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Abstract—Here we predict attenuators in operons of aromatic amino acids metabolism in the y-subclass of pro-
teobacteria Salmonella typhi, Yersinia pestis, Vibrio cholerae, Haemophilus influenzae, Actinobacillus actino-
mycetemcomitans, Xanthomonas campestris, and chlamydia Chlamydia trachomatis. Alternative secondary
structures of mRNA governing transcription pathway selection as well as the related control leader peptide were
constructed. Comparison with homologous Escherichia coli operons was used for the prediction. This control
mechanism takes place in operons trp (tryptophan), phe (phenylalanine), and pheST coding for the large and
small subunits of phenylalanine tRNA synthase in the considered y-proteobacteria. Secondary structures of
mRNA in the leader region of tnaAB operon possibly involved in p-dependent attenuation were predicted in

certain enterobacteria.
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INTRODUCTION

Attenuation of transcription is an important control
mechanism of gene expression widespread in various
bacteria. Both nucleotide sequence and secondary
mRNA structure are involved in the control process.
Attenuation of transcription allows the cell to respond
to changed concentration of the substances involved
in vital metabolic cycles of the cell. For instance, in
the case of operons of amino acid metabolism in
y-proteobacteria, attenuation provides for their
response to changed amino acid concentration. The
control structure in mRNA can force the transcribing
RNA polymerase molecule either to pause during
elongation, to prematurely terminate transcription, or
to pass over potential terminator sequence. In addi-
tion, the RNA can include sites of binding to the con-
trol factors involved in the above events. Attenuation
of transcription features existence of alternative sec-
ondary structures of mRNA and possible proceeding
without the control protein.

MECHANISMS OF ATTENUATION

There are several mechanisms of activation of tran-
scription in various bacteria: (1) a leader peptide pro-
vides for synchronization of transcription and transla-
tion. This mechanism works in operons of amino acid
biosynthesis and tRNA synthase and is widespread in

bacteria; (2) control protein binds secondary structure
of mRNA. This mechanism is widespread in Gram-
positive bacteria; (3) p-dependent attenuation (e.g., in
the operon tnaAB of tryptophan utilization).

Let us consider attenuators of the first kind in detail
at the example of E. coli trp operon {1]. As soon as
mRNA region called pause hairpin is synthesized (1:2
at Fig. 1a), RNA polymerase pauses. The pause in
mRNA synthesis is essential for motion synchroniza-
tion of the RNA polymerase and the ribosome binding
to the elongating mRNA. The ribosome binds to the
RNA sequence of a short leader peptide containing
several codons of a given amino acid (tryptophan
codons in trp operon or phenylalanine codons in phe
and pheST operons) and in the case of the amino acid
deficit, ribosome makes a long pause on these codons.
Spatial position of the ribosome obviates the pause
hairpin 1:2 and, consequently, the secondary structure
2:3 called antiterminator is formed (Fig. 1a), which
interferes formation of the terminator 3:4. In this case
the RNA polymerase clearly passes the operon and
synthesizes complete mRNA. In the case of sufficient
concentration of the amino acid, the ribosome runs to
the stop codon of the leader peptide and its spatial
position obviates formation of the 2:3 antiterminator.
This favors formation of the 3:4 terminator and tran-
scription termination.
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(b) Salmonella typhi; (c) Yersinia pestis; (d) Vibrio cholerae; (¢) Haemophilus
MOLECULAR BIOLOGY
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influenzae (trpEGDC); (f) Haemophilus influenzae (trpBA); (g) Chlamydia trachomatis; ph, pause hairpin; term, terminator; ant,

antiterminator; control tryptophan codons(UGG) as well as start and stop codons are given in uppercase.

Fig. 1. Attenuators of trp operon,; (a) Escherichia coli,



CONTROL SIGNALS IN BACTERIAL GENOMES

Let us consider attenuation of the third kind at the
example of tnaAB operon [1]. The leader peptide
sequence is directly followed by the site of p-protein
binding. In the case of excessive tryptophan, the ribo-
some runs to the stop codon of the leader peptide and
prevents binding of p-protein to the mRNA, which
allows RNA polymerase to synthesize complete
mRNA. In the case of tryptophan deficit, the ribosome
pauses at the tryptophan codons, p-protein binds the
mRNA and induces premature termination of tran-
scription. By contrast to the first kind attenuation,
attenuation of the third kind is feedback-controlled
(amino acid utilization). There are two hairpins [2]
with possible control role in the leader peptide region
of E. coli tnaAB operon, while p-protein has low affin-
ity to mRNA regions with secondary structures.

