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Bioluminescence reaction, which uses luciferin, Mg?*-ATP and molecular oxygen to yield an electronically
excited oxyluciferin, is carried out by the luciferase and emit visible light. One of the most promising
applications of firefly luciferase is biosensors. In order to develop an apoptosis biosensor based on caspase
3/7, we have generated 3 forms of circularly permuted variants of Photinus pyralis firefly luciferase and
a relatively good tolerance toward disruption of the polypeptide chain by introduction of new termini
were found. Two forms of circular permuted luciferases showed significant activity enhancement in
comparison with control after exposure to caspase 3. Moreover, the effect of circular permutation and
also the length of inserted peptide (caspase 3/7 recognition sites) in structure of firefly luciferase were
analyzed using circular dichroism and fluorescence spectroscopy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Luciferase is the general name of enzymes that produce pho-
tons of light. Luciferases have been isolated from numerous species.
Among them, structure and function of luciferase from the different
species have been studied in details. Luciferase is a monooxygenase
that catalyzes ATP-dependent conversion of firefly luciferin into
a luciferyl-adenylate, which is oxidized to electronically excited
oxyluciferin in a multistep reaction. Relaxation to the ground state
results in production of yellow-green light (Apnax ~560nm) with
a remarkable quantum yield [1-6]. Luciferase-based assays have
many applications such as; genetic reporter assays in molecular
biology, monitoring gene expression, tumor growth and metasta-
sis in whole animals. Because of easy detection of light, luciferase
was enormously used in designing of biosensors.

Abbreviations: DEVDG, Asp-Glu-Val-Asp-Gly; Ppy, Photinus pyralis; ATP, adeno-
sine triphosphate; ANS, 1-anilino-8-naphthalene sulfonate; CD, circular dichroism;
Ni-NTA, nickel nitrilotriacetic acid; Trp, tryptophan; Pro, prolin; CP-1, circular per-
muted form 1; CP-2, circular permuted form 2; CP-3, circular permuted form 3.
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The first generation of luciferase biosensors was generated by
fusion of luciferase with the estrogen receptor regulatory domain
(ER) and caspase 3/7 cleavage site; Asp-Glu-Val-Asp (DEVDG) [7].
Therefore, luciferase based assay was used to monitor progress of
cell death. The activity of caspase 3 (as an apoptosis marker) was
measured, but the signal intensity was low. Cyclic luciferase was
the next generation of biosensors. It was a very powerful biosensor
but it was feasible in living cells which have the ability to splicing
[8]. The last generation was circular permuted luciferase. Under-
standing the details of structure and function of these types would
be helpful in improving of their activity and designing of next gen-
eration assays.

Circular permutation is a process during evolution which is
used to connect the N-terminal and C-terminal of a protein and
generating new N- and C-terminals. Circular permutation leads
to change in order of amino acids in a protein sequence not its
composition [9-12]. As N- and C-terminals of many protein struc-
tures are close together in space, circular permutation could be
done [13]. Circular permutation was first observed in lectins of
plant [14]. There are many examples in nature, including some
carbohydrate-related enzymes and binding proteins, swaposins,
transaldolases [15], FMN-binding proteins [16], glutathione syn-
thetase [17], methyltransferases [9,18], ferrodoxins[19], protease
inhibitors, etc. [20,21]. Studies have shown that biological and
structural of native proteins preserve during circular permutation
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[15,22], although the stabilities and folding mechanisms might be
changed [23,24]. Nowadays, artificially created permutations have
been used for various purposes in protein engineering and design
[25,26].

Apoptosis is a central and complex biological process that
enables an organism to kill and remove unwanted cells during
animal development, normal homeostasis and disease [27,28].

The caspase-cascade signaling system is vital in the process of
apoptosis [29]. The ability to noninvasively image caspase-cascade
would provide an opportunity to find new drugs [7]. Because of
easy detection of light and pivotal role of caspase 3 in apoptosis
designing of biosensors based on monitoring of light could be useful
in imaging of intracellular processes such as apoptosis.

Studies show that it is possible to create circular-permuted form
of firefly luciferase. Connecting of N- and C-terminal of luciferase
put the structure of luciferase under pressure. The distortion of
native structure leaded to lose of its activity. Moreover, circular
permuted form of luciferase as substrate for caspase 3/7 is designed
and developed for monitoring of apoptosis progress in cell culture
[30].

