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Abstract

Hepatitis delta virus (HDV) and cytoplasimic polyadenylation element binding protein 3
(CPEBS3) ribozymes form a family of self-cleaving RNAs characterized by a conserved nested double-
pseudoknot and minimal sequence conservation. Secondary structure-based searches were used to
identify sequences capable of forming this fold and their self-cleavage activity was confirmed in vitro.
Active sequences were uncovered in several marine organisms, two nematodes, an arthropod, a
bacterium, and an insect virus, often in multiple sequence families and copies. Sequence searches
based on identified ribozymes showed that plants, fungi, and a unicellular eukaryote also harbor the
ribozymes. In Anopheles gambiae the ribozymes were found differentially expressed and self-cleaved
at basic developmental stages. Our results indicate that HDV-like ribozymes are abundant in nature

and suggest that self-cleaving RNAs may play a variety of biological roles.



Self-cleaving ribozymes are involved in maturation of RNA viroids and virusoids, and satellite DNA
transcripts. They include a number of motifs, including the hammerhead, hepatitis delta virus (HDV), hairpin,
and the Neurospora Varkud satellite (S7-5). In addition, the GI/mS ribozyme has been discovered in many
bacteria (S6), hammerhead ribozymes have been identified in plant, and mammalian genomes (S7, §8), and an
HDV-like ribozyme was found in the second intron of the mammalian CPEB3 gene (S9). The conservation of
the CPEB3 ribozyme among mammals suggests that HDV-like ribozymes might be widely distributed. Because
structured functional RNAs have conserved base-pairing regions, but their sequences are not necessarily
conserved (S70, 11), we hypothesized that a genomic search for sequences capable of forming the HDV and
CPEB3 secondary structure would yield sequences capable of catalysis.

The HDV and CPEB3 ribozyme core consists of five paired regions forming two coaxially stacked
helices that are further organized into a nested double pseudoknot structure linked via two single-stranded
regions, J1/2 and J4/2 (fig. S1) (89, 12-14). J4/2, along with L3 and P1.1, forms the core of the ribozyme,
containing both the active-site cytosine and a conserved adenosine involved in an A-minor tertiary interaction
with the P3 helix (§72, 13). In vitro selections have shown that these strands tolerate mutations so long as the
secondary structure, the A-minor interaction, and the active-site cytosine of the ribozyme are preserved (S175,
16). In total, six nucleotides (nt) are invariant on the sequence level whereas about 60 nt are required to form the
minimal structure.

Based on these data, a series of secondary structure descriptors were created for the paired, tertiary, and
catalytic elements. Only few positions in the sequence were specified (fig. S1) (§77), including the catalytic
cytosine residue, a purine-pyrmidine base pair at the base of the P1 helix, and a G*U wobble pair in L3 that
forms the base of the P3 helix in the genomic HDV ribozyme (S72, 13). The descriptor was used to scan
available genomic data for sequences capable of forming the prescribed fold and candidate sequences were
tested for in vitro self-scission (S78). Self-cleavage activity was initially confirmed in six eukaryotes, one
bacterium, and one virus (Fig. 1, table S1, and figs. S1 to S18). Mutation of the proposed active-site cytosine
residue vastly diminished in vitro activity, supporting the residue’s central role in the cleavage mechanism (figs.

S2, S7, S18). All six eukaryotes were found to harbor multiple copies, and in three of them (4dnopheles



gambiae, Strongylocentrotus purpuratus and Branchiostoma floridae) the candidate sequences can be grouped
into multiple families representing different versions of the HDV and CPEB3 motif. The identified ribozymes
were later used to search partially assembled genomes and GenBank Expressed Sequence Tag database
(dbEST), where additional ribozymes were found in several more eukaryotes, including plants, fungi, fish,
insects, a tapeworm, and a unicellular ciliate (table S2 and fig. S19).

Two sequence families were identified in the African mosquito A. gambiae (drz-Agam-1 and -2; Fig. 1
and figs. S2 to S5) (S79). Representative sequences from each family were tested in vitro with self-cleavage rate
constants ranging from sec”' to hr ' at ambient temperature and 1 mM Mg®" (table S1). Rapid amplification of
cDNA ends (5" RACE) experiments performed on total RNA extracts from various developmental stages and
sexes of A. gambiae showed that the sequenced 5 ends map to the computationally predicted and in vitro
verified self-cleavage sites (fig. S2) (S17), demonstrating that the ribozymes are expressed and self-cleave in
vivo. Reverse transcription followed by quantitative polymerase chain reaction (RT-qPCR) revealed the highest
expression of the drz-Agam-1 family to occur in adult male mosquitoes (figs. S2 to S4). However, these
ribozymes remain largely uncleaved, whereas in larvae, pupae and adult females, the majority of the ribozymes
were isolated in self-cleaved form, indicating that both the expression and the cleavage state of the ribozymes
are regulated in vivo. Similar differential expression and self-cleavage were observed for the drz-Agam-2
family of ribozymes (Fig. 1 and fig. S5).

