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Abstract: Nowadays, studies of metabolic pathways and presess living organisms
cannot be easily done at the cellular level. Thathy the development of a new analytical
methods and approaches is needed, to allow detecfidlifferent biologically important
species at very low concentrations levels and samglumes, especially in individual cells.
In the present work, we suggested a sensor to tdetats of living cells by means
determination of plant esterases (PE) based omirihetric detection of the products of the
enzymatic hydrolysis of fluorescein diacetate ianplcell cultures (BY-2 tobacco cells and
early somatic embryos of Norway spruce, clone 2/82¢ standardized the sensor using a
readily available esterase from pig liver. The deta limits were approximately 17 to 50
amol in 2 ml (8.5 to 25 femtomolar concentratioh®sterases) of the enzyme contained in
BY-2 tobacco cells and spruce early somatic embhmaspectively, after re-computation on
the amounts of pig liver esterases. We assumed tti@toptimised sensor for the
determination of PE in cell extracts accomplishiksegiuirements for a sensitive analysis
which could be usable for single cell analysis. Tdetection limit was 1.5 in case of
analysing BY-2 tobacco cells and 0.5 in early sacnatnbryos. Moreover, we were able to
detect single protoplasts.
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1. Introduction

Biotechnologies involving bioengineering, developnef biosensors, genetic manipulation, single
cell analysis and others has already become theepiong focus in many scientific fields such as
chemistry and molecular biology due to its potdrita understanding the most important biochemical
pathways and cycles occurring in living cells [Bjngle-cell analysis gives also great assistance to
diagnosis and therapy of diseases. The state @fsks and the effects of treatments can be asesttai
through analysing the change of components ancentsjteven DNA fragments in single-cells [2-7].
In recent years, single-cell analysis has beenldpgd from analysis of cell contents to membrane
analysis, individual vesicles in cells, and evengk molecule analysis in single-cells, and its
application is also continuously increasing [8-ITe amounts of components of the living cells such
as peptides, proteins, enzymes, nucleic acids tesocan be measured in a single living cell [B].-1

In recent years, the use of sensitive and effedtim@nescent techniques in single cell analysis has
increased [8,11,16-19]. Fluorimetry is one of thesticommonly used luminescent techniques because
the other methods utilized a more rare kind ofatidnless transition [20]. A detection of fluoresce
is possible to use for i) a direct determinatioriadfelled compounds (labelled peptides, proteing et
[21-24] and/or ii) an indirect determination of cpounds which is based on detection of the
fluorescent product of the specific reaction proieg between an analyte and a substrate
[14,15,21,25].

Recently, it has been published that abundant ipote plant cells, esterases, could be utilized as
marker of growth and viability [26-29]. When a celére dying or has been damaging, the activity of
these enzymes were decreasing. Based on this pleeoomve concluded that a suggesting of a sensor
to determine plant esterases could be used totdetieg cells. Thus we focused on the development
of an effective and sensitive analytical sensordédermine one living plant cell. Based on our
previously published papers, fluoresceine diacgf¥A) has been selected as a suitable substrate to
determine plant esterases. The basic scheme offfyDlysis catalysed by plant esterases is shown in
Fig. 1.
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Figure 1. Reaction scheme of fluorescein diacetate hydmlyaialyzed by plant esterases (PE).
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2. Materials and methods
2.1 Chemicals

Fluorescein diacetate (FDA), propidium iodide (Ppig liver esterase (suspension in 3.2M
ammonium sulphate) and all other used reagentsG$ pAurity were purchased from Sigma Aldrich
Chemical Corp. (USA) unless noted otherwise. Cslalyvas purchased from Calbiochem (USA). All
solutions were prepared using deionized water (M2, Iwa 20, Watek, Czech Republic). If not
otherwise indicated, culture media were preparedguglant cell culture tested chemicals purchased
from Duchefa Biochemie BV (Haarlem, The Netherlgnds

2.2 Plant cultures

Tobacco suspension. The suspension culture dficotiana tabacum BY-2 line [30] was grown in
liquid Murashige and Skoog medium [31] supplemenétth sucrose (30 gt), KH-PO, (0.2 g.1Y),
thiamine (1 mg. 1) and 2,4-dichlorophenoxyaetic acid (0.2 niy.hccording to Nagata [30]. The
suspension cultures (20 ml) were grown in 50 mélmeyer flasks at 27°C with shaking at 135 rpm
(Kuhner Shaker, type: LT-W, Adolf Kuhner AG, Switled). Subcultivation was performed after 3 or
4 days by transferring 2 or 1 ml, respectivelysa$pension culture into a fresh medium (total valum
20 ml).

Soruce embryos. The culture of early somatic embryos (ESEs) of Nonspruce Ricea abies /L./
Karst.) clone 2/32 was used in our experiments.cCltiee was originally established at the Department
of Plant Biology of Mendel University of Agricultarand Forestry in Brno, Czech Republic, according
to a procedure described by Jokinen and Durzar83p2The ESEs were maintained on a semisolid
(Gelrite Gellan Gum, Merck, Germany) half-strengfhmedium [34] modified by Havel [35,36]. The
concentration of 2,4-dichlorofenoxyacetic acid atfebenzyladenine was 4.4 andu®I, respectively.
The pH was adjusted to 5.7-5.8 before autoclavira] {C, 100 kPa, 20 min). The organic part of the
medium, except saccharose, was sterilized bytfitmehrough a 0.2 um polyethylensulfone membrane
(Whatman, Puradisc 25 AS). Ten ESEs clusters wdtevated in one plastic Petri dish (100 mm in
diameter) containing 30 ml of the medium. Sub-walibn of stock cultures was carried out at 2-week
intervals. The stock and experimental cultures weaintained in a cultivation box in the dark at a
temperature of 23+2°C.