COMPARATIVE APPROACH TO ATTENUATOR
PREDICTION

First of the above mechanisms of transcription
attenuation in E. coli was experimentally demon-
strated for the operons of aromatic amino acid metab-
olism trp [1, 3], phe [3], and pheST [4], as well as for
other ones: leu, thr, ilvGMEDA, and ilvBN [1]. How-
ever, analogous mechanisms in other bacteria includ-
ing those with completely sequenced genome remain
unknown. Here we try to predict transcription attenu-
ators in other y-proteobacteria Salmonella typhi, Yers-
inia pestis, Vibrio cholerae, Haemophilus influenzae,
Actinobacillus actinomycetemcomitans, and Xanthomo-
nas campestris, as well as in representative of another
group Chlamydia trachomatis.

This work relies on comparative or phylogenetic
approach to predicting secondary RNA structure. In
the course of RNA evolution, the functionally signifi-
cant elements of secondary RNA structure remain
more conserved than the nucleotide sequence and the
secondary RNA structure can be determined by align-
ing two or more sequences and the search for common
conserved regions and helices, accounting mutual
location of the helices, certain homologous bases, etc.
This approach was initially applied by Levitt in 1969
to predict tRNA spatial structure [5] and was success-
fully applied to other molecules since then [6, 7].
However, comparative approach was applied to struc-
tural RNA molecules, while we extended it to control
regions of mRNA. Previously we considered control
of translation initiation of ribosomal proteins [8]
while here we consider the signals responsible for
attenuation of transcription. Note that the results
obtained by comparative analysis often outperform
those obtained by free energy minimization, since the
latter problem is unstable in terms of calculation—
even minor change in parameters (e.g., energy of
hydrogen bond formation or stacking of neighboring
base pairs) significantly rearranges the optimal sec-
ondary structure [9].
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The analysis was carried out in the following way.
The chains of genes orthologous to the genes of bio-
synthetic operons trp and phe as well as operon pheST
were identified in all studied bacteria. The following
order of genes was revealed. Operon trp in E. coli:
trpE, trpG/D, trpF/C, trpB, and trpA. The order of the
genes was the same in S. typhi, Y. pestis, and V. chol-
erae; apparently, these are the desired operons. In
addition, attenuators of transcription were found in
the leader region of these operons (see below). The
case of H. influenzae and A. actinomycetemcomitans
seems more interesting. The tryptophan operon was
divided into two parts (trpEGDC and trpBA) and in the
second one the genes of tryptophan synthesis are pre-
ceded by an apparent gene of alcohol dehydrogenase
[10]. Note that the both formed operons have potential
attenuators (see below). The order of genes in operons
phe and pheST is the same in all bacteria.

Spatial mRNA structures responsible for transcrip-
tion attenuation were predicted by comparison with
the E. coli structures. Energy of certain hairpins at
37°C was estimated using parameters from [11].

As a result, positive signal structures for operons
trp, pheA, pheST, and tnaAB were constructed.

RESULTS

Operon trp contains the genes of tryptophan syn-
thesis. Transcription control of the operon includes
attenuation mechanism. Excessive tryptophan induces
premature termination of transcription (before the first
functional codon), while the whole operon is
expressed at deficient tryptophan. Alternative struc-
tures involved in attenuation as well as the leader pep-
tide sequence with codons significant for the control
were found experimentally in E. coli. We predict
attenuation of transcription going by a similar path-
way in S. typhi, Y. pestis, V. cholerae, and H. influenzae
as well as in C. trachomatis (Figs. la-1g). The two
latter cases are the most interesting. In H. influenzae
genome trp operon is divided into two parts: irpEGDC
and 1rpBA (Figs. le, 1f). Presumably, attenuation of
transcription is specific for the both operons.

