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Manal-2Man functionalized G(3) and G(4)-PAMAM dendrimers have been synthesized and characterized by
MALDI-TOF MS and NMR spectroscopy. Precipitation assays to assess the binding of the dimannose-
functionalized dendrimers to Cyanovirin-N, a HIV-inactivating protein that blocks virus-to-cell fusion through high

mannose mediated interactions, are presented.

Introduction

The HIV envelope proteins gpl20 and gp4l are heavily
glycosylated,! containing a preponderance of N-linked high-
mannose oligosaccharides.* These are the target for the HIV-
inactivating protein Cyanovirin-N (CV-N), an 11 KDa protein
that potently interferes with viral entry by binding to Man-§
and Man-9 on gp120.® The three dimensional structure of CV-
N was solved by NMR and X-ray crystallography, and the basis
for high-mannose-mediated binding of CV-N was investigated.*
It is now generally accepted that both sugar binding sites of
CV-N recognize the Manal-2Man disaccharide that is present
on the terminal branches of the higher oligomannose structures
including Man8D1D3 and Man9. Different association con-
stants for dimannoses, trimannoses and other higher mannose
oligosaccharides for the two symmetry related carbohydrate
binding sites on CV-N revealed slight preferences for one or
the other site’> As such, multisite and multivalent protein—
carbohydrate interactions are responsible for the unusually tight
association between CV-N and the high mannose oligosaccha-
rides. The resulting cross-linking between the protein and the
dimannose units at the tips of the complex sugars appear to be
pivotal for CV-N’s remarkable virucidal activity.’

Protein—carbohydrate interactions play critical roles in many
biological recognition events,*” and elucidating the underly-
ing structural basis is a pre-requisite for developing thera-
peutic agents exploiting this interaction. Carbohydrates are
often grafted onto macromolecules in order to study such
interactions,® with dendrimers being particularly useful scaffolds
for display.>!

Dendrimers are macromolecular compounds that consist of
a series of branches around an inner core,!' and their use
as frameworks and as carrier systems for investigating and
modulating biological processes is gaining popularity.”? They are
attractive for this type of work because of their size (nanometer
scale), their ease of preparation and functionalization, and their
ability to display multiple copies of the molecule of interest on
their surface for probing biological recognition processes.

To investigate the multivalent binding to CV-N, we func-
tionalized G(3) and G(4)-PAMAM dendrimers with Manal—
2Man dimannose and used a precipitation assay to quantify
the stoichiometry of the CV-N-dendrimer complex. The results

1 Electronic supplementary information (ESI) available: spectral data.
See http://www.rsc.org/suppdata/ob/b4/b417789d/

N
w
v
H

Org. Biomol. Chem., 2005, 3, 2354-2358

from the precipitation assay are evaluated and compared to
those obtained for Concanavalin A (Con A, a multivalent
mannose-binding lectin).

Results and discussion

The general procedure for the dimannose functionalization
of PAMAM dendrimers is shown in Scheme 1. Following a
literature procedure, peracetylation of D-mannose followed by
selective deprotection and activation at the anomeric position
afforded trichloroacetimidate 1 (53%, 3 steps).’* BF;-OEt,-
mediated coupling of this acceptor with 2! led to the fully acety-
lated mannobiose 3 (94%, not shown)."> Anomeric deacetylation
with hydrazine acetate and reaction with trichloroacetonitrile
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Scheme 1 Synthesis of dimannose dendrimers.
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gave 4 (44%, 2 steps).” Coupling of 4 with the isothiocyanato
alcohol 5% using TMSOTT yielded the requisite dimannose 6
(62%). We chose to use 5 as the tether between the dimannose
and the dendrimer because of 5’s water solubility (compared to
aromatic linkers) and because of 5’s ease of synthesis and good
stability.”* Addition of 6 to the dendrimer followed by global
deacetylation resulted in dendrimers 9 and 10. Dialysis afforded
9 and 10 in purified form.

The 'H NMR (500 MHz) spectra of acetyl-protected
dimannose-functionalized dendrimers 7 and 8 were obtained in
ds-DMSO. The amide protons from the interior of the dendrimer
and the thiourea NH resonate the farthest downfield. Signals
from the acetyl groups and sugar moieties are observed at 2.0
and 5.0-5.2 ppm, respectively. The complicated pattern of peaks
from 2.0 to 4.0 ppm arises from PAMAM protons and additional
protons from 6. Although the "H NMR spectra of 9 and 10 are
complicated by significant exchange broadening, the absence of
peaks at around 2.0 ppm clearly demonstrates that the acetyl
groups have been removed (Figures S1 through S4, refer to the
supplementary information).

