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Abstract

We have developed a new method for intrinsic terminator prediction based on
Rnall, an RNA local secondary structure prediction algorithm that we developed recently,
and two U-tail score schemas. By optimizing three parameters (thermodynamic energy of
RNA hairpin structure, U-tail T weight, and U-tail hybridization energy), our method can
recognize 92.25% of known terminators while rejecting 98.48% of predicted RNA local
secondary structures in coding regions (negative control) as false intrinsic terminators in
E. coli. We applied this method to scan the genome of Synechococcus sp. WH8102, and
we predicted 266 intrinsic terminators, which included 232 protein-coding genes, 12
tRNA genes, and 3 rRNA genes. About 17% of these terminators are located at the end of
operons. We aso identified 8 pairs of bio-directional terminators. Our method for
intrinsic terminator prediction has been incorporated into Rnall, which is available at
http://digbio.missouri.edu/~wanx/Rnall/.



1 Introduction

Transcription termination is one of the three key procedures of gene transcription,
together with transcription initiation and elongation. Two categories of transcription
termination modes have been discovered in eubacteria. The first category is factor-
dependent termination. The efficiency of termination in this category depends on the
transcriptional termination factor, such as rho protein, which may bind nascent RNA,
catch up the RNA polymerase (RNAP) when RNAP is paused by RNA local secondary
structure, and further melt the RNA-DNA duplex in the replication bubble to cause
termination [1]. The second category of transcription termination uses intrinsic
terminator, which is also called rho-independent terminator. It contains an RNA
structural motif to terminate transcription without involvement of other factors (e.g. rho
protein) [2]. To understand gene transcription in eubacteria, it is essential to study
intrinsic terminator, which is ubiquitous in eubacteria. Although the detailed mechanism
about rho-independent termination is still unclear, much progress has been made in
characterization of this termination mode. Current understanding of the intrinsic
terminator is: (1) An intrinsic terminator is composed of a G-C rich RNA hairpin loop
and a U-rich tail (Fig. 1) [3]. The hairpin-loop structure may stalk the RNAP to proceed
while the loose binding between RNA and DNA due to the rich “U” may result in the
detachment of the RNA polymerase from the template, which leads to the termination of
transcription process (]. (2) The RNAP spanning regions in transcription elongation
complex (TEC) can be defined as three continuous sites: the single RNA binding site
(RBS) (5-8 nts), the RNA-DNA hybrid-binding site (HBS) (about 8 nts), and the double-
stranded DNA-binding site (DBS) (about 9 nts) [5] (Fig. 1A). (3) Melting RNA-DNA
hybrid is required for rho-independent termination [5]. Mutation of HBS may impair the
termination process. (4) Substitution of the nucleotides in the stems of intrinsic
terminators may not affect the transcription termination as much as in the HBS [5, 6].

The unique features of the intrinsic terminators have been provoking
computational studies for more than two decades. As early as 1984, Brendel and Trifonov
[7] utilized the dinucleotide distribution matrix to extract the terminator signal. No
energy measurement was taken into account in their method. In 1990, Carafa [3]
developed a statistical method for rho-independent terminator prediction. An efficient T
weight measurement for the HBS based on positional weight matrix was proposed in
their research. TransTerm [8] employed this T weight measurement along with energy
stability evaluation for the RNA hairpin structure to predict terminator. Furthermore,
RNAmotif [9] is the first algorithm to utilize the thermodynamic parameters to measure
the stability of hairpin-loop structure and its downstream sequence. The combined
stability was assumed to be the determinant factor for the formation of an efficient
intrinsic terminator. Although most algorithms deem the U-tail is a necessary component
for an efficient transcriptional termination, GeSTer [10] assigned all the DNA palindrome
sequences (which form RNA hairpin structures) at the intergenic regions as intrinsic
terminators regardless of whether Utails are present or not. All the above agorithms
were able to retrieve known intrinsic terminators effectively. Nevertheless, a common
problem for these methods is that their predictions contained many false positive
terminators [3, 7-10].

Our terminator study will focus on Synechococcus sp. WH8102 (later referred to
as Synechococcus), an important member of cyanobacteria, which produce approximately



20-40% of chlorophyll biomass and carbon fixation in the ocean [11]. Synechococcus is
widely present in many marine planktonic ecosystems [12, 13]. The mobility of
Synechococcus distinguishes itself from most of other cyanobacteria [11]. With unique
physiological features with carbon fixation, Synechococcus potentially providesa key for
global carbon modeling. However, the knowledge about this unique bacterium is still
very limited. The genomic sequence of Synechococcus[11] has given us an opportunity
to analyze this bacterium using computational techniques. For example, Chen et al. [14]
predicted the operon structures for this bacterium. The computational analyses of the
terminators may enhance the construction of the regulatory network of Synechococcus
and provide further understanding of the biological mechanism of this bacterium.

In this paper, we describe a new intrinsic terminator prediction approach based on
our recently developed RNA local secondary structural prediction algorithm [15] and two
U-tail score schemas proposed by Carafa et al. [3] and Lesnik et al. [9]. By optimizing
three parameters (hairpin energy, U-tail T weight, and U-tail hybridization energy), our
approach can retrieve 92.25% known terminators while rejecting 98.48% of the predicted
RNA loca secondary structures in coding regions (negative control) as false intrinsic
terminators in E. coli. We applied this method in Synechococcus sp. WH8102 with
detailed analyses.

2 Material and Methods
21 Datasets

The Synechococcus sp. WH8102 and E. coli K12 complete genomes and their
annotation were downloaded from the NCBI database (http://www.nchi.nim.nih.gov)
updated in February 2004. The 147 known E. coli rho-independent terminators were
obtained from Carafa et al. [3]. By using BLAST [16], 129 terminators were retrieved
from the updated E. coli K12 genome sequence. We randomly selected 129 gene-coding
regions from all of the protein genes with size over 300 bps (100 codons), as the negative
control. The first and last 100 bps were removed to reduce the possibility for these
sequences to have intrinsic terminators within coding regions [8]. To predict the intrinsic
terminatorsin E. coli and Synechococcus we extracted the 50 bps upstream and 280 bps
downstream from each stop codon, based on previous statistics of intrinsic terminator
distribution along the sequences [8]. If the intergenic region between the gene stop codon
and its downstream gene was less than 280 bps, the intergenic sequence (together wither
the 50 bps upstream sequence) was extracted instead.

2.2 Algorithm

Recent research demonstrated that the intrinsic terminator functions based on two
structural motifs. the hairpin-loop structure followed by a U-rich tail [4]. The stability of
the hairpin-loop structure and instability of U-tail block are the two key factors for
transcription termination. Some researchers used the additive effects of the two
components as the basis for intrinsic terminator prediction algorithms, for example,
RNAmotif [9]. However, recent study shows that mutation of hairpin structure may not
impair the function of terminator [5, 6]. This demonstrated that the hairpin loop and U
tail may have different roles for rho-independent termination. Here we developed a new
intrinsic terminator prediction method based on this argument. To predict intrinsic
terminator, we first predicted the hairpin-loop structures using Rnall. Then we filtered the



hairpin-loop structure using two U-taill parameters, i.e, T weight and hybridization
energy, asillustrated in Fig. 2.

2.2.1 Hairpin-loop structure prediction

Recently, we have developed a novel agorithm, Rnall
(http://digbio.missouri.edu/~wanx/Rnall/), for RNA local secondary structure prediction
using symmetric mapping and dynamic programming [15]. This method has been
demonstrated to be efficient and effective in hairpin-loop structure retrieva for rho-
independent terminators in E. coli, and RNA motifs in the HIV genome and large RNA
molecules, such as tRNAs and rRNAs. The detail of the method was described in [15],
and here we briefly summarize this method.

For a given RNA secondary structure, we can consider it as a mapping between
the left half of the structure and the right half of the structure, based on the canonical
bond formation rules [5]. The canonical pairs (AU, GC, and GU) of the sequences will
form the stem of secondary structure. The “mismatch”, “insertion”, or “deletion” will
form the hairpin loop, bulge loop, and internal loop. To scan the local secondary
structures along RNA sequence, a diding window with size W is utilized. Only the
structures with the maximum symmetric mapping score for each window will be
retrieved. The thermodynamic energy of the predicted structures is computed using efn2
based on the most recently updated thermodynamic energy parameters|[17].

To preserve the biological significance [L7, 18], Rnal utilizes a subsequence
located in the middle of the window W as an initia hairpin loop in the predicted structure.
The default size of this subsequence is 4 since more than 99% of experimentally verified
rho- independent terminators (146 out of 147) have the hairpin loop size of 4.

Previous analyses of the experimentally verified structures demonstrated three
more important features for intrinsic terminators [3]: (1) the stem size verified from 3 to
10 pairs; (2) high GC content; and (3) the hairpin-loop structure may have 1 bulge loop or
1 internal loop with the maximum loop size of 3. Thus, a window size of 30 is selected
for the hairpin-loop structure prediction. To keep the high GC content, the 3' termina U
and more than 3 consecutive U’s on the 3 stem are prohibited when retrieving the
hairpin-loop structures. The predicted hairpin-loop structures are also filtered if the total
number of bulge loop and internal loop is more than 1.

