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ABSTRACT
The mRNA turnover and ribosome assembly are facilitated by Mrt4 protein from Saccharomyces 
cerevisiae. In present study, we are reporting the cloning, expression and homogeneous purifica-
tion of recombinant Mrt4. Mrt4 is a 236-amino-acid-long nuclear protein that plays a very crucial 
role in mRNA turnover and ribosome assembly during the translation process. mrt4 gene was 
amplified by polymerase chain reaction and cloned in expression vector pET23a (+) under the 
bacteriophage T7-inducible promoter and lac operator. Furthermore, protein was purified to 
homogeneity using immobilized metal affinity chromatography (IMAC) and its homogeneous 
purification was further validated by immunoblotting with anti-His antibody. The far-UV CD 
spectra represent that Mrt4 has a typical α helix with characteristic negative minima at 222 and 
208 nm. At physiological pH, the fluorescence spectra and CD spectra showed properly folded 
tertiary and secondary structures of Mrt4, respectively. Saccharomyces Mrt4 protein possesses 
putative bipartite NLS (nuclear localization signal) at the N-terminal part followed by two well- 
conserved domains, rRNA-binding domains and translation factor (TF) binding domain. PIPSA 
analysis evaluates electrostatic interaction properties of proteins and concluded that Mrt4 protein 
can be used as a fingerprint for classifying Mrt4-like mRNA turnover protein from various species. 
The availability of an ample amount of protein may help in its biochemical and biophysical 
characterization, crystallization and identification of new interacting partners of Mrt4.
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Highlights

● Mrt4 is a key player of mRNA turnover and 
ribosome assembly.

● Recombinant expression and homogeneous 
purification were established.

● Structure of yeast Mrt4 is largely unknown.
● Biophysical characterization of Mrt4 was 

performed.

Introduction

Eukaryotic ribosome maturation is dependent on 
a wide range of trans-acting factors. To date, more 
than 150 factors have been identified in the ribosome 
assembly that associate and dissociate from preribo-
somal particles during the maturation pathway [1,2]. 

Mrt4 (mRNA turnover protein) is a major subunit of 
the ribosome assembly machinery. It also works as 
a nuclear paralog of the ribosomal P0 protein, inter-
acts with pre-60S subunits at an initial stage of assem-
bly into the nucleolus. Finally, replaced by ribosomal 
P0 protein in cytoplasmic mature 80S ribosomes and 
pre-60S subunits. Mrt4 is a kind of ribosomal stalk 
protein well known to be involved in mRNA turnover 
and ribosome biogenesis [1]. Initially, Mrt4 was 
thought to be involved in turnover of mRNA only, 
but later on reported in preribosomes and now well 
characterized as part of the ribosome assembly 
machinery [2,3]. Mrt4 and P0 protein contain a wide 
range of amino acid sequence homology. Both pro-
teins can interact and compete for the same site in the 
rRNA. They play mutually exclusive role in ribosome 
[4–6]. Dual-specific phosphatase Yvh1 played a very 
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crucial role in release of Mrt4 from pre-60S subunits. 
Yvh1 deletion resulted in persistence of Mrt4 on pre- 
60S subunits in the cytoplasm [7–10]. Yeast and 
human Mrt4 proteins share very fine sequence con-
servation and homology. Recent reports showed that 
mrt4 deletion in yeast exhibits a very slow growth 
phenotype in cells that could be easily complemented 
with hMrt4 (human Mrt4) protein. This clearly repre-
sents that the Mrt4 protein structure and function are 
fairly conserved throughout the evolution [11]. In 
recent studies, temperature-sensitive yeast strain 
ts1189 defects lead to decay for a number of 
mRNAs. The human counterpart was fairly able to 
complement the growth of the mrt4 temperature- 
sensitive mutant strain, but not completely [12]. The 
human and yeast Mrt4 proteins show strong conser-
vation of the sequence with the P0 protein, not only in 
the case of the rRNA-binding domain but also in the 
translation factor (TF) binding domain. Mrt4 protein 
coding gene also play a crucial role in some human 
genetic diseases. Major diseases associated with mrt4 
gene include Robinow Syndrome, Autosomal 
Dominant 1(RSAD1) and Shwachman-Diamond 
Syndrome 1(SDS1) [13]. RSAD1 is characterized by 
acral dysostosis with genital and facial abnormalities, 
while SDS1 by bone marrow and dysfunction pan-
creatic insufficiency [14]. Recombinant protein 
expression in Escherichia coli provides the opportunity 
to get ample amount of recombinant proteins swiftly 
[15]. Nowadays, pET23a (+) is a widely used vector for 
the expression and purification of recombinant pro-
teins [16]. Although the expression and production of 
recombinant proteins are a well-established phenom-
enon, certain obstacles can affect the process [17,18]. 
Limiting factors in the recombinant protein produc-
tion include insoluble protein production, no expres-
sion, improper purification, etc. [19,20]. In the present 
work, we are reporting cloning, successful overexpres-
sion and purification of Mrt4 protein that may lead to 
revelation of its novel interacting partners and its 
crystallization.

