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Complete Nucleotide Sequence
of a Replicating RNA Molecule

The sequence suggests how nucleic acids exhibit pheno-

types for selection and can evolve to greater complexity.

D. R. Mills, F. R. Kramer, and S. Spiegelman

We report here the complete sequence
of an RNA molecule capable of extra-
cellular replication. Use was made of
“fragment length mapping,” a new
strategem that permits the unambigu-
ous ordering of sequence blocks by de-
termining which of several alternatives
is closest to the block being extended.

A number of unexpected implications
for the rules of precellular evolution
emerged from the present study and we
may briefly note them. The primary se-
quence contains a surprising number of
intrastrand antiparallel complements, a
peculiarity generating the potentiality
for extensive secondary and tertiary
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structures containing antiparallel stems
and loops. This possibility would allow
these molecules to go beyond their pri-
mary sequences and exploit the selec-
tive advantages of their two- and three-
dimensional consequences; a distinction
between genotype and phenotype could
thus arise before the primary sequence
was used for translational purposes.

If, as seems likely, selection operates
on secondary and tertiary structures,
one can begin to identify the forces
that could drive these molecules to
greater length and complexity, a nec-
essary prelude to the invention of cells
and their components. Further, we will
see how complementary copying and
antiparallelism could have served to
guide the evolution of the replicating
single strands toward greater structural

22. W. R. Bullard, Amer. Antiq. 25, 355 (1960).

23. K. Ruppert and J. H. Denison, Publ. Carnegie
Inst, Wash. 543, 1 (1943).

24, W, T. Sanders and B, J. Price, Mesoamerica:
The Evolution of a Civilization (Random
House, New York, 1968).

25. D. Diitting, Z. Ethnol. 95, 204 (1970). Inde-
pendent discoveries of the ‘“‘marriage” glyph

were made by Berlin [Antropol. Histor.
Guatemala 10 (No. 1), 15 (1968)] and E. W:
Forstemann [Pap. Peabody Mus. Amer.
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at Piedras Negras, Guatemala, apparently
with a ruler from Yaxchildn. This example
parallels the Naranjo case because the mar-
riage is recorded at a secondary site; how-
ever, the woman appears to be from Piedras
Negras and the man from Yaxchilan.
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(1965).

27. J. Genet and P. Chelbatz, Histoire des
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years by Harvard University; Dumbarton
Oaks, Washington, D.C.; and the American
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my research, Margaret Van Bolt prepared
Figs. 1, 2, 4, 5, 6, and 8.

complexity. With the appearance of the
first primitive cell the structural “phen-
otype” of the gene would become ir-
relevant as a selective element, and
one could afford to store translatable
genetic information in the perfectly
paired double helix we know today.

The possibilities for such studies came
in 1965 when we isolated (/, 2) a tem-
plate-specific RNA replicase from Ej-
cherichia coli infected with Q@, an
RNA bacteriophage, and established
that the enzyme preparation could me-
diate a virtually indefinite autocatalytic
synthesis (3) of biologically competent
and infectious RNA (4). We further
showed (5) that when Qg replicase is
presented wtih either of two genetically
distinct QB-RNA molecules, the RNA
synthesized is identical to the initiating
template. This proved that the RNA
is the instructive agent in the synthesis,
thereby satisfying the operational defi-
nition of a self-instructive duplicating
entity.

These findings opened up several
novel experimental pathways. Poten-
tially, one of the most interesting was
that biologists were provided for the
first time with an opportunity to ex-
plore Darwinian selection with nucleic
acid molecules replicating outside a liv-
ing cell. This situation simulates cer-
tain aspects of precellular evolution,
when environmental discrimination pre-
sumably operated directly on the repli-
cating gene, rather than on its trans-
lated product. The comparative sim-
plicity of the system and the accessi-
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bility of its known chemical compo-
nents to manipulation permit the im-
position of a variety of defined selec-
tion pressures during growth of the
replicating molecules.

In the test tube, the QB-RNA mole-
cules are liberated from many of the
restrictions stemming from the require-
ments of a complete viral life cycle.
Thus, since replicase is provided, and
since the RNA molecules need not in-
fect cells for replication, the sequences
coding for coat proteins and replicase
might be dispensable. It was of obvious
interest to design a selection experi-
ment to test whether this possibility
was in fact realizable. To this end a
serial transfer experiment was per-
formed (6) in which the selective ad-
vantage depended upon rapid comple-
tion of synthesis. The time between
successive transfers was decreased as
the molecules adapted by increasing
their growth rates. The outcome was
what might have been expected: the
smaller the polynucleotide chain, the
shorter the time required for comple-
tion. Accordingly, in response to the
selection pressures imposed, the mole-
cules eliminated dispensable sequences
while retaining those required by the
replicase for recognition and replica-
tion. As the experiment progressed, the
molecules became smaller in a series of
apparently discontinuous steps. By the
74th serial transfer, they had reached
the lower size limit of 550 nucleotides
attainable by this device. In doing so,
these molecules (V-1 RNA) had dis-
carded some 88 percent of the genetic
information originally contained in the
Qp strands. That these abridged RNA
variants were in fact derived from QB
was established by hybridization ex-
periments (7).

Variant molecules of the V-1 class
were then transferred under conditions
conferring advantages on molecules that
could institute rapid synthesis when the
reaction was initiated with as little as a
single strand. In this manner, we isolated
V-2 RNA, a strain of molecules that
could be cloned (8). By variation of the
specific nature of the selective pres-
sures, other variants were derived from
V-2, which could replicate at severely
limiting concentrations of one of the
required ribosidetfiphosphates or in'the
presence of such inhibitory agents as
tubercidin triphosphate (9), ethidium
bromide, or proflavin (10).

It was evident from even the limited
set of successful examples, and the ease
with which they were attained, that the
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number of identifiably different mutant
molecules possessing prespecified pheno-
types was virtually unlimited. The only
restriction would appear to stem from
the ingenuity of the experimenter in
devising the appropriate selective con-
ditions. This diversity of phenotypes be-
comes understandable if the nucleic acid
molecules can have a variety of sec-
ondary and tertiary structures <{see
below).

As we have noted previously (I1),
these experiments provided a plausible
solution to the following dilemma of
precellular evolution: “What pressures
could have forced nucleic acid molecules
toward greater length and complexity,
a necessary prelude to the invention of
cells or subcellular components?”’ It
is possible to imagine interactions of
mutant molecules and a primitive cata-
lyst that would be similar to those
discussed here. Nucleotide sequence
changes that increased the -catalytic
capacity or accuracy even slightly
would exert powerful selective effects
in these precellular stages of evolving
genetic material. Further, if, as seems
likely, these interactions occur via sec-
ondary and tertiary structures, pres-
sure to evolve toward greater length
and complexity could be considerable.

