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Optimal Random Libraries for the Isolation of Catalytic RNA

ABSTRACT
The relationship between ribozyme size and catalytic activity is of fundamental impor-

tance for RNA catalysis and molecular evolution in the RNA world. We have performed
a series of competitive in vitro selection experiments to probe the relationship using RNA
libraries containing size-heterogeneous random regions. Our experiments have established
an inverse correlation between RNA replication efficiency (the combined efficiency of PCR
amplification, transcription, and reverse transcription) and RNA size. A number of
ribozyme sequences have been isolated from different RNA size groups under competitive
selection conditions. Comprehensive kinetic analysis on isolated ribozymes has revealed
that large ribozymes do not confer a significant catalytic superiority over smaller ones
under most selection conditions, and actually impose two significant problems of replication
inefficiency and RNA misfolding into inactive conformations. The fraction of a misfolded
ribozyme population is defined as alpha. Large ribozymes tend to possess high alpha
values, which may significantly reduce ribozyme performance. Our results suggest that a
random region of around 60 nucleotides represents the optimal balance between
ribozyme catalytic activity, RNA misfolding (alpha), and replication efficiency, and may
therefore constitute the most advantageous RNA libraries for successful isolation of func-
tional RNA sequences.

INTRODUCTION
In vitro selection techniques1-3 have been used to isolate an array of catalytic RNA

molecules and RNA aptamers. A critical aspect to the selection procedure is the preparation
of initial libraries of randomized RNA molecules. One of the primary considerations when
designing these RNA libraries is the length of the random region. Currently, diverse
lengths of random regions, ranging from 30 nucleotides (nt) or less4,5 to over 200
nucleotides,6,7 are being used by different laboratories. The use of considerably different
random region sizes reflects differing opinions on the advantages and disadvantages of
short and long random regions. Currently, there is no agreement as to what lengths of
random regions constitute optimal RNA libraries for successful isolation of functional
RNA molecules.

There are distinct, yet disputed, advantages and disadvantages to both short and long
random regions. Short random regions allow sampling more, if not all, of the possible
sequence combinations, while only a minute fraction of the sequence space can be covered
by a long random nucleotide region. The advantages of long random regions may include
the combinatorial effects of sequence interactions and increased probability of finding
large motifs required for complex activities.8,9 In contrast, when RNA sequences get too
short, the lack of folding into essential functional structure could impair catalytic activity.
From existing literature, however, it is not clear whether large RNA sizes are necessary or
advantageous for isolating RNA sequences with defined catalytic activities.

The question of the length of random RNA region vs. ribozyme catalytic activity is not
only important for designing optimal random RNA libraries, but also bears significant
implications for molecular evolution in the RNA world. On one hand, a number of rela-
tively large ribozymes (>100 nt) have been isolated from random RNA libraries, e.g., the
274-nt RNA ligase ribozymes,6 173-nt polynucleotide kinase ribozymes,10 ~140-nt
ribozymes for C-C bond formation,11 274-nt ribozymes for nucleotide synthesis,7 and
160-nt Diels-Alderase ribozymes before truncation.12 On the other hand, no realistic
mechanisms for replication of long RNA sequences by RNA catalysts have been estab-
lished. Although impressive ribozyme polymerases have been isolated by in vitro selection
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techniques that can extend template-directed RNA polymerization,13

they are only capable of synthesizing small pieces of RNA (up to 14
nucleotides).

Experimental evidence to address the relationship between
ribozyme size and catalytic activity is strikingly lacking. To tackle the
problem, we have been performing in vitro selection experiments to
isolate novel ribozymes from competitive RNA libraries containing
size-heterogeneous random regions.14,15 These libraries closely
mimic true evolutionary conditions where the sequences in each size
group compete for representation both within the individual groups
and between different groups of varying random regions. In essence,
a scenario develops where ribozymes with the best fit between catalytic
activity and replication efficiency dominate during the selection. A
relationship between random RNA size and catalytic activity has
been established through the analysis of both RNA size population
changes during selection cycles and catalytic activity of isolated
ribozymes. From the current study, as well as our previous results,14,15

we find that initial RNA libraries consisting of ~60 random
nucleotides represent an optimal balance between ribozyme effi-
ciency and replication efficiency.