Materials and methods

Restriction enzymes and deoxynucleotide tripho-
sphates (dNTPs) were indented from New England 
Biolabs (NEB), USA. All other chemicals and 
reagents were purchased from the Sisco Research 

Laboratories (SRL), Sigma-Aldrich Chemical 
Company, Mumbai, India, and USA, and were of 
the highest purity available. The Nickel- 
Nitrilotriacetic Acid (Ni–NTA) Agarose matrix and 
molecular biology kits were purchased from Qiagen, 
CA, USA. Bacterial culture media were indented 
from Himedia Laboratories, Mumbai, India.

Isolation of S. cerevisiae genomic DNA

S. cerevisiae BY4741 strain (MATa his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0) genomic DNA was isolated 
manually by the method mentioned else-
where [21].

Amplification of mrt4 gene

Gene-specific primers, 5’- CGC GGA TCC ATG 
CCA AGG TCA AAA CGT TCC AAG-3’ (for-
ward) and 5’-ACG CGT CGA CTT CCA TGT 
TGA TGT TAG TGC TTT C-3’ (reverse), were 
constructed for PCR amplification of the 
S. cerevisiae Mrt4 gene. Primers were con-
structed with BamHI (forward) and Sal1 
(reverse) restriction sites, respectively. PCR 
amplification was performed using Taq DNA 
Polymerase (New England Biolabs, USA) with 
the following cycle parameters: initial denatura-
tion temperature of 98°C for 30° s, 30 cycles of 
98°C for 10s, 65°C for 30s and 72°C for 15s, 
followed by a final extension of 72°C for 
5 min. Amplified PCR products were resolved 
using 0.8% agarose gel electrophoresis, and 
amplicon of the 708 bp was purified with a gel 
extraction kit (Qiagen, USA).

Optimization of recombinant Mrt4 protein 
expression and purification

Recombinant cells having pET23a (+)-Mrt4 plas-
mid constructs were screened on LB agar plates 
supplemented with ampicillin. Positive clone was 
picked up, and two different IPTG concentrations 
(0.5 mM and 1.0 mM) and expression tempera-
tures (20°C and 25°C) were tested to optimize the 
expression, respectively, in 5 mL LB broth con-
taining 50 mg/mL ampicillin. Two different E.coli 
expression systems BL21 and C41 were used to 
express recombinant protein according to Mohd. 
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Kashif et al. with varying low temperatures 
respectively. For pilot protein production, 1% 
primary culture was inoculated in 400 mL of 
sterile LB broth supplemented with 50 mg/mL 
ampicillin and incubated at 37°C with shaking 
(180 rpm) until the OD600 reached 0.7 followed 
by overnight induction (0.5 mM IPTG). Grown 
cells were pelleted down by centrifugation at 4°C. 
Furthermore, the pellet was resuspended in 
20 mL of 300 mM NaCl and 50 mM Tris (pH 
8.0) supplemented with protease inhibitor cock-
tail. These cells were lysed on ice using sonication 
at an amplitude of 26% for 10s pulse on and 15s 
off pulse for 20 minutes. The obtained crude 
lysate was centrifugated at 13,000 rpm for 
20 min at 4°C. The supernatant was filtered 
through a 0.45 μm pore PVDF membrane filter 
before affinity chromatography. The matrix was 
extensively washed with 10 bed volumes of equi-
libration buffer (50 mM Tris (pH 8.0), 300 mM 
NaCl). The supernatant was passed through the 
Ni–NTA Agarose matrix (Qiagen, USA). 
Furthermore, Mrt4 was purified using Ni–NTA 
(Qiagen, USA) following manual instructions. 
The concentration of recombinant proteins was 
calculated through the Bradford method using 
BSA as a standard [22,23].