In addition to their evolutionary in-
terest, abbreviated molecules that have
eliminated segments unnecessary to the
enzyme for replication provide ideal
objects for a detailed chemical analysis
of the recognition and replication
processes.

Search for a Replicating Molecule

That Can Be Easily Sequenced

It became evident that a truly pro-
found exploitation of the insight in-
herent in this in vitro system, and one
that would bring us closer to the kind
of chemical understanding we desired,
demanded that we start selection with
an RNA molecule of completely known
sequence. To attain this goal, we sought
for a replicating molecule with the fol-
lowing properties: (i) It should replicate
in a manner recognizably analogous to
that of QB-RNA (7, 12-14). (ii) It should
be possible to isolate at least one of the
two complementary strands for inde-
pendent sequencing. (iii) It should be
smaller than the 550-nucleotide length
of the variants we had thus far studied
so that its absolute sequence, and those
of its mutants, could be obtained with-
out inordinate time and effort.

We have reported (I5) the isolation
of a replicating RNA molecule (MDV-1;
that is, midivariant-1) that contains 218
nucleotides and possesses the other fea-
tures justifying the effort required to
obtain its absolute sequence.

We now present the complete se-
quences of the plus and minus strands
of this variant. In doing so we do not
attempt to describe the extensive data
accumulated, which led to the final se-
quences (/6). Only the key experiments
are summarized with particular em-
phasis on the new sequencing tech-
nology which we have devised.

Sequencing of Uniformly Labeled
RNA Molecules

The basic pattern for sequencing
RNA molecules introduced by Holley
et al. (17) uses material synthesized in
vivo and proceeds according to the fol-
lowing scheme: (i) Degrade the polynu-
cleotide into oligonucleotides with the
aid of the two endonucleases, pancreatic
ribonuclease A and ribonuclease T;. (ii)
Isolate each oligonucleotide, a chore
made very much easier by the extraordi-
narily convenient two-dimensional elec-
trophoresis procedure of Sanger et al.
(18). (iii) Determine the composition,
sequence, and multiplicity of each oligo-
nucleotide. (iv) Link the oligonucleotides
into extended RNA segments by locating
unique sequence overlaps among the
oligonucleotides generated by ribonu-
clease A and ribonuclease T, digestion.
(v) Finally, assemble the extended
RNA segments into the complete se-
quence with the aid of an overlapping
set of larger fragments isolated from
partial nuclease digestions of the origi-
nal RNA molecule. Step (iii) is lengthy
and laborious with uniformly labeled
molecules. Further, the large fragment
isolation required in the last step often
poses technical difficulties of consider-
able magnitude.

Strategy of Sequencing RNA

Molecules Synthesizable in vitro

If the molecule being sequenced can
be synthesized extracellularly, the logic
of the sequencing procedure can be
modified to ease the labor and, to
a large extent, avoid the difficulties in-
herent in dealing with uniformly labeled
material. The determination of the com-
position, multiplicity, and sequence of
a given oligonucleotide is readily ac-
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complished by running four separate re-
actions, each containing one of the
ribosidetriphosphates labeled with 32P
in the « position and a fifth reaction
containing all four ribosidetriphosphates
labeled to the same specific activity.
The fifth reaction serves to locate all
the oligonucleotides produced and at
the same time yields their composition.
The four individually labeled reactions
provide nearest-neighbor information
(19) from which the sequences of many
of the oligonucleotides can be directly
deduced (20).

Use of Nearest-Neighbor Information

Here advantage is taken of the fact
that in a cleavage of 3’,5’-phosphodies-
ter bonds, whether by enzyme or alkali,
the phosphorus of the resulting 2’ or 3’
nucleotides derives from the 5’ a-phos-
phorus of their nearest 3’ neighbors. If
this type of analysis is carried out on
a particular oligonucleotide derived
from each of the four individually
labeled syntheses, the data obtained
almost always lead to the deduction of
its unique sequence (20).

To exemplify this methodology, con-
sider the ribonuclease A fragment
pppGpGpGpGpApCp/C (21). This is
of course the 5’ terminus of the original
molecule since the terminal G carries
the triphosphate group, a fact estab-
lished by the presence in subsequent
alkaline or Ty hydrolyzates of the tetra-
phosphate pppGp. The composition of
the fragment was determined from a
uniformly labeled synthesis by separat-
ing and counting the 32P-labeled nu-
cleotides produced by alkaline hydrol-
ysis. The results indicated that the
fragment contained four residues of G
and one each of A and C. The sequence
of the six residues was then established
from the individually labeled syntheses
as follows. Alkaline hydrolysis of the
terminal fragment derived from the
synthesis containing [«-2P]JGTP re-
vealed that only G residues were labeled
with 32P. Consequently, no G occurred
on the 3’ side of either A or C, and all
four G residues must therefore adjoin
each other at the 5/ end of the fragment.
The reaction containing [a-32P]ATP
yielded a fragment that contained one
G residue with 82P, establishing that the
A residue follows immediately on the 3’
side of the four G residues. Finally, the
A was labeled with 32P only in the
synthesis containing [«-32P]CTP, placing
the C after the A, thus completing the
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Fig. 1. Polyacrylamide gel electrophoresis
of self-annealed MDV-1 RNA. The RNA
product was synthesized and isolated (15).
Prior to gel electrophoresis, the RNA was
self-annealed for 60 minutes at 65°C ih
400 mM NaCl, 3 mM ethylenediamine-
tetraacetic acid. The RNA species were
then analyzed on 4.8 percent polyacryl-
amide gels (24) by electrophoresis at 10
ma per gel for 120 minutes. The RNA’s
from peaks 1 and 2 were eluted and pre-
cipitated with ethanol (/5). Peak 1 con-
tained only MDV-1 (4) RNA, the
strand synthesized in excess. Peak 2
contained duplex structures formed by the
annealing of the complementary MDV-1
(—) and MDV-1 (+4) strands.

sequence of the fragment. Confirmation
of this can be obtained by digestion of
this fragment with ritonuclease Ty,
which should, and does, lead to the
production of ApCp/C.

