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ABSTRACT

In Streptomyces species, the cell cycle involves a switch from an early and vegetative state to a later phase where
secondary products including antibiotics are synthesized, aerial hyphae form and sporulation occurs. AdpA,
which has two domains, activates the expression of numerous genes involved in the switch from the vegetative
growth phase. The adpA mRNA of many Streptomyces species has a UUA codon in a linker region between 5’
sequence encoding one domain and 3’ sequence encoding its other and C-terminal domain. UUA codons are
exceptionally rare in Streptomyces, and its functional cognate tRNA is not present in a fully modified and
acylated form, in the early and vegetative phase of the cell cycle though it is aminoacylated later. Here, we
report candidate recoding signals that may influence decoding of the linker region UUA. Additionally, a short
ORF 5’ of the main ORF has been identified with a GUG at, or near, its 5’ end and an in-frame UUA near its 3’ end.
The latter is commonly 5 nucleotides 5’ of the main ORF start. Ribosome profiling data show translation of that 5’
region. Ten years ago, UUA-mediated translational bypassing was proposed as a sensor by a Streptomyces
phage of its host’s cell cycle stage and an effector of its lytic/lysogeny switch. We provide the first experimental
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evidence supportive of this proposal.

1 Introduction

The filamentous gram-positive bacteria Streptomyces are part of
the phylum Actinobacteria, one of the most deeply branching
clades on the phylogenetic tree [1]. Streptomyces are important
in part because of the array of secondary metabolites including
antibiotics, they naturally produce. Its study has also opened a new
appreciation of complex multifaceted life cycles in bacteria.
Streptomyces possess a distinct genetic codon usage bias in part
due to their high genomic GC content of ~70% [2,3]. Even
accounting for this high GC content, as initially highlighted by
Chater, utilization of the UUA codon is unusually low, with only
~2 — 3% of coding sequences containing a UUA codon [4]. The
few UUA codons present show extreme bias for being close to the
start of coding sequences [5], where the energy wastage of ribo-
somes encountering them in the absence of cognate aminoacyl-
tRNA would be minimal. Further, most of those present derive
from species-specific horizontal gene transfer [6]. Many UUA
codons are conserved and the products from coding sequences
in which they occur are involved in processes such as sporulation
and antibiotic production, both features of late growth-phase
development in S. coelicolor [7]. Intriguingly however, work by
Ostash and others has highlighted an in-frame UUA at an internal

position of sequence encoding AdpA, which regulates the expres-
sion of an enormous number of genes required for the late growth
phase. The adpA mRNA of many Streptomyces species has a UUA
between 5 sequence encoding a GATase-1 domain and 3
sequence encoding an AraC-like family transcriptional regulator
(AraC) adpA genes [8,9].

To our knowledge, the function that has driven selection for
UUA being positioned between sequence encoding the two
domains has not been discussed. In the absence of functional
charged cognate tRNA, translation of the upstream sequence
would likely lead to proteolysis of a substantial proportion of the
upstream-encoded product unless ‘special’ contextual features are
involved. When a bacterial ribosome encounters a codon whose
cognate aminoacyl-tRNA is absent or sparse, it stalls allowing a
following ribosome to collide with it. Such collided ribosomes are
recognized by the endonuclease SmrB, which cleaves upstream of
stalled ribosomes to generate a truncated mRNA. tmRNA then
acts to rescue upstream-stalled ribosomes and often mRNA degra-
dation and proteolysis of the incomplete protein [10].

However, absence or greatly reduced amounts of a func-
tional form of the tRNA or release factor needed to decode
the codon in the ribosomal A-site can lead to a non-standard
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decoding event. One type involves peptidyl-tRNA anticodon
dissociating from its codon and re-pairing to mRNA at an
overlapping codon mediating a shift in reading frame.
Thousands of such frameshift events occur with very high
efficiency in gene expression in Euplotes ciliates, and the
number is predicted to increase over evolutionary time to
between 17 and 71 thousand depending on the species [11].
Aside from that exceptional situation, except where pro-
grammed events occur (see below), frameshifting efficiency
is commonly dramatically lower and in some cases occurs by
the alternative of an incoming aminoacyl-tRNA pairing with
an out-of-frame overlapping codon in the A-site [12,13]. For
pragmatic reasons, the word ‘frameshifting’ is generally
reserved for shifts of frame to an overlapping codon. When
the re-pairing occurs to a non-overlapping codon, the descrip-
tor ‘bypassing’ is commonly used. When a block of non-
coding nucleotides is avoided by this process, a reading
frame shift may or may not occur depending on the frame
of the codon to which the tRNA re-pairs to mRNA.
Contextual signals often known as recoding signals can
greatly stimulate such events and can be selected to generate
functionally useful products or for regulatory purposes. Such
‘translational recoding’ is in competition with standard
decoding [14-18]. In the absence of functional UUA-decod-
ing tRNA, might there be some frameshifting at the UUA
between sequence encoding the two domains of AdpA which
quickly leads to termination in a new frame and so release of
functional upstream encoded product? Though the efficiency
of frameshifting may be optimal at low levels and apparently
not involve recoding signals, for instance the +1 frameshifting
important for Influenza virus expression [19], the great
majority of productive occurrences do involve recoding sig-
nals, i.e. they are programmed. In the absence, or highly
limiting amounts, of functional UUA-decoding tRNA, the
presence of stimulatory signals for hypothetical frameshifting
at the adpA UAA could influence the proportion of GATase 1
that is immediately degraded or released in a functional state
following frameshifting mediated termination (or out-of-
frame bypassing). An alternative possibility for liberating
functional upstream-encoded product, GATase 1, is that
when a UUA codon is in the ribosomal A-site and functional
cognate tRNA is unavailable, peptidyl-tRNA drops off the
ribosome and the ester linkage of the peptide to the tRNA is
cleaved by a peptidyl-tRNA hydrolase (pth) [20,21]. One of
the recoding signals for the 30% to 50% efficient translational
bypassing of 50 nucleotides required for synthesis of a phage
T4-encoded topoisomerase subunit is relevant to the extent of
drop-off in that system [22]. Without preconceptions about
the potential recoding mechanism involved, we sought to find
putative contextual features linked to the UUA that occurs in
the short ‘linker’ between the parts of the ORF encoding the
two separate domains of the product AdpA protein. Before
embarking on that, we reassessed chromosomal UUAs using a
bioinformatics software we previously used to discover frame-
shifting in the decoding of bacterial magnesium chelatase
mRNAs [23]. The aim is to enable future work directed to
discerning the function of such UUAs and the mechanism(s)
involved, to use cassettes including any candidate recoding
signals identified.
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Support for the merits of the task comes from the proper-
ties of mutants of the gene specifying the UUA-decoding
tRNA and of the genes encoding some of its modifying
enzymes. Instead of fuzzy, deeply pigmented WT
Streptomyces colonies, a relevant mutant, S48, described in
pioneering work with S. coelicolor in 1967 by Hopwood was
unable to erect aerial, spore-bearing, hyphae and was smooth
[24]. The ‘bald’ phenotype later prompted the corresponding
gene being termed bldA, with several additional bld genes now
known to be also important for the transition from vegetative
to reproductive growth [25]. AdpA binds to the promoter of
its own gene and that of bldA [26], providing reciprocity of
functional interactions since the bldA product influences
adpA expression. The bldA product is relevant to the general
restriction of standard decoding of UUA during early growth
phase [7,27,28]. While the structural gene specifying the
tRNA cognate for UUA is transcribed even early in the
vegetative state, expression at a later growth stage of the
modification enzymes MiaA and MiaB is important for clas-
sically functional tRNA being formed [29-32]. MiaA and
MiaB catalyse reactions in the conversion of the residue at
anticodon adjacent position 37 of UUA-decoding tRNA, and
certain other tRNAs, to hypermodified 2-methylthio-N6-(cis-
hydroxyisopentenyl) adenosine (ms2io6A). Variant forms of
the modification also occur, and much is unknown about the
timing of their synthesis and function as well as that of
potentially relevant modifications at other tRNA posi-
tions [33].

