
Firefly luciferase (EC 1.13.12.7) catalyzes the air

oxygen oxidation of firefly luciferin in the presence of

Mg2+ and ATP [1]. Due to its high specificity and high

quantum yield of the bioluminescence, firefly luciferase is

widely used in bioanalytical applications [2]. This moti�

vates continuing scientific interest in the investigation of

firefly luciferase structure and functions [3]. Primary

structures of more than 20 firefly luciferases of various

genera and species are currently known. The firefly

luciferase molecule contains free cysteine residues. The

number of cysteine residues varies over a wide range

(from 4 to 14 residues) depending on the firefly species.

Though the cysteine residues do not belong to the active

site, their mutagenesis was shown to affect activity and

stability of luciferases [4, 5]. The role of these residues in

the functioning of luciferase remains unclear. The most

known Photinus pyralis luciferase from American fireflies

contains four cysteine residues, three of which (81, 258,

and 391) are conserved in most luciferases. Single substi�

tutions of cysteine residues for serine using site�specific

mutagenesis resulted in a 1.2�1.5�fold decrease in enzyme

activity. Multiple substitutions of cysteine residues result�

ed in a more drastic activity decrease of P. pyralis

luciferase. For instance, the mutant with four substitu�

tions C81/216/258/391S maintained only 6.5% of its

activity. Moreover, mutual influence of the mutations was

clearly observed [4].

The Luciola mingrelica firefly luciferase contains

eight cysteine residues, three of which correspond to the

conservative cysteine residues of P. pyralis firefly luci�

ferase – 82, 260, and 393. Mutant forms of L. mingrelica

luciferase containing single substitutions of these cysteine

residues for alanine were obtained previously [5]. These

substitutions had no effect on bioluminescent and fluores�

cent spectra of the enzyme, though they led to a certain

decrease of firefly luciferase binding constants for luciferin

and ATP. The C393A mutant stability at 5�35°C was

twofold higher than that of the WT (initial recombinant

luciferase) enzyme. The C82A and C393A substitutions

had no effect on the thermal stability of the enzyme. We

previously used the pLR plasmid encoding firefly

luciferase with structure identical to that of the native

enzyme for the preparation of the enzyme mutant forms

with single substitutions of the non�conserved cysteine
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residues C62S, C146S [6], and C164S [7]. These substitu�

tions also had no significant effect on the catalytic and the

spectral properties of the luciferase, but they resulted in an

increase of the enzyme thermal stability and a decrease of

inactivation rate constant dependence on the enzyme

concentration (unlike the WT enzyme). Moreover, the

influence of dithiothreitol (DTT) on luciferase stability

was diminished. These effects were most pronounced for

enzyme with the C146S substitution. Purification of

recombinant luciferase obtained using the pLR plasmid is

a complicated multistage process. To simplify the prepara�

tion process in this work, we used the recombinant L. min�

grelica luciferase with C�terminal His6�tag that was

expressed in Escherichia coli cells transformed by the

pETL7 plasmid [8]. This approach allowed us to simplify

the scheme of enzyme purification and to increase

luciferase yield due to the use of the highly effective

expression system of the pET strain. The influence of the

polyhistidine tag on the properties of the luciferase was not

considered in the literature previously, but certain publica�

tions indicate that the introduction of a His6�tag may alter

properties of enzymes [9�13].

The goal of this study was to estimate the role of non�

conserved cysteine residues in the L. mingrelica firefly

luciferase molecule and to reveal the mutual influence of

these residues and the effect of His6�tag on the enzyme

activity and thermal stability.

MATERIALS AND METHODS

The following reagents were used in the present

work: restrictases BamHI, Bpu14I, and TaqSE poly�

merase (SibEnzyme, Russia); oligonucleotides (Syntol,

Russia); ATP disodium salt and BSA (Sigma, USA); D�

luciferin (Lumtek, Russia). Other chemicals used were

analytical or chemical grade. The solutions were prepared

using Milli�Q grade water (Millipore, France).

DNA was sequenced using an ABI PRISM®

BigDye™ Terminator v.3.1 kit with the subsequent analy�

sis of the products on an ABI PRISM 3730�Avant auto�

matic DNA sequencer.