Our main goal in this study was design and introduction of three
forms of circular permuted luciferase with insertion of caspase 3
cleavage site. Moreover, the effect of luciferase N-terminal and C-
terminal residues removing on functionality of permuted luciferase
in presence of caspase 3 has been investigated. Then, structure of
this modified luciferases were compared.

2. Experimental procedures
2.1. Materials

The following reagents and kits were used. Isopropyl -
D-thiogalactopyranoside (IPTG), kanamycin and HEPES were
purchased from Sigma. ATP, CHAPS were purchased from Roche.
D-luciferin potassium salt was obtained from Synchem Corp.
Restriction enzymes, Pfu polymerase, and T4 DNA ligase was
purchased from Fermentas. The plasmid extraction kit, the gel
purification kit, and the PCR purification kit were obtained from
Bioneer Corp. The Ni-NTA spin kit was purchased from Qiagen Inc.,
and the pET28a (+) vector was obtained from Novagen. glycerol and
EDTA was obtained from Merck.

2.2. Design of circular permuted protein

Studies show that, residues 7, 121, 233, 267, 294, 303, 361, 450,
541 of firefly luciferase are tolerant to modification including inser-
tion and circular permutation. (50-75) % of luminescent signal of a
modified luciferase with insertion at residue 233 isretained [31]. By
connecting the N-terminal and C-terminal of firefly luciferase and
generating a new N- and C-termini at pro 233 a circular permuted
luciferase was created. Caspase 3 cleavage site; Asp-Glu-Val-Asp-
Gly (DEVDG) was used to connect N- and C-terminal.

Circular permuted luciferase form-1 (CP-1) has no deletion at
N- and C-termini of luciferase. (CP-2) and (CP-3), however, contain
deletion of 6 amino acids from C-terminal and 3 and 0 amino acids
from N-terminal of firefly luciferase respectively.

2.3. Gene construction

Circular permuted luciferases were performed using splic-
ing overlap extension polymerase chain reaction (SOE-PCR)
(Fig. 1) [32]. Three pairs of primers (Table 1) were used for
this purpose. F-cloning and R-cloning contain enzyme restric-
tion sites. Primers were designed, F-cloning primer contained
an ATG codon for a methionine just before the Asp (234),
it also containing the Ndel restriction site (5-TAC ATA TGG

F-mutant F-cloning
—_—
DEVDG DEVDG
7 —

R-cloning R-mutant
DEVDG DEVDG
: 233 l 234 550

—_—
DEVDG l

234 550 1 233

Fig. 1. Position of primers used for designing of gene construct of circular permuted
luciferase using splicing overlap extension polymerase chain reaction (SOE-PCR).

ATA CTG CGA TIT TAA GTG TTG TIC CAT TC-3') and R-
cloning primer contained a stop codon and the Sall restriction
site (5'-TCGAGTCGACTTACGGAATGATCTGATTGCCAAAAATAG-3).
F-mutants and R-mutants contain caspase cleavage site (DEVDG).
The overlapping primers, containing caspase cleavage site
(DEVDG), are shown in Table 1. F-1and R-1 was used for creating
of circular permuted luciferase (CP-1). On the other hand, F-2 and
R-2 were used for creating of (CP-2). Also, F-1 and R-2 were used
for creating of (CP-3).

For each permuted forms two PCRs for performing primary
amplification of the two DNA fragments to be spliced were done
using F mutant, R-cloning and F-cloning, and R mutant by Pfu
polymerase under the following conditions: initial denaturation
at 94°C for 5min, a 30 cycle (94 °C for 1 min, 58°C for 1 min, and
72°C for 1 min), and a final extension for 10 min at 72 °C. Subse-
quently, primary PCR products were purified using a cleanup kit
to remove redundant primers. The resulting fragments from pri-
mary PCRs were mixed in a 1:1 molar ratio so that the amount
of DNA added to a second PCR mixture was around 100 ng. The
second PCR was performed in two steps: the first step performed
with 10 cycles similar to the first PCR condition only with a dif-
ference in the annealing condition (42 °C for 1 min). At the end of
this step, F and R cloning primers added to each tube, and PCR con-
tinued like the first PCR. The mutagenesis products digested with
Ndel and Sall were inserted into the Ndel/Sall restriction sites of
digested/dephosphorylated pET-28a vector, and ligated mixtures
were transformed into competent cells of Escherichia coli DH5a by
electroporation.

