Time Selfish Cooperation
30m 1.65 1.02

1h 1.69 0.95

2h 2.50 0.97

4h 2.72 0.99

6h 1.94 0.91

8h 1.74 0.94

Table 28— Average deviation from wildtype () for the mutagenicPCR reactions. Thek
value is given for each time point in both the Selfish and Cooperation reactions. The same
rationale that was used in Chapter 2 (see Table 14) was used here to calculate these values.
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CHAPTER 4 - THE EFFECT OF POINT MUTATIONS ON THE ACTIVITES OF
FULL-LENGTH AZOARCUS RIBOZYMES

Introduction

A point mutation refers to a genetic mutation where a single nucleotide base is either
changed, inserted, or deleted from the wild-type sequence of DNA or RNA. In some cases,
the point mutation may disrupt the tertiary structure of the ribozyme. For example, in the
Azoarcus group | intron, a mutation that disrupts the tertiary contracts between the L9
tetraloop and its helical receptor was shown to destabilize the intron’s tertiary structure,
whereas other mutations were less destabilizing (Chauhan et al., 2005). On the other hand,
the introduction of point mutations may enhance the catalytic ability of the ribozyme. In
the case of the Tetrahymena intron, small insertions or deletions in a non-conserved region
was shown to greatly enhance the turnover number and sequence specificity of the in vivo
ribozyme-catalyzed RNA cleavage (Young et al., 1991). As the effect of point mutations
can be either deleterious or beneficial, the effect of point mutations on the self-assembly
of the Azoarcus intron is of interest. The effect of appending a foreign sequence of
prebiotic relevance at the 3’-end of the intron were shown to decrease, but not entirely
block the self-assembly reaction (Arsene et al., 2018). The reaction series described in
Chapter 2 and Chapter 3 provide an opportunity to further advance the body of knowledge
regarding the effect of point mutations on the ability of the ribozyme to self-assemble into

full-length product.

Both the 9% reactions and the mutagenic PCR reactions revealed multiple

nucleotide positions within the intron that appeared to be tolerant of accepting mutations.
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In the case of the mutagenic PCR reactions, one mutation at position 73 was seen so
frequently and was so prevalent in the genotypes of the niche population members, that it
was treated as a “pseudo-wild-type” genotype. Position 73 is located in the L5 loop region
at the end of the P5 stem (Figure 1). The Azoarcus crystal structure does not identify the
P5 stem as being involved in any important tertiary interactions (Adams et al., 2004).
Because of the ability of the L5 loop to be varied without affecting the ability of the
ribozyme to self-assemble, this region was disrupted in the designing the substrate for the
first demonstration of the Azoarcus ribozyme to spontaneously self-assemble from inactive
fragments (Hayden and Lehman, 2006). Thus, it would appear that mutations arising in

the L5 loop may not be deleterious to catalytic function.

On the other hand, other positions remained highly conserved in each of the
reactions. For example, position 43 is part of a pseudoknot region that is highly-conserved
in group | introns and mutations at this point have been shown to be highly destabilizing
(Chauhan etal., 2005). In both of the W*-Single and Double reactions, this position carried
an average mutation rate of 2.69% and 3.90%, respectively (Table 13). In the Selfish and
Cooperation reactions, the average mutation rates dropped to 0.24% and 0.03%,
respectively. These results support the suggestion that position 43 needs to be highly

conserved to maintain catalytic function.

The two sets of reactions described in this chapter seek to address the effect of point
mutations on the effect on the overall catalytic rate by quantifying the percent yields
obtained from two sets of reactions involving point mutations that were engineered into

substrate fragments. The set first of point mutation reactions, collectively referred to as
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the “P2” reactions were completed prior to the majority of the work done in this thesis and
the results from this series provided inspiration for the design and implementation of the
main two reaction sets. The second set of reactions, collectively referred to as the
“Hotspot” reactions were conducted after the majority of the main two reaction sets and

were designed with the results of those reactions in mind.

