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PAUL APOSTOLOS GIANNARIS and MASAD JOSB DAMHA. Can. J. Chem. 72,909 (1 994). 
3'-Phosphoramidite derivatives of arabinocytidine, arabinoadenosine, and arabinouridine were prepared and used for the 

solid-phase synthesis of oligoarabinonucleotides (arabinonucleic acid, or ANA). Thermal denaturation analysis and gel mobility 
shift assays were used to investigate the interaction between ANA and complementary DNA and RNA. In general, the ANAI 
DNA and ANARNA complexes exhibited melting temperatures comparable to those of the corresponding DNADNA and 
DNARNA complexes. Thus the inversion of stereochemistry at the C2' of ribonucleotides does not have a negative effect on 
interaction with natural sequences. In fact, in complexes with poly dT, oligoarabinoadenylates displayed greater hybridization 
affinity than oligoriboadenylates. In summary, we observed that (i) a r a ( A ~ ) ~ A  interacted favourably with poly rU and poly dT; 
(ii) a r a ( C ~ ) ~ C  formed a stable complex with poly rG; (iii) a r a ( U ~ ) ~ U  did not bind with complementary poly rA; and (iv) the 
mixed oligoarabinonucleotide ara(UCU UCC CUC UCC C) formed complexes with complementary DNA and RNA. Hybrid- 
ization was observed between the phosphorothioatelinked arabinoadenylate a ra (Ap~)~A and poly rU and poly dT; however, this 
binding was weaker than that between the phosphorothioate-linked deoxyriboadenylate ~ ( A ~ S ) ~ A  and poly rU and poly dT. Both 
a ra (Ap~)~A and its deoxy analog ~ ( A ~ S ) ~ A  displayed significant and similar resistance to digestion by snake venom phosphod- 
iesterase. 

PAUL APOSTOLOS GIANNARIS et MASAD JOSB D m .  Can. J. Chem. 72,909 (1994). 
On a effectuC la synthkse des dCrivCs 3'-phosphoramidite de l'arabinocytidine, de l'arabinoadknosine et de l'arabinouridine et 

on les a utilisCs pour la synthkse en phase solide d'oligoarabinonucltotides (acide arabinonucltique, AAN). On a utilist une anal- 
yse de denaturation thermique et des essais de dCplacements par mobilitC sur gel pour Ctudier les interactions entre 1'AAN et des 
ADN et ARN complCmentaires. En gCnCral, les complexes AANIADN et AANIARN prtsentent des temptratures de fusion sem- 
blables i celles des complexes correspondants ADNIADN et ADNIARN. L'inversion de stCrCochimie au niveau C2' des ribo- 
nuclCotides n'a donc pas d'effet nCgatif sur l'interaction avec les stquences naturelles. En fait, dans les complexes contenant des 
poly dT, les 01igoarabinoadCnylates presentent une affinitC d'hybridation plus grande que celle des 01igoriboadCnylates. En 
rCsumt, on a observC que (i) l ' a r a ( A ~ ) ~  interagit favorablement avec les poly rU et poly dT; (ii) que l ' a r a ( C ~ ) ~ C  forme un com- 
plexe stable avec le poly rG; (iii) que l ' a r a ( U ~ ) ~ U  ne se lie pas avec le poly rA complCmentaire et (iv) que l'oligoarabinonu- 
clCotide mixte ara(UCU UCC CUC UCC C) forme des complexes avec les ADN et ARN complCmentaires. On a observe une 
hybridation entre 1'arabinoadCnylate a ra (Ap~)~A lit au phosphorothioate et les poly rU et poly dT; toutefois, cette interaction est 
plus faible que celle entre le dCsoxyriboadCnylate d(Aps)lA lit au phosphorothioate et les poly rU et poly dT. L 'a ra (Ap~)~  ainsi 
que son analogue dCsoxy, ~ ( A ~ S ) ~ A ,  prCsentent tous les deux une rtsistance importante et semblable la digestion par la phos- 
phodiestkase du venin de serpent. 

[Traduit par la rtdaction] 

Introduction 
The antisense approach to gene regulation requires oligonu- 

cleotides that exhibit stability against degradation by cellular 
enzymes and the ability to hybridize complementary DNA or 
RNA targets with good affinity and specificity. Short oligode- 
oxyribonucleotides can function as antisense oligomers (1) 
although their utility is limited by nucleolytic degradation in 
vivo (2). Various modified oligomers including those bearing 
modified phosphodiester linkages (3), non-phosphate linkages 
(4), and 2',5'- rather than 3'-5'-phosphodiester linkages (5) have 
been designed in an attempt to  increase nuclease resistance 
without severely hindering the ability to hybridize target DNA 
or  R N A  (for reviews of this area, see ref. 6). In addition, oligo- 
mers incorporating modified nucleoside units including 
a-nucleosides (7), L-deoxyribo and L-ribonucleosides (8, 9), 
glyceronucleosides ( lo) ,  4'-thionucleosides (1 I), carbocyclic 
nucleosides (12), and 2'-0-alkyl nucleosides (13) have also 
been explored as  possible antisense agents. 

Oligonucleotides containing the sugar D-arabinose (arabino- 

' ~ u t h o r  to whom correspondence may be addressed. Tel: (514) 
398-7552. Fax: (5 14) 398-3797. E-Mail: Damha@omc.lan.mcgill.ca. 

nucleic acids, o r  ANA) (Scheme 1) have not been investigated as  
antisense agents, except for one reported example of a n  oligo- 
mer of 1-a-D-arabinofuranosyl thymidine (14). This may be due 
in part to the inherent difficulties in ANA synthesis, which, as in 
R N A  synthesis (15), necessitates the differential chemical pro- 
tection of the 2' and 3' hydroxyl groups. In the original work by 
Wechter, oligoarabinonucleotide synthesis was carried out with- 
out 2'-OH protection, resulting in mixtures of 2',5'- and 
3',5'-linked nucleotides (16). There had been two other major 
strategies in the synthesis of 3',5'-linked arabinonucleotides. 
The first and most widely used strategy makes use of 5',2'-0- 
protected arabinonucleotides as precursors, which upon phos- 
phorylation of the remaining 3'-hydroxyl function affords a suit- 
able building block for the synthesis of arabinonucleotides (17- 
19). The problem with this approach is that of selective protec- 
tion of the 2'-hydroxyl function, a very difficult requirement 
because of its orientation towards the hindered face of the 
sugar. In practice, this is accomplished by first masking the 5'- 
and 3'-OH groups with a disiloxane bridging group, then pro- 
tecting the 2'-hydroxyl, and finally deblocking the disiloxane 
function s o  that 5'-trityl and 3'-phosphate moieties can be  intro- 
duced (17, 18). The  second strategy is limited to p rimidine Y arabinonucleotides, as they require formation of 0 -2'-anhy- 
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RNA DNA ANA 

