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The L10 ribosomal protein (RPL10) plays a role in the binding of the 60 S and 40 S ribosomal subunits and
in mRNA translation. The evidence indicates that RPL10 also has multiple extra-ribosomal functions,
including tumor suppression. Recently, the presence of RPL10 in prostate and ovarian cancers was eval-
uated, and it was demonstrated to be associated with autistic disorders and premature ovarian failure. In
the present work, we successfully cloned and expressed full-length human RPL10 (hRPL10) protein and
isolated inclusion bodies containing this protein that had formed under mild growth conditions. The cul-
ture produced 376 mg of hRPL10 protein per liter of induced bacterial culture, of which 102.4 mg was
present in the soluble fraction, and 25.6 mg was recovered at approximately 94% purity. These results
were obtained using a two-step process of non-denaturing protein extraction from pelleted inclusion
bodies. We studied the characteristics of this protein using circular dichroism spectroscopy and by mon-
itoring the changes induced by the presence or absence of zinc ions using fluorescence spectrometry. The
results demonstrated that the protein obtained using these non-conventional methods retained its sec-
ondary and tertiary structure. The conformational changes induced by the incorporation of zinc sug-
gested that this protein could interact with Jun or the SH3 domain of c-yes. The results suggested that
the strategy used to obtain hRPL10 is simple and could be applied to obtaining other proteins that are
susceptible to degradation.

� 2014 Elsevier Inc. All rights reserved.
Introduction

The ribosomal protein L10 (RPL10),1 which is also called QM pro-
tein, is associated with the ribosomes in the rough endoplasmic
reticulum. In yeast, RPL10 is one of the last proteins to assemble onto
the nascent 60 S subunit. RPL10 is one of three proteins that
exchange binding to the 60 S ribosomal subunit [1], and RPL10 it
allows the 60 S subunit to associate with the 40 S subunit and
enables mRNA translation [1]. RPL10 is well conserved from yeast
to mammals, suggesting that this factor is essential for basic cellular
functions [2]. Evidence indicates that RPL10 has multiple extra-ribo-
somal functions in addition to its housekeeping role during protein
synthesis [3,4].

The literature suggests that the RPL10 protein is a tumor
suppressor. Jif-1, a chicken ortholog of human RPL10 (hRPL10),
was reported to interact with the transcription factor c-Jun,
thus preventing c-Jun from activating genes containing AP-1
binding sites [3]. The interaction between Jif-1 and c-Jun
occurs via binding of Jif-1/hRPL10 to the leucine zipper region
of c-Jun, which is controlled by hRPL10 phosphorylation [3,5].
The transport of hRPL10 into the nucleus is mediated by
presenilin 1 [6]. hRPL10 has been demonstrated to interact
with several Src family kinases such as c-yes, and thus it
may participate in the signal transduction processes of these
kinases that play roles in many intracellular functions,
including cell stability, division, proliferation, migration and
differentiation [7,8].
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The tumor suppressor activity of hRPL10 was first detected
using a subtractive hybridization assay conducted utilizing a
Wilms’ tumor cell line [2]. The expression of hRPL10 was also
recently evaluated during the early stage of the development of
prostate cancer and in ovarian cancer [9,10]. In addition, hRPL10
has been associated with autistic disorders [11,12] and premature
ovarian failure [13].

The hRPL10 protein consists of 214 amino acid residues. It is not
glycosylated, which facilitates its expression in bacterial systems;
however, the bacterial expression of full-length hRPL10 has not
been achieved. The crystal structure of the core domain region
(Phe34-Glu182) of hRPL10 has been described in the literature,
but hRPL10 has not been subjected to comprehensive structural
studies, most likely due to the occurrence of protein aggregation
and fragmentation during the purification procedure [15].

Expressing hRPL10 protein in inclusion bodies (IBs) may be a
good strategy for obtaining material for structural analysis because
up to 90% of the proteins in IBs are recombinant proteins. More-
over, IBs can be easily separated from cellular debris using simple
procedures that limit proteolysis [16,17]. IBs were long considered
as deposits of inactive accumulated recombinant proteins. Never-
theless, several authors have demonstrated that IBs containing a
high percentage of correctly folded protein can be extracted under
non-denaturing conditions in a biologically active form without
applying any renaturation steps [17].

