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a b s t r a c t

Antibodies and artificial families of antigen binding proteins (AgBP) are constituted by a connected set
of hypervariable (or randomized) residue positions, supported by a constant polypeptide backbone. The
residues that form the binding site for a given antigen, are selected among the hypervariable residues. We
showed that it is possible to transform any AgBP of these families into a reagentless fluorescent biosensor,
specific of the target antigen, simply by coupling a solvatochromic fluorophore to one of the hypervari-
able residues that have little or no importance for the interaction with the antigen, after changing this
eywords:
ntibody
ntigen
inding protein
iosensor
luorescence
olvatochromic fluorophore

residue into cysteine by mutagenesis. We validated this approach with a DARPin (Designed Ankyrin
Repeat Protein) and a Nanofitin (also known as Affitin) with high success rates. Reagentless fluorescent
biosensors recognize their antigen in an immediate, quantitative, selective and specific way, without any
manipulation of the sample to analyze or addition of reagent.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Reagentless fluorescent (RF) biosensors can be obtained by inte-
rating a biological receptor, which is directed against the target
nalyte, and a solvatochromic fluorophore, whose emission prop-
rties are sensitive to the nature of its local environment, in a single
acromolecule. The fluorophore transduces the recognition event

nto a measurable optical signal. The use of extrinsic fluorophores,
hose emission properties differ widely from those of the intrin-

ic fluorophores of proteins, tryptophan and tyrosine, enables one
o detect and quantify the analyte in complex biological mixtures.
he integration of the fluorophore must be done in a site where
t is sensitive to the binding of the analyte without perturbing the
ffinity of the receptor (Altschuh et al., 2006; Loving et al., 2010).

The possibility of obtaining, for any antigen considered as an
Please cite this article in press as: Miranda, F.F., et al., Biosens. Bioelectron.

nalyte, RF biosensors which respond to the binding of the antigen
y a variation of fluorescence, would have numerous applications

n micro- and nano-analytical sciences. Antibodies and artificial

∗ Corresponding author at: Institut Pasteur, CNRS URA3012, 25 rue Docteur Roux,
5724 Paris Cedex 15, France. Tel.: +33 1 45688379; fax: +33 1 40613533.

E-mail address: hugues.bedouelle@pasteur.fr (H. Bedouelle).
1 These authors contributed equally to this work.

956-5663/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2011.04.030
families of antigen binding proteins (AgBP) are well suited to pro-
vide the recognition module of RF biosensors since they can be
directed against any antigen. A general approach to integrate a sol-
vatochromic fluorophore in an AgBP when the atomic structure of
the complex with its antigen is known, and thus transform it into
a RF biosensor, has been described recently (Brient-Litzler et al.,
2010). A residue of the AgBP is identified in the neighborhood of
the antigen in their complex. This residue is changed into a cys-
teine by site-directed mutagenesis. The fluorophore is chemically
coupled to the mutant cysteine. When the design is successful, the
coupled fluorophore does not prevent the binding of the antigen,
this binding shields the fluorophore from the solvent, and it can be
detected by a change of fluorescence.

The variable fragments (Fv) of antibodies comprise a polypep-
tide backbone, which is conserved both in sequence and structure,
and six loops of hypervariable residues, which are grafted onto
the backbone and form the antigen binding site (paratope). The
artificial families of AgBPs are similarly constructed. For example,
one may start from a natural family of binding proteins and either
design a canonical polypeptide backbone or select a representative
(2011), doi:10.1016/j.bios.2011.04.030

member from this family (Binz et al., 2003; Drevelle et al., 2009;
Famm et al., 2008; Mouratou et al., 2007; Urvoas et al., 2010). The
residue positions that contribute to antigen binding in the various
elements of the natural family, are identified through a careful anal-

dx.doi.org/10.1016/j.bios.2011.04.030
dx.doi.org/10.1016/j.bios.2011.04.030
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:hugues.bedouelle@pasteur.fr
dx.doi.org/10.1016/j.bios.2011.04.030
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sis of the available structural and functional data (Arcus, 2002;
osavi et al., 2002; Theobald et al., 2003). Generally, these posi-

ions form a connected set on one side of the canonical protein. The
orresponding residues are then randomized at the genetic level to
onstitute a random library of genes, coding for an artificial family
f AgBPs. We refer to the positions of the randomized residues as
ypervariable, by analogy with antibodies. The elements of a ran-
om family that bind a target antigen, are selected in vivo or in vitro
y methods of display that physically link a gene and its product,
.g. phage, ribosome or yeast display (Beste et al., 1999; Binz et al.,
004; Heyd et al., 2003; Jespers et al., 2004; Mouratou et al., 2007;
ord et al., 1997).

The methods for the selection of AgBPs from artificial families
mply that the residues that form structural or energetic contacts

ith the antigen, are mainly located at hypervariable positions.
ntibodies and AgBPs generally use only a subset of the residues
t the hypervariable positions to bind their target antigen and the
ypervariable positions that are not used to form contacts with the
ntigen, are located in its neighborhood (MacCallum et al., 1996).

