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Abstract: A novel, digital, single-operation analytical method to
study glycodendrimer—lectin interactions is described. Robust, highly
fluorescent derivatives of tris(bipyridine)ruthenieum(ll) ([Ru(bipy)s]*™)
bearing 2, 4, 6, or 18 mannose or galactose units were designed to
perform molecular logic operations. Inputs for these systems were
pH, N,N’-4,4’-bis(benzyl-2-boronic acid)bipyridinium dibromide, and
different lectins (concanavalin A, Galantus nivalis agglutinin, and
asialoglycoprotein). The relative change in fluorescence quantum
yield of the Ru(ll)-glycodendrimers served as output. Together, the
fluorescent emission readout, the logic analysis of the photoinduced
electron transfer, and the optical behavior provide a single-step
method to quickly screen a glycodendrimer library and select the
best dendrimer model for studying carbohydrate—lectin interactions.

Logic gates perform basic logical functions using one or more
inputs of binary values and produce a single output of O or 1 (false
or true). Molecular logic gates involve similar principles and use a
chemical or biological process asinput and spectroscopic emissions
as the output signal. Different molecules such as DNA, proteins,
carbohydrates, and metals have been used as active components of
molecular logic gates.* However, until now, carbohydrate—protein
interactions have not been utilized as the basis for logic operations,
even though the utility of such a tool would be widespread.
Carbohydrates play a crucia role in many important biological
processes involving cellular recognition, including cell adhesion,
migration, apoptosis, and trafficking.? However, the binding af-
finities of individual carbohydrates for carbohydrate-binding pro-
teins (lectins) are typicaly quite weak; hence, multivalent
carbohydrate—protein interactions are often employed by nature
to achieve tight binding. To this end, a variety of multivalent
structures have been synthesized to display carbohydrates, including
a fluorescent complex and a template-based structure.® Glycoden-
drimers are an important example of these synthetic molecules,
because they can mimic cell surface glycan arrays and can be used
as optical and electrochemical probes to sense lectins when they
are complexed onto a tris(bipyridine)ruthenium(l1) ([Ru(bipy)s]?t)
derivative.* To fully harness the potential of glycodendrimers as a
screening tool, we have developed a molecular logic gate-based
method to analyze the various properties of different glycoden-
drimers that influence specific carbohydrate—protein interactions.
In contrast to established screening methods, which require an
extensive instrumental setup and technical expertise,®> molecular
logic gates provide a straightforward and conceptually different
approach based on a clear-cut binary output to analyze changes in
properties. Here, we present molecular logic operations based on
the analysis of a collection of mannose- or galactose-decorated
glycodendrimers with a fluorescent Ru(I1) core during the photo-
induced electron transfer (PET) and the optical behavior that occur
during the lectin sensing process. This technology provides asingle-

10230 m J. AM. CHEM. SOC. 2010, 132, 10230-10232

step method to screen acollection of glycodendrimers and determine
the best dendrimer model for studying carbohydrate—lectin interac-
tions.

The glycodendrimer collection (1—12) is comprised of 12 robugt,
highly fluorescent and synthetically accessible glycodendrimers, each
with aRu(ll) core, bearing 2, 4, 6, or 18 carbohydrate units of mannose
or galactose (Scheme 1). Each glycodendrimer was used as the active
component to perform logic operations with defined chemical inputs:
pH, BBV, and lectin. Concanavalin A (ConA) and Galantus nivalis
agglutinin (GNA), which recognize mannose, and asiaoglycoprotein
(ASGPR), which interacts with galactose, were selected aslectins. The
optica readout from the PET lectin sensor is generated by displacement
of N,N"-4,4’-bis(benzyl-2-boronic acid)bipyridinium dibromide (BBV)
from the glycodendrimer sugar array by lectins. Thisresultsin arelative
change in fluorescent quantum yield of the Ru(ll)-glycodendrimers.

