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ABSTRACT: The variable fragment (Fv) of an antibody can be transformed into a reagentless fluorescent
biosensor by mutating a residue into a cysteine in the neighborhood of the paratope (antigen-binding site)
and then coupling an environment-sensitive fluorophore, e.g.,N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-
7-nitrobenz-2-oxa-1,3-diazole (IANBD ester), to the mutant cysteine. For some residues, named operational,
the formation of the conjugate does not affect the affinity of the Fv fragment for the antigen, and the
binding of the antigen generates a measurable variation in the fluorescence intensity of the conjugate. We
tested if this signal variation could be increased by coupling several molecules of fluorophores to the
same molecule of Fv. Seven operational residues have been previously identified in the single-chain Fv
(scFv) of monoclonal antibody D1.3 (mAbD1.3), directed against lysozyme. Ten double mutants of
scFvD1.3, involving these residues, were constructed and coupled to the IANBD ester. The fluorescence
of the double conjugates revealed a transfer of resonance energy between the two identical fluorescent
groups. This homotranfer could be more important in the free state of the conjugate than in its antigen-
bound state and increase its sensitivity for the detection of the antigen by up to 2.9-fold. A poorly sensitive
conjugate could be improved by coupling a second molecule of fluorophore to residues located far from
the paratope. Mutations altering the affinity of scFvD1.3 for lysozyme were introduced into one of its
fluorescent conjugates. Using a mixture of three mutant derivatives of this unique conjugate, we could
titrate lysozyme with precision in a concentration range encompassing 3 orders of magnitude.

A signal-transducing receptor generally comprises an
extracellular domain that recognizes a specific molecular
signal, a transmembrane domain through which the signal
is transmitted to the interior of the cell and an intracellular
domain through which the signal is transformed and ampli-
fied, eventually in the form of second messenger molecules.
These three domains are assembled in a single-receptor
macromolecule (1). Similarly, a biosensor transforms a
specific molecular signal into an electrical signal and
comprises several modules: a recognition module, which can
be biological or biomimetic; a transduction module, which
tranforms the recognition event into a measurable signal; and
a module of data evaluation. The recognition and transduction
modules are integrated into a compact device. A biosensor
can function without additional reagent, provide quantitative
analytical information, and follow the concentration of an
analyte continuously. Important characteristics of a biosensor
are its specificity and selectivity, the sensitivity, linearity and
speed of the response, the dynamic range of the measure-
ments, the possibility of calibration and accuracy (2).

In a previous work, we have shown that it is possible to
transform any antibody into a reagentless fluorescent im-
munosensor. The antibody is used in the form of a single-
chain variable fragment (scFv).1 A residue of this fragment
is identified in the neighborhood of the antigen in their
complex. This residue is changed into a cysteine by site-
directed mutagenesis. A fluorophore is chemically coupled
to the mutant cysteine. The binding of the antigen shields
the fluorophore from the solvent and can be detected by a
change of fluorescence. We have established and validated
rules of design to choose the coupling residue, either from
the three-dimensional structure of the complex between the
antibody and antigen or from mutagenesis data on the
complementary determining regions (CDRs) of the antibody,
so that the fluorophore does not perturb the affinity for the
antigen. The above approach and rules of design have
enabled us to construct seven operational conjugates from
monoclonal antibody D1.3 (mAbD1.3), which is directed
against hen egg-white lysozyme (HEL), and four operational
conjugates from antibody mAb4E11, which is directed
against the dengue virus (3, 4). These two antibodies had
average properties of antigen recognition, with dissociation
constants equal to 6 nM for mAbD1.3 and 0.1 nM for
mAb4E11.
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Such reagentless fluorescent immunosensors have all of
the constitutive characteristics of biosensors. Their recogni-
tion module (the scFv fragment) and transduction module
(the fluorophore) are assembled in a single macromolecule.
They function without additional reagent. Their fluorescence
intensity increases linearly with the concentration of antigen
within the dynamic range and enables its quantitative
measurement. They are as specific for the antigen as their
parental antibody because they have the same affinity. They
can function in a complex mixture like serum and thus are
selective. The measurement can be continuous because it
relies on the reversible thermodynamic equilibrium between
the immunosensor, its antigen, and their complex. The
dynamic range of the concentration in the antigen can extend
up to 80% of the concentration in the immunosensor, if the
latter is saturating, and cover more than 1 order of magnitude
(3, 4).

We searched for a general approach to improve the
sensitivity and dynamic range because these parameters are
critical for numerous applications. A priori, both the recogni-
tion and transduction modules of a biosensor can be
engineered. However, because they are integrated in the same
macromolecule, it is essential to understand how the engi-
neering of each of them affects the overall performance of
the biosensor. In the present study, we established the
theoretical relation between the fluorescence signal and the
concentration of analyte, as a function of the physicochemical
characteristics of a reagentless fluorescent immunosensor.
This relation enabled us to precisely define the sensitivity
of an immunosensor and determine the parameters on which
it depends. We attempted to capitalize on the additivity of
the fluorescence intensities to improve the sensitivity of our
immunosensors. We introduced two Cys residues into the
scFvD1.3 fragment by mutagenesis and chemically coupled
two fluorophore groups on each of these mutant scFvD1.3
molecules. The characterization of the conjugates that we
obtained from 10 double mutants revealed fluorescence
resonance energy homotransfers (FREHTs) between the two
identical fluorescent groups (5). The FREHT phenomenon
was more important in the free state of the conjugates than
in their complex with lysozyme. This differential FREHT
could result in a 3-fold improvement of the conjugate
sensitivity.

The dynamic range of an immunoassay has rarely been
engineered to our knowledge. The surface concentration
on the solid support is generally the only parameter that
can be adjusted. The affinity of the antibody cannot be
exploited, because a low affinity for the antigen results in
the dissociation of their complex during the washing steps.
In contrast, a reagentless fluorescent immunosensor func-
tions at equilibrium and without any washing step. There-
fore, such an immunosensor should be able to dose its
antigens at concentrations higher than its own. To test this
hypothesis, we introduced additional mutations into a
scFvD1.3 conjugate and thereby modulated its affinity for
lysozyme. The fluorescence properties of the conjugate were
not affected by the additional mutation, and the effects of
the latter on affinity were the same in the context of the
parental scFvD1.3 fragment as in the context of the conju-
gate. Thus, it was possible to engineer the transduction and
binding properties of the conjugate independently. A mixture

of three mutant derivatives of the same scFvD1.3 conjugate,
with different affinities for lysozyme, enabled us to dose it
precisely over a dynamic range covering 3 orders of mag-
nitude.

