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Chemical Etiology of Nucleic
Acid Structure: The
a-Threofuranosyl-(3'—2’)
Oligonucleotide System

K.-U. Schoning, P. Scholz, S. Guntha, X. Wu, R. Krishnamurthy,
A. Eschenmoser*

TNAs [(L)-a-threofuranosyl oligonucleotides] containing vicinally connected
(3'—2') phosphodiester bridges undergo informational base pairing in antipa-
rallel strand orientation and are capable of cross-pairing with RNA and DNA.
Being derived from a sugar containing only four carbons, TNA is structurally the
simplest of all potentially natural oligonucleotide-type nucleic acid alternatives
studied thus far. This, along with the base-pairing properties of TNA, warrants
close scrutiny of the system in the context of the problem of RNA's origin.

The strategy pursued in our work to establish
a chemical etiology of nucleic acid structure
(I) demands systematic screening of the
base-pairing properties of potentially natural,
sugar-based nucleic acid alternatives recruit-
ed from the structural neighborhood of RNA.
The B-hexopyranosyl-(6'—4') oligonucleo-
tide analogs of RNA (2) derived from the
hexose sugars allose, altrose, and glucose
display base pairing far inferior to that of
RNA with respect to both pairing strength
and pairing-mode specificity (3). This behav-
ior was interpreted to be a consequence of the
steric bulk of fully hydroxylated hexopyrano-
syl sugar units (4). Consequently, the focus
of our studies shifted toward potentially nat-
ural RNA alternatives derived from the steri-
cally less bulky pentopyranose sugars. There
it was found that not only the pyranosyl
isomer of RNA (5), but a whole family of
diastereomeric pentopyranosyl-(4’—2") oli-
gonucleotide systems (6) show Watson-Crick
base pairing that is uniformly stronger than
that of RNA itself.

The RNA analogs derived from tetrose
instead of pentose sugar units were not con-
sidered to be candidates, because an oligonu-
cleotide backbone that contains six covalent
bonds per repeating mononucleotide unit (as
RNA does) cannot be constructed with an
aldosugar containing only four carbons (7).
However, recent observations in the pentopy-
ranosyl series changed that perspective:
switching from a (4’'—2’) pentopyranosyl to
a (4'—3") pentopyranosyl system was ex-
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pected to result in the loss of base pairing due
to shortening the phosphodiester bridge from
six to five bonds. This was observed in the
f3-ribopyranosyl series, but not in the a-lyx-
opyranosyl series (8). In the latter base-pair-
ing system, the vicinal (4'—3’) phosphodi-
ester bridge assumes a diaxial conformation
at the pyranose chairs. This led us to extend
our investigations to the tetrose series, be-
cause o-threofuranosyl-(3'—2") oligonucle-
otides may behave as conformational analogs
of a-lyxopyranosyl-(4’—3") oligonucleo-
tides with regard to a quasi-diaxial position-
ing of their phosphodiester bridge at the
furanose half-chairs (Scheme 1).

Here we describe the synthesis and base-
pairing properties of TNA oligonucleotides
containing the five canonical purine and py-
rimidine nucleobases. The tetrose-based oli-
gonucleotides indeed show efficient base
pairing which is similar to that of pentose-
based RNA with regard to specificity, strand
orientation, and pairing strength. In addition,
TNA oligonucleotides of the L-series are ca-
pable of cross-pairing with RNA and DNA.
This is in contrast to all the previously stud-

ied potentially natural nucleic acid alterna-
tives of the (6'—4") hexopyranosyl and the
(4'—2") pentopyranosyl families, where base
pairing—in systems where it occurs—is or-
thogonal to that of the natural nucleic acids
9.

The synthesis of TNA oligonucleotides
follows the methodology we used earlier in
other oligonucleotide series (4—6). Starting
materials 5a-e were prepared from (L)-
threose (/0) according to Scheme 2 (/7). All
nucleosidations proceed with high diastereo-
selectivity to give a-nucleoside-2’,3’-dibenzo-
ates 2a-e in high yields. Tritylation steps 3a-e
—> 4a-e show low regioselectivity and require
chromatographic separations of the major 3'-
tritylated isomers from their 2’ analogs. For
the thymine and uracil members 4b and 4c,
where this separation gives the desired 3’
isomers in unsatisfactory yield, an alternative
route has been developed which proceeds via
intermediates 6b and 6¢ and 7b and 7¢ and
produces the 3'-tritylated derivatives 4b and
4c selectively and in good overall yield.

