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Abstract: We constructed an original supramolecular assermohlya surface of sensor
composed of an innovative combination of an engeweytochrome b5 and a modified
nucleic acid bound to a synthetic lipid hemimembrarhe protein/DNA block, called (P-
DNA),, was synthesized and purified before its immodtlan onto a hybrid bilayer
reconstituted on a gold surface. Surface plasma@onance (SPR) and atomic force
microscopy (AFM) were engaged in parallel on thensasubstrates in order to better
understand dynamic events that occur at the sudédbe biosensor. Good correlations
were obtained in terms of specificity and revefdgibiThese findings allow us to present a
first application of such biosensor in the studyhaf interaction processes between nuclear
receptor and DNA.
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1. Introduction

Reconstitution of lipid membranes onto inorganiavatallic substrates in a biochip approach has
been extensively studied during the last decad@].[1Especially in biosensor development,
investigations on bio-molecular recognitions, iatg¢ons or captures in a biomimetic environment can
be an advantage in comparison with others fundlimatagon processes. This has been recently pointed
out in many biochip approaches involving peptidguotein chips [3-5]. Moreover, a critical step in
the making of these biochips was the developmeappfopriate surface immobilization protocols. In
order to prevent steric hindrances and random argaons, the immobilization of ligands must be
highly controlled. This major drawback was oftenculted leading to not completely optimized
sensors. Beyond the biomimetic point of view, lipdmbranes have shown strong versatility in their
composition leading to many lipid-based functionaion strategies [6;7]. The most common
approach is based on the introduction of smalltivas of modified lipids allowing chemical or
biochemical immobilizations on surface. A very pisimg strategy, inspired by ion metallic affinity
chromatography (IMAC), was developed by the Tampé Arnold groups in 1997/1998 [8;9] and
significantly developed since 2002 [10-12]. It csis of incorporating synthetic lipids bearing a
nitrilotriacetic acid (NTA) or iminodiacetic acidYA) moieties that complex metallic divalent ions
such as Ct, zn** or Ni**. Such surfaces efficiently capture histidine-tabgeoteins by coordination
bonds but, contrary to covalent coupling, thesedsomwere characterized by reversibility properties.
Thus, the regeneration was obtained completelydijng metal ion chelating agents such as EDTA or
competitor compounds as free histidine or imidaib83.

We have previously immobilized on hybrid bilayekB) a unique supramolecular assembly of a
redox protein with nucleic acids, called P-DNA tHscThe stability of this assembly was strengthened
by reconstituting the complex below the transitrase of the lipid matrix. In this configuratione w
have demonstrated that the P-DNA design offerspissibility to accurately control the density of
immobilized probes on the bio-mimetic layer andiopte the DNA chip sensitivity and specificity
[10;14]. These results have open the way for theeldpment of a new generation of biosensors that
allow analysis of the modulation of DNA-DNA and DNRNA interactions by a large range of
chemicals or biological effectors.

In this paper, we present an original structuregielsased on assembly of P-DNA blocks driven by
specific DNA hybridization process. The resultingpsamolecular assembly is called (P-DNAJP-
DNA), blocks have been conceived to reconstitute a qraimic DNA response element called
Estrogen Response Element (ERE) which is recogriiydle estrogen receptor (ER), a member of the
nuclear receptor super-family [15]. (P-DNAYlocks were extensively characterized by gel
electrophoresis and spectrophotometric measurembtegshanisms of reconstitution of (P-DNA)
complexes onto lipid matrices were intensely ingeséd by combining surface plasmon resonance
(SPR) and atomic force microscopy (AFM). From onowkledge, this is the first study presenting in
parallel a global analysis and nanoscale charaetesns of bio-molecular building blocks on exactly
the same gold substrate (commercial gold chip).s&heomplementary investigations allowed to
establish a biosensor devoted to the study of DNAgn interactions which are illustrated herein in
the case of estrogen receptors.
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2. Results
2.1. P-DNA supramolecular buildings

Constructions of molecular structures presentingh@dMre performed in three steps:

(i) cross reaction between ssDNA and Succinimidy]3'2-PyridylDithio)-Propionamido]
hexanoate (LC-SPDP), (ii) coupling of cytochromewith LC-SPDP-ssDNA entities to form P-DNA
blocks and (iii) dimerization of P-DNA through hydization to form (P-DNA) blocks. The first two
steps of synthesis that lead to P-DNA blocks weeyipusly established [14]. Briefly, efficiency of
hetero-bifunctional linker/DNA coupling was evaledt by spectrophotometric measurements and
analyzed in the presence of excess DTT. In ourystiet efficiency of A1/LC-SPDP coupling was
80% and A4/LC-SPDP was 75%. Then, these modifiegoolcleotides were incubated with the
genetic engineered cytochrome b5. A unique andyhgyecific protein / linker coupling was obtained
due to the cystein at position 24. Unreactive commois were eliminated by a combination of
chromatographic steps (see materials and methatjslgeding to highly purified P-DNA blocks. All
the steps of synthesis were characterized by gpdeitometric measurements. We have determined
optimal conditions to generate (P-DNAjlocks, various molecular ratios of P-DNA and dseped
complementary oligonucleotidbave been tested (see supplementary result 1).

After hybridization and gel filtration processe$etcomposition of b5-DNA populations was
determined by analysis of absorbance ratiaggf(A412) (Table 1).

Table 1 Presentation of different species of P-DNA assembB. The P-DNA

assembling by hybridization process can lead to lbi#ding of three species: i)
complexes (A1/LC-SPDP/bBA3 or (A4/LC-SPDP/b5)A6 called respectively (P-
DNA),ERE and (P-DNAY™ ii) (A1/LC-SPDP/b5)-A3 or (A4/LC-SPDP/b5)-A6 (it

only one b5) called respectively P-(DN&JEand P-(DNAY" and iii) A1/LC-SPDP/b5
or A4/LC-SPDP/b5 called respectively P-DR¥and P-DNA™.

Structure : '-: ' *“«: qgu g
(P-DNA),TE P(DNA),TE P-DNATFE
Name or or or
(P-DNA),"™ P-(DNA),"™ PDNA!
ERE 2 1 0
MW 75000 50000 25000
Ratio Aqgy/Augz 3.7 7 3
Legend i'l?‘:' cytochrome b3 “waaww A3 or A6 oligonuclectides
-5 Al or A4 oligonucleotides
\ LC-SPDP WA Al or Adoli leotide
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Excess of P-DNA blocks corresponded to optimal dents to synthesize (P-DNAplock majority
(see supplementary result 1).

2.2. Building of the lipidic chip
2.2.1. SPR characterization

The step-by-step construction of the biochip wdkwed by SPR. The hydrophobic monolayer
(OM) was wetted by a pulse of ethanol (50%) andhedswith a non-ionic detergent, Octyl-
Glucopyranoside (OG). These steps allowed cleatieg surface before the fusion of the Small
Unilamellar Vesicles (SUVs). SUV were afterwardgeated and, during the interaction with the
surface, they spread spontaneously until reachipipiau after 1200s. Injection was continued in
order to completely form a lipidic monolayer. Atettend of the fusion of SUVs onto the Self-
Assembled Monolayer (SAM), two pulses of sodiumroyile (20 mM) were used to remove lipid
excess and to establish a stable dense layer. &tetld of the process, the surface density of
DMPC/DOGS 10% was 270 = 0.40 pmol/cmz (Figure 1a).

It is important to keep in mind that this entireopess can be affected by some parameters
(roughness of the substrate, atmospheric pollutignshich can imply heterogeneity of the lipidic up-
layer. For example, some holes could permit adsormf molecules directly on the bare gold surface
or on Octadecyl Mercaptan (OM) monolayer. SPR studf the spreading and fusion are not sufficient
to guarantee the integrity of the HB. We automdtigaerformed controls by using a dummy protein
that mimics the potential non-specific adsorptidrthee cytochrome b5 with the biochip. The main
binding force was the hydrophobicity generated iy 8AM down layer. The secondary forces were
electrostatic interactions that can be attenuaiedding a buffer with a high ionic strength. In our
approach, we chose cytochrome ¢ because of it¢asioonformation with cytochrome b5 (length of
amino acid primary sequence, globular structureppgin moiety...). Thus our procedure contains an
internal marker which prevents the using of defecthips. For more than 80% of tested chips, the
cytochrome c binding signals did not exceed thepizble baseline drifts (1 RU/min) (Figure 1b).

