
Among numerous “omics” of systems biology, regu�

lomics and interactomics occupy central places [1, 2].

Development of interactomics, which studies the interac�

tion of biological molecules, defines the possibility of

development of methods for purposeful interference into

processes of specific interaction and thus creation of the�

oretical bases for directed synthesis of drugs of a new gen�

eration [3, 4]. This is especially important for design of

antibacterial preparations.

Nucleic–protein interactions play an important role

in many cell processes, among which biogenesis of ribo�

somes is of special interest. The ribosome is a multicom�

ponent supramolecular RNA–protein complex capable

of self�assembly in vitro. Rapidly growing bacterial cells

spend about half of their resources for ribosome biogene�

sis, which includes synthesis of rRNA and ribosomal pro�

teins (r�proteins) as well as their assembly [5, 6].

Ribosome biogenesis is rather strictly regulated by

RNA–protein interactions [5, 7, 8].

Proteins S7 and S4 take part in biogenesis of the

small ribosomal subparticle of E. coli [9]. S7 initiates the

subparticle self�assembly in vitro via interaction with a

local 16S rRNA region [10�12]. Protein S7 is translated

from the rpsG cistron within the streptomycin (str) oper�

on. The str operon includes cistrons of ribosomal proteins

S12 (rpsL) and S7 (rpsG), translation elongation factor

EF�G (fus), and one of two copies of the gene of transla�
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Abstract—In this work it is shown by deletion analysis that an intercistronic region (ICR) approximately 80 nucleotides in

length is necessary for interaction with recombinant E. coli S7 protein (r6hEcoS7). A model is proposed for the interaction

of S7 with two ICR sites—region of hairpin bifurcations and Shine–Dalgarno sequence of cistron S7. A de novo RNA bind�

ing site for heterologous S7 protein of Thermus thermophilus (r6hTthS7) was constructed by selection of a combinatorial

RNA library based on E. coli ICR: it has only a single supposed protein recognition site in the region of bifurcation. The

SERW technique was used for selection of two intercistronic RNA libraries in which five nucleotides of a double�stranded

region, adjacent to the bifurcation, had the randomized sequence. One library contained an authentic AG (–82/–20) pair,

while in the other this pair was replaced by AU. A serwamer capable of specific binding to r6hTthS7 was selected; it appeared

to be the RNA68 mutant with eight nucleotide mutations. The serwamer binds to r6hTthS7 with the same affinity as homol�

ogous authentic ICR of str mRNA binds to r6hEcoS7; apparent dissociation constants are 89 ± 43 and 50 ± 24 nM, respec�

tively.
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tion elongation factor EF�Tu (tufA) that has two of its

own promoters (Fig. 1) [5, 7, 8].

Interest in investigation of the str operon is also

defined by a practical aspect. Chromosomal mutations of

S12 protein result in streptomycin dependence or resist�

ance phenotype [13], which gave rise to the name of the

operon. Since streptomycin has been used in clinical

practice for a rather long time, mapping such mutations is

necessary for medical population microbiology.

An interesting peculiarity of the E. coli str operon is

the presence of an extended 96�nucleotide�long RNA

region between cistrons S12 and S7 (intercistronic region,

ICR). Although cistrons S12 and S7 are much separated

physically, S7 translation is coupled with that of the fore�

going S12, i.e. it proceeds only successively and subordi�

nately. In the absence of 16S rRNA synthesis, when the

rRNA regulome is switched off, the excess of expressed

EcoS7 interacts with ICR of str mRNA and inhibits its

own translation and translation of the following cistron of

elongation factor EF�G [14, 15].

A present�day hypothesis suggests that the coupling

of cistron S12 and S7 translation is assured by the specif�

ic spatial structure of ICR in which the terminating

codon of cistron S12 is adjacent to the translation initia�

tion site of cistron S7, which allows the terminating ribo�

some to “jump over” (to diffuse for a short distance) from

cistron S12 to S7 [16]. Inhibition by S7 protein of coupled

translation of cistrons S12 and S7 can be explained by two

screen versions. According to the first, the protein stabi�

lizes the ICR structure, which results in translation

“retardation” at the S12 cistron terminus (and, possibly,

to premature termination). According to the second ver�

sion, the protein, on the contrary, destabilizes ICR struc�

ture, which positions the terminating ribosome far from

the S7 cistron translation initiation site. One can choose

between these two possibilities on the basis of properties

of the binary complex of ICR with S7 protein.

It was shown earlier that S7 could form in vitro the

binary complex with ICR [15�19]. Besides, the target ser�

famer, corresponding to the str mRNA ICR, was found

using SERF in a search for possible regulatory str operon

RNA regions by selection of random fragments of E. coli

str mRNA for affinity to recombinant S7 protein [15].

Unlike authentic ICR, it contained nucleotide mutations

that probably emerged due to multiple copying errors and

were chosen in the course of affinity selection because

they enhanced affinity to the protein.

The unique structure of the E. coli ICR makes it pos�

sible to use ICR as a characteristic marker for microor�

ganism typing. For the same reason, the RNA–protein

complex of ICR can be considered as a potential target

for design of antibacterial agents with group specificity.