The results of the P2 reactions, described in detail below, suggested that mutations
could be well-tolerated in a region of the ribozyme that was not directly involved in its
catalytic function. Multiple positions, such as position 43 for example, seemed to be
relatively impervious to accepting mutations. Because the effect of random mutations on
a highly-conserved region of the Azoarcus ribozyme has already been shown to be
deleterious (Chauhan et al., 2005), the research described in this chapter will focus on the
effects of a mutation on a position that was shown to be highly tolerant of mutations in the
mutagenic reactions (position 73) and a position that gave inconsistent results between the
9% reactions and the mutagenic reactions (position 54). It should be noted that the results
from the reactions of this chapter are not intended to be an exhaustive study of the effect
of point mutations on the Azoarcus ribozyme. With more than 150 nucleotide positions
available for point mutations and the possibility of introducing up to three variations at
each of these sites, the number of possible point mutation experiments are staggering. The
several positions subjected to directed mutations in this work are meant to be representative
of situations in which a change or changes to the primary sequences may or may not have

an effect on the catalytic ability of the ribozyme.
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In this chapter, the hypothesis that point mutations that may become fixed during
the course of dynamic kinetic selection will have a negligible effect on the on the activity
of the ribozyme will be tested. As DKS suggests diversity among the population members
that have demonstrated staying power, such mutations are expected to have little or no
impact on the activity of the ribozyme. On the other hand, mutations that significantly
disrupt the tertiary structure needed for efficient catalysis are expected to be short-lived
and eventually be excluded from the population. Because point mutations may also be
deleterious, a second hypothesis regarding the effect of point mutations is tested.
Potentially deleterious mutations are expected to only be tenable early in the reaction if
they disrupt tertiary structure sufficiently to allow the fragment to be quickly assembled
and that there are a sufficient quantity of catalytically competent ribozymes available to
perform the required catalysis. Thus, if a mutation drastically reduced the activity of the

ribozyme, this position is expected to be conserved as wildtype in the niche population.

Substrate and Reaction Design

The P2 reactions involved mutations involving 1-4 nucleotide positions within the
P2 stem (Figure 10). The Hotspot reactions, collectively referred to as the “Hotspot”
reactions involved position 54, identified as a potential point of interest in the 9% reactions
and position 73, identified as a potential point of interest in the Mutagenic PCR reactions.
The P2 reactions involved two-piece self-assembly reactions between W-analogs and wild-
type XYZ substrate fragment. The Hotspot reactions involved two-piece self-assembly

reactions between WXY-analogs and wild-type hZ substrate fragment.
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For both sets of reactions, a two-piece self-assembly reaction using the analogous
wild-type fragments was used to establish a baseline for the anticipated percent yield of
full-length product. Each of the two-piece self-assembly reactions was 2 uM in each
substrate fragment, 100 mM in MgCl. and 30 mM in EPPS buffer (pH 7.5). The reactions
were initiated by heating at 80°C for two minutes, followed by incubation at 48°C. At each
of the short interval time points (i.e., 0.5, 1, 2, 5, 10, and 30 minutes), 12 puL of reaction
mix was removed from the reaction and immediately quenched in a solution that was 140

mM in EDTA and 2X loading dye and stored at -20°C.

Each time point aliquot removed from the reaction vessel was run on an 8%
polyacrylamide, 8M urea gel, stained with SYBR-Green or SYBR-Gold (Life
Technologies), visualized on the Typhoon Trio and variable mode phosphoimager and

quantified to determine a percent yield for each reaction.

Results and Discussion

Analysis of a suite of point mutations in the P2 stem

This suite of reactions was inspired by a personal communication between Niles Lehman
and Sandeep Ameta, a post-doctoral researcher at the ESPCI Paris-Tech biochemistry
laboratory in Paris, France. The question that arose from this discussion was how
mutations affecting the P2 stem may impact the catalytic ability of the ribozyme. The P2
stem of the Azoarcus ribozyme refers to the range of nucleotides spanning from position
12 to position 36. The hairpin loop at the end of the P2 stem (which is a highly-stable

GNRA tetraloop) is involved in a stability-providing interaction with the P8 region, which
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refers to a stem region and an internal loop that are located within the Y/Z region (Tanner
and Cech, 1996). However, the GNRA tetraloop appears to be the only area of this moiety
that impacts the tertiary structure of the ribozyme. In the Synechococcus pre-tRNA intron,
the 3’-splice site hydrolysis activity critically depends on this region, but this is not the
case with the Azoarcus intron — a small number of nucleotides in the conserved core, rather
than the P2 region, were determined to be responsible for hydrolysis activity (Ikawa et al.,

2000). Thus, the P2 region seemed likely to tolerate point mutations.