X-ray structure analyses carried out on
a-threofuranosyl mononucleoside derivatives
containing the adenine, thymine, uracil, cyto-
sine, or guanine nucleus (/4) (Fig. 1) reveal a
threofuranose conformation in which the two
substituents at positions 2’ and 3’ indeed
assume a quasi-diaxial orientation (torsion
angles typically between 158° and 169°).

Table 1 summarizes the melting tempera-
tures (7, values ) (15), determined by ultra-
violet (UV) spectroscopy, of TNA oligonu-
cleotide duplexes as well as the thermody-
namic data for their formation from corre-
sponding single strands (/6). Duplex
formation was also characterized by temper-
ature-dependent circular dichroism (CD)
spectroscopy, and strand stoichiometry was
confirmed by UV-spectroscopic mixing
curves for selected examples (Fig. 2). Base
pairing in TNA strictly demands antiparallel
strand orientation (Fig. 2D). Duplex stabili-
ties show a characteristic sequence-motif de-
pendence: Duplexes with strands composed
of regularly alternating purine-pyrimidine
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Scheme 1. Constitution, configuration, and conformation (with linearized backbone) of an (1)-o-
threofuranosyl-(3'—2') oligonucleotide strand in comparison with RNA. Equatorial substituents lie
in averaged plane of pyranosyl chair, axial substituents perpendicular to it.
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Scheme 2. Preparation of building blocks for the 0 o) a) Hydrolysis o o
synthesis of (L)-a-threofuranosyl-oligonucleo- Dmon Nucleosidation D—B b) Tritylation J:>_B Phosphitylation J:>_B
tides (77). Bz, benzoyl; Ac, acetyl; Dpc, diphenyl- / / / /
carbamoyl; BSA, N,O-bis(trimethylsilyl)acetamide; 820 OBz B20 B2 RO oR, DMTO S
TMSOTf, trimethylsilyl trifluoromethanesulfon- O~p\/ ch
ate; DMT, 4,4’-dimethoxy triphenylmethyl; Ag- 1 R=Bz 2a B =A% 3a-e Ry=R,=H N C/\/ N\( 3
OTH, silver trifluoromethane sulfonate; DMF, di- R=Ac 2b B=T 4a-e Ry =DMT, Ry =H HC—~" oy
methyl formamide; HMPA, hexamethylphos- 26 B=U 5a.eCHs  °
phoramide; RT, room temperature. Numbers be- dB=C

fore reagents denote mole equivalents (mol- 2e B=G™

equiv.); % denotes yields of isolated products. 1 A

R=Bz—2a: 1.1 6-N-benzoyl adenine, 2.0 BSA in
CH,CN at 70°C for 1 hour, followed by 3.0
mol-equiv. SnCl, at 70°C for 1.5 hours, 91%; 1
R=Bz (1 R=Bz, 1 R=Ac)—2b (2¢, 2d): 1.1 thy-

3b Dehydration
3c

a) Tritylation

_ Substitution _ Q -
ubstitution L)_N o

HO' : }—NH b) Hydrolysis de

mine (1.0 uracil, 1.1 4-N-benzoyl cytosine), 2.0 wd H 0Bz O
(2.2, 2.5) BSA in CH,CN at 70°C for 1 hour, 6b R < CH 7bR<CH
followed by 3.0 TMSOTf at 70°C for 1.5 (2, 1) 6cRoh 7eRoH

hours, 92% (83, 94); 1 R=Ac—2e: 2-N-acetyl-
6-O-diphenylcarbamoyl guanine [for method