In the present study, hRPL10 protein was expressed and incor-
porated into IBs in bacteria that were cultivated under mild growth
conditions. The culture produced 376 mg of hRPL10 protein per
liter of induced bacterial culture, of which 105.6 mg was soluble,
from which 25% was recovered as nearly pure hRPL10. The full-
length hRPL10 attained the correct secondary and tertiary struc-
ture, as was confirmed by circular dichroism spectroscopy and
fluorescence spectrometry, respectively. Analyses of hRPL10 fol-
lowing zinc incorporation and chelation showed that the addition
and removal of this ion led to changes in its conformation.
M       1    2          3              C    1  2 3

Fig. 1. (a) Schematic representation of the p1813_hRPL10 vector showing the
location with a description of its elements: ori (replication origin); tac (transcrip-
tional promoter); kanr (kanamycin resistance gene); hRPL10 (cDNA of the hRPL10
protein); lacIq (tac promoter inhibitor); and T1 and T2 (transcription terminators).
(b) Polyacrylamide gel of samples of cultures of p1813_hRPL10-transformed E. coli
that were induced for 16 h at different temperatures using IPTG. Lane M, protein
molecular weight; markers. Supernatants and pellets: lanes 1 and 2, culture
induced at 18 �C; lanes 3 and 4, culture induced at 25 �C; lanes 5 and 6, culture
induced at 30 �C; lanes 7 and 8, culture induced at 37 �C. (c) Characterization of
hRPL10 protein by SDS–PAGE (c1) and Western blotting (c2). The samples were
obtained from a culture induced at 25 �C. Lane M, protein markers; lane 1, induced
culture; lane 2, supernatant 1 (sp1); lane 3, supernatant 2 (sp2); lane C, non-
induced culture.
Materials and methods

Cloning and expression of the recombinant protein

The cDNA encoding human RPL10 was cloned into the p1813
vector (Fig. 1a), sequenced and expressed in Escherichia coli
HB2151. The transformed E. coli HB2151 containing the
p1813_hRPL10 plasmid was grown in LB medium (10 g/L Tryptone,
5 g/L yeast extract, and 10 g/L NaCl) supplemented with kanamy-
cin (50 lg/mL) at 37 �C while shaking at 200 rpm. When the
OD600 reached 0.4–0.8, the cells were induced with 0.5 mM IPTG
for 16 h at 18 �C, 25 �C, 30 �C or 37 �C while shaking at 150 rpm.
Then, the cultures were centrifuged at 1900�g for 10 min at 4 �C
and the pellets were processed or stored at �20 �C [18].
hRPL10 protein isolation

All of the pellets were processed using the same methodology.
The pellet from the induced culture, 7712 mg of wet weight of
cells, was suspended in 256 mL of 20 mM Tris–HCl buffer, pH 7.5.
The suspension was sonicated seven times for 30 s each on ice
and then was centrifuged at 9500�g for 10 min at 4 �C. The super-
natant (designated sp1) was stored on ice. The pellet was sus-
pended in 128 mL of the same buffer, sonicated once and
centrifuged at 9500�g for 10 min at 4 �C. The second supernatant
(designated sp2) was also stored on ice [19]. The induced cultures,
non-induced cultures and soluble fractions were analyzed using
12% SDS–PAGE [20] and Western blotting [21].
SDS–PAGE and Western blotting analysis

Samples of E. coli that were transformed with p1813_hRPL10
and cultured at different induction temperatures were analyzed.
The SDS–PAGE (sodium dodecyl sulfate polyacrylamide gel electro-
phoresis) analyses were conducted using a 12% denaturing poly-
acrylamide gel and staining with Coomassie Blue. For Western
blotting analysis, the proteins separated in the polyacrylamide
gel were transferred to a nitrocellulose membrane. The membrane
was incubated with polyclonal rabbit anti-RPL10 antiserum (Santa
Cruz) at a 1:500 dilution and then incubated with horseradish-per-
oxidase-conjugated anti-rabbit IgG (1:2000 dilution). An ECL
Advance Western Blotting Detection Kit (GE) was used for
visualization.
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Protein quantification

The protein concentration was determined using the Bradford
method [22] (Bio-Rad Laboratories Inc., Hercules, CA, USA), and
the concentration of hRPL10 in the samples was determined by
scanning the SDS–PAGE gel and using Image J software.