The drz-Agam-2 ribozymes (Fig. 1, figs. S1 to S5) are the largest identified HDV-like ribozymes,
containing long sequences in the J1/2 and P4 regions. While a variable P4 has previously been shown to
maintain ribozyme activity (S20), a long, structured J1/2 strand has not been observed. In contrast, the 63-nt
drz-Bflo-2, one of two ribozymes found from the lancelet B. floridae (drz-Bflo-1 and -2, figs. S1, S10 and S11),
is the smallest ribozyme found to date and, together with drz-Spur-1, most closely resembles the mammalian
CPEB3 ribozyme core sequence (S9).

Four unique sequence families were isolated in S. purpuratus (drz-Spur-1 to 4; figs. S6 to S9). All
families are present in multiple copies, with drz-Spur-1 appearing 22 times throughout the genome. It maps to a

variety of regions, including the first exon of a predicted non-LTR-like reverse transcriptase, an intron-exon



junction of an ependymin-related protein precursor, and the 3" UTR of a predicted transmembrane protein
containing HEAT repeats (fig. S6). A blastula-stage EST (CD324081) possessing the self-cleaved form of a
drz-Spur-1 ribozyme indicates that the ribozyme is expressed and self-cleaves in vivo. Sequence searches based
on drz-Spur-1 revealed a self-cleaved sequence in ESTs (e.g. AM565620) from the gastrula and pluteus stage of
another sea urchin, Paracentrotus lividus (table S2). The little skate, Leucoraja erinacea, also harbors a
ribozyme with similar core, however the sequence lacks the conserved guanosine of L3, possibly rendering it
inactive (table S2).

While a 7 base-pair (bp) P1 helix was specified in the secondary structure searches, drz-Spur-3 and a
number of drz-Spur-1 copies were found with a P1 helix of 6 bp. A significant fraction of drz-Spur-3 cleaves
within minutes at ambient temperature and 1 mM Mg*", and high-resolution analysis of the cleavage products
confirmed that the shorter P1 helix is sufficient to build a stable HDV and CPEB3-like ribozyme (fig. S8).

In both Caenorhabditis japonica and Pristionchus pacificus ribozymes were found dispersed throughout
the organism’s genome in many copies. Drz-Ppac-1 is present in 32 copies, and drz-Cjap-1 or fragments thereof
take up approximately 1/10000™ of the organism’s genome (figs. S12 to S15). In both organisms, all the copies
appear intergenically and the flanking regions exhibit varying levels of sequence conservation between the two
nematodes. In P. pacificus both regions upstream and downstream of the ribozymes are conserved, while in C.
Jjaponica only the 3" region is conserved, suggesting that the self-cleaved form of the ribozyme was inserted into
different genomic loci. Two similar sequences of P. pacificus were found to self-cleave with surprisingly
different rate constants: drz-Ppac-1-1 shows appreciable scission in minutes at ambient temperature in 1 mM
Mg?*", while drz-Ppac-1-2 cleaves in hours in 10 mM Mg*" at 37°C (figs. S14 and S15). A naturally occurring
variant in which the active-site cytosine is replaced by adenosine was found to be inactive.

A single ribozyme family was identified in lamprey eel Petromyzon marinus (drz-Pmar-1). It is one of
the smallest and fastest ribozymes tested and maps to the second intron of a zinc finger AN1-type domain 2
protein and to intergenic regions in twelve other contigs. Some of the sequence variants contain mutations of the
active-site cytosine (to U), imperfect pairing of the P1 region, or other variations that most likely render them

inactive (fig. S16). We found similar sequences in spiny dogfish shark, Squalus acanthias, as well as in



coelacanth Latimeria menadoensis (table S2), suggesting that this ribozyme sequence may be common among
fish species.

Outside of eukaryotes we discovered the ribozyme in Faecalibacterium prausnitzii, a human gut
bacterium, and Chilo Iridescent Virus (CIV, small iridescent insect virus type 6). In F. prausnitzii, the drz-Fpra-
1 cleavage site maps 106 nt upstream of a phosphoglucosamine mutase (G/mM) start codon and 38 nt
downstream of a putative cytochrome d ubiquinol oxidase subunit II gene (fig. S17). The two genes may be part
of a polycistronic mMRNA bisected by the ribozyme that self-cleaves with a rate constant of 0.47 hr”! in 10 mM
Mg " at 37°C. Interestingly, the genome of F. prausnitzii contains another copy of the GImM gene and its 5’
UTR, including most of the ribozyme. However, the first six nt of the ribozyme are not copied, and so the P1
helix cannot be formed. Because this copy starts only six nt from the ribozyme cleavage site, we speculate that
the self-cleaved form of the ribozyme and the downstream G/mM mRNA were retrotransposed into another site
in the genome and, during the process, the first six nt of the ribozyme were lost, perhaps as a result of
exonuclease digestion.

In CIV, the drz-CIV-1 cleavage site maps 144 nt upstream of the DNA-dependent RNA polymerase
(largest subunit) start codon, several nt downstream of the predicted transcription start site, and 120 nt
downstream of a stop codon for a DNA binding protein gene (fig. S18). Because of its proximity to the
predicted transcription start site, the ribozyme may serve to inactivate the mRNA translation by cleaving off the
5" cap once the expression of this immediate-early viral gene (S21) is no longer necessary, or in cap-
independent translation where the ribozyme may act as an internal ribosomal entry site (IRES), a role similar to
one suggested for the CPEB3 ribozyme (522).

