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Fluorescent and luminescent chemical probes are essential in recent medical diagnostics. However, the
use of these probes in vivo has raised concerns due to their low sensitivity, background signal interfer-
ence, and non-biocompatibility. Therefore, biological chromophores have received much attention as
new alternatives. In particular, luciferase, a class of oxidative enzyme with bioluminescence, has emerged
as a promising fluorophore due to its improved biocompatibility. However, the enzyme usually possesses
weaker luminescence and stability relative to its chemically-based competitors. Here, we report a novel
functional mutant luciferase with both enhanced luminescence and long-term serum stability. For the
preparation of the modified Renilla luciferase, a new bacterial subcloning design was established. The
luciferase coding DNA sequence was redesigned so that mutant luciferase could be easily expressed in
an Escherichia coli system. The mutant Renilla luciferase, which we called ‘‘m-Rluc,’’ demonstrated char-
acteristic enzymatic functions and showed a 5.6-fold increase in luminescence activity. In addition, the
enzyme’s physiological stability remained >80% for more than 5 days, in contrast to conventional lucifer-
ase, termed ‘‘hrluc,’’ which disappeared within a few hours. We suggest that this novel biological lucifer-
ase probe may be a great tool for both in vitro and in vivo medical diagnostics.

� 2013 Elsevier Inc. All rights reserved.
Introduction

For the past two decades, the development of diagnostic tool
kits for advanced bioimaging has been an emerging issue in the
field of medicine [1–3]. In addition to the development of detection
instruments with higher performance, several imaging reagents
(e.g., the quantum dot) based on chemical chromophores have
been proposed [4]. However, these chemical probes have had some
difficulty when applied in vivo to biological systems because of
their reduced sensitivity and non-biocompatibility. To overcome
these obstacles, the development of bio-inspired engineered mate-
rials has been recommended. For instance, green fluorescent pro-
tein (GFP) is a representative natural fluorescent probe [5]. Ever
since GFP was first used as an in vivo gene expression marker in
the 1990s [5], many bio-fluorescence mutants have been exten-
sively prepared via genetic recombination technology, expanding
the color spectrum of original GFPs to include green, yellow, red,
and blue [6]. Using the same methods, other biological fluoro-
phores such as luciferase can also be produced. Auxiliary methods,
such as a simple conjugation method, have been proposed to
design mutant fluorophores with characteristic physiochemical
features [7,8].

Several attempts have been made to enhance the functionality
of the Renilla luciferase protein [9,10]. For example, the Renilla
luciferase mutant Rluc8 was created by substituting eight amino
acids at specific sites of synthetic Renilla luciferase (hrluc) [10].
The enzyme hrluc is a human codon-optimized version of native
Renilla luciferase (rluc), with the same encoding sequences as rluc
except for the replacement of threonine with alanine in position 2.
The eight mutations in Rluc8 were generated by substituting ala-
nine (A) to threonine (T) at position 55 (A55T), cysteine to alanine
at position 124 (C124A), serine to alanine at position 130 (S130A),
lysine to arginine at position 136 (K136R), alanine to methionine at
position 143 (A143M), methionine to valine at position 185
(M185V), methionine to leucine at position 253 (M253L), and ser-
ine to leucine at position 287 (S287L) in the amino acid sequence.
According to previous literature [10], the light emission of mutated
luciferase increased, and its biological activity was more stable in
murine serum as compared to the characteristics of non-mutated
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Fig. 1. Schematic comparison of hrluc and m-Rluc8. m-Rluc8 differs from hrluc in
eight amino acid mutations: A55T, C124A, S130A, K136R, A143M, M185V, M253L,
and S287L.
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luciferase. These results suggest the potential of using mutated
luciferase proteins in biomedical diagnostics.

