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Abstract

RNA is important for the in-cell solubility of

its interacting protein: Implications in

RNA-mediated protein folding

Ah Hyun Son

Department of Integrated OMICS for Biomedical Science

The Graduate School

Yonsei University

It is one of the fundamental questions how proteins efficiently reach

their proper 3D structures in the presence of off-pathways such as

misfolding and aggregation, in the highly crowded environment.

Traditionally, protein folding has been studied in the boundary of

molecular chaperones. Despite extensive studies on various types of

molecular chaperones, the effect of a binding partner (or a ligand) on

the in-cell solubility of its cognate protein, including protein folding,

misfolding, aggregation, and homeostasis, still remains largely undefined.

RNAs are abundant in the cytoplasm, where they directly or indirectly

interact with proteins over the course of their life cycle. All proteins

are synthesized by ribosomal machinery, and as such, are linked to or

in close contact with ribosomal RNAs (rRNAs) from the beginning of

their synthesis. In addition, a great number of proteins interacts with
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their RNA ligands and forms RNA-protein complexes (RNP complexes).

Thus, it is worth examining the effect of RNA on the folding and

proteostasis of its interacting proteins, but the current concept of

protein folding neither ask nor answer the effect of ligands on the

in-cell solubility of their interacting proteins. Here I used RNase P as a

model system and tested a possibility that M1 RNA modulates the

in-cell solubility of its cognate C5 protein in the formation of RNase P.

Coexpression of M1 RNA greatly increased the solubility of C5 protein

in Escherichia coli. Moreover, M1 RNA substantially stimulated the

refolding of C5 protein in vitro. Mutations that have the impaired

binding ability between C5 protein and M1 RNA failed to increase the

solubility of C5 protein. Furthermore, M1 RNA provides quality

insurance of its cognate C5 protein, either by enhancing the degradation

of C5 protein mutants in normal cellular condition, or by stimulating

protein aggregation if the proteolytic machinery is non-functional. These

results strongly suggest the chaperoning role of RNA ligands as a

mediator in the folding and proteostasis of their interacting proteins and

would give new insights into novel RNA functions for in-cell solubility

of their interacting proteins.

------------------------------------------------------------------------------

Keywords: protein folding, aggregation, C5 protein, M1 RNA, RNase P,

molecular chaperone, protein homeostasis, in-cell solubility
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1. Introduction

1.1 The concept of protein folding

Although protein folding has been studied for several decades, it is

still remains unveiled how proteins efficiently fold into their given

structures in the presence of off-pathways, such as protein misfolding

and aggregation in the highly crowded environment. Moreover, it

became one of the fundamental questions not only in biology but also

in human life, due to a variety of protein aggregation-associated

diseases, such as neurodegenerative diseases, diabetes, and cancer.

Based on the in vitro refolding experiments, Anfinsen postulated the

pioneering concept that the linear sequence of polypeptide chain contains

information to reach its specific three-dimensional structure, that is,

protein can spontaneously fold without the assistant of any folding

helpers 1. However, this outstanding concept has limitation in terms of

the folding kinetics of multi-domain proteins, aggregation and

thermodynamic stability of native structures 2. Thus, it is not sufficient

to describe protein folding in vivo which has to be understood with the

highly crowded cellular environment.

Molecular chaperones are proteins that assist the folding and/or

assembly of proteins 3-5. They generally assist protein folding by

transiently shielding the exposed aggregation-prone hydrophobic

residues of newly synthesized polypeptides or non-native substrates 4, 6.

The action mechanisms of molecular chaperones are similar to that of
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enzymes which are not included in the final products (a native protein,

in the case of molecular chaperone). With the discovery of molecular

chaperones in the late 1980’s, the concept of protein folding in vivo

shifted from the spontaneous protein folding to the assisted protein

folding. The current concept of protein folding has thereafter been

understood mainly in the context of molecular chaperones.

However, conventional mechanism has been recently challenged by

growing data showing that de novo folding of most proteins can occur

without the help of molecular chaperones in vivo. For example, GroEL,

an exemplary molecular chaperone, is estimated to assist only up to 3%

of proteins in E. coli 7. In addition, the physical depletion of GroEL

using the tightly controlled arabinose promoter reveals that GroEL has

little effect on de novo protein folding in E. coli 8. In fact, GroEL is

absent in some eubacteria, indicating that the protein might be

dispensable for protein folding 9. Whereas the deletion of neither trigger

factor-encoding tig gene nor dnaK gene has a noticeable effect on

protein folding, double deletion of these two genes causes protein

aggregation and synthetic lethality 10. These results can be rescued by

growing below 30℃ or overexpressing of GroEL or SecB 11, 12. Taken

together, these data strongly suggest that there are other important

factors involved in protein folding in the cells besides important

molecular chaperones.
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1.2 Possible role of RNA in protein folding

RNA plays a central role in a variety of cellular functions: RNA acts

as a carrier in genetic information pathways, has catalytic activities

such as in ribozymes, and plays a regulatory role in gene expression

13-17. RNAs are abundant in the cytoplasm and directly or indirectly

interact with proteins over their life cycles. As illustrated in Figure 1, it

should be noted that all proteins are linked to or closely contact with

ribosomal RNAs (rRNAs) since synthesized 18-21. In addition, a large

fraction of proteins including natively unfolded proteins

post-translationally interact with their RNA partners and form

RNA-protein (RNP) complexes to exert their biological functions 22-24.

Moreover, weak and/or nonspecific interactions transiently occur

between RNAs and proteins in the crowded cellular environment 25, 26.

Furthermore, a rapidly increasing list of non-coding RNAs opens a new

challenge to expand the biological roles of RNAs 27.

Ribosome, its 50S subunit, and 23S rRNA have been reported to

assist protein folding in vitro in a trans-acting manner 28-30. The

peptidyl-transferase center (PTC) of them recognizes amino acids that

are surface-exposed, either neutral or positively charged 31. It remains

unknown how PTC-mediated chaperoning functions of the ribosome are

physiologically relevant during the translation process. It was proposed

that the ribosome might automatically stabilize its linked

aggregation-prone nascent chains in a cis-acting manner via highly

negative charges and the gigantic size of the ribosome preventing from
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making intermolecular association 32-34.

Numerous neurodegenerative disorders such as Alzheimer’s disease

and Parkinson’s disease are closely associated with the aggregation of

responsible proteins, including amyloid-β, tau-protein, α-synuclein,

prion, and polyQ 35-38. One very interesting aspect of these proteins is

that they exist as intrinsically disordered proteins (IDPs) under the

physiological condition 39. The IDPs are induced to fold significantly and

form ordered structures when interacting with their specific ligands

such as nucleic acids (RNA or DNA), small molecules, other proteins,

membranes, and etc 24, 40-43. Thus, it is crucial to elucidate the role of

interacting partners in the aggregation and pathogenesis of these

unstable proteins. Thus, it is necessary to pay more attention on the

role of interacting partners of the proteins to unveil the mechanism of

disordered proteins.

Moreover, RNA binding provides the electrostatic repulsion and steric

hindrance to unfolded polypeptides (Figure 2) 34. First, due to the highly

charged polyanion of RNA, RNA binding could prevent intermolecular

protein aggregation by blocking aggregation-prone hydrophobic residues

of polypeptides through electrostatic repulsion. Furthermore, increased

net charge by RNA binding renders proteins to be more soluble via

hydration by charged groups 44. Second, the bulky size and excluded

volume of RNA generate steric hindrance, directly masking the

aggregation-prone regions of polypeptides and preventing intermolecular

interaction among unfolded polypeptides 34.

Taken together, understanding the plausible roles of RNAs in folding
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of their interacting proteins is greatly worthwhile to elucidate the

mechanism of the assisted protein folding in vivo. However, the current

concept of molecular chaperone-assisted protein folding neither asks nor

answers the possible role of protein binding partners including RNAs in

folding and protein homeostasis of proteins.
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Figure 1. Protein folding in RNA-rich environments. From the

beginning of their synthesis, proteins interact with a variety of

RNAs, such as messenger RNA (mRNA), transfer RNA (tRNA),

and ribosomal RNA (rRNA). Post-translationally, proteins binds to

RNAs, either forming RNP complex or interacting transiently and

non-specifically in the highly crowded environment.
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A

B

Figure 2. A model for addressing the stabilizing effects of the

surface charges and excluded volume of RNA on the

aggregation of its binding polypeptides. This figure was adopted

from reference 34. Blue spheres and red tubes indicate soluble RNA

and aggregation-prone polypeptides, respectively. (A) The effect of

- continued next page -
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RNA on unimolecular system. RNA interaction can prevent

intermolecular association of polypeptides by masking them directly.

