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Latency profiles were significantly (least-mean- 
square optimization) f i t ted by t w o  straight lines (av- 
erage <r>' = 0.77 w i th  2D impulse-like input and 
0.88 w i th  long bars), the intersection of which de- 
fined the retinal position of the latency basin center 
(Fig. 4, Band  C). This center was superimposed on or 
close t o  the MDF center (relative eccentricity: 0.85 = 
0.7"). 
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[Neuron 15, 23 (1995)], and 0.35 m l s  in  J. A. Hirsch 
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25. The divergence o f  the terminal field of thalamocor- 
tical fibers extends over a 1- t o  2 -mm radius on 
average in  the plane o f  cortical layers [A. I. Hum-  
phrey e t  al., ]. Comp. Neurol. 233, 159 (1985)l. This 
value, replotted in  visual field coordinates, is on the 
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ta t ion o f  the visual field and remains too  l ow  t o  
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All four members of the family of pentopyranosyl-(2'+4') oligonucleotide 
systems that contain P-ribo-, p-xylo-, a-lyxo-, or a-arabinopyranosyl units as 
repeating sugar building blocks are found to be much stronger Watson-Crick 
base-pairing systems than RNA. The a-arabinopyranosyl system is the stron- 
gest of all and in fact belongs to the strongest oligonucleotide base-pairing 
systems known. Whatever the chemical determinants by which nature selected 
RNA as a genetic system, maximization of base-pairing strengths within the 
domain of pentose-derived oligonucleotide systems was not the critical se- 
lection criterion. 

A chemical understanding of the criteria by 
which nature chose ribo- and deoxyribonu- 
cleic acids as genetic systems \vould consti- 
tute a central elen~ent of any theory of the 
origin of the particular kind of cheinical life 
that we know today. The quest for such an 
understanding may be taken up by experi- 
ment by systeinatically synthesizing potential 
alternatives to the natural nucleic acids and 
comparing thein with RNA with respect to 
those chemical propeities that are fuadamen- 
tal to RNA's biological function (1). For such 
an alternative to be selected for study, we 
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require it to be st~ucturally derivable from a 
(CH,O),, aldosugar (71 = 6; 5; or 4) by the 
same type of potentially natural chemistry 
that allows the stiucture of RNA to be de- 
rived from ribose (2). This strategy is an 
attempt to mimic a hypothetical natural pro- 
cess that may have led to the selection of 
RNA: a process of co~nbinatorial molecular. 
assembly and functional selection \vithin the 
doinain of sugar-based oligonucleotides. In 
principle, such an experimental etiological 
analysis of nucleic acid structure is unbiased 
with respect to the question of whether RNA 
first came into being abiotically or biotically. 

Our previous studies involving the P-hex- 
opyranosyl-(4'36') oligonucleotide family 
had shown that base pairing in allo-, altro-, 
and glucopyranosyl oligonucleotides is uni- 
formly much weaker than in RNA (3). Com- 
parison with the properties of the 2'-deoxy, 
3'-deoxy, and 2',3'-dideoxyallopyranosyl an- 
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alogs (4) demonstrated that the weaker base 
palring is due to intrastrand steric hindrance 
in the pairing confoimation ("too many at- 
oms") (3). These findings led us to refocus 
our studies on the less bulky pentopyranosyl 
series, where it was discovered that the P-ri- 
bopyranosyl-(2'+4') oligonucleotide sys- 
tem, the pyranosyl isomer of RNA (p-RNA), 
exhibits Watson-Crick pairing that is far 
stronger than that in RNA (5 ) .  Here we shou7 
that the same is true for the entire family of 
pentopyranosyl-(2'+4') oligonucleotide sys- 
tems that have the nucleotide base in the 
equatorial position of the pyranose chair 
(Scheme 1). 