dronucleoside synthons, and this strategy is therefore rarely used 
(20). We thought that the best way to deal with the 2'-OH group 
was to block it only after the desired moieties of 5'- and 
3'-positions had been introduced. This was readily achieved by 
sequential and regioselective tritylation (at 5'), phosphoramida- 
tion (at 3'), and acetylation (at 2') of arabinonucleosides. The 
resulting 5'-tritylated arabinonucleoside 2'-0-acetyl-3'-0- 
phosphoramidites proved to be very useful synthons for the 
solid-phase synthesis of short arabinoadenylates and uridylates 
(21). Pfleiderer and co-workers have also made useful advances 
in using solid-phase phosphoramidite chemistry to make an all- 
P-D-arabinose "transfer ANA" molecule (22). 

Arabinonucleosides have found application as antiviral (23) 
and antitumor (24) agents and, in particular, arabinofuranosyl 
cytosine ( a d )  has been found to be very effective in the treat- 
ment of leukemia (25). Although very little is known about the 
mechanism of action, its activity appears to be associated with 
its misincorporation into DNA (26). Mikita and Beardsley 
reported that the presence of araC at the 3'-terminus of a DNA 
primer strand results in a reduction in the rate of addition of the 
next nucleotide unit in vitro (27). Similarly, a single internucle- 
otide araC insertion into an oligomer serving as the template 
strand hindered the function of certain polymerases, affecting, 
as a result, the process of replication in vitro (27). Whether 
these observations reflect differences in the structure of the 
complexes formed by normal DNA and those formed by oligo- 
mers containing araC is not clear. X-ray diffraction analysis of 
the self-complementary DNA oligomer d(CCAGGCaraCTGG) 
demonstrated that this oligomer forms a duplex with B-DNA 
conformation with only small conformational perturbations 
(28). However, molecular modeling studies have indicated that 
serious steric clashes may occur between the 2'-OH and neigh- 
boring atoms when araC is placed into the RNA strand of a 
DNAIRNA duplex (27). Altona and co-workers prepared 
self-complementary d(CGaraCTAGCG) to investigate the 
structural implications of an araC insertion into DNA by NMR 
analysis (29-31). They discovered that under certain condi- 
tions this oligomer exclusively adopts a hairpin structure 
whereas the unmodified DNA adopts a B-BNA type duplex. 
AraC incorporation into an alternating dC-dG sequence 
d(CGaraCGCG) has been shown to facilitate the B to Z con- 
version (32). Very little is known about the thermal stability of 

DNA chimeras containing 1-P-D-arabinonucleosides. A self- 
complementary DNA oligomer containing a single araC insert 
exhibited a somewhat lower melting temperature (T,) (2"CI 
araC substitution) than the unmodified DNA (18) and no inter- 
action was observed between a short oligomer of araU and 
poly rA (20a). In this work we prepared a series of 1-P-D- 
arabinonucleic acids and show, for the first time, that these oli- 
gomers can form stable complexes with complementary 
single-stranded DNA and RNA. 

Results and discussion 
Preparation of ~~-benzo~~l-5'-0-rnonolnet1~ox~tritylarabino- 

cytidine-2'-O-acetyl-3'-O-N,N-diisopropyl-~-cyano- 
etl~ylphosphorarnidite 5 

The title compound was prepared in good yield by acetylation 
of the 2'-OH after protection of the 4-amino and 5'- and 
3'-hydroxyl groups (Scheme 2). Thus, 1-P-D-arabinofurano- 
sylcytosine was first protected at the 5'-OH (monomethoxytri- 
tyl) and N~ (benzoyl) positions, affording 3 in 60% combined 
yield. The protected arabinocytidine 3 was then phosphitylated 
with N,N-diisopropyl-P-cyanoethylphosphonamidic chloride, 
resulting in mainly 4 (77% yield). The free 2'-OH of 3 also 
reacted with the phophitylating reagent, although to a much 
lesser extent as indicated by additional very faint spots in the 
TLC plate. Compound 4 was produced as a pair of diastereoiso- 
mers that could be easily separated by silica gel column chro- 
matography. The position of the phosphoramidite moiety on 4 
was established by 13c NMR. The spectrum clearly shows that 
the C4', C3', and C2' resonances are coupled to phosphorus 
whereas that of C1' is not, the two-bond J ( ~ ~ c ~ ' - ~ ~ P )  value 
being the greatest (Fig. 1). Furthermore, the greatest downfield 
shift in 13c resonance of the arabinose sugar of 4 relative to the 
unphosphitylated derivative 3 was observed for C3', identifying 
it as the carbon where the phosphoramidite moiety is attached. 
Subsequent 2'-0-acetylation of one diastereoisomer of 4 
afforded the key activated monomer 5 in 87% yield. 

Compound 5 was also obtained in a separate synthesis from 
ribocytidine. The key step in this approach was the inversion of 
the C2'-OH by strong heating with diphenyl carbonate - water 
in DMF (33) (Scheme 3). Under the reaction conditions, the ini- 
tial 2',3'-cyclic carbonate intermediate 7 reacts intramolecu- 
larly, forming 2,2'-cycloanhydride 8 which is subsequently 
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SCHEME 2 
(a) MMT-CVpyridine, 22 h (79%); (b) (i) trimethylsilyl chloridelpyridine, 30 min; (ii) benzoyl chloridelpyridine, 2 h ; (iii) 29% ammonia, water, 
O°C, 25 min (73%); (c) (iPr2N)P(OCH2CH2CN)CVdiisopropylethylamine/THF, 90 min (77%); (d) acetic anhydridelDMAPldiisopropylethy- 
lamine, 45 min (87%). 