(B) The effect of RNA on multimolecular system. Unlike to the

case of unimolecular system, the bulky size and highly charged

surface of RNA can directly or indirectly inhibit aggregation of the

whole regions of its interacting polypeptides.
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1.3 In-cell solubility of protein, protein homeostasis

and disease

The concept of in-cell solubility includes all kinds of protein behavior

in the cell, such as protein folding, misfolding, aggregation, and protein

homeostasis (Figure 3). Protein homeostasis (proteostasis) indicates the

ability of cells to maintain the levels of constitutive proteins in terms of

protein conformations, interactions, concentrations, and localization.

According to Dobson’s generic view of protein aggregation, the stable

and highly organized amyloid state is not only associated with unusual

disease-associated proteins, but is a natural and general property of all

proteins. In addition, because of the similarities of the types of

structural interactions within the amyloid state and the native state,

their thermodynamic stabilities appear to be comparable under various

conditions 45-47. On this view, there will be a competition between

normal and aberrant state, and the decision between these biological

behaviors depends on which state is populated under certain

circumstances. Based on this assumption, protein homeostasis is

strongly associated with the maintenance of protein solubility in cells,

and thus, relatively small dysregulation in protein quality control

mechanisms as a consequence of stress or aging circumstances can

eventually cause protein aggregation-associated diseases. Recent studies

further support this view that mutation or misregulation of RNAs leads

pathogenetic consequences, known as RNAopathies 48-53.
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Figure 3. Protein behavior in cells (in-cell solubility of

proteins). This figure was adopted from reference 47. Protein solubility

in cells includes all biophysical behaviors of proteins in cells, such as

protein folding, misfolding, aggregation, amyloid formation, and protein

- continued next page -
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homeostasis. If protein fails to fold, or to maintain proper folding, it can

drive the protein misfolding and aggregation, which are largely

associated with various human disorders, such as Alzheimer’s,

Parkinson’s, and Huntingtion’s diseases.
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1.4 Ribonuclease P (RNase P), as a model system

To verify the role of the RNA subunit in the folding of its cognate

protein subunit, E. coli Ribonuclease P (RNase P) was used as a model

system in this study. Ribonuclease P (RNase P) is an essential enzyme

in 3 kingdoms of life 54, 55, and functions as tRNA maturation by

cleaving the 5’ leader sequence from precursor tRNA 56, 57, as illustrate

in Figure 4A. RNase P is ribonucleoprotein (RNP), composed of 2

subunits: a large RNA and one or more proteins. Bacterial RNase P

consists of an RNA subunit (350 – 400 nucleotides) and a small

protein (approximately 14 kDa) 58. RNase P of E. coli used in this

study consists of two subunits, M1 RNA (377 nucleotides) and C5

protein (119 amino acids), as shown in Figure 4B.

RNase P is unique from other RNases since it is a ribozyme; the

RNA subunit fulfills the enzymatic activity 57. Along with the peptidyl

transferase of ribosome 59, 60 and the hammerhead ribozyme 61, 62, RNase

P ribozyme also suggests the strong evidence that RNA can function

as an enzyme 55. Furthermore, the concept of ribozyme provides a

fundamental motif in the RNA world theory. Although the RNA subunit

only can perform the enzyme reaction in the absence of the protein

subunit in vitro, both subunits are required in vivo 15. It has been

investigated that the protein subunit increases RNase P activity by

stabilizing RNA structure and enhancing substrate binding affinity 15, 56,

63, 64.
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A B

Figure 4. Ribonuclease P (RNase P) as a model system for

elucidating the role of an RNA subunit in the folding of a

protein subunit of various RNP complexes in cells. (A)

Pre-tRNA processing by RNase P. RNase P is responsible for

tRNA maturation by cleaving 5’ leader sequences of premature

tRNA. (B) The structure of bacterial holoenzyme RNase P. Figure

4A and B were adopted from reference 65.
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2. Materials and Methods

2.1 Expression vector construction

2.1.1 Vectors and primers

The vector pGE-pBAD-LysRS, derived from pGEMEX-1 (promega),

was used as a mother vector for the construction of protein expression

vector in E. coli (Figure 5A). pGE-pBAD-LysRS is composed of pBAD

promoter, the sequence of E. coli Lysyl-tRNA synthetase (LysRS), and

multi-cloning sites (MCS) of KpnⅠ–BamHⅠ–EcoRⅤ–SalⅠ–HindⅢ.

As a selective marker, the ampicillin resistant gene was encoded in the

vector.

The vector for the expression of RNA was modified from pLysE

(Novagen) (Figure 5B). The vector consists of T7 promoter, the

sequence of target RNA, and T7 terminator. The chloramphenicol

resistant gene was encoded in the vector as a selective marker.

Primers for PCR were synthesized by Cosmo Genetech Co. Each

sequence of primers was described in Table 1 to 3.

2.1.2 Vector construction for C5 protein and its derivatives.

E. coli strain DH5α (supE44 ΔlacU169(ψ80lacZΔM15)hsdR17 recA1

endA1 gyrA96 thi-1 relA1) (Promega) was used for subcloning and
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propagation of plasmid variants.

C5 protein gene of E. coli RNase P was generated by polymerase

chain reaction (PCR) amplification using E. coli lysates as a template

with the following primers, C5 F and C5 R (Table 1). PCR reaction

was performed with the following conditions: Ex-Taq DNA polymerase

(Takara), 10× PCR buffer (Takara), 0.25 mM dNTP, and 1 μM primers

(5' end primer and 3' end primer) were mixed with template DNA and

total reaction volume was adjusted to 100 ㎕ with distilled H2O. The

genes of three mutants, C5 (R62A/R64A), C5 (K66A/R67A), and C5

(F18A) were prepared by PCR-based overlapping mutagenesis using the

C5 protein gene as a template. The sequences of primers were

described in Table 1. Hexahistidine tag was added at the C-terminus of

C5 protein and its derivatives for Western blot analysis and Ni-affinity

chromatography.

After purification and gel elution (Nucleospin Extract II,

Macherey-Nagel(MN)), each PCR product was restricted with NdeⅠ

and SalⅠ(NEB) and cloned into pGE-pBAD-LysRS vector which was

cleaved with same restriction enzymes, generating the expression

vectors, pGE-pBAD-C5 protein and its derivatives (Figure 6).

Plasmid amplification and purification were performed using the

purification kit (GeneAll) and the sequences of purified clones were

confirmed by agarose gel and enzyme sequencing (Cosmo Genetech).



- 16 -

Table 1. Primer sequences for construction of the expression

vectors of C5 protein and its derivatives

Primer name sequences ( 5' → 3' )

C5 F
5' GTC ATC CAT ATG GTT AAG CTC GCA

TTT CCC AGG GAG 3'

C5 R
5' AGC AGC GTC GAC TCA GTG ATG GTG

ATG GTG ATG GG 3'

C5-EGFP 1-R
5' AGC AGC GGA TCC GGA CCC GCG AGC

CAG GC 3'

C5-EGFP 2-F
5' GCT GCT GGA TCC GGA GAA GGA GAT

GGG TCC ATG GTG AGC AAG GGC GAG G 3'

C5-EGFP 2-R

5' AGC AGC GTC GAC TCA GTG ATG GTG

ATG GTG ATG CTT GTA CAG CTC GTC CAT

GCC G 3'

C5 (R62A/R64A)

F

5' CGA CGC GCC CAT GAA GCC AAT GCG

ATT AAA CGT CTG ACG CG 3'

C5 (R62A/R64A)

R

5' CGT CAG ACG TTT AAT CGC ATT GGC

TTC ATG GGC GCG TCG AAC G 3'

C5 (K66A/R67A)

F

5' GAA CGC AAT CGG ATT GCA GCT CTG

ACG CGT GAA AGC TTC CG 3'

C5 (K66A/R67A)

R

5' GCT TTC ACG CGT CAG AGC TGC AAT

CCG ATT GCG TTC ATG GGC 3'

C5 (F18A) F

5' GAA TTA CAT ATG GTT AAG CTC GCA

TTT CCC AGG GAG TTA CGC TTG TTA ACT

CCC AGT CAA GCA ACA TCC 3'
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A

B

Figure 5. Schematic illustration of pGE-pBAD-LysRS vector

(A) and pLysE vector (B).
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A

B

Figure 6. Structure of the inserted C5 protein and its

derivatives (A) and enzyme digested sites (shown as square

boxes) (B).
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To perform in vitro refolding, the expression vectors of C5-EGFP and

its derivatives, C5 (R62A/R64A)-EGFP, C5 (K66A/R67A)-EGFP, and C5

(F18A)-EGFP, were generated (Figure 6). The genes of C5 protein and

its derivatives were generated from PCR using the cloned expression

vectors explained above as templates. EGFP gene was prepared by PCR

using pEGFP-1 (Clonetech) as a template. To reduce the direct effect

and/or interaction between C5 protein and EGFP, the linker

(Gly-Ser-Gly-Glu-Gly-Asp-Gly) was introduced. At the C-terminus of

EGFP, hexahistidine tag was added for further Western blot analysis

and purification. Each PCR products of C5 protein and its derivatives

was cleaved with NdeⅠ and BamHⅠ, and the PCR product of

linker-EGFP-hexahistidine was digested with BamHⅠ and SalⅠ. Then

two products were cloned into the cut vector cleaved with NdeⅠ and

SalⅠ, yielding pGE-pBAD-C5-EGFP and its derivatives. The sequences

of primers used here were summarized in Table 1.

