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Abstract: A general assay for monitor-
ing catalysis by fluorescence in real time
has been developed by use of an anti-
body sensor. The sensor consists of a
product-specific antibody tightly bound
to a product analogue covalently labeled
with the fluorescent tag acridone. Acri-
done fluorescence is quenched in the
bound state. The reaction is monitored
by following the fluorescence increase
caused by displacement of the acridone-

labeled product from the antibody com-
bining site by the released product.
Fluorescence detection of enzymatic
hydrolysis of a b-galactoside and butyr-
ate by b-galactosidase and esterase,
respectively, are demonstrated. The as-

say operates by modulation of fluores-
cence intensity at 445 nm, a signal com-
patible with currently available instru-
ments measuring in 96-well or 384-well
plastic microtiter plates. The method is
potentially general and only limited by
binding selectivities of the product ver-
sus the substrate that can be encoun-
tered in antibodies.
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Introduction

An enormous variety of new catalytic activities are found by
screening libraries of potential catalysts for a desired reac-
tion.[1] Discovering catalysis in high-throughput screening is
only possible if the reaction under study can be measured
simply, sensitively, and reliably. Screening for catalysis is
generally achieved by measuring product formation. Several
methods for detecting product formation in high-throughput
format have been reported. With substrates on solid supports,
product formation can be measured by means of a product-
specific reagent, for example, a product-specific antibody (cat-
ELISA),[2] or a biotin[3] or DNA[4] tag added to the reaction.
We have reported a highly sensitive assay based on analyzing
reactions of substrates labeled with the fluorescent tag
acridone by thin-layer chromatography.[5]

Although generally applicable, the above-mentioned assays
are used in practice as single point measurements of product
formation. However the ideal setup for catalysis screening
involves continuous monitoring of product increase in so-
lution. Indeed only by looking at the direct kinetics of a reaction
can one distinguish real catalysts from product-inhibited
catalysts that do not turn over. This can readily be done if a
reaction involves a fluorogenic or chromogenic substrate.[6]

However such substrates are usually biased in their reactivity

or may not be available for a particular reaction. Herein we
report a new approach for continuous monitoring of catalysis
by fluorescence in solution using antibody sensors. This
methodology can be applied generally to reactions of non-
chromogenic and nonfluorogenic substrates.

Results

Assay design : The cat-ELISA technique developed simulta-
neously by Green and Hilvert involves detection of product
on a solid support. In this assay the solid-support-bound
substrate is exposed to a test solution containing a possible
catalyst. After some reaction time, the test solution is washed
away and the product quantitated by ELISA (enzyme-linked
immuno-sorbent assay) with a product-specific polyclonal
rabbit antibody (Scheme 1).

Scheme 1. Principle of cat-ELISA assay. Step 1: Substrate on solid support
is converted to product by catalytic reaction (not shown). Step 2: Product is
quantitated by ELISA with a product-specific antibody.
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This assay furnishes a single-point measurement of product
formation. In principle a similar measurement should be
possible in real time with a product-specific sensor present in
solution and capable of modulating a signal in real time upon
selective product binding. We set out to investigate if such a
sensor could be assembled from antibodies in analogy to cat-
ELISA.

Due to the high intensity of fluorescence signals and their
compatibility with biological buffers, we chose to develop a
product-selective antibody sensor based on fluorescence.[7] Syn-
thetic or semisynthetic fluorescent sensors[8] are known for in-
organic ions,[9±12] carbohydrates,[13] imidazoles,[14] c-AMP[15, 16]

and cholic acids.[17] Fluorescent sensors for organic molecules
such as the typical organic reaction product are very readily
obtained from polyclonal or monoclonal antibodies for use in
homogeneous immunoassays.[18] Typical examples are sensors
for gentamycin,[19] amphetamine,[20] glucose,[21] and estrone-3-
glucuronide.[22]

Fluorescent antibody sensors can be constructed by com-
bining analyte-specific polyclonal or monoclonal antibodies
with an analyte analogue covalently labeled with a fluorescent
tag.[23, 24] In many cases fluorescence of the tag is quenched or
polarized upon binding to the antibody compared with its
intensity in solution. The analyte then induces a signal
modulation by competitive displacement of the labeled
analyte from the antibody-combining site. For following a
reaction one would use a product-specific antibody combined
with a fluorescently labeled product analogue (Scheme 2).

