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Gene expression regulation in
actinobacteria and chloroplasts

In our Institute and particularly in the lab we are
Interested to study the principal succession:

Psychics, Intellect, ........................ , eukaryotic cell,
prokaryotic cell, biomolecules.



Our scope Is applications of novel
algorithms and models to real biological
data and comparison of biological results
generated using our implementations with
real experimental evidence.

Our aim Is to find novel biological facts
with computer analyses.



Two research directions

1) Searching for gene expression regulatory signals of
various (also novel) types In the bacterial cell. Those
are signals based on protein-DNA interaction, formation
of RNA secondary structures and of other types acting
at the level of both transcription and translation .

2) Inferring phylogeny (or the same, evolution ) and
gene evolution events in bacteria at the level of species,
protein families and regulatory signals.

Method: developing algorithms and models  of
regulatory systems (and of their mechanisms) and of
metabolism in bacteria.

An example is algorithms for and a model of classic
attenuation regulation  of gene expression in bacteria
In response to amino acid concentration.



The other two directions:

3) Computer analysis of stochastic
processes (‘games”) under various types
and amount of information available to
“players” for making a decision.

4) Effective set theory and non-standard
set-theory analysis for effective
description of mathematic objects and
structures .



DNA = deoxyribonucleic acid = a sequence In
{G,C,A,U} alphabet.Each letter is called Bucleotide.
Here we do not discriminate between DNA and RNA
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trpE gene In some Actinobacteria: namely In
Corinebacterium and Streptomyces spp. Gene
length Is about 1600-1900 nt. Species Is a group
of very closely related bacteria. Operon Is a
group of closely related genes.

Species Operon structure
C. diphtheriae trpB,EGDC,
C. efficiens trpEGDCBA
C. glutamicum trpEGDCBA
S. avermitilis trpkE,
S. coelicolor trp

S. venezuelae

trp




Some characteristic parts of the corresponding
leader regions of operon (= gene) {rpkE

CCGCCGCEECCEJUUUCACGCAUUCAUUUCAACAGCCUCGCCUU
GUCCAACAAGCAGCGEEECC

OO QL

GCCGCGGECCCACGCGAUCACCAAGUUGUUUUCACACUGAAGAUUU
CAAGCCUCEUGUACUUCGUUCGACGAAGCAGCGEEECCUUUUG
UGGUU

Q O

GCCGAGCCUGACACCUCAAGUUGUUUUCACUUUGAUGAAUUUU
UUAAGGCUCGUACUUCGUUCGACGAAGAAGCGEEECCUUUUGEU
GGUU

CUGCGCCGEUJACGCCAAGACUUCGCGAAGGECCGECCCEAGCEEECAEG
CCUUUCGEUGEJUUCC

CUGCGCGCCGACUCAAGACUCGCGAAGGECCGECCCEAGCEEECAEG
CCUUCGCEUGEJUUUC

<0 owmawm

UCGCGCGUACACGCGAUCACACGCACAGGECCECCCGAGEEECE
GCCUUUCUCC




A triple of nucleotides (= «codon») translates into a new
letter («amino acid») according to the Table. Some

degenerate designations will also be used R = {A; G}, Y
={U; C}, S ={G, C}, W ={A, U}, N —wildcard (any letter)

Ala |A |GCN Leu |L |UUR; CUN
Arg |R |AGR; CGN Lys |K |JAAR
Asp D |GAY Met |M |AUG
Asn [N |AAY Phe |F |UUY
Cys |[C |UGY Pro |P |CCN
Glu |[E |GAR Ser |S |AGY; UCN
Glin |Q |CAR Thr |T |ACN
Gly |G |GGN Trp |W (UGG
His |H |CAY Tyr |Y |UAY
lle | [AUA; AUY Val |V |GUN




Each gene either “works” or “doesn’t work™. In faatl
processes In the cell are stochastic. A gene wsirksger,
weaker or in the “middle’gtc. A gene usually has one or
moresignalsin its leader region that make it “switched on” or
“switched off” (which means texpresgshe gene).