Purified (P-DNAY™" has been injected and quantified after assembimthe lipidic layer (Figure
1c). The mechanism of interaction of (P-DNA)with HB was determined by fitting
association/dissociation results with kinetic med@ptimal fitting was obtained using the “Bivalent
analyte” model BiaEvaluation 3.05 software). (P-DNA)blocks bind sequentially with two lipidic
anchors conferring high stability of the DNA prol{ese supplementary result 2).

When (P-DNAY" was added at the uM range, the saturation of aagkavas usually achieved 30
min after injection yielding a maximum grafting 800 RU, i.e closed to 10 fmole/ninfdata not
shown).

In order to confirm the specificity of (P-DN&J" anchorage, 10 pL (20 pL/min) of 0.5 M
imidazole solution, a specific histidine competitovere injected and produced a quasi complete
regeneration step (i.e. more than 90% of (P-DNéleased) (Figure 1d).
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Figure 1. Specific assembling of (P-DNA) onto the chip. (a) Sensorgram of the
hybrid bilayer establishment. This HB was realizd25°C, on functionalized gold
surface in PB buffer. SAM was first wetted with 5@¥anol, and then washed with
two pulses (1 min each) of 40 mM OG at 50 pl/mimi¥ SUV (DOGS/DMPC 10%
mol/mol) was injected at 2 pl/min and spread ohtodleaned surface. At the end of the
injection, flow was increased to 20 pl/min and taudses of 20 mM NaOH treated the
lipidic surface in order to remove excess vesidGS were reloaded in Niby an
injection of NiChk (20 mM in acetate buffer). At the end of this mss, the response
signal was ~1700 RU corresponding to 240 pmol/¢b),The sensorgram shows the
control of the homogeneity of the HB through injess at 20 pl/min of a dummy
protein (cytochrome C 1 pMjc) Sensorgram of the (P-DN&J" anchorage. This step
was realized in PBS running buffer at 25°C at aceotration of 2 uM during 5 minutes
at 5 pl/min.(d) Sensorgram showing the specific anchorage ofRHBNA), block. The
lipidic surface was regenerated by three pulse@.®fM imidazole (30 seconds at 20
pi/min).
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2.2.2. AFM characterization of (P-DNAgomplexes immobilized onto the supported HB

To be relevant when compared to the SPR charaatenz we chose to process AFM imaging on
the same commercial gold chips used for SPR expeatisn
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Indeed, visualizing how supramolecular complexebake onto the SPR-used gold supported
membrane could help understanding interactionsrdoguclosed to the surface. First, the surface of
the hydrophobic gold chip was imaged, and revealsalgh surface presenting globular gold particles
of around 30 nm in diameter. Second, the estabksiof the supported hybrid membrane (before and
after sodium hydroxide cleaning) has been invest@y@n small and large areas (see supplementary
result 3). From the homogeneous lipidic surface, siidied the potential of (P-DNA)Yo bind
specifically through histidine/nickel interactions.

At this step, it should be mentioned that higlohétson imaging of molecular assemblies on rough
surface represents a challenge. Indeed, the ftatesurface the higher resolution of images ohta
Nevertheless, it was of particular interest to alsae molecular interactions that occurs on theesam
surfaces employed for SPR experiments in ordeotmect these investigations to a realistic approach
for biosensors. Thus, after (P-DNApinding to the supported hybrid membrane, the aserf
modification and the grafting specificity were ayzad. While incubation with cytochrome ¢ (200 nM)
had no effect on the surface appearance (Figurgh2,is confirmed by roughness measurements
Figure 2e), (P-DNA) presentation to the surface induced a surface froation (Figure 2c), and an
increase of the roughness (Figure 2e). Imagesrwatan contact mode showed a surface change with a
slight dragging of motifs over the surface (Fig@®. Washing the surface with 0.5 M imidazole
(Figure 2d) allowed to regenerate with good efficiethe surface. The surface roughness calculation,
at these different steps confirmed these obsenatigd-igure 2e) proving both specificity and
reversibility of (P-DNA) complex binding.