Here, we explored the possibility of deriving RF biosensors
rom any element of artificial families of AgBPs, in the absence of
pecific structural data, by using their peculiar method of construc-
ion. Our strategy consisted in individually changing the residues
f the hypervariable positions into cysteine at the genetic level,
n chemically coupling a solvatochromic fluorophore with the

utant cysteine, and then in ordering the resulting conjugates
hrough their relative sensitivity sr, that involves both their affinity
or the antigen and their relative variation of fluorescence sig-
al. To validate this approach, we used two different AgBPs, for
hich no specific structural data is available: H4S, a Nanofitin

also known as Affitin) which is directed against hen egg-white
ysozyme (HEL) (Cinier et al., 2009; Pecorari and Alzari, 2008), and

BP3 16, a DARPin which is directed against the MalE protein from
scherichia coli (Binz et al., 2004).

. Materials and methods

.1. Buffers and genetic constructions

Buffer A was 500 mM NaCl, 50 mM Tris–HCl, pH 8.0; buffer B, as
uffer A but pH 7.5; buffer C, 150 mM NaCl, 50 mM Tris–HCl, pH 7.4;
uffer D, 0.005% (v/v) Tween 20, 0.1 mg/mL BSA in buffer C; buffer E,
mM dithiothreitol (DTT) in buffer D; buffer F, 0.005% (v/v) Tween
0 and 5 mM DTT in buffer C.

The E. coli strains NEB-Express-Iq (New England Biolabs),
L1-Blue (Bullock et al., 1987) and AVB99 (Smith et al., 1998)
ave been described. Plasmid pH4S codes for H4S, a Nanofitin
hich is directed against hen egg-white lysozyme (HEL) (Cinier

t al., 2009). The sequence of H4S is identical to that previ-
usly published, except that residue Cys29 has been changed
nto Ser29 (Pecorari and Alzari, 2008). The numbering does not
ake an engineered extension NH2 MRGSHHHHHHG into account
Fig. S1 in Appendix A). Plasmid pQEMBP3 16 codes for MBP3 16, a
ARPin which is directed against MalE (GenBank AY326426) (Binz
t al., 2004). All the recombinant proteins carried a hexahistidine
ag (H6). Changes of residues were introduced by mutagenesis of
he expression plasmids as described (Brient-Litzler et al., 2010).

.2. Production and characterization of proteins and conjugates

The parental protein H4S(wt) and its mutant derivatives were
Please cite this article in press as: Miranda, F.F., et al., Biosens. Bioelectron.

roduced in the cytoplasm of the recombinant strain NEB-Express-
q(pH4S) and derivatives. The MalE protein was produced in the
ytoplasm of XL1-Blue(pQEMBP), bt-MalE in AVB99(pAT224) and
BP3 16 and its mutant derivatives in XL1-Blue(pQEMBP3 16)
 PRESS
electronics xxx (2011) xxx–xxx

and derivatives as described (Binz et al., 2004). The proteins
were purified by affinity chromatography on a column of fast
flow Ni-NTA resin (Qiagen) and eluted with imidazole, in buffer
A or B according to their pI value. The analysis of the purifi-
cation fractions by SDS-PAGE in the presence or absence of
2.5% (v/v, 0.4 M) 2-mercaptoethanol, the quantification of the
protein bands, and the measurement of the protein concentra-
tions by absorbance spectrometry were performed as described
(Brient-Litzler et al., 2010). The pure fractions (>98% homoge-
neous in reducing conditions), were pooled and kept at −80 ◦C. The
conjugates between N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-
7-nitrobenz-2-oxa-1,3-diazole (IANBD ester; Invitrogen) and the
cysteine mutants of either H4S or MBP3 16 were prepared essen-
tially as described (Section S1 in Appendix A) (Brient-Litzler et al.,
2010). The conjugate between 2-mercaptoethanol and the IANBD
ester was prepared by mixing the two molecules in stoechiometric
amounts and then incubating the mixture for 30 min at 25 ◦C. In the
following paragraphs, all the characterizations of proteins and con-
jugates were performed at 25 ◦C. In addition, those of the cysteine
mutants were performed in the presence of 5 mM DTT to reduce
any intermolecular disulfide bond.