To develop our catalysis assay we decided to work on
monoclonal antibodies derived from hapten 1.[25] Mechanistic
studies with antibody 14D9,[26] an anti-1 antibody that
catalyzes an enantioselective protonation reaction,[27] have
shown that anti-1 antibodies display strong binding specificity
for the aromatic benzamide group. For example antibody
14D9 binds hapten 1 approximately 100 times more tightly
than its benzoate analogue 2.[28] Anti-1 antibodies would,
therefore, be most likely to bind 1 selectively over derivatives
of 1 modified at the N-hydroxyethylamide side chain, for
example hydrolytically labile ester and acetal derivatives.

Scheme 2. Real-time catalysis assay with the use of a fluorescent antibody
sensor. a) substrate (S) reacts to product (P) under the influence of a
catalyst ; b) released product (P) displaces quenched labeled product (P'-F)
from the combining site of anti-P antibodies (Ab), whereupon fluorescence
of the tag returns.

Antibody sensors : Selective fluorescent sensors for hapten 1
can be prepared by combining anti-1 antibodies with 3 or 4,
two achiral analogues of hapten 1 covalently labeled with the
fluorescent tag acridone.[29] Among fourty different mono-
clonal anti-1 antibodies, about a quarter of them quench the
fluorescence of the acridone label by 80 % or more. These
quenching interactions take place by selective binding to the
combining site of the antibodies, as evidenced by the fact that
fluorescence of the labels 2 or 3 returns to full level upon

Abstract in French: Nous avons developpeÂ une meÂthode
geÂneÂrale pour mesurer la catalyse en temps reÂel par fluores-
cence aÁ l�aide d�un anticorps-senseur. Ce senseur consiste en un
anticorps speÂcifique pour le produit de reÂaction complexeÂ avec
un analogue de ce produit marqueÂ par un noyau fluorescent de
type acridone. La fluorescence de l�acridone est neutraliseÂe par
la complexation avec l�anticorps. On suit la reÂaction en
mesurant l�augmentation de fluorescence produite par le
deÂplacement du produit marqueÂ aÁ l�acridone par le produit
formeÂ. Ce principe est illustreÂ pour l�hydrolyse enzymatique
d�un b-galactoside et d�un butyrate par une b-galactosidase et
une esteÂrase, respectivement. La modulation d�intensiteÂ de
fluorescence aÁ 445 nm utiliseÂe dans notre mesure est compa-
tible avec les spectromeÁtres pour plaques aÁ 96 ou 384 puits
disponibles actuellement. Cette meÂthode est potentiellement
geÂneÂrale et seulement limiteÂe par les discriminations substrat-
produit reÂalisables aÁ l�aide d�anticorps.
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addition of excess hapten 1. Thus, complexes of quenching
antibodies (Ab) with 3 or 4 function as selective chemo-
sensors for hapten 1 [see Eq. (1)].

{(3 or 4)quenched ´ Ab}� 1!{1 ´ Ab}� (3 or 4)fluorescent (1)

Two of these complexes, {3 ´ 34F7} and {3 ´ 83B8}, have been
characterized in detail. The systems are well behaved and
fluorescence can be cleanly titrated to two equivalents of
acridone derivative 3 per antibody molecule (Figure 1).

Figure 1. Fluorescence titration of antibodies 34F7 and 83B8 with 3.
Relative fluorescence emission at 445 nm upon excitation at 356 nm as a
function of concentration. (&) aqueous buffer 10mm phosphate, 160 mm
NaCl, pH 7.4. (~) antibody 34F7 at 1.125 mg mLÿ1. (*) antibody 83B8 at
1.125 mg mLÿ1 in the same buffer. Saturation of antibody binding sites is
reached at 13.6 mm 3 for antibody 34F7 and 12.2 mm 3 for antibody 83B8.