A search for sequences similar to drz-Agam-1 ribozymes revealed multiple putative ribozymes with
almost identical nt in the P3-L3 regions but divergent sequences elsewhere (table S2). These ribozymes map to
other insects, including another mosquito, Anopheles funestus (EST CD578134), a pea aphid, Acyrthosiphon
pisum, and Rhodinus prolixus, a vector of Chagas disease parasite Trypanosoma cruzi, where it maps to the
beginning of many ESTs isolated from the insect’s central nervous system (e.g. FG545964). Similar ribozymes

are found in several fungi, including Ajellomyces capsultans (EST XM _001543659), Neurospora crassa (EST
6



GE968064, possibly in self-cleaved form), and Trichoderma atroviride, where we confirmed its in vitro self-
cleavage activity (fig. S19). In addition, transcripts with similar putative ribozyme core sequences map to ESTs
from artichoke Cynara scolymus, sunflower Helianthus annus, the Pacific abalone Haliotis discus, and
tapeworm Moniezia expansa (table S2). Finally, the genome of Diplonema papillatum, a free-living marine
diplonemid, harbors an efficient ribozyme (fig. S19) that bisects an RNA transcript containing an upstream
splice-leader sequence and downstream 5S ribosomal RNA, suggesting that the ribozyme may be involved in
processing of non-coding RNAs.

Our results indicate that HDV-like ribozymes, and likely ribozymes in general, are widely distributed in
nature. Although alignment-based sequence searching generally meets with little success in identifying these
catalytic RNAs, a structure-based approach is effective. We note that with the large increase of available
genomic information and the continued refinement of alignment algorithms, sequence searching based on the
mammalian CPEB3 ribozyme can now identify drz-Spur-1 and drz-Bflo-1, as well as a related sequence in the
Atlantic cod Gadus morhua larvae (EST FG272465, table S2), where it may represent the self-cleaved form of a
CPEB3-like ribozyme. This suggests that the CPEB3-like sequences, not just the HDV and CPEB3 fold, are
distributed throughout non-mammalian genomes and that the ribozyme is older than previously thought (S9).
Retrotransposition likely contributed to this spread, and it is likely that self-cleaving ribozymes have a variety

of biological roles.
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fig. S1. Secondary structure of HDV and CPEBS3-like ribozymes. (A) An example of a structure descriptor for the
self-cleaved HDV and CPEBS3 fold. P1 through P4 represent base-paired regions where co-variation is required; J1/2
and J4/2 are single-stranded regions. Typically one mismatch, including G.U wobble pairs, was allowed to form in P1
and P2. Conserved positions are indicated in red; N, any nucleotide; R, purine; Y, pyrimidine. Dashed lines represent
variable-length sequence insertions. Solid lines represent direct connections without nucleotide insertions. (B) A.
gambiae drz-Agam-2-2 and (C) B. floridae drz-Bflo-2 ribozymes, the largest and smallest confirmed ribozymes. Small
letters correspond to the lead sequence that is cleaved off by the ribozyme. Core elements are colored by region. Red
indicates P1; dark blue, P2; light blue, P3; grey, P1.1; orange, P4, pink, J4/2.
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fig. S2. A. gambiae drz-Agam-1-3 ribozyme. (A) Secondary structure of the ribozyme. Color coding is the

60

same as in Fig. S1. (B) Genomic loci of two ribozyme copies that map to introns of a predicted endonuclease
gene. (C) Sequence of the 5' RACE product, showing the 3' end of trans-templating oligonucleotide following
by 5' end of ribozyme sequence (S77). Arrow indicates the beginning of the ribozyme sequence, which
matches the predicted cleavage site. (D) Quantitative RT-PCR of total and uncleaved ribozyme in different life
stages of the insect. Expression levels are on logarithmic scale and are normalized to S7 mRNA. (E) In vitro
self-cleavage activity of the *?P-labeled ribozyme incubated in 1 mM MgCl, at 22°C. (F) Semi-logarithmic graph

of ribozyme activity at different conditions.
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fig. S3. Secondary structure and activity of drz-Agam-1-1. (A) A. gambiae drz-Agam-1-1 secondary structure. (B)
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Mg?*, 37°C. (E) Semi-logarithmic graph of the in vitro self-cleavage activity of the ribozyme at various Mg?*
concentrations and temperatures (inset: fast kinetics).
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fig. S13. Sequence alignment of top sequence hits from a UCSC BLAT search of the drz-Cjap-1
ribozyme. Regions of conserved secondary structure are colored and mutations to the P1 helix that
would likely prevent activity indicated by white blocks. In one sequence the active site C, as indicated
by the asterisk, is mutated to U (pink), likely rendering that sequence inactive.
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fig. S14. Secondary structure and activity of drz-Ppac-1-1 (A) P. pacificus drz-Ppac-1-1 secondary structure.
(B) Genomic loci of drz-Ppac-1 ribozyme family. (C) Denaturing PAGE of self-cleavage at 10 mM Mg?*, 37°C.
(D) Semi-logarithmic graph of the in vitro self-cleavage activity of the ribozyme at various Mg?* concentrations

and temperatures (inset: fast kinetics). (E) Sequence alignment of the drz-Ppac-1 family with highlighted

regions indicating areas of conserved secondary structure and the active site C indicated by asterisk. In sev-

eral sequences the active site C is mutated to A.
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fig. S19. Secondary structure and activity of drz-Dpap-1 and drz-Tatr-1. (A) D. papillatum drz-Dpap-1
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Table S1.