In this study, we redesigned hrluc to function favorably inside
Escherichia coli and then developed a new method to accelerate
its activity with enhanced light output and stability under physio-
logical conditions (Fig. 1). The redesigned luciferase is simply
called m-Rluc8. A bacteria-based system for protein expression
has many advantages, including its ease of handling, fast growth
profile, and higher production yields of recombinant proteins. To
induce the expression of m-Rluc8 in a bacterial system, E. coli
codon-optimized nucleotides were adapted (Fig. S1) [11]. m-Rluc8
can be prepared via conventional sub-cloning methods and differs
from Rluc8 by a combination of specific amino acid sequence
changes, although it retains a similar amino acid phenotype. Com-
pared with hrluc, the light output of m-Rluc8 exhibits a 5.6-fold
enhancement in luminescence activity with coelenterazine-h as a
substrate. This is substantially greater than the activity of Rluc8,
which shows only a 3-fold enhancement in luminescence activity
compared to hrluc [10]. Furthermore, the long-term stability of
m-Rluc8 in fetal bovine serum media remained >80% for over five
days.
Materials and methods

Preparation of recombinant plasmids (hrluc_pPAL7 and m-
Rluc8_pPAL7)

To amplify the hrluc gene from the psiCHECK2 plasmid (Prome-
ga, Madison, WI, USA), polymerase chain reaction (PCR) was used.
Two primers were designed for the bacterial expression vector
construct: one for adding the BamHI restriction enzyme site at
the 5 end of hrluc and the other for excluding the start and stop co-
dons. PCR was carried out in the following component mixtures:
psiCHECK2 plasmid (2 lg), each primer (400 pmol), MgCl2

(1.5 mM), each dNTP (0.4 mM), 20 ll reaction buffer, and 2 ll Go
Taq polymerase (Promega, Madison, USA). The PCR mixtures were
then filled with nuclease-free water to a final volume of 100 ll. The
PCR cycle consisted of three steps: an initial denaturation at 95 �C
for 3 min, 35 cycles of denaturation at 95 �C for 30 s, annealing at
58 �C for 30 s, extension at 72 �C for 1 min, and a final extension
at 72 �C for 10 min.

The PCR product of hrluc was consecutively ligated into the TA
cloning plasmid pGEM�-T Easy vector (Promega, Madison, WI,
USA) via the enzymatic activity of T4 ligase. The ligated hrluc_T
was transformed to the E. coli DH5a strain by heat shock at 42 �C
for 1 min. The transformed E. coli was then grown on a LB agarose
plate containing 100 lg/ml ampicillin (Sigma–Aldrich, St. Louis,
USA), 5-bromo-4-chloro-indolyl-b-D-galactopyranoside (X-gal,
Ducefa, Haarlem, Netherlands) and isopropyl b-D-1-thiogalactopy-
ranoside (IPTG, Ducefa, Haarlem, Netherlands) for 16 h. The white
colonies were selected and further grown on LB media containing
100 lg/ml ampicillin for 12–14 h. The plasmids were isolated by
mini-prep and successive nucleotide sequencing was completed.

The hrluc_T and pPAL7 plasmids were digested by both BamHI
and NotI restriction enzymes. The expected fragments of the plas-
mids were isolated via gel-purification (QIAquick Gel extraction
Kit, QIAgen, Hilden, Germany). The plasmid fragments (100 ng of
pPAL7 and 47.3 ng of hrluc) were ligated by T4 ligase to construct
the hrluc_pPAL7 plasmid.

The amino acid sequence of Rluc8 was obtained from the liter-
ature [7]. The m-Rluc8 sequences were optimized for the high-
yield expression of modified luciferase proteins in an E. coli system.
The customized restriction enzyme sites, which were recognized
by BamHI in the 50 direction and by NotI in the 30 direction, were
added to the m-Rluc8 genes (Fig. S1). The m-Rluc8 encoding plas-
mid (simply termed m-Rluc8_pUC57) and its codon optimization
were commercially available from GenScript Corporation (Piscata-
way, NJ, USA). The m-Rluc8_pUC57 was confirmed through DNA
sequencing and was digested and ligated into pPAL7 with the for-
mer hrluc_pPAL7 through BamHI and NotI restriction enzyme sites.
In vivo m-Rluc8 protein production

