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ABSTRACT

A sheep single-chain antibody-fragment library {f8ril, UK) was used to obtain
miniantibodies to the lipopolysaccharide lderbaspirillum seropedicae Z78. Using electro-
optical analysis and electron microscopy, we reedrd biospecific interaction of antigenic
determinants on the cell surface with phage antdsodgainst the LPSf H. seropedicae Z78
(mini-Abs_pg). Control experiments were run to rule out nongebinding of the mini-Abgps

to cells of Azospirillum brasilense Sp245. Use of the highly specific mini-Abs enabled the
lipopolysaccharide oH. seropedicae Z78 to be detected in a mixture of bacterial céls
electro-optical means (analysis timi& min). This report is the first to show the podgipof
rapid detection oHerbaspirillum on the basis of electro-optical analysis coupl&t tihe use of
mini-Abs.ps. The results are promising for the developmentiokensor-based methods to
detect potentially human-harmful prokaryotes whsigactures either have not been studied or

are absent from commercial databases.
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1. Introduction

Detection of microorganisms in different environr@constituents is a topical problem
in current microbiology and biotechnology. For a#ten purposes, immunosensors have been
used widely. Such sensors are highly selectivesangitive owing to the ability of antigens and
antibodies to form immune complexes. The complexes formed mostly with the
complementary antigen, despite many other compenéeing present. The recording of
microbial cell interactions with specific antibodies a prerequisite to the successful use of such
antibodies in cell detection. In addition to potytal and monoclonal antibodies, use has been
made of antibodies made by phage display technodlbgg]. An effective instrument for the
recording of binding of phage antibodies to thd-seiface antigenic determinants is electro-
optical (EO) analysis. The analysis is based onsomaag the optical properties of a bacterial
suspension in an alternating electric figl8-7. The recording of changes in the EO
characteristics of a suspension of cells intergctiith specific antibodies makes it possible to
make preliminary conclusions about the presencealiwence of cells in that suspension.
Previously, we have prepared cell-specific miniamtiies (mini-Abs) and have shown their
usability in the electrophysical detection of baiet¢8, 9. This technology is also applicable to
members of different taxonomic groups. In this eant of special interest islerbaspirillum,

first described in 198410]. Herbaspirilla belong t@-Proteobacteria and have been found in

tissues of agriculturally important plants suchresze, rice, sorghum, wheat, and sugar pekt



12]. Except several phytopathogenic straj8, 14, herbaspirilla promote plant growth and
developmenif15, 14 and are considered nonpathogenic to humiinslg.

SomeHerbaspirillum species have biological activity toward humansva#i as plants,
which shows that they potentially can provoke dsesain immunodeficient patients7-23.
Such activity is due to the similar mechanisms gwatern rhizosphere colonization, antagonistic
activity against phytopathogens, and the earlyestag human pathogenesis.

Herbaspirilla are normally identified by polymerad®ain reaction or by study of their
morphological, tinctorial, cultural, enzymatic, aadtigenic properties. The methods used are
time-consuming and require special conditions. Ahier complication is that herbaspirilla are
absent from the databases of commercial identificasystems. The rapid detection of
Herbaspirillum spp. in water, tissues, or biological fluids igrdfore, a topical problem.

We used phage display technology to prepare mirsi-#bthe lipopolysaccharide (LPS)
of H. seropedicae Z78, and we examined whether it was possible &éthese mini-Ahss for

the EO detection dfi. seropedicae Z78.

2. Materialsand methods

2.1 Bacteria and culture conditions
Herbaspirillum seropedicae Z78 (IBPPM 217)Azospirillum brasilense Sp245 (IBPPM
219), andEscherichia coli XL-1 (IBPPM 632) were from the IBPPM RAS Collectiaf

Rhizosphere Microorganisms_(http://collection.ibppm H. seropedicae Z78 was grown in a

vitamin-supplemented liquid synthetic medifig8] at 301 °C for 22—24 h (until the end of the
exponential growth phase). brasilense Sp245 was grown in Luria—Bertani’s liquid medium o
a rotary shaker (160 rpm) at 30+1 °C for 18—-20shdescribed8]. E. coli XL-1 was grown in

Luria—Bertani’s liquid medium, as described [8].