MATERIALS AND METHODS
Optimization of selection conditions. Prior to the selection for thioester

synthetase activity, transcription, reverse transcription, and PCR conditions
were optimized to reduce potential bias toward any particular size group.
Seven simulated selection cycles (background selection) were performed in
the absence of a reaction step (i.e., no selection pressure). The starting
size-heterogeneous random library was the same as described previously,14

containing four differently-sized random pools with random regions of
30N, 60N, 100N and 140N. All the four pools contained identical PCR
primer sequences: P1 (GCGAATTCAGTAATACGACTCACTATTAGGG-
AAGTGCTACC) and P2 (TGGCTGGCCGCATGCCCG) (underlined
sequence = T7 φ2.5 promoter, bold face A = transcription initiation site).
Starting from a library containing equal molar ratio of dsDNA of the four
sizes, RNA was transcribed under the standard conditions.16 No apparent
bias in transcription toward RNA sizes was observed. Following purification
of RNA by membrane filtration (Millipore, M30), 2 pmol (0.2%) of the
total RNA was used for reverse transcription. Different conditions, including
using both AMV and M-MLV reverse transcriptases and different concen-
trations (10 to 30 units/10 µL reaction), and different reaction times (20 to
60 min at 42˚C), were explored to minimize bias against large RNA. No
significant difference was observed among different reverse transcription
conditions. We thus opted to use the standard reverse transcription condi-
tions.16 Finally, PCR was performed under two different conditions: 5 units
Taq DNA polymerase/100 µL reaction and 1 min extension at 72˚C (standard
conditions, background selection A), and 10 units Taq DNA polymerase/100 µL
reaction with 4 min extension at 72˚C (improved conditions, background
selection B). When amplifying size-heterogeneous DNA, differences
between the two PCR conditions became apparent. The improved conditions
significantly reduce the bias towards long sequences.

Control selection. Size-heterogeneous RNA libraries were used to conduct
a third selection (background selection C) to establish background levels. To
determine whether the specific conditions used during the original thioester
selection interfered with the cycling efficiency of the longer sequences, a set
of seven control selection rounds were performed using the same initial
size-heterogeneous RNA library.14,15 Transcription, reverse transcription,
and PCR steps were performed under the same conditions as in background
selection B and the previous thioester-synthesizing ribozyme selection.15 In
this control selection, however, imidazole was used as a catalyst in the reaction
step to convert nearly all CoA-RNA to Biotin-CoA-RNA after reaction with
BiotinAMP.17 CoA-RNA purified by thiopropyl Sepharose 6B was incubated
at 25˚C for 10 min with 1 mM BiotinAMP in 0.1 M imidazole (pH 7.0).
The biotinyl thioester-CoA-RNA was then captured on a Neutravidin affinity

column and reverse-transcribed directly.15 After seven cycles, differently
sized RNA, internally labeled with α-32P-ATP, from each round was separated
by PAGE and quantitated by phosphorimaging. Molar ratios were calculated
by relative intensity of the different size groups corrected by the number of
A’s in these groups—1:1.48:2.35:3.00 for 30N, 60N, 100N and 140N
respectively.

Isolation of 100N and 140N sequences. Although the 100N and 140N
size groups seemed to have disappeared in the original thioester synthetase
selection,15 great efforts were made to isolate sequences from the 100N and
140N size groups. The PCR DNA at the end of the previous selection15 was
fractionated by PAGE. At the locations of the 100N and 140N size groups,
gel pieces were cut. A carrier tRNA was added to the gel pieces and then
RNA was recovered by elution and EtOH precipitation. Any 100N and
140N DNA in the gel pieces would be coprecipitated with the carrier
tRNA. PCR was then performed on the recovered samples. Surprisingly,
only the 30N and 60N size groups were visible by EtBr staining. The same
procedure was repeated two more times in series until the 100N group
became visible. Standard procedure was then used to clone and sequence the
100N size group. Thioester-synthesizing activity of the individual clones
was assayed15 to select active ribozymes. Efforts to isolate active 140N
sequences were not successful.

Kinetic analysis. To evaluate the relationship between RNA size and
catalytic activity, a comprehensive kinetic analysis was performed on all
thioester synthetase ribozyme sequences from each of the three size groups
—30N, 60N and 100N. Internally 32P-labeled pure CoA-RNA (~ 0.1 µM)
(purified by thiopropyl Sepharose 6B)15 was incubated with various concen-
trations of the substrate BiotinAMP at 25˚C in the selection buffer (20 mM
HEPES, 100 mM NaCl, 20 mM MgCl2 and 20 mM CaCl2, pH 7.4).
Aliquots were then taken at various time points, quenched with 40 mM
EDTA and ethanol precipitated. Recovered RNA was incubated with 1µg
streptavidin for 2 min and analyzed by gel-shift assay.15 Apparent rate
constant k and inactive ribozyme population α were obtained by curve-fitting
thioester yield-time data to equation 1 using Sigma Plot program. Enzyme
kinetic parameters kcat and KM were then derived from the k-[BiotinAMP]
data based on the Michaelis-Menten equation by curve-fitting.