The affinity of EF-Tu for deacylated tRNAs tested is ca.
1000-fold less than for acylated tRNA [34] and where the
measured, ribosomal A-site dwell time for uncharged tRNA
is less than for charged tRNA [35]. Nevertheless, ribosomal
A-sites for which charged cognate tRNA is sparse or absent
can be occupied by uncharged cognate tRNA resulting in
relA-mediated synthesis of the alarmone (p)ppGpp and the
stringent response [36,37]. While certain other physiological
conditions can induce ppGpp synthesis [37], it is a paradox
that the known broad-ranging effects of (p)ppGpp on
Streptomyces are at the later growth stages [38,39] (and also
in Caulobacter [40]). The presence during the vegetative state
of preformed UUA-cognate tRNA only needing the final base
modification to be a substrate for aminoacylation is expected
to facilitate a quick transition to the formation of functional
acylated tRNA. However, it may be pertinent for the discus-
sion below to keep in mind the curious presence of incom-
pletely modified tRNA throughout the vegetative phase.
Further, guanosine tetraphosphate ppGpp influences the
Iytic/lysogeny decision of phage Mu [41] and relA mutants
affect ribosomal frameshifting [42] and probably some other
forms of recoding.

Streptomyces minimal use of UUA, which may have facili-
tated potential regulatory use of some remaining occurrences,
could have been aided by the selection for enhanced survival
against phage with UUA in essential coding sequences. To
counter this unusual codon usage bias, Streptomyces phage
genomes usually entirely lack UUA codons [43,44]. However,
phage Hau3 mRNA has two UUA codons. It has been
hypothesized that decoding of these UUA codons, which
occur in its terminase mRNA, serves as a sensor of its host’s
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life cycle state [45]. In the early and vegetative cell growth
state, the phage enters its lytic cycle for which terminase is
required [46]. In the late cell growth phase, the phage instead
enters the lysogenic state for which terminase is not required.
Sequestration into spores as a prophage during an unfavour-
able time for phage reproduction would enable it to be ready
to take advantage of a future return of its host cell to favour-
able growth conditions. There are two separate blocks of
frame-disrupting 10 nucleotide inserts with UUA at their 5’
ends in Hau3's terminase coding sequence. Sequences flank-
ing these 10 nt blocks match sequences adjacent to each other
in counterpart phage sequences that do not have the inserts.
In the late phase of cell growth functional cognate UUA-
decoding tRNA results in standard translation, a stop codon
being encountered shortly after the UUA and so no terminase
is synthesized. Nevertheless, it has been hypothesized that in
the vegetative phase of cell growth when UUA enters the
ribosomal A-site in the absence of functional cognate UUA-
decoding tRNA, bypassing of the blocks of 10 nt inserts
occurs allowing the synthesis of functional terminase [45].
Low-level bypassing can occur when slow-to-decode or unas-
signed codons are in the ribosomal A-site [47-52]. In con-
trast, candidate recoding signals for enabling efficient Hau3
bypassing were identified in 2013, when that bypassing was
hypothesized [45]. However, the Hau3 bypassing proposal
was not in the title or abstract of the publication that con-
tained it, and apart from being considered in one review [12],
has largely escaped attention for the past 10 years despite the
extensive departure from standard decoding it would involve.

To complement our chromosomal UUA analysis, we have
experimentally investigated the proposed Hau3 bypassing.
Bypassing is known to be required in the decoding of E. coli
phage T4 [22,53,54]. Fifty nucleotides are bypassed with ~
40% efficiency with bypassing of the 3’ part of the coding gap
involving the scanning of each overlapping triplet in a process
that uses ~2 GTP per nucleotide bypassed [55,56]. Bypassing
also occurs in related phages, one of which features an unu-
sually rare codon in the ribosomal A-site at the initiation of
bypassing [57] as well as extensively in the mitochondria of
the yeast Magnusiomyces capitatus, where one coding
sequence has as many as 12 disruptive inserts bypassed
[58-60].

2 Materials and methods

2.1 Development of a dual-tagged reporter for the
detection of transframe events in-vivo in Streptomyces

Dual-tag reporter systems are widely used to analyse transla-
tional-recoding events [61-64]. The dual-tagged reporter sys-
tem used for expression in Streptomyces has no UUA codons
in its tag-encoding sequences and has a GC content above
65 mol%. The tag, eGFP (27 kDa), is encoded 5 of the
multiple cloning site into which the recoding test cassette
sequence is inserted so the 3’ encoded tag SNAP/ hemagglu-
tinin (HA) (19 kDa) is in the predicted new frame translated
by ribosomes that performed recoding. After induction of
plasmid expression, eGFP fluorescence levels, as measured
either by a blue LED light transilluminator (470 nm) or

fluorescence microscope [65], reflect ribosome loading prior
to the recoding site. HA tag Immunoreactive sensitivity was
used to monitor translation in the post-recode-site new frame.
A Human Rhino Virus 3C protease site (LEVLFQGP) encod-
ing sequence just 5 of the site into which the recoding
cassettes were cloned permitted removal of the GFP tag
from the rest of the protein product. As a control, an empty
dual-tagged vector (pGS1) with no test sequence inserted was
first analysed, to ensure full-length expression of both tags.
Synthesis of GFP was verified in both vegetative mycelium on
solid agar under a blue LED light transilluminator and in
liquid media under a fluorescent microscope. Full-length
expression of the GFP (top) and the SNAP/HA tag (middle)
was confirmed by western blot analysis. A composite signal
was detected from the overlay of both the GFP (green
800 nm) and HA (red 700 nm) signals. Finally, protease
cleavage at the HRV 3C was confirmed by the separation of
the GFP tag from the rest of the coding sequence.

2.2 Production of custom antibodies

Custom antibodies were generated against a zero-frame pep-
tide (number 12 - binds a 0 frame peptide in g6) in the g6
sequence and against two other peptides in the g7 sequence
(2, 5 - both bind different g7 + 1 frame peptides), in the +1
frame to g6. The specificity of each of the antibodies was
verified against an in-frame terminase control.

2.3 Mass spectrometry analysis

To ensure the detection of peptides covering the predicted
bypass site following trypsin cleavage, the lysine codon (AAG)
3’ of the landing site was mutated to an asparagine codon
(AAC) (pJg6-7_4). To separate the recode and non-recode
products from one another, a His tag purification was per-
formed and elutions were analysed via SDS-PAGE, with a full-
length recode product of the correct size being detected.
Imidazole fractions with a high quantity of recode protein
were then utilized for a second round of purification with
glutathione sepharose for clean-up purposes and to concen-
trate the protein that was then used for MS/MS analysis and
peptide mapping.