2.3 Cell counting

Counting of BY-2 suspension cells was carried osingl a Fuchs-Rosenthal haemocytometer
(Germany). Aliquots of suspension were diluted widstilled water and loaded into the
heamocytometer according to the instructions of thanufacturer. Thecounting of cells was
performed manually using a microscope (Olympusadap
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2.4 Céell viability microscope assay

A modified double staining method with fluorescdiacetate (FDA) and propidium iodide (Pl) was
used for the determination of the viability of ES|B3,38]. The FDA causes green fluorescence in
viable cells because the non-fluorescent FDA egslyetrates into viable cells where it is hydraodlyse
to a brightly fluorescent fluoresceiRgcitation490 NM andemissiond14 NM) that does not diffuse readily
through the cytoplasmatic membrane. The red fluemese of Pl Xexcitation 236 M an\emission 620
nm) in cells shows that these cells are dead bedhis compound cannot pass through the functional
cytoplasmatic membrane. In our experiments ESEgoar®lY-2 cells (~1 mg) were harvested and
diluted with water to a final volume of 50 ul. Thck solutions of Pl and FDA were added to a final
concentration of 20 pg.mland 1 pg.mt respectively [39]. After 5min of incubation atorn
temperature, the percentage of dead (red-stainks) @ad viable cells (green-stained cells) was
evaluated using an Olympus AX 70 fluorescence msuwpe with an Olympus cube U-MWU in
connection with the digital camera Olympus (4040p Japan). In addition, areas of dead cells (red
staining) and viable cells (green staining) werek®a using the Image-Pro program and the sizeeof th
stained areas was determined. The percentage ficgtidn of red (dead cells) and green areas (eiabl
cells), respectively, in a digital image of ESEswatermined.

2.5 Localization of esterasesin one cdll

Localization of esterases in one tobacco BY-2wak performed by confocal microscope Olympus
BX50 (Japan). Harvested cells were incubated inugy.inl* solution of FDA in fresh MS medium at
room temperature for 5 minutes and placed onto @ascope slide. Images were taken by confocal
laser scanning microscope model BX 50 (Olympusadppvhich used an Ar-laser (488 nm). An
emission image was scanned utilizing filter BA 380

2.6 Esterase assay

Cdl extract. Cultivation medium of tobacco BY-2 cells was remdwy centrifugation (360 g; 5
min; 20°C; centrifuge MR 22, Jouan, USA). The ceilsre washed twice in 50 mM potassium
phosphate buffer (pH 8.7). The washed BY-2 celld aarvested ESEs (100 — 200 mg, respectively)
were mixed with extraction buffer (250 mM potassiphosphate, pH 8.7) to a final volume of 1 ml
and homogenised using a Potter-Elvehjem homogemigidavalier, Czech Republic) placed in an ice
bath for 10 min. The redox state of the obtainddt&m was maintained by addition of dithiothreitol
(DTT) at a concentration suitable for sensitiveedgbn of esterases, for other details see thelResu
and Discussion section. The homogenised samples swricated for 1 min in an ice bath using a
Transsonic T310 sonicator (Czech Republic). The dgenate was centrifuged at 10 000 g; 15 min;
4°C (centrifuge MR 22, Jouan, USA). An aliquot (528ul) of the supernatant was mixed with
potassium phosphate buffer. Molar concentratiornd @i values of the used potassium phosphate
buffer were tested. The reaction was started bydluition of FDA to final concentration offM. The
final volume of the reaction mixture was 1 ml. Ablank sample an equal volume of extraction buffer
was used. After incubation (15 min, temperature tea$ed, dry block, Major Science, Taiwan), an
aliquot (5 — 2Qul) of the reaction mixture was added to 5 mM patamsphosphate buffer (pH 8.7,
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1980 — 199%ul). The fluorescencxcitaion490 NM and.emissiond14 NM) was read immediately using a
spectrofluorimetric detector RF-551 (Shimadzu, USA)stock solution of FDA was prepared in
acetone dried by anhydrous calcium chloride. Thewrhof acetone did not exceed 1%v) in the
reaction mixture. For other experimental conditiee® the Results and Discussion section. Esterase
activity in international units (IU, one unit liketes ongumol of fluorescein per minute under specified
conditions) was recalculated to relative units (200epresents the highest activity measured in an
experiment).

BY-2 Protoplasts. Protoplasts were prepared according to Mlejnek. [BY-2 cells were washed in
protoplast buffer (0.5 M manitol, 20 mM KCI, 3 mMHPQO,, 5 mM CaC}, 10 g/l sucrose, pH 5.2)
and incubated in the protoplast buffer also comgii5 g/l celulysin and 0.2%/{) pectinase at 25°C
for 3 hours. Protoplasts transferred into abovetmoead extraction potassium phosphate buffer were
harvested by glass capillary (effective volume 28Dnl). Homogenization was carried out by three
freeze-thaw cycles. Thereafter, the samples wepmsed to 1 min of sonication in an ice bath
(Transsonic T310, Czech Republic). The homogenagézs diluted to a final volume 24 using 1 M
potassium phosphate buffer (pH 8.7). The mixture maintained at 45°C. The reaction was started by
addition of FDA to the final concentration ofudl. The rest of the procedure was the same as
mentioned above.