RESULTS
Optimization of conditions and control selections. We have previously

isolated thioester-synthesizing ribozymes from size-heterogeneous pools
containing random regions of 30, 60, 100 and 140 nucleotides (termed
30N, 60N, 100N, and 140N) (total number of nucleotides—62, 92, 146
and 186 nt, respectively) in an initial molar ratio of 1:1:1:1.15 Prior to the
ribozyme selection, a background selection (background selection A) with
the size-heterogeneous pools was performed to determine if the selection
conditions used in our laboratory favored any particular size group. Standard
PCR conditions, with five units of Taq DNA polymerase per 100 µL PCR
reaction and primer extension for 60–90 sec at 72˚C, had been used
previously.14 Transcription and reverse transcription conditions were also
standard.16 Following seven rounds of PCR, transcription, and reverse
transcription, the population of larger sizes was reduced significantly (Fig. 1A).
Further rounds of background selection were not performed due to the level
of the 140N size group falling below the detection limit of phosphorimaging.
The relative abundance of different size groups after n rounds of selection
can be described as:

Relative Abundance = βi
n (1)

where βi is the combined amplification cycling efficiency (replication
efficiency) of the size group i, which includes the efficiencies for PCR,
transcription, and reverse transcription. Defining β30N for the 30N size
group as 1, the relative amplification cycling efficiencies of 60N, 100N, and
140N size groups were determined to be 0.88, 0.57 and 0.44, respectively,
by curve-fitting to equation 1. After ten rounds of background amplification
cycles, the 100N and 140N size group would be present in insignificant
amounts relative to the two smaller sizes (30 and 60N), with the ratio of
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30N:60N:100N:140N = 1:0.28:0.004:0.0003, in the absence of catalytic
activity. We therefore strove to improve selection conditions that would
reduce the distinct bias against the longer RNA sizes. PCR was optimized
under the conditions of 10 units of Taq polymerase/100 µL PCR reaction
and the primer extension time of 4 minutes. Similar PCR conditions were

used for ribozyme selection from long random RNA pools.18 Under the
optimized conditions (background selection B), the relative amplification
cycling efficiencies of large size groups improved significantly (βi = 1, 0.96,
0.80, 0.74 for the 30N, 60N, 100N and 140N size groups), although the
bias against longer RNA pools could not be eliminated (Fig. 1B). After ten
rounds, the relative size distribution would be 30N:60N:100N:140N =
1:0.66:0.11:0.05. Varying transcription or reverse transcription conditions
did not reduce the bias further. Therefore, transcription and reverse
transcription were performed under the standard conditions.16 Although
the relative abundance of 100N and 140N is low, the two large size groups
should be easily detectable after 10 selection rounds.

Our previous selection of thioester-synthesizing ribozymes from size-
heterogeneous random libraries resulted in near disappearance of 100N and
140N.15 We thus sought to assess whether the specific procedure used to
isolate the ribozymes could have led to the results. Two major differences
existed between the above optimized background selection B (Fig. 1B) and
the actual thioester-synthesizing ribozyme selection.15 During the actual
selection, CoA-initiated transcription was used to produce random RNA
with a covalent 5´ CoA,19 and the reverse transcription step was performed
directly on Neutravidin beads. To compare the difference between the two
sets of selection conditions, another control selection (background selection
C) was performed under the same ribozyme selection conditions15 minus
the reaction step (RNA self-thioesterification). The reaction step between
pure CoA-RNA and the substrate BiotinAMP was replaced by
imidazole-catalyzed thioesterification, whose yield reaches >95%.17

Therefore, this third control selection should establish the amplification
cycling background of different RNA sizes under the same ribozyme selection
conditions, but without the selection pressure for RNA catalytic activities.

Figure 1C shows the relative RNA size distribution under the background
selection C. From equation 1, the combined relative amplification cycling
efficiencies (including PCR, transcription, RNA thioesterification by imi-
dazole catalysis, and direct reverse transcription on Neutravidin beads) were
obtained as 30N:60N:100N:140N = 1:0.86:0.62:0.54. The results from
background selection C closely resemble those from background selection
A, indicating that RNA thioesterification by imidazole catalysis and direct
reverse transcription on Neutravidin beads are also biased against large RNA
sizes, in addition to PCR amplification. The optimized PCR conditions
(background selection B) had reduced the bias against large RNA sizes, but
the improvement in the PCR step was largely cancelled by imidazole-catalyzed
RNA thioesterification and direct reverse transcription on Neutravidin
beads. Even so, background selection C represented the best effort to optimize
the selection conditions for the purpose of reducing replication bias against
long RNA sequences and deriving the relationship between RNA size and
catalytic activity by competitive in vitro selection experiments.

