
Cold shock domain proteins (CSDPs) are widely

spread among pro- and eukaryotic organisms [1].

Bacterial CSDPs consist only of the cold shock domains

(CSDs) of about 69-74 a.a. and include short conserved

RNP1 (6 a.a.) and RNP2 (5 a.a.) motifs that determine

their ability to bind nucleic acids. Bacterial CSDPs are

involved in the regulation of transcription and translation

and can function as RNA chaperones [2-4].

Participation of CSDPs in the transcription and

translation in animals and plants has been confirmed by

numerous experimental data [5-7]. Lin28 protein that

contains CSD in the N-terminal part and two CCHC-

type zinc fingers (ZnFs) in the C-terminal part [8] is the

closest to plant CSDPs in terms of structure. Its most

studied molecular function in animal cells is inhibition of

processing of the let-7 microRNA precursor [9] due to the

ability of Lin28 to melt the hairpin structure of pre-let-7

[10].

CSDPs have been shown to participate in the molec-

ular mechanisms providing plant resistance to abiotic

stress [11] and regulation of plant development [12]. All

plant CSDPs contain CSDs in the N-terminal parts of

their molecules, while their C-terminal parts consist of

several (from 1 to 7) CCHC-type ZnFs separated by

glycine-rich regions. Genes coding CSDPs were found in

the genomes of mono- and dicotyledons [11, 13].

The first plant CSDP was isolated from wheat

(WCSP1) that had the CSD at the N-terminus and a

glycine-rich region with three ZnF motifs at the C-termi-

nus [14]. Later, three other CSDPs were found in wheat:

WCSP2 with two ZnFs, WCSP3 with three ZnFs, and

WCSP4 with four ZnFs [15]. There are two CSDPs in

rice – OsCSP1 and OsCSP2 [16] that contain the CSDs

and two or four ZnFs separated by glycine-rich regions.

The genome of Arabidopsis thaliana has four genes coding
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with RNA is determined by their C-terminal fragments. All three proteins exhibited high affinity to the single-stranded

regions over four nucleotides long within RNA oligonucleotides. The presence of guanine in the single- or double-stranded

regions was crucial for the interaction with CSDPs. Complementation test using E. coli BX04 cells lacking four cold shock

protein genes (∆cspA, ∆cspB, ∆cspE, ∆cspG) revealed that the specific binding of plant CSDPs with RNA is determined by
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for CSDPs [17]: two “long” genes – AtCSP1 and AtCSP3,

with seven ZnFs each, and two “short” genes – AtCSP2

and AtCSP4, with two ZnFs each. The genome of the

extremophyte Eutrema salsugineum (close relative of A.

thaliana) also contains four genes coding for two “long”

CSDPs (EsCSDP1 and EsCSDP3 with six and seven

ZnFs, respectively) and two “short” CSDPs (EsCSDP2

and EsCSDP4 with two ZnFs each) [18]. Turnip (Brassica

rapa) has five CSDPs: two “short” with two ZnFs and

three “long” – one with six ZnFs and two with seven

ZnFs each [19].

It is believed that the function of CSDPs in plants is

related to their RNA chaperone activity [11] including

the ability to melt secondary structures of RNA and DNA

confirmed in vivo and in vitro experiments [20-22]. As

demonstrated in in vitro experiments, plant CSDPs have

preference to single-stranded DNA fragments and their

RNA chaperone and RNA- and DNA-melting activities

are provided by the CSDP nonspecific interactions with

RNA and DNA [23]. Identification of more than 6000

mRNAs co-immunoprecipitating with AtCSP1 from the

lysate of A. thaliana leaves [24] also suggests considerable

nonspecific RNA binding by plant CSDPs. Similar

results were obtained for the Lin28 protein [25], which

together with other data, point out the pleotropic mecha-

nism of Lin28 action in animal cells that is realized via

both specific interaction with pre-let-7 microRNA and

nonspecific interactions with a large number of various

RNA molecules.