2.1.3 Vector construction for M1 RNA, its derivatives, and

controls

E. coli RNase P RNA (M1 RNA) carrying T7 promoter was obtained

by PCR amplification using E. coli lysates as a template with two

primers, M1 F and M1 R. To obtain T7 terminator, PCR was

performed separately using following primers, T7 F and primer T7 R,

using synthesized oligonucleotides (Cosmogenetech) as a template. The
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PCR product of M1 RNA was cleaved with SalⅠ and NcoⅠ and the

PCR product of T7 terminator fragment was digested with NcoⅠ and

Sph I. Two products were cloned into pLysE which was cleaved with

Sal I and Sph I, yielding pLysE-T7-M1 RNA (Figure 7).

As a control, pLysE-lys-tRNA, containing E. coli Lysyl-tRNA gene

was constructed (Figure 7). The fragment of Lysyl-tRNA was obtained

by the PCR amplification using E. coli lysates as a template with

following primers, Lys-tRNA F and Lys-tRNA R. The PCR product of

Lysyl-tRNA was digested with SalⅠ and NcoⅠ and the product cloned

into pLysE, using the same method as above. As a mock vector, pLysE

was also used. In this case, additional co-transformation was not

performed while HMS174(DE3)pLysE strain was used. The sequences of

primers were summarized in Table 2.

To generate the expression vectors of two deletion mutant

derivatives of M1 RNA, mM1 RNA-1 (with deletions of nucleotides 62

to 74) and mM1 RNA-2 (with deletion of nucleotides 229-232),

PCR-based overlapping mutagenesis was performed using M1 RNA as

a template. The PCR products of M1 RNA derivatives were digested

with SalⅠ and NcoⅠ and cloned into pLysE vector, using the same

method as above. The sequences of primers for overlapping PCR were

described in Table 2.
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Table 2. Primer sequences for expression vector construction of

M1 RNA and its derivatives

Primer name Sequences ( 5' → 3' )

M1 F
5' GCT GAC TGG GTT GAA GGC TCT CAA GGG

CAT CGG TCG 3'

M1 R
5' GGC CGG GGG ACT GTT GGG CGC CAT CTC

CTT GCA TGC 3'

T7 F
5' GTC ATC CCA TGG CTA GCA TAA CCC CTT

GGG GCC TCT AAA CGG GTC 3'

T7 R
5' GTC ATC GCA TGC CAA AAA ACC CCT CAA

GAC CCG TTT AGA GGC CCC AAG 3'

Lys-tRNA F
5' GTC ATC CCA TGG CTA GCA TAA CCC CTT

GGG GCC TCT AAA CGG GTC 3'

Lys-tRNA R
5' GTC ATC GCA TGC CAA AAA ACC CCT CAA

GAC CCG TTT AGA GGC CCC AAG 3'

mM1-1 F
5' GGG AGA CGG GCG GAG GGG CTC CAT

AGG GCA GGG TGC CAG G 3'

mM1-1 R
5' CCT GGC ACC CTG CCC TAT GGA GCC

CCT CCG CCC GTC TCC C 3'

mM1-2 F
5' GGC TGG TAA CAG TCC GTG GCA AAA

CTC CAC CCG GAG CAA GGC C 3'

mM1-2 R
5' GGC CTT GCT CCG GGT GGA GTT TTG

CCA CGG ACT GTT ACC AGC C 3'
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A

B

Figure 7. Structure of the inserted M1 RNA and tRNALys (A)

and restriction enzyme-cleaved sites (shown as square boxes)

(B).
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2.2 Protein expression and analysis

2.2.1 Coexpression of C5 protein and M1 RNA

E. coli strain HMS174(DE3)pLysE (FrecA hsdR(rK12 mK12+)Rif
R)

(Promega) was used as an expression host of fusion proteins and E.

coli strain HMS174(DE3) (FrecA hsdR(rK12 mK12+)Rif
R (DE3))

(Promega) was used for coexpression of C5 protein and M1 RNA.

E. coli host, HMS174(DE3), was cotransformed by cloned plasmids

coding for C5 protein and M1 RNA and was grown overnight at 37℃

in Luria-Bertani (LB) (1% Trypton (Duchefa), 0.5% Yeast extract

(Duchefa), 1% NaCl (Duchefa)) media containing ampicillin (50 ㎍/㎖)

and chloramphenicol (34 ㎍/㎖). E. coli strain HMS174(DE3)pLysE was

grown in LB media containing 34 ㎍/㎖ chloramphenicol (Sigma).

After transformation of the recombinant plasmid, 50 ㎍/㎖ ampicillin

(Sigma) was used as a selective marker. For coexpression of C5 protein

and M1 RNA, 50 ㎍/㎖ ampicillin and 34 ㎍/㎖ chloramphenicol were

added in LB media for selecting transformants. A single colony of the

transformants was inoculated into 3 ㎖ of LB broth containing the same

antibiotics. Cells were grown overnight at 37℃ with vigorous shaking

(180 rpm). One ㎖ of the culture medium was diluted with 15 ㎖ fresh

LB containing same antibiotics, and cultured to A600 of approximately

0.8 at 37℃. Expression of the protein and RNA was induced for 1 hour

at 42℃ and for 2 hours at 37℃ with 0.02% L-arabinose (Sigma) and

0.01% IPTG, respectively.
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The 10 ㎖ of cultured cells were harvested by centrifugation at 3,000

rpm for 15 min, suspended in 300 ㎕ PBS (pH 7.4, 130 mM NaCl, 2.7

mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) and lysed by sonication.

Each cell lysate was separated into total, soluble, and insoluble fractions

by centrifugation for 12 min at 4℃. Each protein sample was mixed

with the same volume of 2× SDS gel-loading buffer (100 mM Tris-HCl

(pH 6.8), 20% glycerol, 4% SDS, 200 mM dithiothreitol, and 0.2%

bromophenol blue, Sigma), and boiled for 2-3 min. These samples were

used for the analysis of protein expression patterns on a sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and for

Western blot analysis.

To perform SDS-PAGE, polyacrylamide gel (30% Acrylamide solution

(29% Acrylamide + 1% bis-acyrlamide), 1.5 M Tris-Cl (pH 8.8), 1 M

Tris-Cl (pH 6.8), 10% SDS, 10% Ammonium Persulfate, TEMED

(Sigma); followed general composition dependence on the percentage of

the gel), and 1× SDS electrophoresis buffer (TG-SDS buffer 10× ready

pack (Amresco)) were prepared. The SDS-PAGE gels were stained

with Coomassie Brilliant Blue staining solution (1.25 g of Brilliant Blue

R (Sigma) in 450 ㎖ of methanol-H2O (1:3, v/v) and 50 ㎖ of glacial

acetic acid). Destaining solution was prepared with acetic

acid-methanol-H2O (1:3:6). The solubility of each fraction was estimated

by gel densitometer (BIO-1D).

The expression of M1 RNA and C5 protein was temporally regulated

by adjusting induction time of M1 RNA. The regulated expression

conditions of M1 RNA and C5 protein were illustrated in Figure 11.



- 25 -

After C5 protein induction by L-arabinose, M1 RNA was induced at 0,

0.5, 1, and 2 hours by IPTG. The induction of C5 protein was

performed at 37℃ for 3 hours.

The coexpression using the E. coli host BL21star(DE3) (F- ompT

hsdSB (rB-, mB-) gal dcm rne131 (DE3)) was performed under the

same condition as HMS174(DE3).