Isolation of 100N and 140N sequences. Seemingly disappearing from
our previous selection,15 the two larger size groups (100N and 140N) were
actually present in extremely low concentrations after ten rounds of selection
for thioester synthetase activity. Following exhaustive amplification and
purification, 22 clones were ultimately isolated from the 100N size group.
Attempts to isolate active sequences from the 140N groups failed. Of the 22
clones isolated from the 100N size group, 12 showed thioester synthetase
activity above background. Figure 2 shows their sequences, along with
previously isolated 30N and 60N sequences15 for comparison.

Kinetic analysis. Kinetic analysis of the thioester-synthesizing activity
for each isolated active sequence from the 30N, 60N and 100N size groups
was conducted to determine their relative catalytic efficiencies and to estab-
lish a relationship between random region size and ribozyme efficiency.
Kinetics were performed by streptavidin gel shift assay.15 A representative gel
shift kinetic assay is shown in Figure 3. We found that all analyzed sequences
displayed a common property of a fraction of the ribozyme population
being inactive. In fact, most published ribozymes exhibit the same property,
most likely due to RNA misfolding.20 We therefore define the inactive
portion of the ribozyme population as α, whose value may change with
different sequences and sizes. At each substrate (BiotinAMP) concentration,
the observed rate constant (k) was derived from curve-fitting the following
Equation 2. The resulting k data were then fitted to the Michaelis-Menten

Figure 1. Relative RNA size population (background) for a size-heteroge-
neous RNA library containing four different random regions (30N, 60N,
100N and 140N) at successive amplification cycles. (A) Background
selection A, seven cycles of PCR, RT, and transcription were performed
under the standard PCR amplification conditions (used previously)14 of 5
units Taq polymerase/100 µL PCR reaction, and primer extension time of
1 min at 72˚C. (B) Background selection B, optimized PCR amplification
conditions to minimize bias toward short DNA amplification. The optimized
conditions were 10 units Taq polymerase per 100 µL PCR reaction, and 4
min primer extension at 72˚C. (C) Background selection C, same PCR and
transcription conditions as B, but adding a step of imidazole-catalyzed RNA
thioesterification, and performing reverse transcription directly on Neutravidin
beads. Solid symbols represent experimental data, and curves are from
calculations based on Equation 1.

A

B

C



equation to derive the ribozyme kinetic parameters of
kcat and KM.

RNA Product Yield = (1 - α)(1 - e-kt) (2)

The results for individual sequences are shown in
Table 1. Also included are averaged kinetic parameters
(repeated clones are accounted for their frequency) for
each size group from the individual sequences, as well
as those determined from the final pools of different
sizes at the end of selection (10 rounds).15 For the 30N
group, TES12 and TES16 do not possess activity great
enough to allow accurate determination of their kinetic
parameters, and therefore are not included in this
table. TES25 has the same sequence as TES22 except
for a single mutation, and TES30 differs from TES17
by three mutations. TES25 and TES30 were thus
assumed to behave like TES22 and TES17, respectively.
For the 60N group, only four representative sequences were analyzed. For
calculation purposes, we also determined apparent kinetic parameters (pool
kcat, KM and α) for the final pools (after 10 rounds of selection) of different
sizes. Because individual pools of different sizes at the end of selection
contained inactive sequences, the pool kcat values are lower than the averaged
kcat values, and the α values are higher for the pools than the averaged α
values. As can be seen from Table 1, the apparent pool KM values are lower
than the averaged KM values.