2.4 Data resources

Three core resources were used: GenBank NCBI [66], the
Actinobacteriophage Database at PhagesDB [67] and Pfam
DB (release 35.0) [68]. Complete genomes, proteomes, coding
sequences and annotations were obtained from GenBank.
Usually, gene names were absent from the GenBank annota-
tions that contained general description for the corresponding
proteins only. For example, products of the adpA genes were
annotated as ‘helix-turn-helix domain-containing protein’.
However, in our phylogenetic analysis, high similarity
between protein sequences, their lengths and domain struc-
tures, as well as conservation of the UUA codons, strongly
indicated that these were actually adpA genes encoding
‘AraC-like family transcriptional regulators’ (AFTRs). Thus,
we will use the adpA notation to refer to these genes



throughout the text. The PhagesDB was used to clarify the
phages that infect Streptomyces hosts (bacteria). We collected
data for 213 Streptomyces bacteria and 258 Streptomyces
phages. Annotations for Pfam domains (DJ-1_Pfpl, HTH_ 18,
and HTH_AraC) of the target proteins were retrieved from
Pfam DB.

2.5 Identification of terminase genes using tBLASTn

The analysis of the ter genes from ¢ Hau3 demonstrated that
UUA codon may trigger translational bypassing and genera-
tion of a full-length protein from a frameshifted gene. Thus,
we considered the possibility that orthologous fer genes may
also contain frameshifts. On the other hand, genes with fra-
meshifts are frequently mis-annotated. Taking this into
account, we utilized the tBLASTn-based approach [23] to
identify genes with optional frameshifts near the UUA
codons.

The stand-alone tBLASTn [69] tool was used to identify
the genomes containing the three parts g6, g7 and g8 of the
terminase gene from the ¢ Hau3 phage. The following amino
acid sequences g6, g7 and g8 of the terminase protein from the
¢ Hau3 phage were used as queries:

>g6
VSPISTLTTEEIEALAPTFLGPTWAKDSLGQWKLPQRT-
LGWQIAGWCAEYLRAEDGGPWK
FTREQLRFVLWWYAVDENGRFVYRKGVLQRLKGWG
>g7
KDPLLAVVCMVEFVGPSRFSHFDEAGDPVGIPHPQA-
WVQVAAVSRDQTRNTMTLFPSLMS
DRLIETYGIKAGAELIRANGGRQRLEAVTSSYRALEGA-
RS
>g8
TFVVLNETHHWVTGNNGDKMYSTIDGNATKKDSRY-
LAITNAYLPGEDSVAERMREAYDKI
REGKAVDIGFMYDSIEAHPSTPLTVEAIRIVLPKIRGDA-
SWLNVETIIQSIMDATIAPSR
SRRMWFNQIVAEEDALYGPEQWADILHEGATLQPGD-
EIVMGFDGGKSDDATALVAIRVRD
MCAFVLGLWEKPDGPKGDGWSVPRAEVDSAVHDAF-
RVYDVKAFYADVALWESYISEWDEL
YGEGLSVKSPVGKDRIGWDMRSSLKLSTMAHERLMRS-
IFDKKLRYDGDLTLRRHALNARR
RSNNYGISFGKESRESPRKVDAYAALMLAHEALYDLR-
ARGKKVRARSGRGYFM

To allow the identification of the other terminase genes in
the genomes, three separate tBASTn searches (using launch
options: E-value threshold = 1073, number of aligned
sequences to keep max_target_seqs = 999999, number of
threads (CPUs) to use in blast search num_threads = 15,
genetic code to translate subject sequences db_gencode = 11,
the length of the found sequence at least 60% (g6), 90%
(g7), and 85% (g8)), were performed for each g6, g7, and g8
part of the requesting protein against Streptomyces bacteria
and phages nucleotide database. The genome regions with
closest neighbour hits (in the correct order) were classified
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as terminase genes. At the same time, the first best genome
region g6...¢7...¢8 was selected (by E-value and identity)
and duplicates were discarded.

2.6 Cluster classification

Using in-house Perl-script, Streptomyces bacteria and phages
GenBank NCBI files were analysed and genes that have UUA
codons (UUA-genes) were extracted. The UUA-genes were
grouped into clusters (COFs) of orthologous UUA-genes
based on sequence similarity. Orthologous UUA-genes and
clusters search were executed using stand-alone BLASTp [70]
(NCBI BLAST package). Each protein sequence of UUA-gene
is used as a query in BLASTp for similarity search against
Streptomyces bacteria and phages protein database.

Among the hits, we selected those in which scores have an
E-value better than 107'%. Such hits were used to assign the
query UUA-gene to a cluster database with orthologous
UUA-genes. If, for a given query, the E-value of several
BLASTp alignments is better than the 107'° threshold, the
orthologous UUA-gene (target cluster) that has an alignment
with the highest BLASTp score is selected. A query UUA-gene
that has no high enough scores and, thus, has not assigned to
any cluster is not used in the cluster classification. The final
cluster consolidation was done to scores of those having an
E-value better than 10,

2.7 ldentification of adpA genes in 213 Streptomyces
genomes

To identify a comprehensive set of adpA genes, complete gen-
omes of 213 Streptomyces bacteria [71] were downloaded from
GenBank database. Proteome of each bacteria was obtained by
extracting translations of all the coding sequences (CDSs) as they
were annotated in the corresponding GenBank files. Sequences
of AdpA proteins from S. coelicolor and S. griseus were used as
queries to run BLASTp with stringent thresholds (E-value
threshold = 107!%, max_target_seqs = 99,999).

>S_coelicolor:NC_003888:3,047,134-3,048,331(+)
MSHDSTAAPEAAARKLSGRRRKEIVAVLLESGGPIFESS-
IPLSVFGIDRQDAGVPRYRLL
VCAGEDGPLRTTGGLELTAPQGLEAISRAGTVVVPA-
WRSITSPPPEEALDALRRAHEEGA
RIVGLCTGAFVLAAAGLLDGRPATTHWMYAPTLAKR-
YPSVHVDPRELFVDDGDVLTSAGT
AAGIDLCLHIVRTDHGNEAAGALARRLVVPPRRSGG-
QERYLDRSLPEEIGADPLAEVVAW
ALEHLHEQFDVETLAARAYMSRRTFDRRFRSLTGSAP-
LQWLITQRVLQAQRLLETSDYSV
DEVAGRCGFRSPVALRGHFRRQLGSSPAAYRAAYRAR-
RPQGDRQPDPDTAAAGATRPLPP
SDPPASLAPENAVPFQTRRTATPMPAGAASVPGQRSAP
>S_griseus:NC_010572:5,572,624-5,573,842(-)
MSQDSAAATEAARKLTGRRRREVVAVLLFSGGPIFESS-
IPLSVFGIDRQDAGVPRYRLLV
CGGEEGPLRTTGGLELTAPYGLEAISRAGTVVVPAWR-
SITSPPPAEALDALRRAHEEGAR
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IVGLCTGAFVLAAAGLLDGRPATTHWMYAPTLAKRY-
PSVHVDPRELFVDDGDVLTSAGTA

AGIDLCLHIVRTDHGTEAAGALARRLVVPPRRSGGQE-
RYLDRSLPEEIGSDPLAEVVAWA

LEHLHEQFDVETLAARAYMSRRTFDRRFRSLTGSAPL-
QWLITQRVLQAQRLLETSDYSVD

EVAGRCGFRSPVALRGHFRRQLGSSPAAYRAAYRARR-
PQGVAESAATVVETMVPSQGPPS

GRRGSTLSSAAVAVAASVGSGELSLPGPDAYVPGRPAL-
PGQRSAP

The results of the two searches were merged, and the 222 full-
length CDSs (according to GenBank annotation) correspond-
ing to the identified protein hits were collected and used for
subsequent analysis.