Organism Common Name Ribozyme Genomic location of reference Copy Gene Gene function Rate constant/hr-1 Expression
name sequence number ([Mg”]ImM, T/°C)
Petromyzon marinus sea lamprey drz-Pmar-1 Contig8882 (+): 5503 — 5569 10 zinc finger, AN1-type domain 2B 90.0 £4.8 (1,22) EST
FD713707
Branchiostoma lancelet drz-Bflo-1 chrUn (+): 4946420 — 4946496 2 peptidyl arginine deiminase 2.0+0.2(1,37) EST
floridae BW733175
drz-Bflo-2 chrUn (-): 573703808 — 573703872 4 0.11 £ 0.02(10,22) EST
BW882616
Pristionchus pacificus  round worm drz-Ppac-1-1 chrUn (+): 108337937 — 108338042 32 1.2£0.2(1,22)
drz-Ppac-1-2 chrUn (-): 31644135 — 31644235 0.78£0.1(1, 37)
Caenorhabditis round worm drz-Cjap-1 chrUn (-): 153986201 — 153986304 122 20 £ 4 (1,37)
Jjaponica
Strongylocentrotus purple sea drz-Spur-1 Scaffold69290 (+): 40524 — 40595 22 Homolog resides in exon 1 of Predicted Gene (+) Non-LTR like viral retrotransposase 1.4£03(1,22) EST
purpuratus urchin 69290.4 CD324081
drz-Spur-2 Scaffold76964 (-): 722083 — 722149 4 Homolog resides in intron 1 of predicted gene (-) RNAse PH 3' exoribonuclease 10.0+0.2(10,37)
76964.38
drz-Spur-3 Scaffold37600 (-): 683 — 751 5 68 nts 3' to predicted gene 37600.1 12.0+ 0.8 (1,22)
drz-Spur-4 Scaffold40011 (+): 41889 — 41968 4 0.08 £0.01(1,37)
Anopheles gambiae African mosquitc  drz-Agam-1-1 chr2L (-):12892170 - 12892249 2 Intron 1 of Geneid predicted gene chr2L_643(+), 29.0£0.3(1,22) 5'RACE,
between Genescan predicted genes chr2L._05.438 qPCR
and chr2L_05.439
drz-Agam-1-2 chr2L (-): 12921555 — 12921635 1 Intron 3 of GenelD predicted gene (+) chr2L_643.1, 66 + 2(1,22) 5'RACE,
intron 2 of Genescan predicted gene (+) qPCR
chr2L_05.440
drz-Agam-1-3 chrX (+): 15,221,243 — 15,221,324 2 Intron 7 of (+) chrX_7.25 DDE superfamliy 160 + 11 (1,37) 5'RACE,
qPCR
drz-Agam-2-1 chr2R(+): 34860001 — 34860176 3 Intron 3 of GenelD predicted gene (+) chr2R_2558.1, Group | glycosyl transferase 387 £ 63 (1,37) 5'RACE,
intron 6 of Genescan predicted gene (+) qPCR
chr2R_15.114
drz-Agam-2-2 chrX(+): 7606912 — 7607088 1 Intron 4 of GenelD predicted gene (-) chrX_572.1, TspO MBR 49+ 16 (1,22) 5'RACE,
intron 8 of Genescan predicted gene (+) chrX_3.299 qPCR
Faecalibacterium drz-Fpra-1 675962 — 676030 1 Cleavage site is 38 bp upstream of CydB and 106 bp  CydB: cytochrome d ubiquinol oxidase, 0.47 £0.18 (10,37)
prausnitzii downstream of GImM hypothetical proteins. GImM: phosphoglucosamine mutase
Chilo iridescent virus insect iridescent  drz-CIV-1 72153 - 72219 1 Cleavage site is 144 bp upstream of RNAP and 120 DNA-dependent RNA polymerase 13.0+ 0.2 (1,37)
virus type 6 bp downstream of Zinc finger protein
Diplonema drz-Dpap-1 107 £ 39 (10,37) EST
Papillatum EC842608
Trichoderma drz-Tatr-1 1.8 £0.28 (10,37) EST
atroviride GE274206

Table S1. Self-cleaving ribozymes from the HDV and CPEB3 family with confirmed in vitro activity.

Number of copies corresponds to the full-length sequences found in the genome, including potentially

inactive ribozymes, for each subfamily, except in P. pacificus where two subfamilies (drz-Ppac-1-1

and -1-2) are included. Where multiple copies occur, only the sequence with confirmed in vitro activity
is listed by its genomic location. Other genomic locations and sequence alignments are shown in the
SOM. Gene corresponds to an example of genes where a given ribozyme (sub)family maps.

Expression indicates any evidence for in vivo transcription. Rate constant corresponds to the self-
cleavage rate constant under indicated conditions (faster of two is reported if the data were fit to a

biexponential decay model), averaged over at least two experiments. Error is calculated as average

deviation.

