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Abstract: Protein—carbohydrate interactions play a critical role in many biological recognition events.
Multivalent therapeutic agents that utilize protein—carbohydrate interactions have proven difficult to design,
primarily because the fundamental requirements of protein—carbohydrate interactions are not well
understood. Here, we report a systematic study of the effect on lectin binding of varying the loading of
mannose surface residues on generations three through six PAMAM dendrimers. The degree of mannose
functionalization was controlled by stoichiometric addition, and dendrimers were characterized using NMR
and MALDI-TOF MS. Hemagglutination assays and quantitative precipitation assays were performed to
determine the relative activity of the dendrimers. Using the mannose/hydroxyl-functionalized dendrimers
reported here, we could systematically control both the degree of lectin clustering and the overall activity
of the lectin with the dendrimer.

Introduction A number of synthetic multivalent ligands have been reported

. . ) ... that take advantage of the glycoside cluster effect to act either
The interaction between proteins and carbohydrates is critical 55 innibitors or as effectofs10 However, an empirical

in a wide variety of intercellular interactions. For example, viral - 455r0ach (i.e., trial and error) to the development of multivalent
and bacterial infections, antibogehlantigen interactions, fertiliza- ligands has been necessary because the requisite underlying

tion, and othgr ceHc_:eII interactions_ all rely on protein details of multivalent proteircarbohydrate interactions are not
carbohydrate interactiodsThe interaction of one carbohydrate
with one protein, however, is quite weak. In the case of binding (5) () Lundquist, J. J.; Toone, E. Chem. Re. 2002 102, 555-578. (b)

L _ . Kiessling, L. L.; Strong, L. E.; Gestwicki, J. Bnnual Reports in Medicinal
between hemagglutinin and monomeuiesialosides, the as- Chemistry Academic Press: New York, 2000; Vol. 35, pp 32330.
sociation constant is only about 301712 It is generall (6) (a) Thoma, G.; Duthaler, R. O.; Magnani, J. L.; Patton, JI. im. Chem.
. . Yy . . g y Soc.200], 123 10113-10114. (b) DeFrees, S. A.; Phillips, L.; Guo, L.;
accepted that biological systems engage in multipoint attachment  zalipsky, S.J. Am. Chem. Sod.996 118 6101-6104. (c) Fan, E. K.;

Wi indivi H Merritt, E. A.; Verlinde, C.; Hol, W. G. JCurr. Opin. Struct. Biol200Q
to augment the activity of the individual protetcarbohydrate 10, 680-686. (d) Gestwicki. J. E.: Strong, L. E- Kiessling, L. Ghem.

interactions. Remarkably, the strength of multivalent protein Biol. 200Q 7, 583-591. (e) Gestwicki, J. E.; Strong, L. E.; Cairo, C. W.;
: ; ; ; 2 Boehm, F. J.; Kiessling, L. LChem. Biol.2002 9, 163—-169. (f) Gordon,
carbohydrate interactions is typically more than additidée E.J.. Gestwicki, J. E.. Strong, L. E.; Kiessling, L. €hem. Biol 2000 7,

advantage gained by a ligand when it presents multiple copies 9;916. (gg)’ Iéggai,gl\gézMokl;tell, K. IH Kiessling, L. LJI.( Am. Chgm. Soc.
P . . . 1997 119 - . Kiessling, L. L.; Gestwicki, J. E.; Strong, L.
of a binding epitope to a receptor was first described by Lee E. Curr. Opin. Chem. B(i0)|2000 4, %96_703_ () Mann. D. A Kan%i’

and co-workers and is called the glycoside cluster effétin M.; Maly, D. J.; Kiessling, L. L.J. Am. Chem. Sod.99§ 120, 10575~
. . . . 10582. (j) Roy, R.; Page, D.; Perez, S. F.; Bencomo, GWcoconjugate
most biological systems, this advantage is greater than would 371998 15, 251-263. (k) Spencer, D. M.: Wandless, T. J.; Schreiber, S.
be expected simply due to the additive increase in the number _ L.; Crabtree, G. RSciencel993 262 1019-1024.
L . . . (7) (a) Khan, M. |.; Mandal, D. K.; Brewer, C. Earbohydr. Res1991, 213
of binding epitopes. While the glycoside cluster effect has been 69—77. (b) Bhattacharyya, L.; Brewer, C. Eur. J. Biochem1989 178
i i P _ 721-726. (c) Allen, J. R.; Harris, C. R.; Danishefsky, SJJAm. Chem.
recogplzeq fqr some Flme, the underlying cause for the enhance S00.2001, 123 1800°1897. (d) Lundauist. 3. J.: Debenham. S. D.: Toone,
ment in binding is still uncleat? E. J.J. Org. Chem200Q 65, 8245-8250.
(8) (a) Kiessling, L. L. InRecent Trends on Molecular Recogniti@iederich,
F., Kinzer, H., Eds.; Springer-Verlag Berlin Heidelberg: Berlin, 1998; pp