Chlamydia trachomatis is evolutionarily distant
from proteobacteria. It only has trpBA operon and
separate trpC gene. These genes appear in C. tra-
chomatis as a result of a horizontal transfer from some
enterobacterium [12]. The leader region of trpBA con-
tains a potential attenuator (Fig. 1g); however, we
failed to construct potential attenuators in trpC. Even
in the very close E. coli and S. typhi, the attenuators
have slightly different form and, apparently, rigid con-
servatism of the secondary structure is not required—
alternative secondary structures of the RNA and posi-
tion of control and stop codons of the leader peptide
sequence relative to them has the key significance for
the control.
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Fig. 2. Attenuators of pheA operon; (a) Escherichia coli, (b) Salmonella typhi; (c) Yersinia pestis (1st att); (d) Yersinia pestis (2nd
att); (e) Vibrio cholerae; (f) Haemophilus influenzae; (g) Actinobacillus actinomycetemcomitans, (h) Xanthomonas campestris; ph,
pause hairpin; term, terminator; ant, antiterminator; control phenylalanine codons (UUU and UUC) as well as start and stop codons

of the leader peptide sequence are given in uppercase.

The hairpin energies are presented in the table.
Difference of the hairpin free energy between organ-
isms are exemplified by the trp operon. Apparently,
the hairpin energy value is not significant, since most
of them are stable enough and the principle of attenu-
ation is satisfied. Most likely, the predicted signals for
S. typhi, Y. pestis, V. cholerae, and C. trachomatis are

attenuators. However, in the case of H. influenzae the
hairpins of attenuators trpEDGC and trpBA are not
stable enough, while the principle of attenuation is
satisfied. The attenuator is active for a short time
period during RNA polymerase movement along a
short DNA fragment, so that the structure of attenua-
tor does not necessarily have maximum energy (by
No. 4

MOLECULAR BIOLOGY  Vol. 34 2000



CONTROL SIGNALS IN BACTERIAL GENOMES 465
@) g, “M0guas (h)
. 0: l'u l'. '.“chph
_250—::c :: c.c'.
£ B i
va® ac8 e ol g
: ; ““ wg gc“ '.': §e= e ant
MM ot ua 100 S s u® %
g au ua ut ¢ ua v <
|s ua ~-175—ua “u. “c ':: LY
a gu au _225—ua va
: s u‘.. :l.l ::_l .c ':g ‘e :.
S R s .
et g ot se V0 %: | 3585 v
¢ wl g e u ' u ! < caac a < u
:'-27222 R A S term as | §
..'C.CI uc\ll\lull ucegaa gec L4 cg
a u % s u 3 <9
: : c 9—-50 X ) e
i _20 . 0. :: v ;:-
u : _1f 9 ge-25 ;g aus
sauuVAAua a gu gc u ] €9
VGecgeaeecgegeugquu €Cagegec-93
Fig. 2. (Contd.)

contrast to structural RNA such as tRNA). Relatively
unstable structures can exist for a short time period
and have regular significance; hence, it remains
unclear if the signals revealed in H. influenzae oper-
ons trpEDGC- and trpBA are attenuators or artifacts.
This problem can be resolved by comparative analysis
when the genomes of other bacteria of the Pasteurel-
laceae family where H. influenzae belongs become
available or by experimental verification.

Operon phe. Regulation of this operon also
includes the attenuation mechanism. Excessive phe-
nylalanine induces termination of transcription while
the whole operon is expressed at deficiency of this
amino acid. Operon phe is composed of a single gene
pheA coding for chorismate mutase P and prephenate
dehydrogenase. We predict a similar attenuation

mechanism in other fy-proteobacteria: S. typhi,
Erwinia herbicola (data not shown), Y. pestis (partic-
ular case), V. cholerae, H. influenzae, A. actinomycet-
emcomitans, and X. campestris (Fig. 2).

It is interesting to compare the organisms relatively
distant from E. coli but close to each other: H. influen-
zae (Fig. 2f) and A. actinomycetemcomitans (Fig. 2g).
In E. coli and H. influenzae the linker between the
pause hairpin and terminator is several and 28 nucle-
otides long, respectively. Comparison of H. influenzae
and A. actinomycetemcomitans demonstrated that it is
conserved in the latter case as well.

