
INTRODUCTION

Staphylococcus aureus is currently one of the most

common and dangerous pathogens. These gram-positive

bacteria cause many hospital- and community-acquired

diseases of the respiratory tract and skin in humans. The

main method of combating this pathogen is antibiotic

therapy, but its effectiveness is constantly reduced due to

the progressive resistance of staphylococci to the antibi-

otics used against them. There are cases of S. aureus

strains that have multiple resistance to different classes of

antibiotics, for example, methicillin-resistant S. aureus

(MRSA) [1-5].

A key element of all living cells that controls their

activity is the ribosome. The number of ribosomes and

their functionality determine the overall level of protein

synthesis at each stage of normal cell growth and under

stressful conditions [6]. The ribosome is a macromolecu-

lar RNA–protein complex, its assembly is a complicated

process that includes associated steps of biosynthesis of

rRNA and 30S and 50S proteins, their modifications, and

the correct folding and binding to each other. This

process is strictly conservative and is tightly regulated at

the level of rRNA molecules and depends on their abun-

dance in the cell. The formation of ribosomal subunits

also depends on the cell growth rate. Errors at the assem-

bly stages reduce the overall metabolic rate and can even

be fatal for microorganisms [7]. The assembly of the ribo-

some and its activity at various stages of life are regulated

by special protein factors, which can interrupt the func-

tion of the protein biosynthesis, turning it on and off.

Some factors are constantly active, whereas others are

activated only under stress [8]. One of such stress-activat-

ed factors is ribosome-binding factor A (RbfA). It is a

cold adaptation protein necessary for cell growth at low

temperatures (10-15°C). RbfA has a specific affinity to

30S (not to 70S) and is needed for its maturation: a factor

is required: a factor is required for efficient processing of

16S rRNA (contributing to the correct conformation of

the h1 helix). It is also assumed that RbfA is involved in

stabilization of the small subunit even after maturation of

16S rRNA, interacting with its 5′-end. RbfA-deficient
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Escherichia coli strain demonstrate a decrease of active

70S ribosomes (so an increase in the number of individual

subunits), as well as an increase in the number of precur-

sor 16S rRNA molecules (17S rRNA). Proteins of the

RbfA family are found in most eubacteria and archaebac-

teria, as well as in plant chloroplasts and mitochondria of

higher organisms including humans. RbfA from S. aureus

is a small protein consisting of about 115 amino acid

residues with molecular weight ∼14 kDa [9-13].

Biogenesis of ribosomes is one of the most funda-

mental processes in all living organisms. The study of par-

ticular details of the assembly of ribosomes and their sub-

units in the human pathogen S. aureus will provide more

information about this complex process as a whole, and it

will also teach more about how the ribosome itself func-

tions. The study of the structure of the S. aureus

30S–RbfA complex will demonstrate the localization of

the factor on the subunit and describe the mechanism of

its binding, i.e. will allow better understanding the stages

of maturation of the small subunit and the formation of

the translation initiation complex.

Cryo-electron microscopy today, along with nuclear

magnetic resonance spectroscopy and X-ray diffraction

analysis, is one of the most informative methods in

molecular and structural biology. It is possible to obtain

resolution above 2 Å by this method. The main feature of

this type of microscopy is that macromolecules are fixed

in their native shape due to instant freezing in liquid

ethane or a mixture of ethane and propane [14-17].

With the development of cryo-electron microscopy,

the spectrum of ribosomal complex structural studies,

including that of bacterial ribosomes, has expanded sig-

nificantly [18-21]. These studies have shown that, despite

the structural homology of the ribosomes of various bac-

teria, their optimum ionic conditions, and the concentra-

tion of Mg2+ ions to maintain proper in vitro conforma-

tion are different. This is especially true for individual iso-

lated ribosomal subunits, which in the absence of stabiliz-

ing contacts between subunits (intersubunit bridges) are

the most susceptible to structural distortions, especially at

the interface. At the same time, the small subunit is the

most fragile, and it is often deformed in the neck that sup-

ports the orientation of the subunit head relative to the

body. Such mobility of the subunit introduces not only

distortions into the final structure, but also significantly

increases the heterogeneity of the sample. Thus, the

selection of the optimal conditions for purification and

stabilization of the 30S subunits and the 30S–RbfA com-

plex is a necessary and important requirement for prepar-

ing samples for structural analysis.

