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A word about fitness landscapes 
The idea to study evolution by visualizing the distribution of fitness values as a kind of 
landscape was introduced by Wright [1]. Maynard Smith [2] was the first to coin the term 
“protein space”; namely, a high dimensional space where each sequence of length L  amino 
acids (out of 20L  possible sequences) represents one point and is next to 19L  points 
representing all the one-mutant neighbours of each other. This breakthrough can obviously be 
extended to RNA sequences. Indeed, the relationship between the primary and secondary 
structures of RNA molecules has been widely studied as a realistic example of 
multidimensional landscapes [3]. However, the actual relationship between RNA sequence, 
secondary structure, and fitness/functionality landscape of a ribozyme can only be appraised 
from empirically driven information that will be necessarily sparse for obvious reasons linked 
to the extremely large dimensionality of sequence space. 

Construction of the empirically-supported fitness landscape for the 
Neurospora VS ribozyme 
Compatible structures. − Some mispair mutants can retain a relatively high level of enzymatic 
activity: the C662G mispair mutation decreases activity to 23% that of the wild-type (taken to 
be equal to one; [4]), and the relative activity of the G33U mispair mutant of the hairpin 
ribozyme is 0.7 [5]. Therefore, even sequences with partial compatibility should be 
considered fully compatible in this step, but the negative effects of the tolerated mispairs are 
taken into account in the next step of the algorithm. On the other hand, two contiguous 
mispairs are usually not tolerated: four out of six adjacent mispairs documented for the VS 
ribozyme did not show any measurable activity ([G727C, U728A]; [G722C, C723G]; 
[G762C, C763G]; [A759U, C760G]), and the remaining two had very low activities ([G716C, 
U717A] with activity 0.02; [A661U, C662G] with activity 0.06). 
In addition to the wild-type structure (Fig. 1a) we have also considered structures with the 
A652 bulge deleted ( Α = 0.013structure ; [6]), the A718 bulge deleted ( Α = 0.136structure ) or paired 
( Α = 0.82structure ) [6], stem III lengthened to 8 base-pairs ( Α = 0.087structure ; [6]), stem V 
shortened to 7 base-pairs ( Α = 0.045structure ;[7]), stem IV shortened to 4 ( Α = 0.59structure ) or 6 
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( Α = 0.47structure ) base-pairs [6], and stem VI shortened to 6 ( Α = 1.00structure ) or 8 base-pairs 
( Α = 0.97structure )[7]. In order to maintain the total length constant (i.e., 144=L ), nucleotides 
were added or deleted from the ends of the sequence in all possible combinations. 
 
Mispairs.− Mispairs are generally tolerated but decrease enzymatic activity to some extent. 
The only exceptions are: two mispairs cannot be adjacent; a mispair cannot be next to a 
junction; a mispair cannot occur at positions 653-655; and a stem-loop cannot contain more 
than two mispairs. In addition, a mispair next to the active site (i.e., positions [731:754] and 
[729:758]) dramatically decreases activity to ( )•

Α =
,

0.025
mispair i j , and a mispair next to stem V 

(at positions [695:701]) decreases activity to ( )•
Α =

,
0.05

mispair i j . Finally, a mispair next to the 

loops of stem IV and VI decrease activity to ( )•
Α =

,
0.80

mispair i j .  

 
Critical sites.− The 16 identified critical sites are located in the junctions (positions 656, 657, 
665, 686, 710, 712, 713, 767 and 768; [7,8]), in the substrate binding region (positions 697-
699; [9]), and in the A730 internal loop (positions 730, 755, 756 and 757) that is the active 
site of the ribozyme [10-12] (Fig. 1a). Supplementary Note Table A lists the enzymatic 
activities associated with the critical sites. 
 
Predicted structure. − The MFE structure of the original sequence of the VS ribozyme is not 
the experimentally determined secondary structure. The two structures differ in only 3 base 
pairs in stem-loop VI, and the energy difference between the two is a mere 0.3 kcal. It must 
be noted, however, that the nuclear magnetic resonance structure of the isolated stem-loop VI 
is the same as in the MFE structure [13]. Thus, both structures might play an important role in 
the catalysis. Accordingly, we accept the sequence if it folds either to the MFE or the 
experimentally predicted structure of the wild-type VS ribozyme. 
The enzymatic activity of the molecule is simply the cumulative product of the activity 
factors estimated in the four steps of the algorithm. If the resulting activity was less than the 
lowest activity that can be reliably measured (that is, −Α ≤ 310sequence ), then enzymatic 
activity (fitness) was set to 0. 
 
