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Abstract

Nowadays, high-throughput analysis of biological eventsis a great challenge which could take benefit of the recent development of
microarray devices. The great potential of such technology isrelated to the availability of a chip bearing a large set of probes, stable
and easy to obtain, and suitable for ligand binding detection. Here, we described a new method based on polypyrrole chemistry and
allowing the covalent immobilization of peptidesin a microarray format and on a gold surface compatible with the use of Surface
Plasmon Resonance. Thistechniqueisthen illustrated by the detection and characterization of antibodiesinduced by hepatitis C virus
and present in patientsserums.
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I ntroduction

Among the miniaturized devices used for biological analysis, chips bearing an array of peptides are of special interest. Indeed, peptide
arrays open many applications such as enzyme substrate interaction measurement (1), epitope mapping (2, 3)... (for reviews, see (4, 5)).
Among them, the screening of antibodies in biological samplesis an important topic related to the detection of infectious diseases and the
monitoring of the evolution of the disease (6 -8 ). Beyond this application side, peptide arrays are very attractive in a chemical point of
view since peptides are much shorter and more stable than proteins, suitable for the production of stable microarrays. Nevertheless, the
stability of the device is dependent on a strong linkage between the peptides and the surface of the microarray, allowing the chip to be
easily regenerated to perform high-throughput assays. Screening analyses require a detection method compatible with microarray format.
Surface Plasmon Resonance imaging (SPRi) is agood aternative asit is an accurate one-step method for real-time measurement of ligand
binding without labelling or previous purification (9 ). This optical detection allows the monitoring of biological recognitions occurring on
the surface of a biochip bearing spots containing different biomolecules. This is performed by following the change in the reflected light
intensity induced by ligand binding (Fig 1 ). Moreover, the SPRi signal is correlated with the amount of ligand present in the injected
solution (10).

We describe in this chapter an approach combining the use of peptide chips and the SPRi. In order to be compatible with the gold layer
used because of its optical properties, we have developed an electrochemical based process allowing the fast grafting of biomolecules into
amatrix of polypyrrole: the biomolecule is firstly modified with a pyrrole moiety and then copolymerized with free pyrrole (11 ). In the
case of peptide chip, the pyrrole moiety is added on the N-extremity of each peptide to be arrayed before its copolymerization. The peptide
chip is constructed on a glass prism covered with a thin gold layer and an application example is given, dealing with the screening of
serums from patients infected with hepatitis C Virus (HCV) for their content in anti-HCV antibodies.

Materials
Synthesis of N-(2-mer captoethyl)-6-(1H-pyrrole-1-yl) hexanamide (=pyrrole-SH)

® 2, 5-Dimethoxytetrahydrofuran, mixture of cis and transisomers 98% (Sigma-Aldrich).
® 6-aminocaproic acid 99+ % (Acros Organics).

® Cysteamine 98% (Sigma-Aldrich).

® 1, 4 dioxane anhydrous 99.8 % (Sigma-Aldrich).

® Acetic acid puriss (Fluka).

® N-Hydroxysuccinimide 98 % (Sigma-Aldrich).
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* N, N'-Dicyclohexylcarbodiimide (Fluka).
* N, N-Dimethylformamide (DMF) for analysis (Carlo Erba).
¢ Dichloromethane (CH, Cl, ) puran (SdS).
¢ Ethyl alcohol anhydrous (EtOH)), for analysis (Carlo Erba).
® Chloroform-d, 99.9 % D, stabilized with 0.5 wt silver foil (Sigma-Aldrich).
® Silicagel PF,, containing CaSO, for preparative layer chromatography
Preparation of pyrrolylated peptides
¢ Dimethylsulfoxide (DM SO) analytical reagent (Prolabo)
® Peptides modified with a maleimide group at their NH2 terminus (Neosystem, Strasbourg, France)

® Reacting buffer: 50mM NaH, PO, , 50mM NaCl, 10% (p/v) glycerol, final pH adjusted at 6.8 with a NaOH solution. Store at 4°C (-20
°C for a conservation longer than 2 weeks).

Immobilization of the peptides on the chip
® 1M Pyrrole in acetonitril (Tokyo Kasei, Japan). Store at - 20°C, in a dark bottle to minimize pyrrol oxydation.
® 2mM Pyrrole-peptide conjugate (prepared as described in 3.2)

* Reacting buffer: 50mM NaH, PO, , 50mM NaCl, 10% (p/v) glyceral, final pH adjusted at 6.8 with a NaOH solution. Store at 4°C (- 20
°C for a conservation longer than 2 weeks).