Site�directed mutagenesis was performed in the

region between NheI and BamHI restriction sites (680 bp)

of the L. mingrelica luciferase gene. Forward and reverse

primers were respectively: 5′�ATTATAGGAGGCTAG�

CAAAATGG�3′ and 5′�GTAAATTGGATCCTTAGCG�

TG�3′. A set of partially overlapping primers encoding the

substitution being introduced into the gene was also used

(Table 1). The pETL7 plasmid was used as a template for

the preparation of single mutants [8]. Multiple mutants

were obtained using the respective mutant plasmids pre�

pared on the basis of pETL7. In the first stage two frag�

ments of the DNA encoding a mutation and having par�

tially overlapping ends were synthesized. The reaction

mix (50 µl) for the preparation of 5′�end fragment DNA

contained 60 mM Tris�HCl (pH 8.5 at 25°C), 1.5 mM

MgCl2, 25 mM KCl, 10 mM 2�mercaptoethanol, 0.1%

Triton X�100, 20 pmol of the forward primer, 20 pmol of

the reverse primer carrying a substitution, 50 ng of the

plasmid, 100 µg BSA, 50 µM dNTP, and 2.5 units of

TaqSE DNA polymerase. The reaction mix (50 µl) for the

preparation of 3′�end fragment had the same composition

except for the presence of 20 pmol of the reverse primer

and 20 pmol of the forward primer carrying the substitu�

tion. Polymerase chain reaction (PCR) was performed on

a Tercik amplifier (DNA Technology, Russia) under the

following conditions: 95°C, 1 min; 25 cycles for 1 min at

Substitution

C62S

C62V

C86S

C146S

C164S

Ta, °C

60

54

60

54

54

52

56

56

54

61

Table 1. Primers for introduction of point mutations

Primer

forward: 5'�GATATTACATCTCGTTTAGCTGAGGCCATG�3'

reverse: 5'�GCTAAACGAGATGTAATATCAAAGTATTC�3'

forward: 5'�GATATTACAGTTCGTTTAGCTGAGGCCATG�3'

reverse: 5'�CTTATGAAACTATAATGTCAAGCAAATCG�3'

forward: 5'�AAATTCTTCAGAATTTTCACTGCACAAAGC�3'

reverse: 5'�GCAGTGAAAATGAAGAATTTTTCATCCCTG�3'

forward: 5'�AAACAGTTACATCCATCAAAAAAATTGTTATTTTAG�3'

reverse: 5'�TTTTTTTGATGGATGTAACTGTTTTTTGCACTTC�3'

forward: 5'�CCACGATTCTATGGAAACTTTTATTAAG�3'

reverse: 5'�GTTTCCATAGAATCGTGGCCCCCAAAG�3'

Note: Ta, amplification temperature.
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94°C, 1 min at Ta (Table 1), 2 min at 72°C; then comple�

tion for 10 min at 72°C. PCR products were purified by

electrophoresis on 1% agarose gel with subsequent isola�

tion from the gel using a Qiagen (USA) kit. The mutated

PCR fragments were ligated by PCR under the aforemen�

tioned conditions (Ta = 53°C). The reaction mix (50 µl)

was of the same composition but contained 5 ng of each

fragment obtained at the previous stages in place of 50 ng

of the initial plasmid. The reaction product was purified

and isolated as described above. It was treated with

restrictases BamHI and Bpu14I (Bpu14I restriction site is

located at the distance of 138 bp from NheI restriction site

in this synthesized fragment), purified from low molecu�

lar weight restriction products by electrophoresis, isolated

from the gel, and ligated into pETL7 plasmid cut at the

same sites, thus preparing a mix of plasmids containing

mutant luciferase gene. Escherichia coli strain XL1Blue

was transformed with the plasmid, and cells were plated

on Petri dishes with LB medium containing 100 µg/ml

ampicillin. The presence of the desired amino acid sub�

stitutions was verified by sequencing.

Preparation and purification of luciferase. Escherichia

coli BL21(DE3)CodonPlus cells (Stratagene, USA) were

transformed by the respective mutant plasmids.