Figure 2. Specificity and reversibility of the biognsor AFM images of gold
supported HB after DOGS reloading in®N{a) after 20 min incubation of 200 nM
cytochrome db), (P-DNA), (c) and after imidazole incubatiqd) obtained by contact
mode imaging in liquid conditionge) Surface roughness (in nm) was determined on
every image, on 1 andpn?. z range corresponds to 15 nm in contact mode.
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After reloading DOGS with 50 mM nickel solution amd20 min incubation with (P-DNA)
oscillating contact mode AFM images at higher nesoh showed globular motifs with a size
corresponding to the size of a (P-DNApmplex (lengthl8nm) (Figure 3a). Amplitude and phase
representations were also recorded in order taidistate (P-DNA) more clearly from the surface
(Figure 3b, c). A nice correlation between heigimplitude and phase signals confirmed the binding
of (P-DNA), complexes onto the surface.

Figure 3. Visualization of (P-DNA) complexes immobilized onto the supported
HB. The height(a) amplitude(b) and phasé¢c) representations from oscillating contact
mode AFM images are nicely correlated after (P-DNiAtubation on the HB. White
arrows indicate motifs. The supported membraneatost1% nickel modified lipids
and was reloaded with a 50 mM nickel solution iretate buffer. The (P-DNA)
complexes were incubated for 30 min onto the mendyrdollowed by extensive
washes with PBS buffer.

500 nm 500 nm 0 500 nm

Data type Height Data type Amp 11 tude Data type Phase
Z range 8.000 nm Z range 0.10000 v Z range 10.000

These nicely correlated results show that experisnah“molecular scale” (on 500x500 nm, thus
2.5.10" mnt by AFM) represents a fine approach relating spetifand reversibility of molecular
interactions. Thus, SPR and AFM results, while stigating the same surface but at different scales
(1.4 mnf and 2.5.10 mnf respectively) are coherent.

2.2.3. Paradigm of estrogen receptor sensor

Following the previous procedures, two populatiohpurified (P-DNA) blocks can be grafted on
lipidic chips leading to the establishment of armraggen receptor biosensor including ERE and
reference channels in Biacore 2000 apparatus.

(P-DNA)," and (P-DNA)=RE were immobilized on the lipid matrix reconstituted functionalized
gold sensor chips leading to a homogeneous loaafiridp0 RU for each species. Activated estrogen
receptor (50 nM ER with 1 nM E) was injected and molecular interactions followedeal time
(Figure4).
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Figure 4. Specific interaction between ER and ERE target sequenceAfter 4 hours
incubation of 50 nM ERwith 1 nM E in PBS at 4°C, 300 pl of “activated” receptors
were injected at 20 pl/min on (P-DN&YE (thick curve) or on (P-DNAJ" (thin
curve). The graphic representation of the resudts the mean of four experiments.
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The level of association was highest on the ER&hohl and dissociation event occurred on this
channel whereas none was observed on the refer@ocdrol sequence) indicating a dynamic
equilibrium between DNA target and protein prold&sally at the end of Edinjections, mean values
were more than 3.6 fold higher on ERE target thancontrol sequence (680 RU +/- 127 (10,2
fmol/mn?) versus 186 RU +/- 45 (2,8 fmol/nijrrespectively). The biosensor can be regenerated a
the hybrid layer level by a clearing process of BRDNA), with two pulses of 0.5 M imidazole (data
not shown).