(1) (a) Lis, H.; Sharon, NChem. Re. 1998 98, 637-674. (b) Bovin, N. V.; 183-212. (b) Fraser, C.; Grubbs, R. Mlacromoleculed995 28, 7248~
Gabius, H.-JChem. Soc. Re 1995 24, 413-421. (c) Sharon, N.; Lis, H. 7255.
Sci. Am.1993 82—-89. (d) Lee, Y. C.; Lee, R. TAcc. Chem. Red.995 (9) (a) Bosman, A. W.; Jansenn, H. M.; Meijer, E. @hem. Re. 1999 99,
28, 321—-327. (e) Dwek, R. AChem. Re. 1996 96, 683—720. (f) Gabius, 1665-1688. (b) Matthews, O. A.; Shipway, A. N.; Stoddart, J.FFfog.
H. J. Eur. J. Biochem1997, 243 543-576. Polym. Sci.1998 23, 1-56. (c) Zeng, F. W.; Zimmerman, S. Chem.
(2) (a) Sauter, N. K.; Bednarski, M. D.; Wurzburg, B. A.; Hanson, J. E; Rev. 1997 97, 1681-1712. (d) Dykes, G. MJ. Chem. Technol. Biotechnol.
Whitesides, G. M.; Skehel, J. J.; Wiley, D. Biochemistry1l 989 28, 8388 2001, 76, 903-918. (e) Zimmerman, S. C.; Lawless, L.Oendrimers I/
8396. (b) Kronis, K. A.; Carver, J. Biochemistryl982 21, 3050-3057. Springer: New York, 2001; Vol. 217, pp 98.20. (f) Esfand, R.; Tomalia,
(3) Mammen, M.; Choi, S.-K.; Whitesides, G. Mngew. Chem., Int. EA.998 D. A. Drug Discavery Today2001, 6, 427—436. (g) Newkome, G. R;
37, 2754-2794. Moorefield, C. N.; Vatle, F. Dendrimers and Dendrons: Concepts,
(4) Lee, R. T.; Lee, Y. CGlycoconjugate J200Q 17, 543-551. Syntheses, ApplicationgViley-VCH: Weinheim, 2001.
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Controlling Lectin Interactions with Dendrimers

well understood. Presentation of multivalent carbohydrate
ligands to various receptors has been achieved using a numbe
of scaffold systems including glycoprotelnand linear poly-
mers® Dendrimers have been used extensively as scaffolds in
recent year§,and many examples of saccharide-functionalized
dendrimers have been reporf@d-However, these dendrimers
are typically not large enough to simultaneously bind to multiple
binding sites.

In a recent example, Roy et al. reported the lactose func-
tionalization of a generation five poly(amidoamine) (PAMAM)
dendrimer to study how the topology of binding site presentation
and ligand display affects binding selectivifig.Okada and co-
workers reported the galactose aNehcetylglucose function-
alization of PAMAM generations six, seven, and eight to study
the effect that sugar density had on the ability of the dendrimer

ARTICLES
Scheme 1. The Synthesis of Mannose/Hydroxyl-Functionalized
Pendrlmers
(6}
HO 1\/\NCS
X equiv.
(HN DMSO, 12h, 23°C
OAc
AcO Okc
s AcO —0
HO/\/O\/\N )I\N
H Hk 6 00
(HN yequv. sen

n-x

2G(3), 3 G@), 4 G(5), 5 G(6)

DMSO, 12h,23°C

to recognize and encapsulate a naphthalenesulfonate salt, as well

as the ability of these dendrimers to inhibit wheat germ
agglutinini® Recently, we described the complete functional-
ization of generations one (G(1)) through six (G(6)) PAMAM
dendrimers with mannos$é. Relative to methyl mannose,
significant enhancements in binding toward Concanavalin A
(Con A) were observed with the larger dendrimers because the
larger dendrimers are capable of spanning multiple binding sites
on Con A while the smaller dendrimers cannot.

While the study of fully loaded, saccharide-functionalized
dendrimers provides valuable information regarding multivalent
binding, varying the number of sugars on the surface should
provide even more information. A number of systems have been
reported that vary the loading of binding epitof@g1!In
general, the most highly functionalized scaffolds are not the
ones with the highest activity. Often, a less functionalized ligand
exhibits the greatest activity.

Burke, Kiessling, and co-workers recently reported a small
trimannoside macromolecule that induced formation of a soluble
lectin cluster. The authors made the point that “complex
carbohydrate side chains of glycoproteins may induce lectin
clustering at the cell surface.” This lectin clustering might
facilitate processes such as cell signafidylultivalent carbo-
hydrate-bearing scaffolds may ultimately be used to control
lectin clustering and to increase the affinity of the lectin for the
carbohydrates.

(10) (a) Aoi, K.; Tsutsumiuchi, K.; Yamamoto, A.; Okada, Wetrahedronl997,
53, 15415-15427. (b) Ashton, P. R.; Boyd, S. E.; Brown, C. L
Nepogodiev, S. A.; Meijer, E. W.; Peerlings, H. W. |.; Stoddart, Likem.-
Eur. J.1997, 3, 974-984. (c) Kieburg, C.; Lindhorst, T. KTetrahedron
Lett. 1997, 38, 3885-3888. (d) Corbell, J. B.; Lundquist, J. J.; Toone, E.
J. Tetrahedron: Asymmetr00Q 11, 95-111. (e) Page, D.; Roy, R.
Bioconjugate Cheml997, 8, 714-723. (f) Lindhorst, T. K. Host-Guest
Chemistry Springer: New York, 2002; Vol. 218, pp 26235. (g) Andre,
S.; Ortega, P. J. C.; Perez, M. A.; Roy, R.; Gabius, HGlcobiology
1999 9, 1253-1261. (h) Tsutsumiuchi, K.; Aoi, K.; Okada, NPolym. J.
1999 31, 935-941. (i) Woller, E. K.; Cloninger, M. JOrg. Lett.2002 4,
7-10.