2.2.2 U-tail definition
Different feature vector definitions have been proposed for the Utall. Carafa et
al. [3] defined aweighted positional weight matrix:
1

5
T=- é X, (l)
n=1
for al U’sin the 15 nucleotide segment where xo = 1 and
X, , 0.9 if thenth nucleotideisa U
Xn 2
X,., 0.6 if the nth nucleotide is other than U.

Carafa et al. [3] and Ermolaeva et al. [8] applied this method in intrinsic terminator
prediction.



After calculation of the RNA/DNA hybridization parameters using nearest-
neighbor modd [19], the energy of U-taills was computed using thermodynamic
parameters, which was employed by RNAmotif for intrinsic terminator prediction [9].
RNAmoatif divided the U-tails into four regions. spacer (the first two nucleotides),
proximal part (the 5 nucleotides following the spacer), distal part (the 4 nucleotides
following the proximal part), and extract part (3 nucleotides following the distal part)
(Fig. 1B). The score of the U-tail was calculated for hybridization energy by the
following formulas:

T = DG s7(spacer) + DG 37(proximal party+ 0.5 DGa7(cistal party+ 0.01” DG s7(extract party  (3)

As illugtrated in Fig. 1B, the information content of “U” decreases along with U-
tall from 5 to 3'. Apparently neither of the above two definitions of the U-tail are
perfect: (1) The T-weight approach did not differentiate A, G, and C thus it may not be
able to distinguish an RNA-DNA hybrid with high energy and the one with low energy,
which will affect significantly the hybridization efficiency. For example, UUUAAAAA
may have the same T weight as UUUGGGCC, but their hybridization efficiencies are
quite different. (2) In contrast, the energy calculation in equation 3 cannot reflect the
sequence attribute (e.g. U distribution). To overcome their disadvantages, we used both
definitions of U-tail in our algorithm.

2.2.3 Intringic terminator retrieval

Given one sequence, many local structures may be retrieved after Rnall prediction
and some of them may overlap. To select nonoverlapping local secondary structures, we
first discard the structures that do not fit the 3 conditions of intrinsic terminators defined
in section 2.2.1. The hairpin-loop structures with energy lower than threshold will not be
considered in next retrieval procedure. In the end, we will have a pool of hairpin-loop
structures for further extraction. Within this pool, we first choose the structure with the
lowest energy. All other local secondary structures overlapped with the selected structure,
together with the selected structure, are removed from the local secondary structure pool.
Then we select the next local secondary structure with the lowest energy in the remaining
structure pool. By recurrence, al the non-overlapping RNA local secondary structures are
retrieved. Then we filter these hairpin structures by U-tail filter function (equation 1 or
2).

2.24 Optimizing computational parameters

The best performance of this algorithm depends the optimization of the three
thresholds for hairpin energy (G), T weight (T), and hybridization energy (H). We
proposed that all of three parameters (G, T, and H) are necessary to be above their
thresholds to obtain an efficient transcription termination. We employed the orthogonal
array to optimize these three parameters[20]. Simply, three initial thresholds were taken
for G, T, or H. Six different experiment sets were run to determine the best combination
of GTH by the optimal sum of sensitivity and specificity. The “guess’ of next threshold
values depends on previous experiments. After a number of iterations, the approximately
optimal thresholds for G, T and H were generated.

225 Software
The above computational approach for intrinsic terminator prediction was
implemented in the C/C++ programming language and incorporated into the RNA local



secondary  structure  prediction package Rnall. Rnall is avalable at
http://digbio.missouri.edu/~wanx/Rnall/.

3 Results
3.1  Digributionsof G, T, and H for known intrinsic terminatorsin E. coli

To optimize the thresholds of G, T, and H, we analyzed the 129 known
terminators and 129 gene-coding sequences (see 2.1). The G, T and H of the known
terminators ranged from -5.4 to —25 Kca/mol, 2.15 to 6.16, -3.2 to —13.5 Kcal/moal,
respectively. Without any constraints, our algorithm predicted 2,758 RNA local
secondary structures for the gene-coding sequences. To analyze their statistical
distributions, a peak or decay regression analysis (p<0.0001) was performed using Sigma
Plot (SYSTAT Software Inc., Chicago, IN) for G, T, and H distributions (Fig. 3). From
these results, G, T, and H have different distributions in the known terminators from the
negative control. The interceptions for G, T and H are —7.8 Kcal/mol, 3.63, and —8.15
Kcal/mol, respectively, which represent the best parameters to differentiate these two
datasets using the corresponding single parameter, G, T, or H. For example, -7.8
Kcal/mol would be the best hairpin energy threshold if only G is used to predict the
terminator. By using the interceptions for G, T and H as thresholds, we retrieved 93.80%,
96.90%, and 95.25% known terminators and reject 80.09%, 86.33%, and 92.06%
structures in the coding regions (negative control) as false intrinsic terminators,
respectively.

3.2  Optimization of G, T, and H thresholds

To further improve the prediction accuracy, we used orthogonal array to tune the
three thresholds. The final G, T and H thresholds were —7.8 Kcal/mol, 3.00, -11.7
Kcal/mol, respectively. By using these parameters, we retrieved 92.25% in the known
terminator dataset and reject 98.48% structures in the coding regions.

3.3  Scanning terminatorsin E. coli

Rnall retrieved 1,193 intrinsic terminators for 1,112 genes among 4,211 protein
coding genes, 22 rRNA genes, 86 tRNA genes, and 48 other RNA genes annotated in the
E. coli genome. This number is much smaller than 1,883 terminators predicted by GeSter
[10], and 2,974 by RNAmotif [9], athough it is larger than 567 terminators identified by
TransTerm with confidence higher than 98%. The energy of the hairpin is mainly
(90.78%) less than —18 Kcal/mol (Fig. 4A). About 73.34% of the terminators are located
within 70 nts downstream the stop codons (Fig. 4B). No terminators were found beyond
260 nts downstream of the stop codons. The number of predicted terminators decreases as
the T-weight threshold or the hybridization-energy threshold increases (Fig. 4C&4D).
Rnall also predicated 1,412 terminators within intragenic regions, which are less than the
2,586 terminators identified in intragenic regions by RNAmotif [9].

3.4  Scanning terminatorsin Synechococcus sp. WH8102

Within the 2,569 genes (2,517 protein-coding genes, 44 tRNA genes, and 8 rRNA
genes) annotated in the Synechococcus genome [11], we identified 266 intrinsic
terminators for 247 (9.61%) genes (232 protein-coding genes, 12 tRNA genes, and 3
rRNA genes). Among these genes, some of their gene homogies were reported with know



intrinsic terminators in E. coli [3]. These genes include gInA, gItS, guaB, and infA. The
stem of the terminators identified in Synechococcus varied from 513 nts, and the loop
size varied from 3 to 15 nts. About 42% and 27% of the terminators have the loop size of
4 and 5, respectively. Different from the abundant terminator loop patterns (UUCG and
GAAA) in E. cali, the loop of the intrinsic terminators in Synechococcus are much more
diverse. Although the GC% in Synechococcus (59%) is higher than that in E. coli (51%),
the hairpin-loop energy distribution in Synechococcus is similar to that in E. coli, and
more than 90% hairpin loops in the predicted terminators have energy less than -18
Kcal/mol (Fig. 5A). The GC% distribution of the predicted terminators in Synechococcus
and E. coli are also similar (data not shown). The T-weight and distance distributions of
the predicted terminators in Synechococcus are similar to those in E. coli as well (Fig.
5B&5C). The average of T weight is 4.22 and 4.31 in Synechococcus and E. cali,
respectively. Similar to E. coli, over 61% of the terminators is located within 70 nts
downstream the stop codon. However, the average hybridization energy of the
terminators in Synechococcus (-8.5 Kca/mol) is lower than the one in E. coli (-7.5
Kca/mol) (Fig. 5D). This may be due to the higher GC% of the genomic sequerce in
Synechococcus.

The bio-directional terminators can terminate the transcription process for two
neighboring genes, which are located in different strands of the genomes but shares the 3’
intergenic region [2]. They are believed to be one of the most efficient terminators. Such
terminators have been reported in E. coli [9]. Here we identified 8 putative bi-directional
terminators to terminate 8 pairs of genes (Table 1). These genes include psalgmk,
masA/rRNA, pgm/hypothetical protein, rpl12/hypothetical protein, heat shock
protein/hypothetical protein, cynS/hypothetical protein, ABC transporter/dnakK?2, and
hemolysin-like protein/fapcC. The hairpin-loop structures of these bi-directional
terminators have A-rich upstream sequences and U-rich downstream sequences.

Chen et al. [14] recently identified 537 operons, which included 1,454 genes in
Synechococcus by combining multiple types of genomic data, such as intergenic distance,
COG gene function, and phylogenetic profile. Among the 266 intrinsic terminators we
identified in Synechococcus, 71 terminators are associated with 70 operons, including 46
located at the end of the operons whereas 25 within the operons (Table 2). The intrinsic
terminators found within operons may suggest transcriptional attenuation mechanisms [2]
in Synechococcus Further identification of other features for attenuators and anti-
termination signals would shed some light on the roles of these structures, which will not
be discussed in this paper.

