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1. Introduction

PDB Reference: o5 ;—~TGTACAATGGG, 4ki2

Bacterial promoter opening is initiated when the promoter-specificity
o subunit of the RNA polymerase (RNAP) recognizes the non-
template DNA strand of the —10 element (consensus sequence
TATAAT, located 10 bp prior to the transcription start site). To gain
insight into this pivotal event in bacterial transcription, we deter-
mined crystal structures of the complex between the o5 domain of
Thermus aquaticus RNAP and an oligonucleotide comprising the
—10 element sequence (Feklistov & Darst, 2011; Liu er al., 2011).
The structure revealed the oligonucleotide bound to the positively
charged surface of o5 with two bases flipped out of the single-
stranded DNA base stack and into protein pockets.

The unexpected finding, which was only briefly mentioned in the
original publication, came from analysis of the packing arrangement
in —10 DNA—-o%" crystals. The 3’ part of the oligonucleotide used
in cocrystallization trials, which was expected to interact with o2,
did not form contacts with the protein but instead engaged in the
formation of a G-quadruplex with symmetry-related protein-DNA
complexes. Stacked on each other, the G-quadruplexes formed
massive pseudo-continuous four-stranded columns running through-
out the entire length of the crystal. Packed layers of the protein
complexed with the single-stranded part of the oligonucleotide
therefore appeared to be organized on a massive DNA scaffold in a
manner reminiscent of the first attempts to engineer crystals, where
proteins would be arranged on a nucleic acid scaffold formed by
virtue of the self-assembling properties of DNA (Malo et al., 2005;
Seeman, 1982).

In the present manuscript, we analyze the observed crystal-packing
arrangement in detail, present a new crystal form with a different
symmetry and orientation of the G-columns relative to each other
and discuss the structural aspects of G-quadruplexes with respect to
their possible use for bottom-up crystal engineering.

2. Experimental procedures

2.1. Protein and nucleic acid preparation

© 2013 International Union of Crystallography Protein and nucleic acid preparation was performed as described in
All rights reserved Feklistov & Darst (2011).
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2.2. Crystallization, data collection and structure determination

The ssDNA-03'; complex was prepared on ice (molar ratio 2:1)
at a final protein concentration of 10 mg ml™'; two different oligo
sequences were used: TGTACAATGGG and TGTATAATGGG.
The original hit was found in The JCSG Core II Suite screen (Qiagen)
[condition No. 8; 0.1 M Tris pH 8.5, 5% (w/v) PEG 8000, 20% (w/v)
PEG 300, 10%(v/v) glycerol]. Crystals were grown at 295 K using
hanging-drop vapor diffusion by mixing equal volumes of the
complex solution and the reservoir solution. Hexagonal bipyramidal-
shaped crystals grew to maximum dimensions of ~0.1 x 0.1 x 0.2 mm
within 2-3 d. These initial crystals belonged to space group P6,22,
contained two ssDNA-o05'; complexes per asymmetric unit and
diffracted to ~3.5 A resolution. A systematic search of additive
screens led to the discovery that the addition of 0.1-0.2% mellitic acid
(Silver Bullets, Hampton Research) yielded plate-like crystals that
grew to maximum dimensions of 0.05 x 0.2 x 0.2 mm within 2-5 d.
The new crystal form belonged to space group P422, contained one
ssDNA-0%'; complex per asymmetric unit and diffracted to beyond
2 A resolution (Fig. 1). For data collection, crystals were flash-cooled
in liquid nitrogen directly from the mother liquor.

