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Abstract: Bioluminescence resonance energy transfer (BRET) seems to be a promising biophysical
technique to study protein–protein interactions within living cells due to a very specific reaction
of bioluminescence that essentially decreases the background of other cellular components and
light-induced destruction of biomacromolecules. An important direction of the development of this
technique is the study of known strong protein–protein complexes in vivo and the estimation of an
average distance between chromophores of the donor and acceptor. Here, we demonstrate an in vivo
interaction between barnase fused with luciferase (from Renilla reniformis, RLuc) and barstar fused
with EGFP (enhanced green fluorescent protein of Aequorea victoria) monitored by BRET. The distance
between the luciferase and EGFP chromophores within the complex has been evaluated as equal to
(56 ± 2) Å.
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1. Introduction

Bioluminescence resonance energy transfer (BRET) is widely distributed in nature
and provides color-shifted light emission of a number of marine and other organisms in
the absence of an external light source [1,2]. This phenomenon takes place due to the
proximity of two photo-proteins: luciferase (as the donor of bioluminescence) and some
fluorescent protein (for example, GFP (green fluorescent protein) as the acceptor of biolu-
minescence) [3,4]. BRET efficiency depends on the spectral properties of the donor and
acceptor, the mutual orientation of their chromophores, and the distance between them [5,6].
At present, BRET is widely used to monitor the proximity of biomolecules both in vivo and
in vitro (see, e.g., [6–8]). In contrast to fluorescence resonance energy transfer (FRET), the bi-
oluminescence emission is produced as a result of oxidation of the luciferase cofactor [9,10],
which allows using BRET in the presence of intensive scattering, autofluorescence, and
photobleaching. The heterological expression of luciferase and GFP-like genes fused with
genes of target proteins provides an effective tool for in vivo monitoring of protein–protein
interactions [7,8,11,12]. In this case, the length and composition of linkers connecting fused
partners may have some effect on BRET efficiency. Thus, BRET efficiency in the monitoring
of in vivo interacting proteins fused with photoproteins depends on several factors that
are difficult to predict. However, BRET has an important advantage over FRET, i.e., the
possibility to shift the equilibrium toward complex stabilization through increasing excess
of the GFP-fused partner, because its fluorescence background is absent in the case of BRET.
Therefore, BRET markers are required for the cases when the complex is predominately
present or absent. In the present work, the in vivo interaction of barnase and barstar known
to be very tight [13–15] has been probed by BRET. The well-known donor–acceptor pair
containing photoproteins RLuc (luciferase from Renilla reniformis) [16–21] and GFP [4,21,22]
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fused with barnase and barstar correspondingly was used to monitor the BRET of the
complex. The genes encoding the fusion proteins barnase–luciferase (RLuc) and barstar–
EGFP (an enhanced variant of Aequoria victoria green fluorescent protein) were expressed
in Escherichia coli cells both separately and together (co-expression). The expression of the
fused barstar–EGFP gene was ten-fold higher than that of the fused barnase–luciferase
gene, thus providing full saturation of the complex barnase–barstar. It was found that
the expression of solely the barnase–luciferase gene results in poor cell growth and a low
biosynthesis level of the fusion protein probably due to the high toxicity of barnase [23]. On
the other hand, co-expression of both plasmids encoding fusion proteins barnase–luciferase
and barstar–EGFP leads to the elimination of barnase toxicity and normal growth of the
cells. Thus, the functional modules of the fusion proteins (barnase and barstar) have native
conformations after biosynthesis in the cell. Moreover, the bioluminescence spectrum of the
cells after co-expression of both fusion proteins contains the specific emission band of EGFP
(at 510 nm) that confirms the presence of tight barnase–barstar complex in vivo providing
the proximity of photoprotein chromophores by an evaluated distance of (56 ± 2) Å.