3. Discussion

In the present study, a population of engineeredtepr derived from human microsomal
cytochrome b5 specifically linked to an oligonudlde with a hetero-bifunctional linker was
synthesized to yield a building block called P-DNADNA was a versatile molecular block able to
promote the formation of taller and highly conteallnano-objects. Many strategies can be used to
obtain such supramolecular structures including Hybridization in solution followed by
chromatographic steps or (ii) solid-phase synthaseégegy. Recently, the latter option was succdgsf
used to construct large P-DNA blocks in a DNA netvproject [16]. In our study, reconstitution in
solution was convenient in regard to the final moaolar assembly. Thus, P-DNA blocks were
incubated in a optimized procedure with long oyaslag complementary oligonucleotides to give an
unique supramolecular block called (P-DNAAt the end of hybridization process, excess P-Dixes
easily separated by gel exclusion chromatograplay camplexes of interest were detected by non-
denaturing electrophoresis. Specific stains redealacleic and protein parts of these blocks (see
supplementary result 1). Each (P-DNAJock presented two tags with the -NGHHH-COOH sege
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which allow the interaction with two lipid ancho(®OGS) through coordinated histidine/nickel
binding. Thermodynamically, this structure is metengly associated with the lipidic matrix than P-
DNA and the mechanism of association/dissociatib® Wwell with a kinetic model of “bivalent
analyte” as shown in SPR experiments. Moreoverntay's calibration, in SPR experiments,
demonstrated that 1000 RU corresponds to 1 ng/minmprotein [17]. The amount of complexes
covering the lipidic membrane as determined fronR SBsults was estimated taking into account
molecular mass and area of 75 kDa and 100 nespectively for the (P-DNAYlocks. Based on these
theoretical dimensions, the maximum (P-Dh&yverage achieved was 16.6 fmoles/mun1250 RU.
The amount of 1% of DOGS lipid represented the Enamount of DOGS leading to complete (P-
DNA), immobilization. Upper limit was raised to 10% DOGFd content in order to magnify the
amount of (P-DNA) blocks immobilized. Experimental SPR data did emxateeded 800 RU following
the injection of (P-DNA) blocks, which corresponds to 10 fmoles/miBissociation occurs at this
level of loading and stabilization of the interacs was observed below 6 fmoles/nThe
phenomenon of dissociation of P-DNA has previolsgn demonstrated and resulted from both the
rupture of the chelate-mediated link and the exitvacof lipid anchors from the lipidic matrix [14].
This major drawback was overcome by using two tags (P-DNA) block. However, (P-DNA)
blocks did not bind simultaneously with two DOGS:cArding to the availability of free DOGS in the
lipid matrix, a part of them could link only onedaor domain. These “not fully bound” blocks were
probably released from the surface during experimedn the other hands, when ER sensors were
established, regeneration processes using comgetifdN?* coupling or Nf* chelating agents were
efficient as shown both in SPR and AFM investigagio

In order to better understand events that occuhetsurface of the biochip, we performed AFM
investigations of substrate employed for SPR erpamis. The relevancy and originality of the present
imaging study lies on the fact that visualizatidrspecifically immobilized (P-DNA) complexes was
performed on the same commercial gold chips usedRR characterizations. While this substrate
presents a rough surface, far rougher than theniled usually used for AFM imaging, we managed to
visualize (P-DNA) complexes immobilized on a hybrid membrane andeimonstrate the specificity
and reversibility of this grafting. SPR and AFM ults support the model of (P-DNAromplexes
immobilization through histidine/nickel interact@nindeed, in both methods, grafting of (P-DMA)
blocks is: i) DOGS membrane content dependentsuilfface specific and iii) reversible. The
combination of both techniques is still a challenigeleed, very few studies argue for the use of the
AFM tool to visualize the organization of proteios the same working surface. Indeed, in literature
we can find AFM characterization study of sensasedal on quartz crystal [12] or gold electrode [18].
But, in the first case [12], AFM experiments weotually performed on atomically flat mica, which is
a deeply different surface (flat mica versus rogghl substrates). In the other study [18], whilédgo
electrode presents a clear roughness (islands®hB80[19]), their AFM observations were performed
on atomically flat gold (Au (111)-(1x1)). Thus, d@ppears not evident at all to visualize by AFM
molecules and their interactions “strictly on tle@sor surface”. This increases the weight of aunlyst
since we revealed (P-DNA)complexes specifically and reversibly immobilized similar lipid
surface reconstituted on gold chip through both SRRAFM methods.
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Another challenge concerns the imaging of macrooubée complexes linked to a lipidic carriers in
a lipid bilayer [20]. The lateral mobility of cheiag lipids allows (P-DNA) complexes to move in the
plane of membrane. Such a behavior makes highuttsolimaging of complexes more difficult. Our
AFM images, while highly demonstrative, are prolyalinited in terms of resolution due to this
diffusion. At this stage, it is important to noteat our biosensor offers through its structure (b
bilayer) the possibility to overcome this drawbablecreasing the working temperature would indeed
rigidify the supported membrane (phase transitietwben liquid and gel states still exist with few %
of DOGS in DMPC hybrid bilayers as previously demstosited [14]), thus limiting mobility of (P-
DNA); blocks).