This work deals with identification of the minimal

region in the E. coli str mRNA capable of interaction with

recombinant r6hEcoS7 protein. In addition, the recog�

nizable element for thermophilic protein homolog

r6hTthS7 was created by selection of de novo RNA

libraries. The RNA libraries were obtained on the basis of

E. coli ICR basal structure by randomization of the five

nucleotide�long fragment (SERW). A model of spatial

structure of EcoS7 complex with E. coli str RNA ICR is

proposed that incorporates all presently known experi�

mental data.

MATERIALS AND METHODS

Isolation of recombinant E. coli protein (r6hEcoS7)
from superproducing E. coli cells. The recombinant S7

protein r6hEcoS7 containing at its N�terminus 10 addi�

tional amino acids and six His residues [11], whose gene

was cloned into vector pET28b+ (Novagen, Germany) at

sites of cleavage by restriction endonucleases NdeI and

EcoRI, was isolated as described previously [11, 16, 17,

20] with slight modifications. Cells were lysed for 3.5 h at

0°C in Rec�4 buffer: 20 mM Hepes�KOH, pH 7.5, 4 mM

MgAc2, 1 M NH4Cl, 5 mM mercaptoethanol, and 6 M

guanidine hydrochloride. The supernatant was applied

onto Ni�NTA Agarose (Qiagen, Germany), and the resin

was washed three times with Rec�4 and then with Rec�4

containing 20 mM imidazole. Protein absorbed on the

resin was eluted with Rec�4 containing 1 M imidazole.

The S7 was dialyzed against Rec�4 with 2 M urea, then

against Rec�4 with 0.4 M NH4Cl and stored at –70°C.

Purity of isolated protein was characterized by standard

gel electrophoresis according to Laemmli. For complex

formation with RNA, the protein was dialyzed against

buffer A containing 20 mM Tris�HCl, pH 7.4, 4 mM

MgAc2, 400 mM NH4Cl, 0.2 mM EDTA, and 4 mM

mercaptoethanol.

Isolation of T. thermophilus recombinant S7 protein
(r6hTthS7) from superproducing E. coli cells. The recom�

binant S7 protein r6hTthS7 contains at its N�terminus 10

additional amino acids and six His residues; its gene was

Fig. 1. Scheme of E. coli K12 streptomycin operon. Coordinates are taken from GenBank (code U00096). Rectangles with protein names

point to the operon genes. Ptuf1 and Ptuf2 designate promoters of one of two EF�Tu genes, that belongs to the str operon. Gene yhe L to the left

from the P promoter and gene chi A to the right from EF�Tu are not incorporated in the str operon.
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cloned into pQE32 vector at the BamHI restriction site.

The obtained construct was used to transform E. coli M15

strain containing plasmid pREP4 with lac�repressor gene.

For isolation of r6hTthS7 protein, cells were collect�

ed by centrifugation and washed with buffer A. The pellet

was dissolved in buffer A with 6 M guanidine hydrochlo�

ride and left for 2 h at 0°C. After removal of debris, the

supernatant was applied onto Ni�NTA agarose (Qiagen),

the column was washed by buffer A with 20 mM imida�

zole, and r6hTthS7 was eluted with buffer A with 1 M

imidazole. The protein was transferred into buffer A with

6 M urea, then dialyzed three times, 1 h each, against

buffer A, and stored at –70°C. Purity of isolated protein

was characterized with standard gel electrophoresis

according to Laemmli.

Production of EcoStr mRNA deletion fragments.
DNA templates for transcription of mRNA deletion frag�

ments 143, 103, 84, 73, 61, AG, and AU were obtained by

PCR with appropriate oligonucleotides from plasmid

pDD143 containing a DNA copy of the E. coli str mRNA

under control of T7 phage promoter. The 5′�terminal

oligonucleotide primers contained the T7 phage promot�

er sequence. The 32P�labeled fragments of EcoStr mRNA

were obtained using in vitro transcription by T7 RNA

polymerase (MBI, Fermentas, Lithuania) in the presence

of α�[32P]UTP according to standard technique and puri�

fied by PAGE in the presence of 7 M urea. Specific

radioactivity of RNA was calculated after extraction and

measurement of radioactivity and absorption at 260 nm;

it was usually (30�50)·103 cpm/pmol.

Selection of combinatorial RNA library using
r6hEcoS7 and r6hTthS7 proteins. The initial DNA library

was obtained using PCR with the following primers: tm1,

GACGAATTCTAATACGACTCACTATAGGGTAAG�

GCCAAACGTTTT; tm2, GGGTCAGGATTGTC�

CAAAACTCTA, on template TAAGGCCAAACGTTT�

TAACTTAAATGTCNNNNNAAACTCGTAGAG�

TTTTGGACAATCCTGA (the T7 phage promoter is

underlined).

The RNA library was obtained by in vitro transcrip�

tion by T7 phage RNA polymerase.

After complex formation with protein in appropriate

conditions (Table 1), RNA was extracted from the com�

plex on a filter by TE buffer with 6 M urea, treated by

phenol and chloroform, and precipitated by ethanol.