2.4. Sequencing

pET-28a (+) vectors containing circular permuted luciferases
were sequenced using an automatic sequencer (MWG) by the T7
promoter and T7 terminator universal primers.

Table 1
Sequences of the primers used for design of circular permuted luciferase in pET-28a
vector.

Primer names Primer sequence 5'-3’

F-cloning TACATATGGATACTGCGATTTTAAGTGTTGTTCCATTC
R-cloning TCGAGTCGACTTACGGAATGATCTGATTGCCAAAAATAG

F-2 GACGAAGTTGACGGCGCCAAAAACATAAAGAAAGGCCCGGCG
R-2 GACGAAGTTGACGGCGCCAAAAACATAAAGAAAGGCCCGGCG
F-1 GACGAAGTTGACGGCGCCAAAAACATAAAGAAAGGCCCGGCG
R-1 GACGAAGTTGACGGCGCCAAAAACATAAAGAAAGGCCCGGCG
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2.5. Protein expression and purification

Five milliliters of TB medium containing 50 pwg/mL kanamycin
with a fresh bacterial colony harboring the expression plasmid was
inoculated and grown at 37 °C overnight. Then 200 mL of medium
with 500 pL overnight cultures was inoculated and grown at 37 °C
with vigorous shaking until the ODggg reached 0.9. In order to find-
ing the appropriate condition of expression, IPTG and lactose were
added in serial dilutions 0.005 mM IPTG up to 1 mM IPTG with and
without lactose). Furthermore, the mixture was incubated at dif-
ferent temperature time series (18 °C up to 37 °C, 5-20 h). The best
condition for protein expression was final concentration of 0.2 mM
IPTG and 18 °C for 18 h and 0.2 mM IPTG and 14 °C for 14 h for CP-1
and CP-2 respectively. The cells then were harvested by centrifu-
gation at 5000 x g for 15 min. The cell pellet was resuspended in
lysis buffer [50 mM Tris—HCl, 300 mM NacCl, 10 mM imidazole, and
1 mM PMSF (add fresh) (pH 7.8)]. Purification of Hisg-tagged fusion
protein was performed with the Ni-NTA spin column as described
by the manufacturer (Qiagen).

2.6. Fluorescence measurements

The purified luciferases were dialyzed in dialysis buffer
containing 50mM Tris-HCl, 1% glycerol, 1TmM EDTA, 50 mM
NaCl, and 0.05% B-mercaptoethanol (pH 7.8) at 4°C. Fluores-
cence studies were carried out on a Cary-Eclipse luminescence
spectrophotometer (Varian). Intrinsic fluorescence was deter-
mined using 20 pg/mL protein and an excitation wavelength of
295 nm. Emission spectra were recorded between 300 and 400 nm
[33]. Extrinsic fluorescence studies were carried out with 8-
anilino-1-naphthalenesulfonic acid (ANS) as a fluorescence probe.
Measurements were taken on the same spectrofluorimeter that was
used for intrinsic fluorescence studies. All experiments were car-
ried out at 25 °C. The final concentration of the ANS in the enzyme
solutions was 30 wM, and the molar ratio of protein to ANS was
1:50. The ANS emission was scanned between 380 and 700 nm with
an excitation wavelength of 350 nm [34].

2.7. Circular dichroism (CD) measurements

CD spectra were recorded on a JASCO J-715 spectropo-
larimeter (Japan) using solutions with purified and dialyzed
protein concentrations 0.2mgmL-! (far-UV). Protein buffer was
the same as fluorescence measurements. The results were
expressed as molar ellipticity, [6] (degcm?dmol~1), based on a
mean amino acid residue weight (MRW) assuming its average
weight for firefly luciferase. The molar ellipticity was determined
as [0]=(0 x 100MRW)/(cl), where c is the protein concentra-
tion in mgmL-!, [ is the light path length in centimeters,
and 0 is the measured ellipticity in degrees at wavelength
M. The instrument was calibrated with (+)-10-camphorsulfonic
acid, assuming [f],91 =7820deg cm? dmol~1(27), and with JASCO
standard nonhydroscopic ammonium (+)-10-camphorsulfonate,
assuming [0]2905=7910degcm? dmol~!. Noise in the data was
smoothed using the JASCO J-715 software, including the fast
Fourier-transform noise reduction routine which allows enhance-
ment of most noisy spectra without distorting their peak shapes
[35].

