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Abstract: Peptide nucleic acid (PNA)
is a synthetic analogue of DNA that
commonly has an N-aminoethyl glycine
backbone. The crystal structures of two
PNA duplexes, one containing eight
standard nucleobase pairs
(GGCATGCC),, and the other con-
taining the same nucleobase pairs and
a central pair of bipyridine ligands,
have been solved with a resolution of
1.22 and 1.10 A, respectively. The non-
modified PNA duplex adopts a P-type
helical structure similar to that of pre-
viously characterized PNAs. The
atomic-level resolution of the struc-
tures allowed us to observe for the first
time specific modes of interaction be-

and the backbone and the nucleobases
situated in the vicinity of the lysines,
which are considered an important
factor in the induction of a preferred
handedness in PNA duplexes. Our re-
sults support the notion that whereas
PNA typically adopts a P-type helical
structure, its flexibility is relatively
high. For example, the base-pair rise in
the bipyridine-containing PNA is the
largest measured to date in a PNA ho-
moduplex. The two bipyridines bulge
out of the duplex and are aligned par-
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allel to the major groove of the PNA.
In addition, two bipyridines from adja-
cent PNA duplexes form a m-stacked
pair that relates the duplexes within
the crystal. The bulging out of the bi-
pyridines causes bending of the PNA
duplex, which is in contrast to the
structure previously reported for bi-
phenyl-modified DNA duplexes in so-
lution, where the biphenyls are =
stacked with adjacent nucleobase pairs
and adopt an intrahelical geometry.
This difference shows that relatively
small perturbations can significantly
impact the relative position of nucleo-
base analogues in nucleic acid duplex-
es.

tween the terminal lysines of the PNA
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Introduction

Peptide nucleic acid (PNA) is a synthetic analogue of DNA
that has a pseudo-peptide backbone instead of the sugar di-
phosphate backbone of the DNA (Scheme 1).'*! PNA
forms homoduplexes by Watson—Crick hybridization. To
date, crystal structures have been reported for a palindromic
6-base pair (bp) PNA duplex,! for another 6-bp PNA
duplex with the same sequence but with a lysine at the C
terminus,®! as well as for a partly self-complementary single-
stranded (ss) PNA that formed both short duplex and tri-
plex motifs within the crystal.l’! These studies have shown
that PNA homoduplexes adopt a P-type helix structure,
which is more unwound and has a larger diameter than heli-
ces corresponding to A-, B- or Z-DNA duplexes.

Our research focuses on the incorporation of metal ions
at specific locations within PNA duplexes to create hybrid
inorganic-nucleic acid nanostructures, which have potential
applications in nanotechnology and biology. The substitution
of pairs of nucleobases with metal-binding ligands enables
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Scheme 1. Chemical structure of PNA and definitions of torsion angles:
a=C6-N1"-C2'-C3’, f=N1"-C2'-C3'-N4’, y =C2'-C3'-N4'-C5’, 6 =C3'-N4'-
C5'-C6', £=N4-C5-C6-01', w=C5"-C6'-N1'-C2', y,=C3'-N4'-C7-C¥,
22 =N4'-C7'-C8'-N1(py)/N9(pu), 23=C7'-C8-N1(py)/N9(pu)-C2(py)/
C4(pu). The angle ¢ defines the orientation of the backbone carbonyl
group. An alternative definition of ¢ as N4'-C5’-C6’-N1’ has been used in
the literature,” which corresponds to the definition of the dihedral angle
of € in DNA (py=pyrimidine base, pu=purine base).

the incorporation of metal ions into PNA or other nucleic
acid duplexes, and it allows control of the number of metal
ions and of their position in the duplexes. Numerous DNA
and PNA duplexes incorporating one or multiple metal
complexes have been studied in the last decade.”™ In most
of these studies, the ligands incorporated in the nucleic acid
duplex were aromatic and the metal complexes were
square-planar, 1) to make possible m-stacking between the
complex and adjacent base pairs, and 2) to minimize struc-
tural distortions of the duplex. Whereas the thermal stability
of the ligand- and metal-containing nucleic acids has been
routinely studied, structural information about the duplexes
before and after the incorporation of ligands and metal ions
has been obtained only in a few cases. Such information is
important for the rational design of metal-containing, nucle-
ic acid-based nanostructures.