Western blotting

Recombinant Mrt4 purified protein and unin-
duced sample as a control were subjected to 
12% polyacrylamide gel and transferred to the 
PVDF membrane for 90 minutes at 50 mV. The 
protein-transferred to membrane, was blocked 
with 5% skimmed milk for 3 hr. Then, the 
membrane was washed and incubated with the 
mouse anti-His antibody (1/5000 dilution). After 
3 times washing with PBS, pH 7.4, the mem-
brane was then incubated with antimouse IgG 
alkaline phosphatase (1:10,000) in PBST (PBS, 
.05% Tween) at pH 7.4. Membranes were then 
washed 3 times with PBST (PBS, .05% Tween) at 
pH 7.4. Signals were detected with the liquid 
substrate (Sigma Aldrich Co, St. Louis, USA) 
and analyzed using a gel doc system [24].

Biophysical characterization of recombinant 
Mrt4

Fluorescence measurements
The protein sample (2–4 μmolar) was prepared, 
and spectra were recorded with a spectro- 
fluorophotometer (CSIR CDRI, Lucknow) in 
a quartz cell. Fluorescence spectra were recorded 
with a 1.0 cm path length at room temperature. 
Sample was equilibrated for 30 minutes before 
recording the fluorescence measurements. The 
excitation wavelength was 280 nm, and the emis-
sion was recorded from 300 to 400 nm [22,25].

Circular dichroism measurements
The circular dichroism (CD) spectra were mea-
sured with a spectropolarimeter (CSIR CDRI, 
Lucknow). The instrument was precalibrated with 
ammonium d-10 camphorsulfonate. A path length 
of 0.1 cm was implemented for scanning between 
250 and 195 nm. A path length of 1.0 cm was 
implemented for scanning between 300 and 
250 nm. The mean residue ellipticity (MRE) in 
deg.cm2.dmol−1 was defined as

MRE ¼
�obsðmdegÞ

10� n� l� CP
;

where Θobs is the observed ellipticity (CD) in 
milli-degrees, Cp is the molar concentration, n is 
the number of peptide bonds per molecule and ‘l’ 
is the length of the light path (centimeter) [24,26].

Sequence alignments and phylogenetic analysis

Nowadys, WebLogo is widely used to create 
graphical representations of the patterns within 
a multiple sequence alignment and sequence 
logos. For constructing a phylogenetic tree, 
a Neighbor-Joining (NJ) tree was constructed 
based on the National Center for Biotechnology 
Information (NCBI), U.S. National Library of 
Medicine, USA, for phylogenetic analysis. It 
helps in conducting molecular phylogenetics, 
phylogenetic histories and building sequence 
alignments [21].
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Protein interaction property similarity analysis 
(PIPSA)

webPIPSA analysis required PDB files with its 
protein coordinate. These can be achieved as 
specified by PDB identifier code in the RCSB 
and user-supplied structures. User-supplied 
structures can be either generated by compara-
tive modeling techniques using MODELLER or 
SWISSMODEL or experimentally determined 
structures from the respective databases, such 
as MODBASE. The webPIPSA basically 
calculates similarity indices based on the elec-
trostatic potentials of two or more protein (kcal 
mol−1 e−1) [27]