Luciferase was prepared according to the lactose auto�

induction protocol [14]. Escherichia coli BL21(DE3)Co�

donPlus cells containing pETL7 plasmid carrying the ini�

tial luciferase gene or a gene encoding its mutant form

were plated on a dish with LB medium containing

100 µg/ml ampicillin and 1.5% bacto�agar and incubated

overnight at 37°C. Three milliliters of LB with 200 µg/ml

ampicillin and 1% glucose were inoculated with several

colonies, cells were grown for 5�6 h on a shaker at 37°C,

180 rpm, until the cell suspension became turbid (A600 =

0.4�1.0). The cell culture was then diluted to A600 ~ 0.0024

with 200 ml of ZYP�5052 [14] containing 100 µg/ml

ampicillin, and the flask was incubated on a shaker for 2 h

at 37°C, 180 rpm, until the suspension was slightly turbid

(A600 = 0.2�0.5). Then cells were grown for 15�18 h at

23°C to reach A600 = 5�9. Cells were harvested by cen�

trifugation (5500g, 10 min, 4°C). The pellet was resus�

pended in 18�20 ml of 20 mM Na�phosphate buffer con�

taining 0.5 M NaCl, pH 7.5 (HB buffer), with 20 mM

imidazole and 0.5% Triton X�100 added, sonicated

(6 cycles for 30 sec, 1 min intervals), and pelleted

(39,000g, 30 min, 4°C). Supernatant (~20 ml) was loaded

at 4°C on a 1 ml Ni�IDA column (Amersham, Sweden)

and washed with 20�40 ml HB buffer containing 20 mM

imidazole. The enzyme was eluted with HB buffer con�

taining 300 mM imidazole. The resulting luciferase solu�

tion was supplemented with EDTA (0.5 M, pH 8.0) to

2 mM and DTT (1 M in 10 mM Na�acetate buffer,

pH 5.2) to 1 mM. Fractions were stored at 4°C.

Luciferase concentration was determined spectrophoto�

metrically by absorbance at 280 nm using an extinction

coefficient A0.1%
1 cm = 0.75 [15].

Luciferase activity was determined on an FB12

luminometer (Zylux, USA) at 22°C using the maximal

intensity of light emitted during the enzymatic reaction

at saturating concentrations of substrates. The cuvette

contained 340 µl of 1.7 mM ATP solution in 0.05 M

Tris�acetate buffer (2 mM EDTA, 10 mM MgSO4,

pH 7.8) and 5 µl of luciferase solution. Then 150 µl of

0.5 mM luciferin in the same buffer was injected, and

the intensity of bioluminescence was registered. Activity

was expressed in relative light units (RLU) of the lumi�

nometer (1 RLU = 2·105 quanta/sec). The Km
ATP and

Km
LH2 values were determined from the dependences of

the maximal bioluminescence intensity on the luciferin

concentration (0.5�500 µM) at constant ATP concen�

tration (4 mM) and of the maximal bioluminescence

intensity on the ATP concentration (1�5000 µM) at con�

stant luciferin concentration (1 mM), respectively. The

Km
ATP and Km

LH2 values were calculated from the

Michaelis–Menton equation using nonlinear regression

analysis.

Kinetics of thermal inactivation. Twenty microtubes

containing 40 µl luciferase solution in 0.05 M Tris�acetate

buffer (2 mM EDTA, 10 mM MgSO4, pH 7.8) each were

incubated at Gnom thermostat (DNK�Tekhnologiya,

Russia) at fixed temperature for up to ~1.5 h. The sample

volume was chosen so that the time period required for

the sample to achieve the temperature of interest was neg�

ligible compared to the period of sample incubation. At

given times a microtube was taken out of the thermostat,

cooled on ice for 15 min, and then the enzyme activity

was determined.

Bioluminescence and fluorescence spectra were

obtained using an LS 50B spectrofluorometer (Perkin�

Elmer, England) in “bioluminescence” or “fluorescence”

mode, respectively, at a slit width of 10 nm. The temper�

ature�controlled (25°C) fluorometric cuvette was filled

with 1 ml 0.05 M Tris�acetate buffer (2 mM EDTA,

10 mM MgSO4, pH 7.8), containing 1 mM ATP and

0.15 mM luciferin. Then 100 µl of 10 µM luciferase solu�

tion was added and quickly stirred. Bioluminescence

spectra were recorded in the range of 480�780 nm after

the light intensity became constant (~3�5 min after reac�

tion initiation). The same solution was used for fluores�

cence spectra registration, but 1 µM luciferase solution

was added and the registration range was 300�400 nm at

λex = 290 nm. Spectra were corrected for PMT sensitivity

using the Perkin�Elmer FL WinLab program.

