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a b s t r a c t

Firefly luciferase is widely used in many analytical techniques. However, the enzyme is unstable, so that
its relative inactivation results in low sensitivity of those techniques. In this study, we have investigated
the effects of MgSO4 and trehalose on the structural stability and function of luciferase from Photinus
pyralis using circular dichroism (CD), conventional and stopped-flow fluorescence spectroscopy and bio-
luminescence assay. The secondary structural content, compactness and its melting temperature are also
eywords:
irefly luciferase
tabilization
ircular dichroism
topped-flow fluorescence

studied, which showed that the stability of luciferase increased in the presence of additives. Measure-
ments of refolding rate constants under conditions that favor folding, show that MgSO4 accelerates the
folding of enzyme, on the contrary, refolding rate constant decreases in the presence of trehalose which
can be attributed to its high viscosity. Finally, combined with remaining activity assay we concluded that
magnesium sulfate and trehalose can be used for short- and long-term stabilization, respectively.
dditives
ioluminescence

. Introduction

Firefly luciferase from Photonis pyralis is a single polypeptide
hain of 550 amino acid residues and molecular weight of 62 kDa
E.C.1.13.12.7). This enzyme catalyses monooxygenase reaction in
hich d-luciferin is converted to oxyluciferin, using ATP, O2 and

lso Mg2+ as cofactor. This is a two-step process that is accompa-
ied by emission of yellow-green photon of light at 560 nm. First
tep is followed by the formation of enzyme luciferyl adenylate
ntermediate. In the second step luciferyl adenylate reacts with

olecular oxygen, producing enzyme-bond excited state product.
his excited state product decays to ground state by emitting light
1–3]. The crystal structures of firefly luciferases from P. pyralis
nd Japanese firefly (Luciola cruciata) have been obtained [1,3].
uciferase from P. pyralis folds into two globular domains, a large
-terminal domain consisting of residues 4–435 and C-terminal
omain consisting of residues 44–544. N-terminal can be further
ivided into three sub-domains, A–C. N-terminal domain compris-
ng a �-barrel and two �-sheets, which arranged between three
-helices, forming ����� structure, C-terminal domain consists
f three �-helices and five �-strands [1,2]. There is a linker between
wo domains, connecting residues 435 and 441 [2]. This enzyme is

∗ Corresponding author. Tel.: +98 2188009730; fax: +98 2188009730.
E-mail address: ranjbarb@modares.ac.ir (B. Ranjbar).

381-1177/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2009.09.015
© 2009 Elsevier B.V. All rights reserved.

well known as a fundamental agent in several research areas. Some
of its applications are: ATP-assay with high sensitivity in bacterial
contamination, using as a reporter gene [4], pyrosequencing [5] and
bioluminescence imaging [6].

Firefly luciferase is relatively unstable and its activity decreases
at room temperature significantly. Also irreversible aggregation
due to the exposure of its hydrophobic sites followed by structural
changes, causes its further inactivation [7–9]. Obviously, this phe-
nomenon can affect the sensitivity of analytical assays performing
by luciferase. So, the structural stabilization of enzyme is essential
for retaining its application.

It seems that site directed mutagenesis strategy is a good means
for this purpose, however, there are reports that some mutant pro-
teins with higher structural stability show lower activity relative
to that of native protein and vice versa [10–13]. Therefore, struc-
tural stabilization of enzyme should be done to improve function
at extreme environment. In other words, it was shown that sucrose;
sorbitol and proline as additives can stabilize the structure and
function of firefly luciferase against thermal stress [14]. In addition,
the use of additives for stabilization of different kinds of enzymes
has been recommended [15–17].
Surface free energy increase is the main proposed mechanism
of the mentioned stabilizers. So, they can increase the surface
free energy of protein in solvent. As the protein–solvent inter-
face increases upon denaturation, the surface free energy would
increase due to the surface increment which is unfavorable.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:ranjbarb@modares.ac.ir
dx.doi.org/10.1016/j.molcatb.2009.09.015
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temperature for thermal scanning, varied between 20 and 85 ◦C
28 M.R. Ganjalikhany et al. / Journal of Molec

herefore the equilibrium of “Native ↔ Unfold” move toward the
avorable energy, to the native form [18].