27



Expression
(EST 5605675

EST 48691621
EST AMS65620 5-¢

(JEST EE992768
EST AMS62678 5-c

EST FG544507

EST GE968064

EST EE674746 5-C

Table S2. Putative HDV-like ribozymes identified by sequence alignment. Seed sequences are those
ribozymes discovered by secondary-structure searching in this study or the mammalian CPEB3
ribozyme. Expression lists any database evidence that the sequence is expressed; s-c, EST
corresponds to the apparent self-cleaved form of the ribozyme; (-), ribozyme is antisense to the EST
sequence, therefore the EST may not be evidence of ribozyme transcription. Where available from
the genomic data or ESTs, the leader sequence is listed. The sequences are organized into the
predicted structure elements of the HDV-like double pseudoknot. The color scheme of the structure
elements is similar to Fig. 1, except P1.1 is not indicated explicitly, rather L3 and J1.1/4 are shaded.
Sequence positions that interfere with the canonical secondary structure description are in bold and
described in Comments.
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Materials and Methods

Secondary structure-based searches

We used the RNABOB program (courtesy of S. Eddy, HHMI; ftp://selab.janelia.org/pub/software/rnabob/) to
define the conserved sequence and structure elements of the HDV/CPEB3 ribozymes (fig. S1) (S17). The
following is an example of a structure descriptor that allows one mismatch in P1, P2, and P4 regions each. In
the P2 region the mismatch can also be an insertion, i.e. either an insertion of any nucleotide is allowed in either
strand, or, if both strands contain an insertion, a pair of any composition is allowed. “h” allows for G.U wobble
pairs, while “r”” only considers Watson-Crick base pairs. In this descriptor, at least one C-G base pair is required
in P1.1 (specified in s3 and s4), P2 is six or seven base-pairs long, P4 is three base-pairs long, J1/4 is 1-151
nucleotides (nt) long, and L4 is 1-101 nt long. The active-site cytosine and the adenosine involved in an A-
minor interaction with P3 are specified in s6 (S12).

hl r2 sl1 r3 s2 r4 r5 s3 r5' r2' hl' s4 h6 s5 h6' s6 r4' s7 r3'

hl 0:0 G:Y

r2 0:1 NNNNNN:NNNNNN TGCA
r3 0:0 NNN:NNN TGCA
r4 0:0 NNN:NNN TGCA
r5 0:0 NNN:NNN TGCA
h6 0:1 NNN:NNN

sl 0 N[150]

s2 0 *

s3 0 UYCNCG*Y

s4 0 GNN* * * *

s5 0 N[100]

s6 0 NCNRA*

s7 0 *

Primer Sequences

drz-Agam-1-1

Ribozyme construct: 5’ gggaacuagc
GGCUGACAAAAUCCUUUCCCAACCUCCACGUGGUGUCGGCUGGAUAAUGCAUUAGAAAUGUUGCAUUUACCAACUGGGAAgY

AL292: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAactagcGGCTGACAAAATCCTTTCCCAA

AL293: 57
CCTTCCCAGTTGGTAAATGCAACATTTCTAATGCATTATCCAGCCGACACCACGTGGAGGTTGGGAAAGGATTTTGTCAGCC

AL301 (inhibitor): 5’ ATAGGATTTTGTCAGCC

drz-Agam-1-2
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Ribozyme construct: 5’ gggagaugcacugau
GGCUGACAAAACCCUGUCCCAACCUCCACGUGGUGUCGGCUGGAUAAUGCUGCAUUAUGUUGCAUUUACCAACUGGGAAGGuuca

AL368: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGATGCACTGAT GGCTGACAAAACCCTGTCCCAACCTCCACG
AL369: 5’ TGAACCTTCCCAGTTGGTAAATGCAACATAATGCAGCATTATCCA GCCGACACCACGTGGAGGTTGGGACAGGGT

AL301 (inhibitor): 5’ ATAGGATTTTGTCAGCC

drz-Agam-1-3

Ribozyme construct: 5’ gggagaaaugugacuau
GGCUGACAAAAUCCUAUCUCUACCUCCUCGUGGUGUCAGCCGGAAUGUGCAGUAUCAGUACUGCAUAUACCAACAGAGAGggucag

AL262: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGAAATGTG
ACTATGGCTGACAAAATCCTATCTCTACCTCCTCGTGGTGTCAGCC

AL263: 5’ CTGACCCTCTCTGTTGGTATATGCAGTACTGATACTGCACAT
TCCGGCTGACACCACGAGGAGGT

AL301 (inhibitor): 5’ ATAGGATTTTGTCAGCC

drz-Agam-2-1

Ribozyme construct: 5’ gggagguaagugau
GCUCUGCAAAUGGGGUAGGAGGCGAUGCCUCGUCCUCAUACCCAACUCCUAUUCCGGCACGUCCACGUCGUGCAGAGCGGUAACAUGCG
UUACUAGGGGUGCAAGAGCUCUUUUUGAGGAGGAGCUCUUUUUGCUGCACUAGUUGCAUCAGAUGGUAACGCAUGGCUAAGCCGGAAAG
GGG

AL441 (primer for PCR from genomic DNA): 5°
TTCCCGCGAAATTAATACGACTCACTATAGGGAGGTAAGTGATGCTCTGCAAAT