2.7 Native PAGE

Samples (BY-2 tobacco cells) of defined fresh wei@@90 — 1000 mg) were ground with liquid
nitrogen in a mortar to fine powder. After meltirymples were ground for another two minutes with
extraction buffer (250 mM potassium phosphate, 1 BIM’, pH 8.7) on ice. The volume of extraction
buffer in milliliters was equal to the fresh weightgrams. The homogenised sample was sonicated in
an ice bath for 1 minute (Transsonic T310, CzecpuRkc) and centrifuged at 10 000 g, 15 min, 4°C
centrifuge MR 22, Jouan (USA). The obtained extragere mixed with loading buffer (50%/\)
glycerine, 0.4 % W/w) bromphenol blue) in the ratio 10:1, respectivelative PAGE on
discontinuous Tris-glycine gels (5% focusing gel p&i8, 10% separation gel pH 8.8,
acrylamide:bisacrylamide 37.5:1) was carried owoating to [40] using the aparature SV10-CDC
(Sigma, USA).

A modified FDA staining method for esterase acgyiyt1l] was carried out. Gels were buffered in
0.1 M potassium phosphate buffer pH=7.4 for 30 td@sw@and then immersed into a solution of FDA (2
mg per 100 ml of the 0.1 M potassium phosphategbyffi=7.4). After incubation at room temperature
in the dark, the esterase activity was visualisedJV light. Subsequent naphtylacetate/fast blue
staining was carried out according to [42]. Imagese captured by UVP-GDS 8 000 (UVP, USA)
and digitalised by program Grab—IT (version 2.04YP, USA). Images of gels were analysed by the
GelWorks 1D Intermediate software (version 2.51RJUSA). Peaks were detected automatically.
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2.8 Data analysis

The data acquired were processed in MS Excel aliiTGRAPHICS (Statistical Graphics Corp,
USA) was used for statistical analyses. Resultseapessed as the mean values + SE unless noted
otherwise. A value of P < 0.05 was considered Baanit.

3. Results and discussion
3.1 Direct detection of fluorescein

The product of hydrolysis of FDA is fluorescein. uBh) we aimed primarily on optimizing of
determination of this product. We assumed thatotild be necessary to perform the analysis directly
in a biological sample. That is why the detectidrfl@orescein was accomplished in the presence of
phosphate buffer, which is commonly used for thentioeed purposes. It was found that higher pH
values (more than 8) would ensure a complete dessoe of fluorescein (pKa 6.4). The dissociation
is necessary for the analysis because only theoa#&ed fluorescein form is fluorescent [21].
Concentration changes of the phosphate buffer enrdimge of 5 — 1000 mM did not influence the
detected fluorescence of fluorescein (R.S.D. ~ 3&ba not shown). That is why we performed our
fluorescein measurements in the presence of 250phdphate buffer at pH 8.75. The detection limit
(3 S/N) of the fluorescein was approximately 300. @Me published detection limits in case of laser
induced fluorescence are about 700 pM — 1 nM adrélacein [1,43]. When this optimizing step has
been done, the determination of plant esterasdberbiological test models i) the suspension cell
culture ofNicotiana tabacum BY-2 line and ii) the culture of early somatic emwis (ESES) of Norway
spruce Picea abies/L./ Karst.) clone 2/32 has followed.

3.2 Fluorimetric detection of plant esterase activity

Electrophoretical and/or spectrophotometrical témphes are the most commonly used methods for
the determination of the esterase activity [41,44]Jose methods, however, are not suitable for the
detection of very low concentrations of esteraskw sample volumes e.g. individual cells. Thus we
suggested fluorimetric sensor based on the detatimimof fluorescein released from FDA catalyzing
by plant esterases (PE) and optimised of this seilesdetermine the plant esterase in the biological
sample (suspension culture Ndifcotiana tabacum BY-2 line cells) with respect to be able to detect
single living cells.

3.2.1 Native electrophoresis of esterases

We wanted to know the profile of enzymes contaimedhe plant cells of interest, which could
hydrolyze the FDA. Thus, we tested the esteraseitgadf proteins separated blipolyAcrylamide Gel
Electrophoresis (PAGE). The protein bands that wedske to hydrolyse fluorescein diacetate to
fluorescein were assumed to be esterases. Thedslcein was detected after a 30 min incubation using
UV light (A = 254 nm, for other details see Experimental ealtiFour groups of enzymes that
hydrolysed FDA were identified in the BY-2 tobaccells extracts (Fig. 2). The enzymes (E1-E4)
exhibited the relative ratio of the whole esterasBvity as follows: E1: 13 £ 6%, E2: 10 + 4%, E3:
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72 £ 4%, and E4: 6 £ 1%. The relative electrophoretobilities (REM) of the separated enzymes
were E1: 0.084£0.01, E2: 0.31+0.02, E3: 0.45+0.02 B4: 0.53+0.03. The most intense esterase band
(E3 — REM 0.45%0.02) accounted for 72 = 4 % from Whole esterase activity. It clearly follows from
the results obtained that multiple esterases agept in plant cells and that the E3 group of emzsym
exhibit the highest relative esterase activity (72%

Characterization of plant esterases
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Figure 2. The electrophoretic profile of esterases detedibd.typical profile of tobaco BY-2 intracellular
esterases obtained by native electrophoresis ongbdgacrylamide after FDA staining procedure. Insews
the image of gel in inverted greyscale. Table shehative electrophoretic mobility (REM) and ratilative to

total activity of particular protein band. Data aspressed as mean vaki§&D (n=9). For other details, see

Materials and methods section.