THEORY

Equilibrium between the Conjugate and Antigen.Let B
be a biosensor; A, its antigen; and C, their complex. They
associate according to the reaction

The law of mass conservation gives

where [A]0 and [B]0 are the total concentrations of A and B
in the reaction, respectively.

At equilibrium, the law of mass action gives

where KD is the dissociation constant between A and B.
Combining eqs 1.2 and 1.3 gives

A biosensor with a weak affinity for its antigen can be
used at a concentration [B]0 much lower than itsKD. In this
condition, one successively deduces from eq 1.2, [B]< [B]0

, KD; from eq 1.3, [C], [A]; from eq 1.2, [A] ≈ [A] 0;
and from eqs 1.2-1.3

which is the equation for the saturation of B by A.
Fluorescence of the Conjugates.In a previous work (4),

we have established that ifF is the global fluorescence
intensity of a biosensor in a reaction mixture;F0 andF∞ are
its signals at zero and saturating concentrations of antigen;
fa, fb, and fc, are the molar fluorescence intensities of the
antigen, free biosensor, and complex between the biosensor
and antigen, respectively, then

with the notations of the first paragraph of this section. In
the following, we note∆F ) F - F0, ∆F∞ ) F∞ - F0, and
∆fc ) fc - fa - fb. Then

Because the value offa is usually negligible at the wavelength
of the measurements,∆fc ≈ fc - fb.

SensitiVity of the Conjugates and Lower Limit of Detection.
Because [C] is a function of [A]0, it can be developed into

A + B T C (1.1)

[A] 0 ) [A] + [C] [B] 0 ) [B] + [C] (1.2)

KD ) [A][B]/[C] (1.3)

[C]2 - [C](KD + [A] 0 + [B]0) + [A] 0[B]0 ) 0 (1.4)

[C] ≈ [A] 0[B]0/(KD + [A] 0) (1.5)

F0 ) fb[B]0 (2.1)

F∞ ) (fc - fa)[B]0 (2.2)

(F - F0)/F0 ) ((F∞ - F0)/F0)([C]/[B] 0) (2.3)

F ) F0 + ∆fc[C] (2.4)
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a Taylor series in the neighborhood of [A]0 ) 0. In these
conditions, an approximation of eq 2.3 is given by

The differentiation of eq 1.4 gives

For [A]0 ) 0, which implies [C]) 0, eq 3.2 gives

Combining eqs 3.1 and 3.3 gives, for the low values of [A]0

Combining eqs 2.1, 2.2, and 3.4 gives, for the low values of
[A] 0

The sensitivity s, relating ∆F and [A]0, the relative
sensitivity sr, relating ∆F/F0 and [A]0/[B]0, and the lower
limit of detection of the biosensor can be deduced from eqs
3.4 and 3.5

WhenKD , [B]0, eqs 3.6-3.8 simplify into

The value ofs depends on the spectrofluorometer and its
setup. This dependency did not interfere with our compar-
ison of various conjugates because all of our measure-
ments were done with the same spectrofluorometer, setup
of the instrument, and rhodamine 101 as the internal stand-
ard. However,s does not enable one to compare the per-
formances of conjugates between different laboratories. In
contrast, the values ofsr and of the lower limit of detec-
tion δ[A] 0 are independent of the spectrofluorometer and of
its setup. Equations 3.7 and 3.9 justify our use of the ratio
∆F∞/F0 to compare conjugates in our previous studies
(3, 4).

Mixture of Immunosensors.The affinity of one scFvD1.3
conjugate for lysozyme was engineered by mutations. Three
biosensors Bi, i ) 1, 2, or 3, which derived from this same
conjugate and hadKDi values as respective dissociation
constants, were mixed in equimolar amounts and used to
titrate antigen A. In such conditions, eqs 1.1 and 1.3 hold
for each biosensor Bi and eq 1.2 is replaced by

where [Ci] is the concentration of the complex between Bi

and A. The solution of this set of equations is given by an

equation of the fourth power and is difficult to fit to the
experimental data. We therefore assumed that, ifK1 , [B i]0

, K2 < K3 for i ) 1, 2, and 3, then B1 binds A independently
of B2 and B3. Equations 1.4 and 1.5 then give

where [A]r ) [A] 0 - [C1] ) [A] + [C2] + [C3]. We checked
that the above assumption was valid by comparing numerical
solutions of the exact and approximate (4.2-4.4) sets of
equations (Figure 1). We found experimentally that the three
biosensors, which we derived from the same conjugate, had
identical values for their molar intensities of fluorescencefb
andfc (see the Results). In these conditions, eqs 2.1 and 2.4
give

whereF0 is the signal of the mixture of biosensors, each at
a concentration [Bi]0 and in its free state.

Titration of Immunosensors by SuccessiVe Additions of
Antigen.A biosensor, at an initial concentration [B]1 in an
initial volume V1, was titrated by addition of increasing
volumesV from a stock solution of antigen at concentration
[A] 1. In general, volumeV resulted from successive additions
of small aliquots. The law of mass conservation gives

If we note thata ) [B]1/[A] 1, then [B]0 ) [B]1 - a[A] 0, and
eqs 1.4 and 1.5 can be rearranged as

∆F/F0 ≈ (∆F∞/F0)(d[C]/d[A]0)[A] 0)0([A] 0/[B]0) (3.1)

(2[C] - KD - [A] 0 - [B]0)d[C] + ([B]0 -
[C])d[A] 0 ) 0 (3.2)

(d[C]/d[A]0)[A] 0)0 ) (1 + (KD/[B]0))
-1 (3.3)

∆F/F0 ≈ (∆F∞/F0)(1 + (KD/[B]0))
-1([A] 0/[B]0) (3.4)

∆F ≈ ∆fc(1 + (KD/[B]0))
-1[A] 0 (3.5)

s ) ∆fc(1 + (KD/[B]0))
-1 (3.6)

sr ) (∆F∞/F0)(1 + (KD/[B]0))
-1 (3.7)

[A] 0 ≈ (1 + (KD/[B]0))(∆F/∆fc) (3.8)

s≈ ∆fc sr ≈ ∆F∞/F0 ) ∆fc/fb [A] 0 ≈ ∆F/∆fc (3.9)

[A] 0 ) [A] + ∑[Ci] and [Bi]0 ) [B i] + [Ci] ) constant
i ) 1, 2, or 3 (4.1)

FIGURE 1: Numerical simulation of the interaction between three
mutant derivatives of an antibody and its antigen. The dissociation
constantsKD1, KD2, andKD3 of the three mutant derivatives were
equal to 8, 830, and 6100 nM, respectively. The total concentration
of the complex∑[Ci], i ) 1, 2, and 3, was calculated as a function
of the total concentration in the antigen [A]0 according to two
different models. The full model assumed that the three antibody
derivatives were simultaneously in equilibrium with their common
antigen (thin line). The simplified model assumed that the high-
affinity derivative formed a complex with the antigen independently
of the two low-affinity derivatives (dotted line). The total concen-
tration [Bi]0 of each antibody derivative was equal to 500 nM. The
difference in∑[Ci] when going from the full model to the simplified
model was compared to the value of∑[Ci] in the full model (relative
error; thick line).