AL741 (primer for PCR from genomic DNA): 5’ CCCCTTTCCGGCTTAGCCATG

AL443: 5’ CCCATTTGCAGAGC

drz-Agam-2-2

Ribozyme construct: 5’ gggagaucagccuuc
GUUCUGUAAACGGGGUUGGAUCCGACUCUCAUAGGCUCUCCAACCCAACUCCUACUCAAUACGUCCUCGUCGUACAGAACGGUAACAUG
UUUUCCGAACAUCCGCGCUUGGGUAUACGAGUAUACACCUUACCCAACCCUCGCCAACGGGGAGGAUGGAAAACAUGGCUAAAUUGAGa

999

AL444 (primer for PCR from genomic DNA): 5°
TTCCCGCGAAATTAATACGACTCACTATAGGGAGATCAGCCTTCGTTCTGTAAAC

AL445 (primer for PCR from genomic DNA): 5’ CCCTCTCAATTTAGCCATGTTTT
AL446: 5’ CCCCGTTTACAGAAC

AL497 (leader and pl): 5’ TTTACAGAACGAAGG

drz-Pmar-1

Ribozyme construct: 5’ gggagaacauccucgcuuugcugcu
GGGGAAGAAGAUGACAACCUUCUCGCGGUCUUCCCUGUUACGUGUGUAGACACAACGAAUGUCAUCa

AL274: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGAACATCCTCGCTTTGCTGCT GGGGAAGAAGATGACAACCTTC
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AL275: 5’ TGATGACATTCGTTGTGTCTACACACGTAACAGGGAAGACC
GCGAGAAGGTTGTCATCTTCTTCCCC

AL304 (inhibitor): 5’ TGTCATCTTCTTCCCC

drz-Bflo-1

Ribozyme construct: 5’ gggagaugggggau
GACACCCAGGCAGAUGACCUCCUCGUUGGUGGGUGUCGGUAAUGUUGUCAGUCACAGGCAACAGCUAACGAUCUGCCaugu

AL288: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGATGGGGGA
TGACACCCAGGCAGATGACCTCC

AL289: 5’ ATGGCAGATCGTTAGCTGTTGCCTGTGACTGACAACATTACCGAC
ACCCACCAACGAGGAGGTCATCTGCCTGGGTGTC

AL322 (inhibitor): 5’ ATCTGCCTGGGTGTC

drz-Bflo-2

Ribozyme construct: 5’ gggaguacauuacac
GGGGACCAUAGAAGGAGCGUUCUCGUCGCGGUCCCUGUCAGGCUCGUCCUGCGAAUCCUUCUAccacau

AL452: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGTACATTACACGGGGACCATAGAAGGAGCGTT
AL453: 5’ ATGTGGTAGAAGGATTCGCAGGACGAGCCTGACAGGGACCGCGACGAGAACGCTCCTTCTATGGTCCCC

AL454 (inhibitor): 5’ CTTCTATGGTCCCC

drz-Spur-1

Ribozyme construct: 5’ ggagggagggggcccc
GGGGGCCAUUGAAGGAGCGUUCACGUCGCGGUCCCUGUCAGAUGAAAAUCUGCGAAUCCUUCAACuacacua

AL433: 5' TTCCCGCGAAATTAATACGACTCACTATAGGAGGGAGGGGGGCCCCGGGGGCCATTGAAGGAGCGT
AL419: 5’ TAGTGTAGTTGAAGGATTCGCAGATTTTCATCTGACAGGGACCGCGACGTGAACGCTCCTTCAATGGCCCCC

AL420 (inhibitor): 5’ CCTTCAATGGCCCCC

drz-Spur-1-2

Ribozyme construct: 5’ ggggggaggggcccc
GGGGGCCAUUGAAGGAGCGUUCACGUCGCGGUCCCUGUCAGGUGAAAAUCUGCGAAUCCUUCAacucaacua

AL233: 5°
TAGTTGAGTTGAAGGATTCGCAGATTTTCACCTGACAGGGACCGCGACGTGAACGCTCCTTCTGTGGCCCCCGGGGCCCTATAGTGAGT
CGTATTA

AL282: 5’ TTCCCGCGAAATTAATACGACTCACTATA GGGGGGAGGGGGGCCCCGGGGGCCATTGAAGGAGCGTTCACG

AL238: 5’ TAGTTGAGTTGAAGGATTCGCAGA

AL303 (inhibitor): 5’ CTTCAATGGCCCCC

drz-Spur-2
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Ribozyme construct: 5’ gggaguuucaauggga
GGGGUUCAUGUUGUCGACCUUCACGUGGUGAGCCCUGUCAACUGACUGCUGUCAGGCUAACAGACAAccau

AL366: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGTTTCAATGGGA
GGGGTTCATGTTGTCGACCTTCACGTGGTGAGCCCT

AL361: 5’ ATGGTTGTCTGTTAGCCTGACAGCAGTCAGTTGACAGGGCTCACC
ACGTGAAGGT

AL362 (inhibitor): 5’ ACAACATGAACCCC

drz-Spur-3

Ribozyme construct: 5’ gggagcgccaaacau
GACACUGAGUGAGAAACGUCCCCGUCGUAGUGUCGGUAAUGCGUUGUUUCAACGUAGCCAAUUCUCACauua

AL367: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGCGCCAAACA TGACACTGAGTGAGAAACGT

