
Our model also implies that the lower- 
most crust is younger than the crust it 
underplates. In addition, the newly formed 
lowermost crust will not necessarily be de- 
pleted chemically and could therefore be the 
source region for large amounts of felsic to 
intermediate magmas. Thus model ages for 
the separation of crust-forming material, 
deduced from rocks derived from this un- 
derplated reservoir, will be younger than 
those from the overlying crust. 
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Template-Directed Oligomerization Catalyzed by a 
Polynucleotide Analog 

J. VISSCHER, C. G. BAKKER, R. VAN DER WOERD, ALAN W. SCHWARTZ 

A pyrophosphate-linked analog of polycytidylic acid has been synthesized and shown 
to catalyze the oligomerization of the complementary monomer 2'-deoxyguanosine 
3',5'-bisphosphoimidazolide. Analogs of polynucleotides are of interest in studies of 
the origins of life as possible precursors of the first RNA molecules. These results 
demonstrate that such molecules are capable of serving as templates for further 
synthesis. 

E NZYMATICALLY SYNTHESIZED POLY- 

cytidylic acid [poly(C)] catalyzes the 
synthesis of oligoguanylic acids [oli- 

go(G)'s] from an activated form of guano- 
sine 5'-phosphate (1). This system has been 
considered as a possible model for prebiotic 
replication of FWA. However, the inhibi- 
tion of the reaction observed when both 
stereoisomers of the mononucleotide are 
present is not consistent with this role (2). 
Poly(C) has also been shown to catalyze the 
oligomerization of both 2'-deoxyguanosine 
3',5'-bisphosphoimidazolide (ImpdGpIm) 
and an acyclic analog of guanosine not based 
on ribose (3-5). In these latter template- 
directed reactions, the oligomers produced 
are linked by pyrophosphate, rather than 
phosphodiester linkages. Acyclic nucleic 
acid analogs with pyrophosphate backbones 
are possible precursors of the first RNA 
molecules (6) .  It is important, therefore, 
that these molecules be capable of acting as 
templatfs for oligomerization. We have syn- 
thesized a pyrophosphate-linked polynucle- 

otide analog based on 2'-deoxycytidine 
3',5'-bisphosphate (pdCp) and now report 
that this product serves as a catalyst for 
template-directed oligomerization. 

The monomer N-4-diphenylacetyl-2'-de- 
oxycytidine 3'-0-phosphate 5'-0-(S-4- 
methylphenyl)phosphorothioate (structure 
1 in Fig. 1A) was synthesized and subjected 
to oligomerization (7-12). In the absence of 
other nucleophiles, reaction of the activated 
5'-phosphate can only occur with a free 3'- 
phosphate group. After removal of the di- 
phenylacetyl protecting groups (13), there- 
fore, the major products expected were the 
cyclic pyrophosphate (structure 2 in Fig. 
lA,  produced by intramolecular cyclization 
of the activated intermediate) and a series of 
3',5'-pyrophosphate-linked oligomers of 
pdCp (structure 3 in Fig. 1A). The crude 
products were fractionated, and oligomers 
were subjected to alkaline phosphatase treat- 

Laboratory for Exobiology, Faculty of Science, Universi- 
ty of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The 
Netherlands. 

21 APRIL 1989 REPORTS 329 



DPA, Diphenyiacetyl 

v ~ y ,  Cytosine 

\/ Gu, Guanine 
II \ N ~ N  

Fig. 1. Structures of monomers and oligomers synthesized. (A) Oxidation of monomer (structure l ) ,  
followed by hydrolysis, produces cyclic pyrophosphate (structure 2) and oligomers of pdCp (structure 
3). (B) The structure of the complementary, activated monomer ImpdGpIm. 