2.2.2 Western blot analysis

After SDS-PAGE analysis, the gel was transferred to activated poly

vinylidine difloride (PVDF) transfer membrane (Millipore) by methanol

using Bio-Rad Transblot SD Semi-dry transfer cell in Towbin transfer

buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 1 hour 10 min

at 70 mA. The membrane was blocked by 5% skim milk in TBST (20

mM Tris, 137 mM NaCl, 2.7 mM KCl and 0.1% Tween 20) for 1 hour

and then washed 3 times in TBST buffer. The blocked membrane was

incubated with the primary antibody, anti-His×6 (pentahis) Ab (Qiagen),

diluted 1:2,000 in TBST for overnight in 4℃ and washed 3 times in

TBST. After washing, the membrane was incubated with the secondary

antibody, anti-mouse IgG Ab conjugated with horseradish peroxidase

(Sigma), diluted 1:20,000 in TBST for 40 min and washed 3 times in

TBST. The membrane was reacted with ECL mixture using

WEST-ZOL (Intron biotechnology) and exposed to X-ray film in a

darkroom.
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2.2.3 Reverse transcription-PCR (RT-PCR)

After induction, the cells from 1 ㎖ of LB broth were harvested for

the RNA isolation by centrifugation at 4℃ for 4 min. Total RNAs were

extracted from E. coli lysates using the TRIZOL reagent (Invitrogen) or

Hybrid-R total RNA purification kit (GeneAll) following the

manufacture’s instruction and quantified by the spectrophotometer. Then

cDNA was generated using 100 ng- 2 ㎍ of total RNA as a template

by Omniscript® Reverse Transcription kit (Qiagen). To analyze the

expression level of RNA, PCR was performed using a primer set,

summarized in Table 3. As a positive control, RT-PCR was performed

on the RNA preparation with 5S rRNA-specific primers (Table 3).

2.3 Protein purification and in vitro analysis

2.3.1 Protein purification and quantification

Each expression vector was transformed into the E. coli host

HMS174(DE3)pLysE and grown overnight at 37℃ in LB media with the

same concentration of antibiotics explained above. Each single colony

was inoculated into 3 ㎖ of LB medium, transferred into 50 ㎖ of LB

medium for scale-up, and grown overnight at 37℃. The cultured broth

was diluted into 500 ㎖ of LB and cultured to the optical density
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Table 3. Primer sequences for RT-PCR analysis of M1 RNA

Primer name Sequences ( 5' → 3' )

M1-RT R 5' AGG TGA AAC TGA CCG ATA AGC CG 3'

M1-PCR F 5' CCG CTT CGT CGT CGT CCT C 3'

M1-PCR R 5' CCG CAC CCT TTC ACC CTT ACC 3'

5S-RT F
5’ CCG AGA TCT TAA TAC GAC TCA CTA TAG

GTG CCT GGC GGC CGT AGC GCG G 3’

5S-RT R 5' CCC AAG CTT ATG CCT GGC AGT TCC

CTA CTC 3'
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(about 0.8 at 600 nm). Protein expression was induced with 0.02%

L-arabinose at 20℃ for 5 hours. After induction, the cells were

harvested by centrifugation at 3,000 rpm for 15 min (4℃) and lysed in

A buffer (50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 10% glycerol, 2

mM β-mercaptoethanol, 0.5% NP-40, 10 mM imidazole, and 0.1%

PMSF) by sonication. The lysates were separated into the soluble and

insoluble fractions by centrifugation at 12,000 rpm for 15 min (4℃) and

filtrated by 0.22 ㎛ filter (Millipore) to eliminate remaining cells. The

proteins were purified on a Ni-affinity column with a 0.2-300 mM

linear gradient of imidazole by mixing buffer A and buffer B (50 mM

Tris-HCl (pH 7.5), 300 mM NaCl, 10% glycerol, 2 mM β

-mercaptoethanol, 0.5% NP-40, and 300 mM imidazole) using ÄKTA

prime (GE healthcare), dialyzed with 2x storage buffer (100 mM

Tris-HCl (pH 7.5), 200 mM NaCl, 2 mM DTT, and 0.2 mM EDTA)

using Spectra/PorⓇ molecularporous membrane tubing No.4 (Spectrum),

and concentrated with Centriprep Y-10 (Amicon).

The purified proteins were mixed with 50% glycerol and stored at

-80℃ until use. The proteins were quantified by gel densitometer

(Bio-1D, Viber Lourmat) by comparing the band intensity of the protein

with the standard protein, bovine serum albumin (BSA).

2.3.2 In vitro synthesis of RNA

Each DNA fragment of RNAs, containing T7 promoter, was prepared

by PCR amplification, and digested with restriction enzymes, Sph I and
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Nco I. RNAs were synthesized in vitro using the linearized DNA

fragments as templates with RiboMAXTM large scale RNA production

system-T7 (Promega). The samples were incubated at 37℃ overnight

for the transcription reaction.

The synthesized RNAs were then purified by the phenol-chloroform

method followed as the general laboratory method. Briefly,

citrate-saturated phenol (pH 4.7)-chloroform-isoamyl alcohol (125:24:1)

(Ambion) was treated, mixed by vortex for 15 sec, and centrifuged for

10 min at 12,000 rpm. The upper layer was moved to a fresh tube.

Then chloroform:isoamyl alcohol (24:1) (Sigma) and 3 M Sodium

Acetate (Promega)(Sigma) was treated into RNAs to eliminate proteins

and the upper layer by centrifugation was transferred to a new tube.

RNAs were precipitated with isopropanol (Sigma) by centrifugation and

washed by 70% ethyl alcohol (Sigma). The precipitates were diluted

with nuclease-free water (or DEPC-treated water) and unincorporated

rNTPs were removed by spin columns (illustraTM MicroSpin G-25 (GE

healthcare)).

The purified RNAs were quantified by measuring the absorbance at

260 nm using a spectrophotometer (Thermo) and stored at -80℃ until

use.

2.3.3 In vitro refolding of C5-EGFP and its derivatives

The purified proteins were denatured in the denaturation buffer (6M
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Gu-HCl and 10 mM DTT, sigma) for 20 min at 40℃. Then the

denatured proteins were diluted 25-fold into the refolding buffer

containing 50 mM Tris-Cl (pH 7.5), 50 mM NaCl, and 5 mM MgCl2

and each RNA derivative. As a control, 500 ㎍ of RNase A was added

to the mixture to eliminate RNA for 30 min at room temperature. The

fluorescence emission at 509 nm after excitation at 490 nm was

monitored for 30 min at room temperature by Cary Eclipse fluorescence

spectrophotometer (Varian).

2.3.4 In vitro translation of C5 protein and RNA-protein binding

assay

For RNA-protein binding assay, C5 protein was produced using the

cell-free translation system of EasyXpress Protein synthesis kit

(Qiagen) following the manufacturer’s instructions. Briefly, the

expression vector of C5 protein containing T7 promoter was

constructed. To inhibit RNA degradation, RNase inhibitors were

supplemented to the reaction tube containing the produced reaction

buffer and the expression vector. For the expression of C5 protein, the

reaction tube was incubated at 37℃ for 1 hour. After incubation, the

sample was further incubated at 37℃ for 15min in the absence or

presence of M1 RNA derivatives. The C5 protein complexed with M1

RNA derivatives was separated by 5% native-PAGE and SDS-PAGE,

and visualized by Western blotting using anti-histidine tag Ab. As a

negative control, 500 ㎍ of RNase A was added to the mixture to
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eliminate M1 RNA.

2.3.5 Micrococcal Nuclease (MNase) treatment

After induction of C5 protein, the cells from 10 ㎖ of LB broth were

harvested by centrifugation and lysed in PBS by sonication. Then each

lysate was incubated with 10 units of micrococcal nuclease (NEB) for

30 min at 37℃. The MNase-treated samples were separated into total

fraction, soluble fraction, and insoluble fraction by centrifugation and

visualized on a SDS-PAGE gel. As a control, 3 mM EGTA was used

to inhibit the MNase reaction. In addition, EGTA-only treatment was

also performed to check the effect of EGTA on the solubility of C5

protein.
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3. Results

3.1 The solubility of C5 protein is greatly dependent on

M1 RNA in vivo

To examine the effect of M1 RNA on the in-cell solubility of C5

protein, M1 RNA was coexpressed with C5 protein in vivo, under the

control of IPTG and L-arabinose. As the first-hand indicators, the

parameter of in-cell solubility including protein folding, stability,

aggregation, and proteostasis in cells could be shown by separating the

cell lysates into the soluble and insoluble fractions 7, 32, 33, 66. As shown

in Figure 8A and B, the solubility of C5 protein without the

coexpression of M1 RNA was 62%, but it was highly increased by the

coexpression of M1 RNA (92%). This result was further confirmed with

Western blotting using an anti-hexa-histidine tag antibody (Figure 8A,

lower panel). To check whether M1 RNA was overexpressed in vivo by

IPTG induction, RT-PCR of total RNA from E. coli extract was

performed (Figure 8C). The endogenous M1 RNA without the inducers

was below the detection level, but the M1 RNA band intensity was

highly increased under IPTG induction condition. Interestingly, the

intensity of M1 RNA was slightly increased by the overexpression of

C5 protein upon the induction by L-arabinose only, further supporting

that the lifetime of endogenous M1 RNA is highly dependent on the

existence of C5 protein 67. As negative controls, the mock vector
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(pLysE) or the coexpression of non-cognate RNA, E. coli tRNALys,

showed little effect, if any, on the solubility of C5 protein (Figure 9).

