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Abstract: Lectins are invaluable tools for chemical biology because they recognize carbohydrate
arrays. Multivalent carbohydrate binding by lectins is important for processes such as bacterial
and viral adhesion and cancer metastasis. A better understanding of mammalian lectin binding
to carbohydrate arrays is critical for controlling these and other cellular recognition processes.
Plant lectins are excellent model systems for the study of multivalent protein—carbohydrate
interactions because of their robustness and ready availability. Here, we describe binding studies
of mannose-functionalized poly(amidoamine) (PAMAM) dendrimers to a mitogenic lectin from
Pisum sativum (pea lectin). Hemagglutination and precipitation assays were performed, and
results were compared to those obtained from concanavalin A (Con A), a lectin that has been
studied in more detail. Isothermal titration calorimetry (ITC) experiments are also described.
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Introduction The interactions of monosaccharides with lectins, which
are carbohydrate-binding proteins, are generally weak. Mi-
cromolar monovalent dissociation constants are common. In
order to increase affinity and confer selectivity, multivalent
protein—carbohydrate interactions are widely used in na-
ture>8 Many lectins have multiple sites for carbohydrate
é)inding, which are shallow pockets relatively distant from

Protein-carbohydrate interactions on the cell surface play
key roles in many cellular processes. The recruitment and
activation of cells for mechanisms of inflammation and for
the mounting of an immune response, for example, are
protein—carbohydrate mediated events. Protetarbohy-
drate interactions are also critical in other processes such a .
the infection of host cells by viruses and bacteria, the one another (37 nm) on the protein surface.

adhesion and metastatic spread of cancer cells, and even Among'the lectins, Ieggme lectins reprgsent the 'best-
cellular differentiation and growth4 characterized group of lectins. Legume lectins are typically
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homodimers or homotetramers that contain one highly
conserved sugar-binding site on each monomeric &nit.
Concanavalin A (Con A9*and a lectin isolated froRisum
sativum (pea lectiny>3are two such lectins. In solution, Con
A is a homotetramer at biological pH, while pea lectin is a
homodimer. Both proteins bind methyl mannose with
specificity, although Con A has 4-fold higher affinity than
pea lectin for methyl manno$éAs shown in Figure 1, both
Con A and pea lectin have binding sites about 65 A
apart?l'13'15*16

Because lectirrcarbohydrate adhesion generally involves
multivalent interactions, a variety of glycopolymers that can
span multiple lectin binding sites have been developed to
help study these processédPendrimers, for example, can
be functionalized with sugars to study proteirarbohydrate
interactions® Understanding multivalent biological systems

on the molecular level can suggest strategies for novel drugs.

Synthetic multivalent molecules can be designed to either
inhibit or promote biological processes, greatly improving
drug design.

Unlike most polymers, dendrimers have a regular branch-
ing pattern with predictable physical propertié®y control-
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Figure 1. Structures of (a) Con A3 and (b) pea lectin?® bound
to methyl mannose. The binding sites of both lectins!%16 are
about 65 A apart; binding residues of both lectins are indicated
in red.
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Figure 2. Mannose-functionalized PAMAM dendrimers 1—6.

ling the number and nature of the tethered functional groups,
the solubility and reactivity of the molecule can be custom-
ized to suit biological conditions. We have previously
reported the synthesis and lectin-binding properties of
generation one through generation six mannose-functional-
ized PAMAM dendrimers (compounds-6, Figure 2) with
Con A2°|n these Con A-dendrimer interactions, multivalent
binding motifs were observed for large dendrimers (genera-
tions four through six, compoundé—6), while smaller

(20) Woller, E. K.; Cloninger, M. J. The Lectin-Binding Properties of
Six Generations of Mannose-Functionalized Dendriménsgy.
Lett. 2002 4, 7—10.