In order to realize an estrogen receptor biosenserhave built two populations of (P-DNA)
blocks presenting respectively the specific palmndgc DNA estrogen response element (ERE) and a
control DNA (ctrl). In preliminary experiments, e populations were reconstituted on the HB at a
level of 2 fmoles/mrh (around 150 RU). On the other side, the bindindgjgeind (such as E2) to the
estrogen receptors induces their dimerization. Thisformational change induced activation of ER
and their interaction with the ERE sequence. Moeed@R protein is known to be really difficult to
store. This nuclear receptor is particularly sévesito the denaturizing and aggregating procesaHs [
Every authors working on SPR based ER/ERE intemaststudies used the samedE®tigin which
was commercialized at 80% of purity and could beatierized or aggregated with time [22-27]. In our
study, the activated ER interacts with the DNA biosor during injection steps and especially with th
ERE sequence. This was illustrated in figure 4, r@ifew minutes after the end of injection, 10.2
fmol/mm?2 of activated ER have strongly interacted with specific ERE targdtereas unspecific
linkage to control sequence reached 2.8 fmol/mniiei®as, due to the large variability of the control
sequences in others publications, it was diffitalcompare ER/control DNA interaction responses.
The level of unspecific signal (27%) obtained wihr biosensor was in the range of previous
publications presented results with control seqasribetween 10 to 50%) [22;24,;26;28].

Moreover, a particular result of our biosensor maespointed out. (P-DNA)surface coverage has
been fixed to 2 fmole/mfrwhich corresponded to 4 fmole/rraf ERE immobilized on the lipidic
matrix. When activated ER was injected at 50 nMirdurl5 min, the specific signal of ER/ERE
interactions reached a plateau at 490 RU, i.e.rara49 ng/mrh or 7.4 fmoles/mrm In these
conditions the efficiency of RE/ERE biorecognitiomgs up to 90%. These first results on
protein/DNA interactions based on this biomolecwdechitecture seem to be promising and will be
further investigated. Finally regeneration of REHERIiosensors were usually based on dsDNA
stripping or denaturizing protein processes [23;28]r biochip offers an alternative to these meshod
which allow overcoming the unspecific adsorption@XA. (P-DNA), blocks linked to ER by affinity
anchorage were simply eliminated by imidazole mjlsdfering a lipidic matrix available for a new
DNA grafting. These preliminary results allowedtosconclude that Edinteraction is mainly ERE
specific, which confers biological relevancy to timsensor.
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4. Experimental Section
4.1. Materials

LC-SPDP (Pierce Biotechnology, Rockford, USA) wagdito link oligonucleotides to modified
cytochrome b5 reduced by 1.4-DiThioTreitol (DTT)ig®a Saint Louis, USA). Oligonucleotides
(Eurogentec, Liege, Belgium) were able to creatd ERR double strand control sequence (Ctrl) by
complementary hybridizations (A1/A3 and A4/A6). MNA structures were purified by
chromatography using DiEthylAminoEthyl (DEAE), InoDiacetic Acid (IDA) and Sephadex G75
gels purchased from Sigma. Lipid surfaces werettated by a mixture of DiMyristoyl-Phosphatidyl-
Choline (DMPC) and 1.2-DiOleoyl-sn-Glycero-3[(N(5@no-1carboxypenty) iminodiacetic acid)]
Succinyl (DOGS) (Aventi Polar Lipids, Albaster, UsAHuman recombinant Estrogen Receptor-
(ERa) (PanVera, Invitrogen Corporation, Carlsbad, US/s conserved at -80°C into 10 pl aliquots
to limit the number of freeze-thaw cycles. Estr&dio-f (Ez) (Sigma, St Louis, USA) was prepared at
1 uM in ethanol and stored at -20°C.