Trehalose is a non-reducing disaccharide, composed of two d-
lucopyranose and is present in some organisms. It has interesting
hysico-chemical properties which draw researchers’ attention
19]. It can be found in insects’ hemolymph [20], some desert
lants [21], yeast and fungi [20,22]. It has been shown that tre-
alose can increase the stability of folded state of proteins against
onditions that favor denaturation [23–26]. Furthermore, it has cry-
protective property in some freeze-tolerant organisms [23,27]. It
lso can protect the structure of membrane structure in dry state
27].

MgSO4 acts as a stabilizer in which its stabilization property
etermined by a competition phenomenon between two factors,
salt exclusion and salt binding effect”. Increasing the surface
ension of solvent results in salt exclusion of SO4

2− (preferen-
ial hydration) whereas salt binding effect refers to Mg2+ affinity
or ionic residues and peptide bonds. The extent of change in
referential hydration during denaturatrion of protein is deter-
ined by a delicate balance between these factors. In other
ords, as protein–solvent interaction increases during denatura-

ion, these factors increase concomitantly, but dominant factor is
he high exclusion of SO4

2− ions, which yield in protein stabilization
18,28].

In present study, we have examined the effects of two differ-
nt kinds of additives (MgSO4 as a salt and trehalose as a sugar) on
he structural stability and function of firefly luciferase using cir-
ular dichroism (CD), conventional and stopped-flow fluorescence
pectroscopy and bioluminescence assay.

. Materials and methods

.1. Reagent preparation

.1.1. Buffers and chemicals preparation
Affinity column of Ni-NTA resin for His6-tagged proteins was

urchased from Qiagen. Tris, KH2PO4 and K2HPO4 were purchased
rom CarloErba, glycerol, MgSO4, trehalose, �-mercapto ethanol,
mmonium sulfate, imidazole were purchased from Merck. Dialysis
embrane, di-thio erytheritol (DTE) and guanidine hydrochloride

GdmCl) were purchased from Sigma. Phenyl methyl sulfonyl flu-
ride (PMSF) from Boehrienger and NaCl from Panreac. Buffers for
ffinity column were prepared according to the Qiagen manual:
ashing buffer: NaH2PO4 50 mM, NaCl 300 mM, imidazole 20 mM,

H 8.0. Elution buffer: NaH2PO4 50 mM, NaCl 300 mM, imida-
ole 250 mM, pH 8.0. Lysis buffer: NaH2PO4 50 mM, NaCl 300 mM,
midazole 10 mM, pH 8.0. Dialysis buffer comprising: Tris–HCl
uffer, pH 7.8, NaCl 150 mM, DTE 1 mM, �-mercapto ethanol 1 mM,
mmonium sulfate 1 mM and glycerol 5% (w/v). Substrate solution:
ricine–NaOH buffer 50 mM, ATP solution 4 mM, luciferine solution
mM, MgSO4 solution 10 mM, pH 7.8 [7,14].

.1.2. Additive preparation
Two additives dissolved in dialysis buffer at pH 7.8, as additive

tocks: MgSO4 at 2.4 M and trehalose at 2.0 M.

.1.3. Enzyme preparation
Firefly luciferase from P. pyralis prepared in our laboratory.

ts gene was cloned into pET-16b vector with a His6-tagged
nd transfected to host bacterium Escherichia coli BL21. After

ver-expression, firefly luciferase was purified by affinity chro-
atography “Ni-NTA” resin [29]. All the steps in preparing and

urification, handled in ice carefully. After addition of 20–30%
lycerol to the protein solutions, a sample of 50–70 �l from each
raction, stored for further analysis, such as Bradford assay for
atalysis B: Enzymatic 62 (2010) 127–132

protein concentration assay [30] and SDS-PAGE for its purity verifi-
cation. Analysis showed that they had purity of more than 95% (data
not shown). The enzymes were stored at −20 or −80 ◦C freezer.

2.1.4. Enzyme dialysis
Before all the experiments, luciferase should be dialyzed due

to high concentration of glycerol and other salts present in elu-
tion buffer. One of the most unfavorable salts in the solution
is imidazole, interrupting all the far-UV circular dichroism data,
by producing noises through the spectra. Dialysis has done two
times for 8–10 h at 4 ◦C in 1 l dialysis buffer and constant stirring
120–200 rpm.