Scheme 2 suminarizes the syntheses of the 
phosphoralnidite building blocks 4; 9; and 13; 
each prepared froin the correspondmg 
nucleosides contailnng adenme or thymine as 
the nucleobase (6, 7). The preparation of 
oligomers in the lyxo- and xylopyranosyl 
series followed the (2'+4') strategy previ- 
ously applied in the p-RNA series (5). 111- 
versely, oligorrler synthesis in the a-arabi- 
nopyranosyl series was chosen to proceed in 
the (4'+2') direction because the axial 4'- 
hydroxyl is the least reactive to electrophilic 
derivatization among the three hydroxyl 
groups (8). 

Table 1 summarizes T,, values (the tem- 
perature at which about 50% of duplex mol- 
ecules are d~ssociated into slngle strands) and 
thermodynamic data for five different oc- 
tamer duplexes of each of the four pentopy- 
ranosyl-(2'34') oligonucleotide systems, 
determined in buffered 0.15 M sodium chlo- 
ride solution at pH 7.0 (see also Fig. 1). 
Duplex formation was further characterized 
by temperature-dependent circular dichroism 
(CD) spectroscopy (Fig. 2) as v,rell as by 
confirmation of strand stochiometry by deter- 
mination of ultraviolet (UV) mixing curves 
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for the A;T, duplexes. There is no self- 
pairing of single strauds in the xylopyranosyl 
series; whereas in the more strongly pairing 
a-lyxopyranosyl system. both A, and T, ex- 
hibit n.eak self-pairing under high-salt condi- 
tions. In the arabinopyranosyl series; T, pairs 
\vealcly wit11 itself, \\,hereas A, does not (9). 

All four members of the pentopyranosyl- 
( 2 ' 3 4 ' )  oligonucleotide family undergo 
markedly efficient cross-pairing with each 
other. at least \wth regard to duplex formation 
between A, and T, strands (1 0). Such a cross- 
pairing must reflect the capability of all mem- 
bers to adopt a common type of duplex struc- 
ture. U'e view it as collsisting of quasi-linear 
IVatsoa-Crick paired double strands with an- 
tlparallel strand orlentation and a left-handed 
helical twist. as pre~,iously postulated for the 
(CGAATTCG), duplex in the ribopyranosyl 
series on the basis of nuclear magnetic reso- 
nance (Nh4R) stmctural analysis and molec- 
ular dynamics modeling (5). The stmctural 
similarity among the duplexes is also reflect- 
ed in their common characteristics Isith re- 
spect to the sequence dependence of their 
stability. Sequence motifs of the form (pyri- 
alidine),,-(purine),, are more stable than those 
of the folnl (p~rine),~-(pyrimidine ),> in all four 
systems of the peatopyraaosyl-(2'-.4') oli- 

gonucleotide family (Fig. 1). Such behavior 
was pre\iously rationalized in the p-RNA 
series (5) as being the consequence of the 
ovel~iding influence of interstrand base- 
stacking on duplex stability in oligonucleo- 
tide systems that show a strong illclillation 
between backbone and base-pair axes. This 
intespretatioa is supported by the ia\rerse se- 
quence-motif dependence of duplex stability 
in the homo-DNA series where the sign of 
backbone-base pair inclillation is opposite to 
that of p-RNA (4. 1 I ) .  

Base pairing in p-RNA had been sho\vn to 
be Watson-Crick by NMR spectroscopy ( j ) ,  
and we conclude that the same holds for the 
entire pentopyranosyl family. Supporting this 
collclusion is the observation that the se- 
quence dependence of duplex stabilities fol- 
lows a similar pattern for each of the four 
pentopyranosyl systems (Fig. 1 )  (1-1). The 
CD spectra of P-xylo- and P-ribopyranosyl 
duplexes closely resemble each other, as do 
the spectra of a-lyxo- and a-arabinopyrano- 
syl duplexes (Fig. 2). 

