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Fig. 2B and exhibit two properties we
found to hold for all shapes whose neigh-
borhoods we studied. First, most shapes in
the characteristic set of a shape ! are
highly similar to !, typically differing in a
stack size by single base pairs (13). Sec-
ond, some shapes, such as tRNA8 (the
shape ranked eighth in Fig. 2B), differ by

the loss of an entire stack. The latter
finding illustrates that nearness does not
imply similarity. More importantly, it il-
lustrates that nearness is not a symmetric
relation. In fact, the tRNA shape was not
found in the characteristic set of the
tRNA8, and it did not even occur in its
boundary sample. Not surprisingly, the de-

struction of a structural element through a
single point mutation is easier than its
creation. Although the high frequency of
the event is surprising, it is ultimately a
consequence of the average base pair com-
position of stacks and the markedly differ-
ent stacking energies of AU and GC base
pairs (12).

The tRNA boundary has an intriguing
property. Intersections with large samples of
coarse-grained random shapes of the same
length support the conjecture that all com-
mon coarse-grained shapes occur in the
boundary of any common shape (9, 14).
This conjecture was verified in the case of
the exhaustively folded binary (GC-only)
sequence space of length 25.

We may visualize the neighborhood
structure (the topology) on the set of all
shapes as a directed graph. Each shape is
represented by a node. Directed edges fan
out from a node ! to the nodes in its
characteristic set. We can think of a con-
tinuous transformation of shape ! into
shape " as a connected path in the graph
that follows the direction of the edges.
Discontinuous transformations are transi-
tions between disconnected components
of the graph.

The preceding data enable us to char-
acterize continuous transformations as
those structural rearrangements that fine-

Fig. 2. (A) Rank-ordered frequency distribution of shapes in the tRNA boundary. A sample of 2199
sequences whose minimum free energy secondary structure is a tRNA cloverleaf (inset) was generated.
All their one-error mutants (501,372 sequences) were folded. Twenty-eight percent of the mutants
retained the original structure (that is, were neutral). The remaining 358,525 sequences realized 141,907
distinct shapes. The frequency f (!) is the number of one-error neighborhoods in which ! appeared at
least once, divided by the number of sequences in the sample. The logarithm-logarithm plot shows the
rank of ! versus f (!). Rank n means the nth most frequent shape. The dotted line indicates a change in
the slope that we take to naturally delimit the high-frequency domain (to the left) whose shapes form the
characteristic set of the tRNA. (B) The 12 highest ranked shapes (left to right, top to bottom) in the
characteristic set.
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Fig. 3. The strings illustrate transformations between RNA secondary
structure parts. Solid arrows indicate continuous transformations and
dashed arrows indicate discontinuous transformations in our topology.
Three groups of transformations are shown. (A) The loss and formation of
a base pair adjacent to a stack are both continuous. (B) The opening of a
constrained stack (for example, closing a multiloop) is continuous, where-
as its creation is discontinuous. This result reflects the fact that the forma-
tion of a long helix between two unpaired random segments upon mutation
of a single position is a highly improbable event, whereas the unzipping of
a random helix is likely to occur as soon as a mutation blocks one of its
base pairs. (C) Generalized shifts are discontinuous transformations in
which one strand of a helix slides past the other. After the shift, the two
strand segments may or may not overlap. Accordingly, we partition gen-

eralized shifts into the four classes shown. The intersecting disks are a
schematic representation of continuous and discontinuous transitions
between two shapes ! and ". The disk with center ! stands for the set
of shapes that are near !, and the disk with center " stands for the set
of shapes that are near ". If " is a member of !’s disk (neighborhood), a
transition from ! to " is continuous (solid arrow). A discontinuous transi-
tion leaves the neighborhood of ! (dashed arrow). Even if ! and " are
highly dissimilar, ! might nonetheless be transformed continuously into
" through intermediate shapes whose neighborhoods have sufficient
overlap.
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Evidence for De Novo Production of Self-Replicating and Environmentally
Adapted RNA Structures by Bacteriophage Q3 Replicase

("6S RNA"/RNA-protein interaction/selection/ethidium bromide)

MANFRED SUMPER AND RUDIGER LUCE

Max-Planck-Institut fur biophysikalische Chemie, 34 Guttingen-Nikolausberg, West Germany