The 52 RNA genes in Synechococcus are composed of 42 tRNA genes and 8
rRNA genes. Within the 52 RNA genes, Rnall identified intrinsic terminators after 12
tRNA genes (4 tRNA-Ala, 2 tRNA-Pro, 2 tRNA-Ser, 1 tRNA-Arg, 1 tRNA-Met, 1
tRNA-Phe, and 1 tRNA-Asn) and 3 rRNA genes (rrnA, 5s rRNA and rrB) (Table 3).
The intrinsic terminator of tRNA-Ala (start position: 1874314) is located within the
operon tRNA-Ala tRNA-Ile. It is interesting that this terminator is located downstream
of the operon tRNA-lle- tRNA-Ala (start position: 2081254). The 5s rRNA and rrnA
shares the same intrinsic terminator at the end since these two genes shares the same stop
codon. This terminator may regulate the divergent expression of these genes. The other
terminators are listed in Table 4.



Rnall also predicted 792 terminators in the intragenic regions, and 192 (24%) of
these terminators are located within the 100 bp downstream the start codon (84, 11%) and
upstream the stop codon (98, 13%), both of which might be true intrinsic terminators. It is
interesting to note that Rnal identified 15,726 loca secondary structures in
Synechococcus whereas 13,819 in E. coli athough the former genome size is only about
half of the latter [15]. However, there are about 26% genesin E. coli have been predicted
as intrinsic terminators whereas less than 10% in Synechococcus.

4 Discussion

In this paper, we developed a new computational approach to detect intrinsic
terminator based on Rnall, an RNA local secondary structural prediction algorithm, and
two U-tall score measurements. By using the known terminators in E. coli, we optimized
the threshold parameters for G, T, and H. Then we applied this method to explore the
intrinsic terminators in Synechococcus. We identified 266 intrinsic terminators for 247
genes among 2,569 genes annotated in Synechococcus.

In the past two decades, several computational methods have been developed for
intrinsic terminator predictions. The main differences among these methods are on the
ways in which they calculated the score for hairpin-loop structure or Utail sequence.
None of these methods were able to avoid false positive results. By combining the two
score schemas, T weight [3] and hybridization energy [8], which complement each other,
we were able to reduce greatly the false positives (the number of terminators within
intragenic regions). For example, the predicted terminators in the intragenic regions are
less than 55% of those generated by RNAmotif B]. We also explored the filtering
processes by using combinations of two threshold, i.e., hairpin + T weight or hairpin +
hybridization energy. With hairpin energy (-7.8 Kcal/mol) and U-tail T weight (3.0) for
thresholds, Rnall predicted 2,521 terminator. With hairpin energy (-7.8 Kcal/mol) and U-
taill hybridization energy (-11.7 Kcal/mol) for thresholds, Rnall predicted 1,317
terminators. Meanwhile, the terminators predicted within the intragenic regions by these
two methods are 57% and 296% more than the combination of G, T, and H. Thus,
combination of three parameters (G, T, and H) increases the specificity of the predictions
significantly.

Our computational approach can retrieve 92.25% terminators in the known
terminator dataset while rejecting 98.48% structures in the intragenic regions (negative
control). However, there are still some limitations of our approach, which include: (1)
The thresholds of G, T, and H are optimized approximately, which can be improved. (2)
The prediction is in binary mode (yes or no for terminator). There is no Statistical
assessment for predicted terminators. Future work will include discrimination analysis,
such as support vector machine (SVM) to optimize the thresholds for G, T and H, and a
statistical measurement to assess the probability for a predicted structure to be a true
intrinsic terminator.

Wang et a. [21] found that the GeSTer [10] and GCG [7] are highly comparable
for intrinsic terminator prediction and suggest the GeSTer may be one of the best
algorithm for intrinsic terminator prediction. However, not all the hairpin loops (even
with very stable/ low thermadynamic energy) function as intrinsic terminators. We
identified many hairpin loop structures in the intragenic regions in WH8102. These
structures would be less likely to an intrinsic terminator. Based on our results, the



combination of G, T, and H in a more stringent parameter st may result in a potentially
lower false positive rate.

The assumptions for Rnall included the two structural patterns of the intrinsic
terminators. the hairpin loop structure and U-trail. However, recent research has found
that U trail may not be necessary pattern of the intrinsic terminators [4, 22- 25]. Since no
rho gene homology was present in Synechococcus, it is possible that Synechococcus may
use very different transcription termination machineries. Thus, Rnall may result in a high
false negative rate regard to intrinsic terminator prediction. Another disadvantage for
Rnall is that utilization of the parameters generated from E. coli cross species might not
be appropriate if different patterns exist due to evolution. Future analyses of the sequence
around the stop codon for those genes with experimentally verified intrinsic terminators
may shed some light for terminator patterns within different species.

The comparison of the attributes of the terminators predicted in E. coli and
Synechococcus indicates that the abundance of intrinsic terminators in Synechococcus is
much less than that in E. coli. We found that, compared with E. coli, there is no sharp
energy drop around the stop position of the open reading frames in Synechococcus (data
not shown), which is similar to Synechocystis PCC6803 [26]. These results suggest less
intrinsic terminators with hairpin loop structures might be present in Synechococcus. The
GC% composition shows little effects on the G or T of the predicted terminators. Instead,
the average H of Synechococcusis higher than that in E. coli and this reflects the GC% of
the genomes has an impact on U-tail hybridization stability. Further experimental
verification of these terminators will give a more informative picture for the gene
regulation in Synechococcus.

Previous research demonstrated Synechococcus is abundant (about 57% genes) in
operon structures [14]. The predicted 46 terminators at the end of the operons control 148
genes. This reflects the economic termination mechanism of this bacterium. It is
interesting to characterize the 25 terminators predicted within the operon structures,
which may reflect the transcription attenuation mechanisms in Synechococcus [27].
Systematic analyses of these terminators may give a better understanding of transcription
attention and anti-termination in Synechococcus, e.g., whether the attention mechanism in
Trp operon of E. coli is present in Synechococcus [27].
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L egends:

Fig. 1. lllustration of intrinsic terminators. (A) Intrinsic terminators are composed of two
functional units: a hairpin-1oop structure and a U-rich tail. (B) U-tail can be separated
into three components: U section from 1 to 7 nt, distant section from 8 to 11 nt, and extra
section from 12 to 14 nt.

Fig. 2. Workflow for Rnall to predict intrinsic terminators.

Fig. 3. Digtributions of hairpin energy (A), T weight (B), and hybridization energy (C) for
the known terminators and intragenic regions (negative control).

Fig. 4. The attributes of putative terminators predicted by Rnall in E. coli K12. (A)
Histogram of hairpin energy. (B) Histogram of distance from gene stop codon. (C)
Histogram of T weight. (D) Histogram of hybridization energy.

Fig. 5. The attributes of putative terminators predicted by Rnall in Synechococcus sp.
WH8102. (A) Histogram of hairpin energy. (B) Histogram of distance from gene stop
codon. (C) Histogram of T weight. (D) Histogram of hybridization energy.
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Table 1. Putative bi-directional intrinsic terminators identified in Synechococcus sp. WH8102.

genenamée® Sart stop strand  dis® 5' A-ail S'stem loop 3 stem 3 U-tail ¢ 71 H
photosystem | reaction center subunit 1X
(psaJ) 1754127 1754243  + 29 CAAUAUCAAAAAAA GAGGEGG AUUUA UCCCCUC  UUUUUUUAUGCCAUC -122 5.63 -55
Guanylate kinase (gmKk) 1754303 1754851 - 15  AUGCCAUAAAAAAA GAGCEG  AUAAAUC Ccccuc UUUUUUUGAUAUUGG  -99 563 -47
putative enolase-phosphatase E-1 (masA) 1869880 1870617  + 56 CAAGACACAAAAAA CCACCUC  AUARU GAGGUGG  UUuCUUCEUEEEEAU  -11.2 4.25 -105
RRNA 1870762 1870876 - 73  CCCCCACGAAGAAA CCACCUC  ACUAU GAGGUGG UUUUUUGUAUCUUGC -112 547 -63
Phosphoglucomutase (pgm) 2045204 2046862  + 40  CCUGUCAUGCAAAA GCCACCC CUCG GGAUGEC UUUUUUGAUGEEUUC -151 518 -81
CHP 2046937 2047233 - 20  AACCCAUCAAAAAA (GCCACCC CGAG CCAUGEC  UUUUGCAUGACAGCA -141 418 -97
CHP 2241872 2242618  + 157  CCACUUAAAAAAAA CCCCcuUGC CUUCG CCGEEEG UUUUUUAUUGAGCAA  -121 545 -50
50S ribosomal protein L7/L12 (rpl12,
rplL, rpl7) 2242893 2243288 - 102 UGCUCAAUAAAAAA CCCQCGC CGAAG CCAGCGEG UUUWUWUUUUAAGUGGA  -81 581 -37
putative small heat shock protein 2272670 2273056  + 45  CGACGAACGAAAAA CCCCCGC CQUG GCGEEEG UUUUUCGUURCCCUG  -144 487 -84
putative integral membrane protein 2273142 2274509 - 26  AGGGCAACGAAAAA  CCCCCEC CACG CCEEEEG UUUUUCAUUCAUCAY  -153 491 -74
CHP 2392602 2393327 + 3 GUUUAGAACCUAAA GCCCAAU AAGA AUUGGEEC UUUAGAUAAGUCCAA  -90 3.67 -83
cyanate lyase (cynS) 2393373 2393816 - 28 UGGACUUAUCUAAA GCCCAAU UCUU AUUGGEEC  UUUAGEUUCUAAACU -94 381 -90
ABC transporter, substrate binding
protein, phosphate 2412101 2413111  + 34  CACAACACAAAAAA GEEECCC GUAU GGECCCC UUUWUUUGAUGCCUAU  -158 5.17 -80
Molecular chaperone Dnak 2, heat shock
protein hsp70-2 (dnaK 2) 2413189 2415102 - 29 UAGCCAUCAAAAAA GEEECCC AUAC GGECCCC WUUUUUAUAUUAUGG  -158 5.52  -6.0
hemolysin-like protein 483260 484075 + 17 GGACAACAAAAAAA GCCCGACC  GCACGC CCEEEC UUUUCAGCUGAUCAU  -11.0 4.16 -99
linker polypeptide, alophycocyanin-
associated (apcC) 484135 484335 - 25 CGAUCAGCUGAAAA GCCCEECC  ECUGC QUCCEEC UUUUUUUGUUGUCCA -155 5.89 -48