FIG. 1. 13c NMR (DEPT, CDC13) spectra of arabinocytidine phosphoramidite 4 (one diastereoisomer) and arabinonucleoside 3. 

opened, producing a mixture of arabinocytidine and the starting Synthesis and characterization of oligoarabinonucleotides 
material in a ratio of 9: 1 (TLC, ethanol-water 1: 1). These 2' Oligoarabinonucleotides were synthesized with an Applied 
epimers could not be separated at this stage. They were, how- Biosystems DNARNA synthesizer (model 381A) using amid- 
ever, fully separated by silica gel chromatography after partial ite 5, and analogous araU and araA 3'-0-(cyanoethy1)phos- 
protection of the sugar (5'-MMT) and base (4-NH-Bz) moieties. phoramidites (20). Oligomers were prepared on a 1.0 pmol 
Subsequent phosphitylation and acetylation of 3 afforded 5 in scale employing "trityl on" synthesis cycle (60 s coupling time) 
65% combined yield. and long-chain alkylamine controlled-pore glass (LCAA-CPG) 
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912 CAN. L CHEM. VOL. 72, 1994 

FIG. 2. Polyacrylamide gel electrophoresis (16%, denaturing) of oligoarabinonucleotides. Lanes: (1) xylene cyanol and bromophenol blue; (2) 
~ ( T P ) ~ ~ T ;  (3) ~ ( T P ) ~ T ;  (4) crude ara(Cp)&; (5) pure a r a (C~)~C;  (6) crude a r a ( C ~ ) ~ C ;  (7) pure a r a ( C ~ ) ~ C ;  (8) a r a ( C ~ ) ~ C  treated with 0.1 N KOH for 
24 h; (9) xylene cyanol and bromophenol blue. 

bearing 3'-terminal arabinonucleosides. The coupling effi- 
ciency was routinely greater than 98% as monitored by the 
release of the MMT cation. RNA (34) and DNA (35) oligomers 
were prepared by standard means. Deprotection of sugar and 
phosphate moieties with concomitant release of oligomers from 
the glass support was accomplished by a single ammonia treat- 
ment (29% NH40H, 55"C, 8 h). The terminal trityl group was 
cleaved with trifluoroacetic acid during purification with a 
reversed phase OPC@ cartridge (Applied Biosystem), and in the 
case of araC oligomers it was removed prior to purification by 
polyacrylamide gel electrophoresis (PAGE). Purity of ANA oli- 
gomers was verified by analytical gel electrophoresis and was 
determined to be greater than 95% (Fig. 2). No other bands that 
would indicate poor monomer coupling or branch formation 
were detected (21). The ANA, DNA, and RNA sequences pre- 
pared for this study are shown in Table 1. 

The integrity of the oligoarabinonucleotides was established 
by chemical and enzymatic degradation with subsequent analy- 
sis of the nucleotide-nucleoside mixtures by polyacrylamide gel 
electrophoresis (PAGE). Oligoarabinonucleotides are expected 
to be resistant to base conditions since the trans relationship of 
the 2'-OH with respect to the 3',5'-phosphodiester linkage pre- 
vents participation of the 2'-OH in intranucleotide cleavage. 
This stability has been previously observed for 3',5'-linked dinu- 

TABLE 1. Ol ig~nucle~t ide~  prepared for binding studies 

Oligonucleotide sequences Designation 

Normal oligomers 

5'-r(AAA AAA AA) 
5'-r(UUU UUU UU) 
5'-r(CCC CCC CC) 
5'-r(CCC CCC CCC CCC CC) 
5'-d(AAA AAA AA) 
5'-d(TTT 'MT TT) 
5'-d(CCC CCC CC) 
5'-r(CCC UCU CCC UUC U) 
5'-r(AGA AGG GAG AGG G) 
5'-d(AGA AGG GAG AGG G) 

Oligoarahinonucleotides 

5'-ara(AAA AAA AA) 
5'-ara(UUU UUU UU) 
5'-ara(CCC CCC CC) 
5'-ara(CCC UCU CCC UUC U) 

Phosphorothioates 

5'-d(AsAsAs AsAsAs AsAs) d(Aps),A 
5'-ara(AsAsAs AsAsAs AsAs) ara(Aps),A 
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AND DAMHA 913 

TABLE 2. Binding of oligoarbinonucleotides with complementary 
DNA and RNA homopolymers" 

- 

T, (%H) T", (%H) 
Complex 100 mM NaCl 1.0 M NaCl 

poly rU/ribo(Ap),A 
ara(Ap17'4 
d(Ap),A 
d(Aps),A 
ara(Aps),A 

pol y dT/ribo(Ap),A 
ara(Ap)7A 
d(Ap),A 
d(Aps),A 
ara(Aps),A 

poly rAIribo(Up),U 
ara(Up),U 
d(Up)7U 

"Equimolar mixtures on a per base basis were used. T,,,'s are f0.5"C. Buffer: 
10 mM sodium phosphate with [NaCI] as indicated. -, not observed. 
Hyperchromicity values (%H) are presented in parentheses relative to the initial 
temperature reading. 

cleoside monophosphates of arabinocytidine (16), arabinouri- 
dine and arabinoadenosine (21), as well as for the trinucleotide 
ara-(ApApA) (17). The oligoarabinonucleotides prepared in this 
study were also found to be completely stable to treatment with 
0.1 N KOH for 24 h (Fig. 2, compare lanes 2 and 4 with 7), 
whereas the corresponding oligoribonucleotides were com- 
pletely degraded under these conditions (data not shown). 

The arabinonucleotides displayed some stability against 
cleavage by snake venom phosphodiesterase (SVPDE). For 
example, only 5-10% hydrolysis of a r a ( A ~ ) ~ A ,  a r a ( C ~ ) ~ C ,  and 
a r a ( U ~ ) ~ U  was detected during incubation of these oligomers 
with SVPDE at 37°C for 45 min, whereas oligoribonucleotides 
were completely degraded within 5 min under the same condi- 
tions (PAGE). The oligoarabinonucleotides, however, did not 
exhibit any significant stability, relative to ribonucleotides, 
when incubated with other nucleases. For example, treatment 
with the endonucleases Nuclease P I  and Ribonuclease S l ,  or 
the 5'-exonuclease calf spleen phosphodiesterase, resulted in 
degradation of both ara and rib0 oligomers within 45 min at 
37°C. Digestion with spleen phosphodiesterase served also to 
establish a 3',5'-phosphodiester connectivity within the oli- 
goarabinonucleotides, since 2',5'-linked arabinonucleotides 
(16) and 2'-5'-linked oligoribonucleotides (5, 16) are not hydro- 
lyzed by this enzyme. 