Interestingly, the kinetic parameters (kcat and KM) of the most abundant
size group (30N) are, on average, the poorest of the three groups if judging
by the conventional term catalytic efficiency (kcat/KM). At the same time,
the 100N group, which nearly disappeared during the selection,15 contains
quite good catalysts judged by the same term. In fact, TES75 and TES80
(100N ribozymes) are among the top-performing ribozymes in the literature

based on their kcat and KM. However, the 100N group has higher α values
than the two shorter 30N and 60N groups. When pool kcat, KM, α, and
amplification cycling efficiencies of different size groups are taken into
consideration, relative RNA size distributions between two different groups
(A and B) after n selection cycles can be calculated under the selection
conditions from the following equation:

(3)

Where A/B represents the relative RNA size population of group A over
group B under the conditions: [substrate] = substrate concentration and

Ribozyme Size-Activity Relationship

Figure 2. Isolated RNA sequences from the 30N, 60N and 100N size groups. RNA sequences from the 30N and 60N group have been shown previously.15

Figure 3. Representative kinetic assay of TES31 by streptavidin gel shift. Lane 1 is the control for
unreacted CoA-RNA. The two upper bands are both streptavidin-biotin-CoA-RNA complexes
(multimeric forms).15
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t = reaction time. For the calculation of relative RNA size distributions of
the 60N and 100N size groups under the selection conditions, A is defined
as 30N and B is either 60N or 100N. The substrate concentration and
reaction time were 1 mM and 30 min, respectively. The cycling efficiencies
of the 30N, 60N and 100N from background selection C were 1, 0.88 and
0.62, respectively.

Figure 4A shows the 60N and 100N relative size distributions of back-
ground selection C (solid curves) and the thioester-synthesizing ribozyme
selection (solid symbols).15 Also included are the calculated RNA size
populations (dotted curves) from Equation 3 and the pool kinetic parameters
(pool kcat, KM, and α) from Table 1. For both 60N and 100N size groups,
the first five rounds of thioester-synthesizing ribozyme selection followed
closely the background distributions. The results were expected, because no
catalytic activities appeared during these selection rounds.15 However, the
60N and 100N populations went below the background levels from rounds
6 and 7 and stayed below until the end of the selection. At the same time,
thioester-synthesizing ribozyme activities emerged.15 The result indicated
that the 60N and 100N pools were catalytically less efficient than the 30N
pool under the selection conditions. To support the conclusion, calculated
RNA size distributions (dotted curves) by using experimentally determined
kinetic parameters from different RNA pools after ten rounds of selection
were consistent with the selection results (solid symbols) after the emergence
of catalytic activities.

Relative size populations of isolated active thioester-synthesizing
ribozymes can be calculated according to equation 4:

(4)

Where nA and nB are the
number of isolated active
sequences from size groups A and
B. While Equation 3 treats an
RNA size group (containing a
large number of both active and
inactive sequences) as one
ribozyme with its apparent pool
kcat, KM, and α, equation 4
includes only a limited number of
isolated active ribozyme sequences
with individual sets of kcat, KM,
and α. Figure 4B presents com-
parisons between the relative
background distributions (solid
curves) and calculated (from
Equation 4) relative size popula-
tions (dotted curves) of isolated
active ribozyme sequences. For the
60N group, the background level
is lower than the calculated popu-
lation, indicating the isolated
ribozymes from the 60N group
are, on the average, better than the
average ribozyme isolated from
the 30N group under the selection
conditions. On the other hand,
the background level of 100N is
higher than the calculated popula-
tion from ribozymes isolated from
the 100N group, suggesting that
an average 100N ribozyme is less
efficient than an average 30N
ribozyme under the selection

conditions. The discrepancy between the two calculated relative size popu-
lations (pool vs. isolated ribozyme sequences) of the 60N group may indicate
that the final 60N selection pool contained more inactive or less active RNA
sequences than those in the 30N group.

The relative frequencies of individual sequences within a defined size
group are determined by their individual kcat, KM, α and the selection condi-
tions, and should allow prediction based on Equation 3, where A and B
represent two different sequences of the same length. The amplification
cycling efficiencies of different sequences of the same length are similar
(extensive cycling experiments of same-size ribozymes could not demonstrate
differences in cycling efficiencies, unpublished results). Using the parameters
from Table 1, we calculated the relative population of TES1 (repeated nine
times) vs. TES28 (once) in the 30N group during the selection (Fig. 5A), as
well as the population evolution of TES61 (repeated four times) vs. TES75
and TES80 (once). As shown in (Fig. 5B), TES1 and TES61 should domi-
nate within their corresponding size groups, and isolated multiple clones of
the two sequences support the prediction. Predicted ratios between
TES1:TES28 is approximately 5:1 compared with the actual ratio of 9:1
from isolation. Calculated TES61:TES75 (TES80) ratio ranges from 30 to
90. These discrepancies may be due to the fact that only a limited number
of clones were isolated and kinetically analyzed. Other factors such as varying
cloning efficiencies of different sequences and relatively large errors in the
kinetic parameters (Table 1) might also have played a role. Nevertheless, the
prediction qualitatively describes the observed phenomenon of different
frequencies in ribozyme selection.