The a-arabinopyranosyl system. as judged 
fko111 its TXn values of adenine- and thynline- 
containing duplexes, belongs to the strongest 
phosphodiester-based oligonucleotide base- 
pairing systems encountered thus far (13). Its 

pyranosyl 

\ 

\ I 
pyranosyl 

I pyranosyl 

Scheme 1. (A) Constitution of the pentopyranosyl-(2'-4') oligonucleotide family. B = nucleotide 
base. (B) Idealized pairing conformation in  duplexes o f  (D)-p-ribopyranosyl-(2'14') oligonucleo- 
tides. (C) Idealized pairing conformation in duplexes of (L)-a-lyxopyranosyl-(2'14') oligonucleo- 
tides. (D) Configuration and (idealized) conformat ion o f  the  repeating units o f  t h e  four 
diastereomeric pentopyranosyl-(2'+4') ol igonucleotide systems discussed in th is  paper. 
Arrows (3) point  t o  steric hindrance between equatorial hydroxyl  and equatorial phosphate 
groups (equatorial substi tuents l ie in  averaged plane o f  pyranosyl chair, axial substi tuents 
perpendicular t o  i t ) .  

extraordinary pairing strength must be a conse- 
quence of the extensive steric collstraillt exerted 
on the phosphodiester goup  when flanked at 
the 2'-ju11ctio11 not only by the nucleobase, but 
also by the 2'-hydroxyl in an equatorial position 
(see asrows in Scheine 1); this constraitlt-in 
conjunction with the rigidity of the pyraaose 
chair and the axial junction of the phosphodi- 
ester group at the 4'-carbon-may preorganize 
the single strand toward a pairing confomn~ation 
(4). The phelloluenon clearly calls for a detailed 
stsuctt~ral study (14). Because in the p-RNA 
series (5) the assessment of pairing behavior 
based on adenine-thymine pairing was fourld to 
be fully consisteat with that derived fro111 the 
behavior of guanine-cytosine-col~taillillg du- 
plexes. we assume the same to be the case for 
all four pe~ltopyranosyl-(2'+4') oligolmcleo- 
tide systems. 

The finding that an entire family of poten- 
tially natural RNA isolllers has a capability 
for Watson-Crick base pairing far Inore effi- 
cient than that of natural RNA itself needs to 
be put into an etiological perspective. Frorn 
our present, although limited. knowledge of 
the range and type of chemistry that lllay 
have been involved in a primordial emer- 
gence of the RNA sttuctme (151. we conjec- 
ture that such chemistry should have pro- 
duced oligonucleotides derived not only fro111 
ribose. but from other aldopentoses as n-ell. 
and that it might have led to both the furano- 
syl systems and the cor~espollding pyranosyl 

0 20 40 60 80 100 
Temperature "C 

Duplexes 

Fig. 1. (A) UV mel t ing curves and T, values of 
self-complementary strands T4A4 in the four 
pentopyranosyl-(2'-4') oligonucleotide sys- 
tems [strand concentration c - 10 p M ,  0.15 M 
NaCL, 10 m M  NaH,PO,, 0.1 m M  Na,EDTA (pH 
7)]. (B) Thermal stabilities of octamer duplexes 
showing the pattern o f  sequence-motif depen- 
dence (for conditions see Table 1). 
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favor of the furanose fonn by selective func- experimental chemistry is required before an alternatives (1, 3). In such a scenario, RNA 
eventually would have emerged from a li- 
brary of structural alternatives by selection 
processes based on functional criteria. It is 
primarily with respect to this type of scenario 
that our findings are interpreted to demon- 
strate that whatever the decisive criterion re- 
sponsible for nature's selection of RNA as a 
genetic system may have been, it was not the 
criterion of maximization of base-pairing 
strength. On the other hand, our observations 
substantiate the notion that it may have been 
optimization rather than maximization of the 
strength of base pairing that played a decisive 
role in RNA's emergence. Extension of the 
experimental approach to this question would 
call for an analysis of etiologically more de- 
manding properties such as the capability of 
informational self-replication and the capac- 
ity to express a chemical phenotype (16). 
Preliminary info~mation in this direction is 
available for p-RNA (5). 