After precipitation, RNA was dissolved in deionized

water, then 4 µl of 5�fold reverse transcription buffer, 2 µl

of 10 mM dNTP mixture, 20 pmol of 3′�terminal primer,

0.5 µl (20 units) of RiboLock RNase inhibitor

(Fermentas), and 1 µl (200 units) of M.MulV reverse

transcriptase (Fermentas) were added. The mixture was

incubated for 1 h at 42°C. The resulting cDNA of the

enriched fraction of the combinatorial RNA library was

amplified using PCR.

RNA complex formation with protein. Complex for�

mation was carried out in 200 µl buffer containing 20 mM

Tris�Ac, pH 7.6, 4 mM mercaptoethanol, 0.2% BSA

solution supplemented with 15 mM MgAc2, 200 mM

NH4Cl for r6hEcoS7 protein and 7 mM MgAc2, 350 mM

NH4Cl for r6hTthS7. The RNA was heated at 95°C for

2 min and cooled on ice. Protein r6hTthS7 was heated at

65°C for 10 min and cooled on ice. Both components

were heated separately for 30 min (at 37°C for r6hEcoS7

and at 42°C for r6hTthS7) and then together for 30 min at

appropriate temperatures. Before sorption on mem�

branes, mixtures were cooled to room temperature. Filter

radioactivity was measured heterogeneously in water

according to Cherenkov.

In the case of SERW, complex formation was carried

out in the volume of 200�1000 µl. The concentration of

the RNA library was 100 nM.

Generation of complex formation isotherms. The

extent of complex formation was measured by sorption on

nitrocellulose filters (0.45 µm) at filtration rate

0.5 ml/min. Filter radioactivity was determined heteroge�

neously in water according to Cherenkov. Binding

isotherms were calculated using linearization in

Scatchard coordinates as described elsewhere [16].

Modeling spatial structure of S7 protein complex with
E. coli str mRNA ICR. Coordinates of homolog protein

1
(15 mM
MgCl2, 

200 mM
NH4Cl)

1 : 2

1 : 5

1 : 5

1 : 10

1 : 20

1 : 50

1 : 50

1 : 100

1 : 100

1 : 200

3
(7 mM
MgCl2, 

350 mM
NH4Cl)

1 : 1

1 : 2

1 : 2

1 : 5

1 : 5

1 : 10

1 : 10

1 : 20

1 : 20

1 : 50

4
(7 mM MgCl2, 

350 mM NH4Cl; 
fragment АG,
fragment АU)

1 : 10

1 : 20

1 : 50

1 : 100

Table 1. Change in protein/RNA ratio during selection of

serwamers to recombinant proteins S7 in experiments 1�4

2
(15 mM
MgCl2, 

200 mM
NH4Cl)

2 : 1

1 : 1

1 : 2

1 : 2

1 : 3

1 : 5

1 : 5

1 : 10

1 : 20

1 : 50

Selection to protein r6hEcoS7 Selection to protein r6hTthS7
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TthS7, whose structure was determined with resolution

below 2 Å (PDB code 1RSS) [21], were used for model�

ing.

The structure of ICR was modeled on the basis of

secondary structure proposed by us earlier [16]. The ICR

tertiary structure was modeled on server http://

12.192.230.173 [22]. The model of spatial arrangement of

the ICR phosphorus atoms was obtained by service�mod�

eling of the RNA tertiary structure using the program of

one of authors of this work (A. V. Golovin). Atom coordi�

nates for non�canonical structure in the supposed site of

recognition by the protein were obtained from X�ray data

on 16S rRNA structure within the small subparticle of T.

thermophilus ribosomes [23].

Three�dimensional structures were combined using

the PyMOL program [24].

RESULTS AND DISCUSSION

Deletion analysis of E. coli streptomycin operon frag�
ment between cistrons S12 and S7 (ICR). Saito and

Nomura showed previously [15] that the 400�nucleotide�

long str mRNA fragment including the mRNA region

between cistrons S12 and S7 is necessary for EcoS7 pro�

tein binding upon regulation of biogenesis of E. coli small

ribosomal subunit. Further works showed that the physi�

cal dimensions of the str mRNA fragment for binding

recombinant protein EcoS7 could be diminished to 230

nucleotides [12] and then to 143 nucleotides [17].

The str mRNA ICR is able to form a heterologous

complex with recombinant thermophilic homolog pro�

tein S7 from T. thermophilus (r6hTthS7) [18]. In the case

of heterologous complex, dimensions of ICR capable of

protein binding were even smaller, only 103 nucleotides

[19], but the level of the apparent binding constant for the

heterologous complex was three times lower.

Next the characteristics of the potential binding site

were obtained by three methods. Data on the chemical

modification and directed mutagenesis of ICR [15] can�

not be unambiguously interpreted due to the absence of

the model of ICR spatial structure and its complex with

S7 protein. The contact of the protein with residues U35

and U34, i.e. with the hairpin III, IV, and V bifurcation

region, was shown by UV�induced chemical crosslinking

(so�called “zero length” crosslinking) [17] (Fig. 2). A

region with nucleotide sequence identical to that of 16S

rRNA (hairpin 42) was found in the same region [15].

The second region of the str mRNA ICR with nucleotide

sequence identical to that of 16S rRNA (hairpin 43) was

found next to the hairpin bifurcation region (region III)

[12].