Bioinformatics. Multiple alignments of the luciferase

amino acid sequences were performed using the

ClustalW algorithm [16] (BioEdit 7.0.4.1) [17].

Homology models of the luciferase 3D�structures were

obtained previously [8]. Molecular graphics were created

with YASARA (www.yasara.org) and PovRay (www.

povray.org). Analysis of the hypothetical hydrogen bond

system was conducted using the Protein Interactions

Calculator server [18].
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RESULTS

Analysis of luciferase amino acid sequence fragments
containing cysteine residues. Among the luciferases

whose amino acid sequences are included in the databas�

es, firefly luciferases from Luciola and Hotaria genera and

the Lampyroidea maculata firefly luciferase may be con�

sidered as a separate group with more than 80% amino

acid identity (Fig. 1). A second group includes luciferas�

es from fireflies of various genera: Nyctophila, Lampyris,

Photinus, Pyrocoelia, etc. including one of the most stud�

ied, P. pyralis luciferase. The amino acid identity of

luciferases from the first and second group does not

exceed 70%.

Amino acid sequences of the firefly luciferases

belonging to these groups vary significantly. One of the

most evident distinctions is the number and location of

cysteine residues. Two residues, C82 and C260, are

absolutely conserved in all luciferases. The C393 residue

is conserved in all luciferases except for the Cratomorphus

distinctus luciferase. The C62, 86, and 284 residues are

also absolutely conserved in all luciferases of the first

group. The C146 residue is conserved in all luciferases of

the first group except for the Luciola lateralis and Luciola

cruciata luciferases, in which alanine and tyrosine,

respectively, are located at position 146. The C164

residue is conserved in luciferases of the first group except

Luciola lateralis luciferase, which contains S164. The

C86 residue is located in a highly conserved region of

luciferases of the first group, near the C82 residue, which

is located not far from the active site of the enzyme.

Besides, the C86 residue is located near the surface of the

protein; the surface area of its side chain accessible to the

solvent is about 11.0 Å2. The residue C146 is of particular

interest due to its surface location. Its side chain is

exposed into the external environment with accessible

surface area as high as 48.2 Å2. All Luciola luciferases

possess high amino acid sequence identity. However, in

its amino acid sequences there are several small areas

whose composition varies significantly. The C62 and

C164 residues are located in those areas. These residues

are positioned in two α�helixes and are in close proximi�

ty with each other (Fig. 2).

Cysteine residues 62, 86, 146, and 164 were chosen

for mutagenesis. In terms of the molecule topology, the

most suitable cysteine residue substitutions are serine

(hydrophilic amino acid) and valine (hydrophobic amino

acid) residues. The side chain sizes of these residues are

similar to that of cysteine. We had considered serine as the

most suitable substitution for C86 and C146 residues

since the side chains of these residues are in contact with

aqueous solvent. The C164 residue was also substituted

for serine since its microenvironment is weakly

hydrophilic. Moreover, our previous results [7] suggest

that under certain conditions this group becomes avail�

able to the solvent. For the C62 residue two mutants were

prepared – C62S and C62V.

Preparation and physicochemical properties of
mutant luciferases. The recombinant L. mingrelica firefly

luciferase obtained using the pETL7 plasmid (GenBank

No. HQ007050) [8] served as the initial enzyme (WT).

This form contains four additional amino acid residues

(MASK) on the N�terminus as compared to the recombi�

nant L. mingrelica firefly luciferase (GenBank No.