Binding studies with 1 and its close analogues 2 and 5 reveal
that {3 ´ 34F7} displays good binding selectivity at the hydroxy-
ethyl side chain, while {3 ´ 83B8} is highly selective for the N-
methyl substituent of the piperidine nitrogen atom (Table 1).

In view of developing a real-time assay for catalysis based
on these sensors, we investigated closely the kinetics of signal
switching. Chemosensor {3 ´ 83B8} responded within the
mixing time upon addition of analyte, and the detailed
kinetics could not be measured precisely. For chemosensor
{3 ´ 34F7} signal equilibration required between thirty seconds
and three minutes for complete equilibration, depending on
product concentration (Figure 2). The apparent first-order
rate constant in the experiment with excess hapten 1 (50 mm)
provided an estimate for the rate of dissociation of the sensor
{34F7 ´ 3}, koff (3)� 0.017 sÿ1. Since KD� koff/kon and KD(3)
�5 nm, the rate constant for association is kon (3)� 3.4�
106mÿ1sÿ1, which is well-below diffusion control. While much

Figure 2. Time-response curves of fluorescent antibody-sensor 34F7 ´ 3
(0.5 mm in 10 mm phosphate, 160 mm NaCl, pH 7.4) at different concen-
trations of hapten 1 in mm. For each curve the start of the reaction was
approximately 5 seconds before the initial vertical line.

longer than for {3 ´ 83B8}, the equilibration time with {3 ´ 34F7}
was shorter than the reported 5 ± 20 minute equilibration
times usually required in antibody-based homogeneous
fluorescence assays.

Catalysis assay : Enzymatic hydrolyses of 6 by b-galactosidase
and of butyrate 7 by esterases were chosen as test reactions.
Compound 8, obtained from 1-bromo-tetraacetyl galactose
and chloroethanol, gave directly aminogalactoside 9 upon
treatment with ammonia in water. Coupling with N-hydroxy-
succinimide ester 10, obtained by activation of 2, gave
substrate 6 (Scheme 3). Butyrate 7 was obtained by quater-
nization of N-methylpiperidine with 11 (Scheme 4). Both
substrate were purified by preparative reverse-phase HPLC
and isolated as trifluoroacetate salts.

Scheme 3. Synthesis of b-galactosidase substrate 6.

Table 1. Binding selectivity of antibody sensors.

EC50
[a] 1 2 5

{3 ´ 34F7} 2 mm 530 mm 40 mm
{3 ´ 83B8} 8 mm 18mm 980 mm

[a] EC50 is defined as the analyte concentration inducing 50 % of the
maximum fluorescence increase. Measured at 20 8C in aq. 160 mm NaCl,
10mm phosphate, pH 7.4 with 1mm 2� 0.5mm antibody 34F7 and/or 0.5 mm
antibody 83B8.
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Scheme 4. Synthesis of esterase substrate 7.

As expected, sensor {3 ´ 34F7} bound 1 with high selectivity
over its galactoside 6 or butyrate 7 (Figure 3). By contrast
sensor {3 ´ 83B8} showed no binding selectivity for 1 against
these substrates. Kinetic measurements were therefore car-
ried out with the sensor {3 ´ 34F7}.

Figure 3. Fluorescence readings of chemosensor {3 ´ 34F7} at 445 nm as a
function of analyte concentration, as a logarithmic plot: (&) product 1;
(~) galactoside 6 ; (^) butyrate 7. Measured in 160 mm NaCl, 10 mm
phosphate, pH 7.4 with 1 mm sensor. The lines were obtained by interpo-
lation from the experimental points.