® The chips consist in glass prisms coated with a 50nm-thick layer of gold (Genoptics, Orsay, France).

® The microarrayer required for immobilizing the peptides on the chip is available commercially (Genoptics, Orsay, France). It mainly
consists in an inox needle (260nm internal diameter) which is filled with the solution (6nL) containing the peptide to be grafted and which
can move to a precise location on the chip. An electrical pulse between the needle (counter electrode) and the gold surface of the chip
(working electrode) induces the synthesis of the polypyrrole film and its deposition on the gold surface.

SPRi interaction monitoring
® Injection and washing buffer (PBS): 8mM Na, HPO,, 1.5mM KH,PO,, 2.7mM KClI, 138mM NaCl, pH 7.2. Store at 4°C.
® Saturation buffer: Bovin Serum Albumin (BSA, Sigma-Aldrich) 1% (w/v) in PBS.
® Regeneration buffers:
® 0.1M Glycine, fina pH adjusted at 2.3 with aHCI solution. Store at 4°C.
® 1% (w/v) Sodium Dodecyl Sulfate (SDS, Sigma-Aldrich) in water. Store at room temperature.

® The SPRi apparatus is a SPRiPlex (Genoptics, Orsay, France). The prism is inserted in the apparatus and a flow cell (6uL) inside the
instrument is hermetically sealed over the prism. A light source (660nm) illuminates the prism and a CCD camera monitors the
ligand-probe interactions. Data are analysed with dedicated software (SPRi-view).

Methods
Synthesis of N-(2-mer captoethyl)-6-(1H-pyrrole-1-yl) hexanamide (= pyrrole-SH)

® A mixture of 2, 5- dimethoxytetrahydrofuran (0.49mol, 65ml), 6-aminocaproic acid (0.43mol, 56g), acetic acid (450ml), and dioxane
(600ml) is heated under reflux for 4h and stirred at room temperature overnight (12).

* Remove the volatiles under reduced pressure. The residue is coevaporated in ethanol (2x100ml) to eliminate acetic acid.

® Dissolve the residue in 500ml of dichloromethane. This organic solution is washed with 2x250ml of water and evaporated to dryness.
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Product 1 (Fig 2 ) is obtained with ayield of 82% after purification by flash chromatography on a silicagel (600g) column with a
discontinuous gradient of ethanol in CH,, Cl, . After deposition in the minimum amount of CH, Cl, , the elution starts with CH,, Cl,
(500ml), then CH,, Cl,,/EtOH: 98/2 (300ml), CH, CI,,/EtOH: 95/5 (400ml) and finally CH, CI, /EtOH: 90/10 to elute the product. Product 1
is obtained after evaporation of the solvents as a brownish oil.

M. S. product 1 (m/z) = 182.1 (M+).

1H-NMR product 1 (200MHz ;CDCl,) &(ppm) :1.72 (m, 6H, -CH, -(CH,,);-CH, -); 2.34 (t, 2H, -CH,-COOH); 3.87 (t, 2H, CH, -N);
6.13 (dd, 2H, 3-H and 4-H pyrrole); 6.64 (dd, 2H, 2-H and 5-H pyrrole).

® Product 1 (144mmol, 26.05g), N-hydroxysuccinimide (144mmol, 16.56g) and N, N'-Dicyclohexylcarbodiimide (159mmol, 32.75g)
aredissolved in DMF (1l) and stirred overnight at room temperature.

¢ Eliminate the white precipitate of N,N’-dicyclohexylurea by filtration on a sinter glass.

* Remove the solvent by evaporation on arotavapor. Product 2 can be used without further purification. Alternatively it can be purified
on asilicagel column in the same way than product 1 (elution CH, CI, /EtOH 95/5). M. S. product 2 (m/z) = 279.3 (Fig. 2)

1H-NMR product 2 (200MHz;CDCl,) &(ppm):1.72 (m, 6H, -CH, -(CH, )3-CH,-); 2.33 (t, 2H, -CH, -CO); 2.88 (it, 4H, CH,, of NHS);
3.87 (t, 2H, CH,-N); 6.13 (dd, 2H, 3-H and 4-H pyrrole); 6.64 (dd, 2H, 2-H and 5-H pyrrole).

® Product 2 (5mmol, 1.89g) and cysteamine (6mmol, 463mg) are dissolved in DMF and stirred overnight at room temperature.