S61961). On its C�terminus the AKM sequence is

replaced by the SGPVEHHHHHH sequence. Mutant

plasmids corresponding to the mutant luciferases with

single substitutions C62S, C62V, C86S, C146S, C164S,

double substitutions C62/146S, C62/164S, C86/146S,

and C146/164S, and triple substitution C62/146/164S

were obtained by site�directed mutagenesis using the

pETL7 plasmid. XL1Blue E. coli strain was used for the

Fig. 1. Fragments of amino acid sequence alignment of various firefly luciferases (regions containing cysteine residues). The numbering cor�

responds to that of Luciola mingrelica luciferase.

Organism

First luciferase group

Second luciferase group

C393
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storage of plasmids, while BL21(DE3)CodonPlus strain

was used for the enzyme expression. The WT luciferase

and its mutant forms were purified using metal chelate

chromatography. The expression level and the specific

activity of WT and its C62S, C62V, C164S, C62/146S,

and C146/164S mutant forms coincided within the

experimental error (Table 2). Specific activity of the

C146S mutant was ~15% higher than that of the WT,

while its expression level was unaltered. The introduction

of the C86S substitution resulted in a decrease of the

enzyme expression level (62% compared to WT) and its

specific activity (30% compared to WT). The properties

of the firefly luciferase with C86/146S substitutions were

similar to those of the C86S mutant. Drastic decrease of

the expression level and the enzyme specific activity was

observed on the introduction of double mutation

C62/164S and triple mutation C62/146/164S.

Bioluminescence and intrinsic fluorescence spectra

of the WT luciferase and its mutant forms were identical.

The kinetic constants of the WT and mutant luciferases

(Km
ATP and Km

LH2) were obtained at pH 7.8. This pH value

is optimal for the luciferase enzymatic activity. Single

mutations had almost no effect on both substrates Km val�

ues with the exception of the C86S mutant, for which, as

well as for the C86/146S mutant, 1.5�fold increase of

both parameters was observed (Table 3). The simultane�

ous substitution of C62S and C164S residues in both dou�

ble and triple mutants led to 30% increase of Km
ATP but did

not affect Km
LH2.

The irreversible inactivation of the WT luciferase and

its mutant forms was measured in 0.05 M Tris�acetate

buffer (2 mM EDTA, 10 mM MgSO4, pH 7.8) at 37 and

42°C at concentration range of 0.01�1 µM. It was shown

that the inactivation of the WT luciferase and its mutant

forms can be expressed (at 42°C as well as at 37°C) by

monoexponential dependence at all enzyme concentra�

tions assayed. The kin values of the WT luciferase and its

mutant forms did not depend on the initial luciferase

concentration. Stabilization of the enzyme was only

observed for the C146S mutant: the kin value decreased

twofold at 37°C and decreased by 30% at 42°C (Table 4).

At 37°C the kin values of the C62V, C164S, and

C146/164S mutants were similar to the kin of the WT

luciferase, but at 42°C the kin values of these mutants were
Fig. 2. Fragment of 3D structure of Luciola mingrelica firefly

luciferase containing C62 and C164 residues.

Enzyme,
mutant

WT

C62S

C62V

C86S

C146S

C164S

C62/146S

C62/164S

C86/146S

C146/164S

C62/146/164S

Specific activity × 1010,
RLU/mg

5.1 ± 0.4

4.9 ± 0.3

4.5 ± 0.4

1.5 ± 0.2

5.8 ± 0.5

5.2 ± 0.4

4.8 ± 0.5

3.6 ± 0.3

1.8 ± 0.2

4.4 ± 0.5

3.2 ± 0.3

Expression level,
%

100

96 ± 5

98 ± 7

62 ± 6

103 ± 9

100 ± 7

80 ± 6

26 ± 5

58 ± 5

92 ± 8

39 ± 5

Table 2. Specific activity and expression level of the WT

Luciola mingrelica luciferase and its mutant forms with

single and multiple cysteine residue substitutions

Enzyme

WT

62S

62V

86S

146S

164S

C62/146S

C62/164S

C86/146S

C146/164S

C62/146/164S

Km
ATP, µM

310 ± 30

330 ± 10

350 ± 20

500 ± 40

290 ± 20

320 ± 30

310 ± 10

420 ± 30

500 ± 40

350 ± 30

400 ± 30

Km
LH2, µM

61 ± 5

75 ± 6

68 ± 5

103 ± 7

49 ± 4

58 ± 4

55 ± 6

72 ± 3

113 ± 5

63 ± 5

79 ± 3

Table 3. Kinetic parameters of the reaction catalyzed by

the initial Luciola mingrelica luciferase and its mutant

forms
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higher than that of the WT enzyme. All other mutants

were less stable than the WT. The C86S substitution

caused a significant destabilizing effect on the enzyme:

the kin value increased twofold both at 37 and at 42°C. The

C62/164S double mutant and C62/146/164S triple

mutant were the least stable enzymes among the multiple

mutants.

