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Abstractr 

Proton NMR spectroscopy and nx&cular dynamics simulations are employed to investigate the conformations of PNA 
monomers, a dimer and an octamer. The monomers exist as a 7050 mixture of two amide rotamers interconverting 
slowly on the NMR time scale at 20 C. In the major form, the side chain carbonyl group points toward the glycbte, 
which places the rnethylene protons In proximity to the Z-amInoethyl protons. The minor form places its.slde chain 
carbonyl group away from the glycina, and the rnetbylene protons are close in spaca to the Slycine cz protons. The 
PNA CTditner has multiple rotamers at 20 ‘C. In contrast, a NORSY spectrum taken from an ortamer indicates only a 
single cvnfornwr in soludon at 40 y3. 

WlRODUClTON 

Peptide Nucleic Acids (PNAs) represent a new class of nucleii acid oligomers whtch differ dramatically from 

DNA/RNA or conventional analogs. 1.2 Within the PNA oligomer the standard bases have been retained to insure the 

ftielity of Watson-Crick pairing, but the sugar phosphate backbone has been replaced with a peptide backbone (see 
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Pig_ 1 !GingIeStranaed PNA model compounds used for proton NMR studies. 

Figure 1). Mixed pyritnldine/putine PNA sequences form antiparallel duplexes with complementaty RNA or DNA. 
lbese have greater stability (Tm values) than duplexes between complementary oligumcleotide strands3 In 

addition, homopyrimidine PNAs can bind to DNA in both antiparallel and parallel orientations in a triplex motif.3 

PNAs have potential utility as antisense therapeutic agents and as diagnostics for gene identification and 
se4umcing~’ 

As a mixture of a nucleobase and a moditied peptide backbone, PNAs might be expected to exhibit 

physicochemical properties of both classes of molecules. To date, little structural information has been reported 
about the conformation of either sirgle-stranded or duplexed PNAs in solution. CD analysis of PNA-RNA duplexes 

show that the bases stack in an A-form helix, but spectra of the PNA alone have little CD ahsnrbence.5 This result is 
unexpected since analysis of the T m data would indicate that the PNA molecules have some degree of 

preorganization3 Molecular modeling studies have suggested some organization can occur via inter-residue hydrogen 

bonds607 Recently, the hydrophobic nature of the PNA backbone has been shown to enhance the stability of 

5105 



5106 

PNA:DNA duplexes.* However, the interplay betwe6n StXkh& hydrogen bonding and conformational mobility 
about the peptide backbone has yet to be defined, and no experimental information has been available. 

we have *tudkd the sofution properties of single-stranded PNAs of varying lengths using NMR spectroscopy 
andmoleculardm NhRRMalysesofPNAmonomrssnddimerdtmonstnrle~ttheba~torotationabout 
the amide bonds are similar to those observed in peptides. Mokcular dynamic6 and Nh4R of single+randed PNA 
olig~mer~ provide no evidence for preorganization faciiitated by hydrogen bonds. Finally, NMR result6 on a mixed 
PNA octamer are consistent with a single conformation about both sets of amide bonds, which suggests the 
Wtions of mixed PNAs are dominated by the properties of the nuckobases. 

RESULTS AND DISCUSSION 

In an earlier study,s~ an inter-residue hydrogen bonding scheme has been proposed to contribute to the 
preorganization of PNA 6i1@e-Stranded oligorners. Such rnoiecu~ar mechanics Studies carried out in the gas phase 
without including explicit Bolvent molecule are known to overestimate the hydrogen bonding mntribution to the total 
energ~.~ We have employed molecular dynamics simulation”’ to study a PNA CT-din-w in a 30 A cube of water for 
possible hydrogen bondii. The time history of the tot61 energy of thi6 dimer shows energetically stable behavior. 
Data from the first 20 ps of the simulation is attributed to the equilibration process and not included in the final 
analysis. The time history of the distance between the oxygen of the carbonyl group of the nucleobase side chain and 
the hydrogen on the secondary nitrogen along the backbone (inter-residue hydrogen bonding distance) of the PNA 
dirner is shown III Fig. 2. The average distance is over 5 A, which within this model, unequivocally shows the absence 
of any possible inkr-residue hydrogen bondiig. 

Pig. 2. A diagram showing the time-dependent inter- 
residue hydrogen bonding distance (for details see 
text) from a molecular dynamics simulation study of 
the PNA m-dimer in water. 

glycine 2-aminoe 

Kg. 3. Region of 500 MHz proton 2D NOESY spectrum 
of 2 containing crosspeaks between metbylene protons 
arisen from different units of PNA. The spectrum was 
acquired from a D20 sample at 310K with 400 ms 
mixing time. Two rotamers about the tertiary amide 
bond for each PNA residue exist, a total of four 
conformational rotamers are observed. 

We have examined four PNA monomer esters and amides, a pyrimidine dimer and an octamer using IH 
NMR.“,” For monomer esters, amides la-d and the dimer 2, 6 7090 population of the cis:trans conformers about the 
tertiary amide bond of the nucleobase side chain is observed tjy 1 and 2D NMR. The interconversion5 between amide 
bond conformational rotamers usually require high activation energies (AEa in the range of 10-25 kcal mol-l).‘J 
Variable temperature proton 1D NMR studies are performed on the monomers and the dimer. The activation energy 
for the interconversion and the rate of exchange at 37’ C are calculated 1.1 as 1952 kcal mad-1 and OS-2 see-‘, 

respectively. From NOESY spectra of dimer 2 (Fig. 3), the base protons (8H for purines and 6H for pyrimidines) are 



5107 

Rotamef pOpuwOn diitributiOrls of lc remaIn 
unchangedwhmNMRexperlments areundertakentn 
acetonltrile or in DMSD, and temperature coetlicienls 
of the amide protona are estimated *’ to be in the 
range of -9 to -10 ppb K-l. These two lines Of 
experimental results does not favor intmmolec&rly 

hydrogen bar& in PNA. We also examined a PNA 

octamer to determine if the observations for the 
smaller PNAs are confirmed. ln contraat to the simple 
model monomers and dimer, the PNA octamer 
exhibits much simpler NOE cross peak patterns (Pig. 
4), which suggests the octemer adopts e single 
conformation. The preorgenleed structure of this 
PNA octamer can be rationalized as analogous to that 
of ss DNA and ss RNA, where the stablizing elements 
are likely coming from base stacking.is 

F?ig 4. Region of 500 MHz proton 2D NOESY spectrum 
of 3 containing methyiene protons arisen from side 
chain (-5 ppm), gtycine (-4 ppm) and 2-amino&y1 
(35-3 ppm)_ The spectrum was acquired at 313 K with 
300 ms midng time. Strong NOE crosspeaks between 
methylenes of side chain and 2-aminoethyi indicate 
that cis-conformation about the tertiary amide bond 
predominates. 

CONCLUSIONS 

Molecular dynamics and protbn NMR have been used to study the conformational properties of four PNA 
monomers, a dimer and an octuner. NMR analyses of the PNAs demons trate the slow intermnverslon of two robuners 

about the tertiary amide bond, with an energy barrier similar to amides in peptides. No intra- or inter-residue 

hydrogen bonds are observed in the ss PNAs tn organic or aqueous solvents. I?@ preorganization observed for a mixed 
PNA octamer may result from energetically favorable base stacking interactions. The reduced base stacking in 
ho~p~~~di~ PNAs may allow alternative conformations along the peptide backbone. 
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