The crystal structure of a modified DNA duplex that had
an alternating purine—pyrimidine sequence of natural nucle-
obases and contained two [dipic-Cu**-py] complexes, where
dipic and py stand for pyridine-2,6-dicarboxylate and pyri-
dine, respectively, revealed a Z-type conformation for the
duplex. Each of the two Cu** ions situated in the duplex
had a distorted octahedral coordination with four equatorial
coordination sites occupied by donor atoms from the dipic
and the py ligands, and two axial sites occupied by mono-
dentate nucleobases from the base pairs adjacent to the
metal complex. The very recent crystal structure of a DNA
duplex that contained three central, adjacent [imidaz-
ole-Ag*.imidaz ole] complexes has showed that the duplex
adopts a B-like structure, in which the Ag* ions are aligned
on the helical axis with Ag-Ag distances of 3.9 A."¥) Based
on molecular modeling, Brostchi et al. proposed a “zipper-
like” model for the stacking of 2,2’-bipyridine and biphenyl
in DNA duplexes.'"¥ In this model, the distal pyridyl rings of
bipyridine ligands situated in complementary positions in
the DNA are alternatively stacked, with the DNA backbone
being axially stretched to accommodate the pair of stacked
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bipyridines. A recent NMR spectroscopy and molecular dy-
namics study of a 10-base pair DNA duplex containing a
central pair of asymmetric biphenyls showed that the bi-
phenyls are intercalated in the duplex, with each of the two
biphenyls being & stacked head-to-tail between the other bi-
phenyl and a neighboring nucleobase pair.’ The overall
structure of the DNA duplex containing the biphenyl dis-
played only minor differences when compared with B-DNA.

Although the crystal structures of several PNA duplexes
have been published,” no crystal structure of a ligand-
modified PNA has been reported to date. In this paper, we
describe the crystal structure of an 8-base pair PNA duplex
with a palindromic sequence (8-bp PNA, see Scheme 2), and
of a PNA duplex with the same sequence of nucleobases but
with a pair of bipyridine (bipy) ligands situated in the
middle of the duplex (bipy PNA). The high resolution of
these structures, 1.22 and 1.10 A, respectively, allows us to
identify atomic details of the structures, which have not
been observed in previously reported crystal structures of
PNA homoduplexes that had resolutions of 1.70-2.60 A.1**

12345678
8-bpPNA:  H-GGCATGCG-Lys-NH,
HoN-Lys-CCGTACGG-H
1234 5 6789
Bipy PNA:  H-GGCABipyTGCC-Lys-NH,
H,N-Lys-CCGTBIpyACGG-H

Scheme 2. Sequences of non-modified and bipyridine-modified PNA du-
plexes.

Results

With more than 950 non-hydrogen atoms in the asymmetric
unit, including more than 200 non-hydrogen atoms from or-
dered solvent and water molecules, the bipy PNA structure
represents the second largest novel equal-atom structure
solved by ab intio methods, with the largest being the antibi-
otic feglymycin, which has 1033 non-hydrogen atoms." Al-
though the 8-bp PNA structure is smaller than the one of
bipy PNA, with more than 500 atoms in the asymmetric
unit, it is still one of the largest all-equal atom structures
solved to date by direct methods.

The crystal structures of the 8-bp PNA and bipy PNA
have a resolution of 1.22 and 1.10 A, respectively. This reso-
lution made possible the observation of geometric and con-
formational details possible. Four PNA strands comprise the
asymmetric unit in both structures (Figure 1 and Figure S1
in the Supporting Information). These strands form two an-
tiparallel duplexes, one of which has a left-handed (L) con-
figuration and the other a right-handed (R) configuration.
The duplexes are stacked head-to-tail within the crystal
leading to a continuous, curvilinear network of alternating
right- and left-handed helices (Figure S1b in the Supporting
Information). The only disordered region is found for the C-
terminal lysines of the 8-bp PNA, which cannot be traced
beyond the C; position in any of the four strands. However,
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Within the asymmetric unit
of the bipy PNA, the two L-ly-
sines situated in the oligomers
with R configuration are well
resolved (Figure 2 and Fig-
ure S2 in the Supporting Infor-
i mation). They have an extend-
v ed conformation stabilized by
several hydrogen bonds formed
between atoms in the lysine
and atoms of the nucleobases
or the backbone of adjacent du-
plexes. One of these bonds is
formed between the peptide
carbonyl group of the lysine
and the H8 proton of a terminal
G, and two other hydrogen
bonds are formed between the

Figure 1. The four single-stranded PNAs in the asymmetric unit of the bipy PNA crystal structure shown in
ball-and-sticks representation, with oxygen atoms in red, nitrogen in blue, and carbon atoms of each strand dif-
ferentiated by color (yellow, green, cyan, and purple). Several well-ordered ethylene glycol molecules (carbon

atoms in orange) bound to the PNA are also visible.

in the bipy PNA, two of the four lysines within the unit cell
are well ordered, with low thermal factors (23-28 A?) and
strong electron densities (Figure 2 and Figure S2 in the Sup-
porting Information).