First we investigated if nonspecific processes might lead to a
signal increase in the absence of our substrates 6 and 7. Both
sensors {3 ´ 34F7} and {3 ´ 83B8} were found to be highly stable
and photoresistant in the quenched state over several days at
20 8C. However, fluorescence increase was observed upon
addition of cosolvents such as dimethyl formamide (10 % v/v),
most likely by the weakening of noncovalent interactions
between 3 and the antibodies. Thus our fluorescence assay
would require an aqueous buffered environment. Under these
conditions, however, the sensors were found to be stable in the
presence of different enzyme preparations, showing that
direct action of enzymes on the sensors would not lead to a
fluorescence signal.

We then turned to fluorogenic measurement of enzymatic
hydrolysis of 6 and 7 with the sensor {3 ´ 34F7}. Substrates at
either 10 mm, 50 mm, or 100 mm were incubated in the presence
of different concentrations of either hog-liver esterase or b-
galactosidase and 1 mm sensor {34F7 ´ 3}. A rapid fluorescence

increase was observed within seconds when b-galactosidase
was added to 6 or when esterase was added to 7 (Figures 4 and
5). HPLC analysis confirmed that product 1 was being

Figure 4. Time course of fluorescence catalysis assay for b-galactosidase
with 50 mm 6, 1 mm sensor {3 ´ 34F7}, and: (Ð) no enzyme, (~) 3.33 mg mLÿ1,
(^) 6.67 mg mLÿ1, and (&) 13.3 mg mLÿ1 of a b-galactosidase preparation
from E. coli. Measured at 20 8C in aq. 160 mm NaCl, 10 mm phosphate,
pH 7.4. The lines were obtained by interpolation from the experimental
points.

Figure 5. Time course of fluorescence catalysis assay for hog-liver esterase
with 50 mm 7, 1mm sensor {3 ´ 34F7}, and: (Ð) no enzyme, (~) 1.5 mg mLÿ1,
(^) 3 mg mLÿ1, and (&) 6 mg mLÿ1 of hog-liver esterase. Measured at 20 8C
in aq. 160 mm NaCl, 10mm phosphate, pH 7.4. The lines were obtained by
interpolation from the experimental points.

released from the substrates under these conditions. By
contrast there was no fluorescence increase when galactoside
6 was treated with esterase, or when butyrate 7 was treated
with b-galactosidase. Thus sensor {3 ´ 34F7} allowed unequiv-
ocal identification of catalysis by fluorescence.

For each assay, the apparent rate for product release was
calculated by converting fluorescence to the concentration of
compound 1 from the calibration curve in Figure 3. Apparent
rates were linear over the first ten minutes of reaction,
corresponding to the release of up to 4 mm of the product
(Table 2). Initial velocities were calculated from the first three
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minutes of the reaction. The results show that the apparent
reaction rates were proportional to enzyme concentration at
low catalyst concentration. The observed kinetic saturation at
high enzyme concentration must reflect the rate-limiting
displacement of 3 by product 1 from the binding pocket of
antibody 34F7. The measured off-rate for {34F7 ´ 3} is koff (3)�
0.017 sÿ1 (see Figure 2). However, since EC50(1)� 2 mm (Ta-
ble 1), only 0.5 mm of 3 must be exchanged from 1 mm sensor
{3 ´ 34F7} to measure the release of 2 mm product 1. One could
therefore expect the sensor to measure a rate of release up to
four times higher than its off-rate, depending on the extent of
competing recomplexation of 3. The maximum rate of
product release measured by sensor {3 ´ 34F7} in the enzyme
assays is approximately 0.044 mm sÿ1 (3 mmminÿ1 ), which is
well within this limit.