[C1]
2 - [C1](KD1

+ [A] 0 + [B1]0) + [A] 0[B1]0 ) 0 (4.2)

[C2] ≈ [A] r[B2]0/(KD2
+ [A] r) (4.3)

[C3] ≈ [A] r[B3]0/(KD3
+ [A] r) (4.4)

F ) ∑(fb[B i]0 + ∆fc[Ci]) ) F0 + ∆fc(∑[Ci])
i ) 1, 2, and 3 (4.5)

(V1 + V)[B]0 ) V1[B]1 (V1 + V)[A] 0 ) V[A] 1 (5.1)
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If [A] 0 , [A] 1 for every value of [A]0 in the experiment or
equivalently ifV , V1 for every value ofV, eq 5.3 simplifies
into

If in addition [B]1 , [A] 1, eq 5.2 simplifies into

A comparison between eqs 5.4 and 1.5 and between eqs 5.5
and 1.4 shows that the difference between [B]0 and [B]1 can
be neglected if the above conditions are satisfied. However,
[A] 0 has to be calculated from eq 5.1 if eqs 5.2-5.5 are
applied. A similar reasoning can be applied to eqs 4.2-4.4.

MATERIALS AND METHODS

Construction and Production of the Conjugates.Buffer
A contained 50 mM Tris-HCl (pH 7.5) and 150 mM NaCl.
Phagemid pMR1, coding for the scFvD1.3 fragment has been
described (3). The fluorophoreN-((2-(iodoacetoxy)ethyl)-
N-methyl)amino-7-nitrobenz-2-oxa-1,3-diazole (IANBD es-
ter) was purchased from Molecular Probes. Mutations were
constructed by the Kunkel’s method, with the single-stranded
DNA of pMR1 or mutant derivatives of pMR1 as the
template (6). The mutant scFvs were produced in the
periplasmic space ofEscherichia coli, purified, and coupled
with the fluorophore as described (3). The yield of coupling
between the fluorophore and the scFv mutants was calculated
from their absorbance spectra as described, withε280-
(scFvD1.3) ) 51.13 mM-1 cm-1, ε280(-S-ANBD) ) 2.1
mM-1 cm-1, and ε500(-S-ANBD) ) 31.6 mM-1 cm-1 (3).

Molar Fluorescences of the Conjugates.The fluorescences
of the IANBD ester group and of its conjugates with the
scFvD1.3 fragment were recorded with a Perkin-Elmer LS-
5B spectrofluorometer and rhodamine 101 as an internal
reference. The wavelength of the excitation light was equal
to 480 nm, and the emitted light was measured at 535 nm.
The conjugates were used at concentrations lower than 500
nM to minimize the inner-filter effect (A500nm< 0.016), either
in the absence or in the presence of a saturating concentration
of antigen, i.e., HEL (20µM, Sigma). The fluorescence
intensity of the conjugates was obtained as the difference
between those of the sample and the buffer alone. We
checked that the molar intensity of fluorescencefa for the
antigen alone was negligible under our experimental condi-
tions. The molar intensity of fluorescencefb for the single
conjugates was calculated as the ratio between the intensity
of the light emitted by the conjugate and the concentration
of coupled fluorophore. When the value offb was calculated
in this way, it was not affected by the residual concentration
of noncoupled scFv molecules in the preparation of the
conjugate and by the small variations of coupling yield
between different preparations. The yield of coupling be-
tween the fluorophore and the double Cys mutants of the
scFv fragment was always close to two molecules of
fluorophore per molecule of scFv. We therefore considered

that the two mutant Cys residues were coupled with the same
efficiency. The value offb for the double conjugates was
calculated as twice the ratio between the intensity of the
emitted light and the concentration of coupled fluorophore.

Titration of the Conjugates with Lysozyme.We constructed
three scFvD1.3 conjugates, with the same properties of
fluorescence and different affinities, by coupling IANBD
ester to residue L-Thr94 and introducing the side-chain Tyr
(wild type), Phe, or Ala in residue position H-101 by
mutagenesis. The fluorescence intensities of the three
conjugates, taken individually (500 nM, 1 mL) or in
equimolar amounts (500 nM each, 1 mL), were measured
after successive additions of aliquots (2µL) from a fresh
concentrated solution of lysozyme. The concentration of
lysozyme was measured usingε280 ) 37.97 mM-1 cm-1 (7).
Repeated measurements at a saturating concentration of
lysozyme showed that the fluorophore was not photobleached
during the experiment. The equation linking the fluorescence
intensity of the reaction mixture to the total concentration
of lysozyme in this mixture was fitted to the experimental
measurements with the pro Fit 5.0 software (Cherwell
Scientific Publishing). The total concentration of the parental
scFvD1.3(L-T94ANBD) conjugate was higher than itsKD

for lysozyme (8 nM), and therefore, we used eqs 5.2 and
2.4, with F0, ∆fc, [B]1, and KD as fitting parameters. The
total concentrations of the scFvD1.3(L-T94ANBD) deriva-
tives, having altered affinities for lysozyme, were lower than
their KD values (830 and 6100 nM for the H-Y101F and
H-Y101A mutants, respectively), and therefore, we used eqs
5.3 and 2.4, withF0, ∆fc, andKD as fitting parameters. For
the titration of an equimolar mixture of the three conjugates
by successive additions of antigen, we used derivatives of
eqs 4.2-4.4, obtained as described in the last paragraph of
the Theory, and eq 4.5 withF0, ∆fc, KDi, and the common
value of [Bi]1, i ) 1, 2, and 3, as fitting parameters.