2. Materials and Methods
2.1. Materials

The following chemicals were used: NaCl, NaOH, HCl (Reachem, Moscow, Russia);
Tris, acrylamide, ammonium sulfate, SDS, β-mercaptoethanol, marker proteins (Sigma-
Aldrich, St. Louis, MO, USA); HEPES, KCl, DTT, MgCl2, CaCl2, Na2HPO4, NaH2PO4 (ICN
Biomedicals, Costa Mesa, CA, USA); coelenterazine (Intrinsic Bioprobes, Tempe, AZ, USA).
Restriction endonucleases, T4 ligase, dNTPs, and isopropyl β-D-1-thiogalactopyranoside
(IPTG) were from Thermo Fisher Scientific (Vilnius, Lithuania). Pfu Turbo high fidelity
DNA polymerase was purchased from AlfaFerment (Moscow, Russia).

2.2. Strains and Culture Conditions

Escherichia coli strains DH5α and BL21(DE3) were used to amplify plasmid DNA
and to express genes, respectively. E. coli strains were routinely grown in lysogeny broth
(LB) at 37 ◦C. For solid medium, LB was supplemented with Bacto agar (1.5%, w/v).
When appropriate, kanamycin (20 µg/mL) and ampicillin (100 µg/mL) were added to
the medium.

2.3. Genetic Manipulations

Standard procedures were used for restriction, ligation, gel electrophoresis, and trans-
formation of E. coli cells [24]. Plasmid DNAs were purified using a QIAprep Spin Miniprep
Kit (QIAGEN, Hilden, Germany), DNA fragments were purified from agarose gels with a
QIAquick Gel extraction Kit (QIAGEN), and PCR fragments were purified with a QIAquick
PCR purification Kit (QIAGEN). Co-expression of genes was facilitated by the use of the
pair of plasmids pAC28 [25] and pET11cjoe (a kind gift from H. J. Khackmuss, Stuttgart
University, Germany) that belong to incompatible groups and have distinct antibiotic
resistance genes for selection and maintenance in E. coli strains.

2.4. Construction of Plasmids for Expression in E. coli Cells

The p11cjoe/barstar-EGFP plasmid contains barstar (the inhibitor of barnase) gene
from Bacillus amyloliquefaciens and EGFP gene from Aequoria victoria fused in frame ORFs
(linker sequence Gly-Thr-Gly). The barstar gene was amplified on pMT416 [23] as a
template using bs_fw (5′-TTATTTCATATGAAAAAAGCAGTCATTAACGg-3′) and bs_rev
(5′-ttggtacccggAGAAAGTATGATGGTGAT-3′) primers and cloned into the NdeI/KpnI
sites of pET11cjoe plasmid to produce p11cjoe/barstar. The EGFP ORF was amplified on
pEGFP (ClonTech Laboratories, Palo Alto, CA, USA) with the pair of primers EGFP_fw (5′-
TAGGTACCGGTGTGAGCAAGGGCGAGGA-3′) and EGFP_rev (5’-ttgtcgacTTACTTGTAC
AGCTCGTCCATGc-3′), followed by cloning into KpnI/SalI sites of p11cjoe/barstar to
yield p11cjoe/barstar-EGFP.
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The plasmid p28/barnase-RLuc (linker sequence Pro-Glu-Phe-Gly) was constructed
as follows. The ORF of Renilla luciferase (RLuc) was amplified using pET30a-RLuc as a
template with the primers RLuc_fw (5′-ttgaattcggtACTTCGAAAGTTTATGATCC-3′) and
RLuc_rev (5′-TTGTCGACTTATTGTTCATTTTTGAGAAC-3′) and cloned into EcoRI/SalI
digested pAC28. The sequence encoding mature barnase protein was amplified with Bn_fw
(5′-ttccatgggtGCACAGGTTATCAACAC-3′) and Bn_rev (5′-TTGAATTCCGGTCTGATTTTT
GTAAAGGTC-3′) primers from pMT416 and cloned into NcoI/EcoRI digested pAC28-
RLuc to give p28/barnase-RLuc. The plasmid constructs were controlled by sequencing.