The expression and purification of m-Rluc8 proteins were per-
formed with the Profinity eXact™ Protein Purification System
(BIO-RAD, Hercules, CA, USA). This system works via four steps;
(1) Expression of recombinant protein inside E. coli, (2) Binding
of affinity-tagged target protein to column resin, (3) Washing away
non-tagged materials, and (4) Elution and simultaneous cleavage
of target protein from the affinity tag. The 8 kDa tag moiety is
co-expressed with the target protein attached to the N-terminus
of the target protein. The tag allows the protein-tag complex to
bind to the affinity column which consisted of agarose-based ma-
trix with conjugated proteins. After the washing step, the protease
subsequently performs a specific cleavage of the tagging moieties
from the complex triggered by sodium fluoride in the elution buf-
fer. The free target proteins are then released resulting in a highly
purified solution. To express m-Rluc8 in the E. coli system, m-
Rluc8_pPAL7 was transformed into E. coli BL21 strain cells by
heat shock at 42 �C for 1 min. The bacterial cells containing
m-Rluc8_pPAL7 plasmids were grown at 20 �C on 300 ml of LB
media containing 100 lg/ml of ampicillin until the optical density
at a wavelength of 600 nm (OD600) reached 0.4. According to the
previous study by Guennadi et al., the number of E. coli when OD
at 600 nm reaches 0.4 is approximately 5 � 108 cells/ml [12]. The
cell products were induced by the addition of IPTG in a final con-
centration of 0.1 mM. After 16 h of cultivation, OD600 in 10-fold
dilution reached 0.95 (9 � 109 cells/ml) and wet weight grams of
cells were 9 g per liter [12]. The cells were resuspended with
30 ml of lysis buffer, which consists of 100 mM sodium phosphate
(pH 7.2) and 1% Triton X-100, in a 1:10 volume ratio compared to
the LB media. The cells were lysed by additional sonication and
then centrifuged for debris removal.

Before the cell lysate was purified, 1 ml of tag affinity beads
slurry (Profinity eXact Purification Resin, BIO-RAD, Hercules, CA,
USA) was injected into the 5 ml Piers Centrifuge Column (Thermo
Scientific, Rockford, IL, USA), and the column was washed with
4 ml of wash buffer (100 mM sodium phosphate, pH 7.2). A total
of 4 ml of cell lysate was added to the column and incubated at
4 �C for 40 min. Afterward, the column was washed twice with
the washing buffer and then incubated with 1 ml elution buffer
(100 mM sodium fluoride and 100 mM sodium phosphate) at
4 �C for 16 h. The eluted solution was centrifuged and desalted
by an Amicon� Ultra-4 Centrifugal Filter Unit (Millipore, Eschborn,
Germany). The purified protein concentrations were measured by
Bradford assay with bovine serum albumin (BSA, Sigma–Aldrich,



Fig. 2. PCR condition optimization for hrluc. Gel electrophoretic image of PCR
products of hrluc. Each lane represents one of four annealing temperatures; Lane 2:
63.8 �C, Lane 3: 59.1 �C, Lane 4: 55.1 �C, Lane 5: 52.9 �C.
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St. Louis, USA) as the standard. The purified protein products were
aliquoted and stored at �20 �C.

Evaluation for the functionality of m-Rluc8

For evaluating the functional activity of m-Rluc-8, we focused
on (1) luminescent output intensities and (2) fetal serum stability.
(1) Luminescent output intensity: m-Rluc8 proteins were diluted
to a final concentration of 20 lM. m-Rluc8 (1 ll) was mixed with
100 ll of the washing buffers containing 10 mg/ml of human ser-
um albumin (HSA, Sigma–Aldrich, St. Louis, USA). Each sample
was prepared in triplicate and loaded onto a 96-well plate. Shortly
before the assay, 0.5 lg of coelenterazine-h (1 ll of 0.5 mg/ml
stock in methanol, Promega, Madison, WI, USA) was added.
Measurements were performed from 350 to 650 nm using
SpectraMax M5 Multi-mode Microplate Readers (Molecular
Devices, USA) for the luminescence intensity of each luciferase.
(2) Fetal serum stability: m-Rluc8 protein (0.35 lg) was suspended
with 500 ll serum-containing media (RPMI 1640 with 10% FBS).
Samples were placed in a 37 �C incubator and 10 ll aliquots were
removed after 0, 2, 4, 6, 9, 12, 24, 48, 72, 96, 120, 144, and 168 h.
The aliquots were mixed with 90 ll of the washing buffer contain-
ing 10 mg/ml of HSA. All samples was prepared in triplicate and
loaded onto a 96-well plate. Shortly before the assay, coelenter-
azine-h (0.5 lg) was added as previously described. Measurements
were performed at 482 nm for hrluc and 487 nm for m-Rluc8.