The nucleobases and the PNA backbone are very well re-
solved in the electron density maps of both 8-bp PNA and
bipy PNA. All nucleobases participate in Watson—Crick hy-
drogen bonding. The carbonyl groups of the linkers that
connect the nucleobases and the PNA backbone point to-
wards the C terminus of the PNA (Figure 3). The amide
groups of the backbone are in trans configuration and the
majority of the backbone carbonyl groups are directed to-
wards the C terminus of the PNA and into the solution
(Figure 3 and Figure S3 in the Supporting Information). In
8-bp PNA, two backbone carbonyl groups, specifically those
of the terminal cytosine C8 and of the thymidine TS5 have
opposite orientation, namely towards the N terminus of the
PNA and the minor groove of the duplex (Figure S3 in the
Supporting Information). For both nucleobases, a well-or-
dered water molecule is located at the position that would
be occupied by the oxygen atom of the backbone carbonyl
group if they were oriented away from the duplex (Fig-
ure 4b). The same properties are observed for the backbone
carbonyls of bipy PNA, with only those of the nucleobases
A4 and T6 being oriented towards the duplex and with a
water molecule found at the position that would be occu-
pied by the oxygen atom of the carbonyl group in the “away
from the duplex” configuration (Figure 4).
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C=0 and NH, groups of the
CONH, end of the lysine, and
the terminal NH, and the last
peptide C=0O groups, respec-
tively, of the same duplex to
which G belongs (Figure 2).
Two more hydrogen bonds
anchor the side chain amino
group of the lysine to C=O
groups of two backbone peptide
groups of another PNA duplex.

The central bipy ligands of the bipy PNA are situated out-
side the duplex and form inter-duplex, n-stacked bipy-bipy
pairs that bridge adjacent duplexes with identical handed-
ness in the unit cell. The orientation of the bipy rings is
almost parallel to the major grooves (Figure 4). The back-
bone of the protruding bipy is compressed, so that the A-T
and T-A base pairs flanking the bipy are m stacked and
form a base pair step with a geometry that is similar to that
of the rest of the base pairs in the duplex (Figure 4c and
Table S1 in the Supporting Information).

Discussion

The crystal structures of PNA homoduplexes reported to
date had resolutions of 1.70-2.60 A.**1 The two structures
of non-modified and bipyridine-modified PNAs reported in
this paper have higher resolution, namely 1.22 and 1.10 A,
respectively. Consequently, we have obtained additional de-
tails of the structures, specifically in the area of the terminal
lysines and the solvent situated in closest proximity of the
PNA.

The major features of the non-modified 8-bp PNA helix
and of the two halves of the bipy PNA duplex that flank the
bipyridines coincide with those observed for other PNAs.
For example, helical parameters and the torsion angles of
the 8-bp PNA duplex are similar to those characteristic for a
P-form helix (Table 1 and Table S3 in the Supporting Infor-
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Figure 2. Structural details of the hydrogen bonds that involve two of the
four terminal lysines in the unit cell of bipy PNA and atoms from the G1
nucleobase and the PNA backbone. Hydrogen bonds are shown by
dashed lines and their bond length [A] is written next to the dashed lines.

mation), with each of the torsion angles a—y; of the non-ter-
minal bases (i.e., G2-C7), having a relatively narrow distri-
bution similar to that observed in other PNA duplexes (Fig-
ure S4 in the Supporting Information). The 8-bp PNA du-
plexes have large base pair displacement from the helical
axis and small twist angles (Table 1 and Table S3 in the Sup-
porting Information). Consequently, they are wider and
more unwound than B-DNA duplexes. As it was the case in
previously reported PNA structures, the carbonyl groups of
the linkers that connect the nucleobase to the backbone are
oriented towards the C terminus of the PNA oligomer, and
the majority of backbone carbonyls are oriented towards
the C terminus of each strand and towards the solution.
Only the backbone carbonyl groups of the terminal cytosine
and central thymine monomers point towards the N termi-
nus and into the duplex. It is interesting to note that in the
crystal structure of a 6-bp PNA duplex, there were also the
terminal cytosines and the middle thymines that had their
backbone carbonyls oriented towards the N terminus and
into the duplex in 50% of the PNA molecules.”) The flip-
ping of the carbonyl group in a minority of the PNA mono-
mers is unlikely to be a consequence of lattice—packing in-
teractions because it occurs in PNAs that crystallize in dif-
ferent space groups. Furthermore, analysis of the interac-
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C terminus
. 2

Figure 3. Structural features of the bipy PNA duplex. Note the out-of-
duplex position of the central bipyridines. The figure shows the N and C
termini of the two PNA strands at one of the ends of the PNA duplex
and the central base pairs of the PNA duplex.

tions between symmetry-related molecules in crystals of the
8-bp PNA showed that the region surrounding both types of
carbonyls have similar steric constraints.

