Cations are the
first and generally nost inportant paranmeter varied during
searches for DNA or DNA-drug crystallization conditions in
our |aboratory. Qur initial screen is invariably a sperm ne
versus magnesium grid, with all other conmponents held
fixed. The initial DNA/ligand ratio is fixed at 1.1 noles
ligand per 1.0 nole DNA binding site. Once magnesium and
sperm ne concentrations are optimzed, a fine search of the
DNA/ligand ratio is perforned.

In addition to cations and polyam nes, certain
al cohols and buffers also appear to be inportant for
crystallization of DNA and DNA-drug conpl exes. The NDB

presently contains 402 DNA crystal structures that |[|ack
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pr ot ei n. Slightly over half (208) of those crystals were
grown from solutions containing both nethyl pentane diol
(MPD) and My*™. By contrast, few DNA-protein crystals, only
13 of 346 structures contained in the NDB, have been
obtained from sol utions containing MPD. Of DNA crysta
structures that |ack protein, 65% were obtained from
sol utions containing cacodylate buffer. Only 7% of DNA-
protein crystals were obtained from solutions containing
cacodyl at e.

pH plays a different role in nucleic acid
crystallization than in protein crystallization. It is not
feasible to crystallize DNA under conditions near the
i soel ectric point. Unli ke proteins, DNA does not contain
functional groups that change ionization state around
physi ol ogi cal pH. | mportant exceptions to this rule are
encountered when cytosine is protonated w thin non-Watson-

Crick base pairing schenes, such as hem protonated C C base

pairs, 8.9 and Hoogsteen base pairs, 10 and when DNA |igands
contain functional groups that change ionization state near
physi ol ogi cal pH.

One cannot unanbi guously elimnate tradition or other
bi ases as the origins of differential patterns in protein
and DNA crystallization conditions. However, we believe

that protein crystallization conditions in general, even
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DNA-protein crystallization conditions, can provide poor
nodel s for DNA crystallization.
X- RAY DATA COLLECTI ON AND REDUCTI ON

The ultimte goal of the x-ray diffraction experinent
is to determne the electron density, p(x,y,z), for each

atomin the macronol ecul e according to Equation 1.

Equation 1.
p(x,y,z) = (1/V) Zy [F(hkl)| exp[-2m (hx + ky + 1z) + io0n]
where V = unit cell volune, |F(hkl)| = structure factor
ampl i tude, hkl = Mller index, xyz = real space
coordi nates, and a,, = relative phase of reflection hkl. 1In

an x-ray diffraction experinment, one neasures intensities,
[I (hkl)], of many thousands of "reflections" using a CCD
camera or an imaging plate. Intensities are converted to
structure factor anmplitudes [|F(hkl)]|] by I1(hkl) =
| F(hkl) | 2.

Dynam c Range. Success in the solution of a structure
by MR or MAD, and the accuracy of a final refined node
are critically dependent on the accuracy of |F(hkl)|. It is
i nherently nore difficult to accurately determ ne |F(hkl)|
froma DNA crystal than froma protein crystal because the

dynamc range in |F(hkl)| from DNA crystals can be
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significantly greater than from protein crystals.
Mor eover, certain packing arrangenents within DNA crystals
cause (greater dynamc range than other packi ng
arrangenents. Specifically the dynam c range of | F(hkl)|
is greater for DNA crystals with end-to-end stacking (i.e.
Wi th pseudo-infinite helical axis) than for other packing
arrangements such as end-to-groove packing (i.e. wth
skewed helical axes).

This trend in dynamic range is illustrated in Table 1
and Figure 1 where |F(hkl)| fromthree crystals of the same
quality (1.4 A resolution) are conpared. DNA with a
pseudo-infinite helical axis is conpared with DNA wth
skewed helical axes, and with a globular protein
(containing al pha helix plus beta sheet). To quantitate
dynam c range, the reflections of these data sets were
i ndependently sorted by |F(hkl)| and identified with the
medi an and maxi mum anplitudes (| F(hkl)| ¢ and | F(hkl)| ) -
The ratio | F(hkl)| s | F(hkl) | ax varies with dynam c range.
As shown in Table 1, |F(hkl)]| /| F(hkl)]| . for the pseudo-
infinite helical axis DNA is nore than two tinmes greater
than that for the skewed helical axes DNA, and nearly three
times greater than that for the gl obular protein. Thi s
trend is illustrated in detail in Figure 1. |If one defines

weak |F(hkl)| as those that are less than | F(hkl)]| ./ 20,
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then ~30% are weak in a globular protein, ~42% are weak in
the skewed helical axis DNA, and ~80% are weak in the
pseudo-infinite helical axis DNA

The effects of a pseudo-infinite helical axis of DNA
on the diffraction pattern can been observed directly in
t he precession photograph shown in Figure 2. In this case
(a DNA- por phyrin conplex), the pseudo-infinite helical axis
is directed nearly along the crystallographic c-axis.
Extrenely intense reflections with MIller indices 1 0 16, 1
0O -16, -1 0O 16, and -1 0O -16 are observable in the
phot ogr aph.