Possible hypotheses concerning the mechanism of

the coupled translation inhibition by S7 protein are asso�

ciated with alteration of the ICR region II status [16].

Owing to this, system deletion analysis of ICR, including

Fig. 2. Proposed secondary structure of a series of deletion fragments and their derivatives for the E. coli str operon region between cistrons

S12 and S7 [16]. Residue A of initiator codon AUG of cistron S7 is taken as +1. Terminating codon S12, Shine–Dalgarno sequence, and ini�

tiating codon S7 are distinguished in gray tone. Figures above hairpins show the size of RNA fragments. The site of region III that is identical

to 16S rRNA [16] is shown in the frame. AG(AU) fragments have a modified structure of region III and are terminated by the double�strand�

ed region of three additional G�C pairs. A�G fragment contains an authentic mRNA pair (–82)A�G(–20). The substitute (–20)G/U was

introduced into the A�U fragment to create the canonical A�U pair for region III stabilization in the ICR basement (shown by the two�way

arrow). SERW designates the serwamer selected to the protein of r6hTthS7 libraries on the basis of E. coli AG(AU) fragments in which the site

of five nucleotides (–53)AAACU(–49) shown in the frame, was randomized. Substitutions that emerged during selection are shown in oval

frames for AG(AU) fragments: deletion U(–44) and insertion UU in front of C(–63) (shown in frames for serwamer) that resulted in the pos�

sibility of formation of modified secondary structure for ICR region IV.
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region II, along with investigation of complex formation

between the obtained series of fragments and S7 protein

seem to be necessary.

In this work, systematic deletion analysis of the str

mRNA ICR was carried out using PCR in the presence of

a series of primers, where the forward primer in each pair

included T7 promoter. The following series of str mRNA

fragments were synthesized by T7 RNA polymerase from

the obtained DNA templates: EcoStr mRNA143 of 143

nucleotides in length with coordinates –100, +43 (+1

corresponds to A of initiator codon AUG of cistron S7);

EcoStr mRNA103 with coordinates –100, +3 (ICR

itself); as well as shortened derivatives of ICR: EcoStr

mRNA84 (–91, –8); EcoStr mRNA73 (–86, –14);

EcoStr mRNA61 (–81, –21) (Fig. 2). As mentioned

above, there are two hypotheses concerning the structure

of the EcoS7 binding site. The ICR region III contains a

site with short sequences identical to 16S rRNA [12];

besides, the bifurcation region of hairpins III and IV is

exposed to proteins [17] (Fig. 2). Deletions were selected

so that one of deletion fragments (mRNA73) contained

both sites of possible recognition by the protein, while the

other (mRNA61) contained only one supposed recogni�

tion site [15].

To obtain a series of the str mRNA ICR fragments,

isotherms of complex formation with two recombinant

proteins, homologous r6hEcoS7 and heterologous

r6hTthS7, were determined.

Analysis of the E. coli str mRNA ICR deletion frag�
ment binding to the r6hEcoS7 protein. Isotherms for

r6hEcoS7 binding to EcoStr mRNA fragments were

obtained under conditions identical to those for Eco16S

rRNA [11]. Linearization of binding isotherms in

Scatchard coordinates is shown in Fig. 3a. The Scatchard

plot makes provides not only values for apparent dissoci�

ation constant (Kd app), but reveals the RNA fraction

active in protein binding (Table 2), which depends on the

procedure of sample preparation.

Deletion of 40 nucleotides (mRNA103) and 19 addi�

tional nucleotides (mRNA84) of the encoding part of

cistron S7 from the 3′�end of the mRNA143 does not

alter the binding parameters (Table 2). However, deletion

of the next nine nucleotides from the 3′�end of inter�

cistronic part, including the Shine–Dalgarno sequence of

Fig. 3. Scatchard linearization of isotherm of r6hEcoS7 and r6hTthS7 protein binding to the EcoStr mRNA ICR fragments and their deriv�

atives. Concentrations of EcoStr mRNA and their derivatives are 20 nM. a) r6hEcoS7: 1, solid line) EcoStr mRNA143 ICR, Kd app = 55 ±

12 nM; 2, gray line) EcoStr mRNA103, Kd app = 60 ± 25 nM; 3, dotted line) EcoStr mRNA84, Kd app = 50 ± 24 nM. b) r6hTthS7 binding to

randomized fractions of AG(AU) fragments: 1, gray line) enriched AG fragment fraction after 10 selection cycles (experiment 1), Kd app = 87 ±

23 nM; 2, solid line) enriched AU fragment fraction after four selection cycles (experiment 2), Kd app = 115 ± 45 nM; 3, dotted line) enriched

AG fragment fraction after four selection cycles (experiment 2), Kd app = 113 ± 16 nM; 4, pale gray line) initial library of AG fragment, Kd app

is not determined; 5, dashed line) initial AU fragment library, Kd app is not determined. c) r6hTthS7 binding to serwamers from libraries: 1, gray

dotted line) serwamer from the AG fragment library, Kd app = 89 ± 43 nM (experiment 4); 2, solid line) serwamer from the AU fragment library,