2.2 LPSisolation and purification

Cells were sedimented by centrifugation at 3P 40 min, resuspended three times in
0.15 M NaCl, agitated on a magnetic stirrer, angedemented. LPS was extracted from an
acetone-dried bacterial mass with 45 % aqueousagblibyna modified Westphal procedyi24).
LPS was purified by ultracentrifugation two timeach at 105009 for 4 h, and was lyophilized

in a BenchTop 2K freeze dryer (VirTis, NY, USA).

2.3 Antibody selection from phage-displayed library

For selection of miniantibodies against the L&fSH. seropedicae Z78 (mini-Abs ps), a
Western S membrane was chosen as the optimal rcdorieantigen immobilization. The
selection procedure was described in detail elsexBE A 200l portion of LPS was placed in
a well, and the plate was incubated overnight &t.4The LPS-free space on the plate walls was
then blocked with 2% BSA for 1 h. After a 2Q0portion of a sheep single-chain antibody-
fragment library (Griffin.1, UK; 16 phagemids mf) [25] was added, the plate was incubated
overnight at 4 C. After incubation, the plate was washed three $imigh 0.1 M Tris—HCI buffer
containing 0.05% Tween 20. Phage particles weree@lwith triethylamine, and the eluate
served to infecE. coli XL-1.

The infected cells were grown overnight in 2TY medi(trypton, 10 gt; yeast extract,

5 g I'; NaCl, 5 g 1) containing 100 mg rifl of ampicillin and 1% glucose. A 1/100 portion (100
ul) of the resultant culture was inoculated intomOof 2TY medium, and the culture was grown
in a thermostatted shaker at 37 for 6 h until an absorbanceggg) of 0.3 (~168? cells/ml) was
achieved. This was followed by the addition of leelphageM13K07 and by incubation at 3C°
for 1 h. After incubation, the cells were sedimenlg centrifugation at 200§ for 10 min. The
cell sediment was resuspended in 50 ml of 2TY nradiontaining 10Qig mI™* of ampicillin, 50

ng mr* of kanamycin, and 10Qug mi* of isopropyl$-p-thiogalactoside and was grown



overnight at 37 C in a thermostatted shaker. The overnight cellucaltvas again centrifuged at
3000g for 40 min. To the supernatant liquid containirigage particles was added a 1/5 volume
of 20% PEG 6000/2.5 M NaCl, and the mixture waslloated on ice for 1.5 h. Phage particles
were sedimented by centrifugation at 8@0far 10 min, and the sediment was resuspended in 5
ml of 10 mM TE buffer (1/10 the original culturelume; pH 7.5). The resultant preparation was
clarified by centrifugation under the same condiio and the phage particles were again
precipitated by adding a 1/5 volume of PEG 6000/NECmI) and were centrifuged. The
sediment was suspended in 1 ml of TE buffer.

Increasing the sensitivity of mini-Abs requireslass than three selection rounds. There
were four rounds of selection of mini-Abs As suggested by Griegt al. [27], the LPS
concentration in each round was reduced twofoleh¢cease the specificity of the mini-Abs.

The starting LPS concentration was 1 mg ml

The phage particle concentration was calculatecctggehotometrically by using a
Specord BS-250 UV-vis instrument (Analytic Jenasn@mny). The spectrophotometry was done
at the Simbioz Center for the Collective Use of édesh Equipment in the Field of Physical-
Chemical Biology and Nanobiotechnology, InstituteBoochemistry and Physiology of Plants
and Microorganisms, Russian Academy of Sciencasit@a The calculations were based on the
relation Poss—Aso0) * 5 %13/ 15, whereAsy is the absorbance of the suspension at 320 nm and
Aoeg is the absorbance of the suspension at 269 nmvifiba concentration can be estimated if
we know thatAsss—As20 = 30 absorbance units, which correspond to 2 % \ifions mi* [26].
The phage particle concentration was 1.2%particles mf. The serum titer was measured by
conventional enzyme-linked immunosorbent assay $RBI).I[28]. The titer of the resultant phage
antibodies was 1:4000.