® Evaporate the solvent and dissolve the residue in 50ml of dichloromethane. This organic solution is washed by 2x50 ml of water and
evaporated to dryness. The oily residue is taken off in 5 ml of dichloromethane and filtered on a small column of silicagel. After elution
and evaporation of the solvent the product is obtained as pale yellowish il with ayield of 76%.

M. S. product 3 (m/z) = 266.1 (M+) (Fig. 2).

1H-NMR product 3 (200MHz ;CDCl,) &(ppm) :1.72 (m, 6H, -CH,-(CH,);-CH,-); 2.17 (t, 2H, -CH,-CONH spacer); 2.68 (t,2H, CH
,-SH cysteamine) ; 3.53 (t,2H, CH,-N cysteamine); 3.87 (t, 2H, CH, -N spacer); 6.13 (dd, 2H, 3-H and 4-H pyrrole); 6.64 (dd, 2H, 2-H
and 5-H pyrrole).

Preparation of pyrrolylated peptides (Fig. 3A ) (seenotel1)

® Each peptide-maleimide are solubilized in DM SO at 5mM concentration.

® Prepare the reacting solution by mixing 40ul of 5mM peptide-maleimide with 10ul of 0.2M pyrrole-SH and complete to 100uL final
volume with reacting buffer. These conditions lead to a 2mM final concentration of peptide-maleimide with a molar ratio
peptide/pyrrole-SH = 10 (see note 2).

® |ncubate 2h at room temperature, under stirring and in the dark to minimize pyrrole oxidation. Store at -20°C.
Immobilization of the peptides on the chip (“electrospotting”)
All solutions are prepared extemporaneously.
® Prepare a40mM pyrrole solution by diluting 20uL of the 1M stock solution with 480uL of reacting buffer.
® Prepare a 200uM pyrrolylated peptide solution by diluting 5uL of the 2mM solution with 45uL of reacting buffer.

® Prepare the spotting solution in a 96 U well-plate by mixing 15uL of the 200uM pyrrolylated peptide solution with 15ul of the 40mM
pyrrole solution. Final concentration for pyrrole-peptide and free pyrrole are 100uM and 20mM respectively (see note 3 ), in a 30ul final
volume (see note 4 ). Be careful to ensure a good homogeneisation of the spotting solution without introducing air bubbles (see note 5).

* Immediately put the plate containing the spotting solutions in the microarrayer and carry out the spotting on the chip. The spotting
conditions consist in a2V electrical pulse for 100ms (see note 6 ) on defined areas of the gold prism (Fig. 4).

® When all peptide spots have been realized (see note 7 and 8 ), the chip is removed from the microarrayer, rinsed with water and gently
dried with an argon or air jet. Chip iskept dry, at room temperature.
SPRIi interaction monitoring
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® |nsert the chip into the SPRiPlex and start the apparatus. The conditions are the following: flow rate = 37.5uL/min, room temperature,
injection loop = 500uL, working buffer = PBS. Be careful to avoid air bubbles which can be eliminated by flushing PBS through the circuit
(seenote9).

® Saturate the chip by injecting PBS-BSA saturation buffer during 10min (see note 10 ).

® Rinse the chip with PBS during 10min.

® |nject regeneration buffer during 5min to stabilize and condition the chip according to the following tests (see note 11 ).

® Rinse the chip with PBS during 10min. The chip is ready for sample injections. Each analysis includes the following steps:
® injection of the sample diluted in PBS (see note 12 ) during 10min

® washing with PBS during 10min

® regeneration with 0.1M Glycine pH2.3 during 5min

¢ washing with PBS during 10min

® After alarge number of analyses, depending on the complexity of the samples (see note 13), it is possible that the chip becomes less
responsive. In this case, it could be useful to inject 1 % SDSin water during 5min, followed by PBS during 15min.

Application to antibody detection

Detection and analysis (quantitative and qualitative) of antibodies in serum are crucial not only to diagnose a disease, but also to
evaluate its developmental stage and its evolution. SPRi technology allows high-throughput analyses in real time using a label-free
detection process suitable for screening a large number of analytes. This technology requires the construction of biochips. The approach
described here is based on electropolymerization of pyrrole and presents several advantaeges. easy and rapid preparation, versatility, high
reproducibility, control of the density of immobilized probes. Moreover, the immobilization process used to prepare the peptide chips leads
to alow background, making them suitable for the analysis of complex biological samples such as serums.

