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ABSTRACT Two hydrogen-bonding motifs have been pro-
posed to account for the extraordinary stability of polyamide
"peptide" nucleic acid (PNA) hybrids with nucleic acids. These
interresidue- and intraresidue-hydrogen-bond motifs were in-
vestigated by molecular mechanics calculations. Energy-
iinimized structures of Watson-Crick base-paired decameric

duplexes of PNA with A-, B-, and Z-DNA and A-RNA poly-
morphs indicate that the inherent stability of the complemen-
tary PNA helical structures is derived from interresidue, rather
than from intraresidue, hydrogen bonds in all hybrids studied.
Intraresidue-hydrogen-bond lengths are consistently longer
than interresidue hydrogen bonds. Helical strand stability
with interresidue hydrogen bond stabilization follows the or-
der: B-(DNA-PNA) > A-(DNAPNA) = A-RNAPNA >
Z-(DNAfPNA). In the triplex hybrids A-(RNA'PNA2) and
B-(DNA-PNA2), differences between stabilities of the two de-
camers of thyminyl PNA with lysine amide attached to the C
terminus (pnT)jo strands are small. The Hoogsteen (pnaT)io
strands are.,of slightly higher potential energy than are the
Watson-Crick (pnaT)lo strands. Antiparallel arrangement of
PNAs in the triplex is slightly favored over the parallel ar-
rangement based on the calculations. Examination by molec-
ular mechanics of the PNADNA analogue of the NMR-derived
structure for the B-double-stranded DNA dodecamer d(CG-
CAAATTTGCG)2 in solution suggests that use of all bases of
the genetic alphabet should be possible without loss of the
specific interresidue-hydrogen-bonding pattern within the
PNA strand.

Nucleic acid recognition by antisense agents has been an area
of intense scientific effort for quite some time (1). An approach
that has attracted considerable attention in the development of
polymeric structures that can replace single-stranded DNA or
RNA is the use ofpeptide-nucleic acid surrogates (2). A recent
advance in this field is the design and synthesis of the polya-
mide "peptide" nucleic acid (PNA) chimera (Scheme I).
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Polymeric PNA structures are composed of 2-aminoethyl
glycine units with the glycyl nitrogen acylated by an acetate
linker to a nucleobase (3, 4). A proposed advantage of PNAs
as antisense agents, compared with phosphate diester-linked

nucleic acids, is their stability toward nucleases. Although the
designing of the PNA analogues ofDNA has been described
by the inventors (4), the design rationale does not explain the
great stability of the PNA hybrids with nucleic acids, as
exemplified by PNA-strand invasion of double-helical DNA.
Our recent molecular mechanics study (5) with the B-helix
structure of the DNA*PNA duplex (dAp)lo'(pnaT)lo [where
(dAp)10 is the decanucleotide of 2'-deoxyadenosine 5'-
phosphate and (pnaT)lo is the decamer of thyminyl PNA with
lysine amide attached to the C terminus] strongly suggests that
the stability of DNA*PNA duplexes is due to interresidue
hydrogen bonding between PNA polyamide units as shown in
Scheme II and Fig. 1.
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To further understand the importance of internal hydrogen
bonding in helical PNADNA structures we now examine
intraresidue and interresidue hydrogen bonding as a means of
PNA-strand stabilization in the conformations required for
complementarity with A-, B-, and Z-helical strands of DNA
(and A-RNA). The question whether the most stable struc-
tures are obtained when the two PNA strands are parallel or
antiparallel in the triplex structures B-{(dAp)1o0[(pnaT)10]2} and
A{(Ap)10o[(pnaT)10I2} [where (Ap)1o is the decanucleotide of
adenosine 5'-phosphate] was also addressed. Molecular me-
chanics calculations ofthe structure ofaDNA-PNA analogue
based on the solution NMR structure (6) for the B-DNA
dodecamer d(CGCAAATTTGCG)2 was performed to assess
the viability of interresidue hydrogen bonds in a generic
sequence of DNA incorporating all bases.