It should be further noted that near-
est-neighbor information helps in order-
ing the oligonucleotides. For example,
the 3’ terminal Cp of the 5’ terminal
fragment was labeled with 3P only in
the synthesis containing [«-32P]JCTP.
This implies that the next oligonucleo-
tide on the 3’ side of this fragment must
contain a C on its 5’ end. This type of
information usefully limits the number
of ways sequences can be assembled.

Use of Complementary' Strands for

Sequence Information

Another advantage derivable from an
in vitro synthesis is the availability of
the plus and minus strands produced in
the synthetic reaction. We have shown
that MDV-1 (I5), like QB8 (I4) and V-2
(7), replicates via a complementary
antiparallel intermediate. Therefore,
every purine-rich segment of the plus
strand must be represented by an anti-

parallel pyrimidine-rich segment in the
minus strand. By comparing oligonu-
cleotides obtained from the plus strand
with those from its complement, one
can find overlapping complementary
matches of sufficient length to extend
and confirm known sequences.

Use of Synchronized in vitro Reactions

In their elegant sequence studies of
QpB-RNA, Weissmann and his colleagues
(22) introduced the use of another
benefit inherent in an in vitro synthesis.
Knowing that the first six residues at
the 5’ end of Qg consist only of G and
A, they initiated the synthesis at 37°C
with a reaction mixture lacking CTP
and UTP. This allows all the molecules
to begin and then halt after the inser-
tion of the first six residues. The tem-
perature was then lowered to 20°C to
discourage new initiations and to slow
down subsequent polymerization. The
missing CTP and UTP were then
added, resulting in a synchronized onset
of synthesis from the same point in
all the molecules. Samples were taken
at 5-second intervals, and the time re-
quired for a particular oligonucleotide
to appear in the growing molecule was
used to locate its position in the se-
quence. This procedure permitted the
ordering of the first 300 nucleotides,
although larger fragments obtained by
partial nuclease digestion were still
required to sort out the sequence.

Method of “Fragment Length Mapping”

of Oligonucleotides

Ingenious as it is, the use of timed
samples of synchronized polymerizations
depends for success on two assumptions
that are not always, or indefinitely, sat-
isfied. One assumption demands that the
replicase molecules traverse the polynu-
cleotide template at constant speed dur-
ing the sampling period, and the second
requires that the reinitiated polymeriza-
tions remain in synchrony. The latter
demand can hardly be maintained in-
definitely, and a distance of about 300
nucleotides appears to be the limit.
Beyond this, the synchrony becomes
sufficiently blurred to interfere seriously
with the resolving power of the method.
The requirement of constant speed is
likely to be satisfied only along polynu-
cleotide stretches lacking significant sec-
ondary structures in the form of base-
paired helices. This was a complication
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that was probably aggravated in our in-
stance, since, as will be seen, a major
portion of our molecule is probably in-
volved in such duplex-containing struc-
tures. Another difficulty originated from
the 70 percent G + C content of our
molecules, resulting in the production of
a great many small oligonucleotides by
digestion with ribonuclease.

In any event, we found that timed
samples of synchronized reactions con-
tained partially synthesized fragments of
a rather broad size class that could not
be used to arrange the oligonucleotides
into an internally consistent linear ar-
ray. We therefore devised a method of
mapping by fragment length, a proce-
dure that does not depend on constant
rates of polymerization, avoids the
ambiguities generated by loss of syn-
chrony, and provides a higher degree
of resolution. Examples of the method
are described below, and we need here
only note its simple logic. In any nu-
cleic acid synthesis mediated by a nu-
clease-free polymerase, every fragment
will contain the 5’ terminus. To locate
a specific oligonucleotide, one need only
determine the minimum fragment length
required to ensure its presence. Separa-
tion of partially synthesized RNA frag-
ments into narrow size classes can be
achieved by electrophoresis through
polyacrylamide gels.

We now describe each of the sequenc-
ing steps dictated by the particular
strategy adopted. Emphasis will be
focused on the plus and minus strand
oligonucleotide catalogs, the construc-
tion of extended sequence blocks by the
use of complementary oligonucleotides,
the logic used in deciding which blocks
can be joined, and finally on the “frag-

Table 1. MDV-1 RNA plus strand catalogs. The RNA from peak 1 was analyzed by diges}ion
with ribonuclease T; and ribonuclease A. The oligonucleotide fragments obtained from these
digestions are listed. The actual fragments are contained within the vertical bars. The residue
outside each bar indicates the identity of the nearest-neighbor nucleotide. The nearest neighbor
on the 5’ side of ribonuclease A fragments can be either C or U. The number of times
each fragment occurs in the RNA is indicated to the left of its sequence. The occurrence of
many small fragments is due to the high G +C content (70 percent) of the RNA.

Ribonuclease Ty digest

5 G|glc 2 G|acelc 2 6|cus|c
4 6lclA 2 Glacela 1 G|cuaG|c
13 GlGle 1 GJAAGIA I GJuAcG|G
4 ¢6l6lu 2 6laAGlG  %G|ccucGla
5 G|celc 1 elcceslc % 6lccucs|u
3 GJcelA 1 GJACCGlU | G]JUCACG|G
I GJCG|6 | GJCACG|A I GJUUCG|A
2 GlcGlu | G|AAccG|c | Glcuuca|c
1% GJAG|A | G]CCACG|C | 6]uUUCG|G
3 G|AGlG 2 6lus|c | Gjcuuuce|c
2 G|AG|U 3% GluG|A 1 pppG|G

2 GJcaslc | Gluele 1 GJuuccee-oH
I G]ACCCCCG|A I Glccecuucs|c

I G|AcCCeees|6 I GJACCUUCG|U

I G]caccucGlu 1 G|CUCUCCAG|G

Ribonuclease A digest

I slulc 1 §laclc 3 §leacic

I §|JUlA 4 §lACIG 3 §|GAC|G
2 glule 2 gleclc 1 §lasc|c
6 §lulu 3 glecla 2 §laccle
13 §lclc 7 §lecle 1 §leaclc
3 §lcla 5 gleclu 1 §leec|
13 glcle 1 §JeUJA I §leeeClA
5 §lclu 3% §jeulc | §lesec|u
| §lc-on | §leulu 1 EleAculc
| pppGGGGAC|C 1 §laceulG
% §|GAAGAGGC|G 2 §|6AGGU|G
% §|GAGAAGAGGC|G | §]GGGAGU[U
| §|GAAGGGGGGUJU | §|GAGAAC|C
| §| GGAAGGGGGGAC|G

ment length mapping” of the extended
sequence blocks with the aid of high-
resolution gel electrophoresis. We con-
clude with the complete sequences of
the two complementary strands and a
discussion of their probable secondary
structures.