In this article, we present an optimized method for

the reconstitution and purification of the complex of

S. aureus RbfA factor and 30S ribosomal subunit for fur-

ther analysis by cryo-electron microscope. Samples of

high purity S. aureus RbfA and small subunits were

obtained, then we induced their binding and their addi-

tional purification by NiNTA pull-down assay to increase

the proportion of the 30S subunits associated with RbfA

in the final sample. This technique can be further applied

to a variety of proteins that bind to the small subunit of

the S. aureus ribosome.

MATERIALS AND METHODS

Materials. In this work we used isopropyl-β-D-1-

thiogalactopyranoside (IPTG), spermidine, kanamycin,

chloramphenicol (Euromidex, France); LB, LB agar

(Invitrogen, USA); a cocktail of protease inhibitors

(Roche, Switzerland); Superflow NiNTA resin (QIAGEN,

Germany); and bovine serum albumin (BSA) (Helicon,

Russia). Other chemical reagents were classified as ana-

lytical grade, reagent grade, or special purity grade.

Preparing S. aureus RbfA. The S. aureus RbfA gene

was amplified from chromosomal DNA with the insertion

of restriction sites NdeI and HindIII. The following spe-

cific forward (5′-TTTTTTCATATGAGCAGTATGA-

GAGCAGAGCG-3′) and reverse (5′-TTTTTTAAGCT-

TATCTATCTTGTTTGTGTAAATCTTGAATCA-3′)

primers (Eurogen, Russia) were used. The temperature

mode of the polymerase chain reaction (PCR), as well as

the composition of the reaction mixture was selected in

accordance with the melting temperature of the primers

(59°C) and according to the protocol of the commercial

PCR enzyme Phusion Green High-Fidelity DNA

Polymerase. Restriction of PCR fragments and pET28a

plasmid with appropriate enzymes and purification of

DNA components and their ligation were performed

according to the protocols of commercial enzymes NdeI

and HindIII, and the GeneJET Gel Extraction Kit and

the T4 DNA Ligase Kit. Then the ligase mixture was

transformed into E. coli strain DH5α and the vector was

purified using a commercial GeneJET Plasmid MiniPrep

kit. As a result, we obtained the vector RbfA_Sa ::

pET28a carrying the rbfA gene with a six-histidine tag at

the N-terminus (His-tag) under the control of the LacIq

promoter. At all stages of cloning, enzymes and commer-

cial kits manufactured by Thermo Fisher Scientific were

used.

Protein expression was performed in E. coli BL21

strain (DE3, pLysS) on selective rich nutrient LB medi-

um containing kanamycin and chloramphenicol. The

cells were grown at 37°C with shaking at the rate of

180 rpm using an Inforse HT shaker incubator (Inforse,

Germany). At optical density OD600 = 0.6, the expression

of the RbfA was induced by adding IPTG to a final con-

centration of 1 mM. Expression was carried out for 6 h at

the temperature of 30°C and shaking rate of 180 rpm.

Then cells were collected by centrifugation (Beckman,

USA), the pellet was frozen and stored at –20°C.

The cells were disrupted in basic lysis buffer 1 (see

composition below) by endogenous T7 lysozyme (pLysS)
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and sonication with a HD2070 ultrasonic homogenizer

(Bandelin, Germany) in the presence of protease

inhibitor cocktail, including metalloproteases. Cell debris

was pelleted by centrifugation at 25,000g for 30 minutes

and 100,000g for 45 minutes using an Avanti JXN-26 (JA-

25.50 rotor) and an Optima XPN (45Ti rotor) centrifuges

(Beckman Coulter, USA), respectively.