Kd app = 70 ± 21 nM (experiment 4); 3, dotted line) EcoStr mRNA84, Kd app = 223 ± 42 nM. d) r6hTthS7: 1, solid line) EcoStr mRNA143

ICR, Kd app = 171 ± 41 nM; 2, gray line) EcoStr mRNA103, Kd app = 230 ± 31 nM; 3, dotted line) EcoStr mRNA84, Kd app = 182 ± 48 nM.
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cistron S7, results in loss of mRNA73 binding to

r6hEcoS7 protein. The mRNA73 contains both variants

of hypothetical protein binding sites [12, 14], probably

because the loss of binding is the result of deletion of a

previously unknown additional binding site that can be

located in region II, i.e. in the region of duplex including

the Shine–Dalgarno sequence (Fig. 2). The data corre�

late well with those obtained in vivo [14]: in the case of

deletion of 14 nucleotides of region II, complementary to

the Shine–Dalgarno sequence (deletion KS5, –96 –83),

the level of cistron S7 coupled translation not only does

not decrease, but it even increases somewhat when the S7

inhibitory effect is completely eliminated, evidently

because the protein stops binding to such mRNA.

Up to the present time the possible existence of three

str mRNA ICR structural determinants was considered

that can define binding of S7 protein: two sites of identi�

ty with 16S rRNA [12, 14] and the site of UV�induced

“zero length” crosslinking with the protein [17], which is

overlapped with the site proposed by Saito and Nomura

[15]. All these sites are grouped in the bifurcation region

of the ICR top hairpins (Fig. 2).

The loss of the protein�binding ability upon deletion

of double�stranded region II with the Shine–Dalgarno

sequence can be explained by several factors. First, the

Shine–Dalgarno sequence itself can be the determinant in

recognition by the protein. This is supported by the fact of

detection of translation initiation sites among low affinity

serfamers during selection of the mRNA fragment library

from the whole str operon [16]. Second, the duplex II

structure as such can be important for binding because

removal of the sequence complementary to the

Shine–Dalgarno sequence results in loss of the effect of

the coupled translation inhibition by S7 protein, possibly

due to disappearance of protein binding [14]. Third, it can

be supposed that the destruction of duplex II in the ICR

basement results in destabilization of the whole ICR

structure. In particular, duplex III in the absence of duplex

II is not able to retain complex structure of the supposed

protein binding site (the site of identity with 16S rRNA),

which, in turn, results in structural alteration of the hair�

pin IV and V bifurcation region (crosslink region).

To test the last hypothesis concerning the possible

role of region II in stabilization of the hairpin bifurcation

region, the mRNA61 variant was synthesized with three

additional G�C pairs to stabilize the basement of deleted

ICR (AG fragment). This fragment contained one of the

supposed protein binding sites [14]. Moreover, one more

variant was synthesized, for which the authentic non�

canonical A�G pair (–80/–22) was replaced by an A�U

pair to eliminate the helix defect (AU fragment). Neither

of the fragments (neither AG nor AU) bound r6hEcoS7

protein. This means that the role of duplex II is not lim�

ited to stabilization of intercistronic hairpin structure.

More likely, region II is directly involved in the interac�

tion with the protein.

Thus, the S7 protein binding to the str mRNA ICR

requires two distal RNA regions: one in the hairpin bifur�

cation region and the other in duplex II in the basement

of the intercistronic hairpin.

Comparison of three�dimensional models of str mRNA
ICR and EcoS7 protein. The conclusion drawn in the pre�

vious section concerning the existence of two centers of

protein S7 binding with the str mRNA ICR defined the

necessity of design of the spatial model of the binary com�

plex. For this aim, three�dimensional models of the pro�

tein and RNA were superposed: the X�ray model of

homolog protein TthS7 and the spatial model of RNA

ICR were designed on the basis of supposed secondary

structure.

The detailed spatial structure of EcoS7 protein is

now not known due to the low resolution of X�ray analy�

sis of E. coli ribosomes [25]. Because of this, coordinates

of homologous protein TthS7, whose structure has been

determined at resolution below 2 Å (PDB code 1RSS),

were used for modeling [21].

Modeling spatial structure of intercistronic region S12�

S7 of E. coli str mRNA. Modeling spatial structure of the

str mRNA ICR was based on the model of ICR secondary

structure proposed by us earlier [16]. As already noted,

two variants of region identity with 16S rRNA were found

in the mRNA ICR primary structure [12, 14], and the

second variant of the mRNA ICR identity with hairpin 43

of 16S rRNA [12] was considered as preferable (Fig. 2)

Parameter

Kd app

Fraction 
of active RNA

EcoStr�serwamer
(fragments AG/AU)

– 
89 ± 43/70 ± 21

–
0.79/0.85 

Table 2. Apparent dissociation constants (Kd app, nM) of complexes of r6hEcoS7 and r6hTthS7 proteins with inter�

cistronic fragments EcoStr mRNA and serwamers and fraction of binding�competent RNA

EcoStr�mRNA84

50 ± 24
202 ± 48*

0.39
0.68

EcoStr�mRNA103

60 ± 25
230 ± 31

0.36
1.00

EcoStr�mRNA143

55 ± 12 
171 ± 41

0.37
0.80

Protein

r6hEcoS7
r6hTthS7

r6hEcoS7
r6hTthS7

* Average values of data shown in Figs. 3c and 3d are given.
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[16]. The RNA tertiary structure was modeled using the

authors’ program, for which coordinates of atoms of non�

canonical structure in the supposed protein recognition

site were obtained from data of X�ray analysis of 16S

rRNA within the small ribosomal subunit of T. ther�

mophilus [23].