Computational studies

Sequence of Mrt4 protein was taken (SGD ID: 
S000001492) from Saccharomyces cerevisiae gen-
ome database (S.G.D). Saccharomyces cerevisiae 
Mrt4 had no reported structure. We attempted 
to construct the complete 3Dstructure of 
Saccharomyces cerevisiae Mrt4. First, suitable 
templates were searched using the BlastP tool 
against the protein data bank (RCSB-PDB) and 
Phyre2 [28]. The PDB structure 3J65 was used as 
a template to create the structure of yeast Mrt4 
protein using Phyre2 online software. UCSF 
Chimera was used for model visualization and 
columbic surface analysis [29].

Results

PCR amplification and cloning of mrt4 gene.

S. cerevisiae mrt4 gene was amplified by PCR using 
gene-specific primers. The PCR product of the 
expected size (708 bp) was obtained (data not 
shown). Gene was cloned in pET23a (+) vector, 
and clone was confirmed by double digestion 
(Figure 1a). In double digestion, two bands were 
observed, with the size 3.5 kb correspond to the 
vector backbone and 708 bp correspond to mrt4 
gene (Figure S1 A, lane 2). Positive clones were 
sequenced and compared with the Mrt4 sequence 
available in Saccharomyces Genome Database 

(SGD; http://www.yeastgenome.org/). The clone 
sequence showed 99.99% similarity with the Mrt4 
sequence available in SGD [30].

Mrt4 protein expression and solubility 
optimization

Two different E.coli expression systems BL21 
and C41 were implicated to express Mrt4 pro-
tein with varying IPTG concentrations and 
temperatures, respectively (Figure 1b,c lane 2– 
5). Maximum Mrt4 expression was observed in 
the C41 E.coli expression system followed by 
BL21. IPTG concentrations (0.5 mM and 
1.0 mM) were tested, and both concentrations 
showed almost the same level of Mrt4 protein 
expression. Hence, the 0.5 mM IPTG concen-
tration is considered as optimal for Mrt4 
expression. Furthermore, two different tem-
peratures (20°C and 25°C) were tested for 
Mrt4 protein expression and solubility. Soluble 
expression at 25°C induction was higher than 
induction at 20°C (Figure 1b,c). The results 
showed that the molecular weight of the recom-
binant protein product is 29 kDa (27.1 kDa 
Mrt4 + 0.85 kDa His tag+1.1 kDa T7 tag), 
which corresponds to the predicted size of 
pET23a (+)-Mrt4. Mrt4 protein was predomi-
nantly present in soluble fraction (Figure 1b,c).

Purification of Mrt4 protein by affinity 
chromatography

Purification of recombinant Mrt4 protein was per-
formed by immobilized metal affinity chromato-
graphy (IMAC) on a Ni–NTA resin column. The 
SDS-PAGE analysis (Figure 1d, lane 6) represents 
a single and homogeneous protein band with the 
expected molecular mass of the Mrt4 protein (~29 
kDa). The yield of homogeneously purified recom-
binant Mrt4 protein was about 3 mg/L. 
Furthermore, the presence of recombinant protein 
in E. coli cell lysate was validated through immu-
noblotting with the anti-His antibody in the 
induced sample in comparison to the uninduced 
sample (Figure 2, lane 3, Figure S1 B). For 
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structural, functional and biochemical characteri-
zation, homogeneously purified recombinant pro-
tein in ample amount and active form protein is 
always a prerequisite [31].