RbfA purification. Purification of RbfA from result-

ing supernatant was performed sequentially by metal

chelate affinity chromatography and gel filtration. Metal

chelate chromatography on NiNTA resin was carried out

in buffer 1 (20 mM Tris-HCl, pH 7.6, 0.5 M NH4Cl,

1 mM DTT), including intermediate steps of salt wash in

buffer 2 (20 mM Tris-HCl (pH 7.6), 1 M NH4Cl, 1 mM

DTT), low imidazole wash in buffer 3 (20 mm Tris-HCl

(pH 7.6), 0.5 M NH4Cl, 20 mM imidazole, 1 mM DTT)

followed by elution in buffer 4 (20 mM Tris-HCl

(pH 7.6), 0.5 M NH4Cl, 0.3 M imidazole, 1 mM DTT).

Then, protein was precipitated by ammonium sulfate

(80%, w/v) [22].

Gel filtration was performed using an NGC Discover

chromatographic system (BioRad, USA) in buffer con-

taining 50 mM sodium phosphate (pH 6.8) and 0.25 M

NH4Cl. The purity of the sample was evaluated by poly-

acrylamide gel electrophoresis under denaturing condi-

tions (SDS-PAGE) in pH 8.3 Tris-glycine buffer solution

(25 mM Tris basic, 250 mM glycine, 0.1% sodium dode-

cyl sulfate (w/v)) at 20°C and operating voltage 140 V.

Purification of 70S ribosomes. Ribosomes of

S. aureus were isolated according to a previously pub-

lished protocol [23]. 30S subunits were obtained by disso-

ciation of 70S ribosomes in a sucrose gradient (0-30%) in

buffer D (30 mM NH4Cl, 1 mM MgOAc, 10 mM Hepes-

K (pH 7.5), 1 mM DTT) on an Optima XPN-80 ultra-

centrifuge (Beckman Coulter) with SW28 rotor at

20,550 rpm for 16 h at 4°C. Gradient fractions containing

small ribosome subunits were pooled and concentrated

using Amicon Ultra spin centricons (Merck Millipore,

Ireland; pore size 100 kDa) with buffer exchange to buffer

G (10 mM NH4Cl, 10 mM MgOAc, 10 mM Hepes-K

(pH 7.5), 50 mM KCl, 1 mM DTT, 2.5 mM spermidine).

The purity of ribosomes and subunits was also evaluated

by SDS-PAGE (conditions were similar to analysis of

samples after gel filtration) and ethidium bromide agarose

gel electrophoresis (0.8% agarose gel (w/v), TBE buffer

(pH 8.0) with 89 mM Tris basic, 89 mM boric acid, 2 mM

EDTA, 0.5 µg/ml ethidium bromide (w/v), at 20°C with

operating voltage 180 V.

Reconstitution and purification of 30S–RbfA com-

plex. Ten microliters (10 µl) of different concentrations of

RbfA in phosphate buffer after gel filtration were added to

90 µl of a mixture of 30S subunits in buffer G so that the

30S/RbfA ratio was 1/1, 1/5, and 1/10. The reaction mix-

ture was incubated for 40 minutes at 37°C.

To purify the 30S–RbfA complex from unbound 30S

subunits, the mixture was subjected to NiNTA chro-

matography in the reconstitution buffer. The volume of

the NiNTA resin was equal to the volume of the reaction

mixture (100 µl). After sample loading, the NiNTA resin

was washed with 10 column volumes of buffer G. The col-

umn was eluted step-wise with 3 column volumes of each

elution buffer containing 100, 150, and 200 mM imida-

zole. As a control, we used free 30S subunits. Washing and

elution stages were similar to the experiment with the

complex.

The first five, the 10th, and the 20th washing frac-

tions and the first six elution fractions were selected for

further analysis. The fraction volume was 50 µl. The

absorption of the selected fractions was analyzed at wave-

lengths of 260 nm and 280 nm (absorption maxima of

nucleic acids and proteins, respectively). Also, these frac-

tions were investigated using protein SDS-PAGE and

nucleic acid electrophoresis in an agarose gel in the pres-

ence of ethidium bromide. The conditions of elec-

trophoretic studies were similar to those described previ-

ously in the analysis of protein samples after gel filtration

and subunits after dissociation of ribosomes. Fractions

containing the complex were immediately frozen in liquid

nitrogen and stored at –80°C. Samples should be trans-

ported at low temperatures in dry ice. The samples should

be defrosted immediately before the cryo-microscopic

studies.