2.5. Expression of the Genetic Constructs in E. coli

E. coli BL21(DE3) cells transformed with the recombinant plasmids were grown at
37 ◦C in 200 mL LB medium containing 100 µg/mL ampicillin in a shaking flask up to
absorbance A590 of 0.5–0.6. After induction with IPTG (0.05 mM), the temperature was
decreased to 20 ◦C and cells were grown for an additional period of 18 h.

2.6. Registration of Fluorescence and Bioluminescence Spectra

To register luminescence spectra of the cells a Varian Cary Eclipse spectrofluorometer
(USA) was used. Cell suspension was diluted to OD590 = 1 with buffer (20 mM Tris-HCl,
pH 7.6, 150 mM NaCl), and 20 µL of the suspension was mixed with 60 µL buffer in
quartz microcuvette (3 × 3 × 5 mm). The fluorescence spectrum was measured within
the wavelength range from 488 nm to 730 nm at 470 nm excitation and 10 nm slits. To
measure bioluminescence spectra, 2 µL coelenterazine (1 mM in menthol) was added to cell
suspension or cell lysate, and spectra were recorded within the 350–730 nm range with the
excitation lamp turned off. The bioluminescence spectra were corrected for time-dependent
change of bioluminescence intensity. Ten spectra were averaged, and the resultant one was
corrected for the spectral sensitivity of the device [22].

3. Results
Generation and Identification of Fusion Proteins Barnase–RLuc and Barstar–EGFP

One of the main problems arising during the expression of recombinant fused genes
is the correct folding of the resulting proteins. Our fusion proteins contain two protein
modules: one is a photoprotein (luciferase or EGFP) and the other is an interacting protein
(barnase or barstar); these are connected by a linker of three or four amino acids.

Table 1 presents the data on cell growth after transformation with corresponding plasmids.

Table 1. E. coli cell growth after transformation with plasmids used.

Plasmids Expression Product Cell Optical Density After
Growth (A590)

p11cjoe/barstar-EGFP barstar–EGFP fusion 2.7
p11cjoe/RLuc Renilla luciferase 3.0

p28/barnase-RLuc barnase–luciferase fusion 1.1
p28/barnase-RLuc +

p11cjoe/barstar-EGFP
(co-expression)

barnase–luciferase and
barstar–EGFP fusions 4.5

One can see that the growth of cells transformed with the plasmid encoding barnase–
luciferase is far from that without barnase, while after co-expression of plasmids encoding
both fused proteins, the cell growth is normal. This is caused by the toxicity of barnase in
the absence of its inhibitor, barstar [23], and hints at correct (functionally active) folding of
barnase in the barnase–luciferase fusion, as well as barstar in the barstar–EGFP fusion.

The correct folding of photoproteins was monitored by their luminescence spectra.
Figure 1 shows bioluminescence and fluorescence spectra of E. coli cells or cell lysates after
the expression of the appropriate genes.
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Figure 1. Emission spectra of E. coli cells: Bioluminescence (a) and Fluorescence (λexs 470 nm) (b)
spectra of the mixture of cell lysates after expression p11cjoe/RLuc and p11cjoe/barstar-EGFP;
(c) The bioluminescence spectrum of E. coli cells after co-expression of p28/barnase-RLuc and
p11cjoc/barstar-EGFP plasmids.

These spectra allow us to conclude the following:
First, the photoproteins (luciferase and EGFP) are correctly folded after the expression

of their genes in E. coli cells, because they display their specific emission, except the fusion
barnase–luciferase protein whose bioluminescence is immeasurable probably due to the
toxicity of barnase in the absence of barstar (see Table 1).

Second, the bioluminescence spectrum of cells after co-expression of two plasmids
encoding the fusion proteins barnase–luciferase and barstar–EGFP displays a pronounced
EGFP emission, thereby unequivocally confirming the proximity of these proteins within
living cells.