The Western blot analysis in Figure 8A showed that C5 protein was

below detection threshold without L-arabinose induction. However, on

the SDS-PAGE gel, the small amount of the band was detected as the

same size of C5 protein (about 14 kDa). Thus, LC-MS analysis was

performed to further verify whether the band is C5 protein or not. As

shown in Figure 10, C5 protein could be identified by LC-MS, at the

lower position of protein hits. The E. coli host HMS174(DE3) without

transformation of C5 protein expression vector also showed the protein

band on a SDS-PAGE gel, but C5 protein was not detected by LC-MS

analysis, indicating that there was the leaky expression of C5 protein

without L-arabinose induction, but the expression level of C5 protein

was lower and under detection threshold in both SDS-PAGE analysis

and Western blot analysis.

To further investigate the role of M1 RNA in the solubility

enhancement of C5 protein in vivo, the expression of M1 RNA and C5

protein was temporally controlled. As shown in Figure 11B, M1 RNA

was induced at 0.5, 1, and 2 hours after C5 protein induction by

L-arabinose. The solubility of C5 protein was gradually decreased as

the induction of M1 RNA was delayed (Figure 11A and C). Overall,

these results indicate that M1 RNA enhances the solubility of C5

protein and prevents the aggregation of C5 protein in vivo.
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A

B C

Figure 8. Effect of M1 RNA coexpression on the solubility of

C5 protein in vivo. (A) Coexpression of C5 protein and M1 RNA.

The expression of C5 protein and M1 RNA was induced by

L-arabinose and IPTG, respectively.

- continued next page -
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The black arrows indicate the expressed wt C5 protein. M, T, S,

and I represent the molecular size marker, total, soluble, and

insoluble fraction, respectively. The expression data was further

confirmed by Western blot analysis (lower panel). (B) Relative

solubility of proteins was measured by densitometric scanning of

the SDS-PAGE gel (right panel). All data was summarized from 3

independent experiments. (C) RT-PCR analysis of M1 RNA

expression. The E. coli lysates shown in Figure 8A were used for

RNA isolation and cDNA generation.
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Figure 9. Coexpression of C5 protein with the mock vector

(pLysE) or tRNALys as negative controls. The experiments were

performed more than 3 times. The arrows represent induced C5

protein.
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A

- continued next page -
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< The expression vector of C5 protein transformed cell >

B

C

- continued next page -
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< HMS174(DE3) (mock) >

D

E

- continued next page -
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Figure 10. C5 protein was expressed at a low level without

the inducer. (A) SDS-PAGE for LC-MS analysis. The protein

bands (shown as square boxes) of the non-induced soluble fraction

(the expression vector of C5 protein transformed-cell) and the

soluble fraction of mock cell (HMS174) which have similar

molecular weight to the expressed C5 protein were separated and

analyzed by LC-MS (Proteome). An arrow indicates induced C5

protein. Mascot Search Results of the vector transformed sample

(B) and HMS174(DE3) strain (D). C5 protein (ribonuclease P) was

marked by yellow color. NCBInr 110704 (14481393 sequences;

4958963357 residues) database and taxonomy of Escherichia coli

(84403 sequences) were used for this analysis. Probability Based

Mowse Score of the vector transformed-sample (C) and

HMS174(DE3) strain (E). Individual ions scores >40 indicate identity

or extensive homology (p<0.05). Protein scores were derived from

ions scores as a non-probabilistic basis for ranking protein hits.
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A

B C

Figure 11. Effect of delayed induction of M1 RNA on the

solubility of C5 protein in vivo. (A) Expression of C5 protein

with temporally controlled M1 RNA. (B) Induction points of C5

protein and M1 RNA. M1 RNA was induced with IPTG at 0 h (a),

0.5 h (b), 1 h (c), and 2 h (d) after the induction of C5 protein by

L-arabinose. The induction point of C5 protein was shown as an

arrowhead, and that of M1 RNA was indicated by arrows and small

letters. (C) Relative solubility of C5 protein calculated by

densitometric scanning. The solubility data shown here were

summarized from 3 independent experiments.
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3.2 Mutations in the regions involved in interactions

between M1 RNA and C5 protein strongly affect the

solubility and the expression level of C5 protein in vivo.

To further support the chaperoning role of M1 RNA in the folding of

C5 protein, M1 RNA derivatives (mM1 RNA-1 and mM1 RNA-2)

which have the impaired binding ability to C5 protein were coexpressed

with C5 protein in vivo. The deletion regions of M1 RNA were selected

based on a high-resolution structure of RNase P holoenzyme 68,

interaction models between C5 protein and M1 RNA 69, and in vitro

binding assays 70-72. The coexpression of M1 RNA and C5 protein was

performed under the same condition as shown in Figure 8. As shown

in Figure 12, M1 RNA mutants failed to increase the solubility of C5

protein (56.8% and 60.2% for mM1 RNA-1 and mM1 RNA-2,

respectively, as compared to 91.1% for wild-type (wt) M1 RNA).

To verify whether M1 RNA derivatives were overexpressed with the

induction of IPTG, RT-PCR was performed (Figure 12B). Because the

primer set for the detection of M1 RNA covers from nucleotides 20 to

190, mM1 RNA-1, which has deletions nucleotides 62 through 74, was

detected at slightly lower positions, further supporting that M1 RNA

derivatives were expressed well in vivo. These results indicate that the

interaction of M1 RNA has a pivotal role in the solubility and folding

of C5 protein in vivo.

In addition to the M1 RNA mutants, three C5 protein mutants, C5

(R62A/R64A), C5 (K66A/R67A), and C5 (F18A), were used to examine
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A

B

Figure 12. Coexpression of wt C5 protein with M1 RNA

mutant derivatives in vivo. (A) SDS-PAGE analysis of the

coexpression of C5 protein and M1 RNA derivatives. The arrows

represent C5 protein overexpressed by L-arabinose. The relative

solubility of C5 protein was measured by gel densitometer and

summarized from 3 independent experiments (right panel). (B)

RT-PCR analysis of M1 RNA derivatives and 5S rRNA (control).

The cDNAs were obtained from the E. coli lysates in Figure 12A.
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the effect of M1 RNA interaction on the folding and solubility of C5

protein (Figure 13). The mutation residues which would affect the

formation of a prokaryotic RNase P complex 73, 74, are exposed on the

outer surface of the C5 protein and thus the mutations are not expected

to have a strong effect on the overall stability of the conformation 75.

Generally, the solubility of the derivatives was lower than that of the

wt C5 protein, suggesting that M1 RNA interaction is necessary for

enhancing the solubility of C5 protein (Figure 13A). M1 RNA

overexpression partially rescued the solubility of C5 protein derivatives,

however, it is significantly lower than that of wt C5 protein.

Interestingly, the coexpression of M1 RNA greatly decreased the overall

expression levels of C5 protein mutants, as summarized in Figure 13B.

The overexpression of M1 RNA was also further confirmed by

RT-PCR (Figure 13C). In the case of the coexpression of M1 RNA and

C5-EGFP, similar results were made (Figure 14). M1 RNA greatly

increased the solubility of wt C5-EGFP, whereas it also decreased the

overall expression levels of C5-EGFP mutants.

To further verify these findings, the coexpression of C5 protein

mutants and M1 RNA was temporally controlled by the same method

in Figure 11. The expression level of C5 protein mutants was decreased

with the presence of M1 RNA (Figure 15). However, the expression

level was gradually increased as the induction of M1 RNA was delayed.

After 2-hour interval, the expression levels of the mutants were similar

to that of C5 protein mutants only without M1 RNA coexpression,

indicating that M1 RNA has a pivotal role in decrease of the protein
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A

B C

Figure 13. Coexpression of C5 protein mutants with wt M1

RNA in vivo. (A) SDS-PAGE analysis of the coexpression of C5

protein mutants and wt M1 RNA. The arrows indicate C5 protein

derivatives overexpressed by L-arabinose. (B) Relative expression

ratio of C5 protein and its derivatives. The band intensity of the

- continued next page -
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expressed C5 protein derivatives in the total fractions was

quantified by gel densitometer from 3 independent experiments and

the relative expression ratio was calculated by taking the ratio of

the amount of C5 mutants with and without the induction of wt M1

RNA. (C) RT-PCR analysis of M1 RNA derivatives and 5S rRNA.