see (72)], 2 BSA in CH,Cl, at 70°C for 1 hour, followed by 0.9 1 R=Ac, 2 TMSOTH, in toluene at 70°C for 2.5 hours, 64%; 2a (2b, 2d, 2e)—3a (3b,
3d, 3e): 2.4 (2.3, 3.3, 8) NaOH in THF/MeOH/H,0 5:4:1, 0°C, 15 min (30, 30, 15), 85% (91, 96, 58); 2c—3c: in MeOH/H,O/Et;N 5:1:1, reflux for
3 hours, 98%; 3a (3b, 3¢, 3d)—4a (4b, 4c, 4d): 1.3 DMTCL, 5 2,6-lutidine, 1.2 AgOTf in CH>CL,/DMF 1:1 at 20°C for 5 (2, 5, 5) hours, followed by
0.1 (0.2, 0.1, 0.1) DMTCL, 0.1 (0.2, 0.1, 0.1) AOTF at RT, overnight, 66% (25, 22, 45); 3e—4e: 2.1 DMTC, 6 lutidine in CH,Cl,/DMF 5:1 at RT for 3
days, 23%; 4a (4b, 4c, 4d)—5a (5b, 5c, 5d): 1.1 P((i-Pr),N)(OCH,CH,CN)Cl, 5.6 ethyldiisopropylamine in CH,Cl, at RT, overnight, followed by 0.1
P({i-Pr),N)(OCH,CH,CN)Cl for 2 hours, 64% (83, 74, 69); 4e— 5e: 2.5 P((i-Pr),N)(OCH,CH,CN)Cl, 10 N-ethyldimethylamine, CH,Cl, at RT for 90 min,
67%. 3b (3¢)—6b (6¢): 2.1 diphenylcarbonate, 0.3 NaHCO,, HMPA at 150°C for 3 hours, 79% (92) [for method, see (73)]; 6b (6¢)—7b (7c): 4.0
BzONa, 1.1 BzOH in HMPA at 150°C for 2 hours, 68% (77); 7b (7c)—4b (4c): (a) 1.5 DMTCL, 6 2,4,6-collidine in CH,Cl, at RT for 16 (12) hours, 89%

(96) (b) 2M NH; in MeOH at RT for 24 hours, 95% (93).

Table 1. T, values (75) in degrees Celsius and thermodynamic data of
TNA duplexes determined under conditions as follows: ¢ = 5 pM + 5 pM,
1.0 M NacCl, 10 mM NaH,PO,, 0.1 mM Na,EDTA, pH 7. The labels RNA
and DNA refer to duplexes consisting of RNA-RNA and DNA-DNA
strands, respectively. Thermodynamic parameters were determined from

ation at ¢ ~ 5.0 uM [for methods see (715)]. AG, Gibbs free energy;
AH, change in enthalpy (estimated experimental error for AH, =5%);
AS, change in entropy. For the automated synthesis of TNA-oligonucleo-
tides see (76). Formation of hairpin (No. 15) is deduced from invariance of
T, (67.2° to 65.6°C) with variation in oligonucleotide concentration (2 to
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plots of T,,~" versus Inc and for hairpin sequence by T, curve differenti- 111 uM).
Tm () AG AH TAS
No. Duplex 1.0 M 0.15 M (k(czag'g"?(‘;') (kcal/mol) ("(‘é"gé":(‘;')
Nacl Nacl
1 ATy 38.3 -9.2 —56.2 —47.0
2 TeAg 36.3 -8.6 —50.8 —422
3 (TA)8 714 62 —-17.4 —78.5 —61.1
4 (AT)g 74.5 -18.8 —834 —64.6
5 (AU)g 68.6 62 —-208 —109.2 —88.4
6 (AZTZ)4 549 —-13.7 —75.1 —-61.3
7 (AU,), 44.4 —-12.0 —833 -713
8 T, 45.1 -128 -92.2 -79.4
9 Ua), 295 -7.8 -586 -50.8
10 (CG), 67.0 -14.6 -62.9 —483
1 T(ATGC),ATA >90 843
12 CGA,T,CG 298 -76 -410 -33.4
13 (CG),A,U,(CG), 69.5 68.2 —15.9% —73.2% —57.3*%
RNA 66.41 -16.6% -67.0t —50.41
14 (CG),A,T,(CG), 725 70.2 —18.1* —82.8* —64.7*
DNA 58.0% —14.5% —65.2% —50.7%
15 (CG),T 4(CG),(hairpin) 67.4 -5.0 -419 -369
16 At T 420 -10.2 —53.6 —43.4
RNA 62.0 —20.1 -112.4 -923
17 A+ U 12.0 -5.6 —40.8 —35.2
18 Ay t+ Ty 52.6 —14.2 =751 —60.9
19 Ay + Uy 257 -79 —55.5 —476
20 A TATATAT,A + TA,TA,TATAT, 56.2 —14.5 —73.7 —59.2
RNA 58.8 —20.0 -131.9 -1119
21 T,ATATA,TA,T + AT AT, ATAT,A, 52.7 -133 —66.4 —53.1
RNA 57.0 -21.8 —145.9 —124.1
22 AT,CAGCG + CGCTGA,T 314 -88 —422 —334
RNA 52.0 46.4 —-11.2* —52.8* —41.5%
DNA 36.7 340 —9.2* —54.4* —45.2*
*0.15 M NacCl. 1T, value taken from (77); AG and TAS recalculated at 25°C from the original values in (17). 1T, value taken from Hunziker et al. (4) and thermodynamic