MATERIALS AND METHODS
All computational analyses and graphical visualization were
done on a Silicon Graphics model 4D/32OGTX workstation.
Quanta version 3.3 (1993) Nucleic Acid Builder (Molecular
Simulations, Waltham, MA) was used to generate the two
complementary decamers of single-stranded DNA in an A-
conformation, as prescribed in the DNAH.RTF topology file
for CHARMM version 2.2 (1993) (Molecular Simulations, ref.

Abbreviations: PNA, polyamide "peptide" nucleic acid; (dAp)1o,
decanucleotide of 2'-deoxyadenosine 5'-phosphate; (Ap)1o, decanu-
cleotide of adenosine 5'-phosphate; (pnaT)10, decamer of thyminyl
PNA with lysine amide attached to the C terminus; ds, double
stranded.
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FIG. 1. Views along the helical axis of PNA (pnaT)lo strand in a
conformation complementary to B-DNA sequence (dAp)jo. (A)
Proposed interresidue hydrogen bonds in backbones of PNA se-
quences (dashed lines). (B) Stick model of nucleic acid bases in the
helical (pnaT)lo strand, showing alignment of thymines around the
helical axis.

7). Hybrid molecules with PNAs with interresidue hydrogen
bonds were constructed as described (5). Structures where
intraresidue hydrogen bonds operate were built by overlaying
the DNA strand with the PNA structure as follows: The
linker -CH2C(=O)- units were overlaid on the positions
formerly occupied by the C1' carbon and oxygen ofthe ribose
ring. The PNA glycine nitrogen, a-carbon, and CQ=O) were

superimposed on C4', C3', and 03', respectively, whereas
the -CH2CH2NH- units were superimposed on Cs,, 05', and
the phosphorous, respectively. All hydrogens were included
on both PNA and nucleic acid strands. A CHARMM topology
file (RTF) was written for all units ofPNA by consideration of
charges and atom types in DNA (as in DNAH.RTF) and glycine
(as in AMINOH.RTF) (5). A sodium ion with a charge of +1.0
was added to each nucleotide residue in DNAH.RTF and
RNAH.RTF. The neutral duplex decamers of complementary
PNAs and DNA [(dAp)jo (pnaT)jo1 and RNA [(Ap)1Oi(pnaT)jo1
were minimized in CHARMM as described (5). Suitable dis-
tance constraints for the Watson-Crick base pairs (8) were
applied throughout minimizations. Hydrogen bonds and non-
bonding interactions were cut off at 5.0 and 14.0 A, respec-
tively, and angle cut-off for hydrogen bonding was set at 900.
Total energies were calculated for the PNA strand in the
required conformation for each helix type. The x-ray coor-
dinates for the Z-DNA dodecamer d{[(ntiCp)(synGp)6k2 (Pro-
tein Data Bank file pdb3zna.ent) (9) were used as a basis for
a duplex hybrid with a complementary PNA strand. The
d[(antiCP)(synGp)I6G[pna(GC)I6 hybrid was constructed by a

method analogous to that used to build decameric hybrids. A
solution structure for a dodecameric B-DNA with the se-

quence d(CGCAAATTTGCG)2 (6) was similarly used to
create the d(CGCAAATTTGCG)/(pnaCGCTTTAAACGC)
hybrid.

The model building of the triple helix with PNA strands
antiparallel and complementary to a B-DNA conformation
follows from our previous modeling of triple helical
B-DNA-PNA2 D-loop structure (5). The Hoogsteen base-
paired third strand in the B-(PNA2-DNA) complex, where the
PNA strands are parallel, was created by (i) cutting the
backbone away from the thymines in the Hoogsteen strand of
the starting structure with the PNAs antiparallel, (ii) rotating
the backbone to bring it into a parallel arrangement with the
PNA in the Watson-Crick paired strand, and (iii) reconnecting
the backbone to the bases. Steepest-descent minimizations
with atom constraints on positions of all bases, as well as the
DNA segment and Watson-Crick PNA strand, were then
applied with distance constraints to fit the backbone properly
to the bases again. Suitable distance constraints were placed
on both Watson-Crick and Hoogsteen base pairs of the
parallel strand with the purines of the DNA strand (8) during
subsequent energy minimization. Similar procedures yielded
the A-{(Ap)0-[(pnaT)1012} hybrid triplex with parallel Tio
strands. A-{(Ap)lo'[(pnaT)1oI2} with antiparallel PNA strands
was constructed from A-[(Ap)1o-(pnaT)1oI, and the Hoogsteen-
paired (pnaT)10 was constructed from B-{(dAp)io'[(pnaT)1012}
with antiparallel PNAs. The connections between the back-
bone and bases in the Hoogsteen strand were severed, the
alignment of the thymines in the major groove was manually
fixed to accord with the ideal Hoogsteen base-pair arrange-
ment (8), and finally the backbone was reconnected.