2.8 Multiple protein sequence alignment, codon
alignment, protein domain structure prediction, SynPlot2
and phylogenetic analysis

Multiple protein sequence alignment (MPSA) was performed
using stand-alone MAFFT version 7 [72] (linsi tool) with
default parameters (linsi - treeout input.fasta > output.algn-
ment). To align the codons of the nucleotide sequences, an
indirect MAFFT procedure was used, in which the corre-
sponding amino acid translation is first aligned before report-
ing the inferred gap positions at the codon level. We used
identity as a proxy for accuracy, since all amino acids pro-
duced by a codon are expected to be aligned (identical) in the
same column.

Sequences for MPSA and codon alignment were prepared,
analysed and back-translated from amino acid to nucleotide
sequence alignment using EMBOSS tools v.6.6.0.0 (seqret,
tranalign) [73] and an in-house Perl-script.

Sequence logos were generated using
WebLogo-3 tool (version 3.7.11) [74].

Protein domains of the terminase proteins, delineated by
coordinates, were identified and extracted by HMMER
(hmmsearch version-3.3 with cut_ga option) [75] and in-
house Perl scripts along with the Pfam-DB provided profile
HMMs. The found protein domains with their coordinates
were scaled to codon alignments and used to visualize the
SynPlot2 results.

For finding regions of enhanced synonymous site conser-
vation in coding-sequence alignments, we used stand-alone
SynPlot2 tool [76]. For each cluster or random sample,
SynPlot2 was run with its respective inputs:

stand-alone

(1) phylogenetic tree was obtained from MPSA for a
given cluster (sample). The unweighted pair-group
method with arithmetic averaging (UPGMA) algo-
rithm and neighbour-joining (NJ) algorithm [77]
were used to retrieve the results;

(2) a file containing a list of sequence pairs tracing
around a phylogenetic tree was prepared by an in-
house Perl-script. These pairwise comparisons cov-
ered each branch of the phylogenetic tree exactly
twice without putting extra sequence pairs (otherwise
p-values would be overestimated);

(3) FASTA-files with individual nucleotide sequences
were generated from the MPSA results codon align-
ment using EMBOSS seqretsplit tool.

To visualize the SynPlot2 results, we used a statistical
package such as R and adapted to the location of UUA-
codons and protein domains the plot.R script for a 25-
codon sliding window (win = 25).

Finally, phylogenetic analyses of the codon alignment were
conducted and visualized using the iTOLtool (https://itol.
embl.de) [78].

These software tools are freely available to the scientific
community and have been benchmarked on diverse types of
datasets and utilized verified algorithms. They were selected
based on availability and support at the time of analysis.

2.9 Analysis of the ribosome profiling data (Ribo-seq)

The ribo-seq files were obtained from NCBI Gene Expression
Omnibus portal (accession GSE138278 and GSE128216). The
individual SRA accession ids used were SRR10212831,
SRR10212833, SRR10212835, SRR10212837 for S. griseus and
SRR8718525, SRR8718527, SRR8718529, SRR8718531 for S. cla-
vuligerus. Processing of these files included clipping of the adapter
sequence (AGATCGGAAGAGCACACGTCTGAACTCCAG)
with Cutadapt [79] and removal of reads that mapped to rRNA
sequence reads with Bowtie [80]. The remaining reads were then
aligned to their respective genomes of S. griseus (accession
AP009493.1) or S. clavuligerus (accession NZ_CP027858) with
Bowtie using the parameters (-m 1 -1 25 -n 2). Thus, only reads
that aligned uniquely to genome were retained. The images with
profiles were produced using custom python scripts.

2.10 Data availability

All the data files and scripts used to generate figures and
tables from the article are available at https://github.com/
vanya-antonov/article-tta-codon.

3 Results

3.1 Large-scale bioinformatic search identified a number
of gene families with conserved UUA codons

Our first goal was to collect all the UUA-containing genes in
the genomes of Streptomyces and their phages. To our knowl-
edge, such a unified analysis of both cellular and viral genes
has not been attempted before (though after completion of
our work for the revised version of this ms, an in-depth
analysis of multiple new bacterial genomes was published
[71]). With our focus on UUA codons, we analysed all the
annotated genes from the 259 genomes that correponded to
98 Streptomyces bacteria and 161 Streptomyces actinophages
(see Methods and Supplementary Data 1). This search
revealed 21,487 genes (2.8% of all the annotated genes) with
at least one UUA codon. Interestingly, the fraction of the
UUA-containing genes was higher in the bacterial rather
than in the viral genomes (2.86% vs 1.91%, respectively) — a
result that has been observed previously [4,43,44]. It has been
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well established that sequence features linked to biologically
important functions are preserved in evolution [62,81].
Therefore, we expected UUA codon conservation in the
families where it may be involved in regulation of gene
expression. To identify such cases, all the UUA-containing
genes were grouped into clusters based on the similarities
between corresponding protein sequences (see Methods). In
total, we obtained 1,382 clusters containing 5,596 genes
(Supplementary Data 2 and 3). Thus, we identified many
putative gene families where rare UUA codons were preserved
in evolution and therefore may perform some relevant biolo-
gical function(s), such as translational recoding [14].

In order to reveal the most promising candidates where
the UUA codon may perform a functional role, we analysed
the positional conservation of this codon in the identified
clusters. Namely, for each of the 1,382 clusters we generated
a codon alignment and analysed the locations of the UUA
codons (see Methods). This analysis revealed a number of
alignments where the position of the UUA codons was
highly conserved, i.e. they were located in the same align-
ment column (Supplementary Figure 1). High positional
conservation of the rare UUA codons in some clusters may
indicate their possible biological function, such as the site of
recoding. It should be noted that functional recoding cases
frequently possess cis-stimulatory signals near the recoding
site [23,82,83]. On the other hand, it has been shown that
regions with additional functions located inside coding
sequences (CDS) evolve under purifying selection and can
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be detected using computational approaches [84]. To iden-
tify the possible stimulatory sequences in the UUA-contain-
ing genes, the SynPlot2 tool developed in our laboratory
[76,85] was applied to the codon alignments of all the clus-
ters (see Methods). Interestingly, several clusters had both
positional conservation of the UUA-codons in the align-
ments and strong SynPlot2 p-values (Figure 1).
Particularly, the two large clusters (with 44 and 38 UUA"
genes) listed as ‘AraC-like family transcriptional regulators’
(AFTRs) in GenBank were among them and contained the
adpA genes [9]. The conservation of the rare UUA codon in
the Streptomyces adpA genes has been well-documented and
thoroughly described elsewhere [8]. The fact that our inde-
pendent analysis revealed such case supported the validity of
our bioinformatics approach.

Despite decade-long knowledge of a UUA codon in
adpA-coding sequence [86], the functional role of this
rare codon remains obscure. AdpA (AFTR) proteins usually
consist of two domains - a dimerization domain (such as
‘DJ-1") and a DNA-binding (helix-turn-helix or HTH)
domain [87]. Interestingly, in both clusters, the rare UUA
codons were always located in a ‘linker sequence’ between
the regions encoding these two domains. Earlier work con-
sidered this position of the UUA codon in the adpA gene
to be ‘classical’ [8]. Strikingly, SynPlot2 regions with the
highest evolutionary constraints (i.e. with the smallest
p-values) were located less than 50 nt downstream of the
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Figure 1. Statistics on all the identified clusters of UUA-genes. The total number of UUA-containing genes in a cluster (Cluster size) and -log10 of the minimal
SynPlot2 p-value observed for the cluster alignment are plotted on the X and Y axis, respectively. The size of each dot indicates the percentage of the UUA codons
strictly aligned to each other at the same position in the corresponding codon alignment. The clusters annotated as ‘arac family transcriptional regulator’ are
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conserved UUA codons (Supplementary Figure 2). This
suggested that these regions may be functionally associated
with the UUA codons in adpA genes. Thus, we investigated
them in depth.