The MALDI-TOF MS of dimannose functionalized den-
drimers 7 and 8 are displayed in Fig. 1. For clarity, a smoothing
function has been applied to the spectra in Fig. 1; original
data are provided in the supporting information (Figures S5
and S6, refer to the supplementary information). The degree of
functionalization was determined by subtracting the molecular
weight of the PAMAM starting material from the molecular
weights of dimannose dendrimers followed by division by
766 (the molecular weight of 6). Since the experimentally
determined My of 7 was 27100 g mol™', subtraction of the
molecular weight of the unfunctionalized G3 (6910 g mol™")
and division by 766 suggests that, on average, 26 dimannose
groups are present on 7. The experimentally determined My, of
8 was 50400 g mol~', and the equivalent calculation (subtraction
of 13500 g mol™' and division by 766) yields an average 48
dimannose groups on 8.
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Fig.1 (a) MALDI spectrum of 7, (b) MALDI spectrum of 8.

To evaluate the stoichiometry of the dimannose dendrimer—
CV-N interaction, precipitation assays were performed.!” Serial
dilutions of dendrimers 9 and 10 were incubated with a constant
concentration of CV-N. At high concentrations of dendrimers
(above 43 uM), the Manal-2Man functionalized dendrimers
induced precipitation of CV-N—dendrimer aggregates. By mea-
suring the absorbance (A,y) of the supernatant, the quantity of
un-precipitated protein was determined. Subtracting the initial
concentration of protein from the amount of unprecipitated
protein allowed us to determine the amount of protein precipi-
tated as a function of dendrimer concentration. From this, the
ratio of CV-N concentration to dendrimer concentration, or the
stoichiometry of the complex, was obtained.

The results of the precipitation assays for 9 and 10 are
displayed in Fig. 2a. Titration of CV-N with increasing amounts
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Fig. 2 (a) Absorbance readings (A,,) from the precipitation assay,
(b) Stoichiometry of CV-N-dendrimer interactions.

of dendrimer showed a linear decease in the absorbance, ie.,
the increase in total amount of protein precipitated. For 9, a
constant slope was observed for concentrations up to 4 uM of
dendrimer, above which a levelling off occurred. For 10, a linear
decrease was observed for all concentrations of 10 that were
evaluated. These data translate to apparent stoichiometries of
8 :1and 11 : 1 for CV-N: dendrimer for 9 and 10, respectively
(Fig. 2b).

To determine the maximum number of CV-N proteins that can
fit around the Manal-2Man functionalized dendrimers 9 and
10, clay models were constructed based upon the dimensions
of the CV-N protein and dendrimers. The CV-N proteins were
modelled as ellipsoids with 25 and 55 A diameters for the short
and long axes, respectively (clay models with 1 A = 1 mm
were constructed). The dendrimers were modelled as spheres
with diameters of 65 A for 9 and 83 A for 10; these values
are reasonable approximations based on previously determined
radii of similar dendrimers.” Optimal packing density suggests
that approximately 13 CV-N proteins can fit around 9 and 15
proteins can surround 10. These theoretical values are signifi-
cantly higher (4-5 proteins) than the experimentally determined
values obtained in the precipitation assays.
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The differences between the expected and observed protein :
dendrimer ratios are in stark contrast to our previous results with
mannose-functionalized dendrimers binding to Concanavalin
A (Con A), where a maximum number of sterically allowed
proteins was always bound by the dendrimers (Table 1 and
Fig. 3b).* The association constant for binding of mannose

Table 1 Protein : dendrimer ratios for CV-N and Con A“

Observed ratio of Theoretical ratio of

Protein protein : dendrimer protein : dendrimer
9 CV-N 8:1 13:1
10 CV-N 11:1 15:1
11 Con A 10-11:1 9-10:1
12 Con A 11-12: 1 12-13: 1

“Con A values are taken from reference 9a.
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Fig. 3 Schematic representation of (a) unoptimized dendrimer cover-
age by CV-N and (b) complete dendrimer coating by Con A.

to each Con A binding site is relatively low (K, = 9.9
(££0.3) x 10° M™1),'® while the affinity of CV-N for oligomannose
structures is significantly higher (both Kys for CV-N with
dimannose are in the micromolar range, two and three orders
of magnitude tighter than the binding constant of mannose
binding to Con A). Perhaps the binding mechanism for CV-
N is governed predominantly by the associative or dissociative
rate constant rather than by theoretical maximum occupancy
(as with Con A). The substantially higher affinity of CV-N for
oligomannose structures may not allow efficient dissociation of
CV-N, precluding optimized surface coverage. This effect may
be potentiated by the presence of two mannose binding sites
on a single protein. It takes only a small number of proteins
binding to the dendrimer surface in a non-idealized packing
arrangement to enforce a sub-optimal protein coverage (Fig. 3a),
easily accounting for the fact that only 60-70% of the total
possible number of CV-Ns are bound by 9 and 10. Clearly, the
low number of CV-Ns bound by 9 and 10 is not a function of
the available number of dimannose units. Assuming that two
dimannose residues are bound by each CV-N, only 62 and 46%
of the total dimannose groups are bound by CV-N on 9 and 10,
respectively.

Conclusion

Dimannose functionalized G(3) and G(4) PAMAM dendrimers
having on average 26 and 48 dimannose groups per dendrimer
were synthesized and characterized. These dendrimers are com-
petent for the recruitment of CV-N. Compared to previously-
reported clustering events for mannose functionalized den-
drimers with Con A, for which the degree of clustering is limited
to a theoretical maximum