2.2. Methods

2.2.1. Measurements of bioluminescent kinetics
2.2.1.1. Remaining activity measurements. Bioluminescence activi-
ties are measured by Sirius tube luminometer, connected to a PC, in
which data were analyzed on its own software (Berthold Detecton
System, Germany). Bioluminescence was measured by mixing of
100 �l enzyme solution (6 �g/ml) with 50 �l of substrate solution,
reported in RUL/S (relative light unit per second). Remaining activ-
ities of luciferase were measured at different time intervals in time
course of 60 min in the absence and presence of additives at dif-
ferent concentrations (0–1.2 M) at 35 ◦C. Luciferase was incubated
with different concentrations of additives for 5 min, and then tubes
were placed in water-bath circulation system in order to control
the temperature easily. At regular intervals samples were removed
and placed at 25 ◦C for 2 min then the remaining activity were
measured. Remaining activities were calculated using percentages
of Initial activity of enzyme at 25 ◦C as control (100% activity), as
reported earlier [7,14,31].

2.2.1.2. Activation energy measurements. Activities of enzyme in
the presence of additives at constant concentration of enzyme
(8 �l/ml) and additives (0.7 M), pH 7.8, were measured. Temper-
ature was varied from 20 to 45 ◦C. Luminometer cuvettes were
pre-loaded with substrate solution, placed into water-bath for
5 min at the same degree for luciferase incubation, which means
each assay measured at the same temperature for incubated
luciferase. In order to obtain activation energy, natural logarithm
of luciferase activity in RUL/S against 1/T, plotted in a graph, called
Arrhenius plot [32,33]. Also, thermal sensitivity of the luciferase
was determined by incubating luciferase at 20–45 ◦C and its activity
was measured.

2.2.1.3. Circular dichroism measurements. Spectropolarimetry
study of firefly luciferase has done at both far-UV and near-UV CD
regions, for secondary and tertiary structural studies, respectively,
by JASCO Spectropolarimeter J-715. Data analysis and smoothing
performed on its own software J-715 using fast Fourier-transform
enabling users to reduce and smooth the noisy spectra, preventing
data distortion. The results were reported in molar ellipticity,
[�] = (� × 100MRW/cl), where c is the sample concentration, l is
the length of the cuvette cell, MRW “mean amino acid residue
weight” calculated for firefly luciferase (113) and � is the ellipticity
measured by spectropolarimeter in degree at wavelength of �.
[�] is reported in (◦ cm2 dmol−1) [34]. Thermal plots of luciferase
in the presence and absence of additives obtained at 222 nm,
at rate of 2 ◦C/min. Far-UV and near-UV CD spectropolarimetry
were performed at different concentrations of additives 0–1.2 M.
Luciferase concentration was adjusted to 0.2 mg/ml for far-UV CD
in 1 mm cuvette and 1.5 mg/ml for near-UV CD in 1 mm cuvette
(0.2 mg/ml in 10 mm cuvette) at room temperature 25 ◦C (pH 7.8).
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F SO4 at different concentrations at 35 ◦C (a) and in the presence of trehalose at different
c nd (6) 1.2 M.
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Table 1
Activation energy of luciferase in the absence and the presence of additives.

Additives Activation energy, Ea (kCal/mol)

Melting temperatures for both phases shifted to higher values upon
addition of MgSO4 and trehalose, although the effect of MgSO4 is
more considerable at the first thermal transition and that of tre-
halose is for the second one. Reversible luciferase denaturation
ig. 1. Remaining activities of firefly luciferase versus time in the presence of Mg
oncentrations at 35 ◦C (b). Labels: (1) 0 M, (2) 0.4 M, (3) 0.6 M, (4) 0.8 M, (5) 1.0 M a

.2.1.4. Intrinsic fluorescence measurements. The fluorescence
mission spectra of the enzyme were performed on a VARIANT
uorimeter. The spectra were measured in 50 mM Tris–HCl buffer
H 7.8, containing different concentrations of additives. The final
oncentration of luciferase was 0.05 mg/ml. The fluorescence
mission was scanned between 300 and 400 nm with an excitation
avelength of 280 nm. The slits for excitation and emission were

et to 2.5 and 10 nm, respectively.