Western blot. For additional qualitative identification

of RbfA in a sample of the complex after NiNTA purifi-

cation, we used Western-blot analysis of the elution frac-

tion with the maximum optical absorption value using a

commercial set of secondary chemiluminescent antibod-

ies to the His-tag (HisProbeTM-HRP; Thermo

Scientific, USA) containing reagent and substrate solu-

tions for the chemiluminescent enzymatic reaction.

Western blot was performed according to the protocol of

the commercial kit at room temperature. SDS-PAGE

analysis of the elution fractions as well as of free 30S sub-

units and purified RbfA was performed as described

above. Proteins were transferred from a 15% PAGE gel to

a polyvinylidene fluoride membrane (PVDF, 0.45 µm,

BioRad) in transfer buffer (25 mM Tris-HCl (pH 8.3),

190 mM glycine, and 20% methanol (v/v)) on a Trans-

blot SEMI-DRY transfer blot system device (BioRad) at

17 V for 40 min. Nonspecific binding was blocked in a

20% solution of BSA (w/v) in TBST buffer (25 mM Tris-

HCl (pH 7.2), 150 mM NaCl, and 0.05% (w/v) Tween

20) upon swinging for 1 h. The membrane was washed

twice in TBST buffer, incubated with antibodies with agi-

tation for 1 h, and washed once more in TBST. Then the

protein-bound antibodies were activated by mixing the

substrate and reagent of the chemiluminescent reaction

(1/1). The luminescence of antibodies bound to the

recombinant RbfA His-tag was detected using an MP

ChemiDoc gel documentation system (BioRad).

Evaluation of the quality of the 30S–RbfA complex

sample. The quality of the 30S–RbfA complex sample was
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evaluated using a Titan Krios electron microscope (Thermo

Fisher) at the Institute of Genetics, Molecular and Cellular

Biology (Strasbourg, France). After thawing on ice, the

sample was applied onto a carbon-coated grid using a

Vitrobot device (FEI Company/Thermo Fisher, USA) at

4°C and 100% relative humidity. After soaking for 30 s, the

grid was frozen in liquid ethane. A Falcon 3 detector (FEI

Company/Thermo Fisher) was used at 75,000 magnifica-

tion (corresponding to a physical pixel size of 0.85 Å/pix)

with defocus of 3 µm and total dose 60 e/Å2.

Binding of RbfA to the large ribosome subunit. To

confirm the specificity of binding of RbfA to the small

ribosomal subunit, we performed binding of RbfA to the

large subunit. The conditions for this binding (50S/RbfA =

1/10), as well as the analysis of samples after NiNTA

purification, were identical to binding RbfA to 30S.

Elution was performed at 100 mM imidazole concentra-

tion. As a control, the free 50S subunits were loaded on

NiNTA resin. The washing and elution were carried out

identically to the experiment with the complex. Samples

obtained after elution were analyzed by SDS-PAGE.

RESULT AND DISCUSSIONS

To prepare the 30S–RbfA complex we used the fol-

lowing strategy: a mixture of 30S subunits and purified

RbfA was incubated in vitro at physiologically normal

temperature for S. aureus (37°C) in buffer G, which has

the optimal composition for ribosomes. The molar ratios

of 30S subunits to RbfA molecules were 1/1, 1/5, and

1/10.

The total volume of the reaction mixture was 100 µl.

The stability of the small ribosome subunit depends

strongly on the buffer conditions, namely, the concentra-

tion of Mg2+ in the solution. When RbfA in phosphate

buffer is added to 30S subunits, the buffer G in which they

are located is diluted; accordingly, the concentration of

Mg2+ in the volume decreases. Dilution of the total vol-

ume of the reaction mixture by 10% or less is not critical

for the stability of the ribosome subunit [24]. Therefore,

we added 10 µl of a solution of RbfA in phosphate buffer

to 90 µl of 30S subunits in buffer G.

According to published data [9], RbfA binds to the

30S subunit in the region of the decoding center, and the

C-terminal end of the protein molecule binds to the core

of the subunit. The His-tag binding to the NiNTA resin is

located at the N-terminus of the factor. Thus, in theory,

RbfA should bind to the NiNTA resin with its N-termi-

nus, while retaining the C-terminus to bind the ribosome

subunit. This makes it possible to purify the sample of the

30S–RbfA complex from subunits that did not bind to the

factor using the NiNTA resin. As a control experiment,

free 30S subunits were loaded on the resin, and they were

washed and eluted identically to the experiment with the

complex.