Recently, this technology has been used to analyse the humoral response induced by hepatitis C virus (HCV). A set of 20 aa-peptides
(62) has been grafted in triplicates on two chips as described above and 45 serums from patients with HCV infection were injected (1/50
dilution, in PBS). Representative sensorgrams are shown in Fig. 5. The histograms in Fig. 6 show the corresponding final results, and
represent the specific SPRi signal obtained for each tested serum. Thus, this method enabled us to sketch an antibody profile for each of
the patients, which is of great importance in the clinical field.

Other applications can take benefit from this technology, from epitope mapping to analysis of enzyme-substrate interaction, making it
apowerful tool for both basic research and clinical applications such as diagnosis and pharmacological studies.

Footnotes:

1 A more convenient but more expensive way to obtain peptide-pyrrole conjugates consists in getting it already synthesized by the
manufacturer (Altergen, Bischheim, France)(Fig. 3B ). The great advantage is that 100% of the peptide put in the spotting solution are
pyrrolylated instead of 20-40% for home made conjugates, depending on the yield of the reaction between peptide-maleimide and pyrrole-SH.
2 Aninitial molar ratio (IMR) peptide/pyrrole-SH of 10 leads to a good coupling reaction between the two molecules. Nevertheless, it is
recommended to test several IMR (5, 10, 20, 40) to optimize the coupling conditions.

3 Different final peptide concentrations (50, 100, 200, 500uM) have to be prepared to determine the optimum leading to the best reactivity
with the tested ligands. This point is important as the coupling yield (usually between 20-40%) could differ from one peptide to another. In all
cases, a20mM final concentration of free pyrroleisrequired.

4 The final volume is not crucial as the volume required for the electrodeposition is in the nL range. Nevertheless, as the samples could
remain a long time in the plate before being electrodeposited, depending on the number of the spots to be realised, a significant evaporation
must be feared if sample volumeistoo small.

SThe presence of air bubbles in the sampling needle introduces a defect in the electropolymerization (interruption of the electrical current).

6 These conditions lead to a 2-5nm thick polypyrrole film. Different pulse durations can be tested (50, 100, 200ms) to optimize the
electrodeposition. It is worth to notice that atoo long pulse and/or atoo important voltage could lead to a thicker polypyrrole film. Moreover,
it could induce a depletion of pyrrole molecules as well as an hyperoxydation of the pyrrole and consequently, a degradation of the film.
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7\t is recommended to realize the spots in triplicates to improve the quality of the results. In this case, it is better to set the three identical
spots perpendicularly to the flow direction in the SPRiPlex, to avoid a potential ligand depletion between the first and the third spot, as it
could occursiif the three spots are parallel to the flux.

870 quantify the background level, control spotsincluding irrelevant peptides and/or polypyrrole alone have to be performed.
9 It could be useful to degas the PBS solution either beforeits use or by including a degasser in the fluid circuit.

10 The choice of the regeneration buffer depends on the interaction type between probes and ligands. Glycine is convenient for pH-dependent
interactions such as antigen-antibody binding. Other solutions can be used, for example buffers containing chelator agent (EDTA, EGTA) for
metallo-dependent interactions. Different regeneration solutions are proposed in (13)

11 complex samples as serum or cell culture medium are injected, it is better as much as possible to saturate the chip using a control
medium equivalent to the samples, but without the tested ligands (serum from healthy donors versus serum from patients, culture medium
versus culture supernatant).

12 | the case of high diluted ligand, it is better to use PBS-0.1% BSA as dilution buffer to avoid non specific adsorption on the tube. In the
same way, the use of silicone-treated tubes is recommended.

Btis important to verify the stability of the chip upon the successive injection cycles and the SDS treatment. To this end, a standard solution
containing the ligand for one of the grafted peptides is injected at the beginning of the experiment and then at regular intervals; the SPR
signals obtained must be very similar from one control to the other

References:

® 1. Mah AS, Elia AE, Devgan G, Ptacek J, Schutkowski M , Snyder M , Yaffe MB , Deshaies RJ . 2005 ; Substrate specificity analysis of protein kinase complex

Dbf2-Mab1l by peptide library and proteome array screening . BMC Biochem . 6: 22 -

2 . Cherif B, Villiers CL , Paranhos-Baccala G , Roget A , Marche PN , Livache T, Villiers M-B . 2006 ; Design and application of a microarray for peptide-antibody

interactions analysis by fluorescence or SPR imaging . J Biomed Nanotech . 2: 29 - 35