(11) (a) Matrosovich, M. N.; Mochalova, L. V.; Marinina, V. P.; Byramova, N.

.; Bovin, N. V FEBS Lett.199Q 272 209—212 (b) Mammen M.;

Dahmann G.; Whitesides, G. M. Med. Chem1995 38, 4179%4190
(c) Cairo, C. W.; Gestwicki, J. E.; Kanai, M.; Kiessling, L. L.Am. Chem.
S0c.2002 124, 1615-1619. (d) Houseman, B. T.; Mrksich, Mingew.
Chem., Int. Ed1999 38, 782-785. (e) Maynard, H. D.; Okada, S. Y.;
Grubbs, R. HJ. Am. Chem. So@001, 123 1275-1279. (f) Schuster, M.
C.; Mortell, K. H.; Hegeman, A. D.; Kiessling, E. U. Mol. Catal. A-Chem.
1997 116, 209-216. (g) Bovin, N. V.Glycoconjugate J1998 15, 431—
446. (h) Krantz, M. J.; Holtzman, N. A.; Stowell, C. P.; Lee, Y. C.
Biochemistry1976 15, 3963-3968. (i) Maheshwari, G.; Brown, G.;
Lauffenburger, D. A.; Wells, A.; Griffith, L. GJ. Cell Sci.200Q 113
1677-1686. (j) Kudryashov, V.; Glunz, P. W.; Williams, L. J.; Hintermann,
S.; Danishefsky, S. J.; Lloyd, K. QRroc. Natl. Acad. Sci. U.S.A2001
98, 3264-3269. (k) Spevak, W.; Nagy, J. O.; Charych, D. H.; Schaefer,
M. E.; Gilbert, J. H.; Bednarski, M. Ol. Am. Chem. So4993 115, 1146—
1147.

OR OH
-0
O\/\NH NH
/\/NH

E 7 G(3), 8 G(4), 9 G(5), 10 G(6);

We have synthesized a series of mannose- and hydroxyl-
functionalized G(3)-G(6)-PAMAM dendrimers to systemati-
cally study the effect of carbohydrate loading on the activity of
the dendrimer for a lectin. For any generation of dendrimer,
the number of sugars present can be changed without signifi-
cantly changing the size of the dendrimer. On the other hand,
by using different generations of PAMAM dendrimers, we can
vary the size of the molecule. As is demonstrated below,
changing the size of the dendrimer affects the number of lectins
that can be bound by the dendrimer. Controlling the amount of
mannose on the dendrimer surface controls the relative activity
of the dendrimers for the lectin. Thus, using the mannose/
hydroxyl-functionalized dendrimers that we report here, we
could systematically change both the degree of lectin clustering
and the overall activity of the lectin with the dendrimer.

MeOH/ R=Ac
NaOMe
12h,23°C 11 G(3), 12 G(4), 13 G(5), 14 G(6);

See Table 1 for x,y values.

R=H

Results

The general procedure for the heterogeneous functionalization
of PAMAM dendrimers is shown in Scheme 1. A DMSO
solution of commercially available PAMAM dendrimer (genera-
tions three through six) and an appropriate volume of a DMSO
solution of 110 were combined and stirred overnight to form
partially functionalized dendrime®-5. An appropriate volume
of a DMSO solution 061% corresponding ty equivalents was
added to the reaction and stirred overnight to form fully
functionalized (acetyl protected) dendrim@s10. Dendrimers
7—10were purified by dialysis in DMSO (cellulos®,, cutoff
1000 g/mol), lyophilized, and globally deprotected using Zem-
plén conditions in 1:1 HO:MeOH to afford dendrimeré1—

14. The products were purified by dialysis against water and
lyophilized. Table 1 shows a summary of the MS data and of

(12) Burke, S. D.; Zhao, Q.; Schuster, M. C.; Kiessling, L.JL.Am. Chem.
So0c.200Q 122 4518-4519.