Binding of Functionalized Dendrimers with Pea Lectin articles

statistical or proximity-type enhancements in binding were using a microcalorimeter from Microcal, Inc. (Northhampton,
observed foi3, and relative affinities comparable to methyl MA). Injections of 6uL of mannose-functionalized PAMAM
mannose were observed for dendrimkeend2.2* Changing dendrimer were added via a 250 syringe at an interval
the size of the dendrimer framework (by changing the of 4 min into 1.435 mL of a pea lectin solution while the
generation of PAMAM used) changed the type of interaction solution was stirred at 310 rpm. The concentration of the
that was observed with Con A. lectin ranged from 20uM to 200 uM, and the sugar
In order to test the generality of the results that we obtained concentration ranged from 0.5 mM to 20 mM. Titrations were
with Con A, we studied the binding of mannose-function- done at 27C in a 10 mM phosphate buffered saline solution
alized dendrimers to pea lectin. The binding results for (pH 7.2).
mannose-functionalized dendrimers with pea lectin are Precipitation Assay.Precipitation assays were performed
presented here and are compared to previously obtainedusing a modification of the procedure reported by Brewer
results with Con A. Hemagglutination assays, precipitation and co-worker3d® Serial dilutions of a 20 mM solution of
assays, and isothermal titration microcalorimetry (ITC) mannose-functionalized G(5)-PAMAM were added to mi-
studies are described. crocentrifuge tubes. A final volume of 500 was used. A
Multivalent protein-carbohydrate interactions serve a pea lectin solution (50QL, 60—71 mM as shown in Figure
critical function in many intercellular recognition events. A 5) was added to each tube and allowed to precipitate for
thorough understanding of their fundamental requirements ~20 h at room temperature. The supernatant was removed
is essential if therapeutic agents are to be developed thatafter centrifugation at 5000 rpm for 5 min. The pellet was
rely on proteir-carbohydrate interactions. Through careful then washed three times with 504 of cold buffer and
exploration of glycodendrimer interactions with legume dissolved in 2 mM methy&-D-mannopyranoside to a final
lectins, our goal is to develop generally applicable parametersvolume of 1 mL. The solutions were then analyzed for

for development of therapeutic agents. protein content usindv., = 15.0 for pea lectir®
Molecular Modeling. Commercially available air-drying
Experimental Section clay was used to model both the dendrimers and the pea

General Methods. Mannose-functionalized dendrimers €ctin using a scale of 1 A= Yea in. 5 was modeled as a
1—6 were synthesized as previously described in ref 20, PeaSPhere with ae, in. (=95 A) diameter. Pea lectin was
lectin was isolated from commercial green split peas ac- Modeled as a cylinder with a diameter#fk; in. (=58 A)
cording to a procedure from Trowbridge. and a length of%/z, in. (=82 A).

Hemagglutination Inhibition Assay. Hemagglutination
assays were performed similarly to previously published Results and Discussion
procedures? The concentration of pea lectin was keptat 2~ Hemagglutination Assays.Table 1 shows the relative
ug/mL for all assays. Assay buffer consisted of 0.5% W/V activity of dendrimersl—6 for pea lectin (concentration
BSA in 10 mM phosphate buffered saline (PBS), pH 7.2. adjusted) compared to methyl mannose. For comparison, Con
The pea lectin was added to serial dilutions of a 20 mg/mL A—dendrimer affinities are also show?? Although sig-
glycodendrimer stock solution, and the solutions were nificant increases in affinity (on a per mannose basis) were
incubated fo 3 h atroom temperature. Rabbit erythrocytes observed with Con A as the generation of the dendrimer was
(2% viv in 0.5% w/v BSA) were added, and the lowest increased, the affinity of the dendrimers for pea lectin re-
amount of dendrimer to cause inhibition was determined. mains roughly constant for the six generations of dendrimers.
Salt effects for monovalent binding of methyl mannose to  pannose-functionalized G(1)- and G(2)-PAMANsand
pea lectin were determined for 0.15, 0.25, and 0.35 M NaCl 2 ere bound to Con A with concentration-adjusted affinities

solutions. comparable to that of methyl mannose, suggesting that
Isothermal Titration Calorimetry. ITC experiments were

performed similarly to previously published procedéfé$

(24) Dam, T. K.; Roy, R.; Das, S. K.; Oscarson, S.; Brewer, C. F.
Binding of Multivalent Carbohydrates to Concanavalin A and