Analysis of Errors and SensitiVity of the Conjugates.The
differentiation of eq 4.5 gives

Therefore, the relative error on the concentration [A]0 of the
antigen is given by

The ratio d[A]0/[A] 0 was calculated from eq 6.2 and the
routines Solve, D, and Table of the Mathematica software
(8). We used the dissociation constants and molar fluores-
cences of the three individual conjugates in these calculations.
The errorδF on the fluorescence intensity was estimated
from the standard deviation between the values ofF,
measured experimentally and calculated from the fitted
equation, in experiments of titration by individual conjugates
(3). It was equal to 2.0( 0.1 FU [mean( standard error
(SE)], and therefore, we tookδF ) 2.0 FU for the calculation
of the relative errors and lower limits of detection.

RESULTS

Molar Fluorescences of Single Conjugates.The fluores-
cence intensityF of the conjugates (500 nM) between the

[C]2 - [C](KD + (1 - a)[A] 0 + [B]1) + [A] 0([B]1 -
a[A] 0) ) 0 (5.2)

[C] ≈ [A] 0([B]1 - a[A] 0)/(KD + [A] 0) (5.3)

[C] ≈ [A] 0[B]1/(KD + [A] 0) (5.4)

[C]2 - [C](KD + [A] 0 + [B]1) + [A] 0[B]1 ) 0 (5.5)

dF ) ∆fc(∑d[Ci]) ) ∆fc(∑d[Ci]/d[A] 0)d[A]0

with i ) 1, 2, and 3 (6.1)

d[A]0/[A] 0 ) (dF/∆fc)(∑d[Ci]/d[A] 0)
-1[A] 0

-1 (6.2)
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scFvD1.3 fragment and the IANBD ester fluorophore,
constructed from single Cys mutants, was measured before
and after the addition of lysozyme at a saturating concentra-
tion (20µM). The parameters that describe the fluorescence
properties of the conjugates are reported in Table 1, where
the molar intensities of fluorescence arefb for the free state
of the conjugate andfc for its bound state, the variation of
molar intensity on antigen binding is∆fc, and the relative
variation of fluorescence intensity on antigen binding is∆F∞/
F0 ) ∆fc/fb (see definitions in the Theory). The∆fc and∆fc/
fb parameters are related respectively to the sensitivitys and
relative sensitivitysr of the conjugates by eqs 3.6-3.9. The
values offb andfc varied between different conjugates, 5.6-
and 3.7-fold, respectively. These variations suggested that
the accessibility of the fluorescent group to the solvent varied
widely with its coupling site, as observed for another
antibody (4). The values of∆fc and∆fc/fb were the highest
for the three conjugates that we constructed from residues
L-Tyr49, L-Ser93, and L-Thr94. They were close to zero
for those constructed from L-Ser65 and L-Thr69, as expected
from the positions of the two residues in the crystal structure
of the complex between the FvD1.3 fragment and lysozyme,
i.e., far from lysozyme (Figure 2) (9). We estimated that
δF, the error that was made on the value ofF with our
experimental setup, was equal to 2.0 FU (see the Materials
and Methods). Using this value ofδF and eq 3.9, we
calculated that the lowest limit of detection was obtained
with the scFvD1.3(L-T94ANBD) conjugate and equal to 5.4
nM lysozyme (1.4 ppm).

Design and Production of Double Conjugates.A total of
10 double conjugates between the scFvD1.3 fragment and
the IANBD ester fluorophore was constructed to analyze

how the properties of the single conjugates would combine,
whether the two fluorophores would interact with each other
at the surface of one scFvD1.3 molecule, and whether the
relative position of the two coupling residues was important
(Figure 2). We chose couples of target residues that were
distant in the same variable domain (lines 1-3 of Table 2),
close (lines 4-6 of Table 2), or distributed between the two
variable domains VH and VL (line 7 of Table 2). We
combined the two coupling sites that gave the highest values
of ∆fc (line 8 of Table 2) and one site that gave a weak
value of∆fc, with sites that were distant from the paratope
of the antibody (i.e., its antigen-binding site; see lines 9 and
10 of Table 2). The 10 double Cys mutants of scFvD1.3
were produced in the periplasm ofE. coli and a soluble form,
and they were purified through their hexahistidine tag in the
same conditions as the single mutants. The yields of
production were slightly lower for the double mutants than
for the single mutants on average.

The double Cys mutants of scFvD1.3 were coupled with
IANBD ester by the same method as the single mutants. This
method included a mild reduction with 2-mercaptoethanol
to reactivate the thiol groups and then their reaction with
the IANBD ester. The concentrations of protein and fluo-
rophore in the purified preparations of conjugates were

Table 1: Fluorescence Parameters of the Single Conjugatesa

residue fb (FU µM-1) fc (FU µM-1) ∆fc (FU µM-1) ∆fc/fb (%)

L-Asn31 421( 24 467( 31 46( 4 11( 1
L-Tyr49 261( 14 550( 21 289( 19 111( 10
L-Thr52 247( 57 274( 59 27( 9 11( 5
L-Thr53 633( 34 723( 37 90( 7 14( 1
L-Ser65 327( 5 319( 4 8 ( 1 -2 ( 1
L-Thr69 284( 3 280( 3 4 ( 1 -1 ( 1
L-Ser93 113( 6 216( 10 103( 7 91( 8
L-Thr94 441( 34 813( 74 372( 44 84( 12
H-Tyr32 244( 2 315( 3 71( 1 29( 1

a Column 1, residue of scFvD1.3 that was changed into Cys and
coupled with IANBD ester; columns 2-5, see the Theory for the
definitions offb, fc, ∆fc, and∆fc/fb. FU, fluorescence units. Mean( SE
for two independent preparations of the conjugate.

Table 2: Fluorescence Parameters of the Double Conjugatesa

residues distance (Å) f1+2,b (FU µM-1) f1+2,c (FU µM-1) eb (%) ec (%)

L-Ser93+ L-Thr52 21.7 252( 8 366( 2 30( 3 25( 6
L-Ser93+ L-Thr53 22.0 332( 22 504( 20 56( 7 47( 5
L-Asn31+ L-Thr53 11.3 572( 14 740( 20 46( 5 38( 4
L-Asn31+ L-Thr52 6.6 244( 12 295( 32 64( 16 60( 17
L-Thr52 + L-Thr53 8.1 314( 30 386( 4 65( 23 61( 19
L-Ser93+ L-Thr94 5.4 114( 6 220( 4 79( 10 79( 9
L-Ser93+ H-Tyr32 19.6 332( 22 536( 24 7( 1 -1 ( 1
L-Tyr49 + L-Thr94 17.0 380( 3 790( 22 46( 6 42( 5
L-Asn31+ L-Ser65 10.2 667( 16 802( 28 10( 1 -2 ( 1
L-Asn31+ L-Thr69 8.8 578( 40 614( 72 18( 2 17( 3

a Column 1, residues of scFvD1.3 that were changed into Cys and coupled with IANBD ester; column 2, distance between the twoγ atoms of
the residues in column 1; columns 3-6, see the Theory and eq 7 for the definitions off1+2,b, f1+2,c, eb, andec. The 1+ 2 in lower script refers to
the double conjugate. Mean( SE for two independent preparations of the conjugate.