Complexes 1-3 and 7—9 were prepared starting from 4,4-
dicarboxyl-2,2’-bipyridine. The carboxylic acid was activated with
thionyl chloride and treated with 2’-aminoethyl mannoside or galac-
toside to yield 13 or 14. Bipyridine ligands 13 and 14 were treated
with [Ru(bipy),] Cl, or RuClz in ethanol, and finally deacetylation with

Scheme 1. Structures of Ru(ll)-glycodendrimers 1—12
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sodium methoxide afforded complexes 1 and 7, or 2 and 8, or 3 and
9 (see Supporting Information (Sl), section 2). Ru(l1)-glycodendrimers
4—6 and 10—12 were prepared as described previoudy.*

Logic gate andysis of eectron transfer between complexes 1—-12
and BBV displayed two different outputs with BBV and pH 7.4 as
inputs. Complexes 1—4 displayed effective electron transfer resulting
in NAND logic gates. NAND logic is represented by the situation
where the output, in this case the relative quantum fluorescence yield,
is quenched or FALSE (0) only when both inputs (pH and BBV) are
TRUE (1,1) (the threshold for a TRUE response was set at 0.45)
(Figure 1). In contrast, the output for complexes 5 and 6 was TRUE
(2) even for the (1,1) input showing tautology. The differencesin the
relative quantum yield for complexes 1-6 must be related to the
different density of dendritic encapsulation. Since the boronic acids
have high sugar affinities, al complexes bind to BBV at pH 7.4.°
However, differencesin the density and distribution of the carbohydrate
that encapsulates the Ru(ll) core result in different degrees of
fluorescence quenching, inducing different quantum yields (see Sl,
Table S1). Fluorescence quenching is much greater for complexes 1—4,
indicating that the high degree of carbohydrate density in complexes
5 and 6 prevents eectron transfer to BBV since the Ru(ll) core is
more protected by the topology of the hydrophilic core of sugars than
in complexes 1—4. A similar behavior was observed with complexes
7—12 (see S, Figure S3).

a) iaz- e | o
) I I NAND TRUE =z
gl 1 —am
G e = mn mn EEOI
[ TiR)

1 H Jn 4 5 6
b) Input Output
PHBIYY
ifmlin2} I 2 3 4 35 6
(0,0) Il 1 ]
a0y [T 1
(0,1) QS OElE 1 1
(1.1) 000011
C) h‘l‘-‘\
(Ru 16
]I‘IJ'.../(" 6) Tbl
hy s ’ Y hv eep
‘\. pH \
Ru l-i__'f ‘ &,,. Ru 1

h F% h
n\ pil ”\ pll
Quenching ".Rn '%'L

RuS-G
krb [ fb]
an " an %"

Figure 1. (&) Schematic representation of relative fluorescence responses to
pH and BBV as inputs. concn of complexes 1-6, 0.5 x 10~° M; concn of
BBV, 25.0 x 10°° M; pH 7.4 in phosphate buffer. (b) Corresponding truth
table. (¢) Schematic diagram of the mechanism of interaction.

After investigating the PET between the Ru(ll) core and BBV, we
focused on the effect that lectin binding had upon the fluorescent
output. For complexes 1—3, with ConA and buffer (pH) as inputs,

thelogic operations rendered FAL SE output (contradiction), indicating
no binding with lectin (Figure 2). However, with the same inputs,
complexes 4—6 performed as AND gates (Figure 2). Inthe AND logic,
a high output (1) or increase in quantum yield results only if both
inputs to the AND gate are high (1). If neither, or only one input to
the AND gate is high, alow (0) output results. Since carbohydrate—
protein interactions are quite weak, and complexes 1—3 are decorated
with relatively few sugars, ConA binding resulted in only a small
changein fluorescence. However, the larger dendrimers 4—6 interacted
more effectively with ConA and showed an increase in the fluorescent
signal due to aggregation and encapsulation of the Ru(ll) core by the
carbohydrates and the resulting more hydrophilic environment of the
protein. By setting 1.15 as the threshold level, complexes 4—6 exhibited
AND logicandarethereforethebest syssemtostudy lectin—carbohydrate
interactions in the fluorescent mode. In contrast, ConA does not bind
gaactose, and, as expected, complexes 7—12 produce only FALSE
output (see SI, Figure S6). Similar experiments with the higher vaency
mannose-hinding lectin GNA were performed, and the same overall
effect was observed. The opposite outcome was obtained when using
ASGPR, which binds galactose. Complexes 1—6, which contain
mannose, and the sparsely decorated complexes 7—9 displayed
contradiction (FALSE output), whereas components 10—12 with ahigh
number of galactose units behaved as AND gates (see Sl, Figures
S7—S10).