2.8. Kinetic measurements

To study kinetic properties, 10 L of fresh purified CP (25 wg/mL)
was combined with 190 wL of 1x reaction buffer containing
(0.1nM) caspase 3 (50mM HEPES pH 7.5, 100mM NaCl, 0.1%
CHAPS, 1mM EDTA, 10% glycerol, 5mM S-mercaptoethanol). In
addition, we used such condition without caspase 3 as control.

Suitable concentration of caspase 3 were found using different
amount of caspase 3. For measurements, samples were incubated
at 25°C, and signal of luminescence was measured in the (Sirius
tube luminometer, Berthold Detection Systems).

Since the optimum temperature of caspase 3 activity is 30°C,
samples were incubated at mentioned temperature in the begin-
ning of the research. Results of assays were not satisfaction in that
temperature. On the other hand, the optimum temperature for
luciferase activity is 25°C. In order to obtain better condition for
luciferase activity, 25°C was chose for this assay. Assays repeat
shows that luminescence activity correlate to amount of and the
period of time after purification of protein. That is why we decided
to set the assays immediately after purification.

In order to find the required time for caspase 3 to recognition its
substrate, we check the luminescence activity in different interval
times (1 min to 2 h).

2.9. Model generation

The model for CP-2 was built using the HyperChem program
(HyperChem, version 7.5). The crystal structure of Ppy luciferase
(PDB code 1LCI) was used as template. In order to perform a molecu-
lar mechanics optimization, we have chosen a molecular mechanics
force field provided with HyperChem. For this exercise, we have
used the AMBER force field. Analysis and comparison of the struc-
tures were carried out using Swiss-Pdb Viewer ver3.7 (Guex and
Peitsch).

2.10. Statistical analysis

Experimental data in each group were presented as mean = SD.
Analysis of variance was performed with Graph Pad Prism 5 soft-
ware by using one way ANOVA and pair wise comparison with
Student’s t test. P<0.05 was considered statistically significant.

3. Results

3.1. Construction, expression and purification of the native and
circular permuted luciferases

As shown in (Fig. 2) CP-1, was designed by positioning the cod-
ing region for amino acids 234-550 ahead of the region encoding
1-233, where amino acids 1 and 550 are connected by DEVDG
cleavage site using SOE PCR. (CP-2) was developed by position-
ing the coding region for amino acids 234-544 ahead of the region
encoding 4-233, where amino acids 4 and 544 are connected by
DEVDG cleavage site using SOE PCR. Also, (CP-3) was designed by
positioning the coding region for amino acids 234-544 ahead of
the region encoding 1-233, where amino acids 1 and 544 are con-
nected by DEVDG cleavage site using SOE PCR. After cloning and
transformation, the accuracy of the construct was confirmed by
sequencing. In order to purification and characterization of native
and circular permuted forms. (CP) enzymes were expressed in the

Circular permuted-1 N—M c
N ] e g
Circular permuted-3  N__| 53,c00 ‘ﬂ: C

Fig. 2. Schematic representation of three forms of circular permuted luciferase.
Circular permuted luciferase 1 has no deletion at N- and C-termini of luciferase.
Form 2, contains deletion of 3 amino acids from N-terminal and 6 amino acids
from C-terminal of firefly luciferase. Form 3 contains deletion of 6 amino acids from
C-terminal of firefly luciferase.

Circular permuted-2
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Fig. 3. SDS-PAGE of purified native (Ppy) and circular-permuted luciferases after
purification via affinity Ni-NTA column chromatography.

BL21(DE3) strain. The purification of His-tag fusion luciferases was
also performed by affinity (Ni-NTA-Sepharose) chromatography.
The purified native and circular permuted luciferases had purities
more than 95% based on analyses by SDS-PAGE in which luciferase
was present as a band of about 62 kDa (Fig. 3).

