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Microbial contamination is usually analyzed using luciferin-luciferase system of fireflies by the detection
of adenosine-5'-triphosphate (ATP). There is an opportunity to assess the bacterial contamination
of various objects based on a quantitative analysis of other nucleotides. In the present study, a
bioluminescent enzyme system of luminous bacteria NADH:FMN-oxidoreductase (Red) and luciferase
(BLuc) was investigated to understand if it can be used for quantitative measurements of bacterial
cells by nicotinamide adenine dinucleotide (NADH) and flavin mononucleotide (FMN) detection. To
increase the sensitivity of bioluminescent system to FMN and NADH, optimization of assay conditions
was performed by varying enzymes and substrates concentrations. The lowest limits of detection were
1.2 nM FMN and 0.1 pM NADH. Escherichia coli cells were used as a model bacterial sample. FMN
and NADH extraction was made by destructing cell membrane by ultrasonication. Cell suspension
was added into the reaction mixture instead of FMN and NADH, and light intensity depended on
number of bacterial cells in the reaction mixture. Centrifugation of sonicated sample as an additional
step of sample preparation did not improve the sensitivity of method. The experimental results showed
that Red and BLuc system could detect at least 800 thousand bacterial cells mL"' by determining
concentration of NADH extracted from lysed cells, while 3.9 million cells mL"' can be detected by

determining concentration of FMN.
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buoJiroMHeCHIeHTHAS CUCTEMAa CBETALIUXCH OaKTepuid

JJIS1 AHAJIN32 MEUKPOOHOTI0 3arpsi3HeHUs

M.A. Kupusnosa?, E.H. EcumoexoBa™®,

P. Panmkan?, U.I. Toprammua?, B.A. Kparacok®*®
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Ml ananuza MuKpoOHO20 3A2pA3HEeHUsT UWUPOKO UCHONIb3YEmCs OUOIIOMUHECYEHMHBIN Memoo,
OCHOBAHHBIIL Ha onpeodeienuu adeHosun-3 -mpugocpama (ATP) ¢ nomowwlo noyughepun-
aroyugepasnotl cucmemul ceemiaaxos. Cyujecmsyem npuHyunuaibHas 03MONCHOCTb OYEHKU CIMeneHu
bakxmepuanbHol 00CeMeHeHHOCMU PA3TUYHBIX 00BEKMO8 UCX00SL U3 KOAUHEeCMBEHHO20 aHANU3A
Opyeux HyKieomuoos. B pabome ucciedosana 603MOICHOCHb NPUMEHEHUS OUOIIOMUHECYEHMHOU
cucmembl ceemsiupuxcs 6akmepuii. NADH:FMN-oxcuoopedykmasa (Red) u moyugpepasza (BLuc)
0Nl KOMUYEeCMBEHHO20 AHAIU3d OAKMepUaIbHbLIX KIemoK nymem onpeoeieHus Koaudecmed
Hukomunamuoadenunounykieomuoa (NADH) u ¢grasunmononyxieomuoa (FMN) ¢ obpasye. /s
yeeauueHus uyscmeumensHocmu ouontomurnecyenmuon cucmemvl Kk FMN u NADH ocywecmenena
ONMUMU3AYUSL YCI0BULL NPOGEOeHUsl AHAIU3A nymeM noodopa KOHYenmpayui @Gepmenmos u
cybcmpamos 8 peakyuoHHoU cmecu. MaxkcumanbHas wyecmeumenbHoCms OugepmMenmHoll cucmemsl
Red + BLuc cocmasuna 1,2 hM FMN u 0,1 nM NADH. /{15 nposedenus Koruuecmeeno2o anaiu3a
OaxkmepuaIbHblX KI1emoK UCTONb308A.1U MOOEIbHbIN bakmepuaivHulll 0opaszey — Kynomypy Escherichia
coli. Dxempacuposanue FMN u NADH nposoounu nymem paspyulenusi KiemodHOU MemMOpanvl
VIbMPA38YKOGLIM Oe3uHmezpamopom. Kinemounywo cycnenzuro 000a6iinu 6 peakyuoHHYIO CMecCs
emecmo pacmeopa FMN uru NADH, npu smom unmeHcugHoCmos céeueHus: OUOIIOMUHECYECHMHOU
cucmembl 3a8uUcend om KOIUYecmea OAKMepUaIbHbIX KIeMOK 68 peakyuoHHou cmecu. Beedenue 6
npobON0O2omMoEKy OONOIHUMENLHOU NPOoYedypbl YeHmpu@yeuposanus oopasya, nooeepeHymozo
VIMPA38YKOBOU 00padbomke, He NPUBEILO K YEeIUdeHUo vygcmsaumenbHocmu memooa. Takum oopazom,
ObLIO NoKazano, ymo wyecmeumenvHocmu odugpepmenmuoi cucmemvt Red + BLuc docmamouno ons
onpedenenus He menee 8§00 moic 6aKMeEPUATLHBIX KIEMOK 8 MULTUTUMPE NYMeM SKCMPazupo8aHus
NADH u3 pazpywennvix kiemox. Ilpu ananusze, ocnogannom Ha onpeoenenuu konyenmpayuu FMN ¢