® 3. Reineke U , Ivascu C, Schlief M, Landgraf C, Gericke S, Zahn G, Herzel H , Volkmer-Engert R , Schneider-Mergener J . 2002 ; Identification of distinct antibody

epitopes and mimotopes from a peptide array of 5520 randomly generated sequences . JImmunol Methods . 267 : 37 - 51

4 . CretichM , Damin F, Pirri G, Chiari M . 2006 ; Protein and peptide arrays: Recent trends and new directions . Biomolecular Engineering . 23 : 77 - 88

5.LeeYS, Mrksich M . 2002 ; Protein chips: from concept to practice . Trends Biotechnol . 20 : S14 - 8

6. Desa A , Ravi V , SatishchandraP , KhannaN , Rao S, Gourie-Devi M , Chandramuki A . 2000 ; HIV antibody profilesin serum and CSF of patients with neurological

disease can serve as predictors of outcome . J Neurol Neurosurg Psychiatry . 68 : 86 - 8

® 7 . Sanchez-Rodriguez C , Estrada-Chavez C , Garcia-Vigil J, Laredo-Sanchez F , Halabe-Cherem J, Pereira-Suarez A , MancillaR . 2002 ; An 1gG antibody response to the
antigen 85 complex is associated with good outcome in Mexican Totonaca Indians with pulmonary tuberculosis . Int J Tuberc Lung Dis. 6 : 706 - 12

® 8. ZhangL , ZhangF, YuW ,HeT, YuJ, YiCE,BaL,LiW, FazanM , ChenZ, YuenKY , Ho D . 2006 ; Antibody responses against SARS coronavirus are correlated
with disease outcome of infected individuals . JMed Virol . 78:1- 8

® 9.YuX,XuD, Cheng Q. 2006 ; Label-free detection methods for protein microarrays . Proteomics . 6 : 5493 - 503

10 . Cherif B, Roget A , VilliersCL , Calemczuk R, Leroy V , Marche PN , Livache T, Villiers MB . 2006 ; Clinically related protein-peptide interactions monitored in real

time on novel peptide chips by surface plasmon resonance imaging . Clin Chem . 52 : 255 - 62

® 11. Livache T, Roget A , Dejean E , Barthet C, Bidan G, Teoule R . 1994 ; Preparation of a DNA matrix via an electrochemically directed copolymerization of pyrrole and

oligonucleotides bearing a pyrrole group . Nucleic Acids Res. 22 : 2915 - 21

12 . Jirkowsky | , Baudy R . 1981 ; A facile large scale preparation of 1H-pyrrol-1 ethanamine and syntheses of substituted pyrrolo[1,2-a] pyrazines and hydro derivatives

thereof . Synthesis. 6:481-3

® 13 . Andersson K , Hamalainen M , Malmqgvist M . 1999 ; Identification and optimization of regeneration conditions for affinity-based biosensor assays. A multivariate
cocktail approach . Anal Chem. 71: 2475 - 81

Page 5/9
Methods Mol Biol . Author manuscript



Fig. 1
Detection of ligand binding by SPRi: sensorgram obtained on two spots (control and assay) upon ligand injection.
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Fig. 2
Structures of the intermediates (products 1 and 2) and final product (3) for N-(2-mercaptoethyl)-6-(1H-pyrrole-1-yl) hexanamide synthesis (=
pyrrole-SH).
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Fig. 3
Pyrrole-peptide conjugates. A) Schematic representation of the coupling reaction between maleimide functional group at the N-Ter of the

peptide and thiol group in the pyrrole to form a thioether linkage. B) Structure of pyrrole-peptide conjugates provided by Altergen.
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Fig. 4
General scheme of the peptide addressing on a glass prism coated with gold. Different pyrrole-peptide conjugates and pyrrole monomer

solutions are in the 96 well plate. The “electrospotting” is carried out on the gold surface via the needle containing the solution to be

copolymerized.
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Fig. 5
Sensorgrams obtained after injection of serums from 4 patients (P1-P4) and two healthy donors (H1 and H2). The serums (1/50 dilution in
PBS) wereinjected on a chip bearing 5 HCV peptides and Ova 273-288 as a control, with a regeneration step between each injections.
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Fig. 6
SPRi signal obtained for each serum in the conditions described in Fig. 5 AR isdetermined asin Fig. 1)

B HCV 1 ||
HCV 2 ||
{ m HCV 3
S HCV4 ||
OHCVS |
O Ova

1 | - p——

P4 H1 H2
Injected serums

Page 9/9
Methods Mol Biol . Author manuscript