2.3. Fluorescence variation and antigen binding: theory

A conjugate (or biosensor) B and antigen A form a 1:1 complex
B:A, with a dissociation constant Kd, according to the reaction:

B + A ↔ B : A (1)

The total concentration [B]0 was kept constant and the total
concentration [A]0 was varied in titration experiments. The fluores-
cence intensity F of the conjugate at a given value of [A]0 satisfies
the following equation:

(F − F0)
F0

= �F

F0
=

(
�F∞

F0

)(
[B : A]
[B]0

)
(2)

where F0 and F∞ are the values of F at zero and saturating con-
centrations of A, �F = (F − F0) and �F∞ = (F∞ − F0) (Renard et al.,
2003). The values of �F∞/F0 and Kd were determined by fitting Eq.
(2), in which [B:A] is deduced from the equations of equilibrium
and mass conservation, to the experimental values of �F/F0, mea-
sured in a titration experiment as described (Eq. (S4) in Appendix
A) (Brient-Litzler et al., 2010; Renard et al., 2003).

The sensitivity s and relative sensitivity sr of a conjugate can be
defined by the following equations for the low values of [A]0, i.e. in
the initial part of the titration curve:

�F = s[A]0 (3)

�F

F0
= sr[A]0

[B]0
(4)

s and sr can be expressed as functions of characteristic parameters
of the conjugate:

sr =
(

�F∞
F0

)(
[B]0

(Kd + [B]0)

)
(5)

s = fbsr (6)

where fb = F0/[B]0 is the molar fluorescence of the free conjugate
(Renard and Bedouelle, 2004). The lower limit of detection ı[A]0 of
the conjugate is linked to the lower limit of measurement of the
(2011), doi:10.1016/j.bios.2011.04.030

spectrofluorometer ıF by the following equations:

ı[A]0 = s−1ıF = s−1
r [B]0

(
ıF

F0

)
(7)

dx.doi.org/10.1016/j.bios.2011.04.030
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.4. Fluorescence variation and antigen binding: measurements

We treated the binding and fluorescence experiments at equi-
ibrium as if the preparations of conjugates were homogeneous.
he binding reactions were conducted by incubating the conjugate
nd antigen (HEL, MalE or BSA) for a fixed duration t, in a volume
f 1 mL with gentle shaking in the dark. We used [B]0 = 0.3 �M and
= 30 min for the H4S conjugates; [B]0 = 1.0 �M and t = 60 min for
he MBP3 16 conjugates. The reactions were carried out in buffer C
r in a mixture v:(1 − v) of calf serum and buffer C. The fluorescence
f the IANBD conjugates was excited at 485 nm and its intensity
easured between 520 and 550 nm with a FP-6300 spectrofluo-

ometer (Jasco). The slit widths of excitation and emission were
espectively equal to 5 nm and 20 nm for the H4S conjugates, and
o 2.5 nm and 5 nm for the MBP3 16 conjugates. The signal of the
ntigen alone was measured in an independent experiment and
ubtracted from the global signal of the binding mixture to give
he specific fluorescence intensity F of each conjugate. The exper-
ments of fluorescence quenching by potassium iodide KI were
erformed in buffer C, essentially as described (Brient-Litzler et al.,
010).

.5. Affinity in solution as determined by competition Biacore

The affinities in solution were determined essentially as
escribed (Brient-Litzler et al., 2010). The binding reactions
etween H4S(wt) and HEL (250 �L) were conducted by incubat-

ng 20 nM of H4S(wt) with variable concentrations of HEL for
0 min in buffer D. The binding reactions between the MBP3 16
erivatives and MalE (100 �L) were conducted by incubating a
xed concentration of MBP3 16 molecules with variable concen-
rations of MalE in buffer F for > 1 h. The wild type MBP3 16(wt)
nd its mutant derivatives were used at a concentration of 50 nM,
xcept those carrying mutations T79C, D81C and W90C, which
ere used at 500 nM to obtain a sufficient signal. The concentra-

ion of the free molecules of either H4S or MBP3 16 derivative was
hen measured by surface plasmon resonance with a Biacore 2000
nstrument (Section S1).

.6. Req measurement by Biacore

The Biacore experiments were performed at a flow rate
f 25 �L min−1 with streptavidin SA sensor chips (Biacore Life
ciences). A first cell of the sensor chip was used as a ref-
rence, i.e. no ligand was immobilized on the corresponding
urface. A second cell was loaded with a high density of the
t-MalE protein (>2000 Resonance Units, RU). The MBP3 16 deriva-
ives, at a concentration C = 50 nM in buffer F, were injected
or 6 min to monitor association. The chip surface was regen-
rated between the runs by injection of 10 mM glycine–HCl,
H 3.0, for 24 s. The experimental data were cleaned up with
he Scrubber program (Biologic Software) and analyzed with
he Biaevaluation 4.1 program (Biacore Life Sciences) to deter-

ine Req, the resonance signal at equilibrium. Req, is related
o the dissociation constant Kd by equation (Nieba et al.,
996):

eq = RmaxC
(8)
Please cite this article in press as: Miranda, F.F., et al., Biosens. Bioelectron.