3.2.2 Optimisation of the plant esterase deternanat

After that we characterized the cells of interesthwespect to ability to hydrolyze FDA, the
optimization of the PE determination followed. As wmentioned above, the most suitable medium for
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the direct determination of the fluorescein was 8@ phosphate buffer (pH 8.7). Unfortunately, the
selected substrate fluorescein diacetate (FDA) tspe@ously hydrolyses in a pH dependent manner.
Deviations caused by spontaneous hydrolysis of ki2fe eliminated at all fluorimetric measurements
by substracting measurements taken on a blank saongpared according to the suggested procedure
but without addition of PE. For practical reasons, divided the optimisation of the plant esterases
determination in plant extract of BY-2 tobacco seihto three steps i) disintegration of cells, ii)
hydrolysis of FDA by plant esterases, iii) measwratof the product of FDA hydrolysis — fluorescein.

Sep 1. disintegration of cells

Preparation of a sample is a very important fafiopaccurate and precise analysis. That is why our
aim was to develop a simple and applicable proediiresterases isolation from tobacco cells. The
cells were disintegrated during 10 min using a édflvehjem homogenizator, which was placed in
ice-bath, in the presence of 250 mM phosphate b(bid 8.75) [45]. The disintegration of cells was
evaluated by microscopic observation (data not shoWwhe homogenate was centrifuged at 10 000 g
for 15 min, 4°C. In addition, we were looking foova we could optimize the enzyme’s activity. An
enzyme’s activity is markedly influenced by theadox state and the presence of proteases. That is
why we tested the influence of dithiothreitol (DTreductive species [46]) and phenylmethylsulfonyl
fluoride (PMSF, inhibitor of serine proteases) be fctivity levels. We added the reductive specie
DTT to the extraction buffer to protect sulfhydgyioups in esterases against oxidation. We found out
that addition of 1. mM DTT to the extraction buffacreased the esterase activity by about 100 %. The
higher concentrations of DTT (more than 1 mM) diok mmfluence of esterase activity (data not
shown). In addition, proteases present in the eellact can negatively influence esterase activity
because they are able to hydrolyze the esterabasisTwhy we added the PMSF, which is commonly
used as an inhibitor of serine proteases, to tha&ion buffer and observed its influence on ester
activity. However, PMSF (1 mM) decreased the esteractivity about 40 %. Apparently, PMSF
covalently modifies the active site serine hydroggbups in proteases and esterases. That is why it
probably eliminated the esterasolytic activity loé fplant enzymes, which apparently have a serine in
the catalytic site.

Sep 2: hydrolysis of fluorescein diacetate by plant esterases

For our purposes, we used the three days old gsfiension of BY-2 tobacco cells (exponential
phase of growth). We harvested 1 ml of cell suspansf BY-2 tobacco cells (humber of cells was
about 1,500,000) and homogenized by the above amatiprocedure. The supernatant was used as
the source of plant esterases. The scheme for sapmpparation and consequent detection of its
esterase activity is shown in Fig. 3A.

Influence of pH and concentration of phosphate buffer

The supernatant containing plant esterases wadtqup€lOul) to test tubes filled 98Qul of
phosphate buffer. After addition of 10 of 0.5 mM FDA, we studied its hydrolysis as adtian of
different values of phosphate buffer pH. It is athg known that pH markedly influences the enzymatic
activity. That is why we looked for the optimal ptdlue where we would obtain the highest amounts
of fluorescein during the hydrolytic reaction (1% We studied the influence of different pH vaue
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from pH 6.00 to 8.75. We observed that the estemaBeity of PE increased with increasing pH in the
pH range tested (Fig. 3Ba). This phenomenon caexp&ined by the fact that hydrolysis of FDA is
probably nucleophilicly catalysed [25]. From thessults it clearly follows that phosphate buffeH(p
8.75) was a most suitable buffer for the deternmmadf PE (R.S.D about 5 %).
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Figure 3. Optimization of the plant esterase determinat&sheme of a plant cells sample prior to
analysis Q). FDA hydrolysis by plant esteras@&).(The dependence of esterase activity of PE on pH
(), concentrationk() of phosphate buffer; and temperatue Relative esterase activity of 1x3.0°
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together) hydrolysis (I). Curve (ll) shows the ticmurse of concentration of FDA in the reaction

mixture. Vertical line indicates substrate depletior the enzymatic reaction. Scheme of sample
preparation and its measurements using the masitei® experimental condition€). For other
details, see Results and Discussion section.

In addition, we were interested in whether the entr@tion of the phosphate buffer influences the
PE esterase activity. We found out that amountBuofescein created by FDA hydrolysis increased
linearly in the concentration range 250 mM — 1 Mg(F3Bb). The observed phenomenon was
surprising to us. The results can be explainechbyfact that the higher ionic strength of the sotut
probably accelerates the hydrolysis of FDA. Froesthresults it follows that plant esterases prgbabl
exhibit higher activity in the presence of highencentrations of phosphate buffer (about 1 M) in
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comparison with the lower values. That is why wieced 1 M phosphate buffer (pH 8.75) for use in
the most sensitive detection method for esterases.