4.2. Supramolecular building

Al (5-AGTTCTTTGATCAGGTCACTGTGACCTGAACTTGCT-3") €260nm = 334.400 M-.cm)
or A4 (5-AGTTCTTTGATACGTCCCATCAAGTCAGACTTGCT-3") f260nm = 335.900 M-.cmi?)
oligonucleotides were coupled to LC-SPDP by incigimator 17 hours in 50 mM phosphate buffer pH
7.5 (called PB) at room temperature with 1/25 malcratio. Excess LC-SPDP was eliminated by ion
exchange chromatography (DEAE) in PB buffer. Oligdeotides linked to the column were eluted
with 1 M NaCl in PB buffer. Coupling efficiency wawaluated in reducing conditions (20 mM DTT).
This reducing agent cleaves LC-SPDP, releasing pyhidine which was quantified by
spectrophotometry at 343 nm. The genetically emgedk cytochrome b5 was previously described
[29]. Briefly, a S24C mutation has been introdudagdirected engineering, to enable protein / linke
coupling. Then, a tag of six amino acids (NGHHH)swadded at the C-terminus to allow IMAC
chromatography processes and grafting on DOGS.

DNA/LC-SPDP complexes were coupled to modified citome b5 €4100m = 117.000 M-.cm™)
through sulfhydril residue bearing by the uniqustein at position 24. This cystein was reduced by a
10-minute incubation at room temperature in DT Temsc(1/10 mole/mole), which was eliminated by
exclusion chromatography (Sephadex G25). DNA/LC-BRDmplexes were incubated with modified
cytochrome b5 (molecular ratio 1/1) at room tempgeaovernight, after which DNA/LC-SPDP/b5
complexes (called P-DNA) were purified in severaps. First, complexes without cytochrome b5
were eliminated by affinity chromatography with iamnodiacetic acid column loaded using a NiCl
solution (0.1 M acetate buffer pH 7.8). All cytoohre b5 bearing DNA or not, were eluted by 1
mg/ml histidine solution (PB buffer). Then P-DNA roplexes were purified by ions exchange
chromatography. Free cytochrome b5 were eliminbie@.25 M NaCl (PB buffer) and P-DNA were
eluted in 1 M NaCl (PB buffer). Complexes were difeatl by spectrophotometric measurements at
260 and 412 nm.

A dimerization process was based on the complemehtdridization properties of DNA that lead
to a structure called the (P-DNA) block. A3 (5-
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AGCAAGTTCAGGTCACAGTGACCTGATCAAAGAATATATAGCAAGTTCAGGTCACAGTGA
CCTGATCAAAGA-3') (260nm = 735.700 M-.cmh) or A6 (5"
AGCAAGTCGTGACTTGATGGGACGTATCAAAGAATATATAGCAAGTCGTGACTTGATGGG
ACGTATCAAAGA-3) (exonm = 739.900 M-.cm?) oligonucleotides, which presented two
complementary domains with respectively A1 and Afjuences, were able to link two P-DNA
complexes. Two molecular ratios between A3 or A@ aorresponding complexes were used to
evaluate the most efficient dimerization processe @ole ssDNA with 3 moles of P-DNA at 4°C in
PB buffer overnight. Theoretically hybridizationogess can lead to the building of three species: i)
complexes (A1/LC-SPDP/bBA3 or (A4/LC-SPDP/b5)A6 called respectively (P-DNAJRF and (P-
DNA),C", i) (A1/LC-SPDP/b5)-A3 or (A4/LC-SPDP/b5)-A6 (Witonly one b5) called respectively P-
(DNA),ERE and P-(DNAY" and iii) A1/LC-SPDP/b5 or A4/LC-SPDP/b5 called pestively P-
DNA®REand P-DNA™. These different species were separated by geitfin (Sephadex G75, 0.1 M
Phosphate Buffer Saline (PBS)). Spectrophotomsttidy was used to identify these different species
by determining the characteristicg(A4;2 ratio.