RESULTS AND DISCUSSION
In a previous study of the double-stranded (ds) DNAPNA
duplex B-[(dAp)lo(pnaT)10] we provided evidence that inter-
residue hydrogen bonding stabilizes the helical PNA strands
(5). Modeling of A-(RNA-PNA) and A-(DNAPNA) hybrids
has not been investigated. Despite the larger helical rise per
base pair in the A-conformation (-3.4 A compared with 2.6
A in B-DNA) and a longer distance between phosphorous
atoms in adjacent nucleotides (7.0 A compared with 5.9 A in
B-DNA), modeling of the (pnaT)1o sequence onto the pyrim-
idine strand ofA-RNA to provide A-+(Ap)1o-(pnaT)1o0 is easily
accomplished (Fig. 2). By inspection of the stereoview of the
energy-minimized structure in Fig. 2 one can observe the
interresidue hydrogen bonds (a in Scheme II). Table 1 lists
molecular mechanics potential energies for the (pnaT)lo strand
separated from the [(Ap)10-(pnaT)1oI, when fixed in the con-
formation required by the A-type helix. The structure for
A-dsDNA was used to model the structure of A-[(dAp)lo
(pnaT)lo], and the pertinent potential energies are included in
Table 1. The energy-minimized structure for A-(DNA-PNA)
is quite similar to the structure in Fig. 2 for the A-(RNA-PNA)
hybrid. The potential energies of the (pnaT)1o strands in
A-(Ap)1o-(pnaT)1ol and A-[(dAp)10o(pnaT)10I are nearly identi-
cal (see top half of Table 1), although their conformations

FIG. 2. Stereoview of struc-
ture of (Ap)1o0(pnaT)lo RNA-PNA> ĥybrid duplex. The RNA strand,
displayed as a van der Waals dot
surface, is in an A-conformation.
The helical conformation of the
PNA is stabilized by interresidue
hydrogen bonds shown as dashed
lines (see a in Scheme II).
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Table 1. Total CHARMM energies and individual energy contributions for separated single-stranded (pnaT)lo
constituents of decameric (dAp)io(pnaT)jo possessing interresidue and intraresidue hydrogen bonds

(pnaT)lo structure Form Energy* Bond Angle Dihedral Impr VDW Elec H bond
Interresidue H bondt A-RNA -1367 14.3 101 47.1 3.0 -80.0 -1435 -17.6

A-DNA -1385 13.8 100.1 45.2 4.5 -78.6 -1449 -21.6
B-DNA -1473 15.6 88.4 47.5 4.0 -72.5 -1531 -25.4
Z-DNA -1363 11.6 86.7 52.4 7.7 -52.9 -1447 -21.2

Intraresidue H bondt A-RNA -1179 15.2 97.3 45.1 4.4 -84.4 -1239 -17.1
A-DNA -1173 14.6 93.5 59.3 4.7 -78.8 -1250 -16.6
B-DNA -1348 14.7 82.7 52.4 6.2 -80.5 -1404 -18.9
Z-DNA -1388 12.8 91.3 48.8 7.2 -57.1 -1465 -25.3

See ref. 8 for details of the CHARMM force-field contributions; see text for PNA structure.
*CHARMM total energy in kcal/mol, sum of all individual contributions. Impr, improper dihedral; VDW, van der Waals; Elec,
electronic.