Influence of temperature

The temperature-rate profile of esterases catajylayurolysis of FDA was studied in the range of
25°C — 75°C. Activity markedly increased with inasegng temperature up to 50°C (Fig. 3Bc). That
temperature (50°C) represents the temperature optiraf the reaction and was similar to values
observed in the case of bacterial esterases [47§. activity of the plant esterases decreased at
temperatures higher then 55°C very quickly. At mgerature of 70°C, the esterases were in-active.
This effect may be attributed to heat denaturation. the other hand, the experimental deviation
increased with increasing temperature and at tR€ B3ceeded 10 %. That is why we selected 45°C
(R.S.D. was about 5 %) as the most suitable terhperaised for the determination of the plant
esterases.

Influence of reaction time on detection of plant esterases and spontaneous hydrolysis of FDA

During the PE enzymatic reaction the substrate eination decreases according to Michaelis-
Menten kinetics (V= (Vmax[S])/(Kn*[S]); vi— momentary rate of enzymatic reactiona ¢~ maximal
rate of the reaction; [S] — substrate concentratidfy — Michealis-Menten constant) [48]. If the
concentration of substrate decreases to a critedak, the zero-order reaction (enzyme is saturayed
substrate and enzymatic reaction rate is indeperatersubstrate concentration) transition to a-first
order reaction (enzyme is not saturated by sulestnatl enzymatic reaction rate is dependent on
substrate concentration). The course of analytiflssermination of fluorescein is influenced by i)
spontaneous hydrolysis of FDA. FDA is hydrolysed by esterases (catalysed) and iumed
(spontaneous). Deviations caused by spontaneouglyolgsis of FDA were eliminated at all
fluorimetric measurements by subtracting the rétiaioed from a blank sample prepared according to
suggested procedure without addition of plant asts. ii)Degradation of PE. Esterase activity
decreases with time after extraction at a rateboin0.3 % per minute. That is why the extractsewer
analyzed within 30 minutes after the disintegratgtep when the activity decreases maximally by
about 9 % in comparison with fresh extract. @gnsumption of FDA substrate during its spontaneous
and PE catalysed hydrolysis. It was necessary to ensure the excess of theratéost case of the
detection of samples with unknown esterase activitye time course of total FDA hydrolysis
(spontaneous and catalysed hydrolysis; cujvis shown in Fig. 3Bd. The total hydrolysis of FDA
linearly decreased up to 30 min and then changadugtly finally reaching more than 85 % FDA. In
addition, a decrease of FDA with reaction time ¥eur) is shown in Fig. 3Bd. The demand for
sufficient amounts of FDA, which were necessarytf@ hydrolytic reaction, was obtained after a 15
min long reaction (consumption of FDA was less tBBrP6 in the case of analysis of 3 days cultivated
tobacco cell suspension); see Fig. 3Bd.
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Sep 3: measurement of fluorescein after PE hydrolysis of FDA

After a 15 min long reaction time, we collected [ dl0of the sample and added to 19%0of 250
mM phosphate buffer (pH 8.75) at room temperaturee solution was carefully mixed and
immediately analysed for fluorescence.

3.3 Sandardization and calibration of the fluorimetry detection of plant esterases

From the obtained results it followed that the wiedl approach developed was possible to use for
very sensitive detection of plant esterases. Thathy we standardized the plant esterase detection
method using a readily available esterase, pig bgéerase.

We studied dependence of pig liver esterase actritits concentration. The curve obtained was
linear (y = 25.598x — 7.0367,°R 0.9977, n = 7, see Fig. 4A). The detection limés evaluated by
sample dilution until we did not detect any enzymaictivity. Using the optimised conditions of
fluorimetric analysis of PE, the detection limitsv@.2 pg of the pig liver esterase (5 amol of ergym

It was possible to use the pig liver esterasessiaralard enzyme for quantification of PE detected
in cell extracts (tobacco cells and early somatibmeyos of spruce). Dependence of BY-2 tobacco cells
esterase activity on amounts of the esterase pezsém analysed sample is shown in Fig. 4B. The
obtained curve is linear (y = 0.6521x + 5.5685=M.9982, n = 7). The detection limit was about 17
amol. If we studied the correlation between esee@divity and amounts of esterases in 2/32 early
somatic embryo cells, we obtained linear dependémzdy = 23.295x — 152.89,°R 0.992, n = 7).
The detection limit was about 50 amol (Fig. 4C).

Standardization and calibration of plant esterases detamn
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Figure 4. Standardization and calibration of plant estedetection. Calibration dependence of amount of pig
liver esterases on esterase activity. ©ependence of plant esterase activity on mokstdrases contained in
BY-2 tobacco cellsK) and 2/32 early somatic embryd3)( Amount of PE was recalculated according to
esterase activity of a known amount of pig liveeeesgse. The most effective experimental conditfons
esterase determination are listed in Fig. 3. Hoerotletails, see Results and Discussion section.
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3.4 Sngle cdl analysis

Nowadays, studies of metabolic pathways and presessliving organisms cannot be easily done
at the cellular level. The development of a newlydital methods and approaches is needed, which
would be able to detect number of different biobafgiimportant species at very low concentrations
levels and sample volumes, especially in individigls. We assumed that the optimised sensor éor th
determination of PE in cell extracts accomplishiéseguirements for a sensitive analysis usable for
single cell analysis. Thus we applied the deteati@thod to the determination of esterases in one BY
2 tobacco cell. Primarily, we focused on locali@aatof esterases inside the cell.

Localization of esterase activity in BY-2 tobacco cell

We used confocal microscopy to perform the cellogpsections. We added FDA, which is able to
diffuse through the cytoplasmatic membrane to #lkeaytoplasm in BY-2 tobacco cells. The FDA is
consequently hydrolysed by plant esterases insiele€¢ll. The fluorescein obtained can be excited by
an Ar-laser (488 nm). Microscopic recording of B¥Yeébacco cells in the transmitted light shows the
locations of vacuoles, cytoplasm and nuclei inside BY-2 cell (Fig. 5A I). Accumulation of
fluorescein inside the cell leads to intensive gridgorescence after excitation by the laser (BAyll).