Our goal is to detect these signals  for all genes. By far
not all signal types are currently discovered. And as they
can vary greatly, we will find not only signals but novel
types of signals as well.

Signal in leader region Gene

“terminate * implies not expressed
(= “not working”)

“antiterminate ”

| Implies expressed
(= “working”)



The simplest type of signal Is a continuous part
(called “site” ) of the leader region. More
precisely, signal Is a set of sites. This setis
constructed by minimizing the pairwise similarity
IN nucleotide content between all sites from the
signal. ONE-box signal means each site In it Is
a ONE-box site. This type Is called protein-RNA:




Two-box signal upstream atpF gene in plant chloroplasts

Anthoceros formosae

AAUGAAUAAU- - - AACCUAUGAUGCGAGAGAGAGU

Marchantia polymorpha

AAUGAAAAAA- - - CGAAAAAAAGAGGACAGC: * * *

Adiantum capillus-veneris

AAUAAUUAAU- - - CCUUCGAGGAGEGAAAAGAAUX

Huperzia lucidula

AAGCGAAAAAA- - - AACCUGUAAUGGEGAGAAAAGU

Psilotum nudum

AAUAAAAGAA- - - UAGUCAUUAUGGEGAGAGGUAUU

Pinus thunbergii

AAUAAGAAAA- - - UAUCUAUGAGGGEGAGAGCAEU* *

Amborella trichopoda

AAUAAAAAUA- - - UAUCUAGAAGAGGAGAGUAU* *

Arabidopsis thaliana

AAUAAAAAAA- - - UAGCUAGAAGAGGAGAUUAU* *

Atropa belladonna

AAUAAAUAAA- - - UAUCUAUAAGAGGAGAUCAU* *

Calycanthus floridus

AAUCAAAAAA- - - AUUCUAUAAGAGGAAAGCAU* *

Cucumis sativus

AAUAAAAAAA- - - UAUCUAUAAAAGGAGAUCAU* *

Lotus corniculatus

AAAAAAAAAA- - - UAUCCAUAAGAGGAGAUCAU* *

Nicotiana tabacum

AAUAAAUAAA- - - UAUCUAUAAGAGGAGAUCAU* *

Nymphaea alba

GAUACAAAAA- - - AUAAGAUAAGAGGAGAGCAU* *

Panax ginseng

UAUAAAAAAA- - - UAUCUAUAAGAGGAGAUCAU* *

Spinacia oleracea

AAUAAAAAAA- - - UAUCUAUAAGAGGAGAUCAU* *

Oryza nivara, sativa

AUUAAAAAAA- - - UAUCUAUAAGAGGAGAGCAU* *

Triticum aestivum, Zea m.

GAUCAAAAAA- - - UAUCUAUAAGAGGAGAGCAU* *




Multi-box signal
“classical attenuation regulation”.
One site of this signal is shown;
here each site is highly multi-boxed:

leacer peptide gene



Halirpin Is pairing of nucleotides according to the
rule: G-C and A-U (G-U allowed). A set of
hairpins comprises the secondary structure of a
region within RNA strand (= string of letters).

U C
U G
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The above set of strings and hairpins Is

sought for every site In CAR. For this type it’s
Important that combinations of hairpins (1-2,
3-4) and (2-3) are mutually exclusive.

stop
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terminator hairpin
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The above Table fcdrpE gene iIs supplemented w
two related genes from the same actinobacteria

Species Operon structure
C. diphtheriae trpB,EGDC,
C. diphtheriae trpB,A (trp syntase)
C. efficiens trpEGDCBA
C. glutamicum trpEGDCBA
S. avermitilis trpkE,
S. avermitilis trpS,, (trp-tRNA synt)
S. coelicolor trpE
S. venezuelae trpE