It is also conceivable that RNA entered the 
biological scene as a result of what would 
amount to a "frozen accident" in the sense that 
circumstances happened to favor a formation of 
the RNA structure in preference over altesna- 
tives. In that case, a synthetic rather than a 
functional selection a~ould have been the pri- 
m a y  determinant of RNA's emergence. 
Known chemical properties that could have 
facilitated such a synthetic selection include the 
inhinsic preference for ribose fomlation in ki- 
netically (but not them~odynamically) con- 
trolled aldolizations (1 7), or the quenching of 
the filranose-pyranose equilibrium of ribose in 

tionalization, for example, of the sterically most assessment of the chances of a synthetic selec- 
accessible 5-hydroxyl goup  (18). Much more tion of the RNA structure can be made, how- 

Table l .  Tm values and thermodynamic data of duplex formation. T, values refer to  an overall oligomer 
concentration of 10 p.M in 0.15 M NaCI, 0.01 M tris-HCI (pH 7.0) (values with asterisks indicate in 1.0 
M NaCL); thermodynamic parameters were determined from plots of T&' versus In c [for method see 
(20)l; experimental error for 1H was estimated t o  be 2 5 % .  Data for P-ribopyranosyl duplexes are from 
Bolli e t  d l .  (5) and from (7 7). RNA data determined for comparison (with T instead of U) were provided 
by T. Vivlemore (ETH). For the automated synthesis, isolation, and characterization of pentopyranosyl- 
(2'+4') oligonucleotides see (5) and (7). 

Octamer Pentopyranosyl Tm (10 )IM) c AG 25' c AH TAS 25O c 
Duplex oligonucleotide in 0.15M NaCl kcaVmol kcaVrnol kcaVrnol 

system 

p-rib0 
a-lyxo 
p-xylo 
a-arabino 

40 46.0' 
47.0 51.0' 
35.4 47.3' 
71.1 79.7' 

RNA 16.3' 
(5-rib0 
a-lyxo 
p-xylo 
a-arabino 

27 
38.2 
16.3 
61.2 

RNA 11.0' 

p - r i b ~  
a-lyxo 
p-xylo 
a-arabino 

40 
47.0 
40.3 
69.4 

RNA 10.8' 

-ATATATAT. 
TATATATA- 

p-ribo 
a-lyxo 
p-xylo 
a-arabino 

-TATATATA 
ATATATAT- 

p-rib0 
a-lyxo 
p-xylo 
a-arabino 

Scheme 2. Fmoc = 9-fluorenylmethoxycarbonyl; A'' = 
6-benzoylamino-purine-9-yl; T = thymine-I-yl;  num- 
bers before reagents denote mole equivalents, % de- 
notes yield. Preparation of building blocks for oligonu- 
cleotide synthesis (7). (L)-a-Lyxopyranosyl series: l a  
( lb)+2a (2b): 2.0 (2.5) triethylorthobenzoate, 0.9 (0.3) 
p-TsOH, DMF/CH,CN, 30°C 2 hours, 64% (74%); 2a  
(2b)+3a (3b): (a) 3.0 DMTrCI, 6 lutidine, CH,CL,, O°C, 8 
hours; (b) 8 0  pct. CH,CO,H/THF/CH,CI, 1 : 2:2, 23OC, 
55% (61%); 3 a  (3b)+4a (4b): 2.5 P((i- 
Pr),N)(OCH,CH,CN)CI, 7.5 collidine, 0.5 N methyl imi- 
dazole, CH,CI,, 23"C, 10 min, 85% (80%). (D)-P-Xy- 
lopyranosyl series: 5a (5b)+6a (6b): 2.5 DMTrCl, pyri- 
dine, room temperature (RT), 12 hours, 38% (34%) 
after chromatographic separation from isomers; 6a  
(6b)+7a (7b): 1.5 chloroacetic acid anhydride, CH,CI,/ 
pyridine 4:1, O°C, 1 hour, 45% (43%) after chromatog- 
raphy; 7a (7b)+8a (8b): H2/10 pct. Pd(C), THF, 3.0 
K CO , 96% (91%); 8a  (8b)+9a (9b): 3.0 P((i- 
P$,N~(OCH,CH,CN)CI, 4.0 ethyldiisopropylamine, 
CH,CL,, 23"C, 3 hours, 62% (81%). (D)-cu-Arabinopyr- 
anosyl series: 1 0 a + l l a :  3.0 2-methoxypropene, 0.03 
TsOH. DMF. O°C. 36 hours. 87%: I O b + l l b :  1.0 l o b  as O F m c  B z 0  OFmoc 