The figure was created by merging of Figs. 5A | dindvhich is shown in Fig. 5A lll. The figure
shows that esterases were mainly localized in yt@ptasm and nuclei (Fig. 5A ll). The analysis of
confocal recordings surprisingly proved that nuadentain 36 % and cytoplasm &® % of the
whole esterase activity. The presence of relativegh amounts of esterases in nuclei probably is
associated with homeostatic controlling of the atiglenvironment.

Fluorimetric detection of esterase activity in cell extracts of BY-2 tobacco cells and spruce embryos
(clone 2/32)

As was mentioned above, we were able to deterntioenale levels of esterase in real samples.
When we studied the localization of esterases i @#ll, we applied the fluorimetric technique for
single cell analysis. Samples with defined numioérsells (16 and 10, established by cell counting)
were prepared and homogenized according to abovaioned procedure (for other details see
Materials and Methods). The samples were conselgueliluted until we did not detect any
fluorescence. The dependence of BY-2 tobacco neltsber on relative esterase activity is shown in
Fig. 5Ba and exhibited a linear relationship (y.85%59x + 4.6353; R= 0.9929, n = 7). The detection
limit (3 S/N) was 1.5 cells in case of analysing-BYobacco cells. In addition, we obtained linear
dependence of number of early somatic embryos éck82) on relative esterase activity (y = 0.839x +
4.3276; B =0.9928, n = 7). The detection limit was 0.5 ofeanbryo.

The results obtained lead us to attempt the separat the individual cells. Unfortunately we were
unable to separate one BY-2 tobacco cell from thié suspension. In addition, dilution of BY-2
tobacco cells with defined number of the cells esywdifficult at low numbers of cells (tens of I
because the cells form chains making separatiog ddficult. Moreover, we observed that the
detection of esterases in diluted cell sampless(tdrcells) is difficult with an experimental detran
(more than 30 %), which was probably caused byuraferm proportioning of the cells in the solution
and/or difficulty in disrupting plant cell walls itow volumes. That is why, for our purposes we
decided to use the protoplasts prepared from BY2adco cells (preparation see Experimental
section).
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Single cell analysis
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Figure 5. Single cell analysis. Confocal images of BY-2 wtiacells in bright field4). Arrows
indicate cytoplasmic strands (C), vacuoles (V), andei (N) (I). Confocal image in the fluorescein
channel reveals esterase activity (II). Merged coalfimage shows colocalisation of esterase agtivit

with nuclei and cytoplasmic strands (Ill). Depenckenf number of BY-2 tobacco cell) @nd number
of early somatic embryo®) on their esterase activit3). Photography of glass capillary containing
harvested protoplast€). Relative esterase activity of different numbepimtoplasts D). Inset in D):
diversity of esterase activity per one protoplBstlative esterase activity of 5710" IU (Ba) and
1.8x 107 IU (Bb) and 8.2x 10 IU (D) corresponds to the 100 %. Except for thHemse assay in
protoplasts (D), data are expressed as mean ¥&e (n=3). For other details, see Materials and
Methods and Results and Discussion sections.

Fluorimetric detection of esterase activity in one protoplast

Protoplasts (BY-2 tobacco cells without cell wal@re collected by glassy capillary in about 300 nl
volume and microscopically counted at 20@nagnification (see Fig. 5C). Their homogenisaticas
performed by freezing/thawing cycle in triplicaiedl protoplasts were disrupted that was evaluaied
microscopy). The PE esterase activities measuredrdiag to the number of protoplasts are shown
Fig. 5D. The PE activity was found to vary, but tta@relation between esterase activity and the
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number protoplasts exhibited an upward trend €R0.7). That is why we repeatedly collected
individual protoplasts and consequently detectedesiterase activity (see inset of Fig. 5D). The
esterase activity of individual protoplasts marlgedlaried with the deviation of repeated
determinations (n = 5) of one protoplast sampladpabout 5 %. The ability to detect the variabibty
PE activity in the single protoplast proves that tdptimised fluorimetric detection of esterasesds
only suitable for single cell enzyme detection &isb for studying of metabolic changes at the atle ¢
level.

4. Conclusions

The analytical method developed for the quantiiicatof esterases, based on the fluorimetric
detection of the products of enzymatic fluorescgimcetate hydrolysis, represents a new and very
sensitive tool for the analysis of single cells &mdthe study of growth and metabolic changesetif ¢
cultures at single cell level in a commonly usedspt cuvette. In addition, the method enables
researchers to study the growth characteristiautttiees that form solid clusters of cells. The noeth
can be used for environmental analysis of the @émfae of stress factors on living systems. The whole
process of esterase determination is possible taub@mated for an inexpensive and rapid routine
method in connection with flow injection analys49].

Acknowledgements
This work was supported by grants as follows: 1MgBAnd IGA MZ 1A/8666-3.
References

1. Lu, X.; Huang, W.-H.; Wang, Z.-L.; Cheng, J.-Recent developments in single-cell analysis.
Anal. Chim. Acta 2004 510, 127-138.