Biophysical characterization of recombinant 
Mrt4

Primary sequence and homology modeling of Mrt4
WebLogo creates graphical representations of multi-
ple sequence alignment, sequence similarty and con-
versation. Each logo consists of stacks letters, and 
one stack represents each position of amino acid in 
the sequence. Letter height represents the conserva-
tion of the sequence across the species position 

(measured in bits), while the color code indicates 
the type/nature of amino acid in protein. 
Furthermore, acidic, basic and hydrophobic amino 
acids are represented with green, red and black, 
respectively. WebLogo analysis represents that 
a majority of amino acids of Mrt4 protein are 
evolutionarily very well conserved (Figure 3a). 
Phyre2 was used to predict the model of Mrt4 pro-
tein, which is based on an alignment generated by 
HMM-HMM matching [28]. The template known 
secondary structure (3J65) was used to predict the 
secondary structure of recombinant Mrt4 protein. 
Phyre2 secondary structure analysis represented 
that the basic structure of recombinant Mrt4 protein 
contains six alpha helices (Figure 3b,c). The template 

(a) (b)

(c) (d)

Figure 1. Optimzation of soluble expression and purification of recombinant Mrt4 protein. SDS PAGE profile showing 
optimization of overexpression of Mrt4 protein in different E.coli expression systems (C41 and BL21) and varying temperatures. 
(a) Schematic vector map of the pET23a (+)-Mrt4 construct. (b) Lanes 1–5 represent the expression in BL21, protein molecular weight 
marker (Thermo Scientific PageRuler™ Cat. No. 26,616), uninduced sample, sample after overnight induction at temperature 20°C and 
uninduced sample, sample after overnight induction at temperature 25°C respectively. (c) Lanes 1–5 represent the expression in C41 
protein, molecular weight marker, uninduced sample, sample after overnight induction at temperature 25°C and uninduced sample, 
sample after overnight induction at temperatures 20°C, respectively. (d) SDS-PAGE profile of purification of Mrt4 protein under native 
conditions. Lanes 1–6 represent the protein marker, TSP (total soluble protein) fraction after sonication, flow through fraction, wash 
buffer 1, wash buffer 1 and elution fractions, respectively.
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(3J65) was used to create the Mrt4 columbic surface 
(Phyre2, Model dimensions (Å): X: 52.355 Y: 59.859 
Z: 74.228) coloring through UCSF chimera. White 
color indicates the hydrophobic patches, blue color 
indicates the positively charged surface and red color 
indicates the negatively charged surface (Figure 3d). 
The online tool conserved domain (CDD server) 
[32] was used to identify the domain in recombinant 
Mrt4 protein (Figure-S2). Mrt4 belongs to the ribo-
somal protein L10 family and P0 and L10e subfam-
ily. These superfamilies mainly contains the archaeal 
P0 homolog, L10e, eukaryotic 60S ribosomal protein, 
P0 and the Saccharomyces cerevisiae Mrt4 
(Accession: cd05796, E value: 5.98e-79) (Figure-S3).

Conserved domain analysis of Mrt4

A multiple sequence alignment represented that 
the Mrt4 proteins from Chaetomium, 
Saccharomyces and human are well conserved 
and demarcated in their rRNA-binding domains, 
signifying that they have the same interacting site 
on the 60S subunit. Furthermore, they all have 
a well-conserved translation factor (TF) binding 

domain. ClustalW analysis of the Chaetomium, 
Saccharomyces and human Mrt4 protein sequences 
using the PSORT program [33] indicated the pre-
sence of a bipartite NLS (nuclear localization sig-
nal) in the N-terminal part of the Chaetomium, 
yeast and human proteins, which may contribute 
to the nuclear import of the Mrt4 protein (Figure- 
S3).

Recombinant Mrt4 protein is atypical α helical 
protein

An important characteristic of intrinsic fluores-
cence of a protein is the very high sensitivity of 
tryptophan present in that protein to its local 
environment. Tryptophan fluorescence based on 
the wavelength is broadly used as a specific tool 
to examine alteration in proteins to predict the 
local structure and dynamics [34]. In general, tryp-
tophan has a wavelength of maximum absorption 
of 280 nm followed by the emission peak solvato-
chromic range from 300 to 350 nm that depends 
upon the polarity of the tryptophan local environ-
ment. CD is an excellent widely used method for 
determining the secondary structure of proteins. 
Mrt4 contains two tryptophan residues (Trp 41 
and Trp 60). Hence, protein fluorescence and CD 
analysis may be used as a diagnosis of the confor-
mational state of a protein. At physiological pH 
(pH 7.0), both the far-UV CD spectra and fluor-
escence spectra showed a properly folded second-
ary structure and a tertiary structure of Mrt4, 
respectively (Figure 4a,b). The far-UV CD spectra 
represent that Mrt4 have a typical six α helix with 
characteristic negative minima at bands at 222 nm 
and 208 nm (Figure 4b). In fluorescence emission 
spectra (λmax~ 337), the peak observed represents 
the properly folded tertiary structure of recombi-
nant Mrt4 (Figure 4a).