The phosphorothioate-linked oligomers a r a ( A p ~ ) ~ A  and 
d(Aps)7A were characterized by incubation with SVPDE at 
37°C for 16 h followed by analysis of the digest by HPLC. 
Under these conditions, less than 20% of a r a ( A p ~ ) ~ A  and 
d(Aps)7A was degraded whereas phosphodiester-linked 
d(Ap)7A was completely degraded within l0min.  The 
increased stability of the phosphorothioate-linked oligomers 
d(Aps)7A and a r a ( A p ~ ) ~ A ,  relative to ~ ( A P ) ~ A ,  is consistent 
with related work that shows that phosphorothioate-linked DNA 
(36) and phosphorothioate linked RNA (37) are more resistant to 
nuclease activity than normal DNA and RNA strands. 

Interaction of oligoarabinonl~cleotides with complementary 
DNA atzd RNA 

In the presence of poly dT and 100 mM NaCl, the oligoara- 
binoadenylate a r a ( A ~ ) ~ A  exhibits a melting temperature 

1 .o 
2.0 12.0 22.0 32.0 

Temperature pC) 
FIG. 3. Thermal denaturations of poly rU:oligomer complexes. 

Equimolar mixtures (per residue basis) of poly rU and each oligomer 
indicated below were prepared and denatured in 100 mM NaC1, 
10 mM Na2HP04, pH 7.0. Thermal denaturation curves for the mix- 
tures of poly rU with phosphodiester-linked oligomers ~ ( A P ) ~ A ,  
d(Ap),A, and ara(Ap),A as well as phosphorothioate-linked oligomers 
ara(Ap~)~A and ~ ( A ~ S ) ~ A  are shown normalized to their respective 
first temperature reading. Tm and %H values for these melts are tabu- 
lated in Table 2. 

approximately equal to, or significantly higher than, the corre- 
sponding natural oligomers d(Ap)7A and ~ ( A P ) ~ A  (Table 2, Fig. 
3). In addition, at 100 mM NaCl, the T, of the complex formed 
between a r a ( A ~ ) ~ A  and poly rU was marginally higher than 
those values observed for the complexes d(A~)~A):(poly  rU) 
and r (A~)~A):(poly  rU) (Table 2, Fig. 3). The stoichiometry of 
complexes of a r a ( A ~ ) ~ A  and ~ ( A P ) ~ A  with poly rU was deter- 
mined in each case to be 2U:lA (triplex) from UV mixing 
curves (1 M NaCl at 20°C) (38).2 All these results suggest that 
the irzversion of stereochernistry at the C2' of ribonucleotides 
usually does not have n strong positive or negative effect on 
interaction with natural sequences, and that the 2'-OH group 
of ANA does not us~lally hinder the formation of ANNDNA 
and ANNRNA complexes. In fact, the significantly higher 
T, observed for complexes a r a ( A ~ ) ~ A : p o l y  dT and 
ara(A~)~A:poly  rU relative to complexes r (A~)~A:po ly  dT and 
r (A~)~A:po ly  rU indicates that the 2'-OH of ANA exerts, in this 
case, a stabilizing e f f e ~ t . ~  Oligoribonucleotides containing 
modifications at the 2'-position, including 2'-0-methyl (13, 
39), 2'-fluoro (40), 2'-0-ally1 (41), 2'-0-ethyl (42), and 
2'-0-propyl(42), generally exhibit higher Tm than their respec- 
tive unmodified oligomers in the interaction with complemen- 
tary RNA. This being the case, it would be of interest to 
determine whether the stabilizing effect exerted by 2'-substitu- 
ents in ribonucleotides will also be evident for 2'-0-modified 
arabinonucleotides. 

To study the effect of base sequence on complex stability, the 
interaction of oligoarabinonucleotide ara(5'-CCC UCU CCC 
UUC U-3') (abbreviated ara(U/C)-13-mer) with complemen- 
tary RNA (r(A/G)- 13-mer) and DNA (d(A1G)- 13-mer) was 

2 1 ~ y : 1 ~ u  mixtures were used in the hybridization assays of 
a ra (A~)~A and poly dT and polyrU. We later determined that poly rU 
interacts with ara(Ap),A with a 2U:lA stoichiometry. We have also 
observed that mixtures of IPy: 1Pu and 2Py: 1Pu (Pu = adenylates and 
Py = poly rU) give the same Tm values within experimental error. 

3 ~ e  make this statement with caution since AT,,, may not reflect 
AAGO. 
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914 CAN. 1. CHEM. 

TABLE 3. Binding of ara(U/C)-13-mer and ara(Cp),C 

T", (%ma T", (%m 
CsCl NaCl 

Oligonucleotide complex 50 mM 200 mM 

d(AG)- 13-mer/r(U/C)- 13-mer 
/ara(U/C)- 13-mer 
/d(T/C)- 13-mer 

poly rG/ribo(Cp),C 
ara(Cp),C 
d(Cp),C 
ara(Cp), ,C 

"T, are +0.5"C for melts with poly rG, and kI.O0C for all other melts (due 
to broad transitions). Hyperchromicity values (%H) are presented in 
parentheses relative to the absorbance reading at 20°C. Buffer: 10 mM sodium 
phosphate pH 7 with [CsCI] or [NaCI] as indicated. Equimolar mixtures 
(2.5 pmol in each strand) were used. 

FIG. 4. Mobility shift assay of ara(U/C)-13-mer complex with RNA 
on non-denaturing PAGE (24%). Mixtures of approximate equimolar 
strand concentrations (2.0 ~ m o l  in each strand) in lanes 5-7. Single 
strands (ss) are shown in lanes 2 4 ,  and 8. Lanes: (1) xylene cyan01 and 
bromophenol blue; (2) ss r(U/C)-13mer; (3) ss d(T/C)-13-mer; (4) ss 
ara(U/C)-13-mer; (5) (r(U/C)-13-mer):(r(A/G)-13-mer); (6) (d(T/ 
C)- 13-mer):(r(A/G)-13-mer); (7) (ara(U/C)- 13-mer):(r(A/G)-13-mer); 
(8) ss r(A/G)- 13-mer. The mobility of the bands in lanes 2 and 8 have 
been highlighted for clarity. T,  vaiues for these complexes are listed in 
Table 3. 

investigated by UV thermal denaturation analysis (Table 3). All 
of the complexes listed in Table 3 showed similar broad coop- 
erative transitions at 260 nm indicative of complex formation 
while the single strands, run on their own, exhibited only linear 
increases in ab~orbance .~  In 200 rnM NaCl, the ANARNA 
complex ara(U/C)-13-mer):(r(A/G)-13-mer) exhibited a Tm of 
53"C, while the melting temperatures of the analogous RNA/ 
RNA (Tm = 75°C) and DNA/RNA (Tm = 64OC) complexes were 
significantly higher. A mobility shift PAGE assay was used to 
confirm the formation of these complexes. Figure 4 clearly 

4 ~ h e  only exception is r(A/G)-13-mer, which self-associates (ref. 5). 
The self-association of this oligomer can be largely eliminated by heat- 
ing the sample to 90°C for 30 min before measurements. Longer heat- 
ing times are not recommended as this may result in significant 
degradation. 