J. AM. CHEM. SOC. = VOL. 125, NO. 29, 2003 8821
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Table 1. Summary of Characterization Data for Dendrimers 7—14
number of (a) (b)
M, (Da) 7-10? M, (Da) 11-14 sugars?
11590 [a) 10 900 (18 4
12 700 {b) 11 800 (L1h) 6
14100 {¢) 12 050 (19 12 :
15 100 {d) 12 600 (L1d) 15
17 080 e 13 600 (18 21
18 370 {7f) 14300 (1) 25
21000 {g) 15930 (19 29
22300 8a) 21220 (23 7
23700 8b) 22 340 (2b) 8 , ‘ ‘ - - UV IS AR PN
24100 B0) 22500 029 9 P
24 800 gd) 22500 @2d) 13
25 800 8¢ 23300 (29 15
26 200 8f) 23100 (2) 18
27 900 89) 24500 (29 21 (©)
28 500 gh) 23800 (2h) 27
31 600 8i) 26 600 (L2i) 30
31950 gj) 26 600 (L2)) 31
30 500 gk) 25000 (2k) 32
32900 8l) 27 100 (21 35 Mv
32000 8m) 25200 (2m) 37
35 000 8n) 28100 (2n) 40 -
37 000 80) 29100 (29 46 b
38 400 8p) 30000 (2p) 51 ‘ : , B ——
39 000 0) 30 600 12q) 55 '
42 800 Qa) 42750 (133) 4 Figure 1. MALDI-TOF MS for (a) 3I, (b) 8I, and (c)12l.
41 500 Pb) 40 100 (3b) 8 . _
47 300 00) 45000 (130 17 mass values than the theoretical values because reactions toward
51800 @d) 47400 (13d) 33 the synthesis of the PAMAM starting material do not all give
gg §38 8?)) ig fgg ggg g 100% vields. The loss of terminal GEH,CONHCHCH,NH,
64 500 Og) 54 200 (39) 74 units and intramolecular bis-amide formation (using 1 equiv of
69 400 h) 55 600 (.3h) 86 ethylenediamine) rather than intermolecular addition of 2 equiv
73 600 Qi) 58 500 (L3)) 95 of ethylenediamine are known to occdrHowever, the poly-
79 200 (L08) 77 400 (49 11 i ities of th ds d ) iab|
81 000 (0b) 78 000 (4h) 18 ispersities of the compounds do not increase to any appreciable
84 400 (09 80 100 (49 26 amount upon reaction with eithet, 6, or both, strongly
86 400 (L0d) 80 100 (14d) 34 suggesting that the observed peak broadening is a function of
g; 288 &82 gé 288 &if? gg the starting material and not of the reaction sequence. In all
99 200 (09 87 100 (49 73 cases, the polydispersities of the dendrimers were less than
106 500 (0h) 91000 (.4h) 95 1.021516
106 300 (0j) 89 500 (L4i) 100 Although the acetylated producls-10were not appreciably
111000 40) 93900 44) 102 luble in wat thanol, the dendrimets—14 with
114 000 (OK) 96 000 (4K) 122 soluble in water or methanol, the dendrim Wi
122 900 (0l) 97 700 (L4)) 146 deacetylated hydroxyl groups on mannose were water soluble
126 000 (Om) 99 900 (4m) 151 unless the ratio 01:6 was above 9:1. While protection of the
132 000 (.0n) 101 200 (4n) 178

aM,, is the weight average molecular weightiumber of sugars= [My,
(7—10) — My, (11-14))/172 (172= mass of four acetyl groups), or number
of sugars= [My (7—10) — My, (2—5))/477 (477= mass of6; My (2—5)
data are in the Supporting Information), or number of sugafM,, (11—
14) — My, (2—5)]/306 (306= mass of deacetylate®). Wherever possible,
results from these three calculations are averaged.

mannose hydroxyl groups is not necessary during thiourea
formation, it proved advantageous to leave the acetyl groups
on the sugars because the acetyl groups provide sharper NMR
signals than do any signals on the deprotected dendrimer. The
ratio of 1.6 on the surface of the dendrimer was determined by
integration of appropriate peaks in thd NMR spectrum to
compliment the MS data in Table 1. Figure 2a shows the NMR

the average number of mannose surface residues for eactof peracetylatedl. The broad peak at 4.56 ppm is from the

generation of dendrimer. Reversing the order of the addition of
1 and 6 caused no change in the desired ratiold in the
product, implying thatl and6 have comparable reactivities.

Representative MALDI-TOF mass spectra are shown in
Figure 118 Partially functionalized dendrimeia-5 and fully
functionalized dendrimerg—10 were evaluated by MALDI-
TOF MS. Comparison of these values to the molecular mass
data of11—14 and to the unfunctionalized PAMAMSs allowed

us to determine the number of sugars on the surfaces of the(15)

dendrimers. The MALDI peaks are broadened and are at lower

(13) For an excellent example of the use of MALDI-TOF for dendrimer
characterization, see: Krska, S. W.; SeyferthJDAm. Chem. S0d.998
120, 3604 and references therein.

8822 J. AM. CHEM. SOC. = VOL. 125, NO. 29, 2003

OH group from the hydroxyethanol unit. The peaks &.07,
4.88, 4.11, 4.00, and 3.95 ppm correspond to the protons on

(14) (a) Tomalia et al. have reported that the average molecular weights of
PAMAM dendrimers are smaller than the theoretical weights; our MALDI
results are consistent with Tomalia's electrospray results: Tolic, L. P.;
Anderson, G. A.; Smith, R. D.; Brothers, H. M.; Spindler, R.; Tomalia, D.
A. Int. J. Mass. Spectrom. lon ProcessE397 165166, 405-418. (b)
For a more in-depth discussion of MALDI-TOF MS characterization of
mannose-functionalized dendrimers, see: Woller, E. K.; Cloninger, M. J.
Biomacromoleculeg001, 2, 1052-1054.
Polydispersity= M/M,,. Because of the finite nature of dendrimer size
compared to linear polymers), polydispersity values for dendrimers are
usually much closer to 1 than they are for other polymers. The actual value
is not so important; that the polydispersity does not increase upon dendrimer
functionalization implies uniform dendrimer functionalization rather than
high variation in the number of mannose groups per dendrimer.
(16) The small peak in all of our MALDI spectra at one-half the maximum
mass is the = 2 peak.
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Figure 3. The relationship between activity toward Con A (relative to

(b) methyl mannose) on a per mannose basis and loading of sugars (expressed
as area per sugar irgffor dendrimersl1—14 (13ais off scale; lines through

the points are shown only for clarity and do not represent curve fitting

V\JL’L analysis).