Circular dichroism (CD) spectroscopy

The sp2 fraction of the hRPL10 protein (at 50 lM in 20 mM
Tris–HCl buffer, pH 7.5) was analyzed using circular dichroism
spectroscopy. Far-ultraviolet CD spectra were obtained using a
Jasco J-810 (Japan) spectropolarimeter with a 0.1-cm light path
at 20 �C. The ellipticity was recorded from 190 to 260 nm, and
the scan was repeated four times. The values obtained using refer-
ence samples lacking protein were subtracted in all cases. The pro-
files were obtained using the CDNN program [23].

Fluorescence spectroscopic analysis

The tertiary structure of hRPL10 protein in the sp2 fraction
(50 lM) was analyzed. The data were obtained at between 300
and 430 nm using an AB2 Luminescence Spectrometer. Analyses
of the effect of Zn2+-ion incorporation were conducted at ZnCl2

concentrations of 0 lM, 0.25 lM, 1.25 lM, 6.25 lM and
31.25 lM, with an incubation period of 30 min at 25 �C. The Zn2+

ions were removed by adding Na4EDTA tetrahydrate (EDTA) pH
8.0, to the hRPL10 samples containing 31.25 lM ZnCl2; the final
EDTA concentrations were 50 mM and 100 mM.
Results and discussion

We first expressed hRPL10 in the bacterial periplasm using the
pET26 vector (Novagen). This expression system yielded hRPL10 at
a concentration of 130 mg per liter of induced bacterial culture.
hRPL10 was extracted using the osmotic-shock method [24]. How-
ever, during purification using immobilized metal-ion affinity [His
Trap FF, (GE)], cationic exchange [HiTrap SP Sepharose (GE)] or gel-
filtration chromatography [SEC (GE)], the protein did not bind or
was degraded (data not shown). Upon cytoplasmic expression,
aggregated hRPL10 was identified in sub-classes of IBs with differ-
ent compositions, and these aggregates were protease resistant
[25].

Cloning and expression of recombinant hRPL10 protein

The p1813 vector was chosen to express the hRPL10 protein
because this vector was derived from pTug A, which can express
intracellular recombinant proteins at levels as high as 250 mg
per liter of bacterial culture [26]. hRPL10 protein expression was
well above the expected level, reaching an average of 300 mg of
hRPL10 per liter of bacterial culture in inclusion bodies following
culture at 37 �C. When these IBs were treated with urea- or guani-
dine-containing buffers, the hRPL10 protein appeared to have most
likely degraded, as previously described by Nishimura et al. [15].

The formation of inclusion bodies in recombinant expression
systems depends on the balance between aggregated and soluble
proteins. The aggregation reaction is generally favored at higher
temperatures because of their effect on hydrophobic interactions
[27]. The direct consequences of temperature reduction include
the partial elimination of heat-shock proteases that are induced
under overexpression conditions [27] and the inhibition of DNA
replication, transcription and translation, which reduces the
growth rate of E. coli [25]. In addition, experiments were performed
using a reduced rate of rotary shaking to decrease the aeration of
the culture medium and thus decrease the rate of bacterial growth
[28]. In this study, we cultivated E. coli at reduced temperatures
and with shaking of 150 rpm for 16 h.

The results of hRPL10 expression at 18 �C, 25 �C, 30 �C and 37 �C
are presented in Fig. 1b. Soluble hRPL10 protein was produced at
18 �C, 25 �C and 30 �C (Fig. 1b, lanes 1, 3 and 5), although the pro-
duction rate at 18 �C was very low.

Table 1 shows the amount of protein in the cultures induced at
25 �C, 30 �C and 37 �C and that obtained in them in the soluble
form. The expression of hRPL10 protein at 18 �C was not reproduc-
ible and the standard deviation was extremely high, so this result
was not included in Table 1. The expression levels at 25 �C and
30 �C were very similar (376 mg and 340 mg, respectively) and
were higher than that at 37 �C (272 mg). Despite the inhibition of
elements of the bacterial replication system due to reducing the
expression temperature, the low shaking rate and 16-h induction
period allowed for higher expression of the protein of interest.
The amount of hRPL10 produced at 25 �C was approximately 39%
greater than that produced at 37 �C.