PIPSA (Protein interaction property similarity 
analysis)

PIPSA analysis widely helps in the estimation of 
enzyme kinetic studies, functional studies, classifi-
cation of proteins and protein ligand interaction. 
The comparisons of electrostatic properties were 
performed using the PIPSA approach, where the 
pairwise similarity in the protein electrostatic 

Figure 2. Western blot analysis of recombinant Mrt4. 
Western blot profile showing the existence of homogeneous 
population of Mrt4. Lanes 1–3 represent the protein marker, 
uninduced sample and sample after overnight induction 
respectively.
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potentials is calculated in pre-defined analysis 
regions. Mrt4-like proteins from four different 
species are clustered according to the all pairwise 
distances between electrostatic potentials using 
a color code from red (small distance) to blue 
(large distance) on an epigram or heat map. 
Proteins with almost similar electrostatic 
characteristics are clustered in one group at the 
graph that signifies their evolutionary relatedness. 
The Mrt4-like protein forms two subclusters: 
Chaetomium thermophilum (Thermophilic 
Ascomycete fungus, 4NWB) and Thermotoga mar-
tima (Hyperthermophilic, gram-negative bacter-
ium, PDB-1ZAV) in one subcluster, whereas 
Saccharomyces cerevisiae and Methanococcus jan-
naschi (Thermophilic methanogenic Archean, 
PDB-3JSY) in the distinct second subcluster 
(Figure 5) [35]. This will bring further insight 

into Mrt4-like protein-specific regulation with 
respect to its structural and physico-chemical 
properties. webPIPSA also provides isoform- 
specific regulation insights that cannot be obtained 
from analysis at the sequence level alone [36].

Phylogenetic analysis

An evolutionary tree or phylogenetic tree is an 
illustrative depiction of the evolutionary relation-
ships with diverse taxa. It is a diagrammatic repre-
sentation that has branches and nodes. The 
branching prototype of a tree is well known as 
the topology of the tree (Figure 6). The closer the 
two groups are located to each other, the more 
recently they shared a common ancestor. In this 
analysis, Mrt4 protein closely is related to 
Kluyveromyces lactis (KLLA0_B13563g) and 

Figure 3. Primary sequence analysis and homology modeling of Mrt4. (a) WebLogo creates graphical representations of 
multiple sequence alignment, sequence similarity and conversation. Acidic, basic and hydrophobic amino acids are represented 
with green, red and black, respectively. (b) Template known secondary structure (3J65) was identified from Phyre2 and used to 
predict the secondary structure of recombinant Mrt4 protein. (c) The secondary structure of Mrt4 protein generated through 
Swiss-MODEL homology modeling. (d) The surface view model of Mrt4 having columbic surface coloring using UCSF chimera. 
White color indicates the hydrophobic patches, blue color indicates the positively charged surface and red color indicates the 
negatively charged surface.
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Lachancea thermotolerans (KLTH0D06050g). Mrt4 
protein belongs to biogenesis regulatory (RRS1) 
family proteins [37]. RRS1 is a nuclear protein 

that plays a very important role in 25S rRNA 
maturation and the assembly of the 60S ribosomal 
subunit in Saccharomyces cerevisiae (Figure 6).
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Figure 4. Structure analysis of recombinant Mrt4. (a) Fluorescence emission spectra (λmax- 337) recombinant Mrt4. (b) CD spectra 
of recombinant Mrt4. Mrt4 has six typical α helixes with characteristic negative minima at bands at 222 and 208 nm.