3.2. CD and fluorescence spectra of native and circular permuted
forms of luciferase

Circular dichroism (CD) spectra of native and circular permuted
luciferases obtained in PBS, pH 7.0 are shown in Fig. 4. The far-UV
CD spectra of the native and circular permuted forms of luciferase
show obvious changes in the secondary structure of the proteins.
An apparent increase of helical structure has occurred in circular
permuted luciferases. The content of increase in (CP-1) is more than

12000 14
9000 -

6000 -

p CP-2
3000 - i cp-1

[©] (deg cm?)/dmol)

-3000 -

-6000 -

wavelength (nm)

Fig. 4. Far-UV CD spectra for the wild type and circular-permuted forms of
luciferases. The concentration of protein used for the far-UV CD spectrum
(200-250 nm) was 0.2 mg mL~'. Each enzyme was equilibrated in Tris-HCI buffer
(0.05M, pH 7.8) at 25°C.

200 |
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Fig. 5. Comparison of intrinsic fluorescence in native (3), circular permuted-1 (1)
and circular permuted-2 (2) luciferases. The excitation and emission wavelengths
were 295 and 340 nm, respectively. The protein was dissolved in 0.05M Tris-HCl
buffer (pH 7.8), and the protein concentration was 30 mg mL~! in all samples.

(CP-2).Change of the helical structure, however, is accompanied by
decrease of [3-sheet structures.

3.3. Intrinsic fluorescence

Tryptophans of Photinus pyralis luciferase, Trp417 and Trp426,
are located near the protein surface of N-terminal domain. In this
study to get rid of possible contribution from Tyr residues, the exci-
tation at 295 nm exclusively excites tryptophan residues. As shown
in (Fig. 5) an increase of fluorescence intensity observed upon cir-
cular permutation of luciferase. Even small changes in the enzyme
conformation have proven to affect the tryptophan fluorescence of
proteins.

3.4. Extrinsic fluorescence

It is known that ANS, a hydrophobic reporter, bind to hydropho-
bic patches on protein surface with greater affinity resulting in a
detectable blue shift in its fluorescence spectrum. Enhancement of
ANS fluorescence has been previously shown to reflect the level
of hydrophobic patches on luciferase structure [36]. Increase of
hydrophobic clusters on (CP-1) was confirmed by fluorescence
measurement using ANS (Fig. 6). Remarkable increase in ANS emis-
sion intensity is not observed for (CP-2).

3.5. Kinetic measurements

Studies show that, the time of increase in the luminescence
intensity depends on the concentration of caspase 3. The lumines-
cence signals were found to reach a maximum several minutes
after incubation with a specific concentration of caspase 3, and
the intensity of the signals then gradually decreased. It should
be noted, suitable amount of caspase 3 versus luciferase were
optimized using dilution experiments. Higher concentrations of
caspase 3 did not produce higher luminescence signal than that
and lower amount of caspase 3 produced lower luminescent signal.
The circular permuted forms (CP) have low luminescence activ-
ity. The background activity of (CP-1) is greater than the basal
activity of (CP-2). In the presence of caspase 3, the activities of cir-
cular permuted forms, CP-1 and CP-2 are significantly increased
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Fig. 6. Fluorescence spectra of ANS (4) in the presence of native (2), circular
permuted-1 (1) and circular permuted-2 (3) luciferases. Spectra were recorded at
25°C in 0.05M Tris-HCl buffer (pH 7.8). The sample contained 1 mM protein and
30 mM ANS. The excitation wavelength was 350 nm.

(Fig. 7A-C). The statistically analysis have shown that; it is a signif-
icance increase of the activity of CP-1 and CP-2 forms up to 8.0 and
1.5-fold in the presence of caspase 3, P-value <0.05. However, no
detectable and reliable increase in the activity of CP-3 in the pres-
ence of the caspase 3 was observed and even its initial activity was
gradually decreased.

3.6. Model generation

Superposition of the 3-dimensional structures of P. pyralis and
CP-2 revealed quite similar structures, and the predicted model was
typically less than 0.77 RMSD from the crystal structure of template
(Fig. 8).