(21) Binding motifs are described in detail in ref 20. We define Dioclea grandifloraLectin. J. Biol. Chem.200Q 275, 14223~
multivalent binding interactions as at least two sugars per 14230.
dendrimer binding into two receptor sites on a lectin. Statistical (25) Khan, M. I.; Mandal, D. K.; Brewer, C. F. Interaction of
or proximity enhancements upon affinity are smaller binding concanavalin A with glycoproteins. A quantitative precipitation
effects caused by the increased concentration of sugar near the study of concanavalin A with the soybean aggluti@arbohydr.
binding site, are comparable to effective molarity phenomena of Res.1991 213 69-77.
synthetic reactions, and are also discussed by Lee and Lee in ref(26) Bhattacharyya, L.; Brewer, C. F. Preparation and Properties of
6. Metal lon Derivatives of the Lentil and Pea LectiBochemistry
(22) Osawa, T.; Matsumoto, |. Gorse (Ulex europeus) phytohemag- 1985 24, 4974-4980.
glutinins. Methods Enzymoll972 28, 323-327. (27) Woller, E. K.; Walter, E. D.; Morgan, J. R.; Singel, D. J.;
(23) Wiseman, T.; Williston, S.; Brandt, J. F.; Lin, L. N. Rapid Cloninger, M. J. Altering the Strength of Lectin Binding Interac-
Measurement of Binding Constants and Heats of Binding Using tions and Controlling the Amount of Lectin Clustering Using
a New Titration CalorimeterAnal. Biochem1989 179, 131— Mannose/Hydroxyl-Functionalized DendrimefsAm. Chem. Soc.
135. 2003 125 8820-8826.
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Table 1. Hemagglutination Inhibition Assays for Mannose-Functionalized Dendrimers?

Con A pea lectin
no. of inhibiting sugar concn? rel act./ inhibiting sugar concn¢ rel act./
sugars (mg/mL) mannose? (mg/mL) mannose’
methyl mannose 1 2.5 1 1.25 1
1 8 6.2 1 25 13
2 16 4.4+0.29 15+0.1 5 0.67
3 29 0.34 +0.081 20£5 10 0.35
4 55 0.035 + 0.015 200 + 90 10 0.36
5 95 0.024 + 0.016 300 + 210 10 0.37
6 178 0.021 + 0.0053 350 + 90 10 0.38

a Each reported value represents at least three assays. ? Values are taken from refs 20 (1, 2) and 27 (3—6). ¢ Values were consistent under
the conditions used, so no ranges are reported.

monovalent binding between Con A and these dendrimers
occurs. Higher generation mannose-functionalized PAM-
AMs, however, suggest glycoside clustering/proximity effects
(G(3)-PAMAM 3) and multivalent binding (G(4)- to G(6)-
PAMAM 4—6).2%2tNo increase in binding is observed with
pea lectin, which suggests exclusive monovalent binding. On
a per mannose basis, mannose-functionalized G(2)- to G(6)-
PAMAMSs 2—6 actually bind with lower affinity than G(1)-
PAMAM 1 or methyl mannose does.

Hemagglutination assays with Con A were performed with
18 ug/mL Con A?" but assays with pea lectin were
performed with only 2«g/mL. The lower concentration of
pea lectin was required since, for a low-affinity lectin, free
lectin is always detectable in solution at higher concentra-
tions. Using a low concentration of pea lectin eliminated the
background agglutination. Inhibiting concentrations of den-
drimers and methyl mannose are shown in Table 1. To allow
for comparison of the results for dendrimelrs 6, methyl
mannose was assigned the relative activity value of 1 with
each protein, even though the inhibiting concentrations of
Con A with methyl mannose and of pea lectin with methyl
mannose are different.