Results and discussion

Set-up of PCR (polymerase chain Reaction) parameters

The luciferase hrluc was used as a control in this study, with the
same protein prototype as m-Rluc8 but lacking any restriction
sites. In contrast, m-Rluc8 was customized by adding restriction
enzyme sites with hrluc as a template plasmid. PCR was utilized
to amplify and add a BamHI restriction enzyme site at the 50 end
of hrluc. The first steps of PCR were designing a pair of primers
(Table 1) and setting the conditions for the reaction (e.g., the
annealing temperature). The forward and backward primers con-
sisted of 18 bases of oligonucleotides that were complementary
to the 50 and 30 ends of hrluc, respectively. Using these two primers,
a total of four annealing temperatures (63.8, 59.1, 55.7 �C, and
52.9 �C) were tested for optimal PCR conditions. Each temperature
was chosen based on the melting temperatures of the two primers:
61.4 �C for the forward primer and 48.4 �C for the backward pri-
mer. All of the PCR reactants were mixed, and three-step PCR
was run as described in the experimental section. In the electro-
phoretic assay results of the PCR products shown in Fig. 2, the
annealing temperatures of 52.9 and 59.1 �C were found to be
broadly acceptable for PCR performance with large volumes.
Although we selected the specific annealing temperatures of 59.1
and 52.9 �C, we finally decided to use the intermediate tempera-
ture of 58 �C for the thermodynamic stabilization of the forward
primer. The forward primer was composed of DNA strands with
Table 1
A summary of total protein, target protein, yield and purity for hrluc and m-Rluc8 lucifera

Purification step hrluc

Cell lysate of soluble fraction After purification Purificatio

Total protein (mg) 845 �15.5 –
Target protein (mg) 100 15.5 15.5 %
Purity (%) 12 �99 –

Grams of wet weight cells were 9 g per 1 l cultivation.
1 ml of tag affinity beads was used.
24 bases and DNA strands with only 18 of the 24 bases comple-
mentary to the template plasmid. The remaining sequences were
utilized for the recognition of the BamHI restriction enzyme. The
backward primer was completely complementary to the template
plasmid.

hrluc-positive colony selection via TA cloning

Some thermophilic DNA polymerases have terminal transferase
activity [13]. One example is Thermus aquaticus (Taq) polymerase,
used in our PCR cycling, which preferentially adds a single adeno-
sine to the 30 end of a DNA strand and has thermo-resistance at
temperatures over 80 �C. Generally, a T-vector is used for the sub-
cloning of preparative PCR products, a process just called TA clon-
ing [14]. Since TA cloning uses two complementary overhangs, the
30-adenosine of the PCR products and the 50-thymidine of the
T-vector, it is one of the most simple and efficient methods for
cloning PCR products. In addition, the T-vector which encodes
the ‘LacZ’ gene sequence allows for the visual discrimination of col-
onies with the desirable recombinant plasmids based on blue/
white color screening. The lacz-product activates b-galactosidase,
resulting in blue colonies. However, if the inserted gene (the PCR
product) is ligated to the T-vector, the lacz sequence is divided
and loses its functionality, resulting in white colonies. A total of
eight ‘white’ colonies were selected, and their plasmids were iso-
lated by mini-prep and digested with BamHI and NotI restriction
enzymes. Through an agarose gel electrophoresis migration assay,
it was confirmed that the plasmids from colonies number 2, 3, and
7 were digested into two fragments by BamHI and NotI restriction
enzymes, spanning 942 base pairs for hrluc and 3015 base pairs for
the T vector (Fig. 3). As a result, it could be deduced that the blue/
white color screening was not sufficient, and only colonies 2, 3, and
7 were successfully transformed. Colonies 1, 4, 5, 6, and 8 appeared
white but were not digested by the expected restriction enzymes.
This result may be due to reverse-ligated PCR products. As previ-
ously mentioned, the PCR product has a single adenosine on its
30 end. Therefore, it can be ligated in two directions with the T-vec-
tor. Thus, a white colony does not by itself indicate a successful
clone, though blue/white color screening offers greater probability
se.