45.0 55.0 65.0 75.0 85.0 
Temperature w) 

FIG. 5. Thermal denaturations for (oligomer):(poly rG) complexes in 
200 mM NaCI, 10 mM Na2HP04, pH 7.0. Curves for the interaction of 
~ ( A P ) ~ A ,  ~ ( C P ) ~ C ,  a r a (C~)~C,  and a r a ( C ~ ) , ~ C  are shown normalized 
to their respective absorbance readings at 20°C. Curves for complexes 
(poly rG):(ara(C~)~C) and (poly rG):(ara(C~),~C) are offset for clarity 
and the curve for (poly rG) : ( r (c~)~C)  is plotted using the y-axis on the 
right part of the graph. T ,  and % H  values are tabulated in Table 3. 

shows that an equimolar mixture of ara(U/C)-13-mer and r(A/ 
G)-13-mer resulted in the formation of a new band migrating 
much more slowly than the component single strands (compare 
lane 7 to 4, and 8) and with very similar mobility to the slow 
bands in lanes 5 and 6,  which represent the complexes (r(U/ 
C)- 13-mer):(r(A/G)- 13-mer) and (d(A/G)- 13-mer):(r(A/G)- 
13-mer). Hybridization was observed between ara(U/C)- 
13-mer and d(A/G)-13-mer (Tm = 18OC), although this was sig- 
nificantly weaker than that observed between r(U/C)-13-mer 
with d(A/G)-13-mer (T, = 53°C). 

Oligoarabinonucleotide a r a ( C ~ ) ~ C  forms a stable complex 
with poly rG in 200 mM NaCl, exhibiting a Tm of 57.0°C. This 
represents a reduction in Tm of 20" and 7.5" relative to, respec- 
tively, the control complexes (r(Cp)7C):(poly rG) and ( ~ ( C P ) ~ -  
C):(poly rG) (Table 3, Fig. 5). The hyperchromic effect observed 
for (ara(Cp)7C):(poly rG) (5 %H) was similar to that of 
(d(Cp)7C):(poly rG) (5 %H) and significantly lower than that for 
the interaction between ~ ( C P ) ~ C  with poly rG (15 %H). This 
observation may indicate that base stacking in ( a r a ( C ~ ) ~ -  
C):(poly rG) is more closely related to that in (d(Cp)7C):(poly 
rG) than in (r(Cp)7C):(poly rG). As expected, a mixture of poly 
rG and a longer araC oligomer, namely a r a ( C ~ ) ~ ~ C ,  exhibited a 
higher Tm and %H relative to a r a ( C ~ ) ~ C ,  confirming the inter- 
action between araC and riboG residues. 

In contrast to our previous finding that a r a ( A ~ ) ~ A  forms sta- 
ble complexes with complementary RNA and DNA, we were 
unable to detect the formation of a complex between a r a ( U ~ ) ~ U  
and poly rA. There was no cooperative transition at 260 nm 
upon heating a mixture of ara(Up)7U and poly rA (1 M NaCI), 
whereas under similar conditions we observed transitions for 
the melting of (r(Up)7U):(poly rA) and (d(T~)~T) : (poly  rA) 
(Table 2). This observation is consistent with the work of 
Provenzale and Nagyvary, who showed that short oligomers of 
araU did not bind with poly rA under conditions where poly rU/ 
poly rA formed (20a). It is possible that a r a ( U ~ ) ~ U  binds to 
poly rA but the Tm value of the complex is too low to be 
detected. 
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10.0 

100 loo0 
[NaCl] (mM) 

FIG. 6. Effect of increasing [NaCl] concentration on TI, for the com- 
plexes of phosphorothioate-linked oligoadenylates with poly dT and 
poly rU. Log [NaCl] versus TI, curves for the complexes (0) (poly 
~ T ) : ( ~ ( A ~ s ) ~ A ) ;  (A) (poly ru) : (d(Ap~)~A);  (0) (poly rU):(ara(Ap~)~- 
A); (+) (poly dT):(ara(Ap~)~A). 

Interaction of the phosphorothioate arn(Aps),A with poly dT 
and poly rU 

Replacement of the normal internucleotide linkage in 
a r a ( A ~ ) ~ A  with phosphorothioate linkages had a destabilizing 
effect on the complexes formed with poly rU and poly dT. For 
example, in 100 mM NaCl, the Tm of the complex (ara(Ap- 
~ )~A) : (po ly  rU) was 12.4"C lower than that of the "all"-phos- 
phodiester complex (ara(A~)~A):(poly rU) (Table 2). Similarly, 
a r a ( A p ~ ) ~ A  gave a depressed Tm value when annealed to poly 
dT. It is clear from Fig. 4 and the data presented in Table 2 that 
the destabilizing effect resulting from phosphorothioate substi- 
tution in a r a ( A ~ ) ~ A  is significantly greater than in ~ ( A P ) ~ A .  
This destabilization was observed over a large range of ionic 
conditions (100 mM - 1 M NaCl) as illustrated in the plots of 
Tm vs. log [NaCl] (Fig. 6). Despite their enhanced nuclease sta- 
bility, the weak hybridization affinity of phosphorothioate oli- 
goarabinonucleotides may limit their use as antisense agents or 
as probes. However, we point out that the stability of complexes 
formed by phosphorothioate oligodeoxynucleotides is known to 
be sequence dependent.5,6 Thus, to fully assess the binding 
potential of phosphorothioate ANA, oligomers of mixed base 
composition need to be investigated. 