6aKm€puaJZbHOM o6pa3ue, uyecmeumelbHocnmb Memooa cocCmasuid 3,9 MIH KIeMOK HAd MUAIUIUMP.

Knrouesvie cnosa: NADH:FMN-oxcudopedykmasa, baxmepuanvhas noyugepasa, 6akmepuaibHoe

saepssnenue, Escherichia coli.

Introduction (Frundzhyan et al., 2008). Maintenance of proper

Detection of microbial contamination in  hygienic environment in hospitals (Zambrano et
food (Bottari et al., 2015) and beverages is one  al., 2014), kitchens and manufacturing units (e.g.

of the most important aspects in food safety food vessels, containers, food processing units)
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(Shama and Malik, 2013) is also the prerequisite
to maintain a healthy atmosphere. In this regard,
conventional methods that are commonly applied
are plate count assay (PCA) (Lahtinen et al.,
2006), polymerase chain reaction (PCR) (Turgay
et al., 2016), broth dilution method (Wiegand et
al., 2008), selective agar plating, etc.

A traditional PCA and related methods
involve incubation of a sample in culture media
for over two days to get meaningful results.
Moreover, these routine microbiological methods
require trained personnel and are laborious,
expensive and less sensitive. Therefore, adenosine
triphosphate (ATP) bioluminescence method
based on luciferin/luciferase reaction of fireflies
has been widely used to monitor food hygiene
and sanitary conditions. Indeed, ATP is an
excellent marker for cell viability and microbial
contamination since it is universally present in all
living organisms. Noda and co-authors reported
a detection of a single bacterial cell using mutant
firefly luciferase (Noda et al., 2008).

Likewise, Mei et al. published a research
paper which described how a bioluminescent
enzyme system of luminous bacteria can be used
for quantitative measurement of bacterial cells
by means of nicotinamide adenine dinucleotide
(NADH) detection (Mei et al., 2009). Similarly,
flavinmononucleotide (FMN)canpossibly emerge
as a potential marker of microbial contamination
since FMN and NADH are coenzymes which
regulate a plenty of metabolic pathways in
bacterial cells, and are also the substrates for a
coupled enzyme system of luminous bacteria
i.e. NADH:FMN-oxidoreductase (Red) and
bacterial luciferase (BLuc) (Esimbekova et
al., 2014). In current research, we studied the
assay sensitivity of the coupled enzyme system
of luminous bacteria Red + BLuc towards its
substrates viz. FMN and NADH to implement
it for the detection of microbial contamination

using a standard bacterial strain.