2. Kuo, H.C.; Cheng, C.F.; Clark, R.B.; Lin, J.J.Cin, J.L.C.; Hoshijima, M.; Nguyen-Tran,
V.T.B.; Gu, Y.S.; Ikeda, Y.; Chu, P.H.; Ross, Jile§ W.R.; Chien, K.R. A defect in the Kv
channel-interacting protein 2 (KChIP2) gene leadsat complete loss of I-to and confers
susceptibility to ventricular tachycardi@ell 2001, 107, 801-813.

3. Roper, S.N.; Yachnis, A.T. Cortical dysgenesid epilepsyNeuroscientist 2002, 8, 356-371.

4. Ogquri, S. Electromigration methods for aminodagibiogenic amines and aromatic aminks.
Chrom. B 200Q 747, 1-19.

5. Ginsberg, S.D.; Che, S.L. RNA amplification irain tissuesNeurochem. Res. 2002 27, 981-
992.

6. Mawrin, C.; Kirches, E.; Dietzmann, K. Singldicanalysis of mtDNA in amyotrophic lateral
sclerosis: Towards the characterization of indigidneurons in neurodegenerative disorders.
Pathol. Res. Pract. 2003 199, 415-418.

7. Trushina, E.; Heldebrant, M.P.; Perez-TerzidyiC Bortolon, R.; Kovtun, I.V.; Badger, J.D.;
Terzic, A.; Estevez, A.; Windebank, A.J.; Dyer, R.B'ao, J.; McMurray, C.T. Microtubule
destabilization and nuclear entry are sequentegssteading to toxicity in Huntington's disease.
Proc. Natl. Acad. Sci. USA 2003 100, 12171-12176.



Sensors 2007, 7 236

8. Lin, Y.W.; Chiu, T.C.; Chang, H.T. Laser-inducdorescence technique for DNA and proteins
separated by capillary electrophoregiChrom. B 2003 793, 37-78.

9. Vilkner, T.; Janasek, D.; Manz, A. Micro totahadysis systems. Recent developme#itsal.
Chem. 2004 76, 3373-3385.

10. Andersson, H.; van den Berg, A. Microtechnasgind nanotechnologies for single-cell analysis.
Curr. Opin. Biotech. 2004 15, 44-49.

11. Zhang, H.; Jin, W.R. Analysis of amino acidsimdividual human erythrocytes by capillary
electrophoresis with electroporation for intrackltulerivatization and laser-induced fluorescence
detection Electrophoresis 2004 25, 480-486.

12. Tamaki, E.; Sato, K.; Tokeshi, M.; Sato, K.haia, M.; Kitamori, T. Single-cell analysis by a
scanning thermal lens microscope with a microcHprect monitoring of cytochrome c
distribution during apoptosis procegsal. Chem. 2002 74, 1560-1564.

13. Yavuz, A.S.; Lipsky, P.E.; Yavuz, S.; MetcalieD.; Akin, C. Evidence for the involvement of a
hematopoietic progenitor cell in systemic mastosigtdrom single-cell analysis of mutations in
the c-kit geneBlood 2002 100, 661-665.

14. Sun, X.M.; Jin, W.R.; Li, D.; Bai, Z.L. Measumnent of alkaline phosphatase isoenzymes in
individual mouse bone marrow fibroblast cells bagedapillary electrophoresis with on-capillary
enzyme-catalyzed reaction and electrochemical tiete&lectrophoresis 2004 25, 1860-1866.

15. Sun, X.M.; Jin, W.R. Catalysis-electrochemidatermination of zeptomole enzyme and its
application for single-cell analysi8nal. Chem. 2003 75, 6050-6055.

16. Lynch, M.; Mosher, C.; Huff, J.; Nettikadan, Sohnson, J.; Henderson, E. Functional protein
nanoarrays for biomarker profilingroteomics 2004 4, 1695-1702.

17. Kleparnik, K.; Horky, M. Detection of DNA fragentation in a single apoptotic cardiomyocyte by
electrophoresis on a microfluidic deviégectrophoresis 2003 24, 3778-3783.

18. Woods, L.A.; Roddy, T.P.; Ewing, A.G. Capillagjectrophoresis of single mammalian cells.
Electrophoresis 2004 25, 1181-1187.

19. Hu, K.; Zarrine-Afsar, A.; Ahmadzadeh, H.; Koyl S.N. Single-cell analysis by chemical
cytometry combined with fluorescence microscdpgtrum. Sci. Technol. 2004 32, 31-41.

20. Harris, D.CQuantitative chemical analysis, W. H. Freeman and Company, 2003;

21. Goddard, J.P.; Reymond, J.L. Recent advancenigme assayR.ends Biotech.200422,363-
370.

22. Durdux, M.; Grunwald, D.; Gautier, T.; Ronot,; Boutonnat, J. Fluorescence-based assessment
of LRP activity: A comparative studfnticancer Res. 2004 24, 725-732.

23. Bornemann, C.; Burggraef, T.; Heimbuchel, Ganidch, F.G.; Winkels, S. Fluorescence-labelled
antigen-binding fragments (Fab) from monoclonalstty 5F12 detect human erythropoietin in
immunoaffinity capillary electrophoresi8nal. Bioanal. Chem. 2003 376, 1074-1080.

24. Stiborova, M.; Rupertova, M.; Hodek, P.; FEei, Schmeiser, H.H. Monitoring of DNA adducts
in humans and P-32-postlabelling methods. A revi€allect. Czech. Chem. C. 2004 69, 476-
498.



Sensors 2007, 7 237

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Svensson, R.; Greno, C.; Johansson, A.S.; MuaikneB.; Morgenstern, R. Synthesis and
characterization of 6-chloroacetyl-2-dimethylamiaphthalene as a fluorogenic substrate and a
mechanistic probe for glutathione transferagesl. Biochem. 2002 311, 171-178.