Additional sequences. − As indicated by Saville and Collins [14] (see also Guo et al. [15] ) 
there are 6 known isolates of the Neurospora VS RNA. Five of them have been isolated from 
N. intermedia (#1805, #1809, #1821, #1823, #2635) and one from N. sitophila (#2492). In the 
region of the ribozyme (from positions 640 to 783) the isolates #1809, #1821, #1823 and 
#2653 are identical. The isolate #1805 differs at position 677, where it has U instead of C. 
This causes the loop at the end of stem IV to be enlarged by 6 nucleotides and there is no 
673A:678U base pair, which according to the fitness landscape would result in a 20% 
decreased in enzymatic activity with respect to the sequence shown in Fig. 1a. The isolate 
#2492 differs at position 769, where it has U instead of C. This would cause no change in the 
secondary structure and the predicted activity is 1.0. 
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Construction of the empirically-supported fitness landscape for the hairpin 
ribozyme 
Compatible structures. − Aside from the wild-type structure (Fig. 1b) we considered the 
following structures having various lengths of H1, H2 and H4 but still retaining full activity 
( Α = 1.0structure ) [16-21]: the first two nucleotides deleted and a base-pair inserted into H4; the 
first four nucleotides deleted and two base-pairs inserted into H4; deletion of positions 13 and 
14 and insertion of a base-pair to H4; deletion of positions 1, 2, 13 and 14 and insertion of 
two base-pairs to H4. Moreover, the deletions of U49 and A50 are also tolerated with minimal 
loss of activity [22], as well as structures with deletion of A50 and adding a nucleotide to the 
beginning of the sequence ( Α = 0.49structure ), removal of both U49 and A50 and adding two 
nucleotide to the beginning of the sequence ( Α = 0.38structure ), or insertion of a base-pair into 
H4 ( Α = 0.38structure ). 
 
Mispairs.− Similarly to the VS ribozyme mispairs are also generally tolerated in the hairpin 
ribozyme but decrease enzymatic activity to some extent. Exceptions are: two mispairs cannot 
be adjacent, and no stem-loop can contain more than two mispairs. A mispair in H4 decreases 
activity to ( )•

Α =
,

0.2
mispair i j , and in H3 to ( )•

Α =
,

0.05
mispair i j . 

 
Critical sites.− All possible single mutants of the single stranded regions of the hairpin 
ribozyme have been analyzed [23,24]. The substrate binding region (positions 1-14) is 
considered a critical region, as well as most nucleotides in loop A (Fig. 1b). Supplementary 
Note Table B lists the enzymatic activities associated with the critical sites. 
 
Predicted structure.− The MFE structure predicted for the hairpin ribozyme is not the 
experimentally determined secondary structure. The two structures differ considerably: H3 is 
predicted correctly, but the hairpin loop at the end of H4 is predicted to be 2 nucleotides 
longer (i.e., H4 starts at position 25) and extraneous base-pairs are predicted inside the single 
stranded regions. The substrate binding region (H1 loop A and H2) was not included during 
the folding process. We accepted any structure with H3 and H4 in place −either according to 
the real secondary structure or according to the MFE structure − , and we disregarded any 
extraneous base-pairs predicted inside loop B. As before, activities lower than 

−Α ≤ 310sequence  were set to 0. 
  
Additional sequences. − The usually used hairpin sequence is from tobacco ringspot virus 
(sTRSV). Hampel and co-workers [25] report two homologous sequences derived from the 
satellite RNA of sTRSV: one of them is found in the satellite RNA of the chicory yellow 
mottle virus (sCYMV1) and the other in the arabis mosaic virus (sArMV). The ribozymes 
derived from these RNAs have very similar activity when compared to the sTRSV hairpin 
ribozyme (sCYMV has relative activity 0.89, and that for sArMV is 0.72) [25]. 34 out of 50 
positions are conserved in the three homologous sequences including all critical sites in loop 
B, and the whole H4. As they differ in their substrate there are some changes in the substrate 
binding parts.  
sCYMV1 sequence differs by 13 nt when compared to sTRSV. Five differences are found in 
the substrate binding region, but as the substrate sequence is also different we can safely 
disregard this variation. The differences in the single-stranded regions (A15G, A20G, C44U, 
U49C) cause no change in enzymatic activity whatsoever. The additional difference is the 
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extension of the hairpin at the end of H4, from 3 to 5 nucleotides. Such structure had not been 
included in the algorithm as a possible structure for the hairpin, but upon inclusion the 
sCYMV1 sequence would be accepted as a fully active ribozyme.  
The sequence of sArMV differs from sTRSV by 16 nt. Five of these differences are found in 
the substrate binding region, and they were also disregarded. The remaining differences either 
affect a single stranded region (A20C, U49C, A50G), change two base pairs in H3 
(C16A:G48U, A18G:U46C), or change the end of H4 as above. The first two changes have no 
consequence in enzymatic activity. When the changed H4 structure is incorporated in the 
algorithm, the sArMV sequence would be accepted as a fully active ribozyme.  
 