AL364: 5’ TAATGTGAGAATTGGCTACGTTGAAACAACGCATTACCGACACTA
CGACGGGGACGTTTCTCACTCAGTGTCA

AL365 (inhibitor): 5’ CTCACTCAGTGTCA

drz-Spur-4

Ribozyme construct: 5’ gggagcauauuuugu
GGGUUGCACAGGAGCAGGGUCCACGUCCCGCAACCUGGGUGUCAUGAUUUCUUGAAGCCAUGAUAGCUGAUGCUCCuaca

AL297: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGCATATTTTGTGG
GTTGCACAGGAGCAGGGTCCACGTCCCGCAACCTGG

AL298: 5’ TGTAGGAGCATCAGCTATCATGGCTTCAAGAAATCATGACACCC
AGGTTGCGGGACGTGGA

AL323 (inhibitor): 5’ CTCCTGTGCAACCC

drz-Ppac-1-1

Ribozyme construct: 5’ gggagugaauugaau
GACUCGCUUGACUGUUCACCUCCCCGUGGUGCGAGUUGGACACCCACCACUCGCAUUCUUCACCUAUUGUUUAAUUGUGCUUGUGGUGG
GUGACUGAGAAACAGUCccaacc

AL330: 5’
TTCCCGCGAAATTAATACGACTCACTATAGGGAGTGAATTGAATGACTCGCTTGACTGTTCACCTCCCCGTGGTGCGAGTTGGACAC

AL331: 5’ GGTTGGGACTGTTTCTCAGTCACCCACCACAAGCACAATTAAACA
ATAGGTGAAGAATGCGAGTGGTGGGTGTCCAACTCGCACCACGG

AL332 (inhibitor): 5’ AGTCAAGCGAGTC

drz-Ppac-1-2

Ribozyme construct: 5’ gggagugaauuaaau
GGUUCGCUUGACUGUUCACCUCCCCGUGGUGCGAGCUGGACACUAUCCACUCGCAUUUUUCACCCAUUGUAUUGAUUUGCUUGUGGAUG
GUGACUGAGAACAGUCcaaa

AL333: 5’ TTCCCGCGAAATTAATACGACTCACTATA GGGAGTGAATTAAAT
GGTTCGCTTGACTGTTCACCTCCCCGTGGTGCGAGCTGGACACTA
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AL334: 5’ GGTTTGGACTGTTTCTCAGTCACCATCCACAAGCAAATCAATACA
ATGGGTGAAAAATGCGAGTGGATAGTGTCCAGCTCGCACCAC

AL335 (inhibitor): 5’ AGTCAAGCGAACC

drz-Cjap-1

Ribozyme construct: 5’ gggagaacgaauuuc
GGUUUGCUUGUUGGAUACCUCCUCGCGGUGCAAACUGGGCAAUGCUGUGCUCCUACGACAGGGGAAAUU
GGACACCACUGUUAGGCACAGUAGCCAAAAUCCACucuu

AL400: 57
TTCCCGCGAAATTAATACGACTCACTATAGGGAGAACGAATTTCGGTTTGCTTGTTGGATACCTCCTCGCGGTGCAAACTGG

AL401: 5°
AAGAGTGGATTTTGGCTACTGTGCCTAACAGTGGTGTCCAATTTCCCCTGTCGTAGGAGCACAGCATTGCCCAGTTTGCACCGCGAGGA
G

AL402 (inhibitor): 5’ CCAACAAGCAAACC

drz-Fpra-1

Ribozyme construct: 5’ gggagaagcacauggcugu
GCUGCUCAUAUAUGCUACCUCUCCGUGGUGAGCAGUAGGCAACGGAUCUCUAUCCGGCUAAAGCAUGUGauuguc

AL324: 5’
TTCCCGCGAAATTAATACGACTCACTATAGGGAGAAGCACATGGCTGTGCTGCTCATATATGCTACCTCTCCGTGGTGAGCAGT

AL325: 5’ GACAATCACATGCTTTAGCCGGATAGAGATCCGTTGCCTACTGCTCACCACGGAGAGGT

AL326 (inhibitor): 5’ GCATATATGAGCAGC

drz-CIV-1

Ribozyme construct: 5’ gggagacacacuau
GAGGUGCUUGUAGAUAACCUCCACGAUGGUGCACCUUGGGCAACACAAAAGUGGCAAAUCAUCUACAuUUaa

AL391: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGACACACTATGAGGTGCTTGTAGATAACCTCCACGAT
AL392: 5’ TTAATGTAGATGATTTGCCACTTTTGTGTTGCCCAAGGTGCACCATCGTGGAGGTTATCTACAA

AL393 (inhibitor): 5’ ATCTACAAGCACCTC

drz-Dpap-1

Ribozyme construct: 5’ gggagacuuucaugg
GAGGGACAAGAAUCUGACCUGCACCUCCUCGUGGUGUCCCUCGGAAACGUGCUCAACGCGCGGCCGACGCAGGCAGucuu

AL494: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGACTTTCATGGGAGGGACAAGAATCTGACCTGCACC

AL495: 5’
AAGACTGCCTGCGTCGGCCGCGCGTTGAGCACGTTTCCGAGGGACACCACGAGGAGGTGCAGGTCAGATTCTTGTCCCTC

AL496 (inhibitor): 5’ CTTGTCCCTCCCATG
drz-Tatr-1
Ribozyme construct: 5’ gggcucgaugccgc