The hemagglutination assay was performed by adding
SO 4s 46 Gt a3 e ’ erythrocytes (rabbit) to preincubated solutions of Con A and
varying concentrations of dendrimer. The concentration of Con
‘ A was kept around LM for all assays. At this concentration,
1 N & hU “ / no deleterious precipitation of ligand and lectin was observed.
B )

The lowest amount of dendrimer that caused inhibition of
agglutination was determined, and the results are shown in
Figure 3. Each reported value represents at least three assays
(see Supporting Information for data in tabular form).

the carbon chain of mannose. For the example shown in Figure Figure 3 shows the relationship between activity of the
2a, the ratio ofl:6 is 1:2, which corresponds to 66% mannose. dendrimer relative to methyl mannose and area per sugar on
Figure 2b shows the same dendrimer after deacetylation, whenthe surface of the dendrimer. The relative activity was adjusted
the overlap of peaks makes quantitative analysis by NMR to a per mannose basis for direct comparisonateethyl
essentially impossible. mannoside. The area available to each sugar was determined

Concanavalin A (Con A) is a lectin that is commonly used ©0n the basis of the number of sugars per molecule (as identified
to probe proteir-carbohydrate interactiort$.At a pH of 7 or by MALDI-TOF MS and NMR data) and the calculated surface
greater, Con A exists as a tetramer. The binding clefts (one perarea of the dendrimer (see the Discussion section for details).
monomer) are located 65 A apart, and Con A shows specificity The relative activityy axis) is reported versus the area per sugar
for a-p-mannose and, to a lesser extemtp-glucose. Con A rather than versus the number of sugarsXis) because this
and various derivatives have been used to assess the bindingprovides the most valuable evaluation of results for different
ability of a wide variety of mannose-containing molecules in a generations of dendrimers. The distance between the sugars, or
number of assays; hence, we chose to study the interaction ofthe available area that each sugar can occupy on the dendrimer
the dendrimers reported here with CorP#8 surface, has a significant effect on activity with Con A, but

As a means to determine the activity of dendrimets-14, there is no correlation between generations when the number
we performed a hemagglutination as$&hile this assay does ~ of sugars per dendrimer is considered.
not provide information regarding association constants of ~ To gain insight into the stoichiometry between the dendrimers
binding, it does provide data that are useful in making a generaland Con A, a precipitation assay was performed. As described
comparison of the effect variable mannose loading has on theby Brewer and co-workef the ligand in varying concentration
activity of these glycodendrimers. In a recent review article Is incubated with a constant Con A concentration. If the Con A
discussing the various assays that have been used to studgoncentration is high enough (in this case;28), the mannose-
protein—carbohydrate interactions, Lundquist and Toone note functionalized dendrimer will precipitate the Con A. The

that the hemagglutination assay is “a quick, simple assay thatsupernatant is removed, the precipitate is washed with buffer
orders soluble ligands in a rough order of binding affinfty.” and then redissolved by addition of monomeric methyl mannose,
and the concentration of Con A is determined by UV absorbance

T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

Figure 2. ™H NMR spectra (500 MHz) of (a§l and (b)12I.

(17) (a) Bittiger, H.; Schnebli, H. Fconcanaalin A as a Togl John Wiley & at 280 nm. The ratio of dendrimer to Con A at the point that
Sons: New York, 1976. (b) Derewenda, Z.; Yariv, J.; Helliwell, J. R,; K L . . .
Kald, A. J.; Dodson, E. J.; Papiz, M. Z.; Wan, T.; CampbelEMBO J. maximum precipitation of Con A is observed is considered to
1989 8, 2189-2193. (c) Sharon, N.; Lis, HFASEB J.199Q 4, 3198~ be the maximum stoichiometry of Con A to dendrimer. The

3208. (d) Singh, R. S.; Tiwary, A. K.; Kennedy, J.Eiit. Rev. Biotechnol. . . .
1999 19, 145-178. () Simanek, E. E.; McGarvey, G. J.; Jablonowski, J. results of the precipitation assay fbt—14 are summarized in
A.; Wong, C.-H.Chem. Re. 1998 98, 833-862. Figure 4
(18) Mann, D. A.; Kiessling, L. L. InGlycochemistry: Principles, Synthesis, g )
and ApplicationsWang, P. G., Bertozzi, C. R., Eds.; Marcel Dekker: New
York, New York, 2001; pp 22+275. (20) Khan, M. I.; Mandal, D. K.; Brewer, C. FCarbohydr. Res1991 213
(19) Osawa, T.; Matsumoto, Methods Enzymoll972 28, 323-327. 69-77.