For ELISA, 96-well polystyrene plates were usedSL®Ras immobilized on a plate
through simple adsorption. The enzymatic label naseradish peroxidase conjugated to goat

antirabbit antibodies. Rabbit antiphage antibodiese used as the first antibodies, with a



dilution of 1:2 [28] The substrate reagent waphenylenediamine in the presence of hydrogen
peroxide. The absorbance of the samples was mebaud®0 nm on a Multiskan Ascent reader
(ThermoLabsystems, Finland).

Fig.1 shows the results obtained after the firsfairth rounds of selection of mini-
Abs ps It can be seen that after round 1, the minitAbteracted withA. brasilense Sp245
LPS, as well as witl. seropedicae LPS. After round 4, the interaction of the minigig with
A. brasilense LPS was very weak, almost absent.

The specificity of the mini-Ahss was checked by dot assay. This was done with a
Western S membrane (Sigma—Aldrich), which had lmeginfected in a methanol solution for 30
s. A suspension dfl. seropedicae Z78 (1.06x16" cells mi*) was prepared by reference to a
turbidity standard and was applied onto the WesEemembrane. The membrane was blocked
for 1 h with 2% BSA diluted in a pH 7.0 10 mM phbsgpe buffer and was then dipped into a
solution of specific phagemids diluted to 1X3particles in 1 ml of 10 mM phosphate buffer.
After overnight incubation at 4 °C, the membraneswashed free of nonspecifically bound
mini-Abs_ps in a phosphate buffer and was incubated overnughtcolloidal gold conjugated to

rabbit antiphage antibodie8s£:=0.5) at 25 °C.
2.4 Electron microscopy

Samples were prepared as descril#8jl and were viewed with a Libra 120 transmission
electron microscope (Carl Zeiss, Germany) at arelacating voltage of 120 kV. The
microscopy was done at the Simbioz Center of tisétine of Biochemistry and Physiology of

Plants and Microorganisms, Russian Academy of $e®n

2.5 Preparation of cellsfor EO analysis



Before analysis, the cells were washed three tim#sdistilled water by centrifugation
at 2800g for 5 min and were then resuspended in a littléeméconductivity, 1.8u1 cm).
Cellular aggregates were removed by re-centrifugiregcell suspension at 1ffor 1 min, and
further work was done with the suspension thatreaghined in the supernatant liquid. Thgo

of the suspension prepared in this way was adjust@d10-0.42.

2.6 EO analysis

The orientational spectra of the cells were measwéh the ELUS EO analyzer,
developed by the State Research Center for Appliedobiology, Obolensk, Russi@80]. The
analysis conditions were: electric field streng8,1 V cm; light wavelength, 670 nm (relative
to vacuum); field application time, 3 s; measuraay volume, 1 ml; cell concentration (as
absorbancef) As7¢=0.40-0.42. The number of cells was calculated eotiwnally by using
direct light microscopy. The orienting-field frequeees were 740, 1450, 200, and 2800 kHz.

The EO analysis of bacterial suspensions is baseth® recording of changes in the
optical properties of a suspension that are indunedn alternating field. The field-induced
changes are measured at the cell surface. Thedtin of the surface charges with an electric
field changes the orientation of bacteria in ther@wnding milieu and, ultimately, the optical
properties of the suspension. An integral variauoleering all these cell-structure characteristics
is the frequency dispersion of cell polarizabilitiye dependence of the magnitude of the induced
charges on the electric-field frequency). In EO sueaments, this variable is determined
directly by the change in the absorbance of th@ension exposed to an electric field and is
called the “EO signal” or “cellular EO characteiast [30].

Orientational spectra were presented as the freyuéependence of the differenc)

between the absorbance values of cell suspensidns.difference was measured during the



preparation of a beam of unpolarized light alond aaross the orienting-field direction and was

normalized to the absorbance value measured fdoraly oriented cell§31].

2.7 Satistics

Each set of experiments had no less than five meamants. Data were analyzed with

Excel 2010 software and with standard methodsatissical data processing.