In previous crystal structures of PNA, the conformation
of the terminal lysines could not be determined due to the
flexibility of the side chain of this amino acid. For example,
in the crystal structure of a 6-bp PNA duplex containing a
C-terminal lysine in each oligomer, the lysines had B-factors
higher than the rest of the PNA.P! Also, the side chains of
the lysines pointed into solvent channels within the crystal
and there were no contacts between the lysine and the
PNA. On the other hand, molecular mechanics calculations
identified low-energy conformations containing hydrogen
bonds between the ammonium group of the vr-lysine side
chain and the linker carbonyl oxygen atom or the backbone
amide NH, besides cation—m interactions between RNH;*
and guanine.! In the current structure of bipy PNA, both
the backbone and the side chain of two terminal L-lysines
within the asymmetric unit are involved in a relatively large
hydrogen-bonding network with atoms of other PNA du-
plexes and consequently are well ordered (Figure 2). Where-
as it is possible that the hydrogen bonds in which the lysines
are involved are due to packing interactions, they confirm
the ability of lysine to participate in hydrogen bonds similar
to those identified in the molecular mechanics calculations.
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from opposite strands partici-
pate in m-stacking interac-
tions." Recent NMR studies
demonstrated the validity of
this model for a pair of biphen-
yl groups situated in a DNA
duplex.™ We found that the
bipy ligands of the bipy PNA
are bulged out of the PNA
duplex and form m-stacked
pairs that bridge PNA duplexes
that are adjacent within the
crystal (Figure 4). The back-
bone of the extruding bipy is
compressed so that the A-T
and T-A base pairs flanking
the bipy are m stacked; the rise
between these two base pairs is
~3 A, which is comparable to
that of the other base pair steps
(Table S1 in the Supporting In-
formation). The torsion angles
of the central bipy5 monomer
and some of the torsion angles
of the PNA monomers adjacent
to bipy5 have values distinct
from those of the other PNA
monomers of typical PNA du-
plexes (Table S4 in the Support-
ing Information). The differ-
ence in the bipy arrangement in

Figure 4. a) Pair of n-stacked bipyridine ligands in the crystal structure of bipy PNA. The view of the backbone the PNA and the arrangement
of bipy PNA shows the orientation of the backbone carbonyl group of T6 towards the N terminus of the PNA ~ of biphenyl in DNA duplexes
and the minor groove of the duplex in contrast to that of the carbonyl groups of A4 and G7, which are orient- may be due to the differences

ed towards the C terminus and away from the duplex. b) PNA backbone for the central base pairs in bipy
PNA and water molecules (red crosses) that are situated closest to the PNA backbone. One solvent molecule
is also represented in orange/red. c) Relative orientation of bipyridines with respect to the bipy PNA duplex

between the chemical nature of
the two nucleic acids or to the

from which they are extruded. Shortest atom-atom distances are identified by dashed lines and their bond packing effects manifested in

lengths are given in A.

Based on molecular dynamics modeling, Brotschi and co-
workers suggested that two or more bipyridines situated in
complementary positions in a DNA duplex form a zipper-
like motif in which the distal pyridine rings of bipyridines

Table 1. Helical parameters of PNA duplexes.”!

the crystal.
The two duplexes 8-bp PNA
and bipy PNA have the same
melting temperature, namely 63 °C. This result suggests that
the two bipyridines of the bipy PNA are outside the duplex
in solution too, and thus, do not have an effect on the ther-
mal stability of the bipy PNA duplex. In previous studies,