Classical attenuation regulation = CAR:
W=UGG Is trp-codon

Species Leader peptide & Rcodons
C. diphtheriae ok kR MNAHNVWAARAY * * > *
C. diphtheriae, trpB2A | * * * * * NNAAFKFWARA* * * * *
C. efficiens VNNFCQSQGT QVWNNRAR* * * *
C. glutamicum VNNSCL SQS T QWNARAN* * * *
S. avermitilis, tprS2 *** MITTRTCTQOWNAAY * * > *
S. avermitilis *** MFAHSI ONVWAM AHPAAL-
S. coelicolor *** MFAHST RNVWAWM AHPAAL-
S. venezuelae *** MFAHS?? NWAWM AHPAAL-




Classical attenuation regulation = CAR:

Species | Terminator hairpin isshown in capitals

C. diphtheriae | aac** AGECUCGECCUUGUcca* ** * AC* AAGcaGCGEECCUUUUuguuage

C. diphtheriae | aacac AAGCCCGEC@Uau™ * * * * * x*x*x=*x* Cr GCEEECUUUIUUCguauau

C. efficiens *** ¢ AAGECUCGUguaCUUCGUUCc gACGAAGE ag CGEECCUUUU* gugguu

C. glutamicum | uuUUAAGGECUCGU™* * aCUUCGEUUc gACGAAGaag CGGEECCUUUU* gugguu

S. avermitilis | ** * AACGECY CEBCCGCcouy* * * * * * * * % xx** QECEECCAEAJUcucguuucu

S. avermitilis | CGCGAAGGEC CECCCH * * * * * x % x % x * * gag GEECEECCUULCEJGEUUUCC

S. coelicolor CgCGAAGGCH CGCCCH * * * * * % x % x % x % g g GEECEECCUUCCguguuuuc

S. venezuelae | cgcacAGECy CGCCCH * * * * * **xxx** gagGEECAEECCUUUCUCY




Classical attenuation regulation = CAR:

Antiterminator hairpin Is underlined

Cd |c*gcgggcc*guuuu***cacgcauucauuuc*****x*xx*x*xggac** AGCCUCGCCCU
Cd |aggcgggccccuuuugugugagcauucaccacacaacuuuuggaaacacAAGCCCCCCGuU
Ce |aagcgggcccacggaucaccaaguuguuuucacacugaagauuu***cAAGCCUCGUgu
Cg |aagcgagccugacaccucaaguuguuuucacuu**ugaugaauuuuuuAAGCCUCGU™ *
Sa |cggcg*gccguacacacguauguacuc® ****x*xxxxxxxxxxx &+ AACGEC CCCCG
Sa |cggcg*gcccacugacugcgecgu******x**x**gcgcaagacuuCGCGAAGEC CGCCC
Sc |cggcgrgcccacugacugcgecgegr*********gcucaagacucgCGAAGECY CGCCC
Sv | cggcg*gcccacugaucgcgecgu*********gcacggaucacacgcacAGCEC* CGCCC




One-box signal else: Initial set of nucleotide
seqguences Is used to construct multipartite graph
G. In it

vertices are all strings of fixed length contained in at
least one of the sequences. One part consists of strings
originating from one sequence. Edges connect

similar strings from different parts. Signal (=clique )
IS a subgraph with all its vertices connected pairwise.

AUES JAqaga @« Ylaadguagancga
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Example: algorithm finds two 4-cliques Iin G.

Here each part consists of one vertex.
Red vertex is excluded at first step.

Blue edge is excluded at third step.

ldea of the alg: graph G is pruned to exclude all
vertices and edges which can’t be in a g-clique.