(C + Kd)

Two independent measurements were performed for each
BP3 16 derivative.
 PRESS
electronics xxx (2011) xxx–xxx 3

3. Results

3.1. Production and oligomeric state of cysteine mutants

Several artificial families of AgBPs have been developed recently.
They are devoid of cysteine residue and have favorable proper-
ties of recombinant expression in E. coli, solubility and stability,
contrary to recombinant antibodies. The Nanofitins are derived
from the Sac7d protein of Sulfolobus acidocaldarius, which has
an oligonucleotide/oligosaccharide binding (OB) fold, and they
comprise 14 randomized positions. Two additional positions, 28
and 39, are not randomized although the residues at the corre-
sponding positions form contacts between some OB-fold proteins
and their cognate partners (Fig. S1 in Appendix A) (Pecorari
and Alzari, 2008). The residues at the 14 randomized positions
of the Nanofitin H4S, directed against hen egg-white lysozyme
(HEL), and at its positions Lys28 and Lys39 were changed indi-
vidually into cysteine by site-directed mutagenesis of the coding
gene.

The Designed Ankyrin Repeat Proteins (DARPins) constitute
a well characterized family of AgBP. The ankyrin modules are
present in thousands of natural proteins and involved in recog-
nitions between proteins (Li et al., 2006; Mosavi et al., 2004).
Consensus sequences of the ankyrin modules have been established
and combinatorial libraries of DARPins generated by random-
ization of the residues that potentially belong to the antigen
binding site, and by assemblage of a few ankyrin modules between
defined N- and C-terminal modules (Binz et al., 2003). The DARPin
MBP3 16 comprises two ankyrin modules and is directed against
the MalE protein of E. coli (Binz et al., 2004). The residues at
the 12 fully randomized positions of MBP3 16 were changed
individually into cysteine while the residues at positions 69
and 102, which are only partially randomized, were neglected
(Fig. S2).

The parental proteins, H4S(wt) and MBP3 16(wt), and their
mutant derivatives were produced in the cytoplasm of E. coli
and purified through their hexahistidine tag to >95% homo-
geneity. The yields of purified protein varied between 4
and 46 mg/L of culture in flask for the H4S derivatives and
between 30 and 100 mg/mL for the MBP3 16 derivatives. For
some mutant proteins, we observed that a small proportion
of the polypeptide molecules were engaged in an intermolec-
ular disulfide bond, through their mutant cysteine residue
(Table S1 in Appendix A).

3.2. Conjugation and its yield

We submitted the purified preparations of the mutant pro-
teins to a reaction of reduction before coupling with the thiol
reactive fluorophore N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-
7-nitrobenz-2-oxa-1,3-diazole (IANBD ester), to break open the
potential intermolecular disulfide bonds and ensure that the
mutant cysteine residue would be in a reactive state. The prod-
ucts of the coupling reaction were separated from the unreacted
fluorophore by chromatography on a nickel ion column. The cou-
pling yield yc, defined as the number of fluorophore groups per
protein molecule, was calculated from the absorbance spectra
of the purified reaction product (72 ± 3% for the H4S conju-
gates; 97 ± 1% for the MBP3 16 conjugates; mean ± SE). The
synthesis yield ys of the coupling procedure, i.e. the proportion
(2011), doi:10.1016/j.bios.2011.04.030

of protein molecules that remained at the end of the pro-
cedure, was similar and high for all the conjugates (65 ± 3%
for the H4S conjugates and 71 ± 2% for the MBP3 16 conju-
gates).

dx.doi.org/10.1016/j.bios.2011.04.030
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Table 1
Properties of H4S conjugates, as derived from fluorescence experiments.

Residue yc �max (nm) fb (FU �M−1) �F∞/F0 Kd (nM) sr

Phe7 0.86 539.0 1760 0.26 ± 0.01 42 ± 13 0.22
Trp8 0.72 536.5 427 1.47 ± 0.04 189 ± 50 0.90
Asn9 0.43 539.0 232 0.52 ± 0.01 7 ± 2 0.50
Val21 0.87 537.0 531 6.30 ± 0.04 296 ± 19 3.17
Trp22 0.77 529.5 4375 0.3 ± 0.1 1226 ± 1141 0.06
Lys24 0.68 536.0 433 8.8 ± 0.1 98 ± 17 6.61
Ala26 0.54 539.0 664 7.9 ± 0.1 206 ± 27 4.66
Lys28 0.75 537.5 1888 0.26 ± 0.01 28 ± 8 0.24
Ser29 0.73 538.5 1428 0.55 ± 0.01 33 ± 6 0.50
Leu31 0.80 538.0 193 4.9 ± 0.4 8356 ± 2754 0.17
Ile33 0.90 537.5 191 nm nm nm
Lys39 0.68 538.5 764 1.65 ± 0.02 126 ± 14 1.16
Asn40 0.65 537.5 458 0.57 ± 0.05 2004 ± 894 0.07
Tyr42 0.69 537.5 286 6.6 ± 0.2 2479 ± 487 0.72
Asp44 0.70 537.0 689 1.50 ± 0.04 623 ± 106 0.49
Thr46 0.85 538.5 1922 0.36 ± 0.01 100 ± 32 0.27