Figure 5. webPIPSA server was used for the comparison of the electrostatic potentials of Mrt4-like proteins from four 
different species. Protein from species with highly similar electrostatic potentials, such as Chaetomium thermophilum (4NWB) and 
Thermotoga martima (PDB-1ZAV) in one subcluster, whereas Saccharomyces cerevisiae and Methanococcus jannaschi (PDB-3JSY) in 
the distinct second subcluster.
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Discussion

Pure and active recombinant protein is utmost 
required for structural, functional and biochemical 
studies. Mrt4 is a 236-amino-acid-long nuclear pro-
tein that plays a central role in ribosome biogenesis 
and mRNA turnover assisting the process of transla-
tion. Mrt4 is a kind of ribosomal stalk protein and P0 
(or Rpp0) paralog that is critically involved in mRNA 
turnover and ribosome biogenesis. Mrt4 is well con-
served from yeast to human, which shows that the 
similar functional and structural role of this protein 
likely exists in humans. Domain-wise Mrt4 belongs to 
the L10 family (Domain ID: 10,146,578).This family 
contains uncharacterized eukaryotic proteins like 60S 
ribosomal protein P0 and Mrt4. Yeast Mrt4 contains 
the conserved rRNA-binding domain, translation fac-
tor (TF) interacting domain and putative NLS homo-
logous to human. At present, homology modeling is 
the most powerful and widely used method for pre-
dicting the tertiary structure of proteins in cases where 
a query protein has sequence similarity to a protein 
with a known atomic structure. The template of the 
known tertiary structure (3J65) was used to create the 
yeast Mrt4 protein model through UCSF chimera. 
Mrt4 contains two tryptophan residues (Trp 41 and 
Trp 60) displaying a properly folded tertiary structure 
in fluorescence emission spectra under the physiolo-
gical condition. The far-UV CD spectra represent that 

Mrt4 has a typical α helix with characteristic negative 
minima at bands at 222 and 208 nm. Such α-helix 
proteins are well reported in biological systems like 
DNA binding proteins (zinc finger motifs) [38] and 
transmembrane proteins (G protein–coupled recep-
tors (GPCRs) [39]. At physiological pH, both the 
fluorescence spectra and CD spectra indicate 
a properly folded tertiary structure and a secondary 
structure of Mrt4, respectively. The comparisons of 
electrostatic properties of Mrt4-like proteins were 
performed using the PIPSA approach. PIPSA analysis 
provided insights into the electrostatic potential based 
on the protein sequence and PDB structure. The 
Mrt4-like protein forms two subclusters, 
Chaetomium thermophilum (4NWB) and 
Thermotoga martima (PDB-1ZAV) in one subcluster, 
whereas Saccharomyces cerevisiae and Methanococcus 
jannaschi (PDB-3JSY) in the distinct second subclus-
ter. This approach has formerly been used to explore 
the interaction properties of a number of protein 
families like human Rab GTPase proteins and blue 
copper proteins [40].

Conclusions

Mrt4 is a major component of the ribosome assem-
bly machinery and nuclear paralog of the ribosomal 
protein P0, and it binds to pre-60S subunits at an 

Figure 6. Phylogenetic analysis of the ribosomal protein L10 family, P0-like protein subfamily. Neighbor-Joining tree of the 
protein L10 protein family of 20 related organisms was constructed with the NCBI-based phylogenetic analysis using the full-length 
sequence.
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early stage of assembly in the nucleolus. The mole-
cular structure of Saccharomyces cerevisiae and 
human Mrt4 is still unknown. Hence, purified 
Mrt4 protein can be used to study the structure 
(crystallization) and identify novel protein–protein 
interactions that involve ribosome biogenesis and 
mRNA turnover that previously remained elusive 
in S. cerevisiae and human. Mrt4 is well conserved 
from yeast to human, and a similar functional and 
structural role of this protein likely exists in humans.
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