Synthesis of the Plus and
Minus Strands of MDV-1 RNA

Figure 1 shows a 4.8 percent poly-
acrylamide gel profile of a representa-
tive self-annealed product from a reac-
tion initiated with MDV-1 (+) RNA.

. W
LI ) -
[ )
CTP ‘e CTP
* \
L]
. ®
Q.
L)
®
MDV-1 (+) RNA

MDV-1 (+/—) RNA

We have previously shown (I5) that
peak 1 contains mature single strands,
peak 2 consists of double-stranded du-
plexes of antiparallel complements, and
peak 3 comprises multistranded com-
plexes with both complementary strands
present in various proportions. Since
the material was self-annealed prior to
electrophoretic separation, peak 1 con-
tains the single strand made in excess,
which we have designated as the plus
strand, in accordance with the situa-
tion that obtains in the in vitro syn-
thesis of QB-RNA (14). All three peaks
are easily eluted from the gels in high
yield for further charaéterization.

@ Fig. 2. Comparison of ribonuclease T: digests of MDV-1 (+)

and MDV-1 (4/—) RNA. RNA from peak 2 was melted to
separate the strands of the duplex into an equimolar mixture

b of plus and minus RNA, digested with ribonuclease, and ana-

lyzed by two-dimensional electrophoresis (18). The resulting
two-dimensional nucleotide patterns (fingerprints) were more

A complicated than their plus strand counterparts, as they con-

tained the fragments of both strands. The minus strand oligo-
nucleotides were identified by a comparison of the duplex and
single-stranded fingerprints. The ribonuclease T; fingerprints
shown were obtained from [a-**P]CTP-labeled RNA. Some of
the fragments found only in the minus strand are circled. Many
other minus strand oligonucleotides, however, are identical to

@ those found in the plus strand.

-
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Oligonucleotide Catalogs of MDV-1
(+) RNA

Four separate syntheses were run,
each containing one of the four ribo-
sidetriphosphates labeled with 32P in the
a position, and the RNA in peak 1
was isolated. Portions were subjected in-
dividually to either ribonuclease A or
T, digestion. The oligonucleotides were
then separated by the Sanger (18) two-
dimensional electrophoresis procedure.
In those few cases where oligonucleo-
tides were not adequately resolved (that
is, the very large oligonucleotides de-
rived from ribonuclease A digestion),
the digests were first separated accord-
ing to size (isopleths) by urea-diethyl-
aminoethyl cellulose chromatography
(23), and then each isopleth was re-
solved into its component oligonucleo-
tides by two-dimensional electro-
phoresis.

Every oligonucleotide from the four
syntheses was eluted and subjected to
alkaline hydrolysis. The resulting 2’ and
3’ nucleotides were separated electro-
phoretically, and the distribution of 32P
was determined, in order to yield the
nearest-neighbor analysis of each resi-
due.

As a further aid, each oligonucleotide
was digested with the nuclease not used
to produce it. Thus, T; oligonucleotides
were digested with ribonuclease A and
vice versa. Electrophoretic separation of
these digests yielded predictable se-
quence elements of each oligonucleo-
tide. They served to confirm, and in
many cases helped to establish, the
sequence of each oligonucleotide. In
certain instances partial digestion with
spleen phosphodiesterase (I8) was also
used to obtain sequence elements of
oligonucleotides.

When the chain length of a particular
oligonucleotide was in doubt, it was first
exposed to alkaline phosphatase to re-
move charges due to terminal phos-
phates, and then chromatographed again
on diethylaminoethyl cellulose with
known chain length markers as de-
scribed (20).

The 3’ terminal oligonucleotide was
identified by alkaline hydrolysis of a
product synthesized with [BH]CTP. The
3’ oligonucleotide terminus yielded the
nucleoside [3H]cytidine, whereas the
other fragments gave only nucleotides
on hydrolysis. The 5’ terminus was
identified as the only ribonuclease A
fragment that was labeled by [y-32P]-
GTP and by the fact that it yielded
pppGp on alkaline hydrolysis.

Once the sequence of each oligonu-

920

cleotide was ascertained, its molar fre-
quency in the molecule was determined
by comparing its 32P content with that
of the entire digest. '

Table 1 summarizes the complete T,
and ribonuclease A oligonucleotide cata-
logs determined in this manner. All
oligonucleotides in this and subsequent
tables and figures are written in the 5’
to 3’ direction. The residues outside the
vertical bar on the 5’ side are deduced
from the known properties of the
enzyme used to obtain the fragment.
The residues on the 3’ side of the ver-
tical bar are derived from nearest-
neighbor information. The multiplicity
of each oligonucleotide is indicated to
the left of its sequence. Of interest is
the appearance of a few fragments with
nonintegral values, a puzzling feature
that was ultimately resolved by the dis-
covery that our variant was a mixture
of two mutants that differed at residue
104 of the plus strand.

Oligonucleotide Catalogs of MDV-1
(=) RNA

Since the complementary MDV-1 (—)
RNA is not obtainable in adequate
yield, the oligonucleotide catalogs of
this species were obtained by a rather
different device. The double-helical
RNA (peak 2) of Fig. 1, containing
both plus and minus strands, was eluted
from the gel, concentrated, and melted.
Portions of the denatured equimolar
mixture of plus and minus strands
[MDV-1 (+/—) RNA] were then di-
gested individually with ribonuclease A
and ribonuclease T, as described for
MDV-1 (4+) RNA. The resulting digest
contained a mixture of fragments de-
rived from plus and minus strands.

For example, in Fig. 2, the single-
stranded (4+) RNA and the double-
stranded (+/—) RNA were labeled
with [a-32P]CTP and then digested with
ribonuclease T;. From these digests,
two-dimensional electrophoretic pat-
terns (fingerprints) were obtained.
Some of the sequences found only in
the minus strand are circled. Others are
clearly common to both.

To sort out the set of oligonucleo-
tides complementary to those found
for the plus strand, four duplex prepa-
rations were synthesized, each labeled
with a different riboside [a-32P]triphos-
phate. The ribonuclease A and T; di-
gests were then used to construct the
complete oligonucleotide catalogs for
the combined equimolar mixture of
plus and minus strands. The MDV-1

(+) catalogs of Table 1 were then
subtracted from the MDV-1 (4/—)
catalogs to yield the ribonuclease A
and T; catalogs of the minus strand
listed in Table 2. Again, oligonucleo-
tides with nonintegral molar frequencies
are present, a consequence of the mix-
ture of the two variants differing at
one residue.