$: HP denotes hypothetical proteins and CHP denotes conserved hypothetical proteins.

@: dis represents the distance from the gene stop codon.
#. G, T, and H represent the thresholds for hairpin loop (Kcal/mol), U-tail T weight, and hybridization energy (Kcal/mol), respectively.



Table 2. Putative intrinsic terminators identified for operons in Synechococcus sp. WH8102.

genenamée® dat  stop strand dis® 5' A-tail S'stem loop 3 stem 3 U-tail G T H*
Putative glycosyltransferase. 81057 82268  + 102 UAAAAAUUACUGAC UGAUGUUGCC CUUGA GGOCAUAUCA  UUAAAUAUAGUAULU  -83 317  -7.3
HP 110275 110730 + -4 GOUUUGGCAGCAGG CACUGAGGC — ACCUGGCCOGCA — GOGUCAGUG  AUUUCUGRUCUGUCC  -105  3.02  -108
%%Ixe sugar-binding 122501 123790 + 61 GAAGOGCUUUCGOC CCAAUCOGUUC fecetl) GAACGGUAUGG  UUUCAACUCGUUAAG  -107 364  -91
CHP 178048 179151 + -15 CGAGAUGOGAUCUC  UUCUCAGG GGGA CUWGAGAG  UUUAUUCCUCUMUWI  -87 44 -75
putative photosystem 11
reaction center J protein 206387 206587 - 28 GUUUGAUUGUUCAA  COGECC uuCG leceoce UUUUUUUGUGEOOUC  -120 563 -7.0
(psbJ)
g;‘g';fgyi%?\i?}gmﬁe 318704 319984 + -2 CUGAGGGAGCACGGUUAACACGUUCAC UGAUG GUGACGUGUUGG UUCUGACGUUCAGAC  -116 336  -112
HP 358046 358405 + 122 CAGUUGUUGAUULC GGCUUGEUCC AUAG GEGGUGAGUC  UUUGAAAAGAUCCOC -84 354 -91
HP 358627 360171 - 45 AAGACGUACAACAG  UCCOCGG AGGUGAGAGC OCGGGGA UCUUUUCAAAGACUC  -125 364  -80
gﬁ@ﬁﬂgﬁgmﬁe 448496 449197 +* -35 CAACUGGUUGAALU  GOUCAUGC GUCAACAACA GCAGGAGC  UUAAUCGAUGAACGU  -80 318  -96
?';&’é‘;’cocya“'“baad‘a'“ 484341 484829 -% -15 CGACUACAUCUGCU OCGEOCUGERC AACUGAG GOOCAUGOGG  UUGUUCAAAGUCACC  -106  3.64  -93
g‘;n':mz'g‘p%wb”m 494640 495500 + 24 UCAAACCUGAUCGA  GOOGRUCC COGG GEEOOGEC  UUUUUUAAUGGAGUG  -151 516  -60
GroEL chaperonin (QroEL) 510706 512340 + 31 CUGGAGAGCAUUGA  CCCOCGC UAAG GCGGEEEG UUUUJUAUUGGUGA  -154 584  -46
CHP 521288 521671 + -11 GACACCAGGAUUGA  UCAGCGU  GACUGAUCAAUGG ACGCUGA UUGAUUCCUUCCACC  -88 345  -102
g,“rt]?f]';’see[()b?:l'jo)b'o“” 613206 613865 - 31 UGAUCAGCUUGGUG CUGGUGAUCCUC UGCG GAGGAAUUCUGG UGUUGUUCACCGAUG  -94 339 -107
Eroost“"ei?]'ewba'“ransm” 643820 644698 +% -36 UUGAGCOUGUUGG COGUGCUGEGUC UGAG GACUCGGUACGG UGCUUUGUGAUGGAG  -185  3.04  -111
photosystem |1 chlorophyll- ) ) _
binding protein CP3 (pepC) 061320 662708 33 ACGAUCAUCAUUCA  OCOUOGUC UACG GEOGEEEG  UUUUUAUUUGGCACG  -138 527 -62
phosphoribulokinase (prk) 765446 766348 +% 33 UCUGAUCOCUAAAGUGAGUUCAUCUGA GCGA UCAGAUGEEOCCA  UUUCCUCUUCAAAGC  -130 392 -92
EI’UCIOSG-
bisphosphate/sedoheptulose-  zege06 770060  + 24 ACCCAGUGAUCAGA  GGGGCC uuCG lceeoee UUUUDUUUGUGUCAAG  -129 572 -55
1,7-bisphosph ate aldolase
(chbA,CfxA fbaA fda)

CHP 783001 784518 -* -45 GACAACCACCAGOG UUGACGGACCC GAACCA GGGUCCAAAA  UUAUUAAUGAGACAA 95 372  -74
CHP 797976 798242 + 36 GCAGAUACCAGUAA CUACCGOULC AACGAUC GAAGOGGUAG  UUACUGGUUAGUULUG  -156  3.32  -113
HP 841710 841961 - 80 CACAGOGUCOCCGC  UUCAGGOUCA AUCCC UGAACCUGGA  UUCCGAAUGGUUIUWI  -79  3.02  -116
g;?g;gé’gge"' 900736 901836 +* -12 CGOOGAACCCAGUC COGUCGCGC — CUUGAAAAGCCU — GOUCGAUGG  UUUGAUCCOCGAGOU -84 373 -115
CHP 1045313 1045%3 + 69 GOUGCUGCUGUCUC — CAGCGAUGC UOCUGLCC GUGUUGCUG ~ UUGUUCACCUUCEC  -98  3.68  -100
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-106

-104

-8.0

-84

=17

-105




$: HP denotes hypothetical proteins and CHP denotes conserved hypothetica proteins.
@: dis represents the distance away from the gene stop codon.

#. G, T, and H represent the thresholds for hairpin loop (Kcal/mol), U-tail T weight, and hybridization energy (Kcal/moal), respectively.
%: intrinsic terminators located within the operon.



Table 3. Putative intrinsic terminators identified at the end of RNA genesin Synechococcus sp. WH8102.

genename® Sart stop strand dis® 5' A-tail S'stem loop 3 stem 3 U-all G T H*
tRNA-Arg 258586 258659 + 10 GGCGCGCUUGAAAA CUGCCC AAUC GEECAG UUUUUUUUUGGACAG -10.1 6.07 -4.4
tRNA-Ala 298547 298619 - 18 CCACUCUUGCGGEUU COGAUGEEUC GEUGCUG GAUCCUCGG UGUUGUCGUGAUGCU -11.4 3.30 -11.3
tRNA-Met 806346 806422 + 19 CUGAUUGAAUUUGA GAUCCCU CCAUC GGGGAUC UUUUUUUUGUCCEUG 90 5.96 -4.6
tRNA-Pro 858432 858505 - 39 ACCGCUUGCGCGAA CCOGEURC GAAA GCAUCGEG UUUUUUAUUGECCUU -14.1 5.48 -6.2
tRNA-Pro 1017787 1017860 - 48 GCGACAGGUCACAA GCCGECAC uucc [cVcesced UUUUUAAUGCCCUGA -15.9 4.74 -7.6
tRNA-Ser 1141506 1141592 - 29 CCACCGCUUCAAAG ccocoay CAUUG ACCEG UUUUUUAUUGCGCUG -9.0 5.47 -5.7
140 AACCUUGUGCAACG GUGCAAACGGEEG UAGCU UUUCGGEGCECEC UUCCUUGUCUGAAGU -88 3.50 -10.1