Third, luciferase from Renilla reniformis and the EGFP mutant of Aequoria victoria do
not interact. This follows from the fact that after the expression of the luciferase gene and
the barstar–EGFP fusion gene (Figure 1a), the bioluminescence spectrum of the cell lysate
mixture does not show the GFP emission band. This guarantees that BRET observed in E.
coli cells after co-expression of genes encoding the fusion proteins barnase–luciferase and
barstar–EGFP (Figure 1c) results not from an interaction between photoproteins, but from
that between barnase and barstar.

4. Discussion

One aspect of the present research needs to be discussed. It concerns the evaluation
of the distance between the chromophores participating in the emission resonance energy
transfer according to the Forster theory [26]. It looks promising to evaluate the distance
between the chromophores of photoproteins fused with barnase and barstar within the
complex, because the crystal structures of the barnase–barstar complex and photoproteins
used are well established. The first step is the evaluation of the BRET efficiency. Unfortu-
nately, there is a problem to use the known methods [26], which require the determination
of the donor emission lifetime or intensity in the absence and presence of the acceptor. The
difficulty is that it is impossible to compare in vivo the spectra of the donor (luciferase)
in the absence and presence of the acceptor (EGFP), because we cannot determine the
protein concentration and ensure equal conditions of registration of the spectra. Therefore,
we propose that the efficiency of BRET (E) may be evaluated through decomposition of
the bioluminescence spectrum (Figure 1c) into two components: the area of the donor,
luciferase (SD), and the area of the acceptor, EGFP (SA), according to:

E = (SA/QA)/(SD/QD + SA/QA), (1)

where QD is the quantum yield of the donor RLuc (0.053 [18]), and QA is the quantum yield
of the acceptor EGFP (0.6 [27]).
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The distance between chromophores of the donor and the acceptor (R) may be evalu-
ated using the well-known Forster equation [26]:

R = R0

(
1− E

E

)1/6
, (2)

where R0 is the Forster radius for 50% energy transfer between the definite donor–acceptor
pair that may be evaluated from the known equation [26]:

R0 = 0.211(k2n−4QD J(λ))
1/6 (

in Å
)

, (3)

where J(λ) =
∫ ∞

0 FD(λ)εA(λ)λ4dλ is the overlapping integral of bioluminescence spectra
of the donor and absorption spectra of the acceptor (Figure 2a).
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Figure 2. Estimation of the distance between RLuc and EGFP chromophores within the complex
of barnase–RLuc and barstar–EGFP: (a) Normalized spectra of RLuc bioluminescence (blue), EGFP
absorption (green), and their overlapping integral (shaded); (b) Schematic presentation of the complex
of barnase and barstar fused with photoproteins. The arrow indicates the evaluated distance between
photoprotein chromophores (the crystal structures of the complex barnase–barstar, Renilla luciferase,
and EGFP are taken from PDB files 1bgs, 2psj, and 2y0g, respectively, while the presentation was
composed using SPDBViewer v4.1.0 software [28]).

Thus, the R0 value for the donor–acceptor pair RLuc-EGFP is estimated to be equal
to 32 Å, while the average distance between their chromophores within the complex of
barnase–RLuc with barstar–EGFP is estimated as 56± 2 Å. The error ± 2 Å does not signify
the rigidity of the photoproteins orientation, but shows only the accuracy of the average
distance determination by several experiments. The same distance may be realized at other
orientations of the photoproteins, as far as allowed by the linkers. The basic parameters for
these estimations are given in Table 2.

It should be emphasized that this distance is realistic for a complex of fusion proteins
(Figure 2b).
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Table 2. BRET parameters for the complex of barnase and barstar fused with RLuc and EGFP, respectively.

Parameter Name Value

J(λ) the overlapping
integral (cm−1mol−1nm4) 1.329 × 1015

R0 Forster radius (Å) 32.2
k2 chromophore orientation 0.67
n refraction factor 1.4

QD quantum yield of donor 0.053
QA quantum yield of acceptor 0.6
E BRET efficiency 0.03
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