Diffraction data were collected on NE-CAT beamline 24-ID-E at
the Advanced Photon Source (Argonne National Laboratory) and on
beamline X29 at the National Synchrotron Light Source (Brook-
haven National Laboratory). The diffraction images were processed
using the HKL-2000 program suite (Otwinowski & Minor, 1997). For
both crystal forms the structure was solved by molecular replacement
using the structure of T. aquaticus o3 (PDB entry 1ku2; Campbell
et al., 2002) as a search model with Phaser (McCoy et al., 2007). The
resulting electron-density maps were improved by density modifica-
tion with CNS (Adams et al., 1997). Iterative rounds of model
building and refinement were carried out using Coot (Emsley &
Cowtan, 2004) and PHENIX (Adams et al., 2010), respectively. In
the case of the P6,22 crystal form, after rigid-body refinement, strict
noncrystallographic symmetry (NCS) was applied for the first round
of refinement. NCS restraints were not used in further rounds of
refinement. Domain o4 was disordered in the P422 crystal form, but
one of the two copies of o5 was found in the P6,22 crystal form.
Molecular replacement failed to find the correct orientation for o5
therefore, it was fitted manually in Coot.

Data collected from the P6,22 crystals yielded a model that was
refined at 3.5 A resolution to R and Rjree values of 0.219 and 0.268,
respectively (oligo sequence TGTACAATGGG; Table 1). The P422
crystal form gave the most detailed model, which was refined at 2.1 A
resolution to R and Ry, values of 0.194 and 0.237, respectively (for
oligo TGTACAATGGG), and a 2.7 A resolution model with R and
Riree values of 0.196 and 0.238, respectively (for oligo TGTATAA-
TGGG) (for details, see Feklistov & Darst, 2011).

P6,22

Figure 1

Table 1

Data-collection and refinement (molecular replacement) statistics.

Values in parentheses are for the highest resolution shell.

Crystal form P6,22
Oligonucleotide TGTACAATGGG
PDB code 4ki2

Data collection
Unit-cell parameters (A, °)

Resolution (A)

a=b=118.11, ¢ = 200.85,
o= B =90.00, y = 120.00
30.00-3.30 (3.42-3.30)

COOH
HOOC COOH
HOOC COOH
COOH
i

Ruerge 0.1768 (1.55)
Runeast 0.1836
(Tlo(I)) 12.66 (1.92)
Completeness (%) 99.98 (99.76)
Multiplicity 14.4 (13.5)
Refinement

Resolution (A) 29.53-3.30
No. of reflections 13056
Ryori/ Riree 0.212/0.262
No. of atoms

Total 3798

Protein 3224

DNA 569

K" ions 5

Water 0
B factors (AZ)

Protein 110.26

DNA 86.34

K" ions 89.60

‘Water —
R.m.s. deviations

Bond lengths (A) 0.01

Bond angles (°) 1.38
Ramachandran plot

Favored (%) 90

Outliers (%) 24

1 Calculated according to Diederichs & Karplus (1997).

3. Results and discussion
3.1. Overall structure and analysis of crystal packing

We solved structures of the complex of o055 with —10 element
ssDNA in two different crystal forms (in space groups P6,22 and
P422). Parts of the structures comprising the % domain bound to the
—10 element ssDNA were essentially identical in both crystal forms
(rm.s.d. of 0.264 A over all atoms). The 2.1 A resolution structure
of the 05 3-ssDNA complex from the P422 crystal form is shown in
Fig. 2(a). The —10 element is bound across the conserved positively
charged surface of o4 previously implicated in —10 element recog-
nition from genetic and biochemical data (Hook-Barnard & Hinton,
2007). The two most highly conserved bases of the —10 element
(A_;; and T_5; Shultzaberger et al, 2007) are flipped out of the
single-stranded DNA base stack and buried deep in protein pockets.
The oligonucleotide used in crystallization (5-TGTACAATGGG-3,
with the —10 element in bold) contained a discriminator element (the

0.2 mm

P422

Crystals of the 02 5-DNA complex: the hexagonal crystal form (space group P6,22) and the tetragonal crystal form (P422) grown in the presence of mellitic acid (formula

shown).
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GGG motif downstream of the —10 element) that is expected to
interact sequence-specifically with region 1.2 of o5 (Feklistov et al,
2006; Haugen et al., 2006). Unexpectedly, in the solved structures the
guanine bases of the discriminator element did not interact with o,
but peeled away from the protein and participated in crystal contacts
with GGG motifs from symmetry-related complexes, forming a
G-quadruplex structure that is unlikely to be relevant to o-factor
function but played a critical role in crystal packing (Figs. 2a and 2b).