Vitecek, J.; Adam, V.; Petrek, J.; Babula, Royvotna, P.; Kizek, R.; Havel, J. Application of
fluorimetric determination of esterases in plantenal. Chem. Listy 2005 99, 496-501.

Vitecek, J.; Adam, V.; Petrek, J.; Vacek, Jzdk, R.; Havel, L. Esterases as a marker for gnowt
of BY-2 tobacco cells and early somatic embryoghaf Norway sprucePlant Cell Tiss. Org.
2004 79, 195-201.

Vitecek, J.; Petrlova, J.; Adam, V.; Petrek,Havel, L.; Kramer, K.J.; Kizek, R. Application of
fluorimetric analysis of plant esterases to studypoogrammed cell death and effects of
cadmium(ll) ionsBiol. Plant. 2007, in press.

Aldridge, W.N. The esterases: pespectives avtlgms.Chem.-Biol. Interact. 1993 87, 5-13.
Nagata, T.; Nemoto, Y.; Hasezawa, S. Tobacce?Réll line as the "HelLa" cell line in the cell
biology of higher plantdnt Rev Cytol 1992 132, 1-30.

Murashige, T.; Skoog, F. A revised medium fpid growth and bioassays with tobacco tissue
cultures.Physiol. Plant 1962 15, 473.

Jokinen, K.J.; Durzan, D.J. Properties of redcembryonal suspensor mass of Norway spruce
(Picea abies L. Karst.) determined by the genotype and enviremimn vitro. Slva. Fenn. 1994

28, 95-106.

Durzan, D.J.; Jokinen, K.; Guerra, M.P.; SaeteA.; Chalupa, V.; Havel, L. Latent diploid
parthenogenesis and parthenote cleavage in eggaéepiis of norway sprucént. J. Plant Sci.
1994 155, 677-688.

von Arnold, S.J. Improved efficiency of somatiobryogenesis in mature embryosPatea abies
(L.). Plant Physiol. 1987, 127, 233-244.

Havel, L.; Durzan, D.J. Apoptosis during diploiparthenogenesis and early somatic
embryogenesis of Norway sprudet. J. Plant Sci. 1996 157, 8-16.

Havel, L.; Durzan, D.J. Apoptosis in plari@st. Acta 1996 109, 268-277.

Jones, K.H.; Senft, J.A. An improved methodetermine cell viability by simultaneous staining
with fluorescein diacetate propidium iodideHistochem. Cytochem. 1985 33, 77-79.

Petrek, J.; Vitecek, J.; Vlasinova, H.; Kiz&k; Kramer, K.J.; Adam, V.; Klejdus, B.; Havel, L.
Application of computer imaging, stripping voltamimyeand mass spectrometry for study of the
effect of lead (Pb-EDTA) on growth and viability efrly somatic embryos of Norway spruce
(Picea abies /L./ Karstjnal. Bioanal. Chem. 2005 383, 576-586.

Mlejnek, P.; Prochazka, S. Activation of cagpliiee proteases and induction of apoptosis by
isopentenyladenosine in tobacco BY-2 cdbllanta 2002 215, 158-166.

Pinard, C.L.; Weiss, M.L.; Brightman, A.H.; kaok, B.W.; Davidson, H.J. Evaluation of
lysozyme and lactoferrin in lacrimal and other ecuylands of bison and cattle and in tears of
bison.Am. J. Vet. Res. 2003 64, 104-108.

Lomolino, G.; Lante, A.; Crapisi, A.; SpettoR,.; Curioni, A. Detection ofSaccharomyces
cerevisiae cerbosylesterase activity after native and sodiwdedyl sulfate electrophoresis by
using fluorescein diacetate as substratectrophoresis 2001, 22, 1021-1023.



Sensors 2007, 7 238

42.
43.

44,

45.

46.

47.

48.
49.

Vallejos, EEnzyme activity staining, Elsevier Science Publishers B.V., 1983; 513-516.

Leach, A.M.; Wheeler, A.R.; Zare, R.N. Flowediion analysis in a microfluidic formatnal.
Chem. 2003 75, 967-972.

Shimazaki, Y.; Hiraka, Y.; Uesugi, M.; Manabk, Simultaneous analysis of esterase and
transferase activities in cytosol proteins from lbo@ine retina by using microscale non-denaturing
two-dimensional electrophoresBBA - Proteins Proteom. 2004 1696, 51-57.

Steward, N.; Martin, R.; Engasser, J.M.; Goerdel.. A new methodology for plant cell viability
assessment using intracellular esterase actRiignt Cell Rep. 1999 19, 171-176.

Kizek, R.; Vacek, J.; Trnkova, L.; Jelen, F.cl@y voltammetric study of the redox system of
glutathione using the disulfide bond reductani2rsarboxyethyl)phosphindioel ectrochemistry
2004 63, 19-24.

Bornscheuer, U.T. Microbial carboyl esteraselssification, properties and application in
biocatalysisFEMS Microbiol. Rev. 2002 26, 73-81.

Voet, D.; Voet, J.@Biochemistry, John Wiley & Sons, Inc., 1995;

Joga, M.A.; Font, X.; Gordillo, M.A.; Valero, Esterase activity assay by flow injection analysi
(FIA). Biotechnol. Lett. 2001, 23, 943-948.

© 2007 by MDPI (http://www.mdpi.org). Reproductiapermitted for noncommercial purposes.