Algorithm for g-clique finding in more detalls

1. Current graph G' is initial graph G and current list of g-cliques
CL is empty list.

2. Graph G' is pruned to exclude all vertices (and all incident
edges) that have at least one edge connected with p  arts of the
graph to provide for the sum of parts be strictly | ess than g-1.
Edges are further excluded if they contained in strictly less than g-
2 number of 3-cliques or strictly less than (  g-2)(g-3)/2 number of 4-
cligues. Such exclusion is repeated over all vertic es and then all
edgesin G' until possible.

3. When not possible, and all edges are excluded from G', the
algorithm halts and outputs current list CL. If some edges are still
present in G', the algorithm searches for vertex R with degree
exactly g-1.If such R exists, itis excluded from G' together with
its incident edges and is verified to form a g-cliqgue with all its
adjacent vertices. If so, the g-clique is included in current list  CL.
4. If such vertex R is not found In G', an edge in G' shared by
minimum number of 3-cliques is excluded from G'.

5. Steps 2-4 are applied to such new G' again until possible.



The originally found CAR of branched
amino acid synthesis in actinobacteria

Species Leader peptide
C. diphtheriae ****MNI | RLVWI TTRRLP
C. efficiens ** MI'SI RPWI VAARRL P*
C. glutamicum *FxxMI | RLVVWTARRLP
M. avium FxAExExEFNMLWI * RRVGA
M. tuberculosis VDKAGKPGVLWVI GRRVGA
M. bovis VDKAGKPGVLWVI GRRVGA
M. leprae xR Exx MWWV CORVGEG
M. marinum MDTAGT PGKLWLGRRWA
S. avermitilis *xxxEx MRTRI LVLGKRVG
S. coelicolor *xFEFFVMRTRI LVLGKRVE




Continued: CAR terminators for branched
amino acid synthesis

Species TERMINATOR is in capitals
C. diphtheriae * CCCUCGaCAG* * * * CAccacac aUGCCUGAGCCGEEEEE Cuuuccu
C. efficiens * GCCCUCGACAGUACc cac cacaGUGCUGUUUCGAGEECuuuguu
C.glutamicum * GCCCUCGaCAACACUc accac AGUAUUGgaaCGAGEECuuucuu
M. avium AACCCUCGugCAGCaca* * * * * * * * * g GCUGU CG* GEEEUJUUuUU
M.tuberculosis * ACCCUCGUgCAGCagce™* * * * * * * ygaGCUGY CGA* GGEGUuuuuu
M. bovis * ACCCUCGugCAGCagce™* * * * * * * ygaGCUGY CGA* GGEGUuuuuu
M. leprae AACCCUCGUgCAGCUag* * * * * * * yc AGCUGU CGA* GEEUUUUUU
M. marinum AACCCUCGUgCAGCagc™* * * * * * * yga GCUGACG* GEEGEUJUUUUU
S. avermitilis uCCCCUCCC uUGCCH * * * * x * % ** ycac GGCACGAGGEEUUUUUU

S. coelicolor uCCCCUCCGCUUGCCH * * x> * x x * * yyac GGCACGAGGEGUuUUUUU



The role of actinobacteria:

Industrial producers of amino acids
(Corynebacterium glutamicum,
Corynebacterium efficiens) and antibiotics
(Streptomyces spp.), Human microflora
components (Bifildobacterium longum,
Propionibacterium acnes), Dangerous
human pathogens (Corynebacterium
diphtheriae, Mycobacterium spp.).



Chloroplasts of plants and algae and
Cyanobacteria are very important from
practical view as well .

Below we will demonstrate some novel
regulation types as well as signals

(neither protein-RNA signals, nor CARS),
particularly, for the following six chloroplast genes
atpF, clpP, petB, psaA, psbA, psbB

IN many plants and algae .

The signals belong to several regulation
types , which will be specified below.



Mar chantia ' S PiNuS
polymorpha  Adiantum capillus-veneris thunber gii



We developed a mathematic model of
classical attenuation regulation (= CAR) of
gene expression in bacteria.

The model predicted the same CAR
initially found by searching for signals and,
particularly,

with the cligue search algorithm.