Communicated by Manfred Eigen, October 11, 1974

ABSTRACT Highly purified coliphage Qf3 replicase
when incubated-without added template synthesizes self-
replicating RNA species in an autocatalytic reaction.
In this paper we offer strong evidence that this RNA

production is directed by templates generated de novo
during the lag phase. Contamination of the enzyme by
traces of RNA templates was ruled out by the following
experimental results: (1) Additional purification steps do
not eliminate this RNA production. (2) The lag phase is
lengthened to several hours by lowering substrate or en-
zyme concentration. At a nucleoside triphosphate con-
centration of 0.15 mM no RNA is produced although the
template-directed RNA synthesis works normally. (3)
Different enzyme concentrations lead to RNA species of
completely different primary structure. (4) Addition of
oligonucleotides or preincubation with only three nucleo-
side triphosphates affects the final RNA sequence. (5)
Manipulation of conditions during the lag phase results
in the production of RNA structures that are adapted to
the particular incubation conditions applied (e.g., RNA
resistant to nuclease attack or resistant to inhibitors or
even RNAs "addicted to the drug," in the sense that they
only replicate in the presence of a drug like acridine
-orange).
RNA species obtained in different experiments under

optimal incubation conditions show very similar finger-
print patterns, suggesting the operation of an instruction
mechanism. A possible mechanism is discussed.

The small bacteriophage of Escherichia coli, Q0, induces an
enzyme, Q0 replicase, that is responsible for the multiplication
of the phage RNA. This RNA-dependent RNA polymerase
consists of one virus-specifiedl polypeptide subunit (I) and
three host polypeptides a, y, anti 6 (1, 2). Blumenthal et al.
(3) have found that 'y and 6 are the protein synthesis elonga-
tion factors EF Tu and EF - Ts, respectively. Subunit a was
recently identified as the protein component S1 of the ribo-
somal 30S subunit (4).
The phage replicase shows a very high template specificity

for the complementary plus and minus strands of the homol-
ogous viral RNA (5, 6). Unrelated viral RNAs and most
other RNAs examineti (lo not serve as templates (5).
In addition to replicating the Qu plus anti minus strands the

enzyme will also copy poly(C) (7) as well as other species of
self-replicating RNAs, including "6S RNA" isolated from QO-
infected E. coli cells (8) and "variants," of Q,3 RNA (9).

In this paper we offer strong evidence for a new type of
temlplate-free (de novo) RNA synthesis, catalyzed by QO
replicase, in which truly self-replicating RNA structures are
produced. These sequences are not homopolymeric or strictly
alternating anti they are adapted to the environmental condi-
tions applied during their generation.

MATERIALS AND METHODS
Q0 replicase was assayed according to Kamen (10). One unit is
defined as the amount of enzyme that catalyzes the incor-
poration of 1 nmol of GTP in 10 min at 300. Qf3 replicase was
purified from Qf-infected E. coli K12 Hfr cells by the method
of Kamen et al. (11) up to the density gradient centrifugation,
but omitting the chromatography on agarose. Qo-replicase-
comitaining fractions from the density gradient centrifugation
(stage VI) were diluted 10-fold with a buffer containing 50
mM Tris - HC1 (pH 7.5), 0.1 mM dithiothreitol, and 20%
glycerol and applied to a column (1.6 X 10 cm) of QAE-
Sephadex A-25 equilibrated with the same buffer. The column
was eluted with a linear gradient from 0 to 0.3 M NaCl (total
volume 400 ml). This gradient ensures the complete separa-
tion of a-less and holoenzYme.
The standard incubation mixture for the template-free

RNA synthesis contained in 200 Mul: 50 mMd Tris HC1 (pH 7.5),
10 MM MigCl2, 0.1 mM dithiothreitol, 10% glycerol, ATP,
GTP, UTP, and CTP (one of which was labeled with 14C or
32P) and enzyme as indicated in the legends.

Special precautions were taken throughout to avoid a con-
tamination of incubation mixtures with self-replicating RNAs:
(a) tiouble-distilled water was used throughout, (b) only dis-
posable plastic tubes and plastic pipettes were used, and (c)
mix solutions (without nucleoside triphosphates) were fil-
tered over a column of QAE-Sephadex.

RESULTS
QB replicase purified according to the procedure of Kamen
et al. (11) is more than 95% pure and free of optically detect-
able traces of nucleic acids (stage VI). At this stage of purifica-
tion Q,3 replicase, when incubated with the nucleoside tri-
phosphates ATP, UTP, CTP, and GTP in the absence of
added RNA template, synthesizes self-replicating RNA in an

autocatalytic reaction. This synthesis becomes detectable
after a lag phase of 20-40 min. We will denote this reaction in
the following as "template-free RNA synthesis." Phosphate
(10 mMI), a triphosphate-regenerating system, or rifampicin
(5,4g/ml) does not influence this RNA production. Mills et al.
(13) sequenced recently such an RNA species containing 218
nucleotides.
RNA species isolated from separate reaction mixtures run

under identical conditions exhibit fingerprint patterns which
are very similar to each other*. This has been interpreted as

* RNA species growing out from template-free incubation mix-
tures uinder our standard conditions will be denoted in the follow-
ing as standard type RNAs (ST-RNAs).
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