3.2 Putative signal sequences were present in the UUA-
containing adpA genes

The protein sequences from the two adpA (AFTR) clusters
had similar domain structures as well as SynPlot2 results. To
explore the differences between these two gene groups, a
phylogenetic tree of a combined codon alignment was gener-
ated (Supplementary Figure 3). According to the obtained
results, the genes from the two clusters were highly similar
to each other and could be considered as a single group. In
order to identify a complete list of adpA genes, we analysed a
comprehensive collection of 213 Streptomyces genomes that
include those just published [71]. In total, 222 adpA genes
were identified (see Methods and Supplementary Data 4). The
majority (187 out of 222) of the identified genes contained the
rare  UUA codon inside their coding sequences
(Supplementary Figure 4 and Supplementary Data 5).
Importantly, the majority (205 out of 213) of the analysed
Streptomyces genomes contained at least one adpA gene con-
firming an essential function of these genes in Streptomyces
cells.

To further explore the role of the UUA codon in the adpA
genes, we separately analysed sequences with and without an
in-frame UUA. We hypothesize that the SynPlot2 signals
observed in the two original clusters correspond to cis-stimu-
lators of the putative recoding induced by the rare UUA
codon (Supplementary Figure 2). To check the association
between the UUA codon and this putative stimulator, two
codon alignments were generated — one from the 187 CDSs
containing a UUA codon and another from the remaining 35
UUA-free CDSs (Supplementary Data 6 and 7). Importantly,
SynPlot2 identified two adjacent highly significant peaks for
the UUA-containing alignment only (Figure 2). This result
was recapitulated for a smaller subsets of the UUA-containing
genes that matched the number of the UUA-free adpAs
(Supplementary Figure 5). These peaks were located immedi-
ately downstream of the conserved UUA codon position.
Interestingly, the ~300 nt sequence corresponding to the
SynPlot2 peaks can be folded into a strong RNA secondary
structure (Supplementary Figure 6). Thus, our analysis
revealed a long region inside the CDS of the UUA-containing
adpA genes that were specifically associated with this rare
codon and could function as a putative recoding stimulator.
This observation supported the possible functional regulatory
role of the internal UUA codons in the Streptomyces adpA
genes.

3.3 Ribo-seq data revealed ribosome pausing at the
conserved UUA codon upstream of the adpA start-
codon

We examined published ribosome profiling data to determine
if it contains unidentified pertinent information about UUA

decoding. We started by analysing the S. coelicolor ribosome
profiling data [88] available from the GWIPS database [89,90].
A relatively high peak at the UUA codon inside adpA con-
firmed ribosome pausing at this rare codon during mRNA
translation (Supplementary Figure 7A). Interestingly, a high
ribosomal density was also observed immediately upstream of
the adpA start codon. Closer examination of that region
revealed another UUA codon located 5 nt upstream of the
start codon (Supplementary Figure 7B). Ribo-seq signal out-
side the adpA CDS suggested the presence of a putative
upstream ORF (uORF) that can also be translated. It has
been shown that uORFs perform an important regulatory
role in some gene families [91-93]. The product of the
uORF translation is typically called the ‘leader peptide’.
According to our analysis, the putative uORF likely uses
GUG as its initiation codon (Figure 3). Independent ribo-
seq experiments from other Streptomyces species [94] con-
firmed uORF translation as well (Supplementary Figure 8).
Thus, regulation of the adpA gene may involve two UUA
codons - the internal UUA and the uORF UUA.

Next, we analysed the conservation of the UUA codon in
the putative uORF in all previously identified adpA genes
(with or without an internal UUA). For this analysis, we
excluded four adpA genes with atypical (i.e. non-ATG) start
codons according to the GenBank annotation. Interestingly,
207 (95%) out of the 218 remaining genes contained a TTA
triplet within 51 nt upstream of the annotated ATG start
codon. Moreover, in most of the cases, the UUA codon in
the putative uORF was located just 5 or 6 nt (172 or 24 genes,
respectively) upstream of the main ORF start codon. In
almost all cases (171 out of 172) where the gap was 5nt, the
uORF UUA was followed by conserved guanine (Figure 4A).
Consequently, the overlapping +1 frame codon (relative to
uORF frame) is UAG, a stop codon. Additionally, the adpA
start codon, AUG is followed by a conserved A where the
underlined overlapping UGA is the stop-codon for the uORF
(Figure 3). On the other hand, in the 24 genes where the
uORF UUA was 6 nt upstream of the initiation codon (i.e. it is
in the adpA reading frame), the guanine downstream the
UUA did not have such a high conservation (Figure 4B).
These results suggested additional conservation of the in-
frame and out-of-frame stop-codons in the putative uORF.

Finally, we checked the co-occurrence between the UUA
codons in the main ORF and in the uORF. Out of the 218
adpA genes with annotated ATG start codon, 177 genes had
UUA codons in both the main ORF and the uORF
(Supplementary Data 8). This observation was highly statisti-
cally significant (Table 1), suggesting that the functioning of
the two rare codons may also be linked to each other. Taken
together, conservation of the upstream UUA codon plus the
identity of adjacent or nearby nucleotides suggests the exis-
tence of an additional mechanism that regulates adpA expres-
sion at the translational level.

3.4 Bioinformatics analysis of the phage ter genes
suggested UUA-induced translational bypassing

Our next task was to explore one of the molecular mechanism
(s) that may be triggered by the rare UUA codons during
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Table 1. Relationship of occurrence of a UUA at the internal linker position to
presence of UUA in the uORF. The observed association is highly significant
according to the Fisher's exact test. Only (main) adpA genes with ATG start
codons are included.

Fisher's Exact Test p-value = 3 x 10-9

UUA codon inside adpA CDS

YES (184 genes) NO (34 genes)
Upstream UUA* YES 177 genes 19 genes
NO 7 genes 15 genes

*UORF UUA located 5 or 6 nt upstream the main ORF start codon

translation in Streptomyces cells. One specific case of potential
regulatory occurrence has been highlighted, and a hypothesis
presented for how UUA may participate in that occurrence is
in the decoding of Streptomyces phage Hau3 terminase gene.
Thus, we selected that ter as a model for our study. An earlier
independent analysis of the 19 genomes (14 phage and 5
prophage sequences) has revealed two interrupted fer genes
(from the ¢ Hau3 phage and Streptomyces C.1 prophage) with
UUA codons [45]. Interestingly, these two atypical ter genes
contained UUA-containing noncoding fragments that sepa-
rated their CDSs into several parts. While the ter gene from
Streptomyces C.1 prophage was split into two parts (g6 and
g78), the ¢ Hau3 phage gene contained two 10-nt long non-
coding fragments that separated it into three parts - g6, g7
and g8 (Supplementary Figure 9 and Supplementary Table 1).
To determine whether the utilization of a rare UUA codon in
the ter gene was a common phenomenon in various actino-
phages and prophages, 258 phage and 99 Streptomyces gen-
omes were analysed (see Methods and Supplementary Data 1).
Similarly to the adpA analysis (see above), the tBLASTn
search was performed independently for the g6, g7 and g8
parts of the ¢ Hau3 large terminase protein that allowed
identification of potentially disrupted ter genes (Methods).