Isolation of hRPL10 protein

The first supernatant obtained after sonicating the induced cul-
ture (sp1) contained a large quantity of hRPL10; however, this
sample also contained a large amount of bacterial proteins. Purifi-
cation of hRPL10 protein from the sp1 fraction was unsuccessful.
This protein degraded during size-exclusion chromatography
[Superdex 75 (GE)], as previously described by Nishimura et al.
[15], and it failed to bind to the matrix during ion-exchange chro-
matography [SP Sepharose XL (GE)].

As previously reported for a wide range of proteins, the produc-
tion of IBs at a low temperature rather than a high temperature
results in a higher concentration of relatively pure protein
sequestered in proteolysis-resistant aggregates, such that the
native protein of interest can be recovered using the appropriate
procedure [29]. The pellet of the first sonicate was suspended to
extract the remaining soluble hRPL10 protein. This strategy was
effective in obtaining nearly pure soluble hRPL10 protein
(Fig. 1c1, lane 3).

The yield of hRPL10 protein from a culture grown at 25 �C was
376 mg (Table 1); 25.6 mg of this protein was recovered in the sp2
fraction at approximately 94% purity and this concentration was
sufficient to allow structural characterization using circular dichro-
ism spectroscopy and fluorescence spectroscopy. Fig. 1c shows the
results of PAGE of the induced culture sample and the sp1 samples
(lanes 1 and 2, respectively), which contained significant amounts
of impurities. Lane 3 in Fig. 1c represents the sp2 sample of
hRPL10, which had very little contaminating protein. Fig. 1c2
shows a Western blotting of the same samples. In this figure, lane
C was a sample from the non-induced culture that did not contain
hRPL10 and lanes 1, 2 and 3 were samples containing hRPL10. The
concentrations in the sp1 and sp2 samples were similar, and the
same volume of each sample was applied.

The low growth rate achieved by decreasing the rotational rate
of the culture and maintaining the temperature at between 25 �C
and 30 �C allowed for the formation of IBs containing the largest
amount of native protein, 105.6 mg of hRPL10, corresponding to
27% of the total hRPL10 produced. The native protein was extracted
in almost pure form from the second pellet, with 25% recuperated.

Circular dichroism

Circular dichroism (CD) spectroscopy is the ideal technique for
determining the secondary structure of proteins; therefore, this
technique was used to determine the secondary structure of
hRPL10 in the sp2 fractions. The CD analyses revealed that the



Table 2
Percentage of secondary structural elements in hRPL10 protein. The spectra were
fitted using standard CDNN software (available at http://bioinformatik.biocheme-
tech.unihalle.de/cd spec/cdnn).

hRPL10 a-Helix
(%)

b-Sheet
(%)

b-Turn
(%)

Random coil (%)

Expressed at
25 �C

25 23 19 41

The values obtained using this software can deviate between 5% and 10%.

Table 1
Quantities of hRPL10 that was produced in induced cultures (IC) grown at 25 �C, 30 �C and 37 �C and that was observed in the following samples: sp1 (supernatant of pellet 1) and
sp2 (supernatant of pellet 2). These amounts were obtained from induced cultures containing 7712 mg of biomass (wet weight).

Induction temperature Total protein (mg) Target protein (mg) Content of hRPL10 (%)

25 �C IC 1331 376 28
sp1 384 76.8 20
sp2 0.27 25.6 94

30 �C IC 1152 340 30
sp1 409.6 89.6 22
sp2 27.1 24.4 90

37 �C IC 1382 272 20
sp1 – – –
sp2 – – –
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sp2 fractions obtained from cultures induced at 25 �C and 30 �C
contained hRPL10 protein with the correct secondary structural
conformation. Fig. 2a shows the spectral peaks of protein
expressed at 25 �C and 30 �C: the maximal peaks occurred at
194.5 and 194 nm, respectively, and the minimal peaks occurred
were at 211.5 and 212.5 nm, respectively. The lack of a well-
defined maximum and minimum between these sets of peaks indi-
cated the presence of a-helical structures because the expected
values for b-sheets are 198 and 215 nm. In fact, the crystal struc-
ture of the truncated form that was presented in the literature
demonstrated the presence of six b-sheets between two external
a-helices [14].