ta in Scheme II.
tb in Scheme II.

differ slightly [rms deviations between these (pnaT)lo struc-
tures with hydrogens included is 0.38 A].
Recent reports indicate that formation of a ds(DNA PNA)

duplex is not limited to ds[(pnaT)n (dAp)nI. Sequences ofPNA
form 1:1 complexes with their complementary DNA se-
quence, regardless of the identity of the nucleobases (10-12).
To assess whether base sequence affects the contiguous
intrastrand hydrogen bonds in PNA, the structure for a
PNA*DNA hybrid ofthe B-DNA dodecamer d(CGCAAATT-
TGCG)2 was constructed by replacement of a DNA strand
with corresponding PNA sequence. The initial coordinates
for the bases and complementary DNA strand was obtained
from an NMR solution structure (6) for this B-DNA in water.
Fig. 3 displays a stereo model of the structure of d(CG-
CAAATTTGCG)/(pnaCGCAAATTTGCG), where the latter
strand is a PNA polymer. The interresidue hydrogen bonds
are retained in the PNA strand, despite the base sequence
variation.

In the left-handed Z-form of DNA, which is confined to
sequences of repeating units of alternating purines and py-
rimidines (usually guanine and cytosine), the purine is in the
syn conformation relative to the deoxyribose ring, whereas
the pyrimidine is in the anti-conformation (13). The result is
a zig-zag linking of the nucleotides in the Z-DNA. This
combination presents an interesting challenge for PNA rec-
ognition. A structure for the duplex Z-DNA dodecamer of
d{[(antiCp)(s,nGp)k6}2 (9) was transformed to give the corre-

sponding hybrid duplex with PNA. The energy-minimized
duplex structure of d{[(antiCP)(synGp)]6}4[pna(CG)61 is shown in
stereoview in Fig. 4. Without the steric constraints of the
deoxyribose ring, the (pnaCG)6 strand can be brought into a
conformation that allows contiguous interresidue hydrogen
bonds. For comparison purposes with the molecular mechan-
ics-calculated A- and B-helical hybrids, the hypothetical
structure of Z+[(dAp)10-(pnaT)jo] was constructed. The calcu-
lated potential energy for the PNA component of Z-[(dAp)lo0
(pnaT)1o], along with energies for PNA strands of other
duplexes, is included in Table 1.
With interresidue hydrogen bonds included, the energies

for (pnaT)lo strands ofAf(Ap)1o0(pnaT)j0], AJ(dAp)10(pnaT)10]0
ZJ(dAp)1o-(pnaT)jo], and B-[(dAp)1o0(pnaT)1o] with interresi-
due hydrogen bonds are included in the top half of
Table 1. The calculated order of stabilities of (pnaT)10 strands
is B-[(dAp)10'(pnaT)1i] > A-[(dAp)10'(pnaT)10]I A-[(Ap)lo
(pnaT)10] > Z-[(dAp)1o(pnaT)1o]. Examination of the various
force-field contributions (Table 1) shows that single-stranded
DNA in the conformations found in A- and B-DNA as well as
single-stranded RNA in ds(A-RNA) all appear to provide
good complementarity with interresidue-hydrogen-bonded
PNA strands. Inspection ofthe top half of Table 1 reveals that
electronic, hydrogen-bonding, and angle-deformation ener-
gies favor the B-(DNA*PNA) hybrid.
The relative importance of intraresidue vs. interresidue

hydrogen bonding (Scheme II) as stabilizing influences in the

FIG. 3. Stereoview of structure
ofDNA-PNA hybrid duplex d(CG-
CAAATTTGCG)/(pnaGCGTT-
TAAACGC), derived from the so-
lution NMR structure of the d(CG-
CAAATTTGCG)2 B-DNA
dodecamer. PNA strand is repre-
sented as stick-structure. Interres-
idue hydrogen bonds (a in Scheme
II) stabilize the helical conforma-
tion of the PNA strand.
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FIG. 4. Stereoview of struc-
ture of {d[(antiCp)(synGp)]e6}
[pna(GC)61 DNA-PNA hybrid du-
plex. The DNA strand, shown as a
van der Waals dot surface, is in the
Z-conformation. The bases on
both strands possess alternating
syn and anti conformation with
respect to the glycosidic bond,
while the PNA strand displays
contiguous interresidue hydrogen
bonds (see a in Scheme II).