In total, 100 hits were identified - 85 and 15 terminase
genes from phages and bacteria (i.e. prophages), respectively
(Supplementary Data 9). It should be noted that both known
UUA-containing disrupted ter genes (from ¢ Hau3 and
StrepC.1) were recovered by our search indicating the validity
of our bioinformatics approach. Further analysis of the
remaining 98 sequences indicated that there was only one
other UUA-containing (and frameshifted) ter gene. Similarly
to the StrepC.1 prophage, the large terminase gene from
Streptomyces catenulae prophage included a 7-nt long non-
coding region between the g6 and g78 parts (Supplementary
Table 2). Thus, only 3 out of the 100 analysed fer genes
contained UUA codon(s) and in all cases these rare codons
were followed by short non-coding regions that shifted the
original reading frame. This indicated that the UUA codon
may trigger a recoding event, such as translational bypassing
or programmed frameshifting, to restore the correct reading
frame and produce the full-length large terminase protein.
We further analysed the collected fer genes to distinguish
between two possible events that can change the reading frame
during translation - (i) programmed frameshifting where ribo-
some moved +1 or —1 nt (or 2 nt) at the frameshifting site or (ii)
translational bypassing where a longer block of mRNA sequence
was skipped. Analysis of the multiple alignment of the 85 phage
terminase proteins demonstrated that amino acid sequences cor-
responding to the g6/g7 and g7/g8 junctions were highly con-
served (Figure 5). In case of +1 or —1 frameshifting at the UUA
codon, translation of the downstream nucleotides would add
additional amino acids inside these junctions. Extremely low
variability at the junction sites observed in the protein alignment
suggested that integrity of these regions was important for termi-
nase function. Thus, we deduce that a frameshifting mechanism
which would lead to the insertion of additional amino acids is
unlikely. Instead, we favour the proposal of Smith et al. [45] that
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Figure 5. The location of the g6-g7 (top) and g7-g8 (bottom) UUA-containing regions relative to the amino acid sequence of the terminase protein. The sequence
logos were generated from the alignment of the 85 terminase proteins from various Streptomyces phages. The terminase gene from ¢ Hau3 phage contains two UUA
and 3’ flanking sequence inserts, while the genes from two prophages included one UUA-chunk only (between the “g6” and “g7” parts). The R4 phage terminase did

not contain UUA codons and was shown for comparison purposes only.

there are short non-coding sequence blocks following the UUA
codons which are translationally bypassed in the absence of acy-
lated cognate tRNA.

The earlier bioinformatics analysis [45] pointed to putative
recoding signals that may stimulate the bypassing event. Namely,
the internal Shine Dalgarno sequence, local RNA secondary struc-
tures around and the landing’ codon have been suggested to play a
role in this process. Indeed, our analysis of the four putative
bypassing sites (from three genes) revealed strong secondary
structures surrounding the rare UUA codons (Supplementary
Figure 10). In all cases, the predicted intra-molecular interactions
within these mRNAs localized the ‘landing’ codon closer to the
rare UUA codon. Significance for the potential pairing involving
the coding gap is not implied. These computational analyses
prompted experimental investigation.

3.5 Expression of the ter gene from ¢ Hau3 phage in
Streptomyces cells produced full-length protein

For experimental investigation of ¢ Hau3 g6/7/8 protein in
Streptomyces cells from the wild-type gene, a novel dual-tagged
reporter system was constructed (see Methods and Supplementary

Figure 11). As mentioned above, both the g6/7 and g7/8 junctions
of the relevant mRNA have a UUA codon adjacent to the 5’ end of
the junction of the junction that presumably performs a key role in
the peptidyl-tRNA anticodon: codon dissociation at the initiation
of each of the proposed recoding events. A full-length protein (~
113.9 kDa) fused to both tags could only be produced if two
consecutive +1 frame recoding events occurred (one +1 event at
g6/7 and the other at g7/8). Bioinformatic analysis of the sequence
spanning both g6/7 and g7/8 sites predicted the recode event to be
a +10 bypassing event; however, the potential for a +1 frameshift-
ing event to occur at either site could not be precluded [45], also
see above. If a + 1 recode event occurred at the first recode site but
not at the second, a g6/7 termination product (~ 53.8 kDa) would
be produced, and if the first +1 recode event was unsuccessful, a
zero frame g6 termination product would be produced. Each
potential protein output for ¢ Hau3 g6/7/8 can be distinguished
based on size.

The full-length ¢ Hau3 terminase gene sequence (g6/7/8)
was inserted into the dual-tagged reporter system for expres-
sion in vivo in Streptomyces (Figure 6A). After expression,
pure lysate was analysed via SDS-PAGE, and only the g6
termination protein (~42.4 kDa) was detected. When cell
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Figure 6. Streptomyces ¢ Hau3 g6/7/8 bypass candidate: (A) A schematic representation of the Streptomyces ¢ Hau3 g6/7/8 terminase test cassette (pGS2), including
the protein outcomes for the zero frame and potential transframe events. The N-terminal fluorescent GFP tag is in the 0 frame upstream of ¢ Hau3 g6 and the
C-terminal SNAP/HA tag is in the 0 frame to g8. The recode product g6/7/8 is distinguished from both the termination product (g6) and the recode product g6/7 by
the production of a dual-tagged product, produced by two consecutive +1 recoding events. Conjugated J1929 S. coelicolor spores (pGS2 vector containing g6/7/8)
were grown in YT media for 2 days from a starter culture on the third day cells were induced with 50 ug/ml thiostrepton. (B) Immunoblot analysis of protein profiles
following GFP and SNAP agarose beads purification (top — GFP and middle — Ha). An overlay blot (bottom) proves direct overlay of the HA tag signal with the GFP
tag signal and the three products (zero frame g6 — red arrow, and transframe products g6/7 and g6/7/8 - purple arrow) are indicated by arrows.

pellets before and after lysis were analysed, three distinct
bands were detected on the GFP immunoblot, corresponding
in size to a g6 termination product, a g6/7 termination pro-
duct and the full-length g6/7/8, which was also detected in the
HA immunoblot (Figure 6B). Further confirmation for the
expression of a full-length ¢ Hau3 g6/7/8 product was indi-
cated by the direct overlay of both the GFP and HA signals as
seen in the composite blot (Supplementary Figure 12). Due to
multiple bands being detected in the composite blot for the
pellet samples, we next wanted to verify by purification of the
lysate whether these specific bands could be isolated. Both
GFP and SNAP tag purified preparations were analysed, and
while the SNAP tag purified product was inconclusive (detec-
tion of multiple bands), identical bands to the three derived
from products in the pellet samples were detected following
GFP purification (Figure 6B). Thus, this construct yielded the
first experimental evidence that a contiguous g6/7/8 protein is
synthesized in Streptomyces .

Despite sustained effort, with the available vectors and
techniques, it proved impractical to perform a mutational
analysis of the possible recoding signals, which include an
mRNA stem loop and a nearby internal Shine Dalgarno
sequence [12,45]. We had concerns about embarking on
such an analysis in heterologous E. coli, only in part as
cognate aminoacyl-tRNA for UUA is not limiting there and
more generally codon usage is very different. Nevertheless, we
explored whether a cassette of ¢ Hau3 6/7 recoding signals
could cause bypassing in E. coli (Supplementary Figure 13).
When a cassette with ¢ Hau3 g6/7 or ¢ Hau3 g6/7/8 was
expressed in E. coli, unsurprisingly only the product expected
from g6 coding sequence was detected. In E. coli, stop codons
are slow-to-decode codons. On switching the ¢ Hau3 g6/7
leucine UUA codon to a stop-codon UAA, a g6/7 dual-tagged

recode product was detected. It can be inferred from these
results that recoding at g6/7 requires the presence of a slow-
to-decode codon with at least some level of interchangeability
between the slow-to-decode codon present.