Duplex Helical Disp. Rise Inclination Tilt Twist Slide Roll Bp/turn Ref.
sense [A] [A] [°] [°] [°] [°] [°]
R —8.2 33 1.0 -0.3 18.8 -0.3 —-0.2 19 this paper
. _ _ [b] -
H-GGCATGCC Lys-NH, Xeray L 84 32 18 03 -188  -02 0.4 19
H-GGCATGCC-Lys-NH,"! NMR L 7.9 3.7 -5.0 -0.2 —-17.3 -0.22 —0.60 21 [17]
H-CGTACG-NH, X-ray R 8.3 32 0.3 1.0 19.8 0.06 1.81 18 [4]
H-CGTACG-L-Lys-NH, X-ray L 6.6 34 -5.02 0 -19 —0.74 -5.12 18 [5]
R 7.7 32 —5.47 0 20.5 —0.41 517 18
H-GTAGATCACT-L-Lys-NH, X-ray L 7.9 33 -89 0 —18 - - 20 [6]
R 3.5 34 —26.7 0 19.1 - - 19

[a] Global helical parameters calculated by using Curves!"® with respect to a linear helical axis.
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we have found that in a 10-bp PNA duplex formed from the
complementary PNA oligomers GTAGATCACT-Lys-NH,
and AGTGATCTAC-Lys-NH, , the substitution of the A-T
base pair shown in bold with a pair of bipyridine ligands
produced a strong destabilization of the PNA duplex, for
which the melting temperature changed from 66 to 47°C.
The melting temperature of a 9-bp PNA duplex with the
same sequence as the 10-bp PNA but lacking the central A—
T base pair was 63 °C. The difference between the effects of
the bipyridines on the thermal stability of PNA duplexes
with different sequences indicates that the effect of the
ligand is modulated by the duplex sequence and suggests
that the two bipyridines can adopt different orientations
with respect to the duplex, depending on the PNA se-
quence.

The two half-duplexes situated on each side of the pair of
bipyridines have helical parameters identical to each other,
except for the tilt angles, which have the same absolute
value but opposite signs (Table 2). The displacement of the

Table 2. Helical parameters®! for the half-duplexes situated on each side
of the bipyridines in bipy PNA.

Duplex X-Disp. Inclination Rise Tilt Twist Slide  Roll

[A] (] (Al [ [’] [l [°]
R-AB  -3.04  -24.67 408 570 2020 -0.01 888
-3.04  -24.67 408 -570 2020 -0.01 888
R-CD -282  -2470 407 489 2082 —0.07 9.0l
-2.82  —24.70 407 -489 2082 -007 9.01
L-EF 380  -21.75 399 616 -19.54 —0.03 -7.80
380  -21.75 399 616 -19.54 —0.03 -7.80
L-GH 375 2141 397 578 -1953 -0.10 -7.35
374 2142 397 -578 -1953 -0.10 -7.35

[a] Global helical parameters were calculated by using Curves!'® with re-
spect to a linear helical axis determined for each half of the PNA duplex.
AB, CD, EF and GH identify the four slightly different PNA duplexes in
the unit cell.

base pairs from the helical axis is smaller and the tilt is
larger for these half duplexes than in most P-type helices,
but the values of these parameters are similar to those ob-
served for the short duplex motif formed within a crystal of
a single-stranded PNA."! The base-pair rise in each half
duplex of the bipy PNA is the largest observed to date in a
PNA structure. The half duplexes have relatively small twist
angles and thus, are unwound, as it is typical for P-type du-
plexes.

The apparent persistence length of a DNA duplex, which
is the distance over which a segment of the duplex is linear,
is estimated to be ~50 nm (=150 bp). DNA bending is im-
portant for the packaging of genetic material, the regulation
of gene expression and the interaction of nucleic acids with
proteins.'”?! Short tracts of adenines (A, tracts) cause mac-
roscopic curvature of the DNA molecule by additive contri-
butions of the helically-phased A, tracts leading to overall
curvature angles of up to 110°??l On the other hand,
repair of damaged DNA, including DNA containing modi-
fied bases, abasic sites or mismatches, involves recognition
of the damaged site by DNA repair proteins. Crystal struc-
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tures and spectroscopic studies of complexes formed be-
tween the DNA and the repair proteins have shown that
DNA is bent and that the bases to be repaired or the abasic
site can be extrahelical.™*! Molecular dynamics studies of
DNA have shown that kinks of 20-30° may occur at abasic
sites in the DNA and that the abasic site is particularly flexi-
ble.?3% A recent NMR spectroscopic study of the effect of
nucleotides with a conformationally-locked, bicyclo-
[3.1.0]hexane pseudosugar backbone on the structure of
DNA duplexes showed that such a modification leads to
duplex bending towards the major groove.P’'! The compara-
tive study of the crystal structure of bipy PNA and 8-bp
PNA shows that the effect of bulging out of the PNA
duplex of the two bipyridines causes a ~53° bending angle
for the duplex, which is significantly larger than the corre-
sponding angle for 8-bp PNA (a25°) (Table S5 in the Sup-
porting Information) and is similar to that observed for a
DNA duplex containing a synthetic cis-syn-cyclobutane-py-
rimidine-dimer-like lesion in its complex with DNA photo-
lyase after in situ repair.*?