m-Rluc8

n yield Cell lysate of soluble fraction After purification Purification yield

1160 �19 –
175 19 11%
15 �99 –



Fig. 3. Gel electrophoretic evaluation of eight white colonies from TA cloning. Their
plasmids were purified by mini-prep and digested by BamHI and NotI restriction
enzymes.
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of selecting the transformed colonies. By comparing the hrluc band
intensities, measured by Image J software provided by the NIH, we
determined that colony 7 contained the most hrluc-positive clones.
Consequently, colony 7 was selected as the template colony for
further experiments.
Evaluation of optimized Escherichia coli culture conditions for in vivo
protein expression

The metabolic activities of most bacterial cells are affected by
various parameters such as temperature [15], feed concentration
[16], humidity, and culture time. Therefore, several parameters
were tested in our study, including the temperature and IPTG (iso-
propyl b-D-1-thiogalactopyranoside) concentration. IPTG binds to
the ‘lac repressor’ and could be used in the T7/lac promoter system
as an inducer to promote the overexpression of target proteins
[17]. As shown in Fig. 4, six culture conditions were tested to iden-
tify the appropriate conditions for efficient m-Rluc8 luciferase
expression. It was noted that IPTG concentrations were 0.1 and
1 mM when the reaction temperatures were 20, 30, or 37 �C. Each
cell lysate of soluble fraction was prepared and then assessed
through sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS–PAGE). The most intense band of m-Rluc8 appeared in
the lane at 44 kDa when the sample conditions consisted of
0.1 mM IPTG at 20 �C, suggesting that the bacterial cells were most
efficiently expressing m-Rluc8 in vivo. The expression of recombi-
nant proteins in E. coli often results in a fraction of insoluble pro-
tein complex, forming the inclusion bodies. Through the m-Rluc8
expression and purification, the substantial amount of m-Rluc8
was also included in the insoluble fractions (Fig. S2). Therefore,
by adapting a lower cultivation temperature, it was possible to re-
duce the rate of the inclusion body formation while increasing the
amount of target proteins that are soluble in cytoplasm [18,19].
The soluble proteins preserved their inherent functionality.
Accordingly, these optimized conditions were used for the expres-
sion of large amounts of m-RLuc8 protein.
Fig. 4. Optimization of E. coli culture conditions for in vivo m-Rluc8 expression.
Several culture conditions were tested and each cell lysate of soluble fraction was
assessed. Each condition was different with regard to the concentration of IPTG (0.1
and 1 mM) and culture temperature (20, 30, and 37 �C). lane 1: IPTG 0 mM and
20 �C, lane 2: IPTG 0.1 mM and 20 �C, lane 3: IPTG 1 mM and 20 �C, lane 4: IPTG
0 mM and 30 �C, lane 5: IPTG 0.1 mM and 30 �C, lane 6: IPTG 1 mM and 30 �C, lane
7: IPTG 0 mM and 37 �C, lane 8: IPTG 0.1 mM and 37 �C, lane 9: IPTG 1 mM and
37 �C.
Evaluation of the isolation of m-Rluc8 products

The m-Rluc8 luciferase in the E. coli systems was produced in
culture volumes of 300 ml of LB media. After the optical density
at a wavelength of 600 nm (OD600) reached 0.4, 0.1 mM IPTG
was added to the cell. During the purification process, described
in the experimental section above, four intermediate samples were
collected and examined by SDS–PAGE to compare the degree of
luciferase expression. The four samples were: (1) cell lysate, (2)
flow-through (the flow-through of cell lysate from the tag affinity
bead column), (3) wash (the wash buffer from the tag affinity bead
column) and (4) elution (the elution from the tag affinity bead col-
umn) (Fig. S3). We also determined if the target proteins were cor-
rectly expressed and were attached to the tag affinity bead during
the entire process (Fig. 5). The expected size for both the hrluc and
the m-Rluc8 was 44 kDa including the affinity tag size of 8 kDa.
Specifically, the size of the luciferase band (44 kDa) in the flow-
through samples indicated that the target luciferase was success-
fully bound to the tag affinity beads. The decrease in the protein
size to 36 kDa after the elution step was due to the cleavage of
the tagging moieties (8 kDa) from the protein products (44 kDa
for both hrluc and m-Rluc8). The final products hrluc and m-Rluc8
exhibited different recovery quantity: 15.5 mg/l for hrluc and
19 mg/l for m-Rluc8. The target protein mass of hrluc and m-Rluc8
were 100 and 175 mg/l, respectively. Informatively, the total
amounts of each unpurified protein were 845 and 1160 mg/l,
respectively. To convert into percent yield, each target protein
was divided by unpurified target proteins in each case and then
multiplied by hundred, giving the percent yield of 15.5% for hrluc
and 11% for m-Rluc8 (Table 1). As a remark, by seeing the
SDS–PAGE result showing only some faint side bands other than
the distinct band of the target protein, we concluded that the puri-
fied target protein was highly homogeneous. Even if the purifica-
tion yield of m-Rluc8 appeared to be lower than that of hrluc
because of the overexpressed m-Rluc8s, the ultimate purified mass
was higher in m-Rluc8 than hrluc. This may be due to the fact that
Fig. 5. Coomassie-stained SDS–PAGE gel for the verification of the protein
purification process. Expected size for both (A) hrluc and (B) m-Rluc8 is 44 kDa
with the affinity tag size of 8 kDa. L: cell lysate of soluble fraction, F: flow-through
from tag affinity column, W: wash from column, E: elution from column.