Column 1, residue with which the fluorophore was coupled. yc, number of molecules of fluorophore per molecule of H4S in a purified preparation of the conjugate (coupling
yield); �max, wavelength of the maximal value of F0; fb, molar fluorescence of the free conjugate at �max, calculated with a concentration of conjugate equal to yc[B]0; �F∞/F0,
maximal variation of F at �max; sr, relative sensitivity of the conjugate at a total concentration [B]0 = 0.3 �M; nm, not measurable. The entries for �F∞/F0 and Kd give the
value and associated SE from the fitting of Eq. (2) to the data points in the titration experiments. The fluorescence experiments were performed at 25 ◦C in buffer C. The
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imental conditions. This sr value meant that the fluorescence signal
F increased 6.6-fold faster than the occupancy of the conjugate by
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Fig. 1. Titration of H4S conjugates, monitored by fluorescence. The experiments
were performed at 25 ◦C in buffer C. The total concentration of H4S conjugate, mea-
sured by A280, was equal to 0.3 �M. The total concentration in cognate (HEL) or
xperiments for Trp8, Val21, Lys24, Ala26, Ser29, Leu31 and Lys39 were performe
xcept for Phe7 (R = 0.98) and Trp22 (R = 0.72). The Kd value for H4S(wt) was equal
urve fit; see Section 2.5).

.3. Fluorescence properties of the H4S conjugates

The free H4S conjugates were excited at 485 nm and their
mission spectra were recorded. The maximum of fluorescence
ntensity had a wavelength �max that varied slightly between
onjugates and ranged from 529.5 to 540 nm. The experiments
f spectrofluorometry with the H4S conjugates were performed
t their �max value thus determined and at a total concentra-
ion of conjugate [B]0 = 0.3 �M. The fluorescence intensities F0
f the free conjugates were comprised between 37 and 1921
U (arbitrary fluorescence units) at this concentration and corre-
ponded to molar fluorescences fb between 191 and 4375 FU �M−1

Table 1).
We tested the responsiveness of the H4S conjugates to the

inding of their HEL antigen by measuring the relative varia-
ion �F/F0 = (F − F0)/F0 in their fluorescence intensity F between
heir HEL-bound and free states. Titrations of the conjugates were
erformed with ≥17 different concentrations of antigen (Fig. 1).
he dissociation constant Kd and maximal variation �F∞/F0 were
educed by fitting Eq. (2), which links �F/F0 and the total concen-
ration of antigen [A]0, to the experimental data points (Section 2.3).
he values of Kd varied widely between conjugates, between 7 nM
nd 8 �M. The value of �F∞/F0 was >0.5 for 11 of the conjugates,
.e. F increased by >1.5-fold on HEL binding (Table 1).

.4. Ranking of the H4S conjugates

The conjugates gave a wide range of values for �F∞/F0 and Kd.
e classified them according to their relative sensitivity sr. This

arameter relates the relative variation �F/F0 of the fluorescence
ignal to the relative concentration [A]0/[B]0 of antigen for the low
alues of the latter, where [A]0 and [B]0 are the total concentra-
ions of antigen and conjugate, respectively, in the titration reaction
Eq. (4); [A]0/[B]0 can be viewed as the concentration of antigen,
ormalized to the concentration of conjugate). sr is an intrinsic
imensionless parameter. Its value does not depend on the spec-
rofluorometer or its set up, and should remain constant between
Please cite this article in press as: Miranda, F.F., et al., Biosens. Bioelectron.

xperiments, instruments and laboratories. The value of sr depends
n the values of [B]0 and Kd according to a Michaelis–Menton law
nd its maximal value is equal to �F∞/F0 (Eq. (5)). The lower limit
f detection of a conjugate can then be deduced from that of the
plicate with identical results. The Pearson parameter in the fittings was R > 0.992
.3 ± 1.6 nM, as measured by competition Biacore at 25 ◦C in buffer D (value ± SE in

spectrofluorometer, knowing its total concentration [B]0, value of
sr and molar fluorescence fb (Eq. (7)).

We calculated the variation of sr for each H4S conjugate
as a function of [B]0 from its Kd and �F∞/F0 values (Fig. 2).
These variations showed that the classification of the conjugates
according to their values of sr could vary as a function of [B]0.
For [B]0 ≤ 0.45 �M, the coupling positions ranked in the follow-
ing decreasing order, i.e. starting with the highest sensitivity sr:
Lys24 > Ala26 > Val21 > Lys39 > Trp8 > Tyr42 (Table 1 and Fig. 2). The
conjugate at position Lys24, H4S(K24ANBD), had a value sr = 6.6
when used at a concentration [B]0 = 0.3 �M, and a lower limit
of detection �[A]0 = 0.68 nM since our spectrofluorometer could
(2011), doi:10.1016/j.bios.2011.04.030

non-cognate (BSA) antigen is given along the x axis; data points at 8.0 �M are not
shown in the figure. The continuous curves correspond to the fitting of Eq. (2) to the
experimental values of �F/F0 (Section 2.3). HEL as antigen: closed diamonds, fluo-
rophore at position Trp8; closed triangles, Val21; closed circles, Lys24; open circles,
Ala26; open triangles, Lys39. BSA as antigen: open diamonds, Lys24.