3. Results and discussion

Two directions exist in the current immunodetectafnmicroorganisms: (i) design of
complex automated systems and (ii) developmentapidrdetection approaches [32, 33]. All
immunochemical methods depend primarily on the itualf the specific antibodies used to
make diagnostic systems. The simplest and most @nmethod is to generate antibodies by
animal immunization with either whole bacteriallsedr isolated antigen preparations. A more
complex yet more reliable method is hybridoma tebdbay [34]. However, like most other
animal cell cultures, hybridomas grow relativelgvgly, do not reach high densities, and require
complex, expensive media; as a result, their usdinical practice is restricted. Recent research
in molecular biology has used genetic engineeraufpriologies for the cloning of recognizing
fragments—hypervariable immunoglobulin regions (rfibs). Phage display technology,
proposed by Smith [1, 35, 36], is based on simpdmipulations with DNA and bacteria and
enables the preparation of stable clones withimoat 9eriod and at decreased cost [37, 38].

We have previously obtained mini-Abs to the surfactgens ofA. brasilense Sp245 and
have used them to detect LPS and flagellin in aadstay and an EO study [8, 9, 30]. The

resultant data permitted the use of phage displeyology to select mini-Abss.



LPSs localized on the outer membrane of gram-negdacteria, largely determine the
antigen and surface properties of microorganisn®-43]. They are implicated in adhesion,
recognition of foreign objects, and induction ofatese reactions in the host organism. The LPS
structure data form a basis for intraspecies dlaaions of microorganisms.

Because the capsular polysaccharidéHogeropedicae Z78 is an extracellular form of
LPS [23], the removal of a capsule from the celfate was absolutely necessary to prevent the
LPS from being contaminated. The use of modifiednalic extraction afforded a purified LPS.
The isolation method used and the structureHofseropedicae Z78 LPS were described
elsewhere [24].

The selected mini-Abss were used in the EO detectiontdf seropedicae Z78. We had
previously optimized the measuring conditions, udahg the strength, frequency, and
application time of an electric field. The oriembat of H. seropedicae Z78 in an alternating field
was measured with the ELUS EO analyzer [30] uniderfallowing conditions: field strength, 17
V cm'; application time, 16 s; frequencies, 740, 1060.£2000, and 2800 kHz.

We examined changes in the magnitude of the EQakfgom a suspension of Z78 cells
interacting with mini-Abgss (Fig. 2). After the microbial cells were preparédr EO
measurements and the mini-Akswere added to the cell suspension at 1, 2, aucn@™ (11,

22, and 33 phage céllrespectively), the EO signal was measured. The-Abs, ps interacted
strongly with the cells (Fig. 2). For conveniendgresentation, Fig. 2 (B) reports the results for
the signal change at 1000 kHz. In subsequent expets, the interaction was recorded witfl 3
ml™ of mini-Abs ps.

We next investigated the time course of the chamgdlse magnitude of the EO signal.
Bacteria were incubated with the mini-Apsfor 1, 5, 10, 20, 30, and 40 min, after which sign
changes were recorded. The effect was maximalrdsasal min after the addition of the mini-
Abs ps and changed insignificantly when the incubationetivas extended. The changes in the

signal magnitude after 5, 10, 20, 30, and 40 mimo@ibation were not greater than 5%. For



convenience of presentation, Fig. 3 (B) reportssigeal value at 1000 kHz. We conclude that
the optimal time for recording the presence of Zéls in the sample is, on average, 1-5 min.

The antigen—antibody reaction has two stages [AI3. first, specific stage involves the
coupling of the antigenic determinant to the amtigective center or to its active Fab fragment.
The coupling is attended by a change in the spstiiatture of the antigen molecule. This stage
is rapid and has no visible effects even at lowperatures. The EO signal changes recorded
within the first minutes after the addition of sgecmini-Abs to a bacterial cell suspension may
be due to the specific stage of antigen interactth the mini-Abs and to the conformational
restructuring of the mini-Ab and antigen molecules.

Therefore, the changes in the EO signal from astelpension are caused by the changes
in the electrophysical variables of the cell suefatructures. These latter changes result from the
formation of the miniAb—cell complex when the mfbs bind to the antigenic determinants on
the cell surface. The dielectric properties of suspension change the most, which is what is
recorded with an EO sensor.