4. Discussion

Because of the crucial role of apoptosis in normal development
and significant role of caspase 3 in apoptosis and easy detection of
light, designing of biosensors based on bioluminescence has been
attracted [37]. In order to early detection of apoptosis, a biosen-
sor based on oligomerization of Apaf 1 monomer and apoptosome
formation based on split-luciferase complementary assay has been
developed [37].

Firefly luciferase consists of two domains: a large N-terminal
domain and a small C-terminal domain. These domains are sepa-
rated by a wide cleft which is supposed to be the active site of the
enzyme. During the reaction, the two domains will move toward
each other and sandwiching the substrates. The N- and C-termini
of luciferase are separated by about 40 A, which is equal to 5-6
amino acids. The ability of multicolor emission of firefly luciferase
make it a suitable reporter for molecular biology investigations and
intracellular biosensors [38,39].

In this investigation, three forms of circular permuted
luciferases are produced by connecting the N-terminal and C-
terminal of firefly luciferase and new N- and C-termini at pro
233 were generated. Caspase 3 cleavage site Asp-Glu-Val-Asp-Gly
(DEVDG) was used to connect N- and C-terminal (Fig. 9). One of
them has no deletion (CP-1), the other one has deletion of 3 amino
acids at N-terminal and 6 amino acids at C-terminal of native form
(CP-2), the last one contain deletion of 6 amino acids at C-terminal
of native form (CP-3). While the normal luciferase structure is a
closed form, by connecting N- and C-termini, the structure loses
its flexibility. In the result, the whole structure became open and
luminescence activity was diminished. After digestion with caspase
3 the structure retains its closed form and became more active.

A B l
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Fig. 7. Activity of circular permuted luciferase under different experimental conditions in the presence of caspase 3, 7 and in the absence of caspase 3, 7 &4 values

represent the mean of three independent experiments.
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DEVDG,
23

I

Lys544  DEVDG

Fig. 8. (a) A model for CP-2 mutant was built using hyperchem, based on crystal structure of P. pyralis (Protein Data Bank code: 1lci). (b) A model for crystal structure of
native P. pyralis luciferase (Protein Data Bank code: 1lci). (c) Two parts of CP-2 after cutting with caspase 3. The a-helices are in purple and green, (3-sheets in blue, and the
turns are in orange. (d) Superposition of the 3-dimensional structures of P. pyralis and CP-2 model. P. pyralis was shown in yellow and CP-2 model was shown in green. (For
interpretation of the references to color in the text, the reader is referred to the web version of the article.)

According to a model for CP-2, there is a trivial change in the struc-
ture of firefly luciferase after connecting of N- and C-terminal of
enzyme (Fig. 8). The background activities of permuted forms are

Pro(233) Asp(234)

Fig. 9. (a) Schematic representation of native luciferase structure. Residues 1-233
and 234-441 are colored blue and the small C-terminal domain (441-544) is shown
in yellow. Disordered loops are drawn in red. Luciferase has closed conformation
in the presence of substrate and produces photons of light. (b) Circular permuted
luciferase. Connecting of the wild-type N- and C-termini with a linker containing a
caspase 3 cleavage site inhibits formation of the closed conformation. (c) Formation
of the closed conformation after cutting with caspase 3 and restoring of its activ-
ity. It is supposed that substrate existed in all condition. (For interpretation of the
references to color in the text, the reader is referred to the web version of the article.)

due to correct folding of the permuted forms. The connecting of
N- and C-terminal of enzyme may prevent the sandwiching of
substrate. That is why the initial activity was very low and upon
digestion by caspase 3/7 the c-domain will be releases and can act
freely.

Furthermore, the bioluminescence activity in the presence and
absence of caspase 3 was measured. In the presence of caspase 3,
the activity of CP-1 and CP-2 forms were increased significantly.
Although circular permuted luciferase (CP-3) with 6 deletions from
C-terminal, has no significant increase in its activity after incuba-
tion with caspase 3.

In order to manifesting of differences between the wild type
structure and circular permuted structure, structural studies were
performed. Since fluorescence intensity was increased upon cir-
cular permutation of luciferase, we guess that Tryptophans of P.
pyralis luciferase, Trp417 and Trp426, were undergone a new more
hydrophobic environment. This change was due to local compact-
ing of luciferase structure.