When combining the two models of protein and

RNA in space, their mutual orientation was chosen

according to the following criteria. Only a single site of

potential contact with the protein was identified in the

mRNA ICR, it corresponding to the UV�induced protein

crosslink [17] with U34 and U35 in the ICR, which are

marked in Fig. 2 for mRNA103 and distinguished by

black balls in Fig. 4.

Sites of contact of the protein with mRNA were not

identified, but there are data mapping the RNA–protein

crosslinks in the small E. coli ribosome subunit.

In the case of UV�irradiation of the small ribosomal

subunit of E. coli ribosomes, S7 protein is among the first

to be crosslinked (Table 3), the reaction involving

methionine M115 [26]. It became possible to identify

uracil U1240 in 16S rRNA crosslinked with S7 only in the

case of irradiation in the presence of iminothiolane [27�

29]. A similar crosslink (in the presence of iminothiolane)

from the protein side was identified for the small subunit

of B. stearothermophilus ribosomes (M115 Bst7) [26, 27].

The second protein site includes the β�loop residue K75

located near 16S rRNA and capable of crosslinking with

C1378 in the presence of iminothiolane (Table 3) [29].

The two sites are distal relative to each other in the three�

dimensional protein structure.

The model of interaction shown in Fig. 4 was chosen

from possible orientations of two protein regions relative

to supposed sites of binding with ICR of mRNA. Since in

the case of direct UV irradiation of the small subunit,

U1240 of 16S rRNA was activated and crosslinked with

reactive M115 of S7 protein, it is highly probable that in

the case of direct UV irradiation of the binary complex

just the reactive M115 of S7 is crosslinked with U34 and

U35 in ICR of RNA [17]. Therefore, M115 of S7 on the

model of the binary complex is adjacent to U34 and U35

in the region of hairpin bifurcations (Fig. 4). The second

RNA–protein contact can be formed by region II of ICR

and β�loop of S7 protein. As seen in Fig. 4, there is very

Fig. 4. Proposed model of spatial structure of S7 protein complex

with EcoStr mRNA84. The structure of EcoS7 protein is taken

from PDB (code 1RSS) [21]. Nucleotides are approximated by

phosphorus atoms and shown by balls: black balls show two uri�

dine residues crosslinked to the protein (in the center of the

model) and four nucleotides of the Shine–Dalgarno sequence (at

the bottom). Arrows point to amino acids crosslinked to 16S

rRNA (Table 3). The three�dimensional structures are represent�

ed using the PyMOL program [24].

Distance in
Tth30S, Å

2.7

2.7 

3.2 

Reagent

UV

IT

IT

References

[26]

[28, 29]

[29]

Reagent
dimensions, Å

0

5

5

No. 

1

2*

3

Crosslink with 16S
rRNA/nucleotide

16S rRNA

U1240

C1378

Crosslink with S7
protein/amino acid

М115**

M115**

K75

Table 3. Correlation of data on X�ray of T. thermophilus ribosome 30S subunits and 16S rRNA–protein S7 crosslinks

obtained for 30S subunits of E. coli ribosomes in solution

Note: Distances between macromolecules and nucleotides/amino acids in structure of 30S subunit of T. thermophilus ribosomes (code PDB 1RSS

[21]) were estimated using Swiss PDB Viewer 3.7 program (http://au.expasy.org/spdbv/). Iminothiolane (IT) dimensions were determined

by models designed using ACD/ChemSketch (www.acdlabs.com) program.

* A similar crosslink was identified in the small subunit of B. stearothermophilus ribosomes (Met115 Bst7) [26, 27].

** In papers by Urlaub et al. [26�29] Met115 is designated as Met114.
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good steric correlation between two supposed contact

regions of the protein and RNA in the model of the bina�

ry complex. The possible existence of a second contact

between S7 protein and duplex II of mRNA explains the

absence of binding of the protein to mRNA73 with dele�

tion of this duplex.

Data on a possible role of the β�loop in S7 protein

functioning do not contradict the suggested hypothesis.

The spatial structure of TthS7 protein is homologous to

the spatial structure of the HU/IHF family of DNA�

binding proteins interacting with double�stranded DNA

region, namely to β�loop [21, 30]. Besides, chromosomal

deletion of a part of the R77�Y84 loop has no effect on

regulation of in vivo expression of the str operon [31],

whereas chromosomal deletion of the whole E73�E89

loop is lethal [32]; this points to functional significance of

the E73�S76 region, for instance, of RNA–protein con�

tact with K75.

The model agrees well with the mechanism proposed

in the previous section for inhibition by S7 protein of

coupled translation of two cistrons S12 and S7 by stabi�

lization of ICR structure, which can cause abortive termi�

nation of cistron S12 translation.