The origin of differences in dynamc ranges of
| FChkl')| from gl obular proteins and DNA crystals can be
understood in part from a Patterson analysis. In a
gl obul ar protein crystal, interatom c vectors generally
have random | engths, directions and origins. By contrast,
a B-DNA or intercalated B-DNA crystal wll yield a |large
nunmber of "stacking vectors”" with conserved lengths (~3.4
A, 6.8 A 10.2 A etc.), directions (along the helical
axis), and sem -conserved origins (from the planes of base
pairs). When the B-DNA is organized in an end-to-end
fashion in the crystal (with a pseudo-infinite helical
axis), then all the stacking vectors are very nearly

aligned. Therefore a DNA Patterson map can contain intense
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peaks spaced by ~3.4 A A Patterson map from a bis-

intercalated DNA crystal (NDB entry DD0018)11 with a
pseudo-infinite helical axis is shown in Figure 3.

A Fourier deconposition of the electron density within
a B-DNA or intercalated DNA crystal gives l|large anplitude
waves with wavel engths of ~3.4 A -~6.8 A -~10.2 A etc
For example F(hkl) . in the data set collected by Hunter
and coworkers on TGIACA-4'-epiadriamycin (Table 1) has the
MIller index O O 16. Dividing the length of the
crystall ographic c-axis (52.39 A by |=16 gives a d-spacing
for this reflection of 3.27 AL The Mller plane normal is
parallel to the c*-axis. The spacing and direction of this
intense reflection are consistent with base-base and base-
intercal ator stacking, and alignment of the helical axis
along the crystallographic c-axis. The second and third
ranked F(hkl) in this data set have MIller indices 1 1 16
and 0 2 16 (3.25 A d-spacing with MIller plane normals
within 15° of the c-axis). Thus the Fourier deconposition
of the electron density in this crystal contains three
stacki ng waves of simlar wavel ength and direction. Those
stacki ng waves have anplitudes nearly 40-fold greater than
the median intensity in the data set and dom nate the
diffraction pattern. Their positions are tightly clustered

in reciprocal space.
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Data Col |l ection Strategy. One of the goals of nost
diffraction experinents is to collect data to the highest
resol uti on possible. The hi ghest resolution data has the
| owest intensities, requiring long collection tinmes,
intense x-ray beans and sensitive detectors. It is often
i mpossible to <collect weak high resolution data
simul taneously with strong stacking reflections. One part
of the strategy enployed in our laboratory is to collect
stacking intensities independently from high resolution
data by collecting nmultiple data sets on the sanme crystal
The stacking intensities are collected with short
exposures, |ow anperage on a rotating anode, or an
attenuated the beam at a synchrotron. The short and | ong
exposure data sets are scaled and nmerged. It is best
practice to exclude the stacking reflections from the
scaling, for exanple by nerging data from 20 to 2.6 A
(short exposure) with data from 3.1 to 1.4 A (long
exposure). In this case the overlap, used for scaling, is
3.1 Ato 2.6 A and would not contain the ~3.4 A stacking
reflections. A second part of our strategy is to identify
the stacking reflections prior to initiating data
collection, and to set the collection paraneters to ensure
accurate nmeasurenment of their intensities. Det ect or

overl oad and peak overlap nust be avoided by enpirical
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adjustment of exposure time and crystal-to-detector
di stance. The stacking reflections are in close proximty
in reciprocal space, and are generally broader than other
refl ections.

Crystall ographic Anisotropy. El ongated flexible
nol ecul es that |ack l|ateral structural hooks exhibit
characteristic types of crystalline disorder. In the
precession photo in Figure 2, the diffraction pattern of a
DNA- por phyrin conplex is seen to extend out to the edge of

the photo along c*, but to fade out at |ower resolution

al ong a*. Thus the diffraction pattern is anisotropic,
indicating that the disorder within the crystal is
ani sotropic. The DNA is nore highly ordered along the

helical axis than along the perpendicular to the helical
axis. These systematic errors in the data can be
attenuated, once the refinement is near conpletion, by
ani sotropic or |ocal scaling of observed-to-calcul ated
data. One cost of these corrections is that they naturally
i ntroduce additional paraneters to the refinenent.