GGACAACGAAAUCGGCCUCUGCAACCUCCACGUGGUGUUGUCUGGGAACCUGAUCAAAACUACCGAGUUUGAUCAGGCCAAUGCAGAGa
C
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AL498: 5’ TTCCCGCGAAATTAATACGACTCACTATAGGGAGGAGATGCCGCGGACAAC GAAATCGGCCTCTGCA

AL499: 57
GTCTCTGCATTGGCCTGATCAAACTCGGTAGTTTTGATCAGGTTCCCAGACAACACCACGTGGAGGTTGCAGAGGCCGATTTCGTTGTC
C

AL500 (inhibitor): 5’ GTTGTCCGCGGC

DNA Template Preparation

Most constructs were prepared by mutual priming of two synthetic, PAGE-purified oligonucleotides. Primer

extension was carried out in a 100 pl volume containing 0.2 mM of each of the four dNTPs, 500 pmol of each
primer, and 10 unit of Taqg DNA polymerase (Gift of Dr. G. Weiss, Department of Chemistry, UC Irvine). The
primer-extension conditions were 94°C for 1 min, followed by 2 cycles of 50°C for 30 sec and 72°C for 2 min.

RNA Transcription

RNA was transcribed at 37°C for an hour in a 5 pl volume containing 10 mM of DTT, 2.5 mM each GTP, UTP
and CTP, 250 uM ATP, 1.25 uCi [a-"*P]-ATP (Perkin Elmer, Waltham, MA), 7.75 mM MgCl,, 20 uM of
inhibitor oligo (specific for each construct), 1 unit of T7 RNA polymerase, and 0.5 pmole of DNA template.

Cleavage Kinetics

In vitro self-cleavage reactions were performed as previously described (S9). The denaturing polyacrylamide
gel (PAGE) of self-cleavage products was exposed to phosphorimage screens (Molecular Dynamics) and
analyzed by using Typhoon phosphorimager and ImageQuant software (GE Healthcare). Fraction intact was
modeled using a biexponential decay and uncleaved residuals function, with the faster cleavage rates reported in
Fig. 1 and Table S1.

Total RNA extraction

A. gambiae samples were gifted by the laboratory of Prof. Anthony James, University of California, Irvine. All
samples were suspended in Tri-reagent (Invitrogen) and total RNA was extracted following the supplier’s
protocol. The extraction was performed twice to prevent isolation of genomic DNA. DNase I treatment was
omitted to avoid ribozyme self-cleavage during the enzyme reaction. All RNA samples were stored at -80°C.

5" RACE

In vivo self-cleavage was confirmed using the Clontech SMART RACE ¢cDNA Amplification Kit and pooled A4.
gambiae total RNA, as well as separate larva, pupae, adult female, and adult male total RNA. The supplier’s
protocol was followed with the exception that a random decamer primer was added during the First-Strand
cDNA Synthesis. Outside gene-specific primers were used for primary 5" RACE (drz-Agam-1-1:
cgtttcgtegtcaccttatttgacgtaaacc, drz-Agam-1-2: tcgcaacagtacggatgacgetgt, drz-Agam-1-3:
cctgtcgatggattaatacggtcaacgg, drz-Agam-2-1: tttgecgttgaaggtaaggccgaga, drz-Agam-2-2:
ttcgtgggtccatttgtccaageag). Nested gene-specific primers were used for secondary 5" RACE (drz-Agam-1-1:
tggtggttgccaatctagtgecctaget, drz-Agam-1-2: caagcaaattgcatcaacgtgcaaa, drz-Agam-1-3:
cagtctggtgaacattcaaacaccctcagtg, drz-Agam-2-1: tccageactaatttgttggectgtetee, drz-Agam-2-2:
ggatgagccaccggcetcgagaatag). Products from both primary and secondary 5" RACE PCR reactions with pooled
total RNA were sequenced by Genewiz (La Jolla, CA).
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Quantitative PCR

cDNA synthesis of 1 ug of larvae, pupae, adult female, and adult male total RNA was performed with random
decamer primers using SuperScript III and ThermoScript reverse transcriptases (Invitrogen). Quantitative PCR
was performed with forward primers for both total ribozyme and uncleaved ribozyme (drz-Agam-1-2: total
ribozyme — gacaaaaccctgtcccaaccteea, uncleaved - tegtttcgtacgttccggaagaattt; drz-Agam-1-3: total ribozyme -
cgtggtgtcageeggaatgtg, uncleaved — ttttgcttcgtgctctaagettcacaaa; drz-Agam-2-1: total ribozyme -
tgcaaatggggtaggaggcgatg, uncleaved - caatcaatcaggatgttaacggcaaaaa) and nested gene specific primers designed
for 5" RACE PCR were used as reverse primers. Uncleaved primers amplify a given construct across the
ribozyme cleavage site and total ribozyme primers amplify the cDNA downstream of the cleavage site,
therefore, they include both cleaved and uncleaved ribozyme populations. The MiniOpticon Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.) was used to perform and monitor the reactions for 45 cycles. 10
ul of iQ SYBR Green Supermix (Bio-Rad) was combined with 6 ul diluted cDNA and 4 ul 2.5 uM primer
mixtures in each reaction. Each set of experiments was repeated three times and normalized to expression of S7
ribosomal protein mRNA (S77).
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