From ANS binding data, we can deduce that the whole confor-
mation of circular permuted luciferase 1, which has no deletion,
became less compact versus native structure. In other words, the
hydrophobic patches have been exposed to the solvent.

ANS emission intensity for circular permuted luciferase 2 was
shown subtle changes. As we deleted 3 amino acids from N-
terminal and 6 amino acids from C-terminal, we assume that these
deletions make the structure more compact. That is why we cannot
see obvious changes in ANS emission intensity.

Having low intrinsic background is one of the key features of
biosensors. CP-2 in comparison to CP-1 has lower basal lumines-
cence because of its shorter linker between N- and C-terminal. It
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is supposed that deletion of amino acids put more pressure on the
structure of luciferase. That is why, the background activity of CP-
2 is lower than CP-1. Because of that CP-2 is best candidate for
biosensor. It is noteworthy; DEVD-luciferin as a chemical substrate
has high potential on monitoring of caspase 3/7 activity. In contrast,
it would be possible to prepare a stable cell line with permanent
expression of CP-2 or other genetically engineered substrates and
thereby make them more convenient for apoptosis measurements
within living cells.

In conclusion, the activity of circular permuted forms had signif-
icant increase in comparison with control in presence of caspase 3.
So this form of engineered luciferase had important role in design-
ing biosensor and used for high-throughput screening for study of
nano-system biology.

Acknowledgment

Financial support of this work was provided by Research Council
of Tarbiat Modares University.

References

[1] J.R. de Wet, K.V. Wood, D.R. Helinski, M. DeLuca, Proceedings of the National
Academy of Sciences of the United States of America 82 (1985) 7870-7873.

[2] M. Deluca, Advances in Enzymology & Related Areas of Molecular Biology 44
(1976) 37-68.

[3] Y. Ando, K. Niwa, N. Yamada, T. Enomoto, T. Irie, H. Kubota, Y. Ohmiya, H.
Akiyama, Nature Photonics 2 (2008) 44-47.

[4] T. Wilson, J.W. Hastings, Annual Review of Cell and Developmental Biology 14
(1998) 197-230.

[5] N.N. Ugarova, Journal of Bioluminescence and Chemiluminescence 4 (1989)
406-418.

[6] H.H. Seliger, EW. Mc, Archives of Biochemistry and Biophysics 88 (1960)
136-141.

[7] B. Laxman, D.E. Hall, M.S. Bhojani, D.A. Hamstra, T.L. Chenevert, B.D. Ross, A.
Rehemtulla, Proceedings of the National Academy of Sciences of the United
States of America 99 (2002) 16551-16555.

[8] A.Kanno, Y.Yamanaka, H. Hirano, Y. Umezawa, T. Ozawa, Angewandte Chemie
(International Edition in English) 46 (2007) 7595-7599.

[9] A.Jeltsch, Journal of Molecular Evolution 49 (1999) 161-164.

[10] J. Weiner 3rd, G. Thomas, E. Bornberg-Bauer, Bioinformatics 21 (2005)
932-937.

[11] L.C. Tsai, L.F. Shyur, S.H. Lee, S.S. Lin, H.S. Yuan, Journal of Molecular Biology
330 (2003) 607-620.

[12] E.A. Ribeiro Jr., C.H. Ramos, Biochemistry 44 (2005) 4699-4709.

[13] Y. Yu, S. Lutz, Trends in Biotechnology 29 (2011) 18-25.

[14] B.A. Cunningham, ].J. Hemperly, T.P. Hopp, G.M. Edelman, Proceedings of the
National Academy of Sciences of the United States of America 76 (1979)
3218-3222.

[15] Y. Lindqvist, G. Schneider, Current Opinion in Structural Biology 7 (1997)
422-427.

[16] A.G.Murzin, Nature Structural & Molecular Biology 5 (1998) 101.

[17] G. Polekhina, P.G. Board, R.R. Gali, J. Rossjohn, M.W. Parker, EMBO Journal 18
(1999) 3204-3213.

[18] J.M. Bujnicki, BMC Evolutionary Biology 2 (2002) 3.