So far, no specific RNA targets for plant CSDPs have

been found; however, because of the structural similarity

of CSDPs to the Lin28 protein their existence is quite

probable. The molecules of plant CSDPs have several

nucleic acid-binding sites, such as RNP1 and RNP2

motifs of the CSD in the N-terminal part and 2 to 7 ZnF

motifs in the C-terminal part. The aim of this work was to

reveal the contribution of the N- and C-terminal regions

of E. salsugineum CSDPs to the nonspecific and specific

RNA binding.

MATERIALS AND METHODS

Expression of recombinant proteins. Recombinant

proteins EsCSDP1-3 and their fragments were purified

using the HaloTag technology (Promega, USA) as

described earlier [23]. The nucleotide sequence coding

for the HaloTag protein and the linker with the TEV pro-

tease cleavage site were amplified from the pFC20K

HaloTag® T7 SP6 Flexi® plasmid (Promega). The

amplified HaloTag gene was cloned into the pET28a+

vector (Novagen, UK) using the NcoI and XhoI restric-

tion sites. The nucleotide sequences for EsCSDP1-3,

EsCSD1-3, EsZnF1, and CspA were amplified from the

genomic DNA. The amplified DNA fragments were

cloned in the pET28a+ vector using the NcoI and EcoRI

restriction sites. To generate a construct coding for the

mutant EsCSDP3m protein, we used synthetic DNA

sequence bearing point mutations in the CSD (W16A,

F25A, F36A) and ZnF motif (C95A, C127A, C157A,

C191A, C222A, C250A, C277A) that affected the nucle-

ic acid-binding activity of the CSDPs. The EsCSDP3m

mutant gene was synthesized by the ATG Service Gene

(Russia). All obtained genetic constructs were verified by

sequencing and used to transform Escherichia coli BL21

cells.

The recombinant proteins were expressed and puri-

fied using the HaloTag Protein Purification Kit

(Promega) according to the manufacturer’s instructions.

The proteins were purified from 50 ml of the overnight

E. coli culture. The sonicated lysate was centrifuged for

30 min at 10,000g, and the supernatant was incubated

with 1 ml of HaloLink resin (Promega) at room tempera-

ture for 1 h with continuous mixing. HaloLink resin with

the bound recombinant protein was washed with the fol-

lowing buffers: 1) buffer 1 (50 mM HEPES, pH 7.5,

150 mM NaCl, 1 mM DTT, 10 µM ZnSO4); 2) buffer 2

(50 mM HEPES, pH 7.5, 0.5 M NaCl, 1 mM DTT,

10 µM ZnSO4); 3) buffer 1 containing 2 mM ATP and

10 mM MgSO4; 4) buffer 1 (4 times). The recombinant

proteins covalently bound to the HaloTag resin were

recovered using TEV protease (Promega) according to the

manufacturer’s instructions. The purified proteins were

frozen in liquid nitrogen and stored at –70°C. Protein

concentration was determined by the Bradford method.

The obtained recombinant proteins were over 90% pure

according to Laemmli’s SDS-PAGE (Fig. 1).

Measurement of fluorescence anisotropy. Interaction

of CSDPs with RNA was studied by measuring the fluo-

rescence anisotropy upon binding of these proteins with

fluorescently labelled RNA oligonucleotides [26].

RNA oligonucleotides labeled by the 5′-end with

6-carboxy-rhodamine (R6G) were synthesized by Sintol

(Russia). Before the assay, fluorescently labelled and

complementary oligonucleotides were mixed in buffer 1

at a 1 : 2 ratio, incubated for 5 min at 95°C, and trans-

ferred to ice. Fluorescence anisotropy was measured at

526/555 nm using an LS55 fluorimeter (Perkin Elmer,

USA) equipped with a temperature-controlled cuvette

holder connected to a water thermostat. Protein sample

in the buffer 1 supplemented with 10% glycerol was added

into a 100-µl cuvette with the optical path length of

10 mm, and then the oligonucleotides were added to a

final concentration of 50 nM. The resulting solution was

mixed and incubated for 2 min, and fluorescence

anisotropy was measured (average of 10 consecutive

measurements was recorded). Kd was calculated using the

Sigmaplot 12 software. All measurements were done in

triplicate; all obtained values are expressed as mean ±

S.E.

