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Stability of peptide nucleic acids in human serum and cellular extracts 
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Abstract-The stability of a new type of DNA mimic, peptide nucleic acid (PNA) in human blood 
serum, Eschericiu coli and Micrococcus 1uteu.s extracts and nuclear and cytoplasmic extracts from mouse 
Ehrlich ascites tumor cells was investigated using HPLC analysis. Under conditions that caused complete 
cleavage of a control peptide, adrenocorticotropic hormone fragment 4-10, no significant degradation 
of the PNAs, H-T,0-LysNH2 and H-TGTACGTCACAACTA-NH*, could be detected. Similarly, PNA 
H-T,-LysNH, was found to resist attack by fungal proteinase K or porcine intestinal mucosa peptidase 
at concentrations exceeding those necessary to completely degrade a control peptide, H-Phe-Trp-Tyr- 
Cys-Phe-Trp-Tyr-Lys-Phe-Trp-Tyr-Lys-OH, by at least loOO- and 30-fold, respectively. Thus PNA is 
expected to have sufficient biostability to be used as a drug. 
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Oligonucleotides and their analogs are drug candidates 
which offer several mechanisms for sequence-specific 
nucleic acid targeting as anti-sense or anti-gene reagents 
[l]. Although most efforts have been devoted to natural 
oligonucleotides, and the closely related phosphorothioates 
and methylphosphonates [2], neither have yet proved to 
be optimal anti-sense/-gene targeting reagents. Novel 
oligonucleotide analogs and mimics are therefore high 
priority goals in medicinal chemistry [2,3]. 

A new type of DNA mimic, termed PNA* was recently 
prepared [4-71. PNAs are oligomers composed of N-(2- 
aminoethyl) glycine units to which nucleobases are attached 
(see Fig. 1). This backbone is structurally homomorphous 
to the (deoxy)ribose-phosphate backbone of nucleic acids. 
Subsequent studies have demonstrated that PNA binds 
tightly and selectively to DNA and RNA and may be well 
suited for the development of anti-sense and anti-gene 
drugs capable of sequence-specific targeting of both single- 
stranded and duplex nucleic acids [4,8-151. In view of the 
prospective use of PNAs as therapeutic agents it is 
worthwhile to determine the stability of PNA in bodily 
fluids and cellular extracts. We attempt to show that both 
extracellular (serum) and intracellular media, known to be 
very harmful to oligonucleotides and oligopeptides, are 
completely harmless to PNA oligomers. 

Materials and Methods 

The PNAs were synthesized as described previously [5- 
71. 

Human blood taken from healthy volunteers (one male 
and three females of different ages) was mixed, clotted at 
room temperature and spun for 30min in an Eppendorf 
centrifuge to obtain serum. Preparation of crude bacterial 
extracts from E.coZi strain JH83 and M. luteus (strain from 
Dr S. Mindlin) was performed as described in Ref. 16. 
Crude cytoplasmic and nuclear extracts from mouse Ehrlich 
ascites tumor cells were prepared essentially as described 
in Refs. 17 and 18. 

PNA (lO-2OpL) and ACI’H(4-lo), dissolved in nano- 
molar quantities in 100 mM Tris-HCl buffer, pH 7.5, were 
mixed in a 1: 1 ratio in Eppendorf test-tubes with either 

* Abbreviations: PNA, peptide nucleic acid; the PNAs 
are written from the N to the C terminal using normal 
peptide conventions; H, a free amino group; NHZ, a 
terminal carboxamide; ACTH(4-lo), adrenocorticotropic 
hormone fragment 4-10. 

n 

‘*NH 

I! 
Fig. 1. Chemical structure of PNA. B is a nucleobase, 
which is thymine for oligothymidyl PNAs and thymine, 
cytosine, adenine or guanine for mixed sequence PNA. 
R = H for the latter PNA or positively charged lysinyl 
amide for oligothymidyl PNAs to improve their solubility, 
n is varied from 3 through 8 to 13 for the PNAs discussed 

here. 