[19] J.Jung, B. Lee, Protein Engineering 13 (2000) 535-543.

[20] N. Antcheva, A. Pintar, A. Patthy, A. Simoncsits, E. Barta, B. Tchorbanov, S. Pon-
gor, Protein Science 10 (2001) 2280-2290.

[21] D.P. Goldenberg, T.E. Creighton, Journal of Molecular Biology 165 (1983)
407-413.

[22] C.Vogel, V. Morea, Bioessays 28 (2006) 973-978.

[23] L. Li, E.I. Shakhnovich, Journal of Molecular Biology 306 (2001) 121-132.

[24] J. Chen, J. Wang, W. Wang, Proteins 57 (2004) 153-171.

[25] U. Heinemann, M. Hahn, Trends in Biochemical Sciences 20 (1995) 349-350.

[26] G. Bulaj, R.E. Koehn, D.P. Goldenberg, Protein Science 13 (2004) 1182-1196.

[27] C.B. Thompson, Science 267 (1995) 1456-1462.

[28] M.D. Jacobson, M. Weil, M.C. Raff, Cell 88 (1997) 347-354.

[29] S.Launay, O. Hermine, M. Fontenay, G. Kroemer, E. Solary, C. Garrido, Oncogene
24 (2005) 5137-5148.

[30] F.Fan, B.F. Binkowski, B.L. Butler, P.F. Stecha, M.K. Lewis, K.V. Wood, ACS Chem-
ical Biology 3 (2008) 346-351.

[31] M.LF. Fan, J. Shultz, K. Wood, B. Butler, US Patent, 2005.

[32] R.M. Horton, H.D. Hunt, S.N. Ho, J.K. Pullen, L.R. Pease, Gene 77 (1989) 61-68.

[33] M.R. Eftink, C.A. Ghiron, Biochemistry 16 (1977) 5546-5551.

[34] A.Riahi-Madvar, S. Hosseinkhani, Protein Engineering Design and Selection 22
(2009) 655-663.

[35] L Protasevich, B. Ranjbar, V. Lobachov, A. Makarov, R. Gilli, C. Briand, D. Lafitte,
J. Haiech, Biochemistry 36 (1997) 2017-2024.

[36] M. Moradi, S. Hosseinkhani, R. Emamzadeh, Enzyme and Microbial Technology
51(2012) 186-192.

[37] M. Torkzadeh-Mahani, F. Ataei, M. Nikkhah, S. Hosseinkhani, Biosensors and
Bioelectronics 38 (2012) 362-368.

[38] M.Nazari, S. Hosseinkhani, Photochemical & Photobiological Sciences 10 (2011)
1203-1215.

[39] S. Hosseinkhani, Cellular and Molecular Life Sciences 68 (2011) 1167-1182.


http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0005
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0010
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0015
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0020
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0025
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0030
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0035
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0040
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0045
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0050
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0055
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0060
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0065
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0070
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0075
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0080
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0085
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0090
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0090
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0090
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0090
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0090
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0090
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0090
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0090
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0095
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0100
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0105
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0110
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0115
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0120
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0125
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0130
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0135
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0135
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0135
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0135
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0135
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0135
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0135
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0135
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0140
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0145
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0150
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0160
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0165
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0170
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0175
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0180
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0185
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0190
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195
http://refhub.elsevier.com/S0141-8130(13)00186-4/SBREF0195

	Structural and functional effects of circular permutation on firefly luciferase: In vitro assay of caspase 3/7
	1 Introduction
	2 Experimental procedures
	2.1 Materials
	2.2 Design of circular permuted protein
	2.3 Gene construction
	2.4 Sequencing
	2.5 Protein expression and purification
	2.6 Fluorescence measurements
	2.7 Circular dichroism (CD) measurements
	2.8 Kinetic measurements
	2.9 Model generation
	2.10 Statistical analysis

	3 Results
	3.1 Construction, expression and purification of the native and circular permuted luciferases
	3.2 CD and fluorescence spectra of native and circular permuted forms of luciferase
	3.3 Intrinsic fluorescence
	3.4 Extrinsic fluorescence
	3.5 Kinetic measurements
	3.6 Model generation

	4 Discussion
	Acknowledgment
	References