The second, nonspecific stage involves further gaann the above characteristics after
exposure of bacteria to specific mini-Abs. In thig@rk, these changes were due to the
precipitation of the antigen—antibody complex aadhe formation of aggregates. Because of
this, it was not worthwhile to extend the incubatione beyond 5 min, because the method put
forward here was devised to record specific antigatibody interactions within a short time.

The interaction specificity was checked by electnaoroscopy by using colloidal-gold-
labeled mini-Abges. Figure 4 (B) shows that the mini-Abs interacted withH. seropedicae,
with the label accumulating throughout the cellface. A no-antibody photo d. seropedicae
cells is provided in Fig. 4 (A).

In cell detection, it is important to rule out npesific interactions of bacterial cells with
phage antibodies, which are active toward othds.c€he control in this part of the study was

mini-Abs specific for the LPS o&. brasilense Sp245 (for characterization of these mini-Abs, see



[8]). The experimental conditions were the samelescribed above. Fig. 5 (A) shows tikat
seropedicae Z78 did not interact with those mini-Abs. We the@mmined the analytical signal in
the presence of a hindering factér,brasilense Sp245 (a contaminant culture). This bacterium
was chosen because bétrospirillum andHerbaspirillum are soil rhizospheric microorganisms
that can promote plant growth and development.sG#lh. brasilense Sp 245 were added 1:1 to
a suspension of cells &f. seropedicae Z78, after which mini-Abss were added. The control
was a mixed suspension bf, seropedicae Z78 andA. brasilense Sp245 without the mini-
Abs ps Fig. 5 (B) shows that the addition of the minisjly brought a change in the signal
magnitude.

In addition, we ran experiments to rule out nongmeimteraction ofA. brasilense Sp245
with mini-Abs ps. No changes in the signal magnitude were reco(Bad 5 (C)), a finding in
agreement with the data of Schmid et al. [44], wsed RNA—RNA hybridization to show the
absence of a close relationship betwekenbaspirillum and Azospirillum or Aquaspirillum. The
structures of the LPSs of Sp245 [45] and Z78 [24] different; consequently, the mini-Albs
that we used recognized only those antigenic detamts located on the surface Bf.
seropedicae Z78 and did not interact with the antigenic deteants ofAzospirillum.

In summary, we have used a sheep phage librargriduct four rounds of selection of
mini-Abs toH. seropedicae Z78 LPS. The mini-Ahgs were used for the first time to detect LPS
in an EO analysis. The results show that whHeseropedicae Z78 interacted with the specific
mini-Abs_ps, the magnitude of the EO signal changed appreci@lr data can be used in the
design of rapid assays for bacterial cell detecthod in the assessment of the exposure of
antigenic determinants on the bacterial cell serfac

The structure and immunospecificity of bacteriallypaccharides are conserved
phenotypic characteristics of microorganisms thatat great taxonomic importance. With
seropedicae Z78 as an example, we have shown that the usegbfyhspecific mini-Abgps

makes it possible to detect identical antigeni@deinants of bacterial cells in an EO analysis.



The use of such mini-Abs is promising for the depehent of rapid methods of the detection of
potentially human-harmful prokaryotes whose striegueither have not been studied or are
absent from commercial databases. Although thexenardata on the role éferbaspirillum in
human pathologies, the detection of this bacterismmportant for obtaining exhaustive

information about the bacterial flora of the sampdéng examined.

4. Conclusion

The use of phage display technology for the obtamnof mini-Abs has additional
advantages in our case, because efforts to deymblonal antibodies to a purified LPS
preparation were unsuccessful [24], possibly owingthe structural peculiarities ofl.
seropedicae Z78 LPS [24]. The repeating unit of its O polydsanide is formed from glycerol-1-
phosphate substituted M+acetylb-glucosamine residues. Such structures are chasdicteof
the teichoic acids of gram-positive bacteria [4&d @are rare in gram-negative bacteria [47-49].