The specific positions at which the point mutations were placed were selected on
the basis of being a proposed means of introducing neutral mutations into the ribozyme to
be used as a “barcode” to identify certain ribozymes during data analysis. The gel image
obtained subsequent to SyBr Green staining showed visible product bands from the 2-
minute time point forward for all reactions except for the Double-swap (Figure 11). The
percent yield for the reactions showed little difference in product yield between the
wildtype, and both the upper and lower swap reactions. Product yield for the Single
mutation and the Double swap was significantly decreased (Figure 12). These results
suggest that the single-swap variants retain their catalytic ability. A likely reason that
single-swap variants do not suffer decreased catalytic ability is the presence of the
compensatory mutation in the other member of the nucleotide pair. This is readily
contrasted with the marked decrease in catalytic activity shown in the single mutation.
Here, the disruption at position 34, without a compensatory change at position 14, results
in approximately half as much full-length product produced by the substrate fragment with

a single mutation reaction versus the that produced by the wild-type substrate. Although
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not the stronger of the canonical Watson-Crick base-pairing interactions, the wild-type A-
U interaction has a much greater impact on the secondary structure of the ribozyme than

does an A-A interaction (Leontis et al., 2002).

The decreased catalytic activity of the double swap involves a double re-
arrangement of a base-pairing interaction. Because reversing the positions one at a time,
as was the case in the upper swap and lower swap reactions showed little or no deleterious
effect on catalytic activity, it stands to reason that changing both positions in tandem would
also not have a deleterious reaction, but this is clearly not the case. Out of necessity,
positions 14 and 15 were covered by the forward primer during amplification of DNA
obtained from reverse transcription in the 9% reactions and the mutagenic PCR reactions.
For this reason, a direct comparison cannot be made between the results obtained here and
what the distribution of nucleotides was at positions 14 and 15 in either of those reaction
series. However, such nucleotide distributions were determined for positions 33 and 34 in
those reactions (Table 29A). The nucleotide distributions at these positions are consistent
with the positions of interest identified for each reaction; in the 9% series, there is a higher
mutation rate and generally no clear preference for the substitution of one base over
another, although it should be noted that both of these reactions show a relatively strong
preference for tolerating a mutation to uracil at these positions. For the mutagenic PCR
reactions, there is both overall lower mutation rate and for mutations that do arise, there is
a strong preference for transitions over transversions. The mutagenic reactions clear select
against genotypes carrying uracil at both of these positions. Because the 9% reactions are

more tolerant of these positions, the percent of genotypes bearing mutations at both of these
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positions was considered for the W*-Single and the Double reactions (Table 29B). It is
clear that although there is tolerance for mutations to uracil at these positions, there is a
strong tendency for the recombination reaction to select against fragment substrates that

bear uracil at both positions.

Although the integrity of the P2 stem has not been indicated as being vital to
catalysis, the GNRA loop at the end of the P2 stem is involved in a tertiary interaction
involving an internal loop in the P8/P8 a region (Tanner and Cech, 1996). It is possible
that the double swap change in the P2 stem affects the positioning of the L2 loop and

interferes with the interaction between L2 and P8/P8a.

The Hotspot reactions

Position 73

As described in Chapter 3, the full-length self-assembled product from the mutagenic PCR
reactions suggested that position 73 is very tolerant toward accepting random mutations.
Particularly in the Competition reaction, mutations at this position were so prevalent that
the ribozymes with one mutation at this position were considered to be “pseudo-wild-type”
ribozymes. Additionally, this was the only instance of a transversion observed in the
mutagenic PCR reactions. Thus, this position was deemed a good position to test the
effects of inserting point mutations. The wild-type nucleotide at position 73 is cytosine.
Because the mutagenic PCR reactions showed transversions to guanosine occurred
approximately as frequently as the transition to uracil, a mutation to guanosine was placed

in the substrate fragment at this position (73G). The other possible transversion is to
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adenine, which showed up in significantly lower quantities than did either the transversion
to guanine or the transition to uracil. Thus, adenine was selected as the second point

mutation for this position (73A).

The gel images for each of the Hotspot reactions show visible product bands at the
10-minute mark (Figure 13). For the wildtype (Figure 13A) and both the position-73
reactions (Figure 13B), product is clearly visible at both the 10-minute and 30-minute time
points. The percent yield from all three reactions is comparable (Figure 14). Quantifiable
self-assembly product emerges from 73A as early as two minutes, which full-length
product present in all three reactions at five minutes. The 73A reaction out-performs the
wild-type reaction at earlier time points and produces slightly more yield by 30 minutes.
In the 73G reaction, there is a spike in full-length product yield occurring between 10
minutes and 30 minutes. By 30 minutes, the percent yield from all three reactions is

comparable.

The results from the position-73 reactions support the hypothesis that this position
is very tolerant of mutations and the identity of the nucleotide at position 83 has very little
impact on the catalytic ability of the ribozyme. The drastic increase in catalytic ability for
all three of these analogs between the 10 minute and 30 minute mark supports the
placement of ribozymes with single mutations at position 73 in the niche population for the

mutagenic PCR reactions.