The model utilizes one Initial sequence,
thus eliminating the need to construct
multiple alignments, signals and
analyze sequence profiles!



Mechanism of CAR: In the cell :

stay
+3
Rib stay
+1 shift
L Pol/™
v il -
Start Rcodons Stop trpE gene
e y
secondary structure @ on [X,y] slippage

The speed of Rib on Rcodons depends on the
level of the concentration c of tryptophan = the
acid of trpE gene.



The speed of Rib on Rcodons depends on
the level of the concentration c of
tryptophan = the acid of trpE gene.

Polymerase slippage means the signal of
termination for the corresponding gene.

Hence the probability p(c) of slippage is
egual to the level of expression of the gene.

We want to determine the value
p(c), for each argument C.



Therefore D(C) is the probability of

polymerase slippage under fixed value of
concentration C.

Now description of the model:



Transitions allowed in our model of CAR:

(1) Polymerase shifts by 1 nucleotide or slips
from RNA, otherwise stays on same position;

(2) Ribosome shifts by 3 nucleotides,
otherwise stays on same position,

(3) Secondary structure rearranges  within

the region between ribosome and polymerase,
l.e., current secondary structure o alters into new
structure o'.



Each of the three transitions Is described as a
Poisson flow:

R (u) = (kt)" [expt-kt ) /u'!

- probabillity of u events occurrence in time t,
where k — flow intensity (=«rate constant »), i.e.,
average number of random events per time unit.

Event probabillity is then given by
1- R (0)= 1~ exp¢kt |

Only rate constants are now to be defined for
each event! Those are given in sgquare
brackets on next two slides.



Transition probabilities in our model:

) Polymerase shift 1-exp(~[ 40-F (c) )

Polymerase slippage 1—exp£—

_ 0 r
Here F(w)= RITR p0)2+1@xp( ro]

- . 45(¢
2) RiIbosome shift 1- exp[— rj

Let us assume G =1




Definition of p:

For hairpin ()  consisting of the handle witie lengthh,

i.e. the number of its pairs, and the loop Witis its lengthp
Is defined as follows:

tg(plth) = 0<ph<?l




For hairpinls with a set of paired segments sapdrby
bulges and terminal loop let us defineQif taoms S
segments of lengtthy, ..., h,

s—1 bulges of length,,...,1_4
and a loop of lengtHh, then

B / 1 s—1
P=P \1 oh+| Girf (p[ﬁm)i,zl‘l Bmz(pm))

Here h(i) =h +...+h and h=h(n) —r1+...+h1

and P is found with equation

_ 2 TT
t h) = 0 < phlh< —
g(p Ch) - D >




Transition probabilities (continued):

(3) Secondary structure rearrangement

from state o Into state o' within the region
between ribosome and polymerase:

1—e><p£—

- total |

- total |
pairs

KEeXz@( Gop ©¥ Gy ) Gorp € ¥Gs € ))j !

where GIoop ((*))1Gloop ((*)’) >0

oop free energy of ® and o',

Ghet (00), Gy (W0) <0
oop free energy (stacking) of neighboring base
in ®and o'.




Model output for tryptophan biosynthesis
regulation in Vibrio cholerae
(gamma subdivision):

Vibrio cholerae trp
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0.8 -
0.7 -
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Model output for tryptophan biosynthesis
regulation in Rhodopseudomonas palustris
(alpha subdivision):

Rhodopseudomonas palustris, trp

o O O
a o N

o O
w A

probability p(c)

o o
BN

o

1 2 3 4 5 6 7 8 9 10 11

concentration ¢



Model output for tryptophan biosynthesis
regulation in Sinorhizobium meliloti
(alpha subdivision):

Sinorhizobium meliloti, trp

probability p(c)
o
w

1 2 3 4 5 6 7 8 9 10 11

concentration ¢



Termination probabilityp(c) under all the same paramettos

leader region upstreatrpk and its “mutation” (in

only left box antiterminator hairpin and the end of leader
peptide gene, correspondingly):