We surmise that unfavorable steric interactions between
the dendrimer and pea lectin preclude bivalent binding. Con
A has a concave surface that nicely compliments the roughly
spherical shape of dendrimeds-6, but the area between
the binding sites on pea lectin is flatter and therefore perhaps
is less ideal for accommodating the dendrimer’s bulk. Since
pea lectin lacks the concave surface feature present in Con
A, pea lectin may be unable to accommodate a multivalent
binding motif for dendrimerd—6. Although they are clearly
large enough to span the distance between mannose binding
sites on pea lectiml—6 may be unable to bind in a bidentate
fashion due to lack of shape complementarity.

A picture with the crystal structures of pea lectin and Con
A superimposed upon one another reveals that the two
proteins are quite similar (Figure 3). The only significant only about four times lower than the affinity of Con A for
difference appears to be that Con A has larger loop regionsmethyl mannosé! and we have previously shown that small
that jut out from the protein, giving GoA a more curved differences in affinity do not change the binding motif from
shape than pea lectin between the binding sites. Althoughbivalent to monovalent binding for Con -Adendrimer
the difference seems relatively minor, such effects have systemg’ Also, the pea lectin dimer and the Con A tetramers
previously been attributed to significant changes in binding are both stable entities at neutral pH, so motifs where the
motifs 2> The affinity of pea lectin for methyl mannose is pea lectin dissociates to form monomers (which are unable

Figure 3. Pea lectin (green) and Con A (orange) structures
superimposed. (a) Proteins are shown in the same orientation
as in Figure 1 and (b) proteins are rotated 90°.

298 MOLECULAR PHARMACEUTICS VOL. 2, NO. 4
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to bind bivalently) seem highly unlikeR. Thus, it seems
most likely that the monovalent binding pattern indicated
by the hemagglutination assay results with pea lectin and
dendrimergl—6 is caused by the lack of shape complemen-
tarity between the two systems.

Titration Calorimetry Measurements. Although hemag-
glutination assays provide helpful information about the
relative activity of the mannose-functionalized dendrimers
for Con A and pea lectin, they do not provide association
constants or energetics of binding. Isothermal titration
calorimetry (ITC) can provide valuable information about
the number of binding sitegy, the enthalpy of bindingXH),
and the association constaHt), from which the free energy
of binding (AG) and the entropy of bindingAS) can be
calculated. The binding of monosaccharidé$and small
mannose-functionalized multivalent framewgfk® Con A
and pea lectin has been previously reported, which led us to
hypothesize that ITC might be used for binding studies with
our dendrimerd—6 as well.

Unfortunately, aggregation was repeatedly observed upon
addition of the mannose-functionalized dendrimefs$ to
Con A (results not shown). Although pea lectin has a
significantly lower affinity for methyl mannose and causes
less aggregation than Con A, precipitation was still observed.
Figure 4 shows a representative experiment during which
minimal aggregation was observed. While an overall sig-
moidal curve was obtained, a significant amount of noise is
present. This is partially due to the relatively low amounts
of protein used. In ITC measurements, the quactityK,M-

(0), whereM(0) is the initial macromolecule concentration,
is important for optimum curve fitting to be achiev&d.
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Figure 4. 1TC profile of pea lectin (0.030 mM) with 5 (2 mM

in sugar) at 27 °C. Top: Data obtained for 40 automatic
injections. Bottom: Integrated curve showing experimental

However, accurate ITC measurements require the presenceoints and the best fit.

of soluble complexes for the duration of the experiment. In
order to minimize aggregation, a lower than optimal mac-
romolecule concentration was required, which resulted in a
low signal. The larger amount of variability at the beginning
of the titration is most likely due to the formation of an

maximum number of pea lectins that are recruited by each
dendrimer.

The ratio of mannose-functionalized dendrimer to pea
lectin in the precipitates quickly increased with increasing

aggregate. Because of the formation of an aggregate, theamount of dendrimer until a maximum was reached, and then

thermodynamic data obtained from the titration cannot be
analyzed in detail.