After gaining insight into how the logic operation helps in the
straightforward anadysis of the PET and the optica lectin sensing
process affected by dendrimer structures, we studied how complexes
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Figure 2. (a) Schematic representation of relative fluorescence responses to
pH and ConA as inputs: concn of complexes 1—6, 0.5 x 10~° M; concn of
ConA, 1.0 x 1075 M; pH 7.4 in phosphate buffer with 0.1 mM CaCl, and
0.1 mM NaCl. (b) Corresponding truth table. (c) Schematic diagram of the
mechanism of interaction.
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1-12 behave over three inputs (pH, BBV, and lectin). Three-input
study will give an opportunity to identify the best model of sdective
and sengtive lectin sensors. To exclude the effects of nonspecific
carbohydrate—lectin interactions, we set the threshold level a 1.15
(Figure 3). Complexes 1—3 showed FALSE output due to weaker
carbohydrate—lectin interactions and high PET quenching with BBV.
Complexes 5 and 6 resulted in an AND gate with no significant
influence of BBV due to weak quenching with the electron acceptor.
Consequently, complexes 5 and 6 are better suited for optical lectin
sensing than PET. However, a three-input INHIBIT gate was suc-
cessfully constructed with complex 4 by combining the molecular input
components of the NAND and AND gates. An INHIBIT gate
represents a situation where ahigh third input (BBV) inhibits the output
of agate that previoudy behaved as an AND gate independent of the
other two inputs.” To achieve this, the structure of 4 must alow for
the perfect balance of lectin binding and PET. This is evident when,
with al three inputs present, the optical readout of 4 is compared with
those of complexes 1—3 (smaller structures with fewer sugar units),
in which 4 demonstrates a comparative increase in fluorescence due
to effective displacement of BBV by ConA (Figure 3). In similar
experiments with GNA and ASGPR, only complexes 4 and 10 acted
asINHIBIT gates, respectively (see SI, Figures S12 and S13). Finally,
using best model 4, ConA and GNA lectins were detected at the limit
range of 25—28 nM,*® and by using complex 10, ASGPR could be
sensed at 38 nM (see S, Figure S14).
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Figure 3. (&) Schematic representation of relative fluorescence responses to
pH and ConA as inputs. concn of complexes 1—6, 0.5 x 10~° M; concn of
ConA, 1.0 x 1076 M; concn of BBV, 25.0 x 10> M; pH 7.4 in phosphate
buffer with 0.1 mM CaCl, and 0.1 mM NaCl. (b) Corresponding truth table.

In conclusion, a novel, digital, single-operation analytica method
to study glycodendrimer—lectin interactions is described. Using this
binary system, glycodendrimers were found to behave in two different
modes. Complexes 1—3 congtitute a NAND gate based on effective
PET but failed to display lectin binding. In contrast, complexes 5 and
6 bind well to lectin (and thus behave as AND gates) but due to higher
sugar density, only weak PET was observed. Complex 4 exhibited a
perfect balance between both processes and thus is presented as an
effective INHIBIT gate. This demonstrates that a Ru(l1)-glycoden-
drimer exhibiting six mannoses is the best to sense ConA or GNA
lectins, and similarly complex 10 (with six galactoses) performs best
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when screening for ASGPR lectin binding. Thus, by using logic
operations, it is possible to generaize the red-time straightforward
analysis of biological interactions and the sensing process.
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