Fig. 6. Functional assay of m-Rluc8 (red circles) and hrluc (blue circles). (A) Relative
luminescence output; The luminescence intensity of m-Rluc8 was 5.6-fold higher
than that of hrluc. Emission wavelength peak was at 482 nm for hrluc and 487 nm
for m-Rluc8. (B) Relative serum stability; m-Rluc8 showed substantial longer
stability in bovine serum compared with hrluc. ‘Percent of initial’ is defined by the
ratio of protein activity at the determined time to the initial protein activity.
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hrluc had coding genes derived from psiCHECK2 and was opti-
mized for mammalian systems, whereas m-Rluc8 originated from
m-Rluc8_pUC57 and used codons optimized for bacterial environ-
ments. Therefore, m-Rluc8 was expected to be more efficient than
hrluc for translation in E. coli systems. If a mammalian system was
chosen to express the target proteins, the recovery efficiencies may
have been reversed [20].

In this study, 1 ml of tag affinity binding beads slurry was used
and affinity binding capacities of target proteins with beads slurry
were defined. Several repetitive experiments have been performed
and constant tendencies in the experimental results were ob-
served. Beads slurry used here (1 ml) had a capacity to capture
4.7 mg of hrluc and 5.7 mg of m-Rluc8. The difference on binding
capacity of target proteins would be ascribed to structural stability
of two proteins. Due to the more stable quaternary structure of
m-Rluc8 resulting from eight amino acids mutations as discussed,
m-Rluc8 may be able to bind tightly the tag affinity beads when
compared with hrluc retaining a less stable quaternary structure.
Therefore, m-Rluc8s in even lower concentrations were attached
to the beads slurry. Consequently, if additional proteins are
required, the amounts of beads slurry would be re-adjusted depend-
ing on the tag affinity binding capacity defined in this study.

Evaluation of the functional activities of m-Rluc8

To evaluate the functional activities of m-Rluc8, we measured
the protein’s luminescence light output and serum stability. With
respect to bioluminescence, the luminescent activity of m-Rluc8
was compared with that of hrluc. Human serum albumin (HSA)
was used as a carrier protein to prevent the loss of luciferase mass
from its adsorption to the surrounding surfaces [7]. A coelenter-
azine is a substrate for bioluminescent enzymes derived from mar-
ine organisms, with more than ten coelenterazine analogs
commercially available. Benzyl-coelenterazine (coelenterazine-h)
is a representative substrate of Renilla luciferase for strong biolu-
minescence activity [21]. With the addition of coelenterazine-h,
luminescence wavelength peaks were observed at 482 nm for hrluc
and 487 nm for m-Rluc8. m-Rluc8 exhibited strong luminescence
activity that was up to 5.6-fold greater than that of hrluc (Fig. 6A).

Rluc8 has been reported to show enhanced stability in mouse
and rat serum [10]. Our study compared the stability of hrluc and
m-Rluc8 in fetal bovine serum (FBS). Both hrluc and m-Rluc8 dem-
onstrated a decline of luminescent activity in FBS. However, com-
pared to hrluc, m-Rluc8 showed relatively longer-term stability.
Fig. 6B shows the results of both proteins as the percentages of ini-
tial activity.