DISCUSSION
By developing a unique competitive in vitro selection using

size-heterogeneous random RNA libraries followed by extensive
kinetic analysis of isolated RNA sequences, we have established the
relationship between the lengths of random regions of RNA libraries
and ribozyme catalytic activities.

Ribozyme Size-Activity Relationship

Table 1 Kinetic parameters of isolated thioester-synthetase ribozymes and individual 
pools at the end of selection*

Clone** kcat (min-1) KM (mM) α (1 - α) • kcat/KM (M-1•min-1)

30N TES1 (9) 0.29 ± 0.09 1.3 ± 0.39 0.24 ± 0.10 170 ± 80
TES2 (2) 0.13 ± 0.04 1.0 ± 0.30 0.12 ± 0.06 110 ± 50
TES4 (1) 0.10 ± 0.04 0.82 ± 0.33 0.21 ± 0.09 90 ± 60
TES10 (1) 0.41 ± 0.16 1.5 ± 0.45 0.20 ± 0.08 220 ± 100
TES17 (2) 0.10 ± 0.04 0.59 ± 0.24 0.19 ± 0.09 140 ± 80
TES22 (2) 0.13 ± 0.04 0.55 ± 0.17 0.24 ± 0.10 270 ± 110
TES28 (1) 0.49 ± 0.20 0.53 ± 0.21 0.36 ± 0.14 600 ± 340
Average 0.24 ± 0.10 1.0 ± 0.4 0.22 ± 0.09 190 ± 80
Pool 0.21 ± 0.06 0.43 ± 0.17 0.36 ± 0.07 310 ± 120

60N TES31 (9) 0.40 ± 0.12 0.35 ± 0.14 0.19 ± 0.08 890 ± 160
TES34 (3) 0.07 ± 0.03 0.69 ± 0.26 0.23 ± 0.11 80 ± 50
TES35 (7) 0.13 ± 0.05 0.37 ± 0.11 0.15 ± 0.07 230 ± 140
TES48 (1) 0.47 ± 0.20 1.2 ± 0.4 0.42 ± 0.17 230 ± 170
Average 0.26 ± 0.10 0.45 ± 0.2 0.19 ± 0.08 470 ±160
Pool 0.17 ± 0.05 0.17 ± 0.06 0.38 ± 0.08 620 ± 250

100N TES61 (4) 0.18 ± 0.07 0.17 ± 0.07 0.35 ± 0.16 720 ± 360
TES64 (1) 0.07 ± 0.03 0.31 ± 0.12 0.18 ± 0.11 190 ± 110
TES71 (1) 0.39 ± 0.16 0.55 ± 0.17 0.44 ± 0.15 400 ± 200
TES72 (1) 0.25 ± 0.08 0.48 ± 0.14 0.23 ± 0.09 400 ± 170
TES73 (2) 0.22 ± 0.07 0.18 ± 0.05 0.20 ± 0.07 960 ± 410
TES75 (1) 1.7 ± 0.7 0.93 ± 0.37 0.59 ± 0.26 740 ± 410
TES77 (1) 0.18 ± 0.05 0.26 ± 0.08 0.46± 0.24 380 ± 150
TES80 (1) 1.2 ± 0.4 0.57 ± 0.23 0.54 ± 0.20 970 ± 510
Average 0.42 ± 0.17 0.37 ± 0.14 0.36 ± 0.14 770 ± 320
Pool 0.16 ± 0.05 0.29 ± 0.10 0.43 ± 0.09 310 ± 110

*Kinetic analysis conditions: substrate, BiotinAMP; reaction buffer, 20 mM HEPES, pH 7.4, 100 mM NaCl, 20 mM MgCl2 and 20 mM CaCl2; temperature, 25˚C.
**The number of isolated repeats is indicated in parentheses.
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RNA Size vs. amplification cycling efficiency. In the original
preparation and use of the size-heterogeneous pools,14 the amplifi-
cation cycling efficiency of different RNA sizes was not taken into
consideration. The difference in replication efficiency between differ-
ent sizes is significant under the previous PCR conditions (Fig. 1A).
Optimization of PCR conditions can reduce the difference.
However, the bias against long sequences cannot be eradicated (Fig.
1B and C). In a typical selection from size-homogeneous random
libraries, the cycling inefficiency of the long sequences may be over-
come by increasing the number of PCR cycles. No such compensation
can be made for size-heterogeneous random libraries. The results
from (Fig. 1) have important implications on RNA synthesis in the
RNA world. In the in vitro selection experiments, efficient protein
enzymes (the evolution products of billions of years) were used to
reproduce RNA under the optimized conditions, and yet, long
sequences impose significant replication difficulties under these
competitive conditions. In the RNA world, RNA synthesis would
presumably have been carried out by less efficient 21 and imperfect
RNA polymerase ribozymes as is evidenced by the fact that to date
no efficient polymerase ribozymes have been isolated22 and the lack
of an RNA polymerase in extant biology. It is therefore not difficult
to imagine that even greater difficulties in long RNA reproduction

