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ABSTRACT

A new method for the bioassay of concanavalin A is based on the interaction of saccharide-substituted oligopyrrolic macrocycles with lectins.
A general sensing mechanism involves the interaction of aggregated and primarily nonfluorescent labels with the target protein, label
deaggregation, site-specific binding, and fluorescence signaling. Addition of saccharides to the fluorescent lectin−macrocycle complex leads
to the release of the label and partial quenching of fluorescence due to reaggregation. Specificity of the protein−probe binding is discussed.

The development of fluorescent assays for saccharides is a
major area in bioanalytical chemistry. Techniques for
monitoring the noncovalent binding of saccharides to specific
proteins often require complex instrumentation, such as
isothermal calorimetry, NMR, or immunochemical assays.1-6

Synthetic saccharide receptors are also used.7-26

The concept of visualizing saccharide binding via labeled
lectins has been discussed in several papers.27-31 Current
techniques for the fluorescent labeling of proteins employ a
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number of synthetic dyes and related compounds.32-42,43The
interactions of carbohydrates with lectins have also been
monitored by Eu-containing macrocycles.44,45 Lectin-pyra-
noside interactions have been studied using 4-methylumbel-
liferyl pyranosides, a dye-modified dextran, or covalent post-
photoaffinity labeling.27,46,47

These elegant techniques allow the introduction of fluo-
rescent labels proximal to the binding site of Con A and the
direct monitoring of saccharide binding by fluorescence
spectroscopy.

One of the advantages of covalently labeling proteins is
the effective identification of target molecules and the facile
monitoring of their properties. However, covalent fluorescent
labeling may result in diminished sensitivity and/or changes
in selectivity if the label is relatively far from the active site.
It may also produce allosteric changes in the active site. For
instance, this latter effect has been observed after the covalent
modification of Con A, leading to a 4- to 5-fold reduction
in the association constant toward glycopyranosides.27

Noncovalent fluorescent labeling procedures typically
require a direct interaction of a fluorescent label with the
binding site of a target protein. Substrate detection can then
be monitored indirectly as the substrate displaces the label
from the binding site. We describe herein a facile method
for the indirect monitoring of lectin-saccharide interactions
via site specific noncovalent fluorescent labeling. Our
strategy is based on the formation of weakly fluorescent
noncovalent complexes of Con A with various “pseudo-
substrates” (saccharide-appended oligopyrrolic macrocycles,
Figure 1). It is well-known that these macrocycles are highly
aggregated in aqueous media which results in diminished
fluorescence. When Con A is added to solutions of the
macrocycles, deaggregation may occur upon formation of a
noncovalent complex with the lectin. These processes are
accompanied by a strong increase in fluorescence. Subse-
quent addition of a natural substrate (e.g.,D-mannose), which
has a higher affinity for Con A, leads to the release of the
weakly bounded pseudosubstrate with concomitant re-
aggregation and quenching of fluorescence (Scheme 1). No
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Figure 1. Sapphyrins1-4 and porphyrins5-10. The R groups are chosen to exhibit varying degrees of selectivity to the lectin active site.
They also impart water solubility to the lipophilic macrocycles and limit nonspecific hydrophobic interactions with proteins.
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spectral changes are observed upon addition of mannose,
glucose, fructose or galactose to aqueous solutions containing
only macrocycles1-10.

Figure 2 exibits the process of deaggregation of probe1
and the formation of its complex with Con A as evidenced

by UV-vis spectroscopy. The addition of Con A to an
aqueous solution of1 leads to a decrease of the Soret band
at 400 nm along with the emergence and gradual increase
of another maximum at 450 nm. The appearance of the new
maximum at 450 nm, in addition to mass spectrometric
evidence (Supporting Information), confirms complexation
between the label and protein.

The interactions of the Con A-1complex with a natural
substrate,D-mannose, are monitored by fluorescence spec-
troscopy (Figure 3). Sapphyrin glucamide1 exhibits only
weak fluorescence with an emission maximum at 690 nm
due to its extensive aggregation in H2O (Figure 3, spectrum
A). Addition of Con A causes deaggregation and a significant
increase in fluorescence (Figure 3, top spectrum B). Subse-
quent addition of D-mannose results in concentration-
dependent fluorescence quenching (Figure 3, B and inset).
Qualitatively, macrocycles2, 5, and 6 exhibit similar
behavior to1. Each exhibits strongly fluorescent signals when
added to solutions of Con A which are quenched upon
subsequent displacement of the labels from the binding site
by D-mannose.