dx.doi.org/10.1016/j.bios.2011.04.030
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Fig. 2. Relative sensitivities sr of the H4S conjugates at 25 ◦C in buffer C as a func-
tion of their concentration. This figure is a plot of Eq. (5), using the parameters listed
in Table 1. The sr parameter relates the relative variation of fluorescence intensity
�F/F0 and the relative concentration of antigen [A]0/[B]0 for the low values of [A]0,
where [A]0 and [B]0 are the total concentrations of antigen and conjugate in the bind-
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Table 2
Properties of Cys mutants of MBP3 16.

Mutation Req (RU) Kd (nM) ��G (kcal mol−1)

WT 400 ± 2 43.2 ± 0.4 0.00 ± 0.01
M43C 354 ± 3 32 ± 2 −0.17 ± 0.03
N45C 364 ± 1 27 ± 4 −0.27 ± 0.09
F46C 8 ± 1 >1000 >2
V48C 264 ± 3 73 ± 7 0.31 ± 0.06
Y56C 4.2 ± 0.1 >1000 >2
W57C 5.3 ± 0.2 >1000 >2
S76C 468 ± 4 19 ± 4 −0.5 ± 0.1
A78C 313 ± 2 31 ± 2 −0.19 ± 0.03
T79C 56 ± 1 257 ± 9 1.06 ± 0.02
D81C 53 ± 1 290 ± 59 1.1 ± 0.1
K89C 239 ± 1 60 ± 4 0.20 ± 0.04
W90C 25 ± 1 972 ± 185 1.8 ± 0.1

The experiments were performed at 25 ◦C in buffer F. WT, parental MBP3 16 protein;
Req, Biacore signal at steady state for the binding of the DARPin to immobilized
bt-MalE; Kd, dissociation constant between the DARPin and MalE, as measured in
solution by competition Biacore; �G = −RT ln Kd, free energy of interaction between
the MBP3 16 mutant and MalE; ��G, variation of �G resulting from the mutation.
The mean value and SE are given for Req in two independent experiments; for the Kd

of the parental DARPin in four independent experiments; for the K s of the mutant
ng reaction, respectively (Eq. (4)). Closed diamonds, fluorophore at position Trp8;
losed triangles, Val21; closed circles, Lys24; open circles, Ala26; open triangles,
ys39; open diamonds, Tyr42.

ts antigen, both in relative terms, for low concentrations of HEL.

.5. Specificity, selectivity and mechanism of signal variation

We further characterized the H4S(K24ANBD) conjugate. To test
ts specificity of recognition, we compared its titrations with HEL
nd bovine serum albumin (BSA). H4S(K24ANBD) weakly bound
SA with values of Kd much higher and values of �F∞/F0 much

ower than for HEL: Kd = 1.0 ± 0.3 �M and �F∞/F0 = 0.26 ± 0.01
Fig. 1). As a result, the sensitivity sr of H4S(K24ANBD) was 106-
old lower for BSA than for HEL. Therefore, the variation of the �F/F0
ignal was indeed specific for HEL, the cognate antigen.

The selectivity of a biosensor refers to its recognition of a par-
icular analyte in a complex mixture without interference from
ther components (Vessman et al., 2001). We characterized the
electivity of the H4S(K24ANBD) conjugate by comparing its flu-
rescence properties in serum and in a defined buffer. As a control,
e used a conjugate between IANBD and 2-mercaptoethanol. We

bserved that the fluorescence response of the H4S conjugate was
ower in serum than in buffer, due to the absorbance of light by
he serum, and that some molecules of the serum interacted with
he 2-mercaptoethanol conjugate. However, H4S(K24ANBD) was
perational in ≤50% serum (see Section S2 of Appendix A).

The fluorescence of the H4S(K24ANBD) conjugate was quenched
y potassium iodide (KI), both in its free and HEL-bound states.
he quenching varied linearly with the concentration of KI. The
orresponding value of the Stern–Volmer constant was higher
or the free state of the conjugate than for its HEL-bound state:
SV = 6.7 ± 0.1 M−1 versus 2.5 ± 0.1 M−1. These results showed that
he fluorescence increase was due to a shielding of the fluo-
escent group from the solvent by the binding of the antigen
Fig. S4; see Section S2 of Appendix A for details).

.6. Affinities of H4S(wt) and its conjugates
Please cite this article in press as: Miranda, F.F., et al., Biosens. Bioelectron.