values taken from (78).
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Table 2. T, values of duplexes A, B, C, and D
formed by intra- and intersystem cross-pairing
involving TNA, RNA, and DNA strands (conditions
are as in Table 1). The color of the acronyms TNA,
DNA, and RNA refer to the oligonucleotide se-
quences of the same color in the formulas of the
duplexes A, B, C, and D shown at the bottom of
the table. The labels 3’ and 2’ indicate strand
orientation referring to TNA duplexes; for RNA and
DNA duplexes, these labels must be replaced corre-
spondingly by the labels 5’ and 3’. T, values in the
shaded diagonal refer to intrasystem cross-pairing.

DNA

DNA| 3

26

COWP OO | OO0 >

DUPLEX

3'-Agg-2'
A2T-3
3'- A TZATAT,AT,A - 2
2' - T4A3TATA,TA,T - 3'

3'- AT,AT,ATAT,A, - 2
2'- TA,TA,TATA,T, - 3

3' - ATTCAGCG - 2'
2'- TAAGTCGC - 3'

bases (Nos. 3, 4, and 5 in Table 1) are more
stable than their isomers containing the base
pairs as block oligomers (Nos. 1 and 2 in
Table 1). This observation is consistent with
the finding that base pairing is weakest in
duplexes composed of homobasic purine and
pyrimidine strands (Nos. 16 through 19 in
Table 1).

With strands containing mixed purine-py-
rimidine sequences of moderate length, TNA
duplexes can show a thermal (but not neces-
sarily thermodynamic) stability that is com-
parable to that of RNA or DNA duplexes.
This is exemplified by the data for the listed
duplexes (Nos. 13, 14, 20, and 21 in Table 1)
and is further documented in Fig. 2 and Table
2. In contrast, base pairing of shorter oli-
gomers (e.g., Nos. 12 and 22 in Table 1),
especially when they contain homobasic se-
quences (e.g., No. 16 in Table 1), gives rise to
duplexes that are less stable than in RNA
(Table 1). Hairpins seem to form as readily in
the TNA series as they do in the natural series
(No. 15 in Table 1).

TNA cross-pairs efficiently with RNA
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Fig. 1. X-ray structure of (L)-a-threofuranosyl nucleoside derivatives (74). Torsion angles (max *
0.5 ° are as follows): O-C,-C,.-O: 164.9° in 3a, 158.6° in 3b, 165.7° in 3¢, 2',3'-dibenzoate, 131.5°
in 3d, 160.2° in 3e, 2',3'-dibenzoate. O-C,.-N4-C,: —169.3° in 3a, —176.7° in 3e, 2',3'-dibenzoate.
O-C;-N,-C,: —147.3° in 3b, —166.4° in 3c, 2',3'-dibenzoate, —169.28° in 3d. For the chemical

formula’s o?3a—e, see Scheme 2.

and DNA. This is remarkable in view of the
pronounced constitutional difference between
the sugar backbones of TNA and the natural
nucleic acids. The efficiency of the cross-
pairing is documented by the UV melting
curves and temperature-dependent CD spec-
tra reproduced in Fig. 2, E and F, as well as
by the overview of T, values given in Table
2 for the four (non-self-complementary) base
sequences A, B, C, and D. All these obser-
vations strongly suggest that the base-pairing
mode of TNA is that of the Watson-Crick
model.

Among the cross-pairing data is a striking
characteristic difference in the behavior of
homobasic versus heterobasic sequences.
Whereas all intra- and intersystem combina-
tions of the representative heterobasic hexa-
decamer sequences B and C give rise to
comparable thermal duplex stabilities, these
stabilities differ widely in corresponding
combinations with the homobasic hexa-
decamers A | and T, (, depending on whether
the all-purine or the all-pyrimidine sequence
carries the TNA backbone in the TNA-RNA
heteroduplex. The T, value of the t(A ;) +
1(T,¢) combination (7,, = 76°C,c =5+ §
pM) markedly exceeds even that of the
RNA-homoduplex r(A,,) + «(T,o) (T,, =
62°C), in sharp contrast to the t(T,) +
(A ) combination, which is much less sta-

ble (7,, = 28°C). The same phenomenon is
also observed in the cross-pairing of TNA
with DNA (20).