The plus and minus catalogs of
Tables 1 and 2 were established virtu-
ally independently of each other. The
complementarity of the plus and minus
catalogs is evidence of their correctness.

Construction of Extended

Sequence Blocks

The ribonuclease T; and A frag-
ments of Tables 1 and 2 can be ex-
tended into larger sequence blocks by
the following devices: (i) If a Ty oligo-
nucleotide uniquely overlaps a ribonu-
nuclease A oligonucleotide, the one may
be used to extend the other. (ii) Nearest-
neighbor residues on the 5’ end of
oligonucleotides are deducible from the
enzyme used, and nearest neighbors on
the 3’ end are determined by identify-
ing the riboside [a-32P]triphosphate
that labels the 3’ terminal phosphate.
This nearest-neighbor information logi-
cally limits the choice of the fragments
to be placed on either side of a given
oligonucleotide. (iii) Since MDV-1 (+)
and MDV-1 (—) are antiparallel com-
plements, one can use sequences unique
in one strand to extend sequences in the
other.

For example, the plus strand catalog
(Table 1) contains the unique ribonucle-
ase A oligonucleotide Py/ GAGAAC/C.
Searching the minus strand catalog for
unique antiparallel complements, one
finds G/UUCUCG/U among the T,
fragments. This immediately allows us
to extend the plus ribonuclease A frag-
ment to includle ACGAGAACC. This
last sequence can be further lengthened
on the 3’ side by recognizing that a T;
cleavage of this segment should yield
a fragment beginning with G/AACC
.../, and there is only one such Ty
fragment in the plus catalog, namely,
G/AACCG/C. Since this must be on
the 3’ side of ACGAGAACC, the se-
quence becomes ACGAGAACCGC.

By means of these devices, all of the
oligonucleotides of the plus and minus
catalogs were assembled into the ex-
tended sequence blocks recorded in
Fig. 3. For convenient referencing the
blocks are not arranged in the order
of their identification in the course of
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Fig. 3. The extended sequence blocks. Information obtained from enzymatic digestion (Tables 1 and 2) was combined to yield 66 sections of duplex MDV-1 RNA. Each strand is
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sequences could be used to extend it. If two or more different oligonucleotides could be added in the same location, the choice could not be made. The advantage of assembling

catalog data into block form is that each block cannot be combined with every other block. The identity of each block’s nearest neighbor is logically restricted to only a few other
blocks. For instance, the right sides of blocks 24, 52, and 63 are identical. These blocks can only be linked with the left sides of blocks 25, 53, and 64. The problem at this point

cleavage are indicated by commas. In assembling the blocks, the smaller fragments of one catalog were “used up” by the larger fragments of another catalog. In some blocks, how-
was to determine which blocks on the left paired with which blocks on the right. In all, there were 15 “logical choice sets,” such as this one.

represented twice to accommodate fragments from the two enzymatic digests. The actual fragments are contained within the outline of each block, and the points of enzymatic
ever, the overlapping of larger fragments (by complementarity or identity) extended the length of the block. The size of each block was 1
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our analysis, but rather, according to
their ultimate linear arrangement in the
molecule.

The conventions used in representing
these blocks may be briefly noted. Both
minus (lower two) and plus (upper two)
strands are represented, the latter being
inverted to indicate the antiparallel
structure of the two complements and

to permit both to be read in-the 5’ to
3’ direction. Plus and minus strands
are represented twice so that the se-
quence information from the two nu-
clease catalogs could be explicitly in-
dicated. The first and the fourth rows
correspond to the ribonuclease A frag-
ments, and the second and third rows
correspond to the T, oligonucleotides,

Table 2. MDV-1 RNA minus strand catalogs. These catalogs were prepared by deleting
oligonucleotides found in each plus strand catalog from the corresponding catalog of frag-

ments obtained from MDV-1 (4-/—) RNA.

Ribonuclease Ty digest

4 Glolc 2 ofcaslc 2 clcusie

2 Gl6]A 1 claAslc 2 elucele

Il Gl6je 2 GlAAGle 1 clucGlA

6 Gloju 1 ejccesle 1 oelcuacie
5 6lcolc 1 sleceslu 1 GJUACGIA
3 G|CGJA | G|CACG|A 1 GJUCACGIG
2 GGl | GlAAAGIC I G[ACUCG[U
3 6lcelu ! 6lccacslc 1 GcAcCUCGlu
1 GlaGlc 1 GJAAACG[C | 6ucAccusle
I GlAGJA 2 &luslc 1 6Juucucelu
2 Glasle I GluGlA I perGlG

1 6lceela 1 Glugle 1 Gluccce-o
1 Glaacucces|u 2 G]CCUCUUCUCG]A
1 glucaccucs|c Y% G|CCUCUUCACG]A
i

G]AACCCCCCUUCGG 1 Bluceeeecuuces|6

Ribonuclease A digest

10% §lulc 3 glacle 1 §leaclu

1 Sjula 4% §lacle 1 glaccle

3 §luls 3 gleclc 2 glaccle

3 §juu 3 §lecla 1 §lescle

7 §lclc 7 §lecle 1 glecule
4% §lc]A 2 §leclu 1 §lecuju
13% §lcjle 4 gleujc 1 glecacly
8% §lclu 1 §leula I §leAacl

I glc-on 3 gleuje I §leAceeis
I pppGGGGAAC|C I §|eAAGC[A
1 §leaceuls 1 §leanacle
1 §lesessulc I §|eAnacc|e
I §leaaceulc I §|GAAGGGE[C
I gleceeeeulc 1 §|eGAGAGC|G

I
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Fig. 4. Isolation of incomplete MDV-1 (—) RNA’s by gel electrophoresis. (A) A
reaction, with an excess of MDV-1 (4) RNA as template, was carried out at 38°C in
the absence of CTP and UTP, to assure that chain initiation would occur without
chain elongation beyond the initial GGGGAA sequence. The temperature was dropped
to 20°C, and then CTP and UTP were added. Samples were taken at intervals as the
chains elongated; the samples were pooled, resulting in a mixture of incomplete minus
strands, all containing the 5’ end. The RNA was then purified, melted at 100°C, and
separated according to' length by electrophoresis through a 7.2 percent polyacrylamide
gel. The RNA in each of 22 gel slices (labeled A through V) was isolated and sub-
jected to electrophoresis again on 22 separate 7.2 percent gels. (B) The data from
some of these second gels are plotted to illustrate the narrowness of the size classes
isolated from each slice of the first gel. Moreover, only the RNA in the peak slice
of each of the second gels was used for fragment length mapping. The resulting 22
RNA preparations were each exceptionally homogeneous in length.
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the commas indicating points of enzy-
matic cleavage. Only the residues en-
closed within the outlined figures belong
to the final sequence. The outside resi-
dues on either side of each block are
deduced from identity, complementarity,
enzyme specificity, and nearest-neighbor
information. These external residues are
brought in by the neighboring block.
They, and the end shape of a block,
help in choosing its nearest neighbor.
The actual fragments that will “replace”
the external residues of a block are to
be found within the outlined figure of
the adjoining block.