The dissociation constants Kd in solution between the H4S con-
ugates and HEL were determined by titrations, monitored with
uorescence (Fig. 1). This method was not applicable to the parental
rotein H4S(wt). We therefore determined its Kd value in solu-
d

DARPins in the fitting of the equilibrium equation to the experimental data; and for
��G as deduced from SE on the Kd values (Eqs. (S8) and (S9)).

tion by experiments of competition Biacore and found that it was
equal to 40.3 ± 1.6 nM (Section 2.5). Comparison of the Kd values
for H4S(wt) and its conjugates, all of them determined in solution,
showed that the conjugates could be distributed in three subsets,
according to their Kd values: subset R1, composed of the six con-
jugates whose Kds were strongly increased, by >15-fold, relative
to H4S(wt); subset R2, the six conjugates whose Kds were weakly
increased, by <7.5-fold; and subset R3, the four conjugates whose
Kds were unaffected or even improved. Additional experiments
showed that the increase in Kd could result from the change of
the target residue into Cys or from the coupling of the fluorophore
(Section S2).

3.7. Cysteine scanning of the randomized positions in MBP3 16

The above and previous results suggested to avoid the residues
whose change into Cys strongly increases Kd since the coupling of
a fluorescent group exceptionally reverts the deleterious effect of
such a mutation. For MBP3 16, we therefore chose first to identify
the changes of the randomized positions into Cys that decreased
its affinity for the MalE protein and then to restrict the construc-
tion and characterization of conjugates to the other randomized
positions.

We characterized the properties of recognition between the Cys
mutants of MBP3 16 and MalE by two methods, using the Biacore
instrument. This characterization was performed in the presence of
dithiothreitol (5 mM) to eliminate intermolecular disulfide bonds.
In a preliminary experiment, we immobilized a biotinylated form
of MalE (bt-MalE), on a streptavidin sensor chip, injected each of
MBP3 16(wt) and its mutant derivatives onto the chip at a fixed
concentration (50 nM) in the liquid phase, and measured the vari-
ation of resonance signal at equilibrium Req. The Req value for
MBP3 16(wt) was equal to 400 ± 2 RU (Resonance Units). The four
mutations that changed aromatic residues, F46C, Y56C, W57C and
W90C, decreased the value of Req below 25 RU. The other mutations
affected Req to varying extent, with values comprised between 53
and 468 RU (Table 2).

Except for the mutants at positions 46, 56 and 57, the Req values
(2011), doi:10.1016/j.bios.2011.04.030

were large enough to allow the determination of the dissociation
constant Kd between the mutant DARPins and MalE by experiments
of competition Biacore in solution (Table 2; Fig. S5). The Kd value for
MBP3 16(wt) was equal to 43.2 ± 0.4 nM. Six mutations changed Kd

dx.doi.org/10.1016/j.bios.2011.04.030
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Table 3
Properties of MBP3 16 conjugates, as derived from fluorescence experiments.

Residue yc �max (nm) fb (FU �M−1) �F∞/F0 Kd (nM) sr

Met43 1.13 540 37.9 ± 0.5 0.46 ± 0.01 153 ± 38 0.40
Asn45 1.03 539 23.5 ± 0.1 1.69 ± 0.03 248 ± 35 1.35
Ser76 1.02 538 32.8 ± 0.1 0.65 ± 0.01 79 ± 16 0.61
Ala78 0.58 538 27.0 ± 0.3 1.00 ± 0.03 146 ± 35 0.83
Lys89 1.05 535 6.5 ± 0.1 5.8 ± 0.1 687 ± 57 3.46

T for the definition of the parameters. sr, relative sensitivity of the conjugate at a total
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Fig. 3. Positions of the hypervariable positions in a structural model of H4S. The
model was created with the Swiss Model program in the alignment mode and the
crystal structure of the Sac7d protein at a resolution of 1.6 Å as a template (PDB:
1azp) (Arnold et al., 2006; Robinson et al., 1998). Red, positions where the cou-
pling of the fluorophore strongly decreased the free energy of interaction between
H4S and HEL (��G ≥ 1.5 kcal mol−1); green, positions where the coupling mildly
decreased the energy of interaction (0.5 ≤ ��G ≤ 1.2 kcal mol−1) and resulted in the
he experiments were performed at 25 ◦C in buffer C. See the legend of Table 1
oncentration [B]0 = 1.0 �M.

y less than 2-fold; two mutations, T79C and D81C, increased Kd
y 6-fold; four mutations, changing aromatic residues and listed
bove, increased Kd by more than 20-fold. We observed that the
alues of Req and Kd were non-linearly correlated. Thus, Req could
e a useful approximation of Kd (Fig. S6).