Structural analysis of the soluble protein fraction by CD demon-
strated that this protein consisted of 25% alpha helices and 42%
beta sheets (Table 2), suggesting that the protein had the correct
structure.

Low temperature culture presents the following advantages: it
slows down the rates of transcription and translation, reduces
the strength of hydrophobic interactions and decreases the
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Fig. 2. (a) Circular dichroism analysis of the secondary structure of hRPL10 protein in the
emission spectral analysis of the sp2 fraction from a culture grown at 25 �C. (b) spectra af
0.25 lM Zn; green line, 1.25 lM Zn; yellow line, 6.25 lM Zn; and blue line, 31.25 lM Zn
0 lM Zn/no EDTA; blue line, 31.25 lM Zn/no EDTA; purple line, 31.25 lM ZnCl2 plus 50 m
the references to color in this figure legend, the reader is referred to the web version of
chaperone level, which helps to prevent protein misfolding. Our
results are consistent with previous analyses of GFP (green fluores-
cent protein) sequestration in the soluble fraction following
expression at different temperatures. Vera et al. [29] observed a
progressive enhancement of GFP’s specific fluorescence, indicating
that GFP folded correctly when produced in E. coli below 37 �C. In
this study, the tertiary structure of hRPL10 was confirmed using
fluorescence spectroscopy.
0
50

100
150
200
250
300
350
400

30
0

30
8

31
6

32
4

33
2

34
0

34
8

35
6

36
4

37
2

38
0

38
8

39
6

40
4

41
2

42
0

42
8

Fl
uo

re
sc

en
ce

 in
te

ns
ity

Wavelength (nm)

c)

sp2 fractions of cultures that were grown at 25 �C and 30 �C. (b and c) Fluorescence
ter zinc-ion incorporation into the hRPL10 protein: red line, 0 lM Zn; dark blue line,
. (c) Effects of the addition of EDTA to samples containing 31.25 lM ZnCl2: red line,
M EDTA; and orange line, 31.25 lM ZnCl2 plus 100 mM EDTA. (For interpretation of
this article.)

http://bioinformatik.biochemetech.unihalle.de/cd%20spec/cdnn
http://bioinformatik.biochemetech.unihalle.de/cd%20spec/cdnn


L.M. Pereira et al. / Protein Expression and Purification 101 (2014) 115–120 119
Fluorescence spectroscopy

Fluorescence spectroscopy is widely used in studies of the
structure and the dynamic properties of proteins that are
directly related to their biological functions, such as specific
binding [30].

The tertiary structure of hRPL10 protein in the sp2 fraction was
evaluated using this fluorescence technique (Fig. 2b). The obtained
profile is in agreement with that obtained by Zhang et al. [31] for
Pincatada fucata RPL10 (pfRPL10), an oyster RPL10. The human pro-
tein contains two tryptophan (W) and six tyrosine (Y) residues and
exhibited a maximum intrinsic fluorescence at 280 nm and an
emission peak red-shifted to 335 nm (Fig. 2b, red line), similar to
that obtained for pfRPL10, which contains four W and eleven Y
residues.

Very recently, crystallographic studies of truncated hRPL10
demonstrated a structure with six antiparallel b-sheets and two
external a-helices (b1–b2–a1–b3–b4–b5–a2–b6) [3] and the ter-
tiary conformation that forms the cation-binding site (Fig. 3, red
box). A cation-binding pocket is located at the turn between a2
and b6 of hRPL10 and residues K 156 (a2), F 159, G 161 and Q
163 (b6) are the cation-binding residues. The incorporation of the
zinc atom in the a2/b6 pocket region brings these two structures
closer together. One consequence of zinc incorporation was a
decrease in tryptophan exposure, most likely because the indole
ring of W 171 at the C-terminal part of hRPL10 is located between
the R 90 and R 139 side chains, which protrude from the b3 and b5
sheets, respectively [14].

Fluorescence spectroscopic analysis of hRPL10 protein with
bound zinc ions demonstrated the displacement of the maximum
tryptophan-fluorescence emission from 335 to 332 nm.