On the central axis of the G-quadruplex, electron density for K*
ions is clearly observed (Fig. 2¢): the cations are sandwiched between
the G-quartet planes and are coordinated by the O6 atoms of the
guanine bases. In addition to the DNA oligonucleotide specifically
bound to 0%, the unit cell of both crystal forms contained free
oligonucleotides (not bound to the protein) that also participate in

90°

extended G-quadruplex formation. Intermolecular G-quadruplexes
from o%-bound DNA molecules pack end-to-end with G-quad-
ruplexes formed by free DNA strands, together forming long
continuous pseudo-infinite G-quadruplex columns that extend
throughout the crystal, running along the ¢ axis of the unit cell
(Figs. 2a and 3a). The presence of the free DNA molecules required
for the packing explains why crystals in drops with a twofold to
fourfold molar excess of DNA over protein nucleated and grew
significantly faster.

The crystal lattice of the P422 crystals is therefore composed of
layers of protein-DNA complexes bridged by four-stranded columns
formed by free DNA oligos (Fig. 3). The connecting regions exhibited
poor electron density and attempts to model them gave rise to an
increased Rye., but the planes of the bases were clearly visible

~<caesn-
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-EIE omempiiReeo. 105

i

s
i I

©

Figure 2

Formation of G-quartets in the tetragonal crystals of the o5 ;-DNA complex (P422). (a) The asymmetric unit of the crystals. The sequence of the oligo used in
cocrystallization is shown: 5-TGTACAATGGG-3'. The oy protein is shown as a cartoon and the ssDNA is shown as sticks with C atoms shown in yellow, N atoms in blue, O
atoms in red and P atoms in orange. K* ions are shown as purple spheres. (b) View down a fourfold crystallographic axis. The three symmetry-related complexes are shown in
gray. (c) Left, the same view as in (b). The experimental electron-density map (blue mesh, contoured at 1o) is superimposed. Right, a view along a twofold axis (rotated 90° as
shown). The arrow points to a T nucleotide flipped out of the quadruplex DNA.
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(Fig. 3a). One of the nucleotides (T_;) in the connecting regions
is flipped out of the four-helix bundle (Figs. 2c¢ and 3b), while the
remaining four-plane stacks are apparently composed of A, Tand C
quartets (Fig. 3b). Such structures with planar quartets formed by
bases other than G have been observed previously (Patel & Hosur,
1999; Patel et al., 2000; Searle et al., 2004). Disorder in the connecting
regions of the columns may reflect multiple ways of arranging non-
guanine bases in quartets.

The complex with a TGTATAATGGG oligo yielded P422 crystals
that diffracted to slightly lower resolution than crystals of the 55—
TGTACAATGGG complex (2.7 versus 2.1 A) Both structures (with
TATAAT and TACAAT —10 element sequences) appeared virtually
identical (r.m.s.d. of 0.165 A over all atoms; Feklistov & Darst, 2011).
The single-nucleotide difference between the oligo sequences may be
responsible for the difference in diffraction properties of the crystals,
since the central part of the oligo forms the regions of the quadruplex
columns that connect layers of packed protein (Fig. 3). We also
observed crystal growth for protein-ssDNA complexes containing
oligos with variations at the 5'-end: one- or two-nucleotide extensions
still allowed crystal formation, although changes of the GGG 3'-end
were not tolerated (data not shown). Therefore, different sequences
can be accommodated in the quadruplex columns in the observed
crystal-packing arrangement.