Growth complementation of E. coli BX04 cells.

Genetic constructs for studying growth complementation
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in bacterial cells were obtained using the pINIII vector

[27]. Genes coding for EsCSD1-3 and AtCSD1-3 were

amplified by PCR from the E. salsugineum and A. thaliana

cDNAs, respectively, and cloned into the pINIII vector

using the BamH1 and Nde1 restriction sites.

The constructs coding for chimeric CSDs consisting

of a combination of fragments of CSDs from EsCSD1

and EsCSD3 were also generated. The CSDs were divid-

ed into three fragments: N-fragment (from the N-termi-

nus to the RNP1 motif, 21 a.a.), M-fragment (from the

beginning of RNP1 to the end of RNP2 motif, 19 a.a.)

and C-fragment (from the RNP2 motif to the end of the

domain, 37 a.a.) (Fig. 2a). These fragments were com-

bined with each other in all possible ways, generating six

different variants of chimeric domains (Fig. 2b).

The nucleotide sequences of chimeric domains were

amplified by two sequential PCRs. First, the N-, M- and

C-fragments with overlapping sequences were amplified

separately. In the second PCR, the nucleotide sequences

encoding full-size chimeric domains were amplified using

the flanking primers. The amplified sequences were

cloned into the pINIII vector and verified by sequencing.

Sequences of the primers used for the amplification are

listed in the table.

Escherichia coli BX04 cells lacking four CSDP genes

(∆cspA, ∆cspB, ∆cspE, ∆cspG) were transformed with the

obtained genetic constructs and grown in liquid LB medi-

um supplemented with ampicillin (0.2 mg/ml) and

kanamycin (0.05 mg/ml) to the optical density OD550 = 0.8.

Then, 7 µl of the bacterial culture (10–1-10–6 dilutions)

was spotted onto LB agar plates supplemented with ampi-

cillin (0.2 mg/ml), kanamycin (0.05 mg/ml), and IPTG

(0.2 mmol/ml). The plates were incubated at 17°C for 5

days in the darkness. The control samples were incubated

at 37°C overnight. Escherichia coli BX04 cells trans-

formed with the pINIII vector were used as a negative

Fig. 1. Proteins purified from the E. coli lysate and separated by SDS-PAGE: 1) EsCSDP1; 2) EsCSDP2; 3) EsCSD1; 4) C-terminal part of

EsCSDP1; 5) EsCSDP3; 6) EsCSDPm; 7) EsCSD3.

Primers used for amplification of sequences coding for chimeric CSDs

Nucleotide sequence

5'-GTC AAT TGG TTC AAC GAT TCT AAA GGC TAT GGT TTC ATT AC-3'

5'-GTT AAT TGG TTT AGC GAT GGC AAG GGA TAT GGT TTC ATC AC-3'

5'-GTA ATG AAA CCA TAG CCT TTA GAA TCG TTG AAC CAA TTG AC-3'

5'-GTG ATG AAA CCA TAT CCC TTG CCA TCG CTA AAC CAA TTA AC-3'

5'-GAA GAG CTT TTC GTT CAT CAA TCT TCG ATC GTC TCC GAT GGT-3'

5'-GAT GAG CTT TTC GTT CAT CAG TCC GCA ATC CTC TCC GAA GGT-3'

5'-ACC ATC GGA GAC GAT CGA AGA TTG ATG AAC GAA AAG CTC TTC-3'

5'-ACC TTC GGA GAG GAT TGC GGA CTG ATG AAC GAA AAG CTC ATC-3'

Primer

F N1M3

F N3M1

R N1M3

R N3M1 

F M1C3

F M3C1

R M1C3

R M3C1
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control. As a positive control, we used cells carrying the

CspA gene coding for the main E. coli cold shock protein

whose overexpression leads to the restoration of growth of

E. coli BX04 cells at low temperatures.

RESULTS

In order to compare the affinity of EsCSDPs to sin-

gle- and double-stranded RNA fragments, we synthesized

a set of fluorescently labelled RNA oligonucleotides

(Fig. 3). Each oligonucleotide consisted of a 7-nucleotide

fragment (shown in bold) fused to a degenerate

nucleotide sequence of different length (shown in light

grey) and the oligonucleotide complementary to the

7-nucleotide fragment (underlined). The random

sequence of the 7-nucleotide fragment was generated

with the NUPACK software (http://www.nupack.org).