.2.1.5. Stopped-flow kinetic measurements. Stopped-flow fluores-
ence measurements were carried out with a BioLogic �-SFM-20
sing a 0.8 cm cuvette (FC-08) and the data were collected and ana-

yzed with the Biokin analysis software. Enzyme was incubated at
0 mM Tris–HCl, pH 7.8, containing 3 M GdmCl, for 1 h. Refolding
as initiated by rapidly diluting of 1 volume of unfolded protein,

.5 mg/ml, in 20 mM Tris–HCl, pH 7.8, into 30 volume of 20 mM
ris–HCl, pH 7.8, containing 0.7 M of additives, resulted in final
oncentration of GdmCl of 0.1 M and that for protein 0.08 mg/ml.
efolding was followed by monitoring the changes in the intrinsic
uorescence of luciferase (excitation at 290 nm wavelength; emis-
ion wavelength was 320 nm). All experiments were performed at
5 ◦C.

.2.1.6. Storage stability measurements. Storage stabilities of
uciferase were measured at 4 ◦C at different concentrations of
ach additive after 3 months. Enzyme concentration was adjusted
o 0.1 mg/ml and additives concentrations were adjusted 0–1.2 M.

. Results

.1. Remaining activity measurements

Remaining activities of luciferase in the presence and absence of
dditives are depicted in Fig. 1a and b. It can be seen that remaining
ctivity is increased upon addition of additives to protein solution.
ig. 1a shows that remaining activity varies between 50% and 90%
f initial activity depending on MgSO4 concentration. However it
as found that MgSO4 is more effective even at concentration of

0 mM (data not shown). Fig. 1b indicates that trehalose increases
emaining activity gradually as its concentration raised to 1.2 M.

.2. Activation energy calculation
Activation energy of luciferase in the presence and absence
f additives calculated from Arrhenius plot indicates that it is
ncreased in the presence of trehalose compared to intact pro-
ein, whereas MgSO4 decreased the activation energy of luciferase
No additive 1.958 ± 0.178
Trehalose 2.722 ± 0.188
MgSO4 0.731 ± 0.0197

(Table 1). Optimum temperature of luciferase was obtained, indi-
cating that its activity reached maximum at 25 ◦C and fully
inactivated at 45 ◦C (Fig. 2).

3.3. Circular dichroism measurements

Far-UV CD spectra of luciferase in the presence and absence of
additives (Fig. 3a and b) show that molar ellipticity becomes rela-
tively positive at certain concentrations. According to near-UV CD
spectra (Fig. 3c and d) it was also found that molar ellipticity of
enzyme is changed at certain concentrations of additives, indicat-
ing that rigidity of protein structure in regions containing aromatic
residues is altered.

3.4. Thermal unfolding measurements

Thermal CD plots of luciferase at 222 nm in the presence and
absence of additives are obtained (data not shown). Analysis of CD
thermal plots (Table 2) indicates that luciferase has two melting
phases in the absence of additives at 43.6 and 66.5 ◦C, respectively.
Fig. 2. Optimum temperature of luciferase activity in the absence of additives.
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Fig. 3. Circular dichroism spectra of luciferase. Far-UV CD spectra of enzyme in the presence of MgSO4 (a) and trehalose (b) at different concentrations. Near-UV CD spectra
of luciferase in the presence of MgSO4 (c) and trehalose (d) at different concentrations. Labels: (1) 0 M, (2) 0.4 M, (3) 0.6 M, (4) 0.8 M, (5) 1.0 M and (6) 1.2 M.

Table 2
�G◦ and melting temperature of luciferase in the presence of additives at constant concentration (0.7 M).