serum or one of the extracts and incubated at 37” for 
various periods of time. Subsequently, 10,uL of 1 M HCl 
were added to stop the reactions. Reaction mixtures were 
centrifuged to precipitate high-molecular mass substances 
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and analysed by HPLC on a Jasco LC-800 or a Spectra- 
Focus instrument using Du Pont PEP-RPl or Vydac Cl8 
reversed-phase columns. Elution was performed at 40” and 
a flow-rate of 1 mL/min using 30min linear &15% 
acetonitrile gradient in 0.1% trifluoroacetic acid/water for 
PNA and 50min linear lO-25% acetonitrile gradient in 
0.1% trifluoroacetic acid/water for ACTH(4-10). In the 
case of simultaneous separation of PNA and the control 
nentide the gradient was c15% (10 min) followed bv 15- 
40% (40min). The detector signal at 254nm (PNA) and 
215 nm [(ACTH(4-lo)] was fed into a microcomputer to 
calculate peak areas. Some of the peaks inherent in the 
extract which did not change during incubation were used 
as internal standards to quantify peptide and PNA 
concentrations. 

Results and Discussion 

The decathymidyl PNA H-Tie-LysNH, contains all the 
major structural elements of PNA (Fig. 1): i.e., the N-(2- 
aminoethyl)glycine polyamide backbone, the N-C bond 
between nucleobases and the backbone, and the terminal 
lysinyl amide used to improve the solubihty of the oligomer. 
Thus we consider this oligomer a reasonable model for 
PNA in general and have investigated its biostability using 
HPLC. 

We studied the stability of PNA H-Tic,-LysNHz in human 
serum (known to contain a large variety of proteolytic 
enzymes), in bacterial cell extracts from M. luteus and E. 
coli, and in nuclear extract from mouse Ehrlich ascites 
tumor cells. Serum is rich in nucleases, which efficiently 
degrade antisense oligonucleotides and their analogs 
[19] as well as containing many peptidases such as 
aminopeptidase [20-221 and dipeptidyl aminopeptidase 
[22,23], which attack peptides from the amino terminal; 
carboxypeptidase [24,25] and peptidyl carboxypeptidase 
activities [20-22,26 271 which attack from the C end, 
as well as several endopeptidases, such as neutral 
endopeptidase [21,22,27-301. Bacterial extracts were used 
due to the potential of PNAs to act as bacteriostatica. As 
a potential anti-gene agent, PNA stability in nuclei is also 
of interest. Thus we have studied its biostability in tumor 
nuclear extracts as well. 

ACTH(4-10),aproteolyticallywell-characterizedpeptide 
[20], was incubated in parallel as a control of the presence 
of enzymes capable of cleaving peptide bonds. Figure 2 
shows a typical chromatogram obtained after incubation 
of PNA H-Tic,-LysNH, in serum. Although a large number 
of peaks originating from serum are present therein 
(nucleotides, peptides, etc.), the PNA peak is well 
separated from all other peaks and its intensity can be 
quantitated (the same was true for all extracts studied). 
The amount of PNA remained virtuallv unchanged during 
2 hr of incubation, whereas HPLC analysis revealed a rapid 
degradation of ACTH(4-10) (with a half-life of about 
5 Gin). This shows that our ‘serum samples contained 
considerable enzymatic activity capable of cleaving 
natural peptide bonds. Similarly, ACTH(C10) completely 
disappeared within 20 min in bacterial extracts, and was 
also substantially degraded within this same time period in 
ascites tumor cell extracts (Table l), indicating the presence 
of proteolytic activities in these media as well. Even 2 hr 
of incubation and the resuhing complete cleavage of 
ACTH(C10) did not yield a detectable decrease of the 
decathymidyl PNA peak in any of the extracts studied. 
Thus, PNA H-T,,-LysNH, appears to be stable in 
media containing proteolytic enzymes which degrade 
ohgopeptides. 