The affinity of the EsCSDP1-3 proteins and the

EsCSDP3m mutant protein to the RIF0-8 nucleotides

a

b

Fig. 2. a) Alignment of amino acid sequences of the CSDs from EsCSDP1 and EsCSDP3: RNP1 and RNP2 motifs are shown in frames;

b) effect of chimeric CSDs obtained by combining EsCSD1 and EsCSD3 fragments on the growth of mutant E. coli BX04 cells at 17°C (dilu-

tions of bacterial cell culture are shown above the images of bacterial clones).
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was analyzed by measuring an increase in the fluores-

cence anisotropy upon protein binding to the correspon-

ding RNA structure. Figure 4 shows that EsCSDP3m

exhibited no RNA-binding activity, whereas addition of

any of the three EsCSDPs to RIF8 (Fig. 4a) or RIF0

(Fig. 4b) led to the increase in fluorescence anisotropy.

The Kd values calculated from our experimental data

are presented in Figs. 4 and 5. Since the increase in the

anisotropy of RIF0 did not reach the plateau within the

range of used protein concentrations (especially with

EsCSDP2), to calculate Kd we used the maximal

anisotropy increase value determined for the binding of

EsCSDP1-3 to RIF8. Figure 4 shows that for all the three

proteins, the Kd values of RIF0 binding (Fig. 4b) was

much higher than those observed for RIF8 binding (Fig.

4a). This fact indicates that the affinity of EsCSDP1-3 to

the single-stranded RNA is significantly higher than their

affinity to the double-stranded RNA. Moreover, the

obtained Kd values show that the affinity of EsCSDP2 to

RIF8 is ~5 times lower than the affinities of EsCSDP1

and EsCSDP3 for the same nucleotide. Shortening of the

single-stranded region from 8 to 6 nucleotides does not

alter the anisotropy increase; however, further decrease in

the nucleotide length has a much more pronounced effect

(Fig. 4c).

Removal of guanine from the single-stranded region

of RIF8 (RIF8∆G) leads to a ~2.5-fold increase in the Kd

values for EsCSDP1 and EsCSDP3 but only slightly

affects the Kd value for EsCSDP2 (Fig. 5a). When gua-

nine was removed from both single- and double-stranded

regions of RIF8∆G*, no increase in the anisotropy was

detected (data not shown).

CSD-containing proteins have two RNA-binding

sites. One is the CSD itself, and the second is the C-ter-

minal fragment with ZnFs. Using EsCSDP1 as an exam-

ple, we attempted to evaluate to what extent each of these

two domains influences the affinity of EsCSDP to RNA.

For this purpose, we purified the recombinant EsCSD1

and the C-terminal domain EsZnF1 with six ZnFs. Figure

5b shows the dependence between the protein concentra-

tion and anisotropy increase upon RIF8 interaction with

EsCSD1 and EsZnF1. Similar correlations for EsCSDP1

and bacterial protein CspA are shown for comparison.

Our data demonstrated that EsZnF1 binds to RIF8,

although according to the calculated Kd, its affinity to

RIF8 should be several times lower compared to that of

the full-length EsCSDP1. No increase in the RIF8

anisotropy was observed upon its binding to EsCSD1,

whereas the addition of CspA (whose molecular mas is

similar to that of EsCSD1) to RIF8 resulted in the

anisotropy increase. It should be mentioned that no

increase in the RIF8 anisotropy was observed after addi-

tion of EsCSD2 or EsCSD3.