The cDNAs were generated from the E. coli lysates in Figure 13A.
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A

B

Figure 14. Coexpression of C5-EGFP and its mutant

derivatives with wt M1 RNA in vivo. (A) Coexpression of wt

C5-EGFP with wt M1 RNA. To further confirm the overexpression

of C5-EGFP, Western blot analysis was performed. (B)

Coexpression of three C5-EGFP mutants with wt M1 RNA. The

arrows in Figure 14 represent C5-EGFP overexpressed by

L-arabinose.
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Figure 15. Effects of delayed induction of wt M1 RNA on the

solubility of C5 protein mutants under the same condition as

in Figure 11. The arrows represent wt C5 protein and its mutants

overexpressed by L-arabinose.
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expression level. These results suggest that C5 protein mutants are

prone to aggregate without M1 RNA, but the mutants, by interacting

with M1 RNA weakly, could maintain them in a soluble state,

preventing protein aggregation and leading to be easily degraded by

proteolytic system (Figure 16).

3.3 M1 RNA stimulates in vitro refolding of C5 protein

To perform in vitro analysis including in vitro refolding and RNA-protein

binding assay, C5-EGFP, its derivatives (C5 (K66A/R67A)-EGFP and

EGFP), M1 RNA, and its derivatives (mM1 RNA-1 and mM1 RNA-2)

were prepared (Figure 17 to 20). The molar concentration of wt EGFP,

C5-EGFP, and C5(K66A/R67A)-EGFP was 48.2, 37.6, and 26.2 μM,

respectively. And that of wild type M1 RNA, mM1 RNA-1, and mM1

RNA-2 was 17.72 μM, 17.83 μM, and 18.01 μM, respectively.

To examine the effect of M1 RNA on the folding of C5 protein, in vitro

refolding of C5 protein was performed. To monitor the refolding of C5

protein in real-time 76, EGFP, a general folding reporter protein, was

C-terminally fused to C5 protein (C5-EGFP). EGFP belongs to class 2 of

GFPs with phenolate anions in chromophore 77. It has become the most

widely used because of high brightness with simple excitation and easiness

to be detected at real time. In the case of EGFP, two sites of GFP were

changed to F64L and S65T for ionization of the phenol of the chromophore.

The reason why the additional reporter protein is needed is that it is

challenging to directly monitor the proper folding of C5 protein. First, as
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Figure 16. Proposed model for M1 RNA-mediated in-cell

solubility of C5 protein. The binding of the ligand (M1 RNA) to

the unfolded or newly synthesized protein stimulates the protein into

a stabilized and properly folded conformation, which prevents

aggregation and leads to the assembly of RNP complex (RNase P).

In the absence of RNA, the unfolded protein is prone to aggregation

- continued next page -
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or degradation. When misfolded or mutated, the protein subunit is

vulnerable to aggregation, but could maintain the interaction to the

RNA subunit. Although defective, the interaction still provides

partial solubility to the protein subunit, facilitating its proteolytic

degradation, and consequently preventing protein aggregation. Thus,

the overall expression level and insolubility of the mutated or

misfolded protein were decreased by the RNA partner.
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A

B

- continued next page -
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C

Figure 17. Purification of wt EGFP (A), C5-EGFP (B), and C5

(K66A/R67A)-EGFP by nickel affinity chromatography. The

arrows represent eluted proteins. M, T, FT, and W indicate

molecular weight marker, total, flow through, and wash fraction,

respectively.
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Figure 18. Quantification of C5-EGFP and its derivatives.

The molar concentration of wt EGFP, C5-EGFP, and

C5(K66A/R67A)-EGFP was 48.2, 37.6, and 26.2 μM, respectively.

The arrows indicate purified proteins.
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Figure 19. The linearity of fluorescence of purified proteins.

The proteins were serially diluted and the fluorescence of each

concentration was measured by Cary Eclipse fluorescence

spectrophotometer (Varian). The concentration dependence of

fluorescence shows that C5-EGFP and C5 (K66A/R67A) have

slightly lower fluorescence than wild-type EGFP, probably due to a

steric effect of C5 protein.
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Figure 20. In vitro transcription of M1 RNA and its

derivatives. The arrow indicates generated M1 RNA. M, molecular

weight marker; 1, wild type M1 RNA (377 nt), 17.72 μM; 2, mM1

RNA-1 (364 nt), 17.83 μM; 3, mM1 RNA-2 (373 nt), 18.01 μM
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explained in the introduction, the protein subunit of RNase P has no

enzymatic activity 57. Second, because the enzymatic assay of RNase P is

based on the maturation of a precursor tRNA by cleaving its 5’ leader, it

is incompatible with the fast folding of C5 protein and assembly into

RNase P. Thus, these problems could be circumvented by EGFP fusion.

Although the folding of EGFP in itself is not affected by M1 RNA (Figure

25), the folding status of C5 protein, that is, properly folded or misfolded,

directly affects the folding of the physically linked partner EGFP. Thus,

this system allows to monitoring the C5 protein folding in real-time.

At first, to find the optimum concentration of C5-EGFP, C5-EGFP was

diluted and refolded under the various conditions (data not shown), and

finally the optimum dilution fold was set as 25-fold (total 0.37 μM). The

intensity of native C5-EGFP at the same concentration was about 380.

Thus, the spontaneous refolding yield of 0.37 μM of C5-EGFP was about

20%. 0.37 μM of C5-EGFP was denatured and then refolded with

various concentration of M1 RNA (0, 0.18, 0.37, and 0.74 μM). The

refolding of C5-EGFP was monitored by measuring the fluorescence of

EGFP.

To find the optimum measuring time, the fluorescence of C5-EGFP in

the presence of the varying concentration of M1 RNA was measured at

every 30 sec and 3 min (Figure 21). The maximum fluorescence of

refolded C5-EGFP was increased when measuring at every 3 min,

whereas, the intensity of spontaneous refolding was also enhanced as

the measuring time was increased. Thus, to reduce the background

intensity, the fluorescence of C5-EGFP was measured at every 30 sec.
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A

B

Figure 21. The effect of measuring time on the fluorescence of

the refolded C5-EGFP. The fluorescence of the refolded C5-EGFP

was monitored at every 30 sec (A) and 3 min (B) at the various

concentration of M1 RNA. The experiments were performed 2

times.
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To investigate the stability of native C5-EGFP, the protein was

incubated at room temperature and in the fluorescence

spectrophotometer (about at 30℃). Expectably, the fluorescence of

native protein was decreased as the incubation temperature was

increased (Figure 22A). Thus, to minimize the effect of temperature on

in vitro refolding of C5-EGFP, the fluorescence of native C5-EGFP was

measured at every 30 sec (Figure 22B), and the decrease of the

fluorescence was normalized when calculating the fluorescence and

refolding yields of refolded C5-EGFP.

As shown in Figure 23, the refolding yield of C5-EGFP was

proportional to the concentration of M1 RNA. At the highest

concentration (0.74 μM), however, the refolding was slightly decreased.

The refolding was greatly increased by M1 RNA more than 3-fold

(21.6% and 66.4%, in the absence and the presence of M1 RNA,

respectively). The same concentration of native C5-EGFP was not

affected, if any, by M1 RNA (data not shown). Consistent with this

result, the RNase treatment strongly abolished the refolding yield of C5

protein (Figure 24, the blue line), and M1 RNA failed to enhance the

refolding of wt EGFP (Figure 25). Taken together, these data indicate

that M1 RNA profoundly enhances the folding of C5-EGFP in vitro as

well as in vivo.
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A

B

Figure 22. The effect of temperature on the fluorescence of

the native C5-EGFP under refolding buffer condition. (A) The

fluorescence of native C5-EGFP after 90 min incubation at room

temperature and in the fluorescence spectrophotometer (30℃). (B)

The fluorescence of native C5-EGFP monitored by

spectrophotometer at every 30 sec. The experiments shown in

Figure 22 were performed 2 times.
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A

B

Figure 23. In vitro refolding of C5 protein in the presence of

M1 RNA. (A) Refolding of C5-EGFP (0.37 μM) with various

concentrations of M1 RNA, that is, 0X (0 μM), 0.5X (0.18 μM), 1X

(0.37 μM), and 2X (0.74 μM) of molar equivalents of C5-EGFP.

These data were summarized from 3 independent experiments. (B)

The refolding yield of C5-EGFP at 30min, relative to the

fluorescence of purified native C5-EGFP.
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Figure 24. Effect of RNase treatment on the refolding of

C5-EGFP. This experiment was performed by the same method in

Figure 23. These data were summarized from 3 independent

experiments.
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Figure 25. Refolding of wt EGFP (0.37 μM) at the varying

concentrations of M1 RNA. This experiment was examined by

the same method in Figure 22. The data from 3 independent

experiments were summarized.
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3.4 Mutations in the regions involved in interactions

between M1 RNA and C5 protein strongly affect the

refolding of M1 RNA-mediated C5 protein in vitro.