Not unexpectedly, TNA is much more
stable toward hydrolytic cleavage of the
phosphodiester linkage than RNA; under
conditions (1.0 M NaCl; 0.25 M MgCl,, 0.1
M Hepes buffer, pH = 8, at 35°C) in which a
half-life of about half a day was observed for
r(Uy), and one of about 4 days for pyranosyl-
1(Tg) (21), the TNA-oligonucleotide t(Tj) re-
mains unchanged over months. TNA'’s stabil-
ity against hydrolytic decomposition may
well be similar to that of DNA (22).

TNA is deemed a potentially natural nu-
cleic acid alternative according to the criteria
defined earlier (/). In this respect, the system
differs from most artificial nucleic acid ana-
logs that also cross-pair with the natural sys-
tems, but were constructed according to the
demands of antisense technology (7, 23). Un-
like the nucleic acid alternatives that we have
studied previously, TNA could potentially
serve as a template in nonenzymic template-
directed formation of RNA sequences. This
property remains to be experimentally tested
(24). TNA also stands out among these alter-
natives—RNA included—with regard to its
chemical prospects for constitutional self-as-
sembly. The TNA structure allows for a spe-
cial reactant economy in monomer formation
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Fig. 2. Data of TNA duplexes under conditions as follows: 1.0 M NaCl, 10 mM NaH,PO,, 0.1 mM
Na,EDTA, pH 7. (A) UV melting curve of the duplex t(A,) + t(T,¢) (c = 5 uM + 5 wM), Heating
curves of single strands are also shown. (B) Mixing curve (79) for the pairing between t(A,) and
t(T,s) demonstrating 1:1 stoichiometry, total ¢ ~ 3.6 .M, measured at 10°C. (C) Comparison of

CD spectra of the individual strands t(A

o) and t(T,.) and the duplex t(A,¢) + t(T,¢) (c =~ 1 uM

at 30°C). (D) UV melting curves of (1:1}—mixtures of hexadecamer sequences complementary to
each other in either antiparallel or parallel strand orientation, ¢ = 10 and 20 pM, respectively. (E)
UV melting curves and T, values of (1:1)-mixtures of hexadecamer sequences in intra- and
intersystem cross-pairing in and between TNA and RNA (c =~ 5 uM + 5 uM). (F) Temperature-
dependent CD spectra of a hexadecamer duplex formed by cross-pairing between TNA and RNA

(c~5pM + 5 uM; T = 0° to 90°C).

that would have to be based on (C, + C, —
C,) chemistry operating at the oxidation level
of glycolaldehyde. We think that in an etio-
logical context the full potential of such
chemistry becomes apparent only if its range is
not restricted to carbohydrate-phosphodiester
types of target structures, but is extended to
include all possible nitrogenous analogs of re-
actants, reactions, and reaction products (25). If
cyanamide and cyanide were included as core-
actants in such a reaction library, a whole fam-
ily of potential base-pairing systems could be
formed, including systems that contain alterna-
tive linkages between oligomer units, alterna-
tive nucleobases, and alternative backbone-
nucleobase junctions (26). Thus, TNA may just
be the oxygenous phosphodiester-type repre-
sentative of a family of constitutionally as well
as conformationally related nitrogenous sys-
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tems that might all have the ability to commu-
nicate with RNA by cross-pairing. This possi-
bility defines one direction for further experi-

mentation (27).
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reaction conditions as follows: coupling for 26 min
using a 0.35 M solution of ethylthio-1H-tetrazole and
detritylation for 10 min using a 6% dichloroacetic
acid in 1,2-dichloro ethane (trityl group “on”). Cou-
pling yields were usually over 95%. Deprotection
steps before detachment from solid support were as
follows: removal of B-cyanoethyl groups with NEt,/
pyridine (1:5) [room temperature (RT) for 30 min};
G-containing sequences treated additionally with 2
M cis-2-pyridinealdoxime in dioxane/water 7:1 (RT
for 3.5 min). Detachment and nucleobase deprotec-
tion by hydrazinolysis [24% aqueous (aq.) solution at
4°C for 18 hours], followed by treatment with 80%
aq. formic acid (RT for 30 min) for removal of final
trityl group. Isolation, purification, and characteriza-
tion of sequences were performed as reported in (5).
V. Tereshko, S. Gryaznov, M. Egli, /. Am. Chem. Soc.
120, 269 (1998).