tion of product oligomers with chain 
lengths of at least 9 (longer products are 
obscured by the presence of the template). 
The control experiment established that the 
template is chemically stable under the con- 
ditions of the oligomerization. We verified 
that the products were pyrophosphate- 
linked by isolating the oligomer with a chain 
length of 6 from the RPC-5 column and 
following its sequential degradation by ven- 
om phosphodiesterase to yield pdGp. These 
results with a heterogeneous mixture of 
relatively short-chain oligo(pdCp) mole- 
cules are not dramatic when compared to 
oligomerization (4) in the presence of enzy- 
matically synthesized, high molecular weight 
poly(C). However, they establish that the 
substitution of a pyrophosphate-linked 
backbone for the conventional one does not 
destroy the ability of the analog to catalyze 
the synthesis of its complement. 

These results have implications for theo- 
ries on the origins of life. Arguments have 
been presented that purine and pyrimidine 
ribosides are highly implausible as prebiotic 
monomers (6, 16). The implausibility is 
related to the availability and properties of 
ribose rather than that of the purines and 
pyrimidines themselves. An acyclic, prochi- 
ral monomer based on glycerol bisphos- 
phate and producing pyrophosphate-linked 
oligomers has been suggested as a possible 
evolutionary precursor to RNA (5, 6). Al- 
though an actual demonstration of tem- 
plate-directed synthesis catalyzed by oligo- 
mers in which ribose or deoxyribose plays 
no part remains to be achieved, a step 
toward that goal has now been taken. 

ment to remove terminal phosphate groups in the presence of oligo(pdCp) (Fig. 2). In 

(14). the absence of a template, the primary reac- 
All oligomers with chain lengths of 16 tion was cyclization of the monomer. Dimer 

and longer were collected in one fraction to (7%), cyclic dimer (6%), and trimer (2%) 
be used as templates. We estimate that the were the major oligomers formed. In the 
lengths of oligomers in this fraction extend- presence of oligo(pdCp), the total yield of 
ed to about 40, with a mean of approximate- oligomers increased from 17 to 36%. Much 
ly 20. Analysis of the products by 31P nucle- more significant, however, was the forma- 
ar magnetic resonance (NMR) confirmed 
the absence of terminal phosphates and 
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oligo(pdCp) template. 
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Access to a Messenger RNA Sequence or Its Protein 
Product Is Not Limited by Tissue or Species Specificity 

RNA amplification with transcript sequencing (RAWTS) is a rapid and sensitive 
method of direct sequencing that involves complementary DNA synthesis, polymerase 
chain reaction (PCR) with a primer or primers containing a phage promoter, 
transcription from the phage promoter, and reverse transcriptasemediated sequenc- 
ing. By means of RAWTS, it was possible to sequence each of four tissue-specific 
human messenger RNAs (blue pigment, factor IX, phenylalanine hydroxylase, and 
tyrosine hydroxylase) in four cell types examined (white blood cells, liver, K562 
erythroleukemia cells, and chorionic villus cells). These results indicate that there is a 
basal rate of transcription, splicing, and polyadenylation of tissue-specific mRNAs in 
adult and embryonic tissues. In addition to revealing sequence information, it is 
possible to generate a desired in vitro translation product by incorporating a 
translation initiation signal into the appropriate PCR primer. RAWTS can be used to 
obtain novel mRNA sequence information from other species as illustrated with a 
segment of the catalytic domain of factor IX. In general, the ability to obtain mRNA 
sequences rapidly across species boundaries should aid both the study of protein 
evolution and the identification of sequences crucial for protein structure and function. 

R ECENTLY, METHODS HAVE BEEN complementary to the region to be ampli- 
described for the direct sequencing fied, (iii) transcription with a phage pro- 
of genomic DNA that are based on moter, and (iv) reverse transcriptase-medi- 

PCR (1, 2). One of these methods, known ated dideoxy sequencing of the transcript, 
as genomic amplification with transcript se- which is primed with a nested (internal) 
quencing ( G A ~ s ) ,  incorporates a phage 
promoter sequence into at least one of the 
PCR primers (2). GAWTS has been modi- 
fied to allow RNA to be directly sequenced. 
RAWTS consists of four steps: (i) cDNA 
synthesis with oligo(dT) or an mRNA- 
specific oligonucleotide primer, (ii) PCR 
where one or both oligonucleotides contains 
a phage promoter attached to a sequence 

Depamnent of CeU Biology and Molecular Biology, 
Mayo CliniciFoundation, Rochester, MN 55905. 