Conclusion

The crystal structures of non-modified and bipyridine-modi-
fied PNAs reported in this paper have the highest resolution
reported to date for a PNA crystal structure. This resolution
allowed us to identify specific modes of interaction between
the terminal lysines of the PNA and the backbone and nu-
cleobases situated in the vicinity of the lysines, which are
considered as an important factor in the induction of a pre-
ferred handedness in PNA duplexes. The results described
in this paper support the notion that, whereas PNA typically
adopts a P-type helical structure, its flexibility is relatively
high. For example, the base-pair rise in bipy PNA is the
largest measured to date in a PNA homoduplex (Tables 1
and 2). The significant bending of the PNA duplex that con-
tains a pair of bipyridines situated in extrahelical positions is
in contrast to the situation in DNA duplexes in solution, in
which these ligands are & stacked with adjacent nucleobase
pairs and adopt an intrahelical geometry. These observations
show that relatively small perturbations, such as packing
forces, can significantly impact the relative position of the li-
gands in the nucleic acid duplex. It will be of interest to ex-
amine the effect of the PNA sequence and metal coordina-
tion to the bipyridine ligands on the relative orientation of
the ligands with respect to the PNA duplex. Studies aimed
to address these questions are in progress in our laborato-
ries.

Experimental Section

PNA monomer and oligomer synthesis: The bipyridine-containing PNA
monomer was synthesized according to a previously published method."*!
Briefly, PNA monomers A, T, C, and G were purchased from Applied
Biosystems and used without further purification. PNA oligomers were

Chem. Eur. J. 2010, 16, 11867 11875
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synthesized on lysine-preloaded p-methylbenzhydrylamine resin by using
the Boc-protection strategy.® After cleavage by using trifluoromethane-
sulfonic acid/trifluoroacetic acid (TFMSA/TFA), the PNA was precipitat-
ed by using ethyl ether and was purified by reverse-phase HPLC by
using a C18 silica column on a Waters 600 System (Waters, Milford, Mas-
sachusetts (USA)). Absorbance was measured with a Waters 2996 Photo-
diode Array Detector. Oligomers were characterized by MALDI-TOF
mass spectrometry, by using an Applied Biosystems Voyager Biospectr-
ometry Workstation with delayed extraction by using a (R)-cyano-4-hy-
droxycinnamic acid matrix (10 mgmL™ in 1:1 water/acetonitrile, 0.1 %
TFA). MALDI-TOF calcd/found for [PNA+H]* m/z: 8-bp PNA:
2315.24/2314.90, bipy PNA: 2611.57/2610.73. After HPLC purification,
the PNA was lyophilized and then stored at —20°C. PNA stock solutions
were prepared by dissolving solid PNA in HEPES buffer (10 mm pH 7.0).
The concentration of the stock solution was determined by UV/Vis spec-
troscopy by using & values for nucleobases at 260 nm of 13700m~" for A,
8600M~! for T, 11700M~! for G, 6600m ' for C,** and 9770m™! for bipy.
The concentration of the stock solutions was 2.16 mm ss PNA for 8-bp
PNA and 1.91 mm for bipy PNA, which corresponds to 5 mg PNA per
mL. To form the PNA duplexes, the solutions were annealed by heating
to 95°C for 5 min, followed by slow cooling to room temperature.

Crystallization

8-bp PNA: Single crystals of the non-modified 8-bp PNA duplex were
grown from a crystallization (reservoir) solution comprised of 40% (v/v)
ethylene glycol and Na/K phosphate buffer (0.1m, pH6.2). The
5mgmL~" stock solution of the 8-bp PNA duplex in HEPES buffer
(10 mm, pH 7.0) was used for screening and final optimization. All crys-
tallization setups were vapor diffusion, in which 1 uL of PNA stock solu-
tion was added to 1 uL of reservoir solution on a cover slip, then sus-
pended over 0.7 mL of reservoir solution. All trays were maintained at
20°C. Nucleation was observed after five days and crystals continued to
grow over two weeks to yield plate-like crystals, the largest with final di-
mensions of up to 0.08x0.08 x0.04 mm. The ethylene glycol in the crys-
tallization solution served dual roles of precipitant and cryoprotectant,
which permitted the crystals to be mounted in a rayon loop and flash-
cooled to 100 K for data collection.!