.8. Fluorescence properties and ranking of MBP3 16 conjugates

We studied the conjugates of the five best Cys mutants, i.e. those
hose Kd values were lower than 60 nM and which corresponded to
ositions Met43, Asn45, Ser76, Ala78 and Lys89. As described above
or the H4S conjugates, the free MBP3 16 conjugates were excited
t 485 nm and their emission spectra were recorded. The value of
max varied slightly between conjugates, from 535 to 540 nm. The
xperiments of spectrofluorometry with the MBP3 16 conjugates
ere performed at their �max value and at a total concentration

B]0 = 1.0 �M. The titrations of the conjugates by the antigen were
erformed with ≥14 concentrations of MalE (Fig. S7). The deduced
alues of Kd varied between 80 and 690 nM, i.e. between 1.8 and
6 times the value for MBP3 16(wt). The values of �F∞/F0 varied
etween 0.46 and 5.8 (Table 3).

The ranking, according to sr, of the five MBP3 16 conjugates
hat we studied in detail, was the following when their concen-
ration was [B]0 ≥ 0.16 �M: Lys89 > Asn45 > Ala78 > Ser76 > Met43
Fig. S8). The lower limits of detection varied widely as a func-
ion of [B]0. Its value for the MBP3 16(K89ANBD) conjugate was
qual to 4.3 nM for [B]0 = 1.0 �M, i.e. the concentration at which
e performed our experiments.

. Discussion

We have developed a general approach to construct RF biosen-
ors from the members of artificial families of AgBPs and validated
his approach with the H4S Nanofitin and the MBP3 16 DARPin. The
inding site for the antigen is constituted by a number of hypervari-
ble (or randomized) residues, supported by a constant polypeptide
ackbone. The hypervariable residues form a connected set at the
urface of the AgBP and only a subset of them is used to bind a given
ntigen. As a result, some hypervariable residues are located in the
eighborhood of the antigen binding site without belonging to this
ite.

Comparison of the Kd values for H4S(wt) and its conju-
ates showed that conjugation of the fluorophore at positions
rp22, Leu31, Ile33, Asn40, Tyr42 and Asp44 strongly decreased
he free energy of interaction �G between H4S and HEL
��G ≥ 1.5 kcal mol−1, subset R1). Conjugation at positions
rp8, Val21, Lys24, Ala26 and Lys39 affected it more mildly
0.5 ≤ ��G ≤ 1.2 kcal mol−1, subset R2). Conjugation at positions
he7, Asn9, Lys28, Ser29 and Thr46 did not affect adversely the
nteraction (��G ≤ 0.5 kcal mol−1, subset R3). These experiments
Please cite this article in press as: Miranda, F.F., et al., Biosens. Bioelectron.

uggested that the residues of subset R1, which form a continuous
atch at the surface of H4S, belonged to the binding site for HEL;
hat the residues of R2 were at the periphery of the binding site;
nd that those of R3 were located outside of it (Fig. 3). The posi-
most sensitive conjugates; yellow, positions where the coupling did not decrease
the interaction (��G ≤ 0.5 kcal mol−1) and resulted in little sensitive or insensitive
conjugates.

tions that gave the most sensitive conjugates belonged to subset
R2 (Table 1).

To identify the antigen binding site of MBP3 16, we changed
the residues of its randomized positions individually into cysteine,
and measured the Kd values between the corresponding mutant
proteins and their MalE antigen. Six among the 12 mutations of the
randomized positions decreased the interaction between MBP3 16
and MalE by ��G > 1.1 kcal mol−1. These six residues form a tight
cluster of residues at the surface of the canonical DARPin structure
(Kohl et al., 2003). We obtained MBP3 16 conjugates with good
sensitivities by targeting the hypervariable residues of MBP3 16
that were not important for the interaction with the antigen, as
deduced from a Cys scanning, i.e. those that did not belong to the
above cluster (Tables 2 and 3).

5. Conclusion

Thus, we showed that one can generate RF biosensors from
artificial families of AgBPs by targeting, for the coupling of a fluo-
rophore, the hypervariable positions that are little or not important
(2011), doi:10.1016/j.bios.2011.04.030

for antigen binding. This approach is also valid for the natural fam-
ily of antibodies, as shown retrospectively by our previous results
(Renard et al., 2003). It could be applied to different types of fluo-
rophores, e.g. ratiometric or working in the infra-red region of the

dx.doi.org/10.1016/j.bios.2011.04.030
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ight spectrum. Moreover, by engineering the affinity of a conju-
ate through mutagenesis, it is possible to generate RF biosensors
hose dynamic interval spreads over several orders of magnitude

r, on the contrary, to generate derivatives whose affinity is abol-
shed and which can be used as negative controls (Renard and
edouelle, 2004). Reagentless fluorescent biosensors generated
y this approach have numerous applications in health, envi-
onment, industrial processes, defense and fundamental research
s they enable one to detect an antigen in a specific, selective,
mmediate and quantitative way, without any manipulation of the
nalyte sample or addition of reagent. The implementation of such
iosensors could be done straightforwardly by using miniaturized

ow-cost optical devices.
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