helical structures of B-[(dAP)1o0(pnaT)10], A-[(dAP)1o0(pnaT)1oI,
Z-[(dAP)1o0(pnaT)1oI, and A-[(Ap)1o-(pnaT)loI was assessed by
building the PNA strand to favor either interresidue or
intraresidue hydrogen bonding. A portion of B-[(dAp)lo0
(pnaT)lo] with intraresidue hydrogen bonds is shown in Fig. 5.
The bottom half of Table 1 lists the various potential energies
for the (pnaT)lo strands of B-, A-, and Z-[(dAp)1o0(pnaT)1o] as
well as A+[(Ap)10(pnaT)j0], stabilized by intraresidue hydro-
gen bonding in the PNA strands. For A- and
Z4(dAp)10(pnaT)j0], the angle deformation and van der Waals
energies are lower for intraresidue-hydrogen-bonded T1o than
for interresidue-hydrogen-bonded structures, although the
hydrogen bonding and electronic (coulombic) energies are
lowest for interresidue hydrogen bonding. The total potential
energies from molecular mechanics calculations are lowest
for interresidue-hydrogen-bonded PNA strands in
B-[(dAp)lo'(pnaT)1oI. Previously, we determined that the PNA
strand of B+[(dAp)jO(pnaT)1OI with interresidue hydrogen
bonds exists at a local minimum because energy minimization
of the helical PNA strand in the absence of the complemen-
tary DNA strand resulted in a structure with retained nucle-
obase orientation and symmetry (5). This is not true when the
(pnaT)lo is constructed so that there is intraresidue hydrogen
bonding in B+[(dAp)1o*(pnaT)joI. In this structure, energy

minimization leads to some disruption of the base orienta-
tions. The hydrogen-bond lengths in intraresidue-hydrogen-
bonded (pnaT)jo strands are consistently longer than in inter-
residue-stabilized strands, and this is reflected in increases in
the hydrogen bond energies (Table 1). Thus, interresidue
hydrogen bonds are stronger than intraresidue hydrogen
bonds and are proposed to be favored by this measure.
PNA strands are able to achieve stability in a complemen-

tary helical conformation via formation of seven-membered
hydrogen-bonded rings (Scheme II) in all characteristic poly-
morphic states of helical nucleic acids. Comparisons of
interresidue-hydrogen-bonded rings in the PNA strands of
A-, B-, and Z-{[dAp]1o(pnaT)jo} and A-{[ApI1O'(pnaT)io} are
shown in Fig. 6. The interresidue-hydrogen-bonded ring
structure is quite similar in all polymorphs, whereas the
conformation of the ethylamine portion of the backbone
differs. Comparison ofthe (pnaT)jO strand conformations in A-
and B-[(dA)10o(pnaT)lo] reveals average dihedral angles for
rotation around the ethylamine CH2-CH2 bond of 90 and
650, respectively. Thus, complementarity to an A-DNA sin-
gle strand (and A-RNA single strand) requires eclipsing of a
hydrogen on one carbon with the nitrogen substituent on the
other methylene, while with a single-strand B-DNA the
conformation around the C-C bond is gauche-cis (Fig. 6).
DNAPNA and RNA-PNA duplexes must be formed as

intermediates en route to DNA-PNA2 and RNAPNA2 triplex
hybrids. The second PNA likely binds in the majorgroove of
the DNA*PNA intermediate by Hoogsteen base-pairing
(Scheme III) (3-5). It is ofconsiderable interest to understand
the relative orientations of the two PNA strands in the

A DNA, A-RNA, B-DNA

FIG. 5. Close-up view of B-[(dAp)jo (pnaT)j0] with intraresidue
hydrogen bonds (see b in Scheme II), stabilizing the helical confor-
mation of the PNA strand. Hydrogen bonds are shown as dashed
lines and range from 2.0 to 2.2 A.