There is a characteristic a/b-hydrolase fold sequence in the ami-
no acid sequence of hrluc which originated from Renilla reniformis
[22]. Interestingly, hrluc shows a substantial similarity with haloal-
kane dehalogenase, which also contains an a/b-hydrolase fold
sequence [23]. Based on this similarity, eight mutations were pro-
posed [10] that enhanced the light output and serum stability of
m-Rluc8. These results may be due to enhanced quantum yield,
kinetics, and structural stability. For example, the position of valine
(M185V) in the quaternary structure is near the substrate recogni-
tion site. A mutation in this position could affect the turn-over rate
of m-Rluc8 enzyme and the quantum yield. Another substitution
mutation was alanine for cysteine in position 124 (C124A), which
is located in the hydrophobic core of m-Rluc8. Cysteine has a thiol
group on its side chain, and its repulsion in the hydrophobic core
could cause an unstable state. In contrast with cysteine, alanine
does not have an electrophilic residue on its side chain. In addition,
the side chain length of alanine is shorter than that of cysteine.
Therefore, the replacement from cysteine to alanine at position
124 allows for the better packing of the hydrophobic core both
electrically and sterically, resulting in the increased stability of
m-Rluc8. The combination of these eight mutations enables a
5.6-fold enhancement in the luminosity and the stability of the
luciferase in serum.
Conclusions

In this study, we developed a functionally new Renilla luciferase
(m-Rluc8) with a higher luminescence output and longer serum
stability. This luciferase differed from hrluc in eight amino acid
mutations: A55T, C124A, S130A, K136R, A143M, M185V, M253L,
and S287L. These selected mutations enabled the protein to emit
stronger bioluminescence activity and to be more stable in serum
media. In addition, we established the optimized conditions for
protein expression. Overall, the redesigned m-Rluc8 exhibited an
enhancement in protein expression and showed a 5.6-fold
improvement in light output, with increased stability in serum
media confirmed to last for over 5 days.

The enhanced activity of m-Rluc8 could mitigate some of the
drawbacks of conventional luciferase and offer a useful tool for bio-
medical applications such as in vitro and in vivo diagnostics.
Acknowledgments

This work was partially supported by a grant from the Korea
Health Technology R&D Project of the Ministry of Health & Welfare
of the Republic of Korea (Grant No. A110552) and by Basic Science
Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science and
Technology (Grant No. 2013R1A1A2016781).
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.pep.2013.08.004.

http://dx.doi.org/10.1016/j.pep.2013.08.004


220 W.C. Song et al. / Protein Expression and Purification 91 (2013) 215–220
References

[1] D.L. Farkas, Invention and commercialization in optical bioimaging, Nat.
Biotechnol. 21 (2003) 1269–1271.

[2] S. Ueno, M. Sekino, Biomagnetics and bioimaging for medical applications, J.
Magn. Magn. Mater. 304 (2006) 122–127.

[3] P. Sharma, S. Brown, G. Walter, S. Santra, B. Moudgil, Nanoparticles for
bioimaging, Adv. Colloid Interface Sci. 123 (2006) 471–485.

[4] X. Michalet, F.F. Pinaud, L.A. Bentolila, J.M. Tsay, S. Doose, J.J. Li, G. Sundaresan,
A.M. Wu, S.S. Gambhir, S. Weiss, Quantum dots for live cells, in vivo imaging,
and diagnostics, Science 28 (2005) 538–544.

[5] M. Chalfie, Y. Tu, G. Euskirchen, W.W. Ward, D.C. Prasher, Green fluorescent
protein as a marker for gene expression, Science 263 (1994) 802–805.

[6] R. Heim, R.Y. Tsien, Engineering green fluorescent protein for improved
brightness, longer wavelengths and fluorescence resonance energy transfer,
Curr. Biol. 6 (1996) 178–182.

[7] M.K. So, C. Xu, A.M. Loening, S.S. Gambhir, J. Rao, Self-illuminating quantum
dot conjugates for in vivo imaging, Nat. Biotechnol. 24 (2006) 339–343.

[8] Y.P. Kim, W.L. Daniel, Z. Xia, H. Xie, C.A. Mirkin, J. Rao, Bioluminescent
nanosensors for protease detection based upon gold nanoparticle-luciferase
conjugates, Chem. Commun. 46 (2010) 76–78.

[9] J. Liu, A. Escher, Improved assay sensitivity of an engineered secreted Renilla
luciferase, Gene 237 (1999) 153–159.