Materials and methods

Materials

Lyophilized bacterial
EC 1.14.14.3) from Photobacterium leiognathi
(recombinant strain of Escherichia coli) and
NAD(P)H:FMN-oxidoreductase =~ (Red: EC
1.6.99.3) from Vibrio fischeri were produced at
the Institute of Biophysics SB RAS, Krasnoyarsk.
NADH and FMN were the products of Serva,

Germany while tetradecanal was procured from

luciferase (BLuc:

Merck, Germany. Escherichia coli (E. coli)
cells (BL21 codon Plus (DE3) RIPL) were used
as a standard bacterial strain for real sample
analysis. Bacterial cell lysis was carried out
(UZDN-2T, Russia).

Luminescence measurements were performed

by an ultrasonicator

using a luminometer (Lumat LB 9507, Berthold

Technologies, Germany).

Methods

A loopful of freshly cultured E. coli
cells were taken from a slant and transferred
to 50 mL sterile Luria Bertini (LB) broth in
an Erlenmeyer flask and cultivated at 30°C
under shaking condition for 18 hours in an
incubator shaker (New Brunswick Excella E25,
Eppendorf, Germany). The approximate number
of E. coli cells in the culture broth was measured
using a UV-Vis spectrophotometer UVIKON
943 (Kontron Instruments, Italy) at 600 nm
(1 O.D. = 5.0x108 cells mL™).

A vial of lyophilized bacterial luciferase
containing 0.5 mg of an active enzyme and a
vial of lyophilized NADH:FMN-oxidoreductase
(0.15 U) were diluted in 50 mM phosphate
buffer (pH 6.8) each to obtain concentration
of 0.25 mg mL"! and 0.15 U mL", respectively.
The diluted enzyme solutions were stored on ice
throughout the experiment.

A stock solution of tetradecanal was prepared
by taking a small amount of 50% tetradecanal in a

glass vial followed by mild heating in a water bath
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till it melted completely. Then, 25 pL of liquid
tetradecanal was dissolved in absolute ethanol to
obtain a concentration 0.25% and a final volume
of 5 mL. The working solution was prepared by
dissolving 50 pL of 0.25% tetradecanal solution
in 5 mL of phosphate buffer (pH 6.8) to obtain the
concentration of 0.0025%.

Stock solutions of 0.5 mM FMN and 0.5 mM
NADH were prepared using distilled water and
phosphate buffer (50 mM, pH 6.8) respectively.
The working standards were prepared by further
dilution of the stock solutions.

Luminescence measurements were
performed using the coupled enzyme system
Red + BLuc in the presence of standard FMN
(I nM-10 uM) or NADH (0.1 pM-10 nM). The
calibration curve for standard NADH was
obtained by dispensing the reactants into a tube of
luminometer in the following sequence: 300 pL,
phosphate buffer (50 mM, pH 6.8); 40 uL, BLuc;
10 puL, Red; 20 pL, 0.0025% tetradecanal and
10 pL, 0. mM FMN. The reaction mixture was
evenly mixed in the tube and the luminescence
baseline was recorded using a luminometer. Once
the baseline was stabilized (approx. 6 minutes),
100 pL of standard NADH solutions were
injected to plot a calibration curve. The maximum
luminescence intensity (I,,.x) was noted in terms
of relative luminescence units (RLU).

Similarly, a standard curve for FMN was
plotted. The reaction mixture contained 300 uL,
phosphate buffer (50 mM, pH 6.8); 5 uL, BLuc
and Red; 50 pL, 0.0025% tetradecanal; 50 uL,
0.25 mM NADH. The reaction was initiated by
injecting 10 pL FMN (1 nM-10 pM) in the tube,
mixed evenly to measure the luminescence and
plot the standard FMN curve.

Sample preparation for E. coli cells was
carried out by using a) intact cells, b) sonicated
cellular extract, and c) the clear supernatant of
lysed E. coli cells. The samples were added to the
reaction mixture instead of FMN or NADH. The

baseline signal was measured every time before
the sample was injected.