N a  salt, DMF, 1:2 HCl in dioxane, 1.7 2-methoxypro- 
- 

ioa B = l i a  
pene, RT, 1.5 hours, 85%; l l a  ( l l b ) + l Z a  (12b): (a) 1.0 lob B = T  11b 
Fm,,CI, pyridine/CH,CI, 3:1,  O°C+RT, 21 hours (1.5 L-a-ARABINO- 
hours), 87% (76%) of acetal derivative; (b) 8 0  pct. 
aquedus CH,C'O,H,'RT, 48 hours, 72% ( 0 . 0 2 6 ' ~  H C ~  in 
CH,OH, 50°C, 2 hours, 74%). 12a (12b)+13a (13b): (a) 1.8 (1.2) BzCL, 4.8 (3.5) pyridine, CH,CL,/THF 5.1 (CH,CL,), O°C+RT, 1 6  hours (3.5 hours), 
69% (85%) of 3'-benzoyl derivative; (b) 2.5 P((i-Pr),N)(OCH,CH,CN)CI, 0.5 imidazole, 4.0 N-methylmorpholine (0.5 collidine), THF, 1 hour, RT, 62% 
(60%). Solvents were dried by treatment w i th  4 a molecular sieves. Experiments start ing f rom arabinose have been carried ou t  in  the (D) series, which 
is enantiomeric t o  the series depicted i n  Schemes 1 and 2. 
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4 mdeg A 

25 1 mdeg 1 25_l mdeg A 

Fig. 2. Temperature-dependent CD spectra of the self-complementary sequences T4A4 in the four 
diastereomeric pentopyranosyl-(2'-4') oligonucleotide systems [c - 10 kM, 0.15 M NaCI, 10 mM 
NaH2P04, 0.1 mM Na2EDTA (pH 7.0)]. Tm values derived from these CD curves: 41.1°C (P-ribo), 
39.2"C (P-xylo), 45.4"C (a-lyxo), 66.1°C (a-arabino). CD spectrum of a-arabinopyranosyl duplex 
has been measured with a sample of the (D) series and is reproduced here as its mirror image. 

Fig. 3. Base-pairing-strength land- 
scape of pentofuranosyl- and pen- 
topyranosyl oligonucleotide sys- 
tems showing the range of the 
constitutional and configurational 
diversity of (potentially natural) 
alternatives of the RNA structure 
and giving the Tm values of $;T, 
duplexes of the systems investi- 
gated so far (5+5 p,M, 1.0 M 
NaCI). Black top of columns: T,,, 
measured; shaded top of columns: 
T,,, estimated; empty squares: not 
investigated. The value for the 
P-arabinofuranosyl-(3'+S1) sys- 
tem is estimated from data pro- 
vided by W. Pfleiderer (27), that of 
the ribofuranosyl-(2'+Sf) system from data reported in (2). For the other T, values see Table 1. 

ever. Finally, there is the possibility that RNA 
emerged within, or through the mediation of, an 
evolving biological system that later became 
extinct (15,19). In such a case, the determinant 
for RNA's selection could have been svnthetic. 
functional, or both. Our conclusion regarding 
the role of pairing strength as a selection crite- 
rion for RNA remains valid independently of 
the actual determinant of RNA's selection. 

The pairing-strength landscape shown in 
Fig. 3, in which natural RNA appears as a 
minor player, calls for charting other parts of 
the structural neighborhood of RNA with re- 
gard to its base-pairing potential. Within the 

tions between positions other than 2' and 4', 
also deserve to be studied. An experimentally 
explored pairing-strength landscape of isomeric 
oligonucleotide systems would represent an ex- 
ceptional source of reference data for a com- 
prehensive analysis of the conformational and 
constellational factors that determine base pair- 
ing in nucleic acids. Our present data also may 
encourage attempts to map the complete pair- 
ing-strength landscape of RNA's structural 
neighborhood by theoretical methods. 
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Reduced Immunotoxicity and 
Preservation of Antibacterial 