Discussion

The above described sensor allows direct continuous meas-
urement of catalysis for two enzymatic hydrolytic reactions
liberating product 1. In both cases it is clear that the activity of
the enzymes used here can also be recorded spectroscopically
by means of simple fluorogenic or chromogenic substrates
such as b-d-nitrophenylgalactoside or nitrophenyl acetate.
However, it must be noted that such substrates are chemically
activated for their hydrolysis, a property that is almost always
encountered for chromogenic or fluorogenic substrates. While
this may not matter for detecting an existing enzyme, this
represents a serious limitation when discovery of new
catalysts is the goal, since very different chemical properties
may be required for cleaving nonactivated bonds. Using our
antibody sensor, we have recorded an enzymatic ester and
glycoside cleavage of a nonactivated alkyl alcohol with
unbiased reactivity.

More generally, the strategy outlined here can be applied to
fluorescence sensing of any chemical transformation. Sensor
preparation involved the preparation of monoclonal anti-
bodies against a protein conjugate of the reaction product,
here compound 1, and the selection of antibodies that would
efficiently quench the fluorescence of a labeled analogue of
this product upon binding. Owing to the high proportion
(25 %) of quenching antibodies found in our library and the

ample precedent for fluorescence quenching by antibodies in
related systems, one can reasonably assume that similar
antibodies could also be found in immunizations against other
products.

Finding good binding selectivity of product over substrate is
critical to achieve catalysis sensing. Evidently condensation or
cleavage reactions such as those used for demonstrating solid-
supported cat-ELISA and the present assay are readily
amenable to high product-binding selectivities that result
from large changes in functional groups or charges, which are
easily recognized by antibodies. Reactions involving more
modest functional changes, such as olefin hydrogenation or
epoxidation, could prove more challenging.

Direct monitoring of product increase in our method
critically depends on the exchange rate of product against
fluorescence-labeled product in the binding pocket of the
antibody sensor. The rate of signal exchange is limited by koff,
the off-rate for release of labeled product from the antibody
binding pocket. Due to the necessity for the antibody sensor
to bind both product and labeled product tightly, their
dissociation constant KD must be small. Since KD� koff/kon

and kon is limited by diffusion, koff is bound to be relatively
small in a sensitive and selective sensor. Despite of this
fundamental limitation, our experiments clearly show that a
kinetically practical sensor can be prepared.

Conclusion

A fluorogenic assay for catalysis has been developed by
means of a sensor consisting of a product-specific antibody
combined with a product analogue covalently labeled with the
fluorescent tag acridone. Hydrolysis of alkyl galactoside 6 and
butyrate 7 are readily detected by fluorescence. Sensor
equilibration becomes rate-limiting at high catalyst or sub-
strate concentration. It should be noted that our catalysis
sensor operates by the simple modulation of fluorescence
intensity above 400 nm. Unlike wavelength shifts or polar-
ization changes, which are used in many fluorescent sensors,
straight intensity modulation is a signal compatible with
currently available high-throughput screening instruments
measuring in 96-well or 384-well plastic plates. This direct
assay for catalysis is potentially general and is only limited by
binding selectivities of product versus substrate that can be
encountered in antibodies.

Experimental Section

All reagents and enzymes were purchased from Aldrich or Fluka. All
chromatographies (flash) were performed with Merck Silicagel 60 (0.040 ±
0.063 mm). Preparative HPLC was done with HPLC grade acetonitrile and
MilliQ deionized water with a Waters prepak cartridge 500g installed on a
Waters Prep LC 4000 system from Millipore, flow rate 100 mL minÿ1,
gradient �0.5 %minÿ1 CH3CN, detection by UV at 230 nm. The HPLC
conditions ofr substrates and products are given in Table 3. TLC was
performed with fluorescent F254 glass plates. MS, HRMS (high resolution
mass spectra) were provided by Dr. Thomas Schneeberger (University of
Bern). Fluorescence measurements were carried out with an SPF-500C
spectrofluorometer from SLM Instruments, a FluoroMax Spectrofluoro-