To ascertain whether the recoding event in E. coli from a
g6/g7 cassette with UAA substituted for UUA, custom anti-
bodies were generated (see Methods and Supplementary
Figure 14). Notably, detection by either antibodies 2 or 5
would indicate a +1 recoding event (Supplementary
Figure 15A). A faint band corresponding to the predicted
size of the recode protein was observed when ¢ Hau3 g6/7
(UAA) was expressed in the wild-type E. coli K-12 MG1655
strain for all the antibodies generated. This experimental
result confirmed recoding at the g6/g7 site.

3.6 Mass spectrometry and mutational analysis
supported translational bypassing at the g6/g7 site

To establish the nature of the recoding events (i.e. frameshifting
vs bypassing) in the ter gene from ¢ Hau3, two complementary
approaches were employed. For the first, product mass spectro-
metry, large-scale protein purification was performed for g6/7
(UAA) (see Methods). The predicted outcome for a bypass event
at ¢ Hau3 g6/7 (UAA) was created as a standard against which to
map the peptide reads generated from the MS/MS
(Supplementary Figure 16). The output of the MS/MS analysis
revealed reads that mapped to peptides encoded up to and
including the take-off site, as well as peptides encoded further
downstream. The output of the MS/MS analysis revealed the
sequence of a junction’ encoded peptide whose amino acids
were encoded 5 of the take-off site, the take-off site, the resume
codon (3’ adjacent to the landing’ codon) and sequence 3’ of it
(GWG | NDPLLAVVCMVEFVGPSR - see Supplementary



Figure 16). Thus, the obtained mass spectrometry results pro-
vided definitive evidence that in E. coli recoding at g6/7 (UAA) is
functioned via bypassing.

The second approach involved positioning a UGA stop
codon in the +1 frame just 3’ of the g6/g7 UUA (within the
putative coding gap), so that any ribosomes that underwent
+1 frameshifting during the stall at UUA whose cognate
tRNA was lacking would terminate (Figure 7). Although a
decrease in recoding was not expected, surprisingly the pre-
sence of a +1 frame UGA stop codon led to a twofold increase
in recoding efficiency (225% of WT) (Figure 7). While bypass-
ing was confirmed, the reason for the elevated level was not
investigated.

4 Discussion

The discovery of leader-peptide encoding sequences for the
Salmonella and E. coli histidine and tryptophan biosynthetic
operons with runs of histidine or tryptophan codons respec-
tively [91-93] was an earlier pointer to the more general use
in bacteria of the sensing of the translatability of specific

Haugt/7
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codons for related regulatory purposes. This is now known
to be also important in eukaryotes. A recently discovered
eukaryotic example involves the polyamine pathway-related
mRNA for antizyme inhibitor. Under high polyamine condi-
tions, a queue of ribosomes forms behind a lead ribosome
stalled at PPW codons near the 3’ end of an upstream ORF
and enhances initiation at the otherwise poor initiator of that
same OREF. This has regulatory significance for the expression
of antizyme inhibitor encoded by the close 3> main ORF
[95,96]. In the present work, we analysed adpA ribosome
profiling data from the Cho group [88], initially on our
GWIPS-Viz browser [89,90]. The finding of a prominent
ribosome peak just 5 of the annotated adpA start codon
and the presence there of UUA illustrates the utility of this
type of data resource and prompted bioinformatics follow-up.
This led to the finding that many Streptomyces species have an
upstream ORF with a UUA codon close, commonly 5 nt, 5 of
the annotated start codon for synthesis of AdpA. Both UUA
decoding and adpA expression are key Streptomyces features
for exit from the vegetative state of growth. We have not
performed the needed follow-up experiments to show regula-
tory significance, but for clarity and to provoke such follow-

+1 coding gap stop control
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Figure 7. Analysis of the bypassing hypothesis for ¢ Hau3 g6/7. To test for +1 frameshifting, a +1 stop codon was placed within the coding gap (+1 Stop codon —
top sequence). Constructs were assayed in triplicate, and samples were analysed by immunoblotting. Experiments were performed in duplicate. Densitometry was
performed on the termination product and the transframe product for each sample, recoding efficiency was calculated for each test sequence and values were

normalized against the wild-type control.



938 I. V. ANTONOV ET AL.

up by others, we will discuss the bioinformatics findings in
the context of their being a regulatory significant adpA
upstream ORF in the great majority of Streptomyces species.

In 177 (96%) of the 184 Streptomyces adpA genes that have
a UUA in the linker region of the main ORF, an upstream
ORF has a UUA 5 or 6 nt upstream the main ORF start codon
(Table 1). Interestingly, in the other 34 adpA sequences ana-
lysed, 15% of the total adpA genes with an ATG start codon,
where there is no UUA in the main ORF ‘linker’, the propor-
tion with a corresponding UUA-containing upstream OREF, is
much lower, 56% (i.e. 19 of the 34). For the 177 sequences
with a main ORF UUA, the upstream ORF UUA is located
5nt (153 cases) or 6nt (24 cases) 5 of the main ORF start
(Figure 4). Given the extreme rarity of UUA codons in
Streptomyces, this pattern of occurrences 5 of the main ORF
start is highly likely to imply regulatory significance. The most
obvious thought is that its regulatory effect is mediated by
ribosomes translating the upstream ORF encountering UUA
in its ribosomal A-site. While the ribosome profiling data
analysed show clear evidence of translation 5 of the main
OREF start, we are cautious about making more specific infer-
ences from it. Despite one of the figures (Supplementary
Figure 7 and 8), possibly giving a hint of the 5" ribosome of
a pair of collided ribosomes, disome and polysome profiling at
different growth phases is required to assess the situation.

In Streptomyces, the most efficient and the most common
initiator is AUG, with the frequency of GUG being approxi-
mately half as many [97]. However, for the upstream ORFs,
the candidate start codon in all cases is GUG. For GC-rich
Streptomyces, the canonical SD sequence, GGAGG, is the
same as E. coli [97,98]. While for the candidate upstream
ORF candidate GUG initiator, the sequence GAGG(G) is
similar to that of the canonical and its spacing is relatively
short though within the known range. The combination of SD
and GUG initiator is expected to result in only moderately
efficient initiation.

In addition to delaying main ORF initiation by initiator
occlusion, a prolonged pause at UUA is expected to lead to
the formation of a ribosome queue 5 of it. Would such a
queue just’ delay upstream OREF initiation and of itself be of
little consequence? If one assumes that bacterial initiation
exclusively involves 30S subunits first binding to mRNA at
the initiation site to be joined there by the 50S subunit, the
answer would probably be yes. However, a number of experi-
ments point to scanning, at least by 30S subunits [99-101],
and others directly to 70S ribosome scanning [102,103].
Scanning by preloaded 70S ribosomes was evident even with-
out special signals from bypassing studies and was originally
proposed by Sarabhai and Brenner in 1967 [104]. For 70S
scanning to be potentially relevant for the adpA upstream
ORF, the distance from the 5" end of the mRNA should be
short and free of secondary structure [103]. If this alternative
mode of initiation occurs near the 5 end of adpA mRNA,
should the possibility be considered that a ribosome queue
serves paradoxically to enhance adpA upstream ORF initia-
tion with subsequent further sensing of the level of functional
cognate tRNA at its downstream UUA? Irrespective of
whether ribosome pausing at the UUA has any effect on

initiation, a major effect of a ribosome paused with UUA in
its A-site would be delay of main ORF initiation.