FIGURE 2: Positions of the coupling sites in the structure of FvD1.3.
The FvD1.3 fragment is seen from the position of lysozyme in their
complex (9). Light gray, VL; medium gray, VH; green, operational
residues used for fluorophore coupling (3); blue, nonoperational
residues used for the coupling of a second fluorophore; red, residue
H-Tyr101, which is located in the center of the paratope. The figure
was drawn with Rasmol version 2.7 (24).
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measured from their absorbance spectra. The different steps
resulted in the loss of 60-90% of the protein material for
the single Cys mutants and 80-97% for the double mutants.
These losses suggested that the double Cys mutants ag-
gregated more readily than the single mutants. The coupling
yield was equal to 0.74-0.88 molecule of IANBD per thiol
group for the single mutants and equal to 0.72-1.04
molecules for the double mutants. These yields indicated that
the two cysteines of the double mutants were nearly fully
coupled to the fluorophore and thus that none of the two
thiol groups was preferentially labeled with IANBD ester.

Molar Fluorescences of the Double Conjugates.The molar
fluorescencesf1+2 of the double conjugates were measured
in the same conditions as those for the single conjugatesf1
andf2 (Table 2). In general,f1+2 was lower than the sum of
f1 andf2 (Tables 1 and 2). This result suggested a fluorescence
resonance energy transfer (FRET) between the two identical
fluorescent groups that were carried by each molecule of
the double conjugate. The relative deviation of the molar
fluorescences from additivity was measured by the efficiency
of FRET, e, between the two fluorescent groups, which is
defined by the equation (5)

The efficiencies of transfereb andec were calculated for the
antigen-free and -bound states of the double conjugates,
respectively (Table 2). The value ofeb was higher than zero
for all of the double conjugates. Thus, there was a significant
FRET between the two identical fluorescent groups in every
case. This transfer was possible because the absorption and
emission spectra of the -ANBD group overlap and because
the distance between the two fluorescent groups, estimated
from the positions of theγ atoms of the coupling residues
(5.4-22 Å), was compatible with the Fo¨rster distance for
the NBD derivatives (Figure 3 and Table 2) (5). The value
of ec was higher than zero for most of the double conjugates,
except for those at residues (L-Ser93 and H-Tyr32) and (L-
Asn31 and L-Ser65). For these two exceptional double
conjugates, the value ofec was equal to zero and showed
that the molar fluorescences of the single conjugates added
in the corresponding double conjugate, in the antigen-bound
state. As a consequence, the efficiency of transferec was
lower thaneb for these two exceptional double conjugates;
ec was also marginally lower thaneb for the double conjugate
at positions (L-Asn31 and L-Thr53).

SensitiVity of the Double Conjugates.The values of the
∆fc and ∆fc/fb parameters for the double conjugates were
calculated from their molar fluorescencesfb and fc and
compared with the values for the parental single conjugates
(Table 3). The∆fc and∆fc/fb parameters are related respec-
tively to the sensitivitys and relative sensitivitysr of the
conjugates, as stated above. The gains1+2/max(s1, s2) in
sensitivitys between the double conjugate and the best of
the two parental single conjugates was small in most cases.
However, this gain was significant for 3 double conjugates
among the 10 that we studied, with the highest value equal
to 2.9 at positions (L-Asn31 and L-Ser65). The gain in
relative sensitivity sr was higher than 1 for 4 double
conjugates, with the highest value equal to 2.1 at positions
(L-Asn31 and L-Thr53). A gain insr was not always
paralleled by a gain ins, as shown by the double conjugate
at positions (L-Asn31 and L-Thr52). Reciprocally, a gain in
s was not always paralleled by a gain insr, as shown by the
double conjugate at positions (L-Ser93 and H-Tyr32).

Modulating the Affinity of a Conjugate by Mutations.
Among all of the conjugates that we constructed from
scFvD1.3, scFvD1.3(L-T94ANBD) had the highest sensitiv-
ity. We tested whether we could modulate its affinity by
mutations, without altering its fluorescence properties. Muta-
tions H-Y101F and H-Y101A increase the dissociation

Table 3: Comparison of the Fluorescence Parameters for the Single and Double Conjugatesa

residues ∆f1+2,c (FU µM-1) gain in∆fc ∆f1+2,c/f1+2,b (%) gain in∆fc/fb

L-Ser93+ L-Thr52 114( 4 1.11( 0.08 45( 2 0.49( 0.05
L-Ser93+ L-Thr53 172( 13 1.05( 0.11 27( 3 0.30( 0.04
L-Asn31+ L-Thr53 168( 6 1.86( 0.17 30( 1 2.14( 0.17
L-Asn31+ L-Thr52 151( 18 1.11( 0.16 21( 3 1.91( 0.32
L-Thr52 + L-Thr53 72( 7 0.80( 0.10 23( 3 1.64( 0.30
L-Ser93+ L-Thr94 106( 6 0.29( 0.03 93( 7 1.02( 0.17
L-Ser93+ H-Tyr32 204( 16 1.98( 0.20 61( 6 0.67( 0.09
L-Tyr49 + L-Thr94 410( 12 1.10( 0.13 108( 3 1.03( 0.10
L-Asn31+ L-Ser65 135( 6 2.94( 0.29 20( 1 1.43( 0.12
L-Asn31+ L-Thr69 36( 5 0.78( 0.13 6( 1 0.43( 0.08

a Column 1, residues of scFvD1.3 that were changed into Cys and coupled with IANBD ester; columns 2 and 4, see the Theory for the definitions
of ∆f1+2,c and∆f1+2,c/f1+2,b; column 3, gain calculated by∆f1+2,c/max(∆f1,c, ∆f2,c); column 4, gain calculated by (∆f1+2,c/f1+2,b)/max(∆f1,c/f1,b, ∆f2,c/
f2,b). The 1, 2, and 1+ 2 in lower scripts refer to the first single and second single and double conjugates, which were constructed from the residues
in column 1. Mean( SE for two independent preparations of the conjugate.