18. K. ). Breslauer, in Thermodynamic Data for Biochem-
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20.

21.

22.

23.

24.

25.

26.

istry and Biotechnology, H. ). Hinz, Ed. (Springer-
Verlag, Berlin, 1986), pp. 402-427.

C. R. Cantor, P. R. Schimmel, Biophysical Chemistry,
Part Ill: The Behavior of Biological Macromolecules
(Freeman, San Francisco, 1980), pp. 1135-1139.
The type of “which-base-on-which-backbone” de-
pendence of base-pairing strength encountered here
seems to be a not uncommon feature of intersystem
cross-pairing between complementary homobasic se-
quences belonging to different backbones. Although
this was already apparent in the cross-pairing be-
tween RNA and DNA (Table 2) [see N. Sugimoto et
al., Biochemistry 34, 11211 (1995); E. A. Lesnik, S. M.
Freier, Biochemistry 34, 10807 (1995)], it has been
found to be a characteristic property of intersystem
cross-pairing within the family of pentopyranosyl-
(4'—2")-oligonucleotides (9), and scattered litera-
ture information points to its occurrence in other
combinations of base-pairing systems as well [see,
e.g, M. ). Damhaet al., /. Am. Chem. Soc. 120, 12976
(1998); A. Egger, C. Leumann, Synlett 913 (1999)].
Although conjectured to relate to steric differences
between purines and pyrimidines in their ability to
adjust nucleosidic torsion angles and, concurrently,
the inclination between the backbone and base-pair
axes that codetermines the topology of base-stacking
(9), the phenomenon requires further study in order
to be understood in detail.

T. Mdiller, postdoctoral report TSRI, 1998. Within the
pentopyranosyl-(4'—2') series, hydrolytic stability
under these conditions parallels the occurrence of a
cis relation between the free 3’-hydroxyl group and
the adjacent phosphodiester groups.

In the stability tests referred to above, the DNA-
sequence (Tg) was found to be completely un-
changed after 8 days (monitoring was not pursued
further).

For a recent experimental contribution to the ques-
tion whether peptide nucleic acid (PNA) should be
considered a potentially prebiotic type of structure
see [K. E. Nelson, M. Levy, S. L. Miller, Proc. Natl.
Acad. Sci. U.S.A. 97, 3868 (2000); P. Garner, S. Dey,
Y. Huang, J. Am. Chem. Soc. 122, 2405 (2000)].
Studies on such template-directed synthesis of RNA
oligonucleotides have recently been carried out by
Orgel and colleagues [). G. Schmidt, P. E. Nielsen, L. E.
Orgel, J. Am. Chem. Soc. 120, 4563 (1998); I. A.
Kozlov, B. De Bouvere, A. Van Aerschot, P. Herdewijn,
L. E. Orgel, J. Am. Chem. Soc. 121, 5856 (1999); I.
Kozler et al., Chem. Eur. J. 6, 151 (2000)] using
Nielsen's PNA as well as Herdewijn's HNA (hexitol
nucleic acid) and ANA (altritol nucleic acid) as tem-
plate systems. Although the latter two are hexose-
based oligonucleotides, they cannot be considered to
be potentially natural nucleic acid alternatives ac-
cording to the criteria given in (7). See also (23).
For pentofuranosyl systems with nitrogenous analogs
of the phosphodiester bridge that have been shown
to cross-pair with the natural systems, see [W. S.
Zelinsky, L. E. Orgel, Nucleic Acids Res. 15, 1699
(1987); S. M. Gryaznov et al., Proc. Natl. Acad. Sci.
U.S.A. 92, 5798 (1995); R. O. Dempcy, O. Almarsson,
T. C. Bruice, Proc. Natl. Acad. Sci. U.S.A. 91, 7864
(1994); N. Kojima, T. C. Bruice, Org. Lett. 2, 81
(2000)).