J. AM. CHEM. SOC. = VOL. 125, NO. 29, 2003 8823
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_ 30 - e — - obtained from multiple calculations with different MALDI
£ el PP B iR P Bl R spectra. For exampleldc and 14d have the samé,, but
B 25 L ; = i /,_._____.___.?___,_. averaging the three calculations described above indicates that
S R : i l4chas 26 sugars arithd has 34 sugars. The average number
§ 20 "‘V NI T of sugars calculated from acetylated, deprotected, and partially
3 loaded PAMAMSs is more accurate than that which could be
o 15 X il . obtained from any one spectrum.
'*§ : The hemagglutinations assays (summarized in Figure 3) reveal
< 10 L S W ¢ G : c o i iE - S that there is a significant increase in activity (on a per mannose
§ —o— ]; basis) for the fourth, fifth, and sixth generation dendrini2s
5 5 _113 14 as the number of mannose residues on the dendrimer is
2 —o—14 increased. Maximum activity occurs at just over 50% sugar
E o i A Poroior b G em—— loading for all generations (56% or 31 sugarsi#)j, 54% or

C 50 100 150 200 51 sugars ori3e and 53% or 95 sugars drth; 100% loading

Number of sugars per dendrimer is taken as the maximum number of sugars with which we were

Figure 4. The maximum number of Con A lectins bound to each dendrimer  able to functionalize each generation, which is reportetflas
versus the number of sugars per dendrimer for each generation. 12q, 13i, 14r). The G(3)-functionalized dendrimetda—g do
Discussion not show a sharp increase in activity with increasing sugar

) functionalization, nor would such an increase be expected
Newkome and co-workers have reported the reaction of po.5 e these dendrimers are not large enough to span multiple
mixtures of branched isocyanates with polypropylene(imine) ninging sites of Con A. Figure 3 shows that, while the area

dendrimers and with 12-cascade acid dendrimers and haveyaijaple per sugar at maximum activity varies slightly for the

shown that different ratios of functional groups can be added gtfarent generations, the trend is similar in each case. What is
to the dendrimer surfacé.In a similar fashion, we have used o5t striking is that the maximum activity does not correlate
mixtures of isothiocyanates to functionalize PAMAM dendrim- o maximum sugar loading of the dendrimer. The decrease in
ers with mannose and hydroxyl groups. We find that, when ,ivity as the number of sugars increases above about 50%
|soth|qcyanates of comparable rgactmty_ are added to t'he loading is most likely a result of unfavorable steric interactions
dendrimer, the degree of functionalization can be easily yhat are accumulating between Con A and the dendrimer. Similar

controlled by stoichiometric control of reageftsindeed, loading effects have been observed in a number of systems in
sequential additions as described in Scheme 1 can be used tQhich the loading of the binding epitope was varfédib.d g

synthesize heterogeneously functionalized dendrimers even
when one isothiocyanate is significantly more reactive than
another (details to be published separately).

The relative amounts of mannose and hydroxyl groups on
the dendrimer surface were determined both by MALDI-TOF
MS and by NMR. While!H NMR integrations provide an
excellent measure of the ratio of functional groups (see Figure
2a for example), we find that MALDI-TOF spectra give a much
more accurate quantitative indication of how many mannose
and hydroxyl residues are present on the dendriffeFor
example, the mass & is 16 300 Da, that 08l is 32 900 Da,
and that ofl2lis 27 100 Da. The difference betwe8hand3l
is the number of molecules 6fadded 1, = 477); thus, (32 900
— 16 300)/477= 34.8 sugars. Likewise, the difference between
12l and 3l is the number of deprotected carbohydratdg, &
306); thus, (27 106- 16 300)/306= 35.3 sugars. The difference
between8l and 12| is the result of the loss of four acetyl
protecting groups per sugaM{ = 172); thus, (32 900—

27 100)/172= 33.7 sugars. The average number of sugars is
34.6, which is rounded up to 35 sugars. This procedure was
repeated for all dendrimers, and the number of sugars per
dendrimer is shown in Table 1. There are several instances in
Table 1, especially foM,, data for11—14, where theVl,, values L - .
do not follow the expected increasing progression. This reflects able_ steric interactions bett.er tha.n smaller dendrimers. .

the difficulty of obtaining MALDI MS on macromolecules and Figure 5 shows the relationship between the concentration
is why the number of sugars is determined by averaging values©f sugars on the surface of the dendrimer and activity on a per

That dendrimers can exhibit significant deformation has been
previously reported In fact, dendrimers deposited on mica
surfaces are dome-shaped; a G(5)-PAMAM dendrimer was
reported to have a height of approximately 10 A and a diameter
of more than 150 A in an AFM stud?@To determine the sizes
of our mannose-functionalized dendrimers in solution (and thus
the surface area available per sugar), we synthesized spin-labeled
dendrimers and compared the line-broadening effects in the EPR
spectra of the spin-labeled dendrimers to calculated line-
broadening effects (see experimental procedure in the Supporting
Information). Because our spin label (4-isothiocyanato-2,2,6,6-
tetramethylpiperidiné-oxide or 4-NCS TEMPO) is six atoms
shorter than our mannose tett&rwe addd 5 A per surface
group or 10 A total to the measured diameters. Thus, the
approximate diameters dfl—14 are 60, 78, 95, and 130 A,
respectively*