To assess the interactions between CSDs and RNAs,

we used the complementation growth test estimating the

ability of the studies proteins to restore the growth of

E. coli BX04 cells at low temperatures. Escherichia coli

BX04 cells normally cannot grow at low temperatures

because of the deletion of four endogenous cold shock

protein genes (∆cspA, ∆cspB, ∆cspE, ∆cspG). This test is

commonly used for assessing the RNA chaperone activi-

ty of proteins [28], and the positive results in this test

indicate the ability of a studied protein to interact with

RNA. We compared three CSDs of E. salsugineum

(EsCSD1-3) and homologous CSDs from A. thaliana

(AtCSD1-3). In our experiments (Fig. 6), all tested CSDs

were active in the growth complementation test on E. coli

BX04 cells compared to the empty vector. However, the

activity of most CSDs was much lower than the activity of

CspA (positive control). The only CSD whose activity in

the complementation test was comparable to that of CspA

was EsCSD3.

It should be mentioned that despite considerable

differences in the functional activity, CSDs of different

proteins possess significant structural similarity. In order

to study which amino acid is responsible for the differ-

ences in the activity of the studied CSDs in the comple-

mentation test, we generated and tested chimeric

domains composed of different combinations of EsCSD1

and EsCSD3 fragments (see “Materials and Methods”

and Fig. 2). Analysis of the activity of the obtained

chimeric domains in E. coli BX04 growth complementa-

tion test showed that the most important region deter-

mining the difference in the activities of EsCSD3 and

AtCSD3 is the N-terminal fragment (Fig. 2). Thus, all

cells expressing chimeric domains with the EsCSD3

N-terminal fragment, regardless of the origin of the M-

and C-fragments, grew at low temperatures much faster

than the cells with the N-terminal fragment from the

EsCSD1. Another important region is the central frag-

ment of the EsCSD3 that differs from that of EsCSD1 by

a single amino acid (glycine in EsCSD3 vs. aspartate in

EsCSD1) (Fig. 7). Exchange of the C-terminal fragments

has the minimal impact on the protein activity; although,

Fig. 3. Structure of fluorescently labelled RNA oligonucleotides;

n, any nucleotide (A, U, G, C); m, any nucleotide except G;

numbers outside the brackets, length of the single-stranded

region; 7-nucleotide sequences are shown in bold; degenerated

sequences are shown in light grey; complementary fragments are

underlined.
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Fig. 4. Affinity of EsCSDP1-3 and EsCSDP3m to RNA oligonucleotides with different single-stranded region length: a) 8 nucleotides (RIF8);

b) 0 nucleotides (RIF0); c) 0, 2, 4, 6, and 8 nucleotides (RIF0, 2, 4, 6, and 8, respectively).

a

b

c
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unlike the N- and M-fragments, the C-terminal fragment

of EsCSD1 (but not EsCSD3) provided higher function-

al activity.

DISCUSSION

RNA oligonucleotides used in this work consisted of

a double-stranded fragment and a random nucleotide

sequence fused to a degenerate nucleotide sequence of

varying length. These oligonucleotides are characterized

by the lack of specific secondary structure in the single-

stranded region and the absence of specificity to the stud-

ied proteins in the double-stranded region. Therefore,

our results on the EsCSDP binding to RNAs describe

exclusively nonspecific RNA–protein interactions that,

according to the studies of homologous Lin28 protein

from animal cells [25], can play an essential role in the

functioning of plant CSDPs.

Comparison of Kd values presented in Figs. 4a and 4b

shows that shortening of the single-stranded region of the

RNA oligonucleotide RIF8 and transition to the double-

stranded RNA oligonucleotide RIF0 decreased the affini-

ties of EsCSDP1, EsCSDP2, and EsCSDP3 to RNA (5-,

2-, and 6-fold, respectively), which suggested higher

affinity of EsCSDP1-3 to the single-stranded RNA. At

the same time, EsCSDP1-3 proteins did not bind DNA

oligonucleotides lacking the single-stranded regions [23].

a

b

Fig. 5. Affinity of EsCSDP1-3 and isolated domains to RNA oligonucleotides (a) with no guanine nucleotides in the single-stranded region

(RIF8∆G) and (b) with guanine nucleotides in both double- and single-stranded regions (RIF8).
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The absence of RNA-binding properties in EsCSD1 (Fig.