Addi tional information about disorder within the DNA-
porphyrin crystal is provided by the faint elongated "X"
pattern, stretching between the intense stacking
reflections (Figure 2). This elongated "X' is rem niscent

of a DNA fiber diffraction pattern. CQur interpretation of
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the origin of the elongated "X' in Figure 2 is that a
fraction of the DNA within the crystal is disordered by
random rotati on about the helical axis, just as in a fiber.
STRUCTURE DETERM NATI ON

Mol ecul ar Repl acenment. Determ nation of helical axis
orientation by Patterson analysis can be conbined wth
symmetry information to sinplify structure solution by
nmol ecul ar replacenent. For exanple the Patterson nmap and
strong O 1 16 reflection indicate that the helical axis of
t he CGTACG por phyrin conmplex is nearly parallel to the c-
axis. Sinmple volume calculations and spectroscopic
analysis of a dissolved crystal indicate that the
asymmetric unit contains one strand of DNA plus one
por phyrin nol ecul e. If the DNA forms a duplex, then the
dupl ex must be centered on a crystallographic two-fold
axi s. The DNA-porphyrin conplex nust be centered on one of
the two crystallographic two-fold axes (in space group
P6,522). Two possible orientations, which differ by 180°,
are possible on each two-fold axis. Thus the nolecul ar
repl acenment search is limted to four one-dinensional
transl ati ons. However, the success of nmolecul ar
repl acenent al ways depends on an accurate search nodel.
The CGTACG por phyrin structure contains an unanticipated

flipped-out base. Therefore nol ecul ar replacenent failed in
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this case, even though |ocation and orientation of the
conpl ex was correctly antici pated.

MR and MAD. Structure determ nation by MR or MAD
requires substitution with heavy atonms. Derivatives can be
generated by de novo crystal growth of nodified DNA.

Cytosine and uracil can be substituted with bromne or

iodine at the C5 position.11-13 A search of the NDB
i ndicates 30 brom ne-substituted DNA fragnments have been

crystallized. Guanines are effective targets for soaking,

for exanple by accepting platinumat the N7 position.13
SUVVARY

Here we have stressed inportant differences between
protein and DNA crystallography. Crystal growth and data
collection nethodol ogies are not directly transferable
between the two subfields. In addition, we note that
analysis of symmetry and packing of DNA crystals can be
useful and a uni quely aesthetic exercise.
ACKNOANLEGEMENTS
This work was supported by the National Science Foundation
(Grant MCB-9976498) and the Anmerican Cancer Society (G ant

RPG 95- 116- 03- G\C) .

Ver sion: Thursday, June 8, 2000



14

Table 1. Dynamic range in x-ray intensity data.
| dent - res. space | Character- Frea( hkl) |refer
ifier (A gr oup i zation / -ence
Frax( hKI1)
TGTACA- NDB 1.4 A| P4,2,2 |Intercal at 0.38 14
4' - entry -ed B- DNA,
epi adri DDF035 pseudo-
anycin infinite
hel i cal
axi s
CGCGAAT NDB 1.4 A|P2,2,2, B- DNA, 0.17 15
TCGCG entry skewed
BDl 084 hel i cal
axes
E. coli PDB 1.4 A[P2,2,2, al pha 0.13 16
uraci l entry hel i x and
DNA 4eug beta sheet
gl ycosy
| ase
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Fi gure Legends

Figure 1. Dynam c range of x-ray diffraction data from
crystals of a DNA conpl ex (TGTACA-4' -epi adrianycin) with a
pseudo-infinite axis, a DNA fragnent d(CGCGAATTCCCG with a
skewed helical axes, and a gl obular protein (E. Coli uraci
DNA gl ycosyl ase). The graph shows plots of frequency of
observation versus anplitude, normalized to the greatest
anplitude in that data set. To obtain frequency of
observation, |F(hkl)| were sorted into bins of

| FChkl) | >0. 05] F(hKl) | rax

0. 05| F(hkl) | wax =] F(hkl) | >. 10| F(hKI )| e

0. 10| F(hkI )| >| F(hkI )| >. 15| F(hkl )| o , €tC.

Fi gure 2. Precession photo of a crystal of a DNA

por phyrin conpl ex CGATCG CuTMPyP4 (Cu(ll)nmeso-(4-N-

t etramet hyl pyridyl ) porphyrin, NDB entry DDF060)13. This 6°
screened precession photo, taken with Ni-filtered Cu-

radi ati on, recorded the hOl layer. In this crystal (a=39.49
A, c¢=56.15 A a=90°, ¥120°, space group P6,22) the pseudo-
helical axis is very nearly parallel to the
crystal l ographic c-axis causing extrenely large |F(1 O
16)|. Anisotropy in crystalline order causes the
diffraction pattern to fade out at |ower angle along the

a*-axis than along the c*-axis. The elongated cross is
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caused by rotational disorder about the helical axis. The
six-fold screw axis along the c-axis is indicated by

systemati c absences al ong the c*-axis.

Figure 3. Patterson map froma crystal of duplex
[d(CGTACG) ], bound to the bis-intercalator D232 (a = 28.24

A b= 28.24A ¢c= 72.74 A o= 90.0°, B= 90.0°, y=

120.0°).11 The pseudo-infinite helical axis is parallel to

the crystall ographic c-axis.
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