Logical Restrictions in

Connecting Sequence Blocks

When one strand of RNA is se-
quenced, nearest-neighbor information
narrows the choice as to which oligo-
nucleotide can be placed next to an-
other. When double-stranded RNA is
sequenced, nearest-neighbor data play a
similar but far more selective role be-
cause each sequence block contains the
two complementary strands and the
demands made by the nearest neighbor
of both strands must be satisfied. Two
blocks can join together only if the
external residues of the plus and minus
strands of one block are precisely re-
placed by the identical internal residues
of the plus and minus strands of the
neighboring block.

For example, consider in Fig. 3 the
problem of identifying the right-hand
neighbor of block 34. Examination of
all the sequence blocks reveals that only
two blocks, 35 and 58, fulfill the re-
quirements. Thus, the problem has been
reduced to a choice between two alter-
natives. Once it is known which block
pairs with block 34, the remaining block
can be joined with the right side of
block 57, as it is the only other block
with a right side identical to block 34.
Having narrowed the choice this far, it
is only necessary to determine which
pairs are close together in the molecule.
To make this and similar choices, we
developed the technique of “fragment
length mapping.”

“Fragment Length Mapping” of the
Extended Sequence Blocks

We now describe the device for
ordering sequence blocks that is in-
dependent of the time of their appear-
ance or the rate of synthesis. Since our
enzyme preparation is effectively free of
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nuclease, every partially completed
molecule in our reaction mixture will
contain the 5’ terminus. If a collection
of fragments synthesized haphazardly
with respect to time or speed can be
separated according to size, the follow-
ing question can be answered: What is
the minimum fragment length required
to guarantee that it contain a specified
oligonucleotide? If made sufficiently
precise, it is evident that the answer
locates the oligonucleotide in question
in terms of distance from the 5’ end of
the molecule. Separating RNA frag-
ments according to size is achieved by

electrophoresis through polyacrylamide
gels (24). Further, the resolution ca-
pacities can be easily adjusted by vary-
ing gel strength and degree of cross-
linking to suit the RNA size class.

To ensure a complete collection of
fragment sizes, syntheses were carried
out for varying periods, from 20 to 200
seconds. The products were then pooled
and purified. To make certain that frag-
ments of only the minus strand were
synthesized, two precautions were taken.
The reactions were carried out with a
vast excess of the plus strand to mini-
mize initiation on any completed minus

suands. Further, after the 37°C initia-
tion step, the temperature was dropped
to 20°C to discourage any new starts.
Fingerprint patterns of the pooled prod-
ucts revealed only minus strand oligo-
nucleotides.

The mixture of products was sub-
jected to electrophoresis through a 7.2
percent polyacrylamide gel and yielded
the size classes shown in Fig. 4A. Each
of the 22 gel slices was assigned a
letter. The smallest (A) contained
fragments of approximately 30 nucleo-
tides in length and the largest (V)
consisted of completed chains.
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Fig. 5 (left). Fragment length mapping of an oligonucleotide. Each of the 22 size classes of incomplete MDV-1 (—) RNA
was digested with nuclease and analyzed by two-dimensional electrophoresis. The sequence GAAAGC is found as a unique spot
in the ribonuclease A fingerprint. This spot is not present in digests of incomplete RNA’s smaller than size class N, but is fully
present in digests of RNA’s larger than size class P. By measuring the number of moles of GAAAGC present in each finger-
print, it was found that a minimum fragment length of 141 nucleotides was required to assure the presence of this oligonu-

cleotide in the molecule.

Fig. 6 (right). Fragment length mapping of three AGC oligonucleotides. The mapping technique

easily resolved the three rises resulting from the occurrence of AGC three times in the minus strand. The first two AGC
fragments to appear had a 3’ neighbor G and therefore each contained 2 moles of [*P]G. Oligonucleotides were eluted from
the AGC spot in each of the 22 fingerprint patterns and analyzed by alkaline hydrolysis. The results confirmed that the last of
the three AGC residues to appear was the one with a C neighbor.
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Fig. 7. Solving a logical choice set. The data obtained N N
from fragment length mapping would not have been of 20 40 60 80 100 120 140 160 180 200 220
sufficient resolution to have unambiguously ordered all 66 . .
Size of incomplete MDV-I (~) RNA (nucleotides)

sequence blocks
block cannot logically be linked with

in Fig. 3. Fortunately,

every sequence
every other block.

The permissible block pairings could be divided into 15 different sets of logical choices. The mapping data were of suf-
ficient resolution to link the blocks in each of these choice sets. One such set is illustrated. Each block contains a unique oli-
gonucleotide (indicated in bold type), whose position in the minus strand was determined by fragment length mapping. Block
34 could logically pair with either block 35 or block 58; however, its marker oligonucleotide CACG was mapped close to
GAAGGU, the marker of block 35. In addition the markers of blocks 57 and 58 map close to each other, thus solving this

logical choice set.
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An interesting feature of the size
distribution is the discontinuity evident
in the accumulation of particular size
classes. These irregularities can be ex-
plained by one or more of the follow-
ing: (i) Aborted syntheses might occur
with higher probability at certain sites
in the template. (ii) Particular regions

might be more difficult for the enzyme
to traverse, thus slowing it down. (iii)
The electrophoretic mobility of mole-
cules in different states of completion
may not be a smooth function of length.
All three explanations invoke secondary
structure. In any event, the observed
bias toward certain size classes explains
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Fig. 8. Ordering the sequence blocks. The final position of the larger blocks in the

sequence is indicated above. The key oligonucleotides used to map each block are

indicated by the code numbers adjacent to each rectangle. The positions at which the
key oligonucleotides appeared are indicated by the location of the codes on the map
in the lower portion of the diagram. The mapping data were not of sufficient resolu-
tion to unambiguously locate the smaller blocks. However, the logical restrictions on
block pairings, in combination with the known map positions of each block, permitted
the final sequence to be assembled. Subsequent examination of fragments obtained by
partial digestion of the molecule with ribonuclease, although not necessary, confirmed

the final sequence.
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the difficulties noted earlier in ordering
timed samples from synchronized syn-
theses. However, the bias toward cer-
tain size classes did not interfere with
the use of fragment size to locate se-
quence blocks.