Table 2. Initial reaction rates for enzyme-catalyzed release of 1 [mm sÿ1�
105], at different enzyme concentrations [mgmLÿ1], as calculated from
fluorescence data from the catalysis sensor {3 ´ 34F7}.[a]

b-Galactosidase Hog-liver esterase
0 3.3 6.7 13.3 0 1.5 3.0 6.0

galactoside 6 10mm 1.2 6.6 24 78 ± ± ± ±
galactoside 6 50mm 1.3 116 201 224 ± ± ± 5.3
galactoside 6 100 mm 11 125 232 238 ± ± ± ±
butyrate 7 10mm ± ± ± ± 3.7 29 72 184
butyrate 7 50mm ± ± ± 4.0 0.25 98 190 440
butyrate 7 100 mm ± ± ± ± 6.5 170 410 ±[b]

[a] Reactions were carried out in aqueous 160 mm NaCl, 10mm phosphate,
pH 7.4 in the presence of 1 mm sensor {3 ´ 34F7}. Fluorescence was recorded
with lexc� 356 nm, lem� 445 nm. Fluorescence data was converted to
product concentration from the calibration curve derived from Figure 3.
[b] Data points were outside the linear range of log[1] versus fluorescence.
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meter from SPEX Industries, and a Cytofluor II Plate-Reader from
Perseptive Biosystems.

N-{[4''-(Hydroxyethyl)carbamido]phenyl}methyl-N-[3-(N''-acridonyl)-1''''-
propyl]-N,N-dimethylpiperidinium trifluoroacetate (3): N-(3-dimethylami-
no-1-propyl)-acridone[30] (20 mg, 0.07 mmol) and N-hydroxyethyl-4-chloro
methyl-benzamide[26] (30 mg, 0.14 mmol) were stirred in DMF (0.2 mL) for
two days at 20 8C. Dilution with water and purification by preparative RP-
HPLC gave 3 as the trifluoroacetate salt (40 mg, 0.07 mmol, 100 %). Pale
yellow crystalline solid, m.p. 206 ± 208 8C (decomp); 1H NMR (300 MHz,
D2O): d� 8.13 (dd, 3J� 8.5, 2 Hz, 2H), 7.72 (ddd, 3J� 9, 7, 2 Hz, 2 H), 7.47
(d, 3J� 9 Hz, 2H), 7.33 (d, 3J� 8.5 Hz, 2H), 7.26 (t, 3J� 7 Hz, 2 H), 7.01 (d,
3J� 8.5 Hz, 2 H), 4.40 (t, 3J� 7 Hz, 2H), 4.31 (s, 2H), 3.80, 3.53 (2 t, 3J�
6 Hz, 2� 2H), 2.96 (s, 8H), 2.28 (m, 2H); 13C NMR (100 MHz, D2O� 30%
CD3OD): d� 179.3, 170.1, 141.7, 136.5, 136.1, 133.4, 131.0, 128.5, 127.5,
123.2, 121.6, 116.0, 68.5, 61.0, 51.3, 43.1, 42.1, 21.9; IR (KBr): nÄ � 3412, 1682,
1652, 1598, 1558, 1500, 1462, 1292, 1182, 1122, 754, 674 cmÿ1; HRMS
(FAB� ): C28H32N3O3

� calcd 458.2444, found 458.2461.

1-(2-Aminoethyl)-b-dd-galactopyranoside (9):[31] The product was obtained
by aminolysis of 2-chloroethyl-tetra-O-acetyl-b-d-galactopyranoside[32]

(1.22 g, 2.97 mmol) in aqueous ammonium hydroxyde (25 %, 20 mL) at
65 8C over 3 days in a pressure vial. After evaporation of solvent, the crude
product was dissolved in water (20 mL) and purified on Dowex 50X8
(SO3H-form, washing with water and water/MeOH 1:1, elution with 5%
and 25 % NH3 in water). After lyophilization 9 (473 mg, 2.12 mmol, 71%)
was obtained. Spectral data corresponded to published data.