FIGURE 3: Comparison of the excitation (thin line) and emission
(thick line) spectra of the -ANBD moiety for a conjugate between
2-mercaptoethanol and IANBD ester. Emission was monitored at
535 nm for the excitation spectrum, and excitation was at 480 nm
for the emission spectrum.F, fluorescence intensity;A, absorbance;
a.u., arbitrary units. A conjugate between 2-mercaptoethanol and
iodoacetamide was used as a blank. The conjugates were obtained
by reacting 2-mercaptoethanol (10 mM) and either IANBD ester
(10 µM) or iodoacetamide (10µM) in buffer A during 1 h atroom
temperature in the dark. The resulting samples were diluted 10-
fold for the fluorescence measurements.

e ) (f1 + f2 - f1+2)/(f1 + f2) (7)
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constantKD between the FvD1.3 fragment and lysozyme 75-
and>850-fold, respectively (10-12). We introduced them
into the scFvD1.3(L-T94C) background. The double mutants
of scFvD1.3 were produced, purified, and coupled with
IANBD ester in the same conditions as the parental single
mutant. The coupling yields (84 and 82%, respectively) and
the protein yields of the coupling procedure (11 and 16%,
respectively) were similar for the H-Y101F and H-Y101A
double mutants as for the parental single mutant (97 and
24%, respectively).

The fluorescence intensities of the scFvD1.3(L-T94ANBD)
derivatives were measured in the presence of variable
concentrations of lysozyme. Equation 2.4, giving the fluo-
rescence intensity of a conjugate as a function of the total
concentration in the antigen, was fitted to the experimental
values with the characteristic parameters of the conjugate
as fitting parameters (see the Materials and Methods and
Figure 4). The three conjugates had similar molar intensities
of fluorescencefb and fc (Table 4). Thus, the mutations at
position H-101 did not modify the fluorescence properties
of the scFvD1.3(L-T94ANBD) conjugate. We calculated the

free energies of interaction∆G between the conjugates and
lysozyme from theirKD values (Table 4). The variations of
∆G caused by mutations H-Y101F and H-Y101A were
similar in the contexts of the scFvD1.3(L-T94ANBD)
conjugate and FvD1.3 variable fragment:∆∆G ) 2.7 (
0.8 kcal M-1 versus 1.0-2.5 kcal M-1 for H-Y101F; and
∆∆G ) 3.9( 1.1 kcal M-1 versus 4 kcal M-1 for H-Y101A
(this paper and refs10 and 12). Thus, the effects of the
mutations H-Y101F and H-Y101A on the affinity for
lysozyme were the same in the context of the FvD1.3
fragment and scFvD1.3(L-T94ANBD) conjugate.

Properties of a Mixture of Conjugates.The titration curve
of a conjugate with lysozyme should allow one to deduce
the concentration of lysozyme from a measurement of
fluorescence intensity. The relative error d[A]0/[A] 0 on the
concentration of lysozyme [A]0, deduced from such a
measurement, was calculated for the scFvD1.3(L-T94ANBD)
conjugate and its two mutant derivatives, carrying a Tyr, Phe,
or Ala residue in position H-101 (see the Materials and
Methods and Figure 5). Each conjugate, taken individually,
enabled one to measure the concentration of lysozyme on
more than 1 order of magnitude with an error lower than
10%: 0.06-0.7 µM for the wild type, 0.2-8.0 µM for the
H-Y101F mutant, and 0.7-50µM for the H-Y101A mutant.
We observed that the dynamic ranges of the three conjugates
were different but overlapping. We therefore made the
hypothesis that a mixture of the three conjugates could allow
one to measure the concentration of lysozyme with precision
on the union of the three individual ranges.

To test this hypothesis, we first titrated an equimolar
mixture (500 nM each) of the three derivatives of scFvD1.3-
(L-T94ANBD) with lysozyme (0-120µM, final concentra-
tion). Equation 4.5, giving the fluorescence intensity of a
mixture of conjugates as a function of the total concentration
in antigen, was fitted to the experimental values with the
characteristic parameters of the three conjugates as fitting
parameters (see the Materials and Methods and Figure 4).
We assumed that the values offb and∆fc were identical for
the three conjugates. The proportion of active molecules of
the conjugate (85( 8%), the values of the molar fluores-
cencesfb and fc, and the values ofKDi were consistent with

FIGURE 4: Titration of the scFv(L-T94ANBD) derivatives with
lysozyme, either individually or in mixture. The formation of the
complexes between the conjugates and lysozyme in buffer A was
monitored by the variation of fluorescence intensity∆F ) F - F0
at 535 nm.O, titration of the conjugates taken individually (500
nM total concentration);b, titration of an equimolar mixture of
the three conjugates (500 nM each). The continuous curves
correspond to the fitting of eqs 2.4 and 4.5 to the experimental
data (see the Materials and Methods).

Table 4: Fluorescence and Affinity Parameters of the
scFvD1.3(L-T94ANBD) Derivativesa

mutation fb (FU M-1) fc (FU M-1) KD (nM) KDi (nM)

H-Tyr101 443( 4 789( 9 8 ( 2 25( 28
H-Phe101 478( 5 909( 5 830( 30 830( 80
H-Ala101 465( 5 924( 5 6100( 230 6800( 37
mixture 460( 2 797( 37 na na

a Column 1, residue in position H-101 of the conjugate; columns 2
and 3, see the Theory for the definition offb and fc; column 4,KD of
each mutant derivative, calculated from a titration reaction containing
only that derivative; column 5,KDi of each mutant derivative, calculated
from a titration reaction containing an equimolar mixture of the three
derivatives; last line, equimolar mixture of the three derivatives; na,
not applicable. Mean( SE for two independent preparations of the
conjugate.

FIGURE 5: Relative error on the concentration of lysozyme in
measurements with derivatives of the scFv(L-T94ANBD) conjugate.
Thin lines, each derivative of scFv(L-T94ANBD) taken individu-
ally; thick line, mixture of the three derivatives. The experimental
conditions are the same as in Figure 4. The errorδF on the
fluorescence intensity was constant and equal to 2.0 FU (see the
Materials and Methods). The dotted lines delineate the range of
concentrations in lysozyme that could be measured by the equimolar
mixture of the three derivatives with a 10% accuracy.
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the values obtained in the experiments of individual titration
(Table 4). The relative error d[A]0/[A] 0 on the total concen-
tration [A]0 of lysozyme for the mixture of conjugates
showed that this mixture behaved operationally as a single
conjugate, enabling one to measure the concentration of
lysozyme with a precision of 10% on a dynamic range
covering 3 orders of magnitude (Figure 5).