Conclusions 
ANA oligomers can readily be prepared by the conventional 

solid-phase methodology employing phosphoramidite chemis- 
try. 01igoarabinonucleotides were found to hybridize with com- 
plementary RNA and DNA exhibiting Tm's comparable to, and 
in some cases greater than, the corresponding unmodified oligo- 
mers. Although the ANA oligomers were susceptible to cleav- 
age by certain nucleases, their stability under cellular conditions 
remains to be determined. Phosphorothioate-linked oligoara- 
binoadenylates exhibit characteristics normally observed for 
phosphorothioate DNA and RNA oligomers, for instance, sig- 

' ~ e n e r a l l ~ ,  incorporation of phosphorothioate linkages at the 5'-side 
of a purine residue results in less destabilization of duplexes relative to 
when they are placed at the 5'-side of pyrimidines; this is particularly 
true in phosphorothioate d(AT) and d(GC) systems (43). 

6~hosphorothiate substitution within (dTpT) is more destabilizing 
than substitution within (dCpC) oligomers (44). 

nificant stability against SVPDE cleavage and, in the case of 
a r a ( A p ~ ) ~ A ,  reduced Tm's when hybridized to complementary 
ssDNA and RNA relative to the unmodified a r a ( A ~ ) ~ A .  Our 
findings that ANA can form stable complexes with both ssDNA 
and RNA are very encouraging for those hoping to use sugar- 
modified antisense oligonucleotides as antisense agents or as 
probes. We are currently evaluating the effect of mixed base 
composition and 2'-modification (e.g., alkylation) on the ability 
of ANA to complex with both single- and double-stranded 
DNA and RNA. 

Experimental 
Generr~l procedures, chemicals, arzd reagents 

THF was distilled from sodium benzophenone ketyl. Dimethylfor- 
mamide (DMF), pyridine, and N,N-diisopropylethylamine were dried 
by stirring over CaH2 followed ba, distillation under reduced pressure, 
and were stored over activated 4A molecular sieves. Dichloromethane 
was distilled from P2O5. Acetonitrile was stirred in P2O5 and distilled 
from calcium hydride. Acetic anhydride was distilled and stored over 
magnesium turnings. Silylated ribonucleoside 3'-(cyanoethy1)pho- 
phoramidites were obtained from Dalton Chemical Laboratories, Inc. 
(Toronto, Ont.). DNA cyanoethyl phosphoramidite monomers, long- 
chain alkylamine controlled-pore glass (LCAA-CPG) bearing deox- 
yribonucleosides, tetraethylthiuram disulfide (TETD), and all other 
ancillary reagents for DNAJRNAIANA synthesis were obtained from 
Applied Biosystems (Toronto, Ont.). LCAA-CPG bearing ribo- 
nucleosides or arabinonucleosides were prepared as previously 
described (45). ~~-benzo~l-5'-0-monomethox~trit~larabinoadeno- 
sinesine-2'- 0-acetyl- 3'- 0 -  N,N- diisopropyl-P-cyanoethylphosphora- 
midite and 5'-0- monomethoxytrityllarabinouridine-2'-0-acetyl-3'- 
0-N,N-diisopropyl-P-cyanoethylphosphoramidites used in ANA syn- 
thesis were prepared according to Damha et al. (21). Cytidine, ara- 
binocytidine, poly dT, poly rU, poly rG, and poly rA were used as 
obtained from Sigma Chemical Co (St. Louis, Mo.). Polyacrylamide 
gel electrophoresis reagents were obtained from Bio-Rad (Toronto, 
Ont.). HPLC grade solvents were purchased from Caledon (Toronto). 

Syrzthesis of 5'-0-monornethoxytritylnrnbinocytidine 2.  Arabinocy- 
tidine 1 (18.0 mmol, 4.4 g) was coevaporated with pyridine (3 x 
10 mL) and dissolved in dry pyridine (20 mL). Monomethoxytrityl 
chloride (19.8 mmol, 6.1 g) was added and the solution stirred at room 
temperature for 10 h, at which time a further 800 mg (0.1 equiv.) of 
monomethoxytrityl chloride was added and the mixture was allowed to 
stir for an additional 12 h. The mixture was evaporated to near dryness, 
dissolved in dichloromethane, and washed first with a solution of 5% 
sodium bicarbonate (100 mL) followed by brine (100 mL). The 
organic layer was dried over sodium sulfate and coevaporated with a 
solution of 10% dichloromethane in toluene (2 x 50 mL) to remove 
residual pyridine. This crude mixture was purified by silica gel chro- 
matography by elution with dichloromethaneeethanol85: 15, affording 
7.0 g (79% yield) of pure 2. TLC (CH2C1,/EtOH, 8:2) Rf 0.42; 
(CHCl3/EtOH, 7:3) Rf0.67. UV (95% EtOH/H20) A,,,,: 230,275 nm; 
AIni,: 224,252 nm. IH NMR (acetone-d6, 500 MHz) 6: 7.2-7.5 (m, 14, 
aryl trityl),6.24(d, I ,  JHI,-H2'=3.91 Hz,H1'),4,34(t, l,H2'),4.18(t, 
1, H3'), 4.07 (m, 1, H4'), 3.79 (s, 3, 0CH3), 3.45 (m, 2, H5'), 3.41 (m, 
2, H5"). 

~~-~enzo~l-5'-0-monomethoxytrity1nrnbinoc~tidine 3. Monometh- 
oxytritylarabinocytidine 2 (10.9 mmol, 5.65 g) was coevaporated with 
pyridine (2 x 30 mL) and dissolved in pyridine (40 mL). Trimethyl- 
chlorosilane (54.8 mmol, 6.9 mL) was added to the solution over a 
period of 5 min and the mixture was stirred at ambient temperature 
(30 min) until all the starting material had reacted (TLC: dichlo- 
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romethanelethanol 8:2). Benzoyl chloride (54.9 mmol, 6.4 mL) was 
added via syringe over a 5 min period. TLC analysis (dichloromethane/ 
ethanol 8:2), 2 h later, indicated that less than 5% of non-benzoylated 
trisilylated product (Rf 0.76) remained. The reaction flask was 
immersed in an ice bath and water (5 mL) was added, followed by a 
solution of 29% ammonia (5 mL) 10 min later. After 15 min of stining, 
the "thick" mixture was evaporated to near dryness, dissolved in 
dichloromethane (30 mL), and washed with water (30 mL). The 
organic layer was dried over sodium sulfate and the solvent was evap- 
orated. The brown gum was coevaporated with toluene (2 x 30 mL) 
and purified twice by silica gel chromatography by elution with 5% 
ethanol-dichloromethane, affording 4.9 g (73% yield) of pure 3. TLC: 
(CH2CI2/EtOH 9: 1) Rf 0.33; (EtOAclEtOH, 9: I) Rf 0.63; (EtOAc) Rf = 
0.13. UV (95% EtOH/H20, nm) A,,,: 230, 257, 307; Amin: 224, 245, 
286. 'H NMR (CDCI,, 200 MHz) 6: 3.73 (s, 3, OCH,), 3.45 (m, 2, 
H5'), 4.04 (m, I, H4'). 4.31 (t, 1, H3'), 4.61 (t, 1, H2'), 6.21 (d, I, 
JHl'-H2'=4.85 Hz, HI'), 7.0-7.5 (m, 14, aryl'trityl),7.4-7.7 (m, 5, aryl 
benzoyl). MS (FAB-NBA) rde: 620 (MH', 5.3%), 273 (MMTrf, 
loo%), 228 (6.0%). 216 ( H C ~ ~ ~  + H', 31.0%). 