N-{[4''-(b-dd-Galactosyloxyethyl)carbamido]phenyl}methyl-N-methylpiper-
idinium trifluoroacetate (6): 1-(4-carboxy-benzyl)-1-methylpiperidinium
chloride 2 (584 mg, 2 mmol) in DMF (6 mL) and water (0.6 mL) was
treated overnight with N-ethyl-N'-diethylaminopropylcarbodiimide hydro-
chloride (EDC; 766 mg, 4 mmol) and N-hydroxysuccinimide (460 mg,
4 mmol) at 20 8C. Purification by preparative HPLC and lyophilization of
the product-containing fractions gave 10 (549 mg, 1.23 mmol, 62%) as a
colorless solid. The product contained 15 ± 20% (according to HPLC
analysis) of 2 and was used as such.
Spectral data for 10 : 1H NMR (300 MHz, D2O): d� 7.86 (d, J� 8.5 Hz,
2H), 7.45 (d, J� 8.5 Hz, 2H), 4.34 (s, 2H), 3.15 (m, 4 H), 2.75 (s, 3H), 2.74
(s, 4 H), 1.68 (m, 4H), 1.47 (m, 1 H), 1.34 (m, 1 H); 13C NMR (100 MHz,
D2O/CD3OD): d� 176.7, 173.3, 169.7, 135.1, 134.8, 131.7, 127.3, 61.1, 47.5,
26.5, 26.3, 21.5, 20.6.
Amine 9 (112 mg, 0.43 mmol), activated ester 10 (266 mg, 0.6 mmol), and
NaHCO3 (80 mg, 1 mmol) were stirred overnight. HPLC analysis showed
complete consumption of active ester. Preparative HPLC and lyophiliza-
tion of the product containing fractions gave 6 as colorless sirup (88 mg,
0.16 mmol, 37%). 1H NMR (300 MHz, D2O): d� 7.75, 7.53 (2d, J� 8.5 Hz,
2� 2H), 4.44 (s, 2H), 4.33 (d, J� 7.7 Hz, 1 H), 3.98 (m, 1 H), 3.80 (m, 2H),
3.64 ± 3.49 (m, 6H), 3.43 (dd, J� 7.7, 9.9 Hz, 1H), 3.30 (m, 4 H), 2.87 (s, 3H),
1.82 (m, 4 H), 1.62 (m, 1 H), 1.54 (m, 1 H); 13C NMR (100 MHz, D2O/
CD3OD): d� 171.03, 136.59, 134.31, 131.45, 128.71, 104.11, 76.14, 73.71,
71.78, 69.58, 69.42, 68.15, 61.93, 61.90, 47.51, 41.04, 21.57, 20.61; HRMS
(EI�): C22H35N2O7

� [M�] calcd 439.2435, found 439.24597.

N-(Butanoyloxyethyl)-4-chloromethylbenzamide (11): Triethylamine
(160 mg, 1.6 mmol), catalytic amounts of DMAP and butyroyl chloride
(173 mg, 1.6 mmol) were added to a suspension of N-(hydroxyethyl)-4-
chloromethylbenzamide[26] (213 mg, 1 mmol) in dry toluene (20 mL). The
mixture was stirred for 90 min at 20 8C and then diluted with toluene
(20 mL), washed (3� aq. sat. NaHCO3), and dried over Na2SO4. Solvent
evaporation and chromatography (hexane/EtOAc 1:3) gave 11 (256 mg,
0.9 mmol, 90%) as colorless oil. 1H NMR (300 MHz, CDCl3): d� 7.73, 7.42
(2d, J� 8.5 Hz, 2� 2H), 6.65 (s, 1 H), 4.58 (s, 2H), 4.28 (t, J� 5.15 Hz, 2H),
3.69 (m, J� 5.15, 5.51 Hz, 2 H), 2.30 (t, J� 7.7 Hz, 2H), 1.63 (m, J� 7.7,
7.4 Hz, 2H), 0.91 (t, J� 7.4 Hz, 3H); HRMS (LSIM): C14H18ClNO3 [M�]
calcd. 284.10491 found 284.10516; IR (CHCl3): nÄ � 3018, 2968, 1730, 1654,
1534, 1504, 1458, 1266, 1182, 1094, 668 cmÿ1.