Examination of the packing in the P6,22 crystal form revealed an
organization related to the P422 crystal form, with four copies of
the o5—ssDNA complex (two asymmetric units) arranged around a
G-quadruplex running along the twofold crystallographic symmetry
axes corresponding to the a and b axes of the unit cell (Fig. 4). The
organization of the G-columns in P6,22 is similar to that in the P422
crystal form, although their relative positions to each other are
different: the columns are organized in a parallel fashion within the
planes perpendicular to the c axis of the unit cell and are related by a

(@)

Figure 3

translation of 1/2 along either the a or b axis, whereas between the
planes the columns run at a 120° angle (Fig. 4). Another important
difference from P422 crystal form, illustrated in Fig. 4(a), is that
we were unable to observe even weak density for connecting quad-
ruplexes (formed by oligos unbound to protein) except for the planes
marked in blue in Fig. 4(b). The columns therefore appear to be
discontinuous as opposed to the pseudo-continuous columns of the
P422 form.

It is unclear why the P422 crystals diffracted better than the P6,22
crystals; both crystal forms have very similar solvent contents (66.22
and 65.33%, respectively). We did not observe density for the mellitic
acid (required for the P422 crystal form), an additive from the Silver
Bullets screen (Hampton Research), but this small molecule has been
reported to be found in the intermolecular interface bridging packed
protein molecules (Larson et al., 2007).

Density for the 0% domain (responsible for recognition of the —10
extended element T_;5G_;4 (Murakami ez al., 2002) was absent from
the P422 crystals and it was presumed to be disordered. The asym-
metric unit of the P6,22 crystal form contains two o5 3 molecules, but
only one 0% was ordered, although it did not form any biologically
relevant interactions with the DNA (Fig. 4).

3.2. Possible applications for the crystallization of protein—ssDNA
complexes

Packing in crystals of protein-DNA complexes is very often
generated by interaction between ends of DNA molecules; therefore,
variation of the terminal regions of DNA is a common approach in
cocrystallization trials (Anderson et al., 1984; Tan et al., 2000). This is
especially true for double-stranded DNA (dsDNA), but in ssDNA or
ssRNA protein complexes terminal nucleotides also often participate
in crystal packing (Werten & Moras, 2006; de Silva et al., 2007; Phipps

Q)

Packing in the tetragonal crystals of the o2 ;-DNA complex (P422). (a) 2F, — F, electron-density map showing the crystal packing (contoured at 15). Shown are layers of 05"
molecules connected by long DNA quadruplex columns. The unit cell is shown in yellow. (b) Schematic representation of the crystal packing shown in (a). Oligos complexed
with o (green) are shown in orange. Additional DNA strands not bound to protein and participating in DNA quadruplex formation are shown in blue. DNA present in the
model is shown by bold lines and partially ordered DNA is shown by dashed thin lines representing stacked quartet planes
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& Li, 2007; Warren et al., 2009). A common feature of protein—
dsDNA complexes is a pseudo-continuous helix formed by dsDNA
molecules packed end to end. Variation of the overall length of the
dsDNA fragment, as well as the nature of the terminal nucleotides,
allows one to predict and control, to a certain extent, interactions
between DNA ends as well as the helical repeat that positions DNA-
bound protein relative to its neighbors in the crystal lattice (Tan et al.,
2000).

In the crystals discussed here, the pseudo-continuous G-quartet
columns spanning the crystal lattices are formed by stacked
G-quadruplexes. Although a number of G-quartet—protein complex
structures have been reported, the crystal packing in each case is
mediated only by protein—protein or protein-DNA contacts (PDB
entries 1jb7, 4dih, 4dii, 1pa6 and 1phl-1ph9; Horvath & Schultz,
2001; Russo Krauss et al, 2012; Theobald & Schultz, 2003). The
structures discussed here are, to our knowledge, the first example of a
protein—-DNA complex in which the crystal packing is determined by
the formation of a pseudo-continuous G-quadruplex.

Figure 4
Packing in the hexagonal crystals of the 0% 5-DNA complex (P6,22). (a) Shown is a 2F, — F, electron-density map (contoured at 1¢) corresponding to the fragment of the
lattice delineated in (b) (red square). The view is along the a axis (yellow line). (b) The unit cell is schematically shown in the centre. Four parallel planes dissecting the unit
cell demonstrate the arrangement of the protein-DNA complexes within each plane (viewed along the ¢ axis). 03" is represented by green ovals; o5 domains were omitted for
clarity.