DISCUSSION

Effect of polyhistidine tag on firefly luciferase proper�
ties. We previously reported the physicochemical proper�

ties of luciferases with single substitutions of the residues

C62S, C146S, and C164S obtained on the basis of the L.

mingrelica luciferase without a His6�tag (pLR plasmid) [6,

7]. Comparison of the properties of these mutant

enzymes and the mutant enzymes containing C�terminus

His6�tag indicates that the His6�tag has a significant influ�

ence on the luciferase properties. Introduction of the

His6�tag into the luciferase structure leads to increase of

the Km
ATP and Km

LH2 values. The interaction of the enzyme

with the substrates is known to be accompanied by the

rotation of a large N�domain and a small C�domain of

the luciferase against each other by almost 90° [19]. The

N�domain and C�domain approaching is necessary for

the participation of the K531 residue from the C�domain

in the formation of enzyme–ATP–luciferin active com�

plex. The presence of the flexible His6�tag on the C�ter�

minus of the molecule might somewhat impede the

process of domain rotation, which may result in a slight

“deterioration” of the Km values of both substrates.

Thermal inactivation of the firefly luciferase without

His6�tag is a two�step process, which includes a fast and a

slow inactivation stage. The kin values of both stages are

dependent upon the enzyme concentration, which is

known to be a characteristic feature of oligomeric

enzymes. Single mutations C62S, C146S, and C164S

result in stabilization of the enzyme at the slow stage of

inactivation and in a decrease of dependence of kin upon

the enzyme concentration. The thermal inactivation of

the His6�tag containing WT luciferase and its mutants is a

one�step process. The kin values of these enzymes do not

depend on luciferase concentration and coincide with the

kin values of the respective mutants without His6�tag

measured at an increased enzyme concentration (1 µM).

The influence of the His6�tag on the inactivation kinetics

of the WT luciferase and its mutants may be referred to

the fact that the presence of the His6�tag considerably

modifies the process of luciferase oligomerization.

Effect of the C146S and C164S single substitutions
on luciferase thermal stability. The C146S substitution

results in twofold stabilization of the enzyme at 37°C and

in a 30% increase of the enzyme stability at 42°C. This

effect is associated with the surface location of the side

chain of this residue, its large solvent accessible area, and

lack of interactions with other amino acid residues of the

enzyme. The C164S substitution does not alter the

enzyme stability at 37°C, but it leads to a destabilization

at 42°C, though this destabilization is slighter than that

caused by C62V, C62S, and C86S substitutions. This

effect is, on one hand, due to the fact, that the C164

residue is located in an area that is distant from the

enzyme active site. On the other hand, the temperature

rise causes an increase of solvent accessibility, and the

replacement of cysteine residue by the hydrophilic serine

improves interactions with the solvent.

Difference of properties of C62S and C62V luciferase
single mutants. Analysis of the luciferase 3D�model shows

that it is hard to estimate unambiguously the character of

the C62 residue microenvironment. This residue contacts

with both hydrophilic and hydrophobic amino acids.

Therefore, two enzymes carrying either a hydrophilic or a

hydrophobic side chain in the 62 position were prepared.

The specific activity, the expression level, and the kinetic

parameters of the C62S and C62V mutants were similar to

those of the WT enzyme. The kin values at 42°C were also

close, but the C62V mutant turned out to be 1.5�fold

more stable than the C62S mutant at 37°C. Therefore, the

hydrophobic valine residue is more advantageous at 37°C

in terms of the enzyme stability. However, at 42°C the role

of the amino acid residue microenvironment in the

enzyme stabilization becomes less pronounced and both

modifications – serine or valine – results in destabiliza�

tion of the protein globule.