DISCUSSION

We have derived a rigorous theory of the signal for
fluorescent biosensors, from simple physical laws. In par-
ticular, we have established the analytical expressions of their
sensitivity s, relative sensitivitysr, and lower limit of
detection (eqs 3.6-3.8). In the frequent situation where the
dissociation constantKD between a fluorescent biosensor and
its antigen is much lower than its total concentration,s is
equal to the variation∆fc of its molar intensity of fluores-
cence on the binding of the antigen andsr is equal to the
relative variation∆fc/fb of that same intensity (eq 3.9).

We assumed that we could improve the sensitivitys or sr

of fluorescent biosensors by using the additivity of the
fluorescence intensities. To test this assumption, we con-
structed 10 double conjugates between the scFvD1.3 antibody
fragment and the IANBD ester fluorophore, from 7 residues
that were located at the periphery of its paratope and gave
operational single conjugates and from 2 residues that were
located far from its paratope. The characterization of the
double conjugates revealed fluorescence resonance energy
homotransfers (FREHTs) between the two identical fluores-
cent groups (Table 2). In 5 of 10 cases, we found that the
sensitivitiess and sr were lower for the double conjugate
than for the best parental single conjugate because of the
FREHT phenomenon (Table 3). However, we observed that
the efficiency of FREHT was higher in the free state than in
the bound state of the conjugates (Table 2). Because of this
differential FREHT, the sensitivitys or sr of 5 double
conjugates was improved relative to the best parental single
conjugate (Table 3). This improvement was the most visible
for the double conjugate at positions (L-Asn31 and L-Ser65);
the conjugation of a second fluorescent group in position
L-Ser65, far from the paratope, improved the sensitivitys
of the conjugate in position L-Asn31 by 3-fold. Among the
7 operational single conjugates that we studied, 5 could thus
be improved at the level of eithers or sr by the coupling of
a second fluorophore group (Table 3). The 2 exceptions,
scFvD1.3(L-Y49ANBD) and scFvD1.3(L-T94ANBD), cor-
responded to the 2 single conjugates that had the highest
sensitivities (Table 1).

The dynamic range of operational conjugates generally
covers more than 1 order of magnitude in concentration (3,
4). We showed that this range could be greatly extended by
design. We started from the operational conjugate of
scFvD1.3 at residue L-Thr94, which is located at the
periphery of the paratope, and we introduced the changes
H-Y101F and H-Y101A, which affect the center of the
paratope and decrease the affinity between FvD1.3 and
lysozyme 100- and 1000-fold, respectively. We found that
the mutations of residue H-Tyr101 did not affect the
fluorescence properties of the scFvD1.3(L-T94ANBD) con-
jugate (Table 4). The three derivatives of the scFvD1.3(L-
T94ANBD) conjugate, carrying either residue Tyr, Phe, or

Ala in position H-101, had dynamic ranges that were centered
around theirKD value. An equimolar mixture of the three
derivatives had a dynamic range covering more than 3 orders
of magnitude (Figure 4) and allowed us to titrate the anti-
gen with a relative error lower than 10% within this range
(Figure 5).

Mechanism of Differential FRET.We showed that the
transfer of resonance energy between the two fluorescent
groups of some conjugates was larger in their free state than
in their antigen-bound state; i.e., we observed a differential
FRET. The efficiency of transfere follows the Förster
equation

whereC depends on the spectral properties of the fluoro-
phores,κ2 is a scalar depending on the relative orientation
of the aromatic rings of the fluorophores and varying from
0 for orthogonal rings to 4 for collinear and parallel rings,
Q1 andQ2 are the quantum yields of the two fluorophores,
andr is the distance between them (5). A value ofec, in the
bound state, lower than the value ofeb, in the free state, for
a double conjugate could result from a change either in the
average orientation of the two fluorophore rings or in the
distance separating them on the binding of lysozyme. The
two mechanisms could apply. The aromatic rings could take
variable orientations in the free state of the double conjugates
(e.g., κ2 ) 2/3 for a full freedom of rotation around three
axes) and be immobilized in nearly orthogonal orientations
by the binding of lysozyme (κ ) 0). This mechanism is
consistent with the observation that the binding of the antigen
increases the fluorescence intensity of our conjugates and
shields their fluorescent group from the solvent (3, 4). The
binding of lysozyme could reorientate the two fluorescent
groups toward the solvent and thus increase the mean
distance between them. This mechanism is consistent with
the peripheral location of the fluorescent groups, relative to
the paratope, in our conjugates, and their lack of effect on
the affinity of the scFv fragment for lysozyme (3).

Use of Differential FRET to Increase SensitiVity. Both
mechanisms, described above, could be the cause of the
observed increases in∆fc ands when a second fluorophore
was coupled to residue L-Ser65, which is beyond the
periphery of the paratope. Our results suggest that it could
be possible to incrementally improve the sensitivity of a
conjugate by coupling several fluorophores in or beyond the
periphery of the paratope. The additional coupling sites need
not be chosen from the crystal structure of the complex
between the antibody and antigen, as described here. They
could also be chosen from the amino acid sequence of the
Fv fragment alone or from a model of the fragment structure,
constructed by homology. The differential FREHT that we
observed here with an anti-lysozyme antibody could be
applied to antibodies directed against haptens, when the
binding of the antigen does not shield the fluorescent group
from the solvent enough to result in a measurable variation
of fluorescence. The spreading apart of two fluorescent
groups or the restriction of their rotational freedom by the
binding of a haptenic antigen could increase this variation.