5b) indicates the dominant role of the EsCSDP1 C-ter-

minal fragment with six ZnFs in the nonspecific RNA

binding. The CSDs from EsCSDP2 and EsCSDP3 did

not bind RIF8; therefore, the conclusion on the essential

role of the C-termini of EsCSDP2 and EsCSDP3 in non-

specific RNA binding can probably be also applied to

these proteins. ZnFs play the major role in binding of the

C-termini of EsCSDPs to nucleic acids; hence, the corre-

lation between the decrease in Kd and increase in the

number of ZnFs in the protein (Fig. 4, a and b) is not sur-

prising: the lowest Kd was observed for EsCSDP3 with

seven ZnFs; the highest – for EsCSDP2 with two ZnFs.

In other words, the more ZnFs are present in the protein

C-terminal part, the higher is the protein affinity of its

nonspecific interaction with RNA.

Interestingly, guanine plays a special role in the bind-

ing of plant CSDPs to nucleic acids. In absence of gua-

nine in the single-stranded RNA oligonucleotide region,

the affinity of EsCSDP1 and EsCSDP3 to RNA

decreased more than two times (Figs. 4a and 5a)

(EsCSDP2 is an exception). However, when guanine was

absent from both the single- and double-stranded regions

of RNA oligonucleotide, no binding of EsCSDP1-3 was

detected. Our in vitro experiments confirm the earlier

obtained in vivo data showing that guanine-enriched

RNAs co-immunoprecipitate with AtCSP1 from the

lysate of A. thaliana leaves [24].

It should be mentioned that the length of the single-

stranded RNA region required for the efficient binding of

EsCSDP1-3 has to be over 4 nucleotides (Fig. 4c).

Another interesting feature was discovered when we com-

Fig. 6. Effect of EsCSDP1-3 and AtCSDP1-3 on the growth of mutant E. coli BX04 cells: left panel, 17°C; right panel, 37°C; numbers above

the images of bacterial colonies, dilutions of bacterial culture.

Fig. 7. Comparison of amino acid sequences of the CSDs from EsCSDP1, EsCSDP3, and AtCSDP3: RNP1 and RNP2 motifs are shown in

frames; vertical lines show the borders of the N-terminal, central and C-terminal fragments; dark grey, amino acids different in EsCSD1 and

EsCSD3; light grey, amino acids different in EsCSD3 and AtCSD3.
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pared the binding of RNA oligonucleotides by

EsCSDP1-3 and their fragments. The affinity of the full-

length EsCSDP1 toward RIF8 was ~4.5 times higher than

that of ZnF1, while CSD1 alone demonstrated no RNA-

binding activity in our experimental conditions. The data

presented in Fig. 5b correlate with the data from Figs. 4b

and 5a. In the first case, combination of the inactive

CSD1 with ZnF1 in the EsCSDP1 molecule results in the

increase in the protein affinity to RNA; in the second

case, addition of the single-stranded guanine-lacking

region to the double-stranded fragment that originally did

not bind to CSDPs also increased the affinity of the pro-

tein–RNA interaction (compare Figs. 4b and 5a). So far,

we cannot explain the observed effects. It also remains

unclear why the affinity of EsCSDP2 (Figs. 4a and 5a)

does not depend on the presence of guanine in the single-

stranded region (unlike the affinity of EsCDP1 and

EsCSDP3). This phenomenon can probably be explained

by a higher relative affinity of EsCSDP2 to the double-

stranded RNA regions compared to the affinity of “long”

EsCDP1 and EsCSDP3.

According to the X-ray studies of the complex

between animal Lin28 and pre-let-7 RNA, Lin28 binds

the GGAG motif though its two ZnFs [29]. Later, the

nucleotide sequence of this motif was found to be GNNG

[30]. According to our data, the presence of G in the

binding motif is required for the binding of EsCSDP1-3.