To determine that the signaling mechanism arises from
the specific occupation of1 in the active site of Con A, we
initially saturate the lectin’s (1 equiv) binding site with 100
equiv D-mannose and then add1 (10 equiv). Subsequent

addition (to the solution of the Con A-mannose complex
containing 1) of D-mannose (10 equiv) did not produce
detectable fluorescence changes. This result strongly suggests
that the lectin active sites must be available to bind to1 in
order for mannose-induced displacement of1 and concomi-
tant signaling to occur.

Further evidence that1 binds specifically at the active site
of ConA derives from experiments in which denatured lectin
(heated at 100°C, 10 min) is used for mannose detection.
Labels1, 2, 5, and6 interact only weakly with denaturated
lectin (as evidenced by relatively minimal fluorescence
changes). Importantly, the complexes are insensitive to
mannose addition, exhibiting insignificant (<1%) spectral
changes. Conversely, the complexes of native Con A with
labels1, 2, 5, and6 display intense fluorescence changes
upon addition of natural substrate.

The addition of1, 2, 5, or 6 to solutions of control proteins,
bovine serum albumin (BSA), and ovalbumin results in
deaggregation of the probe and complex formation (enhanced
fluorescence). However, upon addition ofD-mannose there
is no change in fluorescence intensity. From the experiments
performed with Con A, BSA, and ovalbumin it can thus be
concluded that the macrocycles1, 2, 5, and6 interact with
Con A via specific binding involving the lectin active site.
Therefore, macrocycles1, 2, 5, and6 may be used success-

Scheme 1. Interaction of Con A with a Label Followed by Displacement with a Natural Substrate (s) Saccharide)

Figure 2. UV-vis spectra of sapphyrin1 ((0-8.5) × 10-5 M)
added to Con A (1.0 mg/mL) in H2O.

Figure 3. Fluorescence emission spectra of1, the complex Con
A-1, and the complex upon addition ofD-mannose. (A) Fluores-
cence emission of1 (8.5 × 10-6 M). (B) Fluorescence emission
upon addition of Con A (1.0 mg/mL top spectrum). Fluorescence
quenching is induced by addition (also indicated in the inset) of
D-mannose ((0-8.5)× 10-3 M). We attribute the fact that complete
quenching upon mannose addition does not occur to the presence
of deaggregated macrocycles nonspecifically bound to the lectin
surface (ref 48).
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fully for the fluorescent labeling of Con A and in related
saccharide sensing experiments.

Interestingly, the interaction of Con A with the macro-
cycles3, 4, and7-10 results in the formation of fluorescent
complexes. However, we characterize these complexes as
nonspecific. Their insensitivity to the addition ofD-mannose
is observed (i.e., no fluorescence quenching). This behavior
is consistent with a different binding mechanism for3, 4,
and7-10as compared to probes1, 2, 5, and6. Nonspecific
interactions of porphyrins with lectins are very well-
precedented.48

If a 1:1 stoichiometric ratio is assumed (solely for the
purpose of relative comparison) for the labeled Con A and
saccharide, this complex can be analyzed using a Benesi-
Hildebrandt plot. Table 1 summarizes the relative binding
affinities of investigated saccharides.

Finally, we observe that the interactions of sapphyrins1,
2, and porphyrins5 and 6 with Con A at macrocycle
concentrations above 10-5 mol/L lead to precipitation of the

lectin-macrocycle complex. Initial incubation of the lectin
with D-mannose, however, prevents precipitation. Precipita-
tion with other proteins (e.g., BSA and ovalbumin) is not
observed. This effect might find application in a simple and
efficient purification of Con A.

In conclusion, we have described a novel approach toward
the noncovalent fluorescent labeling of proteins. Feasibility
has been demonstrated using Con A and a series of
saccharide-modified macrocycles. Specific interactions of the
macrocycles with the lectin indicate the dependence of
fluorescence emission on the chemical nature of saccharide
substituents, the protein species and the presence of the native
tertiary structure of the lectin. The extensive investigation
of the binding mechanism is ongoing in our laboratories.
The reported technique allows for the ready monitoring of
substrate binding. We believe that this method could be of
general utility for fluorescence and colorimetric binding
studies of various proteins. It may serves as a suitable tool
for the simple, nondestructive sensing of many biologically
important substrates and for the screening of novel inhibitor
libraries of a given protein.
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Table 1. Relative Binding Affinities of Various Saccharides
with Fluorescent Macrocycle-Con A Complexes (K × 104

(M-1))

labels and relative affinities
of saccharides

saccharide 1 2 5 6

D-mannose 1.7 1.2 1.1 0.5
D-glucose 1.1 1.0 0.6 0.3
methyl-R-D-glucopyranoside 0.6 0.9 0.2 0.01
methyl-â-D-glucopyranoside 0.7 0.8 0.3 0.01
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