To further investigate the dependence of the folding of C5 protein on

M1 RNA in vitro, M1 RNA derivatives, mM1 RNA-1 (Δ62-74) and

mM1 RNA-2 (Δ229-232), which have an impaired binding ability to C5

protein, were used. The refolding yields of C5 protein by mM1 RNA-1

and mM1 RNA-2 were greatly lower than that by wt M1 RNA, that is,

58% and 42% of wt M1 RNA, respectively (Figure 26). The results

indicate that M1 RNA derivatives have the impaired chaperoning ability

compared to the wt M1 RNA.

To further support the in vivo and in vitro data, in vitro binding

assays (Figure 27) were performed. To minimize the effect of the

endogenous M1 RNA, which has a higher binding affinity to C5 protein,

on the purification and binding assay of C5 protein, cell-free in vitro

translation method was used. In vitro binding assays showed that M1

RNA mutants have a significantly decreased binding affinity to C5

protein (lanes 3 and 4), compared to wt M1 RNA (lane 2). The pI

values of RNase P holoenzyme (RNP complex) is 5.5, whereas the

unbound C5 protein alone is extremely basic, i.e. 12.2 78. Thus, the

unbound C5 protein moves in the opposite direction under the

electophorectic conditions and cannot be detected with RNase P

holoenzyme on the same native gel. As shown in Figure 27,

RNA-protein complexes were not detected in negative controls: either in
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the absence of M1 RNA (lane 1) or by pretreatment with RNase A

(lane 5). Of note, the band intensity of mM1 RNA-1 was relatively

lower than that of mM1 RNA-2, consistent with the in vitro refolding

results shown in Figure 26 (green vs. blue).

In addition to the M1 RNA mutant derivatives, C5-EGFP mutant, C5

(K66A/R67A)-EGFP, was also used for further experiments in vitro

(Figure 28). The molar concentration of C5 (K66A/R67A) was 0.13 μM,

lower than that of C5-EGFP (0.37 μM), due to the insolubility of

mutant C5-EGFP. Wt M1 RNA failed to enhance the refolding yield of

C5 protein mutant, although the refolding yield of C5

(K66A/R67A)-EGFP was slightly increased with the highest

concentration of M1 RNA.

Taken together, these results indicate that M1 RNA potently stimulate

the folding of its cognate C5 protein both in vivo and in vitro, and

specific interaction between M1 RNA and C5 protein has a pivotal role

in the folding of C5 protein.
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Figure 26. Refolding of C5-EGFP (0.37 μM) in the presence of

M1 RNA derivatives. The experiment was performed by the same

method in Figure 22. The molar concentrations of M1 RNA

derivatives were 1X (0.37 μM) of C5-EGFP. The data were

obtained from 3 independent experiments.
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Figure 27. Binding assays for C5 protein with M1 RNA

derivatives. C5 protein was generated by in vitro translation,

complexed with M1 RNA derivatives, separated on native-PAGE

(upper panel) and SDS-PAGE (lower panel), and visualized with

Western blot. Lane 1, wt C5 protein only; lane 2, wt C5 protein +

wt M1 RNA; lane 3, wt C5 protein + mM1 RNA-1; lane 4, wt C5

protein + mM1 RNA-2; lane 5, wt C5 protein + wt M1 RNA +

RNase A.
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Figure 28. Refolding of C5 (K66A/R67A)-EGFP (0.13 μM) at

varying concentrations of wt M1 RNA. These results were

obtained from 3 independent experiments. The molar concentrations

of wt M1 RNA were 0X, 1X, and 2X of molar equivalent of C5

(K66A/R67A)-EGFP. The experiment was performed by the same

method in Figure 22.
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3.5 M1 RNA is crucial for both the folding and the

stability of C5 protein

As illustrated in Figure 16, the in vivo results showed that RNA

subunit not only stimulates the folding of its interacting protein, but

also controls its overall in-cell solubility. A substantial fraction of

proteins must interact to their partner(s) to reach and maintain their

proper given structures. Thus, to verify the effect of M1 RNA on the

stability of C5 protein after folding and complexation, the lysates of C5

protein was treated with micrococcal nuclease (MNase) (Figure 29).

The elimination of RNA strongly affected the solubility of C5 protein,

that is, the soluble fraction of C5 protein was greatly decreased and the

insoluble fraction was enriched. As a control, EGTA was treated to

inhibit the enzymatic activity of MNase, and under this condition, the

solubility of C5 protein was not, if any, affected. And EGTA alone

(without MNase) did not affect the solubility of C5 protein. These

results indicate that M1 RNA subunit not only facilitates the folding

but also has a crucial role in maintaining the stability of C5 protein and

forming an RNP complex after folding of C5 protein.

3.6 Unbalanced protein homeostasis renders M1 RNA

to hamper the folding of C5 protein

As shown in Figure 13 to 16, M1 RNA not only provided the

chaperoning role in the folding of C5 protein, but also decreased the

overall expression level of mutant C5 proteins. If these decreases are
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directly associated with proteostasis of C5 protein in E. coli, protease

inhibition would affect the overall expression levels of C5 protein

mutants. This hypothesis could be addressed by treating protease

inhibitors of E. coli, and investigating the expression pattern of C5

protein mutants in the presence or absence of M1 RNA.

However, this approach is difficult, due to the lack of commercially

available protease inhibitors which can effectively penetrate into the

cells and work in vivo. Instead, alternative E. coli line, BL21star(DE3),

which has a deletion of the lon protease and a mutation in the outer

membrane protease VII, was used. Surprisingly, the results were

opposite to those from using HMS174(DE3) strain: the expression level

of C5 protein mutants in the absence of M1 RNA appeared to have

been decreased and the mutants were greatly aggregated in the

presence of M1 RNA (Figure 30).

To further examine if M1 RNA has a role in these opposite results,

the presence of M1 RNA in the insoluble fraction of C5 protein mutants

was investigated by RT-PCR (Figure 31). E. coli lysates were

separated into soluble and insoluble fraction, and total RNAs were

isolated from the lysates. M1 RNA was detected in the insoluble

fraction and the band intensity of M1 RNA was strongly increased with

the induction of M1 RNA.

Taken together, these results suggest that M1 RNA not only

stimulates the folding of C5 protein, but could promote the aggregation

of mutant or misfolded C5 protein in the proteolytically unbalanced

condition.
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Figure 29. Effect of MNase treatment on the solubility of C5

protein. The two arrows indicate C5 protein in the presence and

absence of MNase, respectively. As a control, EGTA was treated to

inhibit MNase activity. The lysates from Figure 8 was used.
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Figure 30. Coexpression of C5 protein mutants in the presence

or absence of wt M1 RNA in E. coli host BL21star(DE3). The

arrows indicate wt C5 protein and its derivatives in the presence of

M1 RNA.
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B

Figure 31. Coexpression of C5 (R62A/R64A) with M1 RNA or

mock vector (pLysE) (A) and RT-PCR analysis of M1 RNA

expression (B). The black arrows indicate overexpressed C5

(R62A/R64A). The white arrows represent detected M1 RNA from

the lysates of the insoluble fractions in Figure 31(A).
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3.7 M1 RNA binding is directly associated with

intrinsically disordered regions (IDRs) in C5 protein

Newly synthesized polypeptides interact with their partners during the

biogenesis and folding processes. Furthermore, substantial fractions of

proteins have been reported to be intrinsically disordered proteins

(IDPs) or have intrinsically disordered regions (IDRs) 24, 79, 80, forming

stable structures in a partner binding-coupled manner 81. Taken with

these studies, the results shown here suggest that ligands (partners)

could play pivotal roles in dictating the folding of their interacting

proteins including IDPs. To elucidate whether there are IDRs exist in

the C5 protein and the IDRs are associated with M1 RNA binding, the

IDRs of C5 protein were predicted by both sequence- and

structure-based prediction algorithms 82, 83 (Figure 32 and 33). As

shown in Figure 32, there is the predominantly disordered region of the

C5 protein in its middle part, in addition to the ends of its N- and

C-termini, supporting previous experimental observations 84. Of note, the

major IDR overlapped with the known M1 RNA binding sites (red

square) 73, 74. Consistent with this result, two C5 protein mutants, C5

(R62A/R64A) and C5 (K66A/R67A), in the IDRs inhibited M1 RNA

binding (Figure 33). Since the F18 residue is also reported as binding

to the 5’ leader sequence of pre-tRNA 75, 84, the perturbed solubility and

folding shown in the C5 (F18A) mutant could be explained to the

failure of binding to the tRNA as well as M1 RNA. These results

further provide the possibility that M1 RNA binding shields the
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disordered region from exposure to water preventing its misfolding and

induces a stable conformation of C5 protein, as varying partners of

IDPs do 85.