A special situation is found for Y. pestis. An IS ele-
ment (IS-200) in reverse orientation has integrated in
the leader region of this operon. In particular, it has

Free energy of E. coli attenuator hairpins and predicted attenuators (kcal/mol)

Operon trp Operon phe Operon pheST
Bacterium

ph term ant .ph term ant ph term ant
E. coli -186 | -114 -19.5 -25.5 -16.1 -21.2 -325 -10.0 -164
S. typhi -10.0 -9.1 -159 -25.5 -16.4 -19.6 -23.8 -12.7 -19.6
Y. pestis -15.2 -8.8 -13.9 -12.7 -10.7 -11.7 -26.8 -10.7 -125

-133 -14.8 -12.8

V. cholerae -10.7 | -114 -194 -14.8 -12.1 -11.7 - - -
H. influenzae -4.0 =73 -4.8 -10.1 -12.1 -144 -22.2 -52 -6.0

-5.8 -5.8 =715
A. actinomycetemcomitans - - - -17.8 -13.1 -5.0 - - -
X. campestris - - - -12.6 -5.0 -16.0 - - -
C. trachomatis -10.7 | -12.0 -11.6 - - - - - -

Note: H. influenzae operon trp: hairpin energies of attenuators rpEGDC and trpBA are given in the first and second lines, respectively;
Y, pestis operon phe: hairpin energies of attenuators remote and close to the translation start are given in the first and second lines,

respectively.

Designations: ph, pause hairpin; term, terminator; ant, antiterminator.

MOLECULAR BIOLOGY  Vol. 34
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Fig. 3. Attenuators of pheST operon; (a) Escherichia coli, (b) Salmonella typhi; (c) Yersinia pestis; (d) Haemophilus influenzae;
ph, pause hairpin; term, terminator; ant, antiterminator; control phenylalanine codons (UUU and UUC) as well as start and stop

codons of the leader peptide sequence are given in uppercase.

intervened into the attenuator, splitting it so that one
part contains the pause hairpin while the other one
contains the terminator. IS-200 has terminal hairpins
[13], and one of them is attached to the broken atten-
uator part with the pause hairpin as a terminator. Thus,
an antiterminator is formed and the attenuator is pre-
served (Fig. 2c). However, the length of IS-200 is over
700 bp and the region of this attenuator is spaced by
over 800 bp from the first functional gene; it remains
unknown if the genes and attenuator are functional in
this case. One can also compare the new attenuator
and Y. pestis attenuator before IS-200 integration,
which is very similar (just a few nucleotides substitu-
tions) to pheA attenuator from E. coli (Fig. 2a). An
arrow indicates the site of IS integration in Y. pestis
attenuator. Another part of the split attenuator con-
taining the terminator and another terminal hairpin of

IS-200 fit together and form an antiterminator. Thus
the secondary structures of attenuator are formed
although without the leader peptide (Fig. 2d). It is
unclear if it can be considered as an “emerging atten-
uator.”

In addition, finding of potential attenuator in an
organism relatively remote from E. coli—X. campes-
tris—is of interest (Fig. 2h).

Operon pheST. Regulation pattern of this operon
is similar to that of pheA operon—it responds to con-
centration of phenylalanine tRNA. Attenuators of
transcription were constructed for the following
organisms: S. typhi, Y. pestis, and H. influenzae
(Fig. 3).

Operon tnaAB. Both secondary structures possi-
bly controlling p-dependent attenuation in E. coli

MOLECULAR BIOLOGY Vol. 34 No. 4 2000
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Fig. 4. Secondary structurc in the control region of tna
operon RNA; (a) Escherichia coli, (b) Enterobacter aero-
genes; () Proteus vulgaris; (d) Haemophilus influenzae.

were also found in the following bacteria: Entero-
bacter aerogenes, Proteus vulgaris, and H. influenzae
(Fig. 4).

CONCLUSION

On the basis of the obtained data we conclude that
comparative analysis can be used to predict unknown
control signals of genes from various bacteria with
sequenced genome. In addition, note several facts fol-
lowing from the above considerations: due to low con-
servation of the secondary structures in tnaAB operon,
a more accurate conclusion on their control signifi-
cance can be drawn only provided a greater number of
sequenced similar genomes. At the same time, the pre-
dicted control signals of trp, phe and pheST operons
are more conscrved and have all properties of attenu-
ator. This allows us to propose control significance of
the found signals. Note that after integration of IS ele-
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ment in the attenuator (phe operon in Y. pestis) the ter-
minal hairpins of the element fitted the attenuator
hairpins and, thus, new potential attenuators were
formed. It is common knowledge that IS elements
exhibit symmetry of various kinds during their inte-
gration, and their “jumps” can play a role in evolution
of control signals (“hairpin translocation”).
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