As illustrated in Figure 3, the maximum activity occurs at
slightly closer packing of the sugars as the generation increases.
Dendrimerllreaches a maximum activity at approximately 750
A2 per sugar]2 reaches it at 620 Aper sugar, and3and14
reach it at 550 A per sugar. A reasonable explanation is that
the larger dendrimers are more flexible and can avoid unfavor-

(21) (a) Newkome, G. R.; Childs, B. J.; Rourk, M. J.; Baker, G. R.; Moorefield, (23) (a) Li, J.; Piehler, L. T.; Qin, D.; Baker, J. R.; Tomalia, D. llangmuir

C. N.Biotechnol. Bioengl999 61, 243-253. (b) Newkome, G. R.; Weis, 200Q 16, 5613-5616. (b) Uppuluri, S.; Keinath, S. E.; Tomalia, D. A;

C. D.; Moorefield, C. N.; Baker, G. R.; Childs, B. J.; Eppersordgew. Dvornic, P. R.Macromolecules998 31, 4498-4510.

Chem., Int. Ed1998 37, 307—310. (24) Walter, E. D.; Sebby, K. B.; Singel, D. J.; Cloninger, M. J.: A short
(22) Morgan, J. R.; Cloninger, M. Curr. Opin. Drug Discaery Dev. 2002, 5, procedure is included in the Supporting Information; details regarding

966—973. dendrimer size determination by spin label will be published separately.
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Figure 5. The relationship between activity toward Con A (relative to ¢ )sp

methyl mannose) on a per dendrimer basis and loading of sugars (expressedrigure 7. The calculated and the experimentally determined maximum
as area per sugar irffor dendrimersl1—14 (13ais off scale; lines through number of Con A lectins that can be complexed by the dendrimers.

the points are shown only for clarity and do not represent curve fitting

analysis). statistical effect (as in Figure 6b); that is, as the number of sugars

available to a given binding site increases, the activity of binding

@) (b) © C) Con A increases. This modest increase in activity is not as dramatic as
P dendrimer the increase gained for multivalent binding, but its effect is
sugar evident.
L/ \TJ j/ The results of the precipitation assay are summarized in

—k[/— _\fﬁ“” dendrimer-lectin Figure 4. The most obvious result of the precipitation assay is
m%f;nogig'gm statistcal effect multivalent binding cluster that, for each generatidil—14, the number of Con A molecules
binding to a dendrimer reaches a maximum and levels off. This
maximum is 16-11 Con A lectins forl1, 11-12 Con A lectins
for 12, 16 Con A lectins forl3, and 24-25 Con A lectins for
dendrimer basis (compared to methyl mannose). As expected,14. The theoretical maximum number of Con A molecules that
as the number of sugars increases, the activity for eachwould fit around11—14 was determined computationally. The
generation of dendrimer continues to increase beyond thedendrimer was modeled as a central sphere with a diameter from
maximum observed activity on a per sugar basis (compare 10 to 240 A, with spherical Con A molecules (65 or 70 A
Figure 5 to Figure 3). spheres to mimic Con A) placed on the dendrimer surface. As
To understand why activity continues to increase on a per a check of our simulation, the results were compared to those
molecular basis as the area per sugar decreases, the differertbtained by placing the outer (Con A) spheres at the vertices
possible motifs for dendrimerCon A interaction must be  of polyhedra with the inner (dendrimer) sphere at the center.
considered. The most pertinent motifs are summarized in Figure Details are given in the Experimental Section, and the compu-
6. For small dendrimers and methyl mannose, only the mono- tational results are shown in Figure 7. Using the dendrimer
valent interaction shown in Figure 6a is expected. For larger diameters of 60, 78, 95, and 130 A fad, 12, 13, and 14,
dendrimers that cannot span the distance between carbohydrateespectively (see above), we determined that the calculated
binding sites on the lectin but still have clusters of sugars in number of Con A lectins that should fit around each dendrimer
relatively close proximity, the statistical effect shown in Figure is in excellent agreement with the maximum number of Con A
6b is expected.Large dendrimers can bind simultaneously to lectins obtained in the precipitation assay. The simulation
multiple binding sites on the lectin (they can bind multivalently) predicts 9-10 Con A lectins forll, 12—13 Con A lectins for
as depicted in Figure 6cMany dendrimer-lectin clusters and 12, 15-16 Con A lectins forl3, and 22-23 Con A lectins for
aggregates can also be envisioned. One example of a dend4. The agreement, in all cases, is remarkably excellent in light
drimer—lectin cluster for large dendrimers is shown in Figure of the simplicity of the model. Interestingly, the agreement tends
6d. to fall off with increasing dendrimer size, where the experi-
Because precipitation assays suggest that Con A lectins aremental values are systematically larger than the calculated
bound to the dendrimer in a bidentate fashion¥ar-14 (see values. In the sixth generation, the calculated value is2Z®
below), the effect of multivalent binding (as described in Figure while the observed value is 225. We attribute this trend to
6c¢) should be the same fa2—14. The continued increase in  an increasing flexibility of dendrimer shape with increasing
activity on a per dendrimer basis (Figure 5) can be attributed at generation number. This flexibility of the larger dendrimers
least partly to some more subtle effect on binding than the ability enables a variability in surface area, for a presumably fixed
of the dendrimer to span multiple binding sites on Con A. molecular density and thus volume. Thus, calculation for a
Because the graph in Figure 5 compares the number of model dendrimer of spherical shape, in which the ratio of surface
molecules of dendrimer relative to molecules of methyl man- area to volume is minimized, gives a lower limit on the actual
nose, the simplest explanation for the increase in activity is a number of Con A lectins that can bind to the dendrimer;