Analysis of binding of E. coli str mRNA ICR deletion
fragments to homologous protein r6hTthS7. The study of

properties of heterologous RNA–protein complexes is of

great interest because it makes it possible to compare a

series of data on the RNA�binding activity of a set of

homologous proteins from different sources. In such

approach the amino acid sequence variations allowed by

nature can be considered as an example of the protein’s

“natural mutagenesis” that, unlike directed mutagenesis,

excludes essential alterations in protein structure. The

drawback of such approach is also obvious—the variety of

protein structures is restricted by their presence in nature.

For heterologous complex the efficiency and specificity of

RNA–protein interaction is defined by the protein struc�

ture variations in the contact zone as well as by alteration

of the protein conformational mobility; the contribution

of enthalpy and entropy components to the apparent dis�

sociation constant is indicative of relative significance of

these factors.

There are only few data in the literature concerning

structure and properties of heterologous complexes. As to

RNA–protein interactions in a ribosome, Nomura et al.

showed already in their early works [33] the possibility of

in vitro heterologous assembly of ribosomes using r�pro�

teins and rRNA from different bacteria. Binary heterolo�

gous complexes are described for a number of r�proteins

such as L1 [34] and S7 [18, 19].

In this work isotherms of r6hTthS7 heterologous

binding to EcoStr mRNA fragments were obtained under

conditions identical to those for complexes with Eco16S

rRNA [11]. Binding isotherm linearization in Scatchard

coordinates is shown in Fig. 3d. The apparent dissocia�

tion constant (Kd app) values and RNA portion active for

protein binding are shown in Table 2. The following inter�

esting regularities are revealed upon comparison of these

parameters of homologous and heterologous complex

formation of homologous proteins from mesophilic and

thermophilic bacteria with the same series of str mRNA

deletion fragments of mesophilic bacteria.

First, heterologous binding of thermophilic protein

r6hTthS7 to E. coli ICR is only three times weaker than

homologous r6hEcoS7 binding to E. coli ICR (Table 2).

This means that the zone of RNA–protein contact is

conservative.

Second, despite distinctions in absolute Kd app values,

RNA�binding ability of the two proteins is similar with

regard to the series of str mRNA deletion fragments.

Thus, EcoStr mRNA73 is not able to bind both homolo�

gous proteins. Perhaps the RNA–protein interactions for

both homologous proteins can be described by the same

kind of model.

Third, for the whole series of fragments the fraction

of binding�competent RNA is much larger than for

mesophilic proteins. Probably just the structural stability

of thermophilic protein defines the efficiency of selection

of the RNA target conformation from the total confor�

mational landscape.

Design of single�center site in RNA for r6hTthS7 pro�
tein recognition. Detection of high potential for RNA–

protein binding in thermophilic protein r6hTthS7 raises

the following question: is it possible to design minimal

RNA for thermophilic protein, for instance, on the basis

of ICR having only one of the supposed recognition ele�

ment in the region of hairpin bifurcation? To answer this

question, a variant of a combinatorial method of selection

(Systematic Evolution of Ligands by EXponential enrich�

ment, SELEX) was used. The initial prototype of RNA

structure was preserved including a part of the supposed

conserved recognition site (III); five nucleotides of the

site, directly adjacent to the hairpin bifurcation region

(IV) and able to modulate protein binding (see below dis�

cussion of directed mutagenesis data), were randomized

(Fig. 2). This resulted in generation of an RNA fragment

mixture (RNA library), variations of base sequence of

which were limited by a small “window”. By analogy with

the name of general SELEX method, this variant of selec�

tion was called SERW (Selection of Random RNA

Window). A similar approach was successfully used previ�

ously for creation of RNA/DNA variants recognized by

different proteins (cf. [35]).

In both variants of RNA fragments (AG and AU

fragments), five nucleotides of the ICR double�stranded

region IV, (–53)AAACU(–49), were randomized; these

do not establish contacts with the proteins, but mutations

in them influence binding to S7 protein (shown in the

frame in Fig. 2, panel AG(AU)). To create the library,

PCR from DNA template was used; the central part of

this template was randomized, while the terminal

sequences corresponded to DNA primers, one of which
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contained a site of T7 promoter. An RNA library was

obtained by transcription and used in cyclic selection for

affinity to recombinant protein r6hTthS7.

A series of experiments was carried out for selection

of two RNA libraries for isolation of so�called serwamers

(from SERW), RNA fragments capable of efficient and

specific protein binding. In this case the use for selected

target products of the special term serwamer instead of

the common term aptamer is defined by the following

principal factor. In the case of the classical selection

method (SELEX), aptamers are selected from the

DNA/RNA library fragments in which base sequence is

absolutely accidental (fully randomized). In this case the

aptamer structure is defined and selected only by affinity

to the target. In the case of the DNA/RNA fragment

libraries having predetermined structure (or its frame�

work, prototype) and in which only a small region is ran�

domized, selection produces variants of predetermined

structures. In such cases it is necessary to use terminolo�

gy distinct from the classical one, like SERW and ser�

wamer, respectively.