Additive First Tm (◦C) First �G◦ at 25 ◦C (kCal/mol) Second Tm (◦C) Second �G◦ at 25 ◦C (kCal/mol)

s
i
p
i

3

t

F
a

No additive 43.6 ± 0.5 5.05 ± 0.133
Trehalose 47.5 ± 0.5 7.652 ± 0.154
MgSO4 49.0 ± 0.5 14.233 ± 0.168

howed that melting phases are reversible except for second phase
n the presence of MgSO4, so that aggregation was visible in this
hase. It also found that the first �G◦N↔U at room temperature,

ncreases in the same order of Tm.
.5. Stopped-flow fluorescence measurements

Fig. 4 shows kinetic traces of refolding of luciferase. These spec-
ra were fitted to an equation describing a single exponential

ig. 4. Stopped-flow fluorescence spectra of luciferase refolding in the presence and
bsence of additives (0.7 M) at 3 M of GdmCl, at pH 7.8, in 20 s.
66.5 ± 0.5 15.5 ± 0.189
74.8 ± 0.5 32.544 ± 0.327
73.2 ± 0.5

differential equation. Analysis of kinetic traces shows that rate con-
stant of refolding of luciferase increased upon addition of MgSO4,
but it was decreased in the presence of trehalose relative to that of
intact protein.

3.6. Storage stability measurements

Long-term stability of luciferase in the presence of additives
showed that trehalose has positive effect on storage stability of
enzyme at 4 ◦C, so that its activity remained intact even after 3
month, whereas, in contrast to its short-term effect, MgSO4 could
only save 3% of initial activity (Fig. 5).

3.7. Intrinsic fluorescence study

Intrinsic fluorescence spectra of luciferase have shown that
trehalose increases fluorescence intensities proportional to its con-
centration; although red shift was observed (Fig. 6). MgSO4 has
no prominent effect on fluorescence spectra so that it is negligible
compare to trehalose (data not shown).
4. Discussion

Inherent instability of Firefly luciferase has been considered as
a compromising effect in luciferase-based assay. This inactivation
and instability has deleterious effects on practical application of
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ig. 5. Storage stability of luciferase in presence of trehalose and MgSO4 after 3
onths.

refly luciferase [4,15]. In this work, the extent of stability and
ctivity of luciferase upon addition of additives is examined.

According to CD data, it was shown that both melting temper-
tures are increased upon addition of additives. However, MgSO4
an mainly affect the first Tm, whereas the second Tm is affected by
rehalose. The presence of two melting phase shows that there are
wo main structural transitions upon heating of luciferase (Table 2).
urthermore, the results of enzyme assay measurements shows
hat enzyme become fully inactivated at first transition temper-
ture (Fig. 2), indicating that the first Tm is somehow related to
tructural changes in active site. On the other hand, exact struc-
ural and functional examination of luciferase showed that one of
he most probable positions for its active site is around the main
left where the C-terminal and N-terminal domains facing each
ther. This region contains a linker which joins large N-terminal to
-terminal domain [2]. The second transition can be attributed to
enaturation of other parts of protein rather than active site which
re large and small domains.

As noted above, both Tm and functional stability of luciferase are
ncreased upon addition of MgSO4 to protein solution. It seems that
he effect of SO4

2−, which facilitate the hydration of enzyme due to
referential exclusion from its surface could take into account for

ts effect [18,28]. In contrast to MgSO4, trehalose cannot dissociate
nto ion species, but it can increase the solvent viscosity, which
n turn enhances the preferential hydration of enzyme and it can

ffect the structural dynamics and molecular collision of protein
olecules [19].
It seems that at lower temperatures, preferential hydration of

O4
2− as an ionic species plays an important role in the stability of

olded state of protein, so that interaction of MgSO4 with protein

ig. 6. Intrinsic fluorescence spectra of luciferase in presence of trehalose at dif-
erent concentrations. Inset: emission intensity versus trehalose concentrations at
max.
atalysis B: Enzymatic 62 (2010) 127–132 131

is a dominant factor in determining the value of the first Tm. In
microscopic point of view, a part of protein which is exposed to
solvent can be regarded as a mosaic charge. This leads to a complex
pattern of interactions between solvent components and regions
of protein on its surface [35–39]. This surface gradually becomes
bigger upon heating and denaturation of protein, especially during
the second transition. It was proved that trehalose is more or less
inert toward protein surface [16]. In contrast to trehalose, Mg2+

and SO4
2− ions can bind to charged points on protein surface. In

addition, inner-sphere binding of negatively charged asparatic or
glutamic acid residues to metal dications on protein surface in the
native state seems to be unlikely [40].