tRNA-Ser 1273817 1273906 - 15 ACCUAACCUCCAAA COCCUUG  CUAAG  CAAGGEG UUUUUUAUUGAAALU 104 5.48 46
tRNA-Ala 1524848 1524920 - 37 GCACUGGCAUUUGA QCEAC UACGU [ccsecH UUUUUUAGUGCAAAA 98 5.15 -6.6
251 UUAGOGGCACUGAG CAGOCAGU CCACCGUAAA  ACUGEOUG UUUUCUGUUUACUCU 11.0 4.83 73
tRNA-Ala 1874314 1874386 - 166 AUGCUGGGCUCGAU UUCAGUGAUCAA GCAA UUGGUCAUUGGA  UUUGAAGUUCUGGCA -12.4 3.69 -94
tRNA-Phe 1898273 1898345 + 36 CGUGUCAUUCAUCU CACCUGAU GCAGGCACAG AUCEEAUG UUCGAUAACGCCOGU -96 3.05 -11.5
tRNA-Ala 2081254 2081326 - 166 AUGCUGGBGOUCGAU UUCAGUGAUCAA GCAA UUGGUCAUUGGA  UUUGAAGUUCUGGCA 124 3.69 9.4
tRNA-Asn 2133291 2133362 + 9 CGGGGAGCUUGAAA GCCACAGC GUUU GCURUGEC UUUUUUAUCGACAAA -14.5 5.24 -5.8
rrnA/5srRNA 1870762 1870876 - 73 CCCCCACGAAGAAA CCACCUC ACUAU GAGAUGG UUUUUUGUGUCUUGC -11.2 5.47 -6.3
B 2077703 2077817 - 73 CCCCCACGAAGAAA CCACCUC ACUAU GAGGUGG UUUUUUUGUGCUUUG -11.2 5.76 -6.0
121 CUUUGOUCUUCGUU CACCAGUUULU  UAGU  GAGUCGOUGGUG  UUAACGUUCUCAUAA 85 3.12 -9.3

Note: same as Table 1.



Table 4. Other putative intrinsic terminators identified in Synechococcus sp. WH8102

genenamée® Sart stop  strand dis® 5' A-tail S'stem loop 3 stem 3 U-tail G T H
glyceradehyde 3-phosphate UUUUUUUUGGCCAAU - i,
dehydrogenase (NADP+) (gap2) 30250 31275 + 23 UCGUUGAUCAUUCA ucccuuCC UUCG GGAAGCA U -135 5.76 -6.1
CHP 35685 36590 - -8 CAGGAAUCUCAGUC CuGCuUCCUGAUC GCCGAU GAUCAAGCGG UUGAAAUCAAUCGEEC -93 3.02 -97
CHP 51683 52234 + 6 ACUCUGGUGAAGAC UGEEUGAUCG UUGAAU CGAUCAGACCCG  UUUUUCAAGCUUUWU -10.9 4.67 -7.0
CHP 72760 73518 + 29 ACGGAUCCACAUAG QGCUGAGCCAC CQCCCG GUCEECUCAGC UCUUUCAUGCCUCC -14.9 3.47 -98
SwmA-cell surface protein
required for swimming 82533 85040 - 29 AAGUCAAAUAUUCA @cccauce UUUA GGAGEEEC UUUUUUAUUGECAAC -165 545 -6.2
motility(swmA)

Typell dternative RNA

polymerase sigma factor, sgma 102314 103312 + 107 AUCAUCAAGGAACU GAUGCGCUGCAU GAAU GUGCAGAACGUC UUUUACUUCUUGGAA -11.1 4.56 -6.6
70 family

?t‘r']‘?"g)'” biosynthesisprotein 135507 136458+ 29 AAUUGECUCGCAUG  COCGECUUCU GAULC AGGAGOCGEG  UUUUUUGUUGAACAA -173 5.45 -538
transketolase(tktA,) 136580 138589 - 28 CAAUCGAAAUUUCA GACCCCcUucC UACG GCAGGEEEUC UUUUUUGUUCAACAA -199 545 -55

photosystem | iron-sulfur center

UtV (psaQ) 140259 140534 + 29 ACGCCAUAGGCUCG — GOCCGGC UUGU GOUGGGC  UUUUUUUAUGUGUGS -134 5.77 -45
CHP 161067 163178 + 25 COGGAUCAUGCUCA  GOOOCOUC AULC GAGEEGEC  UUUUUUGOCUUGOUC -17 5.18 -7.8
'(“athT;’”'”m transporter family o355 255002 - 25 GGOUUCAGUUCACU — GOOOGECC CUCAG GEOOAEEC  UUUUUGAUGEOCUGE -17.7 4.74 -9.3
CHP 208147 298347 - 68 UCOCCAUCCCOOGG —— 0O0GEG CAACU lesecce UUUUUCUUGAAUUCC -104 5.14 -58
photosystem |1 manganese: ) )
Cohiliang polypeptive pp0) 00581 301411+ 33 UUCAACGUCAUCAA  GGGGAC uuCG Go000C UUUUUUGAUGOCUGG -129 5.17 -7.6
CHP 311031 312137 - 46 UGOGUUGGUUUGUG GCCAUCACOOCU ouuaC AGGGGECGAUGEC  UUUUCOGCUGAUCGU -19.1 4.16 -11.0
phy cobilisomerod-core linker
polypeptide cpcG (L-RC28.5) 312299 313057 - 26 CAAGAGUCCGAAAA  GOGGGGC CuCA GCOOCGC  UUUUUUUGUGUOGCA -145 5.72 -55
(cpcGl)

88 CUUCUUCCCAGOUC  UCCAGGGRUCAG GAUCCA CUGACCCUGEG  UUOGUUAACGRUUCG -21 3.36 -10.2
HP 345482 346312 + 67 GOCAAGUGAAAUAA  UUCAGGOGG  UGOGCAAGULU OCOCUGAA  UUUCACGOUUUUAUA -81 3.68 -10.1
CHP 346837 347112 - 53 AUGOGAGCAAUUUA GEOOGUCUUUCC ACCG GGAAGGEGECGECC UUOCUCUCUUGCUGA -215 3.39 -11.3
HP 347901 348713 + 120 UUCUGAAGUGAUGG UCUGGUUGAU UUCA GUCACACCAGG  AUUUUUGGAAAACGA -83 3.34 -84
mf:gﬁ:;f‘;m%to phage 361958 363160 - 67 CACUCGAAAGUUGC  COOGOCGAU OGUAU AUCOGEOGEG  UUCCCUUUCUGAGAA -134 3.33 -99
possbleintegraselrecombinase 363372 364283 + 216 GACAACACAAGAAA  GGGGGOGRU CGAAACA ACCAGCCOOC  UUUCUUUGUGGAAGU -149 4.56 -83
E’G’r‘%’)e urea binding protein 367336 368616 - 31 AUAUUUGOGUUCAG GOOUAGCGECA UUAAA UGCOGOUAGEC  AUUUUAAUGCCAAAA -21.2 315 -7.7
HP 381620 382033 - 26 GUAAGGUCAGOGGA OGGGUGERUGG CAUGG OOGCCAGOCOG  UCUUUUUCAUGGUGU -162 4.01 -7.9
CHP 384325 384627 + 13 UAAAUCAAGUGUCC CUAUCACOCGG CCCAGUU CUGGGUGGUUGG UUUAGOUCAGOUGAC -115 3.66 -11.1

HP 402762 403415 - 24 CAGAUUCAGUUCAA GACCCCuC ACUC GAGEEEUC UUUUUUUAUGEUULC -14.9 5.76 -51



anchor polypeptideLCM (apcE) 485764 488655 - 64 UUCUCGAUCAAUUU GCCUGGGUGAAG Teele CUUCAUCCGGEEC  UCUUUUGCUGUCAUC -19.3 3.79 -9.9

CHP 507521 508057 + 27 UUAGUUUUCGAUGA  UCCOGCC GCAA GEOGGGG  CUUUUUUUAUGCCAU -134 3.96 -5.0
CHP 524944 525819 - 41 UCAAAUCCOGAAAU  CAACOGAC AGUGCAC GQUUGGUUG  UCUUCGUUUOGEEOG -89 3.33 -103
Ferredoxin(petFd) 528955 520254 + 34 GGUUUUCACUUCAA  CCACCCC UGCG GEGAUGG  UUUUUUGUUGOUCAG -14.7 551 -64
Cytochrome c-550(psbV) 520796 530341 - 28 AUCGGAUUCACUCA OCOCAGUGECU UUAG GEO0GOUGEEG  UUUUCUGUCUCAGCA 214 4.61 -82
(5rOpS|2r|71)oosomal proteinL.27 536682 536948 - 31 COUCAAAUCCAUGA GOCOCAGAACC UGCA GRUAUCUGEEEC UUUUGAAUGEOGOCU -179 4.18 -99
CHP 562165 563136 - 172 CUUCCACCAGUUGC  GCGOGCC CAAC GOUGUGC  UUCCAUUUUUGOGOG -9.7 3.45 -84
DNA binding protein HU 560614 569889 + 28 UCUCUGAUCGAAUG  GGOGGUC CAGG GEOCGCC  UUUUUCAUGOOOGW -11.8 4.73 -84
putative ribose 5-phosphate UUOGOUUUCOGCCAG - }