Position 54
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The strategy for determining the point mutations used to select the point mutations
to be placed at position 54 was different because the results from the 9% reactions and the
mutagenic PCR reactions were very different. In the two 9% reactions that involved
substrates with W-regions that had been subjected to random mutations (the W*-Single
and the Double), the average mutation rates were 10.74% and 9.35% respectively (Table
13). Neither of these two reactions showed a strong preference as to which mutation
selected. For mutations at this position in the W*-Single reaction, adenine occurred 40%,
guanine occurred 20%, and uracil occurred 40% (Table 5). For mutations at this position
in the Double reaction, adenine occurred 30%, guanine occurred 30%, and uracil occurred
40% (Table 7). In the mutagenic PCR reactions, the mutation rate at position 54 is zero at
all six time points in both reactions (Tables 20 and 21). The wild-type nucleotide at this
position is cytosine. For the investigation of the effect of point mutations at this position,

a transition to uracil and a transversion to guanosine were chosen.

The same wild-type gel image used as a reference for the relative robustness of the
position-73 variants is used as a reference for the position-54 variants (Figure 13A). For
the position-54 variants (Figure 13C), visible product is not observed for 54G at all and for
54U only a trace of full-length product is visible at the 10 minute mark, with an observable
product band at 30 minutes. A comparison of the product yields at each time point for the
position-54 reactions against both the position-73 reactions and the wild-type reaction
(Figure 14) shows that the C54G mutation significantly decreases catalytic activity. At 30
minutes, the quantity of full-length product produced by the 54G substrate falls well-short

of the amount produced at that same 30 minute time point (or even by the 10 minute time
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point)by any of the other four reactions. The C54U mutation is deleterious to the
production of full-length product, but the effect of this point mutation at position 54 is not

as drastic for the transition as it is for the transversion.

The results from the position-54 reactions indicate that the transversion to guanine
is clearly deleterious, while the transition to uracil has less of a negative impact on catalytic
ability. The results obtained from the position-54 reactions suggest that ribozymes that
remain conserved at this point are better catalysts. Although C54U variants are more
viable, C54G variants are only expected to be able to exist in the reaction population if they

are supported by niche population catalysts.

Conclusion

In this chapter, the results obtained from two sets of reactions focusing on the effect of
introducing directed point mutations into the Azoarcus ribozyme were compared and
contrasted. The P2 reactions involved modifications involving four different nucleotides
in the P2 stem and involved recombination of modified W-analogs with wild-type XYZ
fragment. The Hotspot reactions involved modifications to two positions that were
identified as points of interest while reviewing the results of the 9% reactions (position 54)
and the mutagenic PCR reactions (position 73). The Hotspot reactions involved
recombination of modified WXY -analogs with wild type Z fragment. The hypothesis that
point mutations that may become fixed during the course of dynamic Kinetic selection will
have a negligible effect on the overall catalytic rate is strongly supported by the results of

the position-73 reactions.
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The hypothesis that mutations that tend to decrease the activity of the ribozyme are
absent from the genotypes of the niche population is supported by the results of the
position-54 reactions. In this case, both mutations have a deleterious effect on the overall
percent-yield, with the transversion being significantly more deleterious than the transition.
All members of the niche population for both the 9% reactions and for the mutagenic PCR
reaction are wildtype at this position (Table 4, Table 26). This suggests that neither of
these position-54 analogs have significant catalytic capability. Thus, it is likely that
modifications at this position may be temporarily viable (i.e., they may be a “weedy”
biomolecular species), if and only if the point mutations allow the ribozyme variant to
assemble more quickly and there is a sufficient amount of catalytically competent

genotypes present to assume the burden of catalysis.

Materials and Methods

Construction of RNA substrates and ribozymes

All eight of the substrate fragments that included directed point mutations were prepared
in the same manner. Each was transcribed from double stranded DNA templates prepared
by PCR mediated gene synthesis (Jayaraman et al., 1989) that relied on six oligonucleotides
designed to create full-length wild-type Azoarcus group | intron, but with nucleotide
modifications at the appropriate position in any of the six oligonucleotides that affected the
position at which the point mutation was intended. With the exception of the forward
primer used to prepare the mutated fragments for the P2 reactions, the remainder of the
substrate preparation process was identical to that used to produce wild-type fragments in

the 9% reactions, as described in Chapter 2. For both of the single swap reactions and the
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double swap reactions, a special forward primer was designed that would conserve the

point mutations inserted at position 14, position 15, or both.

The wild-type hZ substrate fragment used in the Hotspot reactions was purchased

from IDT.