For dsDNA-protein complexes detailed strategic approaches to
maximize the chances of success in crystallization trials have been
formulated (Tan et al., 2000), but no such rules have been suggested
for ssDNA-protein complexes. Here, we report two different crystal
forms of an ssDNA-protein complex formed by virtue of extended
G-quadruplex packing. This type of packing can therefore be
compatible with at least two types of symmetry arrangements
(tetragonal and hexagonal) and different DNA sequences. Although
this may be seen as a unique case, one could attempt to extend
this approach to other protein-ssDNA crystals. We propose that
systematically introducing short stretches of guanine nucleotides
into terminal regions of ssDNA during cocrystallization trials may
promote the formation of G-quartets mediating packing in crystals of
protein—ssDNA or protein-ssRNA complexes.

A crystal lattice dominated by four-stranded helices leaves ample
room for biologically relevant interactions in non-quadruplex parts,
where specific protein—ssNA (single-stranded nucleic acid) inter-
action can reside. The periodic length of the G-column can be
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adjusted by flipping bases out of the column (as observed in the
tetragonal crystal form; Figs. 2c and 3b), expanding options for crystal
packing.

4. Concluding notes and future prospects

DNA self-assembly properties have been employed for building a
great variety of ordered molecular patterns (Seeman, 2010; Carneiro
et al., 2013). One of the promising applications of DNA nano-
technology is in organizing other molecular species on nucleic acid
scaffolds. The idea of the rational design of crystals with proteins
which are otherwise recalcitrant to crystallization arranged on DNA
arrays was first put forward by Nadrian Seeman in 1982 (Seeman,
1982). This method proved successful in building two-dimensional
protein—-DNA crystals using DNA Holliday junctions assembled from
four oligonucleotides and RuvA protein, which naturally binds to
Holliday junctions (Malo ez al., 2005). Alternative ways of attaching
proteins to a DNA array include the use of aptamer sequences (Liu
et al., 2005; Chhabra et al., 2007) and various affinity or chemical
tagging methods (Sacca & Niemeyer, 2011). These examples mostly
employed duplex DNA for building the structural scaffold, whereas
the architectural properties of quadruplex DNA have not been
systematically explored.

G-quadruplexes are four-stranded DNA or RNA structures
formed by G-rich sequences (Burge et al., 2006; Lane et al., 2008).
They are built from stacked G-quartets: planar structures of four
guanine bases connected by Hoogstein base pairing and coordinated
by monovalent cations (most often K*) lying on the central axis of
the G-quadruplex. The G-stacks can be connected by flexible single-
stranded loops. Quadruplexes display a variety of topological folds:
they can be built from one, two, three or four separate strands of a
nucleic acid and the direction of the strands and loop sizes can also
vary (Lane et al, 2008; Zhou et al., 2012). Therefore, quadruplexes
demonstrate significant structural variability that can be sampled
during the formation of a protein—ssNA crystal lattice. As a tool for
crystal engineering, quadruplexes may present significant advantages
over dsDNA owing to their rigidity and high stability.

G-quadruplexes have attracted interest for their potential use in
molecular nanotechnology owing to their ability to self-assemble in
continuous columns by stacking on one another (Davis & Spada,
2007; Aldaye et al.,2008). Short DNA oligos have been shown to form
structures reaching the micrometre scale (G-wires; Marsh et al.,
1995). The self-assembly of quadruplexes can be controlled by the
nature of the solvent and the salt providing cations for chelation
within the central cavity (Gonzélez-Rodriguez et al., 2009). Initial
attempts to direct the assembly of G-quadruplexes by using proteins
as anchor points have been reported (Borovok et al., 2008).

The crystal-packing arrangements discussed here demonstrate
the potential of G-quadruplexes for the building of highly ordered
micrometre-scale crystals and should inspire the development of
‘bottom-up’ strategies employing G-quartets as tools for crystal
engineering.
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