Figure 6. Expected binding motifs for Con A with mannose-functionalized
dendrimers.
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bound to the dendrimer, adding more sugars reduces the
dendrimer’s activity in the hemagglutination assay on a per sugar
basis but does not lower the activity so much that fewer Con A
molecules are bound in the precipitation assay.

The precipitation assay suggests that the surface of the
dendrimer is saturated with Con A. However, the precipitation
assay was performed at a significantly higher concentration of
Con A and of dendrimer than was the hemagglutination assay.
To evaluate the Con A/dendrimer binding motif at the concen-
tration of the hemagglutination assay, transmission electron
micrographs were obtained (Figure 8). In Figure 8a, individual
dendrimers ofl4n can be observed. To obtain Figure 84dn
and Con A were combined in a 1:7 ratio, and the particles
roughly double in diameter. This is exactly what one would
expect froml4n surrounded by Con A (6.5 nm diameter). The
TEMs strongly suggest that closely packed dendrintectin
clusters such as depicted in Figure 6d are formed in solution.

Taken together, the results from the hemagglutination assay
and the precipitation assay suggest that we can independently
attenuate lectin binding affinity and lectin clustering. Consider-
ing the huge number of lectins present on cell surfdédsis
likely that recruitment of far more than 25 lectins occurs in
! many cellular processes. However, one could imagine using the
Figure 8. TEM images of aqueous solutions of (gn at a concentration results reported here to construct dendrimer/polymer super-
of 0.023 mg/mEi and (b)14n (0.023 mg/mL) and Con A (0.18 mg/mL).  sStructures with a high degree of control over both the lectin
Scale bar= 20 nm. binding affinity and the number of lectins clustered into a

) ) ) ~ specific area of the cell surface.
increased surface areas in the more flexible larger generations

allow for the binding of some additional Con A lectins over Conclusion
this number. That the theoretical maximum number of com-  The formation of mannose/hydroxyl-functionalized dendrim-
plexed Con A lectins is obtained (or exceeded) in all cases ers was achieved by the stoichiometric control of reactants.
qualitatively suggests a reasonably high affinity of Con A for MALDI-TOF MS and H NMR are useful techniques for the
11-14. characterization of surface functionalization of heterogeneously
Although assay conditions such as Con A concentration are functionalized denedrimers. The degree of mannose function-
quite different for the hemagglutination assay and the precipita- alization has a significant effect on the activity of the dendrimer
tion assay, it is illuminating to evaluate the results of the two toward Con A. By controlling the number of sugars present on
assays together. For dendrimers with per mannose activities ofthe surface of the dendrimer, we could controld both the lectin
>100 (relative to methyl mannose) in the hemagglutination binding activity (as measured in the hemagglutination assay)
assay, the number of Con A molecules attracted to eachand the number of lectins clustered around the dendrimer (as
dendrimer in the precipitation assay was less than or equal tomeasured in the precipitation assay).
one-half the number of sugars on the dendrimer surface (in 21
of 22 such dendrimers for which we have data). This indicates
that each dendrimer with a hemagglutination activity>df00
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probably binds Con A in a bidentate fashion (see “sugars per SUSS? TS? J%e lSea_:ﬁ _fF)ErI\;]elp with NMR and MS, and Sue
Con A” in Table S6 in the Supporting Information for all rumnield for help wi ’

values). For the dendrimer with the highest activity in the  Supporting Information Available: Experimental procedures
hemagglutination assay in the fourth and fifth generational seriesand characterization data fér-14 and experimental procedures
(12j and 139, three sugars per Con A are stoichiometrically for MALDI-TOF MS, hemagglutination assay, quantitative
available in the precipitation assay. The value is higher (4.3 precipitation assay, computer modeling, TEM, and dendrimer
sugars per Con A) folldh in the G(6) series, but 3.4 sugars size determination by EPR. Precipitation assay graphs and a
per Con A are stoichiometrically available fb4g, the previous table showing the relative activity in the hemagglutination assay
dendrimer in the series. On the dendrimer of each generationof 11—-14 (PDF). This material is available free of charge via
that shows the highest inhibition of hemagglutination, three (not the Internet at http://pubs.acs.org.

two) sugars per Con A are present: either the extra sugar is an,
important component of the statistical effect (Figure 6b) or not
all sugars are spaced properly for bidentate binding (even (25) In the hemagglutination assay, agglutination was observed 4orat
considering the dynamic nature of the dendrimers). Also, after ., .. 8pproximately 0.02 mg/mL.

. X (26) Kilpatrick, D. C.Handbook of Animal Lectins Properties and Biomedical
the maximum possible number of Con A molecules have been Applications John Wiley & Sons: New York, 2000.
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