The first five, the 10th, and the 20th fractions of the

wash, as well as the first six fractions of each elution, were

selected to measure their absorption at wavelengths

260 nm and 280 nm (Fig. 1). The presence of the complex

or individual components in the fractions was determined

qualitatively: absorption at 260 nm and 280 nm indicated

the presence of 16S rRNA and the protein factor. The

presence of ribosomal proteins and RbfA was also con-

firmed by SDS-PAGE, and the presence of the small sub-

units (16S rRNA) was confirmed by agarose electrophore-

sis with ethidium bromide (Fig. 2 and 3). As controls,

purified RbfA and free small ribosome subunits were used.

Figure 1 a-c shows that more than half of the 30S

subunits did not bind to the RbfA (W1-W20). It is possi-

ble that not all native 30S subunits are able to bind to the

factor, or these subunits are damaged and lose their abili-

ty to bind. Free 30S subunits also did not bind to the resin

in the control experiment (Fig. 1d). Thus, purification of

the 30S–RbfA complex by NiNTA allowed us to purify

the sample from subunits not bound with RbfA and there-

by significantly increase the homogeneity of the sample

before analysis by cryo-electron microscopy.

We found that 100 mM imidazole concentration is

sufficient for elution of the complex. Using a minimally

sufficient concentration of imidazole provides maximum

yield of the sample under conditions close to optimal, as

well as reducing the risk of additional artifacts and noise

on electron micrographs [25]. The greatest amount of the

complex is observed in elution fraction E2 with a tenfold

excess of RbfA. We used this ratio for subsequent struc-

tural studies. For other ratios we tested, the total yield of

the complex was ~20% less. Higher 30S/RbfA ratios were

not analyzed.

For analysis using electrophoresis methods fractions

of the complex reconstituted at molar ratio 1/5 of 30S

subunits to RbfA factor were taken. Electropherograms

are shown in Figs. 2 and 3, and the data of these figures

are correlated with the data presented in Fig. 1. They

confirm the reconstitution of the complex. Some frac-

tions of washing (W), elution (E), as well as separately

free 30S subunits and purified RbfA as controls were sub-

jected to SDS-PAGE and agarose gels analyses.

In the first washing fractions, we see the presence of

ribosomal proteins on SDS-PAGE and 16S rRNA on

agarose gel (the location of the stained protein spots and

the fluorescence under ultraviolet light coincide with the

30S and RbfA controls). The last washing fraction does

not contain proteins or rRNA. In the first elution frac-

tions we again observe the presence of ribosomal proteins

and RbfA on PAGE and 16S rRNA on an agarose gel, this

showing that the 30S–RbfA complex was bound to the

NiNTA resin. The majority of the complex eluted in the

first two fractions. In the E4 fraction on SDS-PAGE

(Fig. 2), the presence of only the RbfA protein is

observed, which was in excess compared to the ribosome

subunits.
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For additional identification of RbfA in the prepared

30S–RbfA complex a Western blot of the elution fraction

with the highest concentration of the sample (E2) was

performed. We used commercial secondary chemilumi-

nescent antibodies specific for the histidine tag. The only

component of our system that has a His-tag is the recom-

binant RbfA. Figure 4a shows the results of SDS-PAGE

of the E2 fraction and control samples – free 30S subunits

and RbfA (the gel was stained using Coomassie dye after

the protein was transferred to the membrane using the

Laemmli protocol [26]).

We see the presence of ribosomal proteins in elution

fraction E2, the profile being similar to the control sam-

ple of free small subunits. The protein was transferred to

a PVDF membrane from this gel. Visualization of the

membrane showed emission, which indicates the binding

of the antibody to the RbfA with the His-tag. In Figure

4b, we see the presence of protein in the control RbfA

sample and in the sample of the 30S–RbfA complex,

while in the control 30S sample there is nothing. The

molecular weights of RbfA in the control and complex are

the same. We confirm the presence of RbfA protein in the

complex.