This decrease in the maximum tryptophan-fluorescence emis-
sion indicated the incorporation of zinc ions by the protein. Using
higher zinc concentrations of 6.25 lM and 31.25 lM did not signif-
icantly change this value, indicating that 6.25 lM most likely con-
tained the maximum amount of zinc that the hRPL10 protein could
bind. The maximum zinc concentration used by Zhang et al. [31]
was 1.25 lM, whereas we used higher zinc concentrations. As
shown in Fig. 2b, the intrinsic fluorescence of hRPL10 increased
when the zinc concentration was increased to 31.25 lM (Fig. 2b,
blue line).

The tryptophan fluorescence value we observed following zinc
incorporation was different from that obtained by Zhang et al.
[31]. These authors reported an increase in the value (345.5–
346.5 nm), whereas we found a decrease (335–332 nm). We
believe that Zhang et al. [31] found an increase in this value
because pfRPL10 contains four tryptophan residues, one of which
Fig. 3. Comparison of the structures of the human and Pincatada fucata RPL10 proteins. A
that determined forpfRPL10 (modified from Nishimura et al., 2008). The zinc-binding site
are depicted in blue, of which there as two in hRPL10 and four in pfRPL10. (For interpreta
version of this article.)
is located at residue 226 of the C-terminal region (Fig. 3, blue
box). This region becomes narrower due to zinc binding and most
likely leaves the fourth tryptophan residue more exposed. In the
case of hRPL10, the second tryptophan of the C-terminal region,
residue 209, remained between the b-sheets [14], leaving it rela-
tively less exposed.

To confirm the zinc binding of hRPL10, we removed the zinc
ions by adding EDTA. Fig. 2c shows the profile obtained following
the addition of EDTA to samples containing 31.25 lM ZnCl2. The
EDTA concentrations were selected based on assays using increas-
ing concentrations of EDTA including 0 mM, 0.05 mM, 0.1 mM,
1 mM, 10 mM, 50 mM and 100 mM (data not shown). The 50 mM
and 100 mM concentrations were those that produced changes in
the protein’s conformation.

These conformational changes were detected using fluores-
cence spectrometry, which revealed a significant increase in the
maximum tryptophan-fluorescence emission, from 333 nm to
338 nm. This increase suggested that EDTA removed the zinc ions
from the hRPL10 molecules, leading to greater exposure of the
tryptophan residues. The tryptophan-fluorescence emission value
of 338 nm of the sample containing 100 mM EDTA was greater
than the value of 335 nm of the native sample. We believe that
the native protein could have already bound zinc ions that were
present in the buffer, even though the buffer had been prepared
using deionized water.

Zinc ions are necessary for the binding of hRPL10 to c-Jun.
Although hRPL10 does not contain a leucine-zipper region, it binds
to the leucine zipper of c-Jun. hRPL10 has eight cysteine residues
and eight histidine residues. However, these residues do not fit
the spacing patterns in known zinc-binding proteins [3]. Cys-
teine-rich zinc-binding motifs known as the RING-finger domain
and the B-box are found in several unrelated proteins. Structural,
biochemical and biological studies of these motifs have revealed
that they mediate protein–protein interactions [32]. Like hRPL10,
RING finger proteins may have either cytoplasmic or nuclear func-
tions [33]. Although the amino acid sequence of hRPL10 does
include the precise RING-finger motif, these domains are not yet
well understood and related sequences in hRPL10 could perform
their function.

We presume that the non-classical IBs that formed under the
conditions of low temperature and low culture-rotational speed
[28] included a large amount of hRPL10 protein existing in its
native or almost correctly folded conformations, enabling the
monomeric protein to be easily extracted and finally oxidized to
the stable, disulfide-linked biologically active form. This hypothe-
sis is supported by reports of several proteins that retained
native-like structures within IBs [17].
schematic representation of the putative tertiary structure of hRPL10 is aligned with
between a2 and b6 is depicted in red (cation binding) and the tryptophan residues

tion of the references to color in this figure legend, the reader is referred to the web
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Conclusion

We have established an efficient protocol for the expression and
isolation of full-length hRPL10 protein. The results presented here
suggested that this non-classical technique for extracting native
hRPL10 from IBs is highly efficient, rapid and easy to perform.
Obtaining this protein in the intact form is critical for studies of
its structure and function, because the C-terminal region of hRPL10
(amino acid 187–214) allows its stable binding to the 60 S ribo-
somal subunit. Furthermore, the strategy used to obtain hRPL10
is simple and could be applied to any protein that is very suscepti-
ble to degradation [28].
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