Figure 4. (A) Comparison of relative RNA size populations (solid symbols)
between the thioester-synthesizing ribozyme selection15 and background
selection C (solid lines). Dotted lines are from calculations based on
Equation 3 and pool kinetic parameters kcat, KM, and α from Table 1. (B)
Background selection C (solid lines) vs calculated relative RNA size populations
(dotted curves) of isolated active ribozymes from Equation 4 and individual
kinetic parameters kcat, KM, and α from Table 1.

Figure 5. Calculated distributions of individual sequences within size groups
based on determined kinetic parameters under the selection conditions. (A)
TES1 vs TES28. While TES28 has higher kcat/KM than that of TES1, its
moderately higher α significantly reduces its representation under the
selection conditions. (B) TES61 vs TES75 and TES80. TES61 predominated
after ten rounds of selection because it possesses lower α.

Figure 6. Correlation between ribozyme sizes (nt) and the fraction (α) of
inactive RNA population. If the α value of a ribozyme was not explicitly
given in the original publication, the active portion of the ribozyme was
estimated from either stated activity or kinetic data in the publication.
Averaged α values from Table 1 are represented as n. Literature α values
(•) were directly taken or inferred from published results: 1, ref. 14; 2,
ref. 38; 3, ref. 14; 4, ref. 39; 5, ref. 35; 6, ref. 40; 7, ref. 41; 8, ref. 42;
9, ref. 43; 10, ref. 44; 11, ref. 33; 12, ref. 45; 13, ref. 7.
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would face ribozymes. Regardless of catalytic activities, large RNA
sequences confer considerable disadvantage over short RNA
sequences in terms of RNA replication.23

Ribozyme size vs. alpha. Typically, selected ribozymes cannot
reach 100% reactivity because of an inherent inactive fraction of
RNA population (we define it as α in Equation 2). Kinetic traps
impede correct folding by non-native interactions and must be
disrupted to achieve correct folding.24-28 The longer an RNA
sequence is, the greater the probability for misfolding into different
inactive conformations.

An alternate explanation of the existence of α is that the ribozyme
may be 100% active, but the reaction that the ribozyme catalyzes
reaches an equilibrium between the substrates and products. While
this may be true of some ribozymes, the reverse reaction does not
occur appreciably for the described thioester synthesis reaction
under our conditions. Addition of free AMP (one of the reaction
products) to the reaction does not affect the extent of reaction
(unpublished results). If the reaction were reversible, adding AMP to
the solution would shift the equilibrium to the left, leading to lower
product yields. Therefore, the α values in Table 1 reflect the inactive
fraction of thioester-synthesizing ribozyme population.

Two interesting points emerged after kinetic analysis of the indi-
vidual thioester synthetase sequences. On one hand, α of different
sequences varies significantly within the same size group as well as
among different size groups. On the other hand, statistical analysis
reveals a correlation between α and ribozyme size. Longer sequences
tend to have higher α values. To validate the existence of such a
correlation, α values of isolated ribozymes (obtained directly from
publications or inferred from published data) were plotted against
the number of nucleotides, shown in Figure 6. It is clear from the
figure that the α value of ribozymes gets higher when the length of
ribozymes increases. The figure includes only primary isolates from
in vitro selection and can be used to predict the statistic trend of
isolated ribozymes of different sizes. Modified or optimized
ribozymes after initial isolation may not follow the trend, and are
thus excluded from the figure. In addition, different ribozyme
sequences of similar sizes can have varying α values (Table 1).
Therefore, specific ribozymes may deviate from the figure. The cor-
relation between ribozyme size and α value suggests that long
sequences in a selection experiment may not be necessary for isolation
of ribozymes and excessive sequences may actually reduce the catalytic
performance of ribozymes by increasing their inactive population (α).