FIG. 6. Overlap of PNA structures when complementary to
Z-DNA, B-DNA, A-RNA, and A-DNA. Least-squares fitting was
performed for the rings in each decamer of complementary PNA.

Biochemistry: Almarsson and Bruice
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DNAPNA2 and RNAPNA2 products. In an attempt to ad-
dress this aspect, structures for B-{(dAp)0l[pnaTlO2} and
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FIG. 7. Stereoview of struc-
ture of (dAp)jo-[(pnaT)j0]2 DNA-
PNA2 hybrid triplex, with the

oogsteen DNA strand in the B-conforma-
pired PNA tion. Interresidue hydrogen bonds

(see b in Scheme II) stabilize the
helical conformations of the PNA
strands that are antiparallel to one
another. The solid ribbon traces
lie through the backbone of the
PNA strands, whereas the (dAp)lo
strand backbone is traced with a
ribbon of lines.

groove, followed by rearrangement into the more stable Wat-
son-Crick base-paired DNA-PNA plus single-stranded DNA.
Comment. We add that we do not believe that DNA or

RNA duplexes withPNA necessarily assume classical A-, B-,
or Z-helical structures. Just as the helical structure of a
DNA-RNA duplex is partway between an A- and a B-helix
(15), duplexes of DNA or RNA with PNA are expected to
possess their own characteristics. What we have shown is
that (i) PNA helical structures are stabilized by interresidue
hydrogen bonding, and (ii) some flexibility in the seven-
membered hydrogen-bonded ring and a good deal of flexi-
bility in the ethylamine component allow the PNA to be
complementary to any number of helical arrangements.

We express gratitude to the Office of Naval Research and to the
National Science Foundation for support of this work and the
computational facilities of this laboratory.
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Scheme III

A+{(Ap)1o [pnaTi0o2} triple helices were modeled, where the
PNA strands are in parallel and antiparallel orientations to one
another (Scheme IE). A structure for the antiparallel arrange-
ment of two (pnaT)lo strands in a triplex with B-DNA (dAp)lo
is shown in stereoview in Fig. 7. The potential energies for
each PNA strand conformation in B-{(dAp)1oR[(pnaT)10I2} and
A-{(Ap)1o[(pnaT)l012} were calculated in the absence of com-
plementary DNA by molecular mechanics. The structures of
A-{(Ap)1o[(pnaT)1oI2} with (pnaT)1o strands parallel and anti-
parallel are very similar in potential energy. Van der Waals
energy for the parallel structure is somewhat lower
in the Hoogsteen strand (-78.7 kcal/mol) than in the Watson-
Crick PNA strand (-68.3 kcal/mol). Angle-deformation en-
ergies are higher in the Hoogsteen strands (-130 kcal/mol)
than in Watson-Crick strands (-118 kcal/mol). For B-{(dAp)10.
[(pnaT)1012} Watson-Crick pairing of (pnaT)1o is favored ener-
getically over Hoogsteen base pairing, largely due to unfavor-
able angle and dihedral contributions. Thus, the angle terms
for the Watson-Crick and Hoogsteen PNA strands of anti-
parallel B{(dAp)10o[(pnaT)10I2} are 104.4 and 114.1 kcal/mol,
respectively. The dihedral contributions are found to be 48.8
and 92.7 kcal/mol, respectively. In addition, van der Waals
and hydrogen-bonding energies are less negative for the
Hoogsteen-paired strands than observed in the Watson-Crick
(pnaT)1o strands. B-{(dAp)1o0[(pnaT)1oI2} with (pnaT)1o strands
antiparallel have lower potential than the parallel structure.
The extraordinary capability of PNA to perform strand

invasion into B-(dAp)0,(dTp)0 sequences by displacing a por-
tion of the complementary DNA and ultimately giving
DNA*PNA2 (14) can be rationalized in terms of the consider-
ably lower potential energies for the Watson-Crick compared
with the Hoogsteen strands. The initial binding of PNA to
dsDNA may be through Hoogsteen base-pairing in the major
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