SERW was carried out according to methods earlier

developed by us for a more complex selection variant

[16]. The library of radioactive RNA fragments was

obtained on DNA template using transcription by T7

RNA polymerase in the presence of α�[32P]rNTP. After

formation of a complex with recombinant protein,

r6hTthS7 RNA–protein complexes were isolated by sorp�

tion on nitrocellulose membranes. RNA fragments were

extracted from the membrane�bound complex, the

cDNA copy was obtained, transcribed as described earli�

er, and used for the next selection cycle.

Selection to r6hEco7 protein. For homologous selec�

tion of the AG fragment library to mesophilic recombi�

nant protein r6hEcoS7, two experiments were carried out

under different conditions. In both experiments (1 and 2,

Table 1) the buffer optimal for protein complex formation

with 16S rRNA [11, 16] was used: 20 mM Tris�HCl,

pH 7.6, 15 mM MgCl2, 200 mM NH4Cl, 4 mM mercap�

toethanol. The two selection variants differed by the ini�

tial protein/RNA ratio because at high protein/RNA

ratios serwamer losses are possible due to their extremely

low representation in the initial library. Ten cycles of

selection were carried out for each variant with gradual

increase in the so�called selection strictness—the pro�

tein/RNA ratio changed in the range from 2 : 1 to 1 : 200

(Table 1). In both cases affinity of enriched RNA fraction

to r6hEcoS7 protein did not change compared to the ini�

tial library.

Selection to r6hTthS7 protein. Due to significant

identity to EcoS7 protein, protein TthS7 is capable of

heterologous binding to fragments of EcoStr mRNA. And

mentioned above, despite insignificant loss in affinity,

thermophilic protein, unlike homologous mesophilic

protein, is able to bind a large part of the RNA fraction,

probably due to higher structural stability. These circum�

stances defined the choice of r6hTthS7 instead of

r6hEcoS7 for selection of serwamers from the RNA

library based on AG fragment. Conditions of complex

formation corresponded to those chosen earlier for

r6hTthS7 protein [11]. Ten selection cycles were carried

out with gradual increase in selection strictness (experi�

ment 3, Table 1). By the tenth cycle Kd app of the enriched

RNA fraction complex with r6hTthS7 protein was 87 ±

23 nM (Fig. 3).

The enriched library of the tenth cycle was cloned

into pUC19 vector; the inserts into vector DNA of indi�

vidual clones were sequenced. Seventy percent of the

clones (13 out of 18) had identical base sequence desig�

nated as SERW (Fig. 2). This serwamer bound r6hTthS7

with high affinity: Kd app = 89 ± 43 nM. It is interesting to

note that in addition to randomized region, other regions

of the serwamer RNA molecule changed as well: there

appeared insertion of two U after C(–63) and deletion of

U(–44) (the AG(AU) fragment, Fig. 2), i.e. mutations

emerged in constant regions of the molecule. Mutations

in the serwamer constant parts could be caused by differ�

ent factors. Mutations can be the result of errors of chem�

ical synthesis in the initial template DNA library; they

can emerge due to accidental errors upon nucleic acid

synthesis by polymerase with following selection due to

high affinity to ribosomal protein.

To determine the factors responsible for emergence

of mutations, two more selections were carried out to

choose serwamers to r6hTthS7 protein under very strict

conditions (Table 1) using two libraries—on the basis of

AG and AU fragments. A significant enrichment of both

libraries, comparable with results of the previous ten

cycles, was achieved already at the fourth selection cycle:

Kd app of complexes of obtained enriched RNA fractions

with r6hTthS7 protein were 89 ± 43 and 70 ± 21 nM for

libraries on the basis of AG and AU fragments, respec�

tively (Fig. 3 and Table 2). It appeared after cloning

cDNA fragments into vector and sequencing individual

clones of both libraries that the overwhelming majority of

serwamers contain the same mutations in constant parts

as the SERW serwamer from the first selection. Evidently

alterations emerging in the constant part of the serwamer

RNA upon selection do not depend on selection proper

but are due to formation of specific structures with

increased affinity to r6hTthS7 protein.

The proposed secondary structure of the obtained

serwamer is shown in Fig. 2 and designated as SERW.

Evidently mutations emerging upon selection can stabi�

lize secondary structure of region IV, which should stim�

ulate assembly of the hairpin bifurcation region and thus

of the recognition site for S7 protein. The most surprising

is the fact of coincidence of the character of found muta�

tions with those observed earlier upon selection of RNA

fragments of the complete (SERF) operon without any

randomization; in the last case the same ICR region IV

underwent mutation [16]. No doubt, such coincidence in
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the character of mutations emerging upon different selec�

tion variants is not accidental. Most likely, mutations are

necessary for creation of specific structural organization

of the RNA�binding site of S7 protein.

Thus, the site of S7 protein binding to str mRNA is a

small RNA hairpin in ICR that has two protein binding

centers, the region of hairpin bifurcation and double�

stranded region including the Shine–Dalgarno sequence

of cistron S7. In the presence of additional stabilizing

mutations interaction only with one binding site is possi�

ble, which is shown upon selection of RNA fragments for

affinity to the protein. The possibility of creation and

investigation of a set of RNA fragments for recognition by

one protein opens new opportunities for the search for

recognizable motifs in RNA.
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