Role of the C86 residue. The C86S substitution has

the most significant influence on the properties of the

luciferase. It results in a decrease of the luciferase expres�

Enzyme

WT

C62V

C62S

C86S

C146S

C164S

C62/146S

C62/164S

C86/146S

C146/164S

C62/146/164S

37°C

0.022 ± 0.004

0.024 ± 0.004

0.036 ± 0.004

0.040 ± 0.002

0.011 ± 0.002

0.018 ± 0.003

0.042 ± 0.005

0.052 ± 0.003

0.047 ± 0.004

0.023 ± 0.006

0.055 ± 0.005

42°C

0.074 ± 0.006

0.135 ± 0.004

0.127 ± 0.004

0.160 ± 0.006

0.058 ± 0.003

0.108 ± 0.005

0.108 ± 0.005

0.153 ± 0.005

0.120 ± 0.006

0.086 ± 0.005

0.142 ± 0.006

Table 4. Rate constants of irreversible inactivation of WT

luciferase and its mutant forms with single and multiple

substitutions of cysteine residues 62, 86, 146, and 164 at

37 and 42°C

kin, min–1
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sion level and the specific activity, a deterioration of the

Michaelis constants of both substrates, and a decrease of

the enzyme thermal stability. The C86 residue is located

within an unstructured area of the amino acid chain of

the enzyme (Fig. 3). The amino acid sequence forms a

loop in this area, which is established due to the forma�

tion of a hydrogen bond between the C86 residue SH�

group and the oxygen atom OE1 belonging to the E88

residue. The SH�group of cysteine residue is known to

have a tendency to the formation of nonlinear hydrogen

bonds due to fact that the deformation of the valence

angle proceeds with relatively small energy cost [20]. The

OH�group of serine residues has no such tendency.

Thereby it may be possible that the hydrogen bond

between S86 and E88 residues cannot be formed in the

structure of the C86S mutant. This may lead to an

increase of the mobility of the chain fragment containing

the abovementioned residues.

It is important to emphasize that the C86 residue is

located in an absolutely conserved area of luciferases of

the Luciola genus, not far from the enzyme active site and

at a distance of ~15 Å from the T253, F249, and F252

residues. These residues participate in the process of

luciferase substrate binding, and it is known that their

mutagenesis leads to a drastic alteration of the enzyme

catalytic properties and, in certain cases, to disturbance

of the enzyme expression process [21]. On the basis of the

experimental data one can conclude that disturbance of

the protein structure (the “untwisting” of the helix) in the

area of the C86 residue disrupts the native structure of the

firefly luciferase active site area and leads to the deterio�

ration of the luciferase activity and stability.

Mutual influence of the C62 and C164 residues.
Analysis of the properties of mutants with multiple amino

acid substitutions indicates that in most of the cases the

effect of such substitutions is additive. For instance, the

C86/146S mutant possesses the properties of the

luciferase with single C86S substitution, because it is the

C86S substitution that affects the enzyme properties the

most significantly. The C62/146S and C146/164S

mutants also possess the characteristic properties of the

respective mutants with single replacements. However,

the C62/164S combination leads to a drastic decrease of

the enzyme expression level, to the decrease of its specif�

ic activity and stability, and to the increase of the Km
ATP

compared with the enzymes with C62S and C164S single

substitutions. These facts indicate that the effect of these

substitutions is non�additive. The analysis of luciferase

3D structure shows that C62 and C164 residues belong to

two closely located α�helixes (Fig. 2). Thus, single muta�

tions in the areas in which these residues are located have

no significant effect on the enzyme properties. This is

probably due to the ability of the enzyme to compensate

the effects of these substitutions. Meanwhile, double sub�

stitutions affect the mutual disposition of two α�helixes in

which these residues are located.

Thus, the role of each cysteine residue in the

luciferase molecule is different and is determined by its

location relative to the active site, its microenvironment,

and the oligomerization state of luciferase.
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Biology, Russian Academy of Sciences (http://www.
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the Russian Foundation for Basic Research (grant 00�04�

55000). This work was financially supported by the

Russian Foundation for Basic Research (grant 08�04�

00624�a and 11�04�00698a).
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