Taken together, the results strongly suggest that RNAs, similar to

protein-based molecular chaperones, can assist protein folding and

dictate proteostasis, by operating either independently or in concert with

molecular chaperones.
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Figure 32. IDR Prediction by FONDR-FITTM and other

associated predictors including VSL2B, VL3, and VLXT.

Peptide residues verified as the M1 RNA binding region are

indicated as a red square. More than 0.5 of disorder disposition

represents possible IDP regions.
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4. Discussion

This study shows that M1 RNA provides a chaperoning function to

and dictates the state of its cognate C5 protein as well as its

well-known tRNA maturation. The solubility of C5 protein was

significantly increased by the coexpression of M1 RNA (Figure 8).

Also, the refolding yield of C5-EGFP was greatly increased by the

same molar concentration of M1 RNA (Figure 23). These chaperoning

functions were mediated by a direct interaction between M1 RNA and

C5 protein; mutations that affect the interaction between them failed to

increase solubility and fluorescence of C5 protein (Figure 12, 13, 26, and

27). In the absence of M1 RNA, the C5 protein mutants were prone to

aggregate, whereas, under coexpression, their overall expression levels

were greatly decreased as compared to wt C5 protein (Figure 13).

Ligands are thought to protect their binding partners from proteolytic

degradation by facilitating their folding or enhancing their stability,

similarly to the case of M1 RNA to wt C5 protein. However, C5 protein

mutants could maintain the RNP complex in a soluble state by the

weak interaction with M1 RNA, leading them to proteolytic degradation,

and consequently affecting the overall proteostasis of C5 protein (Figure

16).

The role of M1 RNA in the stability of C5 protein is similar to

molecular chaperones, which play a dual role in the folding and

proteostasis of client proteins 86, 87. In addition to the chaperoning

function, M1 RNA also maintains the conformational and chemical
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stability of C5 protein; mutations affecting the interaction between C5

protein and M1 RNA lead protein to be unstable and aggregated

(Figure 26 and Figure 27), and the elimination of RNAs by MNase

treatment also resulted in C5 protein aggregation (Figure 29). It has

been reported that thermal melting studies and CD spectra showed M1

RNA-dependent stabilization and folding of C5 protein in vitro, further

supporting my findings. According to the Dobson’s generic view of

protein aggregation, proteostasis is largely associated with the

maintenance of in-cell solubility of proteins, and thus, dysregulation in

protein quality control mechanisms can eventually drive various protein

aggregation-associated diseases including neurodegenerative diseases

45-47. Furthermore, it has been continuously reported that mutation or

misregulation of RNAs causes pathogenetic consequences, known as

RNAopathies 48. It also should be noted that polyanions, especially

various RNAs, have been studied to stimulate PrP conversion and

facilitate de novo prion formation 49-53. As shown in Figure 30 and 31,

in proteolytically imbalanced conditions, M1 RNA also showed a

negative role in the folding of C5 protein mutants, compared to its

positive function in normal environments. Thus, these results suggest

that M1 RNA also has a role in quality controls of C5 protein, on

multiple aberrant conditions; either by stimulating the degradation of C5

protein mutants in the presence of normal proteolytic machinery, or by

promoting protein aggregation if the machinery is non-functional.

As shown in Figure 32 and 33, the IDR prediction of C5 protein

suggests that RNA, as a binding partner of IDPs, has a potent role in
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dictating and maintaining the folding and stability of IDPs in a ligand

binding-dependent manner. Overall, the results showed that M1 RNA

not only facilitates the folding pathway of the newly synthesized

polypeptide into its native structure but also maintains the stability of

C5 protein as an RNase P complex. Taken together, these results

suggest that M1 RNA controls the whole fate of C5 protein, from the

beginning to its eventual turnover.

C5 protein, as the sole interacting protein to its cognate M1 RNA,

strongly depends on M1 RNA for its folding, stability, solubility, and

turnover. However, the results have potential implications on verifying

the role of a substantial fraction of RNA subunits on the folding of

their partner proteins 33, as a model system to validate a general

principle. Despites RNA, proteins interact with a variety of partners

such as protein, DNA, and ions. Such partners provide folding energies,

maintain stable structure by shielding aggregation-prone regions 85, and

consequently promote protein folding. Consistently, it has been reported

that coexpression of binding partners effectively enhance solubility and

maintain stability of proteins by preventing protein misfolding and

aggregation 88-90. In accordance with, it should be noted that an

unbalanced proteome and protein-quality control systems resulted from

aneuploidy drive proteotoxic stresses and diseases 91. Taken together,

the findings provide new insight into the concept of protein folding and

homeostasis modulated by binding partner(s).

Although the protein subunit of the RNase P complex has no

enzymatic function, it provides an auxiliary but crucial role in the RNA
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subunit to the substrate specificity and catalytic efficiency by stabilizing

the RNA subunit while forming an RNP complex 71, binding to the 5’

leader sequence of pro-tRNA 92, and assisting the release of mat-tRNA

63. Thus, the results further suggest the possibility that M1 RNA

increases the generation of mat-tRNAs by directly controlling the

folding and in-cell solubility of its cognate protein. As essential building

blocks, consequently, the enhancement of tRNA generation would

facilitate ribosome-assisted polypeptide synthesis. Considering various

non-coding RNAs which were yet unknown functions in the human

genome 93, the potential role of RNA in the folding and proteostasis of

its interacting proteins in cellular environment, in concert with or

without protein-based molecular chaperones, remains to be further

explored.
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국문 록

RNA는 작용 단백질의 세포 내 수용성에 요하다:

RNA 재에 의한 단백질 힘에 한 견해

손 아

연세 학교 학원

융합오믹스의생명과학과

‘어떻게 단백질이 고도로 복잡한 세포 내에서 잘못 힘과 뭉침 등의 잘

못된 진로를 피해 효율 으로 합한 3차원 구조에 이르는 가?’라는 질문

은 매우 궁극 인 질문이다. 통 으로, 단백질 힘은 분자 샤페론 이라

는 개념 안에서 연구되어 왔다. 그러난 심도 깊은 여러 연구에도 불구하고

단백질의 합 트 (리간드)가 결합하는 단백질의 힘, 잘못 힘, 뭉

침, 항상성 등을 포함하는 세포 내 수용성에 미치는 향은 여 히 부분

밝 지지 않았다. RNA는 세포 내에 다량 존재하며, 단백질의 모든 생애

주기에 직간 으로 작용한다. 모든 단백질은 외 없이 리보좀 기 에

의해 합성되며, 따라서 합성 기부터 리보좀 RNA (rRNA)와 하게 연

결되어있다. 한 많은 수의 단백질 들이 RNA 리간드와 결합하여 RNA-
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단백질 복합체 (RNP 복합체)를 이룬다. 따라서 RNA가 작용하는 단백질의

힘과 항상성에 어떤 역할을 하는 지 연구하는 것은 매우 뜻깊은 일이다.

하지만 재 단백질 힘 연구는 이런 리간드가 단백질의 세포 내 수용성

에 주는 역할에 해 묻지도, 해답을 주지도 않는다. 본 연구에서는 RNase

P를 모델로 M1 RNA가 결합하는 C5 단백질의 힘에 여하는 지를 조

사하 다. 장균에서 M1 RNA를 C5 단백질과 함께 발 했을 때 단백질

의 수용성이 크게 증가하 다. M1 RNA는 한 시험 내에서 C5 단백질

의 재 힘을 크게 유도하 다. 그러나 C5 단백질과 M1 RNA 결합능력이

해된 돌연변이를 사용했을 때에는 이런 수용성과 힘의 증가가 나타나

지 않았다. 한 본 연구는 M1 RNA가 정상 세포 환경에서는 돌연변이

C5 단백질의 분해를 진하고, 단백질 분해 기작이 제 기능을 수행하지 못

할 때에는 오히려 단백질의 뭉침을 진하는 단백질의 질을 리하는 역할

한 한다는 것을 보여주었다. 본 연구를 통해 RNA 리간드가 작용하는 단

백질의 힘을 재함을 보여주었으며 이를 통해 단백질의 힘과 항상성

에 작용하는 RNA의 새로운 기능에 한 견해를 제시해 것이다.

------------------------------------------------------------------------------

핵심단어: 단백질 힘, 뭉침, C5 단백질, M1 RNA, RNase P, 분자 샤페

론, 단백질 항상성, 세포 내 수용성