Extending the Dynamic Range with Composite Conjugates.
We constructed mutant derivatives of the scFvD1.3(L-
T94ANBD) conjugate to modify and extend its dynamic

e ) Cκ
2Q1Q2r

-6 (8)
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range, i.e., the interval of concentration in which it was
possible to quantify lysozyme with precision. The additional
mutations, H-Y101F or H-Y101A, decreased the affinity of
the scFvD1.3 conjugate for lysozyme; they were chosen from
the structure and mutagenesis data on FvD1.3 (12). A similar
approach has been described for a fluorescent conjugate of
the maltose-binding protein fromE. coli. The properties of
the maltose-binding protein made it possible to couple the
fluorophore at an allosteric site, far from the maltose-binding
site, and to independently engineer the two sites (13). In our
design, the fluorophore was coupled at position L-Thr94 in
the periphery of the antigen-binding site and the additional
mutation was introduced at position H-Tyr101 within the
binding site. Therefore, our design did not rely on any
particular property of the protein receptor, as for the maltose-
binding protein. We showed here that the effects of the
additional mutations, H-Y101F or H-Y101A, on the affinity
for lysozyme were the same in the contexts of the FvD1.3
fragment and scFvD1.3(L-T94ANBD) conjugate and that
their effects on the fluorescent properties of the conjugate
were negligible. We have previously shown that mutation
L-T94C and the coupling of the fluorophore to the mutant
Cys residue do not affect the affinity of scFvD1.3 for
lysozyme significantly (3). Thus, the recognition of the
antigen and the transduction of this recognition event into a
measurable signal by the coupled fluorophore behaved as
two independent processes in our design.

Does this approach require structural data? Previously, we
have developed rules of design to choose the site of
fluorophore coupling from sequence and mutagenesis data
on the CDR loops of an scFv, without the need for any
structural data. Moreover, the conjugates that we designed
according to these new rules had the same affinity for the
antigen as the parental scFv fragment (4). Thus, simple
mutagenesis data should be sufficient to choose the coupling
site of the fluorophore and engineer the affinity of the
resulting fluorescent conjugate, without interference between
the two processes. The methods ofin Vitro directed evolution
could be used to improve the affinity of the parental scFv
fragment (14-16). Therefore, it should be possible to
construct a series of conjugate derivatives with affinities
covering as many orders of magnitude as needed. A mixture
of such conjugate derivatives would behave as a single
biosensor, enabling the quantification of an antigen on a very
wide interval of concentrations.

Influence of the Fluorometric Setup on SensitiVity. In the
Theory, we showed that the sensitivitys, the relative
sensitivity sr, and the lower limit of detection of the
conjugates improve when their total concentration [B]0 and
their affinity for the antigen increase. These variations were
not involved in our experiments because the value of [B]0

was kept constant, the value ofKD was not affected by the
mutations into Cys and the coupling of a fluorophore, and
the value ofKD was much lower than [B]0 (eqs 3.6-3.9).

What was the impact of the variations in sensitivitys
between conjugates onδ[A] 0, their lower limit of detection?
δ[A] 0 is related to the dead-bandδF of the conjugates by
eq 3.8 or, approximately but validly here, byδ[A] 0 ) δF/s
≈ δF/∆fc (eq 3.9). Therefore,δ[A] 0 should not depend on
the spectrofluorometer and its setup (for example, the factor
of photomultiplication) if δF was proportional to the
fluorescence intensityF0 of the free conjugate. In our

experimental system, we found thatδF was independent of
F0. We evaluatedδF by comparing the measured and fitted
values ofF in titrations of single conjugates with lysozyme
(this paper and ref3). The absolute difference between these
values varied little along the titration curves. Moreover, their
standard deviation, calculated along the titration curves,
varied little between conjugates and was equal to 1.7( 0.1
(mean( SE). Consequently, an increase ins translated into
a proportional decrease ofδ[A] 0. The constancy ofδF could
have two causes. First, the manipulations of the spectrof-
luorometer cuvette could introduce larger perturbations on
the measurements than the optical setup. Second, the
measured values ofF belonged to a small subsegment of
the full range of the instrument, in whichδF was practically
constant.

However, the dead-bandδF of our immunosensors might
depend on the fluorescence intensityF0 of their free state in
other experimental conditions, for example, if they were
immobilized (17, 18). In these cases, the dead-bandδF could
be expressed as a percentage of the fluorescence signalF0

and the lower limit of detectionδ[A] 0 could be expressed
as a percentage of the total concentration in immunosensor
[B]0, with the two parameters being related by the relative
sensitivity sr ) ∆fc/fb (eqs 3.4 and 3.9). Therefore, the
coupling of a second fluorophore, as described here, could
also decrease the lower limit of detection in these cases.

Affinity and Kinetics Constraints for Continuous Measure-
ments.In principle, a reagentless fluorescent biosensor could
measure the concentration of an antigen continuously, for
example, in the blood stream (19, 20) or within a single living
cell (18). For such measurements, the rate constants of
associationkon and dissociationkoff between the biosensor
and ligand must be faster than the rate with which the
concentration of the ligand varies. In many instances, the
affinity will not be a limiting parameter. For example, the
concentrations of many hormones in the blood stream are
in a nanomolar range; a total of 100 copies of a protein in a
spherical cell of 1µm radius gives a concentration of a few
nanomolars . Such concentrations are measurable at equi-
librium with our present setup. However, the high affinities
between the antibodies and antigens result from very low
koff values, which constitute an obstacle to their use for
continuous measurements (21). Point mutations in the
paratope of an antibody generally decrease affinity by
increasingkoff. In particular, such is the case for mutations
H-Y101F and H-Y101A of mAbD1.3 that we used here (12).
The engineering of affinity could therefore make possible
continuous measurements but at the expense of sensitivity,
as shown by eqs 3.6-3.8. A solution to this problem would
be to compensate for the increase inkoff by a parallel increase
in kon through existing methods, to the point wherekon itself
will be limited by the diffusion rate of molecules (22, 23).

CONCLUSION

We found that the coupling of two fluorescent groups of
IANBD ester to the same molecule of scFv resulted in a
FREHT phenomenon. The efficiency of FREHT was more
important in the free state of the double conjugate than in
its bound state. This differential FREHT could result from a
change on the binding of the antigen, either in the average
orientation of the two fluorophore rings or in the distance
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separating them. It enabled us to increase the sensitivity of
a conjugate by coupling a second fluorescent group to a
residue located far from the paratope. These findings will
be useful to improve the sensitivity of fluorescent immun-
osensors by design and extend their construction to antibodies
directed against haptens. Moreover, our approach should help
to dissect and better understand the mechanisms of fluores-
cence energy transfer within proteins. We showed that the
dynamic range of a fluorescent immunosensor could be
greatly widened by design, and this possibility will broaden
their utility. The knowledge that is necessary to design and
improve reagentless fluorescent biosensors from antibodies
consists of sequence and mutagenesis data and could be
generated at high throughput. Our approach could be
extended to ligand-binding proteins other than antibodies and
ultimately contribute to generate a set of highly specific,
sensitive, and quantitative analytical tools against the full
complement of the human proteome, with myriads of
applications.
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