Ribozyme sequence frequency vs. ribozyme efficiency. More
efficient ribozyme sequences should gradually dominate pools during
the selection. At the end of selection, frequencies of isolated clones
should correlate with ribozyme efficiencies (determined by kcat, KM,
and α) and the selection conditions. If ignoring the α effect, Table 1
seems to suggest the best ribozyme sequences do not necessarily
appear in high frequencies. This observation is not unique to our
selection.22 We have shown that the discrepancies are caused by the
term α and defined selection conditions, as described by Equation 3.
It is possible that a good or even an excellent ribozyme by the
conventional definition of kcat/KM escapes isolation by a limited
number of clones under defined selection conditions due to its high
α value. In fact, none of the sequences in the whole 100N size group
were isolated originally in our earlier work.15

Ribozyme size vs. ribozyme efficiency. Catalytic efficiency of an
enzyme is conventionally defined by kcat/KM. Since ribozymes have
an additional parameter α that can significantly affect catalytic

performance, α should be taken into account when comparing relative
ribozyme catalytic efficiencies. We suggest using the term ribozyme
efficiency (1 - α)kcat/KM for evaluating catalytic activities of
ribozymes. From (Table 1), the ribozyme efficiency of different size
groups does not exhibit significant difference (within 3-fold). For
individual sequences, regardless of their sizes, kcat/KM and α tend to
compensate for each other. However, since most selection experiments
have been performed under permissive conditions (high substrate
concentration and long incubation time) that reduce the effect of
kcat/KM on product yields, the term (1 - α) becomes significant
during selection, along with the cycling efficiency of the sequence.
Because longer sequences have both higher α values and lower
reproduction efficiencies, the 100N size group quickly lost its
competitiveness during the selection. It should be noted that the
catalytic activities of ribozymes are determined not only by their
ribozyme efficiencies [(1 - α)kcat/KM] but also by reaction conditions.
To compare the performance of different ribozymes under defined
conditions, Equation 3 should be used.

Intuitively, long random RNA libraries have been argued to offer
high success rates for selection because of their potential to fold into
more complex structures.6,8,9 However, current results and previous
observations argue against this suggestion. First, the RNA misfolding
problem is universal for ribozymes. Smaller RNA molecules somewhat
circumvent the recognized folding problem in longer RNA
sequences.20,25-29 A given RNA sequence can fold into numerous
secondary structures with similar folding energy, which may be
active or inactive. Each possible conformation could account for an
inactive fold, thereby increasing the likelihood that the molecule will
misfold. Second, many in vitro selected ribozymes can be truncated
into smaller ones, some by significant portions, and the resulting
ribozymes retain the same catalytic efficiencies or perform even
better.6,12,18,30-35 It has also been shown that small motifs are optimal
in sequence space for RNA cleavage activity.36,37 Third, large sequences
pose the inevitable disadvantage of replication inefficiency as shown
quantitatively in Fig. 1. This reproduction advantage of small RNA
over large RNA has been recognized and discussed.23

We believe that there exists an optimal length of relatively short
random regions around 60 nt for the isolation of functional RNA
sequences. Our previous coenzyme synthetase ribozyme selection
resulted in the 60N group as the dominating population.14

Although the 60N group was less abundant than the 30N at the end
the competitive thioester-synthesizing ribozyme selection,15 the
isolated 60N ribozymes were calculated (by Equation 4 but omitting
the cycling efficiency term) to perform slightly better than the 30N
(1.04:1) under the selection conditions. On the other hand, the
relative performance of the isolated 100N thioester-synthesizing
ribozymes over the isolated 30N ribozymes was calculated to be
0.86:1 when factoring kcat, KM, α and cycling efficiency under the
selection conditions. In addition, we have isolated ester-synthesizing
ribozymes from the same initial random RNA libraries, and the 60N
size group became dominant after seven cycles of selection (unpub-
lished results). Therefore, three independent competitive selection
experiments have yielded the same result—best performing
ribozymes (on average) coming from the 60N group among the
30N, 60N, 100N and 140N size groups under the selection condi-
tions. Although the conclusion of an optimal 60N random RNA
library is drawn from three specific competitive selection experiments,
the conclusion may be generally applicable to other competitive in
vitro selection experiments.
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Our conclusion of an optimal random RNA size of 60 nt is based
on competitive selection experiments, and does not exclude the
possibility of isolating highly efficient ribozymes from RNA libraries
containing longer random regions under noncompetitive conditions.
Without the selection pressure for reproduction efficiency under
noncompetitive conditions, it is still an open question whether long
random regions can lead to superior ribozymes or are necessary for
complex functions. The question can be addressed by parallel selections
(under the same conditions) of defined RNA functionalities from
RNA libraries, each containing a random region of different length.
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