N4- Benzoyl-5'-O-mononzetho.1ytritylarnbinocytidirle-3'-O-N,N-di- 
iso-propyl-P-cyanoethylphosphoramidite 4. To a dry hypovial under 
argon was aded dry THF (30 mL), dry diisopropylethylamine 
(35.5 mmol, 6.2 mL), and the nucleoside derivative 3 (4.5 mmol, 
8.8 g). N,N-Diisopropyl-P-cyanoethylphosphonamidic chloride (9.8 
mmol, 2.2 mL) was added dropwise over 20 min. At the 90 min mark, 
ethyl acetate (prewashed with a solution of 5% sodium bicarbonate) 
(100 mL) was added and the mixture transferred to a separator funnel 
where it was washed with brine (4 x 100 mL) and dried over sodium 
sulfate. Removal of the solvent afforded 1.15 g of a white crystalline 
foam. TLC analysis (TLC: EtOAc/CH2Cl2IEt3N 48:48:4) indicated a 
>95% completed reaction. The crude product was purified by silica gel 
chromatography by elution with CH2C12/hexanes/triethylamine 
50:45:5, yielding both diastereoisomers of compound 4 in 77% com- 
bined yield. Physical properties of fast diastereoisomers: TLC (EtOAc/ 
CH2CI2/Et3N, 48:48:4) R, 0.62. 'H NMR (CDCI,, 100 MHz) 6: 8.12 
(d ,  I, H6, JHcHS = 2.4 Hz), 7.3-7.5 (H5, overlap with trityl), 6.14 (d, I, - JHIr-H2'=4.98 HZ, Hl'),4.53 (2Xdd, 1 ,  H2', JH2'-H3' = JHI,-H2'=3.4 - HZ), 4.29-4.34 (2 x dd, 1, H3', JH2'-H3r = JH3'H4'=3.9 HZ), 4.13-4.16 
(m, 1, H4'), 3.4 (m, 2, H5', H5"), 3.75 (s, 3, OCH,), 1.17 (d, 6, i-Pr), 
1.10 (d, 6, i-Pr). NMR (CDCI,, 100 MHz) 6: 143.65 (s, C6), 1 13.2 
(s, C5), 87.21 (s, Cl'), 83.23 (d, ~ 4 ' ) ,  77.88 (d, C37, 75.17 (d, C2'), 
62.59 (s, C5'). , 'P NMR (CDCI,, 80 MHz) 6: 150.60. Physical proper- 
ties of slow diastereoisomer: TLC (EtOAc/CH2C1,/Et,N, 48:48:4) 
0.48. 'H NMR (CDC13, 100 MHz) 6: 8.10 (d, 1, H6, JH6-H5 = 2.3 Hz), 
7.3-7.5 (H5, overlap with trityl), 6.25 (d, I ,  JHI,-H2' = 4.03 Hz, HI'), - 4.57 (2 X dd, 1, H2', JHZH3' = JHI,-H2' = 2.9 HZ), 4.30 (2 X dd, 1, H3', - JH2f-H3' = JH3'-H4' = 3.5 HZ), 4.15 (m, 1, H4'), 3.4 (m, 2, H5', H5"), 
3.78 (s, 3, OCH,), 1.13 (d, 6, i-Pr). ',c NMR (CDCI,, 100 MHz) 6: 
86.98 s, Cl'), 83.42 (d, C4'), 78.95 (d, C3'), 74.79 (d, CY), 62.90 (s, 

3r C5'). P NMR (CDCI,, 80 MHz) 6: 150.80. MS (FAB-NBA) rne: 820 
(MH', 6.9%), 602 ([MH' - CNCH2CH20P(OH)(i-Pr),1, 17.9%), 
273 (MMTrf, loo%), 216 (HCyBZ - Hf, 33.9%), 201 
(CNCH2CH20P(i-Pr),', 46.3%). 
~~-~er~zo~l-5'-0-morton~etl~o.r~trit~lnrnbinoc~tosine-2'-0-acetyl-3'- 

0-N,N-diisopropyl-0-cyanoethylphosphoramidine 5. To a dry hy- 
povial containing the slow diastereoisomer of 4 (1 . I  mmol, 900 mg) 
and dimethylaminopyridine (0.4 mrnol, 53 mg) were added dry THF 
(5 mL) and diisopropylethylamine (8.7 mmol, 1.5 mL). Acetic anhy- 
dride (4.4 mmol, 450 pL) was added over 1 min and the solution was 
stirred for 45 min since TLC analysis ((CH2Cl2/EtOAcIEt3N, 1: 1) Rf 
0.63) indicated that all of the starting material had reacted. Ethyl ace- 
tate (prewashed with a solution of 5% sodium bicarbonate) (25 mL) 
was added and the mixture transferred to a separator funnel where it 
was washed with brine (5 x 100 mL) and dried over sodium sulfate. 
Removal of the solvent produced 5 as a white crystalline foam in 87% 
yield. TLC (EtOAclCH2C12/Et,N, 48:48:4) R, 0.63. 'H NMR (CDCI,, 
400 MHz) 6: 7.96 (d, I ,  H6, JHcH5 = 2.4 Hz), 7.3-7.5 (H5, overlap 
with trityl), 6.33 (d, 1 ,  H1',./HI,-H2, = 4.21 HZ), 5.45 (2 X dd, 1, H2', - - JHy-H3, = JHI,-,,2' = 3.2 HZ), 4.40 (2 x dd, 1, H3', JH2,-H3' = JH3,-~?' 