As temperature rises toward second Tm, heat capacity, as a ther-
modynamic factor become more important against thermal stress
and trehalose with lower �Cp, relative to MgSO4, could result in
incomplete exposure of hydrophobic groups, results in increasing
Tm relative to that of intact protein [16]. In addition, although the
effect of preferential hydration is less important at higher temper-
atures, however this effect is relatively considerable in the case
of compounds such as trehalose which can increase the viscosity
and surface tension of solution [16]. Reversibility of melting phases
in the presence of trehalose is a consequence of its effect on vis-
cosity, so that molecular collisions are decreased. On the contrary,
because of high frequency of molecular collisions in the presence
of MgSO4, aggregation occurred at higher temperatures, this is due
to exposure of hydrophobic patches to solvent. Similar report has
been published about the unfolding pathway (transition pathway)
of human cyanomet myoglobin in the presence of MgSO4 [41].

On the other hand, bioluminescence activation energy of
luciferase was moved to a higher value upon addition of trehalose
(Table 1) which may be resulted from a decrease in structural
dynamics [29,40]. It becomes more convincing to know that
luciferase bears conformational changes during the light emission
[42].

According to stopped-flow fluorescence spectra data (Fig. 4),
rate constant of refolding of luciferase is increased upon addition
of MgSO4, but it is decreased in the presence of trehalose. It seems
that viscosity can also affect the internal dynamics of protein when
it going from unfolded state to a folded one. Stopped-flow fluo-
rescence spectra in the presence of trehalose indicate that it has
an inhibitory effect on the refolding of protein. In this case, it is
noticeable that there are two factors acting against each other.
First one is preferential hydration as an enthalpy-driving factor,
helping protein to gain its native structure [18]. The second one
is viscosity as a dissipating factor, resists on dynamic movement
of molecules and internal dynamics of unfolded protein molecules
[32,43]. It seems that the second one dominated in the case of tre-
halose, but not about MgSO4. As noted before about the mechanism
of MgSO4 stabilization, preferential hydration is due to the balance
between Mg2+ interaction and SO4

2− exclusion in denatured state,
helps protein move toward the favorable energy state [18].

Luciferase from P. pyralis has two Trp residues that make them
as suitable probes via fluorescence measurement. According to
intrinsic fluorescence spectra of luciferase it can be seen that the
fluorescence peaks undergone red shifts with an increase in their
intensities upon addition of trehalose to protein solution (Fig. 6).
These unusual phenomena have been reported for the Homeotric
family proteins, which have few number of tryptophan residues.
The red shift has been attributed to translocation of Trp from a
non-polar to a polar environment followed by their interaction
with polar molecules of solvent. Increasing the intrinsic fluores-

cence intensities is an indication of intrinsic quenching against Trp
emission before structural alteration, which is eliminated upon
dissociation of quenchers’ coordination in native structure [44].
Table 3 lists potential interactions of Trp residues with some com-
mon native quenchers such as tyrosine, cysteine, histidine, lysine
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Table 3
List of candidates for Trp-quencher residues, which may potentially have low quan-
tum yield.

Tryptophan interaction Distance (Å)

Lysine Trp 417-Lys 372 4.07
Trp 426-Lys 5 4.53
Trp 426-Lys 8 3.55
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[
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[
[
[

Phenylalanin Trp 426-Phe 432 3.74
Histidine Trp 417-His 419 5.87
Tyrosine Trp 426-Tyr 425 6.30
Cysteine Trp 417-Cys 5.31

nd phenylalanine [45]; this is done by surveying the PDB struc-
ure of luciferase for candidates that may be involved in quenching
ffect.

The results of the storage stability (long-term stability) differ
rom that of thermal stability (short-term stability). In thermal sta-
ility, magnesium sulfate is the better stabilizer; it significantly
nhanced Tm of enzyme. On the contrary, it showed weak effect on
torage stability. Trehalose shows maximum enhancement in long-
erm stability, so it will be the better long-term stabilizer relative
o magnesium sulfate.

In conclusion, the summary of the results presented in this
anuscript shows the stabilization effect of trehalose and MgSO4

n structural and functional properties of firefly luciferase. Over-
ll, our results indicate that both additives change structural and
unctional properties of intact luciferase. In addition, these addi-
ives can enhance the tolerance of the enzyme against both heat
nactivation and denaturation.
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