Precipitation Assays.To further investigate aggregation
behavior, precipitation assays were performed with pea lectin
and dendrimerd—6. By treating varying concentrations of
dendrimers with a constant amount of protein, the den-
drimer—lectin binding stoichiometry is obtainédl.If the
concentration of pea lectin is high enough, the dendrimer
will precipitate the protein. The ratio of dendrimer to protein
at the point of maximum precipitation is considered the

(28) Ahmad, N.; Srinivas, V. R.; Reddy, G. B.; Surolia, A. Thermo-
dynamic Characterization of the Conformational Stability of the
Homodimeric Protein, Pea LectiBiochemistryl998 37, 16765~
16772.

(29) Dam, T. K.; Roy, R.; Page, D.; Brewer, C. F. Thermodynamic
Binding Parameters of Individual Epitopes of Multivalent Car-
bohydrates to Concanavalin A As Determined by “Reverse”
Isothermal Titration MicrocalorimetryBiochemistry2002 41,
1359-1363.

the ratio steadily decreased (Figure 5). This behavior was
different from our previously obtained results with Con A,
where the ratio of protein to dendrimer remained fairly
constant after a maximum had been reacHéd/hen the
assay was performed in water, as opposed to buffer, results
resembled those for Con A. This change in behavior was
likely caused by a change in the ionic strength of the solution.
Similar effects were observed when Okada and co-workers
studied the behavior of dendrimeion complexes® Al-
though Okada’s study did not directly involve protein
carbohydrate interactions, parallels can be drawn for mul-
tivalent receptorligand interactions. Presumably, the
dendrimer-protein complex became more soluble at high
ionic strength due to the screening effect of microsalts
weakening the binding interactiShSuch a screening effect

(30) Tsutsumiuchi, K.; Aoi, K.; Okada, M. lon Complex Formation
between Poly(amido amine) Dendrimer HCI Salt and Poly(L-
glutamic acid) Sodium SalPolym. J.200Q 32, 107—-112.
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Figure 5. Precipitation assays in (a) 10 mM PBS, pH 7.2, with addition of 67 uM pea lectin; (b) 0.1 M TBS, pH 7.4, with addition
of 71 uM pea lectin; (c) water, with addition of 71 uM pea lectin; and (d) 0.15 M NaCl, with addition of 60 uM pea lectin.

could occur if salts interfere with electrostatic interactions  The precipitation profiles in Figure 5 show that, for a
and hydrogen bonding in the binding pocket, which would mannose-functionalized G(5)-PAMAM dendrimér pre-
increase the off-rate for complex dissociation and would cipitation steadily increases, reaches a maximum, and then
disrupt the larger cross-linked complexes. The formation of steadily decreases in high ionic strength buffers (Figure
soluble proteir-dendrimer complexes in the presence of high 5a,b,d). In water, the precipitation profile levels off (Figure
concentrations of dendrimer, as well as at low ligand 5c¢). The points of intersection of the initial slope and the
concentrations, is possible if the ionic strength of the solution final slope are similar for all of the buffers tested, corre-

is sufficiently high, because only small aggregates would sponding to an approximately 1:7 ratio of dendrinfeto
form under these conditions. Near the equivalence point, pea lectin monomer.

insoluble cpr_npl_exes are formed in extensive lattfces. _ Physical models suggest that the dendrimer could accom-
The precipitation assay results reported here are consistenf Jyate 11 pea lectin dimers, assuming bivalent binding.

with the aggregation behavior _that was observed in .ITC While the dendrimer:pea lectin ratio could theoretically arise
experiments, where the most noise occurs as the experimen

approaches the maximum dendrimer to protein stoichiometry.
That the salt content influences sugar binding by pea lectin
was also shown by comparing hemagglutination assays with . .
methyl mannose iri/buﬁe?s co%taininggg 15 and 0.35 MyNaCI a soluble coosmplex at both high and low concentrations of