[10] A.M. Loening, T.D. Fenn, A.M. Wu, S.S. Gambhir, Consensus guided
mutagenesis of Renilla luciferase yields enhanced stability and light output,
Protein Eng, Des. Sel. 19 (2006) 391–400.

[11] M. Gouy, C. Gautier, Codon usage in bacteria: correlation with gene
expressivity, Nucleic Acids Res. 10 (1982) 7055–7074.

[12] G. Sezonov, D. Joseleau-Petit, R. D’Ari, Escherichia coli physiology in Luria-
Bertani broth, J. Bacteriol. 189 (23) (2007) 8746–8749.
[13] G. Hu, DNA polymerase-catalyzed addition of nontemplated extra nucleotides
to the 30 of a DNA fragment, DNA Cell Biol. 12 (1993) 763–770.

[14] M.Y. Zhou, C.E. Gomez-Sanchez, Universal TA cloning, Curr. Issues Mol. Biol. 2
(2000) 1–7.

[15] D.A. Ratkowsky, J. Olley, T.A. McMeekin, A. Ball, Model for bacterial culture
growth rate throughout the entire biokinetic temperature range, J. Bacteriol.
149 (1982) 1–5.

[16] H. Heukelekian, A. Heller, Relation between food concentration and surface for
bacterial growth, J. Bacteriol. 40 (1940) 547–558.

[17] A. Marbach, K. Bettenbrock, Lac operon induction in Escherichia coli: systematic
comparison of IPTG and TMG induction and influence of the transacetylase
LacA, J. Biotechnol. 157 (2012) 82–88.

[18] C.H. Schein, Production of soluble recombinant proteins in bacteria, Nat.
Biotechnol. 7 (1989) 1141–1149.

[19] H.P. Sørensen, K.K. Mortensen, Soluble expression of recombinant proteins in
the cytoplasm of Escherichia coli, Microb. Cell Fact. 4 (2005) 1–8.

[20] B.A. Tannous, D.E. Kim, J.L. Fernandez, R. Weissleder, X.O. Breakefield, Codon-
optimized Gaussia luciferase cDNA from mammalian gene expression in
culture and in vivo, Mol. Ther. 11 (2005) 435–443.

[21] H. Zhao, T.C. Doyle, R.J. Wong, Y. Cao, D.K. Stevenson, D. Piwnica-Worms, C.H.
Contag, Characterization of coelenterazine analogs for measurements of
Renilla luciferase activity in live cells and living animals, Mol. Imaging 3
(2004) 43–54.

[22] M. Holmquist, Alpha/Beta-hydrolase fold enzymes: structures, functions and
mechanisms, Curr. Protein Pept. Sci. 1 (2000) 209–235.

[23] J. Woo, M.H. Howell, A.G. von Arnim, Structure-function studies on the active
site ofthe coelenterazine-dependent luciferase from Renilla, Protein Sci. 17
(2008) 725–735.

http://refhub.elsevier.com/S1046-5928(13)00154-X/h0005
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0005
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0010
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0010
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0015
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0015
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0020
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0020
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0020
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0025
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0025
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0030
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0030
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0030
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0035
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0035
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0040
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0040
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0040
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0045
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0045
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0050
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0050
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0050
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0055
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0055
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0060
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0060
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0065
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0065
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0065
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0070
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0070
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0075
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0075
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0075
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0080
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0080
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0085
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0085
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0085
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0090
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0090
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0095
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0095
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0100
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0100
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0100
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0105
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0105
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0105
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0105
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0110
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0110
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0115
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0115
http://refhub.elsevier.com/S1046-5928(13)00154-X/h0115

	Novel functional Renilla luciferase mutant provides long-term serum  stability and high luminescence activity
	Introduction
	Materials and methods
	Preparation of recombinant plasmids (hrluc_pPAL7 and m-Rluc8_pPAL7)
	In vivo m-Rluc8 protein production
	Evaluation for the functionality of m-Rluc8

	Results and discussion
	Set-up of PCR (polymerase chain Reaction) parameters
	hrluc-positive colony selection via TA cloning
	Evaluation of optimized Escherichia coli culture conditions for in vivo protein expression
	Evaluation of the isolation of m-Rluc8 products
	Evaluation of the functional activities of m-Rluc8

	Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