For the bacterial cell lysis, 1 mL of freshly
cultivated E. coli cells (O.D.: 5.0x10® cells mL™")
was suspended in a microfuge vial and sonicated
at 44 kHz for 50 seconds with pauses for cooling
after every 10 s. Further, 10 pL of bacterial extract
were added to the previously defined reaction
mixture instead of FMN or NADH to determine
their concentration by measuring luminescence
intensity. The same assay procedure was applied
to live intact E. coli cells and the clear supernatant
which was obtained by centrifuging the sonicated
vials at 5000 rpm for 10 min at 25°C.

Results and discussion

Detection of FMN and NADH at low

concentrations  requires  optimization  of
reactants. Therefore, the optimized values of
the reactants were obtained by varying their
concentrations to detect ultrasensitive levels
of NADH in the sample. The concentrations
of the reactants in the tube were 10 ug BLuc,
0.002 U Red, 1x10* % tetradecanal and 2 pM
FMN. Similarly, the optimal concentrations
of the reactants in the assay mixture for FMN
determination were 30 uM NADH, 3x10* %
tetradecanal, 0.63 pug BLuc and 0.0002 U Red
(data not shown). The limit of detection (LOD)
for FMN and NADH was calculated using the
BLuc + Red system and was found to be 1.2 nM
FMN and 0.1 pM NADH.
During the assay, light emission was
observed in the absence of NADH in the reaction
mixture. That is the limiting factor of the
detection system, and to minimize the signal, the
reaction mixture was kept at room temperature
for 6 minutes, after which NADH was added. The
linear range for the NADH response curve was
found to vary from 0.1 pM to 1 nM (Fig. 1a).
Previously, Jablonski and DeLuca had

published the detection limit of 1 fM NADH
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Fig. 1. The calibration curve for a) NADH and b) FMN
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Fig. 2. Correlation between bioluminescence intensity and lysed cells number in the reaction mixture a) FMN

determination; b) NADH determination

(Jablonski and DeLuca, 1979) while Mei et
al. detected only 0. nM NADH (Mei et al.,
2009). The bioluminescent method of NADH
detection is more sensitive than fluorescence
spectrophotometry (Wang et al., 2009).

The standard curve for FMN is shown in
Fig. 1b. Eachpointonthe curverepresents the mean
value of four replicates for each measurement.
The coupled enzyme system of luminous bacteria
Red + BLuc was able to detect 1.2 nM FMN. The
linear correlation between luminescence and
FMN concentration was observed in the range
from 1.2 nM to 10 uM of FMN.

After the intact E. coli cells were added
to the assay mixture instead of FMN, the light
intensity of the coupled enzyme system retained
on the baseline level, which means the absence
of FMN in the extracellular medium. Thus,
it is impossible to use intact E. coli cells for
a quantitative analysis. However, a different

scenario was observed when intact £. coli cells

were added to the reaction mixture instead of
NADH. The increased luminescence output
indicated the presence of NADH or other
reductants in the medium. The correlation
between bioluminescence intensity and the
number of cells was observed after a sonicated
cell suspension was added to the assay mixture
(Fig. 2). The limit of detection was determined
as the number of cells when light intensity of
coupled enzyme system Red + BLuc was found
to be three times higher than the baseline
luminescence.

The
system was found to be 3.9 million cells mL"!
and 800 thousand cells mL' obtained through
the detection of FMN and NADH, respectively.

Centrifugation as an additional step of sample

sensitivity of the bioluminescent

preparation did not improve the sensitivity
of the method. The lowest limit of detection
after centrifuged supernatant addition was

about 5 million cells mL"'. The obtained results
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correlate with data published by Liu et al. who
had achieved the level of 1.05x10° cells mL"' by
converting NAD" to NADH (Liu et al., 2014).

Conclusion

In this research we proved the possibility
of coupled enzyme system of luminous bacteria
Red + BLuc to be used for the detection of
microbial contamination. We showed that the
system Red + BLuc is able to detect at least 800
thousand bacterial cells mL-!. The analysis was
based on determining NADH concentrations.
The sample processing that was used in the

study includes sonication and does not require
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