We further investigated the stability of a PNA 
pentadecamer containing all four natural nucleobases and 
terminating in carboxamide (see Fig. 1). In addition to 
human serum, we incubated this PNA in a cytoplasmic 
extract of mouse ascites tumor cells. As seen from Table 
1, PNA H-TGTACGTCACAACTA-NH1 is stable in 

Elution Time 

Fig. 2. Stability of PNA H-T,,-LysNH, in serum. A typical 
HPLC chromatogram of PNA/serum reaction mixtures 
after incubation for 2 hr at 37”. For experimental details 
see Materials and Methods. Some of the inherent blood 
peaks like the ones indicated by arrows, which did not 
change during incubation, were used as internal reference 

to quantify PNA concentrations. 

human serum for a minimum of 2 hr and even after 20 hr 
of incubation the maximum decrease of the PNA detected 
was only 20% (data not shown). Similar stability of this 
PNA was observed in a eukaryotic cytoplasmic extract: we 
were unable to detect any significant degradation in 1 hr 
(data not shown) and a maximum decrease of 20% was 
seen following 2 hr of incubation in this medium, which 
rapidly degrades ACTH(4-10). Whether this apparent 
decrease in PNA (which is at the limit of the accuracy of 
the HPLC analysis) in cytoplasm is due to slow degradation 
or by its aggregation with cellular components remains to 
be determined. 

We also studied the effect of digestion of PNA H-T,- 
LysNHr by the isolated proteolytic enzymes, fungal 
proteinase K from Tritirachium album and peptidase from 
porcine intestinal mucosa. The results presented in Fig. 3 
show that under conditions where a control peptide, H- 
Phe-Trp-Tyr-Cys-Phe-Trp-Tyr-Lys-Phe-Trp-Tyr-Lys- 
OH, which is more stable than ACTH(4-10) (about 50% 
remains in serum in 1 hr), is completely degraded, PNA is 
still intact. In fact, PNA H-TS-LysNH, resisted treatment 
with enzyme concentrations 30 times (peptidase) or 1000 
times (proteinase K) that required to degrade the control 
peptide. Moreover, this PNA is not attacked by bacterial 
protease type IV from Streptomyces caespitosus (data not 
shown). 

Although natural amino acids (glycine) are part of the 
backbone, the amide bonds found in PNA are not like the 
ones found in natural peptides; no amide bond between 
two natural amino acids is present, and this is probably the 
reason why proteases and peptidases do not recognize 
these PNAs as a substrate. We thereby conclude that 
proteolytic enzymes such as those found in serum and 
cellular extracts as well as in at least some isolated proteases 
and peptidase cannot cleave the N-(2-aminoethyl)glycine 
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Table 1. PNA and peptide stability in cellular extracts and serum 

Extracts: M. luteus E.coli 
Ascites, 
nuclear 

Ascites, 
cytoplasmic Serum 

PNA 3071295 2611259 2911306 ND 3351342 
H-T,-LysNH, (966) (98%) (106%) (102%) 
PNA H-TGTACG ND ND 3341267 2401222 
TCACAACTA-NH2 (80%) (93%) 
ACTH(4-10) 255/o 251/o 262/l 10 190130 307125 

(0%) (0%) (42%) (16%) (8%) 

Initial/final quantities (arbitrary units) after incubation of PNAs for 120 min or ACTH(C10) for 
20 min were determined as peak areas by HPLC and the portion of remaining material (in brackets) 
was quantified as described in Materials and Methods. ND, not determined. 

Elution time 
Fig. 3. Resistance of PNA to peptidase and proteinase K. 
HPLC chromatogram of control sample before enzyme 
treatment (upper panel) showing the peaks corresponding 
to PNA H-Ts-LysNH* and the control peptide H-Phe-Trp- 
Tyr-Cys-Phe-Trp-Tyr-Lys-Phe-Trp-Tyr-Lys-OH. Middle 
panel: HPLC trace after treatment with porcine mucosa 
peptidase (0.2 ,ug/uL, 30 min at 37”). Lower panel: HPLC 
chromatogram after treatment with proteinase K (0.02 pg/ 
& 30 min at 37”). Experiments using porcine peptidase 
at 0.06, 0.6 or 2,ug/& or proteinase K at 0.002, 0.2 or 
2 pg/pL, respectively, gave the same results (PNA is stable 
and peptide is digested) except for the appearance of peaks 
originating from the peptidase/protease preparation 

observed at higher enzyme concentrations. 

based peptide/polyamide backbone of PNA and that PNA 
is therefore expected to have sufficient biostability to be 
used as a drug. 

Acknowledgements-We thank V. Malkov, E. Bogdanova 
and S. Mindlin for preparing cell extracts as well as U. B. 
Henriksen, H. Knudsen, I. N. Bojesen and H. Hegelund 
for obtaining blood samples. This work was supported by 
ISIS Pharmaceuticals, PNA Diagnostics and the Millipore 
Corporation. 