Concentratiorc
Gene Species
00|.05|.10| .15| .20|.25| .30|.35] .40| .45| .50
trpE 34| .46| .54| .68| .70|.70| .71|.73| .75| .75| .74
E. coli
Mutant 71| .73(.83| .80| .77|.78| .69|.76| .74| .79]| .82
trpE .05|.16|.39| .57| .70|.74| .77|.77| .80| .79]| .81
V. cholerae
Mutant .80|.83|.77| .76| .79|.76| .79|.87| .82| .77| .76




Leader region upstreatmkE and its “mutation”
In antiterminator hairpin region IB. col

trpE_ ATGAAAGCAATTTTCGTACTGAAAGGT TGG

Mut ant _ ATGAAAGCAATTTTCGIACTGAAAGGT TGG

trpE  TGGCGCACT TCCTGAAACGGEGCAGT* GTAT

Mut ant _ TGGCGCACT TCCTGAAAATCGT A* TCGT A*

trpeE_ TC* A* CCAT* GCGTAAAGCAATCAGATACC

Mut ant _ TCGATCGATCGCCGTAAAGCAATCAGATACC

trpE_ CAGCCCGCCTAATGAGCGGEGCTTTTTTTTG

Mut ant _ CAGCCCGCCTAATGAGCGGECTTTTTTTTG




Leader region upstreatmpk and its “mutation”
In Vibrio cholerae

trpE__ ATGITACAAGAATTTAACCCAAACCATAAA

Mut ant _ ATGIT TACAAGAAT TTAACCCAAACCATAAA

trpE_ CCCAATTTCAGI CCAGCCGCLATCCTGAACTG

Mut ant _ CCCAAT T TCAGI CCAGCGCGATGCTGAACT G

trpE  GCTTGGTGGECGCACT TGGACAAGT TCT TGGT

Mut ant _ GCT TGGTGGCGCACT TGGACAAGT TCT TGGT

trpE  GGEGECTC A* CGTGTATTTCTAAGITTAGA

Mut ant _* GGATCGATCG ATCGI TCTAA* * ATCGA

trpe_ T**ACTC* ACACACCTAGCCCGCCAACT TGA

Mut ant _ TCGA* TCGACACACCT AGCCCGCCAACTTGA

trpE GCCOECTTTTTATTGGITTTT

Mut ant GCGGGCTTTTTATTGGTITTTT




Remember: a set of strings and hairpins
determines the gene regulation type .

In this set:
alternative combinations determine either
presence or absence of gene expression.

En example of regulation type is the above
described CAR.

SECOND PART of my report Is about novel
regulator signals in: actinobacteria, chloropl-
asts of plants and algae and cyanobacteria.



Novel Rho -mediated regulation type
IS originally proposed for cysteine
biosynthesis:

No terminator. Reqgulation requires
dedicated Rho-protein that hampers the
rlbosome attachment: when it binds gene is
not expressed, otherwise It Is.

The mechanism: ribosome stays on the
leader peptide and overlaps with the Rho
protein binding site. Otherwise, It moves
and opens the site allowing for binding of
Rho-protein.



Cases of Rho- mediated reqgulation of
cysteine biosynthesis in actinobacteria

Species Leader peptide
M. avium MOHRL QPRFAPSRCL VWACCCCCCR
M. bovis MOQAI QLRFI LPRRLAVGCCCC* * *
M.tuberculosis MAQAI QLRFI LPRRLAVGCCCC* * *
M. leprae MVHQSTQPRFVFTRRFTVDCYCRCC*
M. marinum MAQAAQL SFVL TRCPAVDCCCC* * *
P. acnes AR MTSAMWCL CRCCC*

B Iongum ***************I\/QISCCCR*



Other two novel types (= mechanisms) of
regulation were originally proposed:

1sl) Ribosome binding site is overlapped
by a hairpin (gene not expressed) or such
hairpin is absent (gene expressed).