P (%) 588800 589609 + 15 AGOCGOUUGCGGAC — GGACUCCGC AUGGCU GUGCAGUCC G -88 3.28-114
possible ABC transporter } )

el oy deifiux 622992 624236+ Bl AAGGOCUAUUGOGA GUUUGGAUGAG AAUGA UUCGUUCCGAGC UUAUAGAUUAAAUUG -80 3.44 -7.7
?‘ao?'se””e(th'o'}'yasep‘ 657491 658477 - 29 AGCAAAUCUCUACG  GOOCOGUG GCAA CACGEGEC  UUUUUGOUGOUUUUA -169 4.87 -8.7
N2 N2dimethylguanosinetRNA - gaeang 6a7784 4+ 107 UUGUUGAAGCUGCA  GGGGA CUGA UCOOCC  UUUGUCACOOGAGCC -101 3.86 -11.3

methyltransferase like protein
trandation initiation factor IF-1
(infA)

possible multidrug efflux

670786 671055 + 1 CCGCGUCGUCGUUA [ccoscH CAGCGAUUCAAUC [ceccey UUGAAUUCGCUGCEU -10.1 3.19 -10.2

. 601135 692436 - 53 CAACCAGAACAUUG  CCAGCUUGG AGGU CUAAGOGGG  UCUUGAUGUOGUAAG -82 3.21 -10.7
transporter, MFS family
Fgfjgté")e"\ﬂpdd‘ydmge”ase 706003 708066 - 59 COUCACACOCCOOG —— GOOOGG fececo UCGEEC UUUCACUCUUCCUGC -84 3.78 -9.7
‘Eg,[fg;’ﬁ')gg;'ADpred“Ctase 732773 733942 - 34 AUCAAGOUCUGOGA  GGACUGCC CAUC GECAGUCC  UUUJUUUUUCGOUUGEG -14.3 5.86 -4.8
CHP 734081 734623 + 43 GUUCACUCUGAUWU  UGAUCACCG GOGAU OGGUGAAUCA  UUAAUACCCOCAAGG -9.9 3.14 -112
CHP 736728 737138 + 39 UGAAGGUUUCUCAG GGEOCAGUCG CAUU OGECUGEUCC  UUUUUUUUGAAAAGS -16.1 5.75 -3.9
Sodium:alanine symporter
family:Permesse for amino acids 798285 799637 -  -17 AAACUAACCAGUAA CUACOGOUUCG AUCGU UGAAGOGEUAG  UUACUGGUAUCUGCA -163 3.27 -114
and
CHP 837567 838649 + 117 GUOCACGAUCCCAG — OGOOGC GAUGCCA GOGEO0G  UUUUCAGUCCAGOGG -87 4.18 -9.1
(Sé??é;‘”"g'“tamate SYMPOMEr  g17605 848834  + 108 AUCUGGCAAGCAAU  GCCUCUGU AAAU ACAGEGGC  UUCACACUAUCUAAA -11.4 3.01 -106
HP 850302 852652 + 142 GAAUUGUGCAAAAG  GUOGGAUGOG UACC UGCGUCCAGC  UUUGUUOGCAUCGRU -92 4.18 -96
CHP 853766 855001 + 27 CUGCAAACCCAUAG — COCOGUUA GCAA UGEOGEEEG  UUUUUGAUGGGUACC -119 4.75 -89
tRNA 858432 858505 - 39 ACOGOUUGCGOGAA — COOGGUGC GAAA GCAUOGEG  UUUUUUAUUGEOOW -14.1 548 -6.2
E?%ﬂﬁggggwiemll POY 851000 861230 + -18 GOUGCAGOUGCUGA  UCAAGOGC AGCC GOGOOUGA  UUUCAACGCACUCCC -7.9 354 -11.0
37 GCAGGCAUCCGUAG — GOUGAACGC Scell) GOUUCAGC  UUCUGUUGUCUGUUG -90 3.84 -97
putativeRNA-binding protein - gaso0g gaai0s  + 48 AGAUCGAUCUCOGG CAGGGGUCAGOG AUGUG UGCUGAUCCCUG  UUGUUUUGUUUGUUG -19.7 4.63 -6.7

RbpD (rbpD)
HP 912128 912412 + 16 UAUUGUAAGUUGUG  CUCUGGCCG GGGAUAGGAA UGUCCCAGEG UUUUACAGUUGAUUUG -99 4.26 -80



photosystem || D1 protein form 1

(psbA2)
CHP

ABC transporter, substrate
binding protein, phosphate

tRNA

HP

Glutamine synthetase, glutamate
-ammonialigase (gInA)

CHP

geranylgeranyl hydrogenase
(chiP)

ribul ose-5-phosphate 3-epimerase
(rpe)

HP

CHP, phage associated

HP

HP

thioredoxin peroxidase (tpx)
allophycocyanin apha-B chain
(apcD)

possible GTP cyclohydrolase Il /
3,4-dihydroxy-2-butanone 4-
phosphate synthase (ribA/ribB)
heat shock protein HtpG (htpG)
HP

Possible

phosphoribul okinase/uridine
kinase family protein

CHP

phage integrase family

HP
HP
RNA-binding protein
HP

similar to zeta-carotene
desaturase

CHP

971755 972834
991930 993123
1015895 1016869

1017787 1017860
1051574 1051960

1060651 1062072
1075191 1075346
1086597 1087949

1107531 1108307

1127972 1128364
1156514 1157080
1167583 1167747
1184977 1185144
1204065 1204667

1221449 1221943

1260179 1261882

1276760 1278664
1323028 1323285

1334517 1335128

1335418 1337838
1338474 1339034

1344826 1345071
1347608 1347925
1352434 1352691
1352831 1353166

1369594 1371222
1379402 1379710

63
21
14

51
48
93

25
27
35

55
54
237
23

32
198

153

AACUGAAUCGGAAA
UCGUCCGGECUCGAU
GAUGACUAGCUGAG

GAGCAGUUCCAAGG
GCGACAGGUCACAA
ACAUACACUCALCA

UGGGEUGUUGAUCGG
UUCUGACGUUCAGC
GAUCACUGACGCUC

CUGACCCCCUAGGA

CCGUAAGGACAUGG
AAGGCUGUUUAGAG
CCAAUGECGECERU
UCAGUUAUCUCCAA
CUGCUGAUUCAGGA

UCGACUACCUGAUU
UCAAUCAAGACUCG

CCCUCCUGCACUGG

UGGGAACGCUGAUG
AAUCGCGECUCCAG

UCUGUUGCUUCAGA

CCCCUUCUUUUCCA
GGCCCAAAAGAAAA
UCAAUAUCAGGCAU
GUCAACAGCAACGA
CGAUAUGCAGAGAG
CGCUUGCCGAUGAC
UUCUUCAGUCCCUU

GEUCUGCGECUGECC
GUUACAAAGAUGCGA

[cossoccs:

UGEUCUCUAGEEU

UGGACUGCUG

CAGGGGAUG

UCAGCCAGEG

CAGAGAGEG
CGAUCAGG

CGACGUCUGAGU

CCccauACuUCy
CCCCUAG
CCGAGUGGEC

CUGAUCGECGU

CUCUUCCCAGCU
UGCUUGAGG

CAGGECAAUG

AAUC
AUCAGC
UUGAU

UACG
uucc

CUCA

UACG
AUUU
CUGAUGCA

CACUG

GCGAU

ACUGAUCAG

AUGUGA

UGGG

UAGU

UAAC
ACACU
CAGAGUC
GAUC
UUCCAACUC

ACAU

GAACAAGEUC
CUGACGG

AUCCUGUUGACCA
ACCGEUCECC
CGGCAGCCA
GCGGCAGGEG

CAUCCACCUG
GOGUCCAGEEG

UCCUGAAUGA

CCUUCGCUG
UCUGAUCG

ACCCAGACGUUG

AGUAGUAGESG
CUAGGGG

AGCGUGUCGEG
AGCUUGGGAAGAG
CCUGAAGCA

CQUUGAGCCGEG
CAAUGCCCUG

UUUUUGUUGUGCCAA -17.1 5.19 -7.2
UCUUCUGAACAUCUC -80 3.23 -104
UUUUGAGCAGUUCCA -9.7 4.11 -100

UUUUUUUGUUCUULWU -13.8 6.04 -4.7
UUUUUAAUGCCCUGA -159 4.74 -7.6
UUUUCGUUGCCUCCU -105 4.44 -88

UUUUUUUGUGGAUCA -16.5 5.64 -6.3
UUUUUGUUGCUUULA -165 5.28 -6.4
UCUUUGAUCCECUCG -9.3 3.46 -10.6

UUUUUUUAUGGAGAC -17.8 5.61

UUUCUUUUUGACAUC -14.0 4.87
CUUUUAACGECUUCU -12.0 3.07
UGAUUUUUUUGACUU -104 3.52
UUUGUUGAACGAGAU -11 4.15
UUUUUUGCAUCAGUC -159 5.1