The products contained in each of
the 22 gel slices were eluted separately
and precipitated with ethanol, and each
was run again on another gel (Fig. 4B).
The RNA’s in the peak slices of each
of these 22 gels were eluted and puri-
fied.

In this manner, quite homogeneous
size classes of MDV-1 (—) fragments,
all containing the 5’ terminus, were col-
lected. Each of these 22 size classes
was divided into two portions for
digestion, one with ribonuclease Ty and
the other with ribonuclease A. The
molar frequency of each oligonucleo-
tide present in the resulting two-dimen-
sional peptide patterns was determined
for every size class.

We illustrate how this information was
used for ordering sequence blocks with
several examples. Consider the ribonu-
clease A oligonucleotide GAAAGC,
which occurs only once in the minus
strand (Table 2) and is a unique marker
of sequence block 46 of Fig. 3. It is
evident from Fig. 5 that GAAAGC
rises from a molar frequency of zero to
virtually one between the size classes of
N and P. 1t is clear from the normaliza-
tion to residue number (lower portion of
Fig. 5) that this corresponds to an aver-
age chain length of 141. We can thus
locate block 46 close to the 141st nu-
cleotide of the minus strand.

A more complicated situation is il-
lustrated with the oligonucleotide AGC,
which occurs three times in the minus
strand. The AGC sequences in blocks 8
and 22 have a 3’ neighbor G, while the
AGC in block 50 has a C neighbor.
Figure 6 shows that, as expected, the
number of moles of [32P]G that label

Fig. 9. High resolution within the map.
Confirmation of the identity and location
of each block. The oligonucleotides of
each sequence block mapped close to-
gether. In no case were the predicted
components of a block found in distant
map locations. This confirmed the sequence
of each block, since the oligonucleotides
were assembled into blocks without any
knowledge of their map locations. For
example, the oligonucleotides of block 31,
shown above, were all mapped between
size classes J and K. Furthermore, the
close mapping of many oligonucleotides
from the same block increased the cer-
tainty with which a block could be located
in the sequence.
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AGC go through three rises. The two
oligonucleotides with G neighbors ap-
pear first, at average chain lengths of
37 and 64, respectively. The last AGC,
with a C neighbor, was mapped at
nucleotide 141, which is in the second
half of the molecule.

In discussing how sequence blocks are
connected, we pointed out that nearest-
neighbor information and shape of the
ends impose logical restrictions that nar-
row the possibilities to comparatively
few choices. In the particular example
chosen, we found that either block 35
or block 58 could fit on the right side
of block 34. By similar reasoning, block
35 or block 58 could fit on the right
side of block 57. We now illustrate

how the correct choice was made by

the use of fragment length mapping.
In what follows, the oligonucleotides
and the partially synthesized fragments
being analyzed belong to the minus
strand. Each of the four blocks we are
concerned with contains a unique and
identifying oligonucleotide. Thus, block
34 contains the ribonuclease T, frag-
ment CACG, block 35 includes the
ribonuclease A piece GAAGGU, block

a

3@

@6

37 is identified by the ribonuclease T,
segment- UACG;, and finally block 58
contains GAGGU, a ribonuclease A
oligonucleotide. Since each of these oc-
curs only once in the minus strand
catalog, each will undergo precisely
one rise as a function of fragment
length. Those that occur in neighboring
blocks should make their appearance
together in fragments of about equal
minimum length. Figure 7 shows the
minimum fragment length analyses for
the identifying oligonucleotides and
illustrates the certainty with which the
correct choice can be made. It is clear
that CACG is close to GAAGGU and
that UACG is a neighbor of GAGGU.
The results link block 34 to 35 and
block 57 to 58.

There were 14 other sets of choices,
many involving more than two possibili-
ties, that had to be solved. However, in
all cases the fragment length procedure
yielded unique solutions. Figure 8 shows
the map obtained from oligonucleotides
labeled with [«-32P]GTP. Additional ex-
periments were also performed using
the other three riboside [a-32P]triphos-
phates. The resulting data, in conjunc-

tion with the logical restrictions im-
posed by the sequence blocks, yielded
information that led to an unambiguous
linear arrangement of the blocks, as
shown in Fig. 8.

As an example of the high resolving
power of the method, Fig. 9 shows an
expanded region of the fragment length
map. Sequence block 31 logically con-
tained minus strand ribonuclease T,
fragments CCG/A and AAACG/C,
as well as ribonuclease A fragments
C/G and GAAAC/G. The expanded
map between size classes J and K
shows the occurrence of each of the
predicted elements. It must be em-
phasized that in this type of analysis
the attempt is not to order the individ-
ual oligonucleotides, but rather the se-
quence blocks they identify. In no case,
however, did the resulting map loca-
tions of the oligonucleotides suggest
that the already established internal se-
quences of the blocks were not correct.
Once the order of the sequence blocks
had been determined, the final se-
quences were known. Figure 10 shows
the complete nucleotide sequences of
both strands of MDV-1 RNA.
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Fig. 10. The complete sequences of the complementary strands of MDV-1 RNA.
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Existence and Implications of

Secondary Structure

In the course of our studies a variety
of features appeared pointing to the
conclusion that the plus and minus
strands were highly structured. Both
complements had a high G+ C con-
tent (70 percent) and a self-complemen-
tary nucleotide composition, with gua-
nosine and adenosine each being equal
in molar frequency to their respective
complements. We also observed that the
plus strand was very resistant (70 per-
cent) to ribonuclease A under salt con-
ditions that encouraged base pairing.
Further, during our sequence studies
we noted that some T, oligonucleotides
were found in lower-than-expected yield
at their correct position in the finger-
print, the missing portions remaining in
the nuclease-resistant “core” at the top
of the pattern. Finally, we discovered
that a number of large oligonucleotides
occurred in both the plus and minus
catalogs. Any oligonucleotide com-
mon to both strands must of neces-
sity imply the presence of its comple-
ment in both strands. This immediately
generated the possibility of forming sec-
ondary structures involving pairing of
the corresponding complementary re-
gions in the same strand. Indeed, exami-
nation of the complete sequences made
it likely that all of these expectations
are in fact realizable. The oligonucleo-
tides common to both strands were
found to neighbor their intrastrand com-
plements, increasing the possibility that
they would complex. Furthermore, the
deficient ribonuclease T, oligonucleo-
tides were located in regions charac-
terized by the possibility of forming
hairpin structures containing loops lack-
ing G residues and therefore resistant
to ribonuclease T; digestion.