Immunological and PCR methods used for bacteribdeg¢ection are highly sensitive but
require long analysis times. The approach propteed differs fundamentally from the use of
mini-Abs in immunotherapy [50], proteomics [51],dahiosensor construction [52] in that it is
rapid (analysis time, about 5 min) and includesdditional immobilization of the components.
It forms a basis for the future development of dajaists forHerbaspirillum immunodetection

using mini-Abs and an EO sensor in a liquid medium.
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Captionsfor figures
Fig.1 ELISA of H. seropedicae Z78 LPS andA. brasilense Sp245 LPS by using mini-Abss

obtained in selection round 1 to 4. (A) round 1} &ind 2; (C) round 3; (D) round 4

Fig. 2 (A) Change in the magnitude of the EO signain a suspension d¢. seropedicae 278
cells versus the amount of mini-Abs 1, control (no mini-Abs); 2, 8l of mini-Abs; 3, 6ul of

mini-Abs; 4, 9ul of mini-Abs. (B) Change in the signal magnitudde@0kHz.

Fig. 3 Time course of changes in the signal mageitas recorded during the interactiorHof
seropedicae Z78 with mini-Absps at different orienting-field frequencies (A) and1®00 kHz
(B). 1, control (no mini-Abs); 2, 1-min incubatio®, 5-min incubation; 4, 10-min incubation; 5,

20-min incubation; 6, 30-min incubation; 7, 40-mrmubation.

Fig. 4 Electron microscopy of (A) cells ¢i. seropedicae Z78 without mini-Abgps added
(x10000) and (B) cells oH. seropedicae Z78 after addition of colloid-gold-labeled specifi

mini-AbS ps.

Fig. 5 (A) Change in the magnitude of the EO signain H. seropedicae Z78 cells interacting
with mini-Abs toA. brasilense Sp245 LPS. (B) Change in the magnitude of the E@as from
mixed H. seropedicae andA. brasilense Sp245 cells interacting with mini-Als,. (C) Change in
the magnitude of the EO signal frofnbrasilense Sp245 cells interacting with mini-Aps.

1, control (no mini-Abs)2, cells after exposure to mini-Abs.
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Fig.1 ELISA of H. seropedicae Z78 LPS and A. brasilense Sp245 LPS by using mini-Abs, ps obtained in

selection round 1 to 4. (A) round 1; (B) round 2; (C) round 3; (D) round 4
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Fig. 2 (A) Change in the magnitude of the EO signal from a suspension of H. seropedicae Z78
cells versus the amount of mini-Abs ps. 1, control (no mini-Abs); 2, 3 ul of mini-Abs; 3, 6 ul of

mini-Abs; 4, 9 ul of mini-Abs. (B) Change in the signal magnitude at 100kHz.
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Fig. 3 Time course of changes in the signal magnitude, as recorded during the interaction of H.

0A, relative units

seropedicae Z78 with mini-Abs, ps at different orienting-field frequencies (A) and at 1000 kHz
(B). 1, contral (no mini-Abs); 2, 1-min incubation; 3, 5-min incubation; 4, 10-min incubation; 5,

20-min incubation; 6, 30-min incubation; 7, 40-min incubation.
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Fig. 4 Electron microscopy of (A) cells ¢i. seropedicae Z78 without mini-Abgps added
(x10000) and (B) cells oH. seropedicae Z78 after addition of colloid-gold-labeled specifi

mi ni-Abstg,
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Fig. 5 (A) Change in the magnitude of the EO signal from H. seropedicae Z78 cells interacting
with mini-Abs to A. brasilense Sp245 LPS. (B) Change in the magnitude of the EO signal from
mixed H. seropedicae and A. brasilense Sp245 cells interacting with mini-Abs_ps. (C) Change in
the magnitude of the EO signal from A. brasilense Sp245 cells interacting with mini-Abs,_ps.

1, control (no mini-Abs); 2, cells after exposure to mini-Abs.



Highlights

1 A sheep single-chain antibody-fragment library (Griffin.1, UK) was used to obtain
miniantibodies to the lipopol ysaccharide of Herbaspirillum seropedicae Z78.

2. By using electro-optical analysis and electron microscopy, a biospecific interaction of the
lipopol ysaccharide with the miniantibodies was recorded.

3. Bacteria cell detection is based on the recording of changes in the EO signa before and
after cell interaction with specific phage antibodies even in the presence of other bacterial cells.

4. The sensor successfully recorded specific interactions of Herbaspirillum seropedicae Z78
with phage antibodies in amixture of bacterial cells with a detection limit of 10* cells/ml, with an

(b min recording time.