AUUUGUUUGCCGEUC -114 3.25
UUUUUUAGUGAGAWU -19.6 5.16

-5.2

-6.0
-9.3
-6.3
-93
-74

-85

-6.3
UUACCUUAUUGAUCU -85 3.31 -87

UUUGAUAAGCUAGUA -84 3.75
UUCAUAUUGCUUULU  -8.1 3.47

-8.8
-7.9

UCUUGAUUGCECACGG -12.6 3.24 -10.7

UUUUGAAGACUGEEG -138 41 -93
UCUUCUCCCUGAAUG -115 3.25 -11.6
UUUGCUCUGCEUCUG -89 3.86 -11.6
UUUUUUUGUGCUCAG -11.8 5.67 -6.0
UUCAAGUUCCAAAGC -7.8 3.07 -95
UUUUUGUGCUGEUUG -185 4.95 -9.2
UUACUGAUCAGEUCG -8.7 3.22 -11.2

UAGUUGUUUGUUGUG -12.3 3.13 -82
UUAUCUGUAAAAGCA -124 3.59 -87



HP
HP
HP

30S ribosomal protein S21

(rps21)

possible high light inducible

protein (hli1)

photosystem |1 D1 protein form |

(psbAl)
CHP

CHP

ABC transporter, ATP binding
component, possibly iron

transporter (futC,sfuC)
CHP

possible pfkB family
carbohydrate kinase
HP

CHP

CHP

CHP

HP

possible phage integrase

CHP

Pyruvate dehydrogenase E1 apha

subunit (pdhA)
HP

CHP

HP

putative tRNA (guanosine-2-0-)-

methyltranderase
NifU-likeprotein

UDP-N-acetylmuramyl-tripeptide

synthetase (murE)
HP
Ribul ose bisphosphate

carboxylase, small chain (rbcS)

transal dol ase(tal)

Putative principal RNA

1383192 1383440
1401121 1401327
1404069 1404434

1408581 1408757

1411230 1411433

1420584 1421660
1421802 1423130
1463159 1463530
1487175 1488335

1489335 1489568
1492086 1492919

1492903 1493142
1502689 1503033
1503533 1505344
1506298 1509762
1512732 1513076
1513971 1515110
1553030 1553761

1558919 1560004

1594600 1595028
1596030 1596164
1602043 1603305

1617506 1618195
1623675 1623920
1626144 1627646
1634015 1634347
1651326 1651667

1688849 1690021

1712270 1713685

97
99
110

27

142

63

97
59

129
20
226

m
28
195
161
54

114
73
98

250
42
55

164
-17
18

101
237

ACACAAGAACAGGA
UGCGUCGAUUGACG
GUUGCCUGAUGGECA

CGCAAGAUUGUUCA

CGCCGEUGUGCCCA

AACUGAAUCGGAAU
AUAGUCUUGAUCCA
GGCAAAGUCCUAUU
AGCUCUUCGGCCGA

AAAAAGCCGCUGCA
CUUGGAUGUCUGEC
AUGCCAGGECAGAUC
AGAUGUCCUGACAA
UUGUCUUUUCACCA
ACUGAACACAUUCU
ACUCCUGAAGUGCU
UAAAAACCGCAAGA
AUUCUCUUCCUGCA

GCUCACCCGCUACA

UUCCCUCGUGAUUG
ACAUGAGAACGECG
UGUGCGAGUUUGAU

CCCUGAAUCGUGAG
CACCUGUUAGUCGG
CAAUAUCGUGUAAU
AUCCCCAUCACCCG
GEUGCAUGCUUCAU

CUUCGAACCUUUGG
GACCACGGCUUGAU
CGCCCUUGACACGA
CGGAAGAGAUCGAA

cellcee
UCACUCUCCC

GACCCUGC

GCCUCCACC
CCGAUCUCCU

UGCCGOOCGCA

GGGECAACAUCA

cccuce

GACCCAGGAG
CUUGCAAGC

GEUUUUCGAAGGA

UUCCGAGCCCUGA
CCaUUGEEaU

Veeve]
CCUGGGAAA
GUUGAU

AAAG

AU
UuauwuJ

UGAACAGAU

GUUCUGA
GCAA

GCAGCAGCG
coccuce
GGCAGGEEUGA

GGEGAGAGCGEG
CCAGECC

UGAUGUUGUUC

AGGAACUAAGGA GCAGCG

AAUUAC
GCAA

UCAQU
GAACAAAA
AUGAU

AAGAC

AAAU
GUCGAACA
ACCUGCEC

AUCA
AGGC
AGUGCCUC
CCCAGA

GCUCCCAACCCG

GAUUGACCACC
UCGCUGAUC

UGACCCAGA

CAUAUUECCCG
[eVeslccele:
GUUUGCAAG

UCAGUGG
UGGAGEEECC
GGCUUCAGCC

[ceveee
UCCUUCGAACC

UCAGGGECUCCAG
AUCGAGCGG

UUGUUCUGGACGUAC -11.2 38 -111
UUUUUUGUGCCUGAA -9.1 5.28 -74
UCUUCUUGAAUGUCA -10.1 3.43 -9.2

UUUUUUUUUGCGEUC -14.9 6.09 -4.6
UUUUUUUAGCGCUGC -134 5.42 -6.3

UUUUUGCUGEUGCAA -17.9 4.77 -9.6
UUUAUCCGUCUUCWU -115 3.99 -9.1
UUUUUGAUGUGCGAU -16.7 4.81 -83
UUCCUCUCCGAUGCU -115 3.27 -11.7

AUUUUUCCGECCUCCG -12.6 3.36 -9.1
UUUUUUAUUGCUGCU -10.7 5.52 -53

CUUUUAUUCAUAAUG -9.0 3.43 -52
UUCACUGACUUUCCA -196 3.12 -10.2
UUUUAUGCAAGECA -17.4 4.37 -9.8
GUUUCUUAUUGCAUC -10.7 3.27 -74
UGUUCACAUUGCAGG -15.3 3.09 -11.1
UUCUUGUGCCUGAAC -10.2 3.82 -10.8
UUUUUUGUUGGUUAG -14.8 5.56 -6.6

UCUGUUUGECURCUC -84 3.28 -11.2

UUUUUCGUCGUGAGA -85 4.77 -81
UUUUCUUGGAAAUCG -20.2 4.65 -7.9
UUCCCAAUAUUUUCA -10.6 3.05 -9.7

UUUGAUCGCGACGH -85 3.73-11.3
UUGAAUCAGGEUCGAC -14.2 3.07 -11.1
UCUGUAGUAUUCCUG -12.3 3.02 -10.2
UUUUUUGUUGECCUG -95 5.47 -74
UUUGEUUCCGAGCCC -11.3 39 -11.2

UUUUUUCCGGAGESG -12.7 5.01 -85
UCUUUACUUCCULU -89 3.62 -88

CAAGAGCGAAGUG UUGUGUUAAGACUCA -109 3.67 -95

seccee

UUUUUUUCUAGAUCA -9.1 5.64 -50



polymerase sigmafactor (SgA)
putative inorganic
pyrophosphatase

CHP

CHP

ABC transporter, substrate
binding protein, phosphate
possible 50S ribosomal protein
L19(rpl19

CHP

possible high light inducible
protein (hli8)

30S ribosomal protein S14
(rpsl4)

HP

photosystem || D1 protein form 1

(psbAd)
CHP

HP

HP

CHP

cytochrome b6-f complex subunit

4 (17 kd polypeptide) (petD)
Possible phycobilisome linker
polypeptide

CHP

1717053 1717640

1722529 1722690
1738577 1738816

1739194 1740171

1745275 1745739
1745913 1746101
1752259 1752438

1808090 1808392
1814062 1814301
1824940 1826019

1826708 1826977
1846017 1846385

1854064 1854777

1855261 1855485
1878339 1878821

1896172 1897074
1899145 1899813

Phycobilisome linker polypeptide 1903591 1905237

C-phycoerythrin class 1 alpha
chain (mpeA)

C-phycoerythrin class 1l gamma
chain, linker polypeptide (mpeC)

C-phycoerythrin class | dpha
chain(cpeA)

HP

R-phycocyanin || aphachain
(rpcA)