In summary, everything we knew of
the detailed chemistry of the two strands
dictated the probable existence of ex-
tensive base pairing, and this has been
taken into account in the representa-
tions of the sequences shown in Fig. 10.
It is important to emphasize that the
plus and minus strand structures shown
are based on comparatively simple rules
and suggest only some of the many
possibilities. Base pairing was assumed
to occur only between neighboring
complementary regions, separated by
between three to seven residues; and
providing the helical stem involves
four or more complementary pairs.

More complicated structures than
those of Fig. 10 can be readily produced
(25) with the aid of bulge loops (26),
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G * U pairs (27), or stem formation in-
volving distant complementary se-
quences. Further experiments are nec-
essary to verify the reality of the loops
shown and to see whether evidence for
even more complex structures can be
obtained.

Some Evolutionary Consequences
of Complementarity

It is plausible to argue that the ability
of complementary bases to pair by way
of hydrogen bonds made possible the
emergence of nucleic acids as self-in-
structive replicating entities. The use of
base pairing demands that replication
occur by way of complementary inter-
mediates and this in turn introduces re-
straints on the evolutionary pathway.
Thus, if a given variant is superior be-
cause of a particular sequence in its
plus strand, optimization of the selec-
tive advantage would encourage the in-
clusion of the same sequence in the
minus strand. This can be assured only
if the plus strand also contains the anti-
parallel complement of the advanta-
geous sequence. Note, however, that as
soon as this device is employed both

_strands will necessarily contain intra-

strand complements, and a new possi-
bility emerges, namely, the formation
of helices between the intrastrand anti-
parallel complementary regions. The
recognition and use of such structures
literally adds new dimensions to the
types of selective interactions that can
occur. The replicating molecules would
no longer be limited to exploiting differ-
ences in the linear properties of their
sequences but could in addition explore
the usefulness of their two- and three-
dimensional structure.

In the course of evolution, advanta-
geous structures would be conserved. A
structure retained in one strand would
be expected to occur in the other. Thus,
two complementary strands can have
very different primary sequences (geno-
types) and yet possess similar secondary
and tertiary structures (phenotypes). As
a result of this evolutionary process,
self-replicating molecules would be-
come highly structured and would
possess many regions of intrastrand
complementarity.

The double-stranded DNA we know
today could not have participated in this
kind of evolutionary game. A replicating
molecule, such as DNA, probably arose
later when environmental selection
operated not on the gene but on the
gene product. Under these circum-

stances secondary structures of the ge-
netic material would become irrelevant.

The structures described in Fig. 10
illustrate many of the consequences of
intrastrand complementarity. The heli-
cal portion of each hairpin in the plus
strand has an identical counterpart in a
complementary stem in the minus
strand. For example, the helix between
nucleotides 148 and 170 of the plus
strand is identical to the helix in the
minus strand between nucleotides 49
and 71. Further, it will be noted that
the 5’ and 3’ ends of each strand are
extensively complementary. One can
therefore construct a distant intrastrand
match involving 16 of the 20 nucleo-
tides of each end. The fact that this,
and other, structures can be formed
with both strands is related to the
ability of the replicase to accept either
strand as a suitable template. It is of
interest to recall that an end-to-end
duplex of this nature was proposed to
explain the observation (2) that frag-
ments of QB-RNA could not be dup-
licated by Qg replicase.

Although we have stressed the simi-
larities between the complementary
strands, we must also mention the differ-
ences. The two strands are actually
mirror images of each other, in the
sense that a helix at the 5’ end of one
strand will generate an identical helix at
the 3’ end of the other strand. More-
over, single-stranded sequences that do
not have an intrastrand antiparallel
complement cannot be represented in
the other strand. Finally, if G « U pairs
occur in one strand, the complementary
C and A cannot form a pair in the
other strand. The synthesis of more
plus strand than minus strand (13, 15,
20) could be mediated by such differ-
ences between the strands.

The most striking characteristic of
MDV-1 is its extensive secondary struc-
ture, a feature to be expected of a
highly evolved replicating molecule. In-
deed, if MDV-1 had been brought back
in a moon sample, its sequence would
have identified it not as a random
polymer, but either as a self-instructive
replicative entity or a product of one.

Concluding Comments

The immediate aim of the foregoing
investigation was to determine the
absolute sequence of a replicating nu-
cleic acid molecule, and this has been
achieved.

With the primary sequence known,
one can hope to probe the chemistry of
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the recognition device used by the repli-
case in selecting molecules for replica-
tion. In addition, the progress and de-
tails of the replication mechanism can
be examined with far greater certainty
of obtaining precise interpretable in-
formation. Finally, and most important,
are its implications for extracellular
Darwinian experiments. The fact that
we can now start such selection experi-
ments with a molecule of completely
known sequence means that we can
finally exploit the information inherent
in this experimental system. For the first
time, we can now ask, and answer, the
following question: “Precisely what base
changes have occurred in mutating
from one phenotype to another?”

We have already shown (28) that,
small as it is, MDV-1 RNA yields
mutants with a prespecified phenotype,
and one of these has been sequenced. It
would be surprising if the data gained
from such studies do not lead to new
and perhaps unforeseen insights into
the evolutionary pathways available to

. replicating nucleic acids.
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content. I speak, of course, not of ir-
rationalism in behavior or in the orga-
nization of society; in both of these,
unhappily, a certain spirit of creative
innovation still manifests itself. I speak
of irrationalism as a studied and artic-
ulated attitude, proudly affirmed and
elaborately defended, which pro-
nounces science—and not only science,
but, more broadly, logical analysis,
controlled observation, the norms and
civilities of disciplined argument, and
the ideal of objectivity—to be sys-
tematically misleading as to the nature
of the universe and the conditions nec-
essary for human fulfillment. Despite
the new language, half jargon and half
slang, in which this irrationalism is ex-
pressed, the actual assertions on which
it rests can be found in classic treatises
on mysticism and in the utterances of
many traditional philosophers and
poets. The breathtaking departures
from the thoughtways of industrial
civilization, or of Western civilization,
that are announced each month or
each week are simply updated and,
usually, bowdlerized versions of views
that go back to the Greek mystery cults
and the pre-Socratic philosophers
Heraclitus and Parmenides.

What validity is there in the claims
that this irrationalism puts forward to
be accepted and believed?
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