*Center for Biomolecular VADIM V. DEMIDOV*t 
Recognition VLADIMIRN. POTAMAN? 

Department of Medical M. D. FRANK-KAMENETSKII$§ 
Biochemistry & Genetics MICHAELEGHOLMII 

Laboratory B, The Panum OLE BUCHARD~~ 

Institute SBREN H. S~NNICHSEN* 

Blegdamsvej 3c PETER E. NIELSEN*$ 

DK-2200 Copenhagen N, 
Denmark 

tlnstitute of Molecular 
Genetics 

Russian Academy of Sciences 
Kurchatov Square 
123182 Moscow, Russia 
[IDepartment of Organic 

Chemistry 
The H. C. Orsted Institute 
Universitetsparken 5 
DK-2100 Copenhagen 0, 

Denmark 
*Center for Advanced 

Biotechnology 
Boston University 
36 Cummington St 
Boston, MA 02215 
U.S.A. 

REFERENCES 

1. Riordan ML and Martin JC, Oligonucleotide-based 
therapeutics. Nature 350: 442-443, 1991. 

2. Uhlman E and Peyman A, Antisense oligonucleotides: 
a new therapeutic principle. Chem Rev 90: 544-584, 
1990. 

3. Crook ST, Oligonucleotide therapy. Curr Opinion 
Biotech 3: 656661, 1992. 

4. Nielsen PE, Egholm M, Berg RH and Buchardt 0, 
Sequence-selective recognition of DNA by strand 
displacement with a thymine-substituted polyamide. 
Science 254: 1497-1500, 1991. 

8 Corresponding authors. 



Short communications 1313 

5. 

6. 

7. 

8. 

9 

10 

11. 

12. 

13. 

14. 

15. 

16. 

Egholm M, Buchardt 0, Nielsen PE and Berg 
RH, Peptide nucleic acids (PNA). Oligonucleotide 
analogues with an achiral peptide backbone. .7 Am 
Chem Sot 114: 1895-1897, 1992. 
Egholm M, Buchardt 0, Nielsen PE and Berg RH, 
Recognition of guanine and adenine in DNA by 
cytosme and thymine containing peptide nucleic acids 
(PNAl. J Am Chem Sot 114: 9677-9678. 1992. 
Egholm M, Behrens C, Christensen L, Berg RH, 
Nielsen PE and Buchardt 0, Peptide nucleic acids 
containing adenine or guanine recognize thymine and 
cytosine in complementary DNA sequences. J Chem 
Sot Chem Commun 9: 800-801, 1993. 
Nielsen PE, Egholm M, Berg RH and Buchardt 0, 
Sequence specific inhibition of restriction enzyme 
cleavage by PNA. Nucleic Acids Res 21: 197-200,1993. 
Cherny DY, Belotserkovskii BP, Frank-Kamenetskii 
MD, Egholm M, Buchardt 0, Berg RH and Nielsen 
PE, DNA unwinding upon strand displacement of 
binding of PNA to double stranded DNA. Proc Nat1 
Acad Sci USA 90: 1667-1670. 1993. 
Hanvey JC, Peffer NC, Bisi JE, Thomson SA, Cadilla 
R, Josey JA, Ricca DJ, Hassman CF, Bonham MA, 
Au KG, Carter SG, Bruckenstein DA, Boyd AL, 
Noble SA and Babiss LE, Antisense and antigene 
properties of peptide nucleic acids. Science 2.58: 1481- 
1485, 1992. 
Nielsen PE, Egholm M, Berg RH and Buchardt 0, 
Peptide nucleic acids (PNA). DNA analogues with a 
polyamide backbone. In: Antisense Research and 
Application (Eds. Crook S and Lebleu B), pp. 363- 
373. CRC Press, Boca Raton, 1993. 
Nielsen PE, Egholm M, Berg RH and Buchardt 0, 
Peptide nucleic acids (PNA). Potential antisense and 
anti-gene agents. Anti Cancer Drug Design 8: 53-63, 
1993. 
Nielsen PE, Peptide nucleic acids (PNA): potential 
antiviral agents. Antiviral News 1: 37-39, 1993. 
Demidov V, Frank-Kamenetskii MD, Egholm M, 
Buchardt 0 and Nielsen PE, Sequence selective double 
strand DNA cleavage by peptide nucleic acid (PNA) 
targeting using nuclease Sl. Nucleic Acids Res 21: 
2103-2107, 1993. 
Egholm M, Buchardt 0, Christensen L, Behrens C, 
Freier SM, Driver DA, Berg RH, Kim SK, Norden B 
and Nielsen PE, PNA hybridizes to complementary 
oligonucleotides obeying the Watson-Crick hydrogen- 
bonding rules. Nature 365: 566-568, 1993. 
Tomilin NV, Paveltchuk EV and Mosevitskaya TV, 
Substrate specificity of the ultraviolet-endonuclease 
from Micrococcus luteus. Endonucleolytic cleavage of 
depurinated DNA. Eur J Biochem 69: 265-272, 1976. 