Data Analysis

Quantification of the reaction gel images was accomplished on the Typhoon Trio scanner
and quantified using Image Quant software (GE Healthcare Life Sciences). The product
band for each time point was identified as well as the band present for the unreacted
substrate that was closest in size to the full-length product band (i.e., XYZ for the P2
reactions and WXY for the Hotspot reactions). The pixilation of each band was used to
quantify the intensity of each band. The percent reacted was then calculated by the simple

formula: percent reacted = full length product/(unreacted substrate + full length product).
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NAME MUTATION(s) NAME | MUTATION(s)
A A34U U15A
C A33U

B-B
P

U14A U14A
B A34U D U15A
A33U
A34U

Figure 10 — The four mutations introduced into the P2 stem of the W-fragment. Four
manipulations of the primary sequence were engineered into the ribozyme to test effect of these
mutations on the catalytic ability of the ribozyme. (A) The “Single mutation” involved only one
mutation (B) The “Upper swap” switched positions between an adenosine and a uracil nucleotide
(C) The “Lower swap” involved the same base-pairing switch, but involved the two adjacent
nucleotides that were closer to the GNRA tetraloop and (D) The “Double” swap switched the
positions of all four involved nucleotides.
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A33U)
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Figure 11 — Results from the P2 reactions. SyBr Green-stained images representing unreacted
substrate and full length product from each of the five P2 reactions. Each gel band is labeled with
the time (minutes) at which the aliquot was removed from the self-assembly reaction.
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45%

T 35%

it

(&)

o 25% —— Wildtype

f Single mutation

S 15% Upper swap

E Lower swap

a 5% & Double swap
5% 0 10 20 30

Time (minutes)

B
time (min) - Single | Upper -E
0.5 5% 5% A% 1% 1%
1 5% 7% 2% 3% 3%
2 9% 6% 6% 7% 1%
5 15% 10% 11% 20% 7%
10 26% 13% 24% 29% 7%
30 45% 20% 41% 43% 26%

Figure 12 — Percent of full-length self-assembly product for each member of the P2
reaction set. (A) The results of each of the five reactions in this set are compared
between the initial (30 s) and the final (30 min) time point. (B) The values used to
construct the graph are provided for reference.
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Figure 13 — Results from the Hotspot reactions. SyBr Gold-stained images for each of the five
Hotspot reactions. Each of the five bands contains bands representing unreacted substrates and
full lengths products removed at 0, 0.5, 1, 2, 5, 10 and 30 minutes.
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N 50.0%
%
S 40.0%
“— —— Wildtype
S 30.0% L
° 73A
> 20.0%
= 73G
[J]
10.09
g 10.0% j 54G
o
0.0% T I 1 | T T 1 54T
Omin 30sec 1 min 2 min 5min 10min 30min
Time
B
Omin 30sec 1 min 2 min Smin 10min 30min
Wildtype 0.0% 0.0% 0.0% 0.0% 1.7% 13.4% 37.8%
T3IA 0.0% 0.0% 0.0% 0.4% 6.7% 20.6% 38.4%
733G 0.0% 0.0% 0.0% 0.1% 1.5% 5.3% 34.8%
54G 0.0% 0.0% 0.0% 0.3% 0.2% 1.0% 3.2%
54T 0.0% 0.3% 0.3% 0.5% 1.4% 5.9% 28.4%

Figure 14 — Percent of full-length self-assembly product for the Hotspot reactions.
(A) The results of each of the five reactions in this set are compared between the initial
(30 s) and the final (30 min) time point. (B) The values used to construct the graph are
provided for reference.
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AT TPEosmoN] A [ ¢ [ G [ U _
W=*-Single 33 95 1 1 2
34 94 1 2 3
Double 33 93 1 3 3
34 92 2 B 3
Selfish 33 99 0 1 0
34 96 0 3 0
Cooperation 33 100 0 0 0
34 97 0 2 0
B
Time W*-Single Double
30 min 3in 10,000 0in 133
1h 7 in 10,000 1in 1054
2h 4 in 10,000 1in 654
4h 6 in 10,000 5in 1779
6h 2 in 10,000 0in 313
8h 2 in 10,000 0in 715

Table 29 — Distribution of nucleotides at positions 33 and 34. (A) The percent of each
nucleotide at positions 33 and 34 is given for the two reactions from the 9% reactions that were
subjected to the introduction of random mutations in the W-region and for both of the mutagenic
reactions, as positions 24-71 of the W-region were subjected to the introduction of random
mutations. (B) Number of ribozymes bearing the genotype “UU” at positions 33 and 34 for the
W=*-Single and Double reactions at each reaction time point out of the total number of population
members analyzed for that time point.
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