Bipy PNA: Single crystals of the bipyridine-containing PNA duplex were
grown from a crystallization (reservoir) solution comprised of 40% (v/v)
1,2-propanediol, citrate (0.1m, pH 5.5), and NaCl (0.2m). A stock solu-
tion of bipy PNA at 5 mgmL~"' and crystallization setups were prepared
as described above for the non-modified PNA Nucleation was observed
after about one week, with continued crystal growth over three weeks
before reaching final crystal dimensions of approximately 0.1x0.05x
0.05 mm with rod-like morphology. Immediately before crystal mounting,
ethylene glycol was added to the well solution to a final concentration of
10% (vol/vol), to supplement the 1,2-propanediol in the crystallization
solution, permitting the crystals to be flash-cooled to 100 K for data col-
lection.

Structure determination: A combination of direct methods in conjunction
with maximum likelihood residual refinement and/or density modifica-
tion was used to solve and iteratively build and refine the crystal struc-
tures of 8-bp PNA and bipy PNA.

Bipy PNA: Complete data sets were collected from two crystals on the
undulator beam line X06SA at the Swiss Light Source equipped with a
marl65 CCD detector with the parameters shown in Table 3. Since each
data set alone could not easily be solved by direct methods, a more com-
plete data set (overall completeness 97 %, 90.7 in the last shell) was ob-
tained by merging the two data sets by using XPREP (P9-merged in
Table 4).°°! The merged data set was solved by SHELXDF” by using the
dual space strategy.®™ Density modification as implemented in
SHELXEP significantly improved the resulting electron density and al-
lowed us to build the first model comprising of the PNA backbone and
all bases with COOT.*”! The structure determination was completed by
iterative cycles of model building and refinement with SHELXL."!
Local NCS symmetry restraints were only used in the initial phases of re-
finement in order to improved convergence.*? The course of the refine-
ment was carefully monitored by using 5% of the reflections to calculat-
ed free R factors,*®! and completed by restrained anisotropic refinement
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Table 3. Data collection phasing and refinement statistics for two bipy
PNA crystals.

Data set P9-1 P9-11
beam line X10SA, SLS X10SA, SLS
temperature [K] 100 100
wavelength [A] 0.8 0.8
oscillation range [°] 0.5 0.5
detector distance [mm] 75 75
a[A] 38.20 38.1
b [A] 2573 25.7
c[A] 53.05 52.90
a[°] 90 90
B °] 105.3 105.3
v [°] 90 90
space group P2 P2
resolution range [A] 50-1.05 50-1.05
reflections 277897 249854
unique reflections 42731 43541
redundancy 6.5 5.7
completeness!®! 92.1 (71.9) 93.4 (66.7)
Rierge 0.06 (0.43) 0.05 (0.35)
Ilo(I) 233 (1.7) 29.0 (2.4)

[a] Last shell 1.05-1.09.

against all data by using a conjugate gradient method as implemented in
SHELXL." All non-hydrogen atoms were refined anisotropically by
using standard bond lengths and angles and applying suitable rigid-bond
and similarity restraints. Additional isotropic restraints were applied to
solvent molecules and parts of the molecule that showed unreasonable
ADP ellipsoids. Additional crystallographic data are summarized in
Table 4.

Table 4. Structure refinement parameters for 8-bp PNA and bipy PNA.

PY9-merged"! PS-II1
resolution [A] 50-1.1 50-1.2
no. of data 38601 29399
no. of restraints 11775 9536
no. of parameter 8683 7484
no. of non-hydrogen atoms 963 831
no. of solvent molecules!”! 8 5
no. of carbonate 2 0
no. of water 171 189
wR2 (all data) 0.356 0.454
R1[F>40] 0.127 0.179
Rl [[>40] 0.169 0.220

[a] P9-merged is for the merged data from the datasets of Table 3.
[b] Ethylene glycol, glycerol, or propanediol.

The final model contains four PNA strands, two carbonate ions, and sev-
eral solvent molecules, including ethylene glycol, glycerol, or propanediol
from the crystallization solution. Water molecules were added by using
COOT selected from peaks in the Fo-Fc map with a minimum height of
3.5sigma and good hydrogen-bond geometry. The 184 water molecules
were included in the refinement. The four PNA strands display a pseudo-
inversion center. However, the terminal lysine residues, which were only
partially visible in the electron density map, and the central bipyridines
break this symmetry. Moreover, the backbone shows significant devia-
tions from the pseudo-inversion center. As a consequence, the rmsds for
the superposition of an inverted strand with its pseudo-symmetry mate
are approximately 0.5 A, which clearly justifies the refinement in the
non-centrosymmetric space group P2. The refinement converged at R
factors of R=0.128 and R;,..=0.168.