The great majority of bacterial-release factor 2 mRNAs has
a UGA early in their coding sequence. When the UGA enters
the ribosomal A-site, a +1 ribosomal frameshift is required to
synthesize functional-release factor [82,105]. The efficiency of
the regulatory frameshift event is greatly stimulated by pairing
of the anti-SD sequence of translating ribosomes with an SD
sequence whose 3’ end is exactly 6nts 5 of the UGA
[47,82,106,107]. After such an rRNA, mRNA hybrid forms
translation can continue for a short distance before the hybrid
breaks, and as it approaches that point it acts as a stimulator
of -1 frameshifting [108,109].

The sequence, GAGGGGGG, is 9nt 5 of the adpA main
ORF start codon. The two underlined Gs form part of the
sequence GGC UUA in the upstream ORFs, where the UUA
is 5nt 5’ of the adpA main OREF start. In these cases, the extent
to which the UUA is 3’ of the GA6G rather than 5 of it and
the conserved spacing between them UUA is consistent with
positive selection. Remarkably in the minority of species that
lack UUA at that position, the number of adjacent Gs is less,
though the sequence still likely acts as a start for main ORF
initiation. Whether future work reveals some novel relation-
ship of the GA6G sequence to the conserved G (or A) 3’
adjacent to UUA remains to be seen. If the GA6G sequence
is related to the UUA 3’ adjacent base entering the A-site to
create a stop codon, the mechanism would likely be at least
substantially different from that involved in release factor 2
regulatory programmed +1 frameshifting. Indicative of poten-
tial significance of G (or A) being 3’ adjacent to that upstream
ORF UUA is exceptional occurrence of G (or A) at that
position. Genome-wide analysis of TTAs in Streptomyces pro-
tein coding genes showed a major under-representation of A
or G as the 3’ adjacent base for TTA and for other NNA
codons [110]. However, A or G is present 3’ adjacent to the
UUA in the adpA upstream ORF in many Streptomyces spe-
cies whose sequence we have examined. While it is formally
possible that the overwhelming preponderance of G (or A) 3’
adjacent to the UUA is due to selection at the amino acid
level, we consider this to be unlikely. Instead might selection
for the identity of 3’ adjacent base have been for an rRNA:
mRNA hybrid 1 nt ‘push’ to result in a ribosomal A-site stop
codon that results in translation termination? If so, the situa-
tion would still be very different from eukaryotic termination,
which involves 4 mRNA bases in the ribosomal A-site [111],
and from E. coli termination where the identity of the 3’
adjacent base is also important [112].

In the later phases of the cell cycle, abundant functional
cognate UUA-decoding tRNA is present. For those adpA
mRNAs with the upstream ORF UUA at its most common
position, termination will then occur 2 codons 3’ of the UUA
at a stop codon that overlaps the main ORF start. A terminat-
ing ribosome is likely to have its 30S subunit tethered to the
mRNA by SD: anti-SD pairing it formed just before termina-
tion. This is expected to affect the speed of main ORF initia-
tion. Any ribosome that terminates at the stop overlapping the
UUA would be expected to also be tethered but perhaps not
so extensively. However, the timing of derived main ORF



initiation is likely to be substantially slowed. If, as expected,
experimental data supports a function for the upstream OREF,
there will be no shortage of questions arising.

Further to potential ‘epigenetic’ aspects involving the effects
of growth conditions on tRNA modifications that influence
either or both aminoacylation levels and codon binding, argu-
ably, the varied pattern expression of mRNAs containing UUA
merits the consideration of greater decoding versatility than
previously considered. This may have relevance for antibiotic
production. The UUA in hyg, aad and ccaR mRNAs in at least
some species is somehow decoded to different extents under
conditions where the UUA in most UUA-containing mRNAs is
not [7,113]. In Streptomyces ghanaensis, unlike the situation in
several other species, decoding of the UUA in the linker region
between sequence encoding the two different domains of AdpA
is not fully dependent on the tRNA specified by bldA and there
is a variable effect of bldA deletion under different environ-
mental conditions [86]. Irrespective of whether near-cognate
decoding is involved, because of the selectivity involved in
some cases, context features are implicated. The conserved
contextual elements computationally identified 3’ of the adpA
linker UUA have features suggestive of their being stimulatory
elements for distinctive decoding of that rare UUA codon.
Absence of these features from the counterpart gene in a
small minority of species that lack the TTA is supportive of
the proposition that those are functionally associated with
decoding of UUA. Interestingly, the spacer length between
the 3’ end of the UUA and the 5 end of the closest apparent
3’ stem loop structure is 12 nt. This is much more than the 5-6
nt spacing commonly present from bacterial programmed fra-
meshift sites to the start of the intra-mRNA structures known
to act as stimulatory signals for those cases of recoding, or 5-9
nt for eukaryotic programmed frameshifting or readthrough
[114-116]. These structures start to penetrate the mRNA
entrance tunnel before being unwound [117-119]. However,
the spacing, 13 nt, for Cardiovirus programmed frameshifting
is exceptional; it involves a protein binding to a 3’ intra-mole-
cular mRNA structure increasing the frameshifting efficiency
from negligible to 70%-80% [120,121]. This spacing is very
similar to the adpA internal candidate counterpart where it is
12 nt. It is tempting to suggest that a ligand binding to the adpA
mRNA main ORF internal UUA increases the spacing from the
ribosomal A-site to the ‘barrier’ 3’ of the ribosome and that
ligand serves a regulatory function for Streptomyces transition
from the vegetative state. Determining the relationship of the
components of the features identified to each other and their
structure transitions will be a worthwhile task, even without
expectations of a tandem riboswitch [122]. While reporter
systems and approaches for the initial part of this work have
long been used in recoding studies in more genetically tractable
organisms, advances in genetic manipulation of Streptomyces
that are recent compared to the origin of the present work open
the door for such studies.

Phage UUA: exploiting an arms race for its lytic/
lysogeny decision?

The model proposed for the role of the two UUAs at separate
internal position of the sole phage Hau3 terminase encoding
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sequence requires that in the absence of functional cognate
tRNA, both UUAs trigger translational bypassing. And that
this bypassing leads to synthesis of the terminase protein
required for the phage’s lytic cycle [43,45]. Influenced by the
technical difficulties involved in analysing very low-level pro-
tein products in Streptomyces, the experimental data gener-
ated previously have only been presented in thesis form and
involved heterologous E. coli [123-126]. In addition, lack of
awareness of the dilemma of blocks of apparently non-coding
sequence in an essential gene has also been relevant for the
original hypothesis mostly languishing unknown. [Our analy-
sis of phage terminase sequences unknown at the time of the
original hypothesis strengthens evidence that the extra blocks
of 10 nt sequence would likely be disruptive for terminase
function even if both the UUAs resulted in single nucleotide
frameshift events.] Though the experimental evidence we have
presented does not prove the occurrence of UUA-mediated
regulatory translational bypassing, it nevertheless does pro-
vide substantial support. The proposed bypassing 5 stimula-
tory signals involving a stem loop and flanking Shine
Dalgarno interaction are positionally distinct with the latter
perhaps being related to the much shorter distance bypassed
than for instance in phage T4 gene 60. Their investigation is
now merited. Hopefully the visibility will be timely in view of
recent advance in genetic tools for certain Streptomyces spe-
cies and the imminent prospect of single-molecule protein
sequencing [127].

Overall, the results presented here point to a likely hidden
treasure trove of novel and now investigable, recoding with
potential for considerable scientific interest and in some cases
of practical significance.
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