—Ss
SSene start
! [

Z2nd) The hairpin is always present in the
binding site of the regulator protein that
prevents the ribosome from binding. This
protein Is either present or not




CHLOROPLASTS (protein -mediated type = 2nd )

Division atpF | clpP| petB | psaA| psbA| psbB
Euglenozoa -S |- -S -S -S -S
Bacillariophyta - - - + _
Cryptophyta - - - -
Rhodophyta - - - +- | +- +-
Chlorophyta - - - +-s |+s |-
Streptophyta - +-S |-S + +- +-
Anthocerophyta |+s |+S [+S + + +
Hepatophyta +s |+S |+S + + +
Lycopodiophyta +s |+S | +S + n +
Pteridophyta +s |+S |-S + + +
Psilophyta +s |+S | +S + + +
Pinophyta +s |+ +S + +S +
Magnoliophyta +s |+S | +S + + +




Table legend:

- Signal found In neither species from the
division,

+ Signal found in all species from the division,

+- Signal found in some species from the
division,

S (Gene expression requires splicing

(.e., excision of introns and ligation of exons
or ligation of MRNAs from several genes
[trans-splicing])



Examples of original biological hypotheses
based on original results:

 Delay In ribosome binding facilitates
iIntron splicing In chloroplast genes atpF,
clpP, petB

* Photosystem gene psbA regulation
appeared in evolution before the acquisition
of introns.

* Photosystem genes, psaA, psbA, psbB
regulation appeared early in evolution of
chloroplasts.



Another novel regulation type (=
mechanism) was originally proposed that is
based on hairpin called LEU-element
(next slide).

So called LEU-reqgulation.

LEU-elements were first discovered
upstream of leuA genes of leucine
biosynthesis In various actinobacteria.



LEU-element in Mycobacterium bovis
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The regulation mechanism is based on
overlapping the ribosome binding site (RBS)
by LEU-element in one

of Its
two alternative conformations.

And the first one Is conservative!



T-box as a novel regulation type (= mechanism):
also based on RBS overlap and
proposed by H. Putzer and our group:

T-box stabilized by unloaded tRNA that facilitates
rlbosome binding and therefore gene

expression .

Otherwise, a part of T-box forms a hairpin that
now prevents ribosome from binding, and
precludes gene expression

his type is found upstream of gene ileS in many
actinobacteria and upstream of gene alr3806 In
cyanobacterium Nostoc.



A combination of strings and hairpins for a
conventional T-box:

O tRNA O

C regulatory codon O

T _ /-"—""‘"--\
A
\.{ s | § Y
C g —— W e A
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GGAGCA 3
/
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MRNA




Distribution of LEU-elements and T-boxes in actino-
pacteria (hairpin-based regulation types = 1st )

Genus L eucine | soleucyl-tRNA synthetase,
biosynthesis, leuA eS

Actinomyces LEU T
Bifidobacterium T
Corynebacterium LEU T
Kineococcus LEU T
Leifsonia LEU

Mycobacterium LEU T
Nocardia LEU T
Propionibacterium T
Rubrobacter T
Streptomyces LEU T
Thermobifida LEU




Combination of strings and hairpins known for
the thiamine riboswitch:
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We discovered novel thiamine riboswitches
(hairpin-mediated regulation type ), e.g.
upstream ABC transport protein YKoE gene
INn actinobacteria:

Brevibacterium linens — new case

Kineococcus radiotolerans — new case

Leifsonia xyli

Propionibacterium acnes — new case

Thermobifida fusca

Corynebacterium diphtheriae

Corynebacterium glutamicum




For CAR, the originally found leader
peptides upstream leucyl-tRNA
synthetase genes
In all Streptomyces spp. are identical.
This is the following string in amino acid
alphabet:

MRAVRLLLSEPR