One of the persistent weaknesses of the conventional
scenario for the constitutional self-assembly of a
prebiotic oligonucleotide base-pairing system is the
necessity of assuming a spatial and temporal sepa-
ration between the nitrogenous chemistry producing
the nucleobases and the oxygenous chemistry sup-
posed to give rise to carbohydrates. Drastically en-
hanced chemical complications would be expected
for a scenario without that separation. A hypothesis
that may conceptually overcome this complication
with regard to backbone formation envisages the
self-assembly of an informational oligomer system to
result from combinatorial synthesis proceeding under
(partial) thermodynamic control. The model consid-
ers monomer- and oligomer-formation steps to op-
erate reversibly, yet to become eventually channeled
towards oligomers that possess the capability of base
pairing. Such oligomers could play off their bonus in
relative thermodynamic stability by making base
pairing the critical selection factor in the dynamic
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library of oligomers. Such a fragile “thermodynamic
selection” by base pairing would have to be supple-
mented, and eventually superseded, by the more
robust selection brought about by a target system's
capability to replicate. Thermodynamic functional se-
lection (by base pairing) would appear as a forerun-
ner of kinetic functional selection (by replication),
exemplifying on the chemical level one of biology’s
major lessons, namely, that replication can substitute
for thermodynamic stability when continuance is at
stake. The model would have to imply that a consti-
tutionally labile replicator must be able to evolve to
constitutionally more robust variants by undergoing
a stepwise constitutional metamorphosis while re-
taining the system'’s specific informational capacity.
The high kinetic lability to be assigned to a combi-

natorial reaction library should not be dismissed as
being a priori lethal for a model of chemical self-
organization. Quite the opposite may hold in the
context under consideration: kinetically labile, rather
than robust, reaction libraries can be expected to
possess a high sensitivity toward emerging catalysts
and, therefore, a susceptibility to becoming con-
trolled by them.
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Protection Against Cutaneous
Leishmaniasis Resulting from
Bites of Uninfected Sand Flies

Shaden Kamhawi,' Yasmine Belkaid,’ Govind Modi,’
Edgar Rowton,? David Sacks'*

Despite the fact that Leishmania are transmitted exclusively by sand flies, none
of the experimental models of leishmaniasis have established infection via sand
fly bites. Here we describe a reproducible murine model of Leishmania major
infection transmitted by Phlebotomus papatasi. Prior exposure of mice to bites
of uninfected sand flies conferred powerful protection against Leishmania major
that was associated with a strong delayed-type hypersensitivity response and
with interferon-vy production at the site of parasite delivery. These results have
important implications for the epidemiology of cutaneous leishmaniasis and
suggest a vaccination strategy against this and possibly other vector-borne

diseases.

The diseases transmitted by arthropod vectors
afflict millions of people, particularly in devel-
oping countries. Bloodsucking arthropods may
be more than just delivery systems for the
pathogens they carry, insofar as components in
their saliva have been shown to modify the
outcome of infection (/, 2). Leishmaniasis is a
vector-borne disease transmitted exclusively by
sand fly bites. Reports of successful laboratory
transmission of Leishmania spp. by sand fly
bites are few (3—8) and have not addressed the
host response to infective bites or considered
the effects of prior exposure to uninfected sand
fly bites on the outcome of infection. Using the
murine ear model, we were able to transmit
Leishmania major reproducibly to BALB/c and
to C57BL/6 mice (9) by the bite of its natural
vector, Phlebotomus papatasi (10). The respec-
tive healing and nonhealing phenotypes of
C57BL/6 and BALB/c mice, established using
high-dose needle inocula, were maintained in
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fly-transmitted infections. In BALB/c mice,
nodular lesions increased steadily in diameter
and thickness (Fig. 1, A and B). In C57BL/6
mice, the lesions increased in size up to day 70
when they began to resolve, with complete
healing by day 120 (Fig. 1, C and D). Most of
the lesions developed small focalized areas of
ulceration prior to healing.

In endemic regions, many individuals are
exposed to the bites of Leishmania-free phle-
botomines before being bitten by an infected
sand fly. For both BALB/c and C57BL/6
mice, prior exposure to P. papatasi bites (11)
resulted in a striking reduction in the severity
of the dermal lesions. For BALB/c mice, the
difference between naive and pre-exposed
mice was significant from days 31 and 23
onward for lesion diameter and thickness,
respectively (P < 0.05) (Fig. 1, A and B).
For C57BL/6 mice (Fig. 1, C and D), the
pre-exposed animals showed a delay in the
appearance of lesions and a dramatic reduc-
tion in the peak lesion size that developed
before healing. The attenuation in the diam-
eter and/or thickness of lesions was signifi-
cant during days 28 to 56 (P < 0.05). A
second transmission experiment was under-
taken in naive and pre-exposed C57BL/6
mice to compare the parasite loads within the
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