The CCHC-type ZnF is a 14-a.a. motif with the consen-

sus sequence CNNCNNNNHNNNNC (amino acids

coordinating zinc ion are highlighted in bold). Amino

acid sequences of ZnFs are not identical; the most vari-

able residues are residues 2, 3, 5, and 6. ZnFs within the

same protein are different, as well as ZnFs in different

CSDPs. If the specificity of the CCHC-type ZnF inter-

action with RNA does not depend on the ZnF primary

structure, a question arises of what can hide behind the

variety of the ZnF primary structures? So far, there is no

well-founded answer to this question. A large number of

AtCSDP3 interaction partners have been found in A.

thaliana that presumably modulate the functional activity

of this protein [31]. Therefore, it is possible that each

plant CSDP has a specific set of partner proteins that is

defined by the number and the primary structures of

CSDP ZnFs.

In conclusion, our data suggest that the nonspecific

interactions of CSDPs with RNA are provided by the

ZnF motifs located in the C-terminal regions of

EsCSDP1-3. This suggestion is confirmed by the loss of

the nucleic acid-binding ability of EsCSDP3 upon the

introduction of the C/A mutation into all seven ZnFs.

However, despite the nonspecific character of RNA bind-

ing by CSDPs, there are no reasons to exclude that these

proteins can also interact with specific RNA targets in

plant cells. For example, it was shown recently that cold

shock domain protein PpCSP1 from the moss

Physcomitrella patens regulates reprogramming of differ-

entiated leaf cells to chloronema apical stem cells [32].

Lin28, whose amino acid sequence and domain structure

are close to those of PpCSP1 participates in the repro-

gramming of human fibroblasts into induced pluripotent

stem cells [33]; moreover, the molecular mechanism of

this process includes inhibition of let-7 microRNA pre-

cursor processing induced by its specific binding to Lin28

[29].

The possibility of specific interactions between of E.

salsugineum proteins with nucleic acids is supported by

the studies of different animal CSDPs, the majority of

which are multifunctional proteins characterized by both

highly and low-specific functional interactions with

nucleic acids [34]. At the same time, there is almost no

information on specific RNA targets of plant CSDPs. It is

well known that the animal Lin28 protein specifically

interacts with the pre-let-7 RNA and blocks its processing

[29, 30]. The domain structure of this protein is very close

to that of plant CSDPs: it has the CSD in the N-terminal

part of the molecule and two CCHC-type ZnF motifs in

the C-terminal part.

The results of growth complementation test in E. coli

BX04 cells demonstrated that specific interactions of

plant CSDPs with nucleic acids are provided by CSDs.

This hypothesis is corroborated by, first, the unique abili-

ty of the EsCSD3 to restore the growth of E. coli BX04

cells at low temperatures. Out of six CSDs of A. thaliana

and E. salsugineum CSDPs, only EsCSD3 showed activi-

ty in the growth complementation test in E. coli BX04

cells that was comparable to the activity of bacterial

CspA. Second, using the combinations of EsCSD1 and

EsCSD3 fragments, we showed that the activity of

EsCSD3 in the complementation test was tightly related

to the primary structure of its N-terminal and central

fragments. EsCSD1 and EsCSD3 contain only five non-

homologous amino acid substitutions in their N-terminal

fragments, while EsCSD3 and AtCSD3 contain only

three substitutions (Q3M, T12I, and N16S) (Fig. 7). The

central fragments of EsCSD1 and EsCSD3 differ only in

two positions: D32G and E34D. If we neglect the con-

served E34D replacement, then only a single substitution

of aspartate D32 by glycine leads to the increase in the

activity of the chimeric N3M3C3 domain in the growth

complementation test as compared to the N3M1C3

domain activity (Fig. 2). It is necessary to emphasize that

all substitutions mentioned above are located outside of

the RNP1 and RNP2 motifs essential for the RNA bind-

ing.

All CSDPs, as well as CspA, bear two conserved

RNP1 and RNP2 motifs that directly interact with RNA.

However, according to our results, the specificity of inter-

action with RNA is very sensitive to the amino acid envi-

ronment of these motifs. This fact allows us to expect that

structurally close CSDPs from the same species, as well as

homologous CSDPs from different species, will interact

with different RNA targets.
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