17. Undritsov IM, Naktinis VI, Kolchinskii AM and 
Mirzabekov AD, Nature of the enzyme relaxing 
superhelical DNA and isolated in a fraction of the 
histone Hl. Dokl Acad Nauk SSSR Biochem (Russian) 
234: 14741477, 1977. 

18. Lerner MR and Steitz JA, Antibodies to small nuclear 
RNAs complexed with proteins are produced by 
patients with systemic lupus erythematosus. Proc Natl 
kcad Sci USAV76: 5495-5499, i979. 

19. Akhtar S. Kole Rand Juliano RL. Stabilitv of antisense 
DNA oligonucleotide analogs in’ cellular-extracts and 
sera. Life Sci 49: 1793-1801, 1991. 

20. Potaman VN, Alfeeva LY, Kamensky AA, Levitzkaya 
NG and Nezavibatko VN, N-terminal degradation of 
ACTH(4-10) and its synthetic analog semax by the rat 
blood enzymes. Biochem Biovhvs Res Commun 176: 
741-746, i991. 

. _ 

21. Turner AJ, Processing and metabolism of neuro- 
peptides. Essays Biochem 22: 69-119, 1986. 

22. Wang L, Ahmad S, Benter IF, Chow A, Mizutani S 
and Ward PE, Differential processing of substance P 
and neurokinin A by plasma dipeptidyl(amino)- 
peptidase IV, aminopeptidase M and angiotensin con- 
verting enzyme. Peptides 12: 1357-1364, 1991. 

23. Friedman TC and Wilk S, The effect of inhibitors 
of prolyl endopeptidase and pyroglutamyl peptide 
hydrolase on TRH degradation in rat serum. Biochem 
Biophys Res Commun 132: 787-794, 1985. 

24. Skidgel RA, Basic carboxypeptidases: regulators of 
peptide hormone activity. Trends Pharmacol Sci 9: 
299-304, 1988. 

25. Ishida H, Scicli AG and Carretero OA, Contributions 
of various rat plasma peptidases to kinin hvdrolvsis. J 
Pharmacol E.xp Ther iSi: 817-820, 1989. . ’ 

26. Sheikh I and Kaolan AP. Mechanism of digestion of 
bradykinin and lysylbradykinin (kallidin) $ human 
serum. Role of carboxypeptidase, angiotensin-con- 
verting enzyme and determination of final degradation 
products. Biochem PharmacoZ38: 99LL1000, 1989. 

27. Spillantini MG, Panconesi A, Del Bianco PL and 
Sicuteri F, Enkephalinase and angiotensin converting 
enzyme activities in human venous and arterial plasma. 
Neuropeptides 8: 111-117, 1986. 

28. Erdos EG, Kininases. In: Handbook of Experimental 
Pharmacology (Ed. Erdos EG), Vol. 25 (Suppl.) pp. 
427-487. Springer-Verlag, Heidelberg, 1979. 

29. Erdos EG and Skidgel RA. Neutral endooeotidase 
24.11 (enkephalinaseyand related regulators Gf peptide 
hormones. PASEB J 3: 145-151, 1989. 

30. Spillantini MG, Sicuteri F, Salmon S and Malfroy B, 
Characterization of endopeptidase 3.4.24.11 (“enke- 
phalinase”) activity in human plasma and cerebrospinal 
fluid. Biochem Pharmacol39: 1353-1356, 1990. 