= 3.2 Hz), 4.25 (m, 1, H4'), 3.70 (s, 3, 0CH3), 3.42 (2 x dd, 1, H5", 
JH5,-H5" = 10.2 HZ, J5,,-H4' = 4.4 HZ), 3.36 (2 X dd, 1, H5', JH5,-H jrr = 
10.2 Hz, JH5'-H4' = 5.6 HZ), 1.74 (s, 3, COCH,). ,'P NMR (CDCI,, 80 
MHz) 6: 151.26. MS (FAB-NBA) ride: 862 (MHf, 1.6%), 644 ([MH+ 
- CNCH2CH20P(OH)(i-Pr)2], 4.3%). 273 (MMTrf, loo%), 216 
( H C ~ ~ Q  H', 14.5%), 201 (CNCH2CH20P(i-Pr)2', 14.0%). 

2. Fro111 cytidine 
A stirred mixture of cytidine (48.7 mmol, 1 1.8 g), diphenyl carbon- 

ate (73.4 mmol, 13.3 g), dimethylformamide (20mL), and water 
(50 mmol, 0.9 mL) was heated at 150°C for 15 min and the resulting 
dark solution was poured, with stirring, into 120 mL of ether. The 
gummy yellow precipitate formed was washed with cold ether (3 x 
50 mL). Two new compounds with a relative intensity of 9: 1 were evi- 
dent by TLC (isopropyl/ammonia/water, 55:35:10, Rf 0.66 and 0.56). 
This crude mixture was coevaporated (3 x 30 mL) and dissolved in dry 
pyridine (20 mL). Monomethoxytrityl chloride (31.2 mmol, 9.6 g) (1.3 
equivalents based on 50% yield of 2) was added and the solution stirred 
for 19 h at room temperature. Analysis by TLC showed the formation 
of two compounds (CH2CI2/EtOH, 8:2, Rf 0.49 and 0.33) with a rela- 
tive intensity of 1:9, respectively. The mixture was evaporated to near 
dryness, dissolved in dichloromethane, washed first with a solution of 
5% sodium bicarbonate (1 00 mL) followed by brine (1 00 mL), and 
dried over sodium sulfate. Approximately one half of this mixture 
(5.8 mmol, 3.0 g), was coevaporated (2 x 30 mL) and dissolved in 
pyridine (40 mL). Trimethylchlorosilane (29.0 mmol, 3.6 mL) was 
added and the solution was stirred at ambient temperature for 20 min, 
at which time benzoyl chloride (29.5 mmol, 3.45 mL) was introduced 
via syringe. TLC analysis (CH2Cl21EtOH 9:1), 2 h later, indicated that 
less than 5% of the starting inaterial remained. The mixture was then 
cooled by immersing in an ice bath; water (5 mL) was added, followed 
10 min later by a solution of 29% ammonia (5 mL). After 15 min of 
stirring, the "thick" mixture was evaporated to near dryness, dissolved 
in dichloromethane (30 mL), and washed with water (30 mL). The 
organic layer was dried over sodium sulfate and the solvent evapo- 
rated. The brown gum was coevaporated with toluene (2 x 30 mL) and 
purified twice by silica gel chromatography, eluting first with dichlo- 
romethane (750 mL) followed by 5% EtOWCH2CI2, and affording 
pure 3 in 26% yield from cytidine. Preparation of 5 from this point on 
was as described in the previous section. 

Solid-phme syntl~esis and purification of oligon~rcleotides 
Oligoribonucleotides were prepared and purified as previously 

described (34). DNA oligomers were prepared and purified by the "tri- 
tyl on" method (35). ANA oligomers were prepared on a 1.0 pmol 
scale employing "trityl on" synthesis cycle (60 s coupling time). 
Deprotection of sugar and phosphate moieties with concomitant 
release of oligomers from the glass support was accomplished by a sin- 
gle ammonia treatment (55"C, 8 h). The terminal trityl group was 
cleaved with trifluoroacetic acid during purification with reversed 
phase OPC@ cartridges (Applied Biosystems). Oligoarabinocytidines 
were purified by polyacrylamide gel electrophoresis (PAGE). Phos- 
phorothioate-linked DNA and ANA were prepared using tetraethylth- 
iuram disulfide (TETD) as the sulfurizing reagent. After each coupling 
the glass beads were exposed to TETD (instead of iodine-water) for 
10 min and then washed extensively with dry acetonitrile. Phospho- 
rothioate oligomers were deblocked and purified as for the normal 
(phosphate) sequences. 

Polync~:ylnrnide rrlobility shlji assays 
Experiments were canied out as previously described (5). 

Enzyrne resistctnce nssay 
Incubations of oligomers with nucleases and analysis of the digests 

by PAGE were carried out as described (21). Analysis of the SVPDE 
digests of a r a ( A p ~ ) ~ A  and ~ ( A ~ S ) ~ A  by HPLC was carried out on a 
Waters instrument equipped with dual 501 pumps, a 480 UV detector, 
and a 740 Data module. A Whatman Patrisil ODS-2 (10 pm, 4.6 x 
250 mm) column was used with a linear elution gradient 0-50% over 
30 min (solvent A: 20 mM KH,P04 pH 5.5; solvent B: methanol). 
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Melting tenzperature (TI,,) rrzeasurements 
Thermal denaturations were performed on a Varian-Cary 1 UV spec- 

trophotometer equipped with a Peltier thermal unit. Equimolar mix- 
tures (2.5 prnol in each strand) of complementary oligomers were 
allowed to equilibrate at 40°C for 20 min, followed by slow cooling 
(over 20-30 min) to the start temperature prior to starting (runs involv- 
ing poly rG or poly rA were heated to 80°C for 20-30 min). Thermal 
denaturation curves were recorded at 1 min intervals at 260 nm while 
the temperature was ramped at a rate of 0.5"CImin. The curves were 
analyzed by the first derivative method to obtain T ,  values. Hyper- 
chromicity (%H) is reported with respect to the initial absorbance in 
each curve. T, versus log NaCl data was obtained as follows: first 
denaturation was run in 100 mM NaCl; upon completion, the sample 
was cooled slowly to 40°C; an appropriate amount of NaCl crystals 
was added to increase the salt concentration to the next level, samples 
were then cooled to the start temperature, and denatured again. This 
process was repeated for all salt concentrations. No correction for vol- 
ume was made. Stoichiometry was determined by the method of con- 
tinuous variation (38) as previously described (5). 
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