: . . . P
Increasing the salt content from 0.15 to 0.35 M caused adendrlmer’t L
1.3-fold increase in the amount of methyl mannose required ~ OVerall, the precipitation assays seem to suggest that even
to inhibit agglutination. The results with methyl mannose @ large dendrimer such & which is theoretically able to
suggest that a high salt content in the assay buffer can lowerSPan bmdmg sites 65 A apart and expenm_entally was ?hQW”
the affinity of the protein for mannose, which might disrupt to bind multivalently to Con A, probably binds pea lectin in

the protein-dendrimer cross-links and reduce the amount & monodentate fashion in high ionic strength buffers. This
of precipitate observed in the precipitation assays. is consistent with the results we obtained from the hemag-

glutination assays. The lack of shape complementarity
(31) Tsuchida, E.; Abe, K. Interactions between Macromolecules in between pea lectin a'ﬁjmay make multivalent blndlng less

Solution and Intermacromolecular Complex&sl. Polym. Sci. likely than with Con A; large cross-linking complexes
1982 45, 1-119. probably occur more readily, which high ionic strength

from an average of bivalently binding three or four pea
lectins, we suggest that extensive cross-linking is occurring,
which is greatly weakened by the salting effects, thus forming

300 MOLECULAR PHARMACEUTICS VOL. 2, NO. 4
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buffers can minimize. The shape complementarity betweenthe multivalent (Con A-dendrimer) versus monovalent (pea
Con A and dendrimer is not present with pea lectin, and lectin—dendrimer) binding motif. While we do not rule out
steric hindrance when binding dendrinteto pea lectinmay  the possibility that highly dynamic frameworks such as
prevent multivalent binding motifs from occurring. Brewer pAMAM dendrimers can undergo conformational shifts to
and co-workers have previously presented a similar steric oyercome unfavorable steric repulsions and to achieve
argument, in that the binding valency of a glycoprotein piaient binding interactions, the unfavorable shape comple-
(Whlch can l_)e_compared to our mannose-functionalized mentarity in the dendrimerpea lectin system appears to
dendrlrr_]ers) IS mflgenced_ by the quartemary structures of induce monovalent association. The association is relatively
the lectin and the interacting glycoproté. : : o .

weak (a micromolar dissociation constant is reported for pea
lectin with methyl mannosé},and so higher affinity bivalent
binding evidently cannot occur by overcoming the unopti-
mized shape complementarity in this case.

Conclusions

The hemagglutination assays and precipitation assays
described here suggest that mannose-functionalized PAMAM
dendrimersl—6 bind to pea lectin in a monovalent fashion, ~ The comparative binding behaviors of the legume lectins,
which contrasts with our previous results obtained using Con Con A and pea lectin, to carbohydrate-functionalized den-
A. Hemagglutination assays far-6 with pea lectin showed  drimers 1—6 indicate that glycodendrimers may be very
no increase in binding affinity (on a per mannose basis) with appropriate macromolecular therapeutic agents for targeted
increasing dendrimer generation. Previous experiments withmultivalent binding with some lectins but may be unsuc-
Con A revealed significant increases in binding affinity as cessful in other cases. The shape complementarity of the
the dendrimer size increased, and the affinity changes werelectin with the carbohydrate-coated framework must be

attributed to multivalent b|nd|ng and glyCOSide Clustel‘ing. considered when dendrimer based systems are app“ed
Unfortunately, kinetic data for pea lectirdendrimer binding

could not be obtained via ITC due to aggregation. Precipita-

tion profiles suggested monovalent binding of pea lectin by RO1 GM62444. R.A.U. was supported by NSE REU. and
all dendrimers in high ionic strength buffers and in water. o bp y '

Size and shape complementarity of the Carl)Om/drate_G.C.S.Wassuppor‘tedbleHINBRE/BRIN(P20RR16455—O4).
functionalized dendrimers with the lectin appears to influence MP050014H
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