N-{4''-[(Butanoyloxyethyl)carbamido]phenyl}methyl-N-methylpiperidini-
um trifluoroacetate (7): Butyrate 11 (256 mg) in N-methylpiperidine
(1 mL) and DMF (1 mL) was stirred for 60 min at 40 8C. After solvent
evaporation the residue was dissolved in water (30 mL) and purification by
preparative RP-HPLC gave substrate 7 (255 mg, 0.554 mmol, 62%) as
colorless solid. 1H NMR (300 MHz, D2O): d� 7.72, 7.54 (2d, J� 8.1 Hz,
2x2 H), 4.45 (s, 2 H), 4.21 (t, J� 5.2 Hz, 2 H), 3.57 (t, J� 5.2 Hz, 2 H), 3.27

(m, 4H), 2.87 (s, 3H), 2.23 (t, 7.4 Hz, 2 H), 1.82 (m, 4H), 1.63 (m, 1 H), 1.51
(m, 1 H), 1.45 (m, 2H), 0.70 (t, J� 7.4 Hz, 3H); 13C NMR (D2O/CD3OD):
d� 177.51, 170.74, 136.68, 134.36, 131.51, 128.63, 68.10, 63.91, 61.99, 47.50,
39.89, 36.68, 21.62, 20.63, 18.96, 13.75; HRMS (LSIM): C20H31N2O3

� calcd
347.2327, found 347.23343.

Antibodies : Monoclonal antibodies against the KLH conjugate of 1 were
produced by standard procedures, and were obtained from ascites fluid
grown from the individual hybridoma cell lines.[33] Each antibody was
purified to homogeneity by ammonium sulfate precipitation, followed by
anion exchange and protein G chromatography, dialyzed into phosphate
(10 mm) and NaCl (160 mm) with pH 7.4, and its concentration estimated by
UV at 280 nm as c (mg mLÿ1)�Abs/1.4.

Fluorescence measurements : Fluorescence measurements were carried out
at 20 8C in a 1� 1 cm cuvette with lexc� 356 nm, lem� 445 nm, set to give
maximum fluorescence reading (2.0) at 445 nm for 2mm free 3. All
measurements were taken at 20 8C in PBS (aqueous 160 mm NaCl, 10 mm
phosphate, pH 7.4). Kinetic assays were also carried out in 96-well
polypropylene round-bottom plates by use of a Cytofluor II Plate-Reader
from Perseptive Biosystems, with emission filter lex� 360� 20 nm, and
emission filter lem� 440� 20 nm. Results were identical to measurements
done in 1� 1 cm cells.

Equilibrium measurements (data in Table 1 and Figure 1): Aliquots of
properly prediluted solutions of analyte 1, 2, 5, 6 and 7 were added to the
sensor (2 mL; 1mm 3� 0.5mm antibody 34F7 and/or 0.5 mm antibody 83B8).
The solution was then mixed with a 1 mL pipetter and allowed to stand for
2 minutes before recording fluorescence.

Kinetics of exchange (data in Figure 2): The reaction was initiated by adding
a prediluted solution of hapten 1 (1 mL) to the sensor solution (1 mL; 1 mm
{3 ´ 34F7} complex) in the fluorometer cell and mixing for 5 seconds.

Enzyme kinetics (data in Figures 4 and 5, Table 2): Assay mixtures were
initiated by adding an enzyme stock solution to PBS (2 mL) containing
sensor {3 ´ 34F7} (1mm) and substrate 6 or 7 at the given concentration in
PBS. b-galacotsidase (Fluka 48274) contained 540 Umgÿ1 {1 U (U�unit)
hydrolyses 1 mmol minÿ1 4-nitrophenyl-b-d-galactoside at pH 7.8, 37 8C).
Hog-liver esterase (Fluka 46058) contained 240 U mgÿ1 (1 U hydrolyses
1 mmol minÿ1 ethyl valerate at pH 8.0, 25 8C).
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