~ l i~onuc le~ t ide .  The incorporation of a 
phage promoter by PCR has three major 
advantages: (i) transcription produces a sec- 
ond round of am~lification, which obviates 
the need for purification subsequent to 
PCR; (ii) transcription can compensate for 
suboptimal PCR; and (iii) transcription gen- 
erates a single-stranded template, which in 
routine practice tends to give a more repro- 
ducible sequence than obtained directly from 
a linear double-stranded PCR product. 

RAWTS is extraordinarily sensitive be- 

Table 1.  Sequencing of tissue-specific human 
mRNAs. Blue pigment, BP; factor IX, F9; 
phenylalanine hyroxylase, PH; tyrosine hyroxy- 
lase, TH. 

Tissue BP F9 PH TH 

Blood + + + + 
Liver + + + + 
K562 + + + + 
CVS + )* + + 
*Factor IX could not be amplified from cultured cho- 
rionic villus cells but this is most likely a consequence of 
the partial degradation of this RNA (as indicated by the 
relative intensity of the 28.3 and 18.3 ribosomal RNA 
species), since the gimers  utilized for amplification 
required that more an 2 kb of the mRNA be intact, 
whereas sequencin of the other mRNAs required that 
no more than 1.1 &b be intact. 

cause it combines the amplification generat- 
ed by phage transcription with the amplifi- 
cation generated by PCR. To determine 
whether tissue-specific mRNAs could also 
be detected, total RNA was isolated from 
white blood cells, liver, K562 erythroleuke- 
mia cells, and cultured chorionic villus cells. 
The RNA was isolated by lysing the cells in 
the presence of guanidium-HC1 except for 
the K562 cells, in which lysis occurred into 
SDSIproteinase K, followed by phenol ex- 
traction (3). Single-stranded cDNA was 
made from total RNA by priming reverse 
transcriptase with oligo(dT). R A W S  was 
performed on four tissue-specific mRNAs: 
blue pigment, which is expressed in the 
retina; factor IX and phenylalanine hydroxy- 
lase, which are expressed in the liver; and 
tyrosine hydroxylase, which is expressed in 
the brain and adrenal gland. How the prim- 
ers were chosen for the retina-specific blue 
pigment mRNA is shown in Fig. 1. The 
first set of PCR primers were: BP-(T7- 
29)E5(1453)-44U, which contains the T 7  
promoter sequence, and BP-E4(1230)- 16D 
[Fig. 1; for an explanation of the notation, 
see ( 4 ) ] .  The primers chosen span at least 
one intron, so the genomic sequence can be 
distinguished from that of mRNA. Se- 
quence of the blue pigment mRNA was not 
obtained from white blood cell RNA even 
after 40 cycles of PCR. Therefore, we did a 
second amplification by diluting an aliquot 
of the first PCR mix 1000-fold in a fresh 
PCR mix and reamplifying with the same 
T 7  promoter oligonucleotide primer along 
with E4(1259)-17D. An amplified fragment 
of predicted size was seen (Fig. 2A). The 
fragment was transcribed and then se- 
quenced with BP-E4(1293)-17D as the pri- 
mer for reverse transcriptasse. Intronic se- 
quence was absent, confirming that mRNA 
and not DNA was the origin of the signal 
(Fig. 2C). By performing the two rounds of 
PCR, sequence information could also be 
obtained from liver, K562, and chorionic 
villus RNA (Fig. 2A and Table 1). With one 
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