possible Pex protein (pex)
CHP

1910879 1911376

1911741 1912622

1917288 1917782
1918383 1918874
1921830 1922318

1933158 1933634
1949349 1950497

37

26
152

15

44
26
13

41

63

-21
-13
24
115
198
30

26

36

39
26

45
56

CCUCAGGGGAUCAA

AAAGCCCACUCCGA
UGUCCACAGUCACC

AUUUUUAUUGGGEUU

AGCAUCCUCGAUGU
GAUUCCUCCGCAAA
UGAUCAACUCCUUC

AGUCGUUAUCCAAG
UUGCCUUGAGCUCC
AACUGAAUCGGAAA

UGUGGACUACCUCG
CGCAUGAAUACAUA
UUUUUGAUACUUGA
AAGAAACAAGCCUG
GGAGCGCAGUCAAG
CUAGAUGCAUUAAA

GAUGUUUUGUUGGA

CCAGGCUGACCAAA

CCGUGCAUGUCGAA
AGUCCUGCCAUAGG

CUCCCUGEECUGAU
GACUAGUCGUCUCA
GUGUGUGAUGACCA

ACGGCUGUGAGAGA
CCCCUCCAGUCAUA
CCACAGAUGUGACA

AUGUCCCCGUGGCA
ACGCCGAACAGGEEC

CUGAUUAAUC

UGGCAGEEEU
COCCCGAUGA
COCGCAGEEC

GEGACC
UUUCGACCAAG
GCCCUCACC

UAGCCGEEU

CCAGECC
GCCCAUGC

CGUAGGACUUGC
UCACCCGCC

UAUCAGUCC
GGEEAUGAGC

UCCACCA

CAGCUGECUEG
GUGGACCUC

CAAGG

CAACG
AAAUG

UGAUUAC

UCAUC

UUCG
ACAAAGUA
AAUC

ACGAGAA
AUUUCUA
UAAC
GCUACUAAG
AUGGAACGG
AGAU

GACAC
AACCA

UUAAC
AAAUA
UCAA

GAUAA
AUGACGA
UCAU

AAUCCCA
AAACGG

GAUUAAUCAG

UCAUCGEEEG
GCUCAUUGEG

CGGECUAGAGG

ACCCECUG
CGCAUAGC
GGACCUGG
GCAGEEEC

GAGUCGGEGEG

GCAAGUCCUACG

GGAUUGGUA
GCUCACCCCC
AAGGGAGC

GGAGGEC

GGGEUUGAC

UUUUUCAUGGCAAGC -144 4.72 -8.2

UUUUUUUUGCACGUU -140 5.78 -51
UUUUCAGGUAGAGAA -9.0 4.14 -101

UUUGUCGAUULLUUUG -9.7 4.12 -84

UUAGUUCAGUUGEUA -86 3.41 -87

UUUUGUUGUGACCAA -18.0 4.77 -82
UUUGAGACUGACUUC -8.2 3.58 -11.5

UUUUUUCAUGCECGEG -10.8 5.15 -6.9
UGUUCUGAACGUUGA -12.1 3.23 -11.2
UUUUUGUUGUCCCAA -17.1 5.19 -7.2
UUCAGCUUCAAAGA -10.1 3.07 -10.5

UUUUUUUGAUACUUG -11.6
UUUUUUAGUGGUCGA -11.7
UUAAUUCGGEUAGCAG -8.3
AUUUCUUCGAGGAAC -87
UCUUUUGUUUAUUAA -10.2

UUUUUUGUUGCUCAG -16.1

UUUUCGAAGUCAAAU -20.2

UUGUUUUAGCGAACA  -9.7
UUAUAGAUUUCAAAC -14.6

UUUACGACUAGUCEU -9.2
UUUUUUUAGCAGUAU -21.2
UUUUUUUGUCCAAGA -12.1

UUJUUUGAUGACUGC -23.1
UUUUUUCGAAGUCAG -9.2
UUUUUUUGUUCAAAC -14.3
UUGAACUAACGCGAU  -9.7

5.58
5.19
3.37
3.09
4.17

551

411

4.17
3.47

3.59
5.43
5.61

5.17

5.03

5.79
3

-5.3
-6.8
-94
-93
-6.7

-6.4

-8.8

-8.6
=17

-104
-54
-5.6

-6.9
-6.8
-4.7
-115

UAUUAAUUCAAUGEG -9.3 3.26 -6.6



CHP

HNH endonuclease family
protein

CHP

CHP

putative photosystem | reaction
center subunit XI] (psal)
elongation factor ER-Tu (tufA)

30S ribosomal protein S10
(rps10)

photosystem |1 D1 protein form 1

(psbA3)
possible high light inducible

protein (hli6)

possible porin (som)
possible porin (som)

CHP

photosystem || D2 protein

(psbD2)
HP

putative RNA-binding protein
(RRM domain)

CHP

50S ribosomal protein L7/L12
(rpl12

glutamate N -acetyltransferase /
ornithine N-acetyltransferase
(argJ)

putative alkaine phosphatase/5'
nucleotidase

putative alkaline phosphatase

CHP

nitrate transporter, MFS family
cyanate lyase (cynS
Shikimate / quinate 5-
dehydrogenase (aroE)

1957744 1958100
1980276 1980776

1987261 1987626
1989574 1989822

2000166 2000657
2028879 2030078

2030195 2030515

2043226 2044305

2074038 2074178

2119133 2120638
2123030 2124475
2124656 2126284

2131112 2132167
2143657 2144055

2153621 2154055
2197435 2203479
2242893 2243288

2256316 2257545

2297203 2299455
2209701 2301431

2341603 2342880
2368191 2369063
2393373 2393816

2415218 2416087

26
12

29
123

64

27
83

63

22

144
53
41

23

46
37
27

54

223

41
-21
27
32
38
28

43

CGCCUCAUCCGCAG
CUGAGCUGAGUUCA

GAAGACAGUCUUGC
AAUGCGUCGAACUG

CCCAACGCUGACCC

UGAUCACUGAUGGA
UCGACAACUGAAUU

CAUUGAAGUGAAGC

AACUGAAUCGGAAA

GOGAUCUAAAAAAG

CCGEUCGEUGAUGECU
CCUCACACAGAUCA
UCUUUAUUCCUAAA
GAUCGACCACUCCC

GACCAUAGUUACCA

CGCAUGAAUACAUA
UUUUUGAUACUUGA

UUAAGCUCAAUUAA
CGCAAGGCUUUCAA
UCAAGUGAUCCUUU
UCCACAAAACCAAG

CGCUUUUGUGGAAU

UCAACCAAUCAUUG

UGACACCUACGCAA
UUGCACUUCCUUGA
GUAAACGAAUCAAA
GGCGCUGCAUCACG
UGGACUUAUCUAAA

UGGAACCCCCCCUC

UGGECCUUCGEEC [coscoc GCCE00ECCG
@auccucauuc UGUU GECUGAGEEC
CCCUAUGEUUC CCQUAC GRUCCAUGEEG
GGECGEG GUGEEA ccuGccee

CCGGECUGUU CCAUCAAGA GACAGCCEEEEG
UGGEEEEEA GUCAUCCCCCCA  UCCCCUACA
CAGGACUCC CUUG GGAUCCUG
UCUGAACGC UUCA GOGUCAGA
GCCCUCACC AAUC GEUGGEEEEC
CCCCUUCGG CCUGG CCGGAGEEG
CCAGEUUGCU GAGC AGUGCCCUGG
GCCCCcCcC UUUCA GGEEEEEC
CCCACCG CucUG CCAUGEG
UGCCGAC CCAC GQUCEXCG
GCcuccC GAAA GGGAGGEC
GCCUCGC AUUUCUA GCGEEEC
UAGCCGRU UAAC ACCCEOUG
COCCCEAUGU CCAG GCCUUCEEEG
CAACCCUCAUGEC UCAG
UUGGGCUGG UCUCA CCGGCCCGA
(ssccVoe: CCAG GEECCGG
UCAUGACCCU AAGUUGG AGGGAAGUGA
coccuceC GUCA GOGAGEEG
UCAGUCAGEC UGAUCUU GCUUGAUCGA
CoccucEC UUUG GOGAGESG
UUGGCCUCAAUC GUGA GAUUGGGECCAA
GCCCGGAGC UUCG GCUUCGGEEC
GCCCAAU ucuu AUUGGEC
UGGCAGCG ACUGU CGCGCCA

UUUUUACUUAGGACU -11.0 4.87
UUCCAGUUUCUGRCCG -9.3 3.16

AUUUUUAUGACCCGA -11.9 3.49
UUUUUUGUGCUCAGC -139 5.31

UUUCUGACUGUCAGG -83 3.95

UUUGUUUUGAACCUC -8.2 4.66
UUCGCUUCUUUCUUA  -8.3 3.37

UUCUGCUUCCUAGEA -85 3.54

UUUUUGUUGUGAAAA -17.1 5.19

UUUUUGCUGUCUGCU -159 4.85

UUAUUUUCACUAUCG -8.6 4.24
UUUUUGUGUUUAACA -152 5.2
UUUUUUUUCGEUCULWU -12.0 5.97
UUCCUGAACAAAACG -10.1 3.14

UUUUUUAUGUAAUGA -145 54

UUUUUUUGAUACUUG -11.6 5.58
UUUUUUUAGUGEUCG -11.7 5.56

UUUUUCGAUGGEECCG -11.0 4.66

GOCAUGAGEEUUG UUUUAUGGACUUCCA -24.6 4.43

UUCACCUCUUCCACA -14.4 3.08
UUUUUUGUUGGACAC -12.9 5.45

UUCCCUACUUUCAUG -7.8 3.17

UUUUUUAUGUGCUUA -16.9 5.42

UUUUAGEUUGCACWU -8.7 4.28
UUUUUUGUUUAGUAG -15.6 5.68
UUUCUAUUCACUUCA -19.3 4.24
UUUUCUCUUUCGUAA -17.0 4.82
UUUAGGUUCUAAACU -94 3.81

UUGAUGUAUCUCCUG -88 3.36

-72
-10.0

-6.8
-7.1

-104

-6.7
-10.1

-10.6

-6.5

-8.6

-6.1
-6.2
-4.3
-111

-4.7

-53
-5.5

-95
-89
-116
-6.8

-10.9

-60
-9.7
-5.1
=72
-7.2
-9.0

-9.7



threonine synthase (thrC) 2433061 2434167 + 26 GUCUGAUCCCUCAC GACCCC GAAA [ceccele UUUUUUUUGCGAACC -11.2 5.75 -51

Note: same as Table 1.
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