Activity in a Releasable Side-Chain 
Carbapenem Antibiotic 
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A carbapenem antibiotic, L-786,392, was designed so that the side chain that 
provides high-affinity binding to the penicillin-binding proteins responsible for 
bacterial resistance was also the structural basis for ameliorating immunopa-
thology. Expulsion of the side chain upon opening of the beta-lactam ring 
retained antibacterial activity while safely expelling the immunodominant 
epitope. L-786,392 was well tolerated in animal safety studies and had sig
nificant in vitro and in vivo activities against methicillin- and vancomycin-
resistant Staphylococci and vancomycin-resistant Enterococci. 

The increasing prevalence of resistance in 
Staphylococci and Enterococci to currently 
available antimicrobials has resulted in the sig
nificant diminution of therapeutic options avail
able. Patients infected with multi-drug resistant 
organisms are once again succumbing to sepsis 
(7). One approach to counter this is to directly 
target the molecular mechanism of resistance in 
an existing class of antimicrobials, restoring 
their effectiveness. Methicillin resistance in 
Staphylococci is generally dependent on the 
production of a unique penicillin-binding pro
tein (PBP), PBP2a, which like other high mo
lecular weight PBPs, catalyzes the transpepti-
dation of peptidoglycan. PBP2a has a relatively 
low affinity to all the common p-lactam anti
biotics and, in the presence of antibiotic, is able 
to take on the critical tasks of cell wall remod-
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eling normally performed by the more antibiot
ic-susceptible PBPs (2). 

Carbapenems acylate a broad spectrum of 
PBPs with high affinity. They are rapidly bac

tericidal, with potent activity against meth-
icillin-sensitive staphylococci. These intrinsic 
properties, together with multiple PBP targets, 
result in low frequency of resistance selection. 
In addition, the carbapenem nucleus is resistant 
to most serine p-lactamases, whether of staph
ylococcal, enterococcal, or Gram-negative ori
gin (3). We previously described a series of 
carbapenems with improved affinities for 
PBP2a, and concomitant activity against methi-
cillin-resistant Staphylococcus aureus (MRSA) 
(4). Improved affinity for PBP2a was related to 
the presence of a large lipophilic substituent 
attached to the carbapenem nucleus. Unfortu
nately, carbapenems optimized for their PBP2a 
affinity provoked immune responses in rhesus 
monkeys (5), including high-frequency im
mune-mediated hemolytic anemia with 
Coombs positivity, a peripheral blood lympho
cytosis, and diffuse lymphoid hyperplasia of 
spleen and lymph nodes at subhemolytic doses 
(15 mg/kg body weight/day of L-742,728). 
These nonanaphylactic autoimmune syndromes 
are occasionally observed with lower frequency 
and at higher doses in response to p-lactams in 
clinical use (6). 

Sera from rhesus macaques exposed to the 
carbapenems L-742,728, L-741,462, and 
L-695,256 (7) all showed high titer, drug-
specific antibodies that could be affinity pu
rified on drug-sepharose columns and agglu-

Table 1. Comparative in vitro antibacterial activity of L-786,392, imipenem, and vancomycin on 
Staphylococci and Enterococci. 

Organism (number of strains) 
MIC90 (u.g/ml) 

L-786,392 Vancomycin Imipenem 

Methicillin-susceptible 5. aureus (15) 
Methicillin-resistant 5. aureus (42) 
Methicillin-susceptible coagulase-

negative Staphylococcus spp. (23) 
Methicillin-resistant coagulase-

negative Staphylococcus spp. (25) 
Vancomycin-susceptible E. faecalis (17) 
Vancomycin-resistant E. faecalis (15) 
Vancomycin-susceptible E. faecium (12) 
Vancomycin-resistant E. faecium (31) 
Enterococcus gallinarum (14) 

0.06 
4 
0.016 

2 
1024 

2 
2048 

0.03 
256 

0.03 

256 

1 
2 

64 
>128 

16 
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