8-bp PNA: Solving the structure of 8-bp PNA proved to be challenging,
which is most likely due to the fact that the crystals were (at least partial-
ly) non-merohedrally twinned. The diffraction patterns clearly showed
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Table 5. Data collection parameters for 8-bp PNA.

Data set P8-1 P8-11 P8-111
beam line X10SA, SLS X10SA, SLS 1ID23B, APS
temperature [K] 100 100 100
wavelength [A] 0.8266 0.8266 1.0
oscillation range [°] 0.5 0.5 1.0

a[A] 18.87 18.91 18.88

b [A] 28.86 28.93 28.91

c[A] 54.94 55.07 54.98

a[°] 87.9 88.0 88.1

AN 85.8 86.1 85.8

v [°] 79.5 79.4 79.6

space group P1 P1 P1
resolution range [A] 50-1.1 50-1.1 50-1.27
reflections 156663 67947 81240
unique reflections 43264 43541 30089
redundancy 3.6 1.7 23
completeness 94.6 (91.4)1 88.6 (78.4) 91.7 (76.5)"!
Rinerge 0.11 (0.47) 0.06 (0.25) 0.06, (0.19)
Ilo(I) 11.8 (2.4) 12.4(2.7) 212 (22)

[a] Last resolution shell: 1.1-1.4 A [b] Last resolution shell: 1.27-1.47 A.

two (or more) components, which hampered the solution and refinement
as described below. Two data sets, P8-1 and P8-II in Table 5, were collect-
ed from two crystals on beam line X10SA at the Swiss Light Source
(SLS) by using a marmosaic 225 CCD detector.*!! These two data sets
were integrated with HK1.2000.* Since the individual data proved diffi-
cult to solve, the two SLS data sets (P8-1 and P8-II) were merged by
using XPREP®® which did not affect the completeness significantly.
However, this merged data set was finally solved with SHELXD."" The
best solution resulted in a correlation coefficient of only 65 %. Conse-
quently, whereas the electron density map showed clearly-defined solvent
regions and some helical features, it was not sufficient for model building.
Density modification with SHELXE increased the correlation coefficient
to 78% and the resulting map was easily interpretable.

The course of the refinement was again monitored by using 5% of the
reflections to calculated free R factors!®! and completed by restrained
anisotropic refinement against all data by using a conjugate gradient
method as implemented in SHELXL.®™ All non-hydrogen atoms were
refined anisotropically by using standard bond lengths and angles and ap-
plying suitable rigid-bond and similarity restraints. Additional isotropic
restraints were applied to solvent molecules and parts of the molecule
that showed unreasonable ADP ellipsoids. Nevertheless, the refinement
was stuck at R factors around 28 %, presumably due to the non-merohe-
dral twinning observed during data collection.

In order to resolve this issue, a third data set for a crystal obtained from
a slightly modified crystallization condition that contained additional eth-
anol (10%) in the crystallization solution was collected at Argonne Na-
tional Laboratory, beam line ID23B (P8-III in Table 5). As the crystals
suffered from severe radiation damage, a ten micrometer collimator was
used and data were collected with one degree oscillation range per frame
until the average intensity dropped per image to about 60 % of the initial
value, which on average related to approximately 20 degrees oscillation.
Data collection was resumed after the crystal was translated by 50 micro-
meter until the entire crystal has been utilized. This data set was inde-
pendently solved by using SHELXS!" to identify the 50 strongest peaks
as starting coordinates for the less flexible PNA peptide backbone atoms
to be used in ACORN. !

The 8-bp PNA structure was refined following the same protocols as de-
scribed above for the bipy PNA. The model contains four PNA strands—
again related by a pseudo-inversion center. Since the lysine residues are
for the most part disordered, the remaining PNA strands almost fulfill
the pseudo-inversion center. The rmsds for the superposition of an in-
verted strand with its counterpart is only 0.3 A. However, this value is
still larger than the estimated uncertainties and hence, the structure was
refined in the space group P1. The final model comprises four PNA
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strands, four ethylene glycol molecules and 197 well-defined water mole-
cules. The refinement converged at R=0.18 (R =0.22). These relatively
high R factors are presumably due to the fact that even these crystals suf-
fered from partial non-merohedral twinning described above.

The structures have been deposited in the protein structure database and
have numbers 3MBS and 3MBU.
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