Estimation of the error threshold 
In order to resolve the “realistic” error threshold for (e.g.) the VS ribozyme we have explored 
the dynamics of a population of RNA molecules with =L 144  at various mutation rates per 
nucleotide per replication ( µ ) in a so-called Moran process [26]. Thus, consider an initial 
homogeneous population of wild-type sequences of size N. At each time step a sequence is 
chosen for replication with a probability proportional to its fitness:  

Ε 

Ε

Α
=

Α∑
 ,i

i
j

j

p  

where ΕΑ∑ j
j

is the sum of activities for all sequences in the population. The sequence is then 

replicated with error rate µ  (only point mutations were considered). Because one quarter of 
the times (assuming equal probability for each nucleotide) no effective change will occur in 
the position even though there is a mutational event, the effective mutation rate is µ µ=* 0.75 . 
Finally, the new sequence replaces a randomly chosen one, which allows keeping a constant 
population of molecules and is also equivalent to assuming that the rate of degradation is the 
same for all molecules and independent of enzymatic activity [27].  
We should emphasize here that the occurrence of thresholds for error propagation was 
originally derived as a deterministic kinetic theory that is only valid in the limit case of an 
infinite number of molecules. Alves and Fontanari [28] have extended it to finite populations 
and found that the critical error rate per site per replication decreases linearly with N1 . In 
our present case we extrapolated to an infinite population size by recording the time to 
extinction (that is, the number of generations when no functional ribozymes would remain in 
the population) at various error rates and fitting a straight line to those last few points which 
still showed a downward trend. The error threshold µ * is then the intersection of the line with 
the error rate axis (Figure 2). 
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Supplementary Note Table A: Activities of the critical sites in the Neurospora VS 
ribozyme. 

Α ,critical i  Critical site 

A U C G 

     

656 1.000 0.002 0.003 0.061 
657 1.000 0.063 0.063 a  0.063 a  

665 0.014 0.01 b 1.000 0.01 
686 0.006 1.000 0.006 a  0.006 a  

697 0.000 0.001 0.000 1.000 
698 1.000 0.000 0.041 0.000 
699 0.006 0.018 1.000 0.000 
710 0.002 1.000 0.029 0.002 
712 1.000 0.005 0.005 b  0.006 
713 0.019 1.000 0.136 0.019 
730 1.000 0.036 0.055 0.011 
755 0.840 0.170 1.000 0.019 
756 1.000 0.001 0.002 0.002 
757 0.044 0.018 0.014 1.000 
767 1.000 0.047 0.047 a  0.047 a  

768 0.573 0.015 0.573 c  1.000 
     
a  No data available. We assume that enzymatic activity is the same as for the known mutant. 
b  No data available. We assume that enzymatic activity is the same as for the known mutant with the 
lower activity. 
c  No data available. We assume that enzymatic activity is the same as for the known mutant with the 
higher activity. 
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Supplementary Note Table B Activities of the critical sites in the hairpin ribozyme. 

,critical iΑ  Critical site 

A U C G 
     

1 1.000 0.700 a 0.700 a 0.700 a 

2 1.000 0.700 a 0.700 a 0.700 a 

3 1.000 0.300 a 0.300 a 0.300 a 

4 0.000 a 0.000 a 1.000 0.000 a 

5 1.000 0.050 a 0.050 a 0.050 a 

6 0.000 0.000 0.000 1.000 
7 1.000 0.260 0.164 0.520 
8 0.000 0.000 1.000 0.000 
9 1.000 0.001 0.005 0.002 
10 1.000 0.000 0.000 0.049 
11 0.000 0.000 0.000 1.000 
12 0.000 a 1.000 0.000 a 0.000 a 

13 0.000 a 0.000 a 1.000 0.000 a 

21 0.068 0.075 0.130 1.000 
22 1.000 0.000 0.000 0.000 
23 1.000 0.000 0.000 0.000 
24 1.000 0.000 0.005 0.007 
25 0.000 0.000 1.000 0.000 
26 1.000 0.008 0.178 0.005 
36 0.027 0.123 0.021 1.000 
38 1.000 0.000 0.000 0.000 
40 1.000 0.045 0.046 0.003 
41 0.018 1.000 0.092 0.000 
42 0.002 1.000 0.002 0.000 
43 1.000 0.002 0.000 0.085 
     
a Derived from the activity of a mispair, containing mutation in the substrate part. 
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