It can be assumed that the binding of RbfA to the

30S subunit is caused by nonspecific interaction of the

RbfA protein with rRNA. To confirm the specificity of

binding of RbfA to the small subunit, the reconstitution

and purification experiment described above was repeat-
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Fig. 1. Optical absorption at 260 nm (1) and 280 nm (2) of NiNTA purification fractions of the 30S–RbfA complex at ratio of 30S/RbfA =

1/1 (a), 1/5 (b), and 1/10 (c) and free 30S ribosomal subunits (d). W1-W20), washing fractions; E1-E6), elution fractions at 100 mM,

150 mM, and 200 mM imidazole.
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Fig. 2. SDS-PAGE of fractions after NiNTA purification of the

30S–RbfA complex (30S/RbfA = 1/5). Lanes: 1) protein ladder;

2-4) washing fractions W1, W2, and W20; 5) RbfA control; 6) 30S

control; 7-10) elution fractions E1-E4 with 100 mM imidazole.
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ed, but instead of 30S subunits with RbfA, 50S subunits

were incubated (50S/RbfA = 1/10). Elution from NiNTA

was carried out with 100 mM imidazole. As a control for

this experiment, free 50S were applied on the NiNTA

resin and eluted under similar conditions.

Absorbance values were determined at 260 nm and

280 nm for washing fractions W1-W20 and elution frac-

tions E1-E6. The washing fractions W1, W3, W5, and

W20, as well as the elution fractions with the highest con-

centration of sample (E1-E3), were studied using SDS-

PAGE (Fig. 5a). After applying the free 50S subunits to

the NiNTA, the same fractions of washing and elution

were analyzed by electrophoresis as in the mixture with

RbfA (Fig. 5b).

On the gels shown in Fig. 5 a and b, we see the

absence of 50S subunit proteins in the elution fractions

E1-E3 both in the experiment with RbfA and in the

experiment with free subunits. In the experiment with the

RbfA, it is seen that RbfA binds to the NiNTA resin and

is washed away from it during elution. 50S subunits are

found only in washing fractions (W). We conclude that

50S subunits do not bind to either the NiNTA or the

RbfA, i.e., RbfA has an affinity for the 30S subunit. The

RbfA specifically binds to the components of the small

subunit.

Figure 6 shows an electron micrograph of a sample

of the 30S–RbfA complex after purification by NiNTA.

Basically, one can notice the individual 30S subunits.

There are also a number of subunit aggregates. The

homogeneity of the sample allows further data collection.

The size of the subunits coincides with data presented in

the literature [27] and is about 15 × 20 nm. The presence

of the RbfA on the 30S subunit, its structure and localiza-

tion, as well as the total proportion of subunits bound to

the protein, can be determined only after processing and

systematization of the data set.

The results presented above indicate that a complex

of RbfA and the 30S ribosome subunit was obtained and

purified for further structural studies using cryo-electron

microscopy.

Purified ribosome-binding factor RbfA and the 30S

small subunits of S. aureus ribosomes were prepared.

Then, the 30S–RbfA macromolecular complex was

reconstituted, the conditions for its additional purifica-

tion were optimized, the purification itself was carried

Fig. 3. Electrophoretic analysis in agarose gel in the presence of

ethidium bromide of fractions after NiNTA purification of the

30S–RbfA complex (30S/RbfA = 1/5). Lanes: 1-2) washing frac-

tions W1, W20; 3) 30S control; 4) RbfA control; 5-8) elution frac-

tions E1-E4 with 100 mM imidazole.

a b

kDa kDa

35

25

15

35

25

15

Fig. 4. Western blot analysis of the 30S–RbfA complex after NiNTA purification: polyacrylamide gel (a); PVDF membrane after binding to

antibodies and their activation (b). Lanes: 1) protein ladder; 2) 30S control; 3) 30S–RbfA complex (elution fraction E2); 4) RbfA control.
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out, and the sample was characterized and correctly

frozen for further studies. A preliminary visual micro-

scopic assessment of the quality of the sample was also

carried out. Thus, a sample of the 30S–RbfA complex of

S. aureus has obtained for structural studies using cryo-

electron microscopy.
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