4.3. Assembling of complexes onto the chip

First, commercial gold chips SIA (GE HealthcareelL8ciences, Pittsburgh, USA) were chemically
functionalized in 1 mM OM (Sigma, Saint Louis, US&) room temperature overnight as previously
published [9]. Then, 1 mM (DMPC)/(DOGS) SUVs wereegmared by extrusion using a 50 nm
polycarbonate membrane in PB buffer. Several DOG®/D ratios were used in this study, from 0.01
to 0.1 range mole/mole, in order to modulate (P-DNsurface density. After wetting the hydrophobic
SAM with 50% ethanol, the surface was washed w@tmM OG. Lipid vesicles spread spontaneously
onto the hydrophobic surface at 25°C. Excess hpas removed by treatment with 20 mM NaOH
leading to a stable baseline. Injections of (P-DN#jto this lipidic surface was performed at 5 ptimi

4.4. REa/ DNA interaction

Interaction study was performed after 50 nMoEiRmerization in the presence of 1 nM (B
hours incubation in PBS at 4°C). Then, receptoutsmh was simultaneously injected onto both (P-
DNA),“" and (P-DNAY=RE channels at 2 pl/min for 15 minutes.

4.5. SPR experiments

SPR experiments were run on BlAcore 2000 (GE Heatth Life Sciences, Pittsburgh, USA) at
25 °C, with a flow rate of 5-5@/min, in PB buffer or in PBS for (P-DNA)graftings and ER
interaction experiments.

4.6. Spectrophotometric characterizations

Spectrophotometric study withAQ00 spectrophotometer (PerkinElmer Instrument, kéalt, USA)
was performed to identify P-DNA species. For catohs, absorbance at 260 nm had to be corrected
to take into account the contribution of cytochrob®eat this wavelength (about 17% of the 413 nm
absorbance value). Molar extinction coefficient2&0 nm of DNA component in (P-DNAE
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2 X Entzoom + Erzzsom -
complexes, for example, Waay: - Azzsom = = “™"  so global coefficient at 260 nm for (P-

1.67

DNA),"FEwas & - onayeremom= E (A1) - A3 zs0m + 2% Ebseonn. FOr P-(DNAY-"Emolar extinction coefficient
£A3260nm

+ gAlZGOnm

8‘-\3260nm
+
2 1.67

was &p - (ONA)2EREzem = Et - Azsom + Ebszeen . Molar  extinction  coefficient of P-DNEE  was
&P - DNAERE 260m = Entzson + Ebszcom . The coefficient at 412 nm was only affected bynber of cytochrome
b5 molecules. Each species present a charactenstlar extinction coefficient ratio. Thus, all
complexes could be discriminated by determining&b® nndA412 nmratio (Table 1).

at 260 nm of DNA part waéh - As:eom = , so global coefficient of P-(DNAJ~F

4.7. AFM characterizations

The AFM used was a Nanoscope lll (Veeco, SantadarlCA). Imaging was performed in contact
and oscillating contact mode (tappigmode) using NPS-oxide sharpened silicon nitridebes
(Veeco) exhibiting spring constants of 0.32 N/mOd8 N/m at resonance frequencies of 8.5 to 9.5
kHz. For the feedback controls, typical values ef@oint for imaging were between 0.5 to 1.5 V,
depending on scan size and drive amplitude inlasiod) contact mode. The oscillation amplitude was
generally maintained at 5-10 nm away from the saxfa

5. Conclusions

To conclude, a macromolecular assembly, called ADédmposed of an engineered cytochrome
b5 and a modified ssDNA was synthesized and charraet. Using a complementary oligonucleotide,
we have demonstrated the possibility to generasepgamolecular assembly called (P-DMNAJhe
optimal conditions to synthesize theses blocks leen established. Theses blocks were reconstituted
on a bio-functionalized gold chip and investigaitegarallel with two biophysical techniques, Sudac
Plasmon Resonance (SPR) and Atomic Force Micros@dpyl). From our knowledge, this is the first
time that such investigations are performed in lfglran the same substrate, i.e. rough gold sutestra
devoted to biosensors. The construction and presedf the sensor were confirmed with both
techniques, especially in term of specificity amyearsibility. We guess that such approach brings
sensor and nanotechnology communities in helpibgteer understanding of events that occur at the
surface of biochip. Finally, an estrogen receptmsénsor was performed. These first results of
specific biomolecular recognitions between EREe-EMNA response element -, and ER - a member of
the nuclear receptor super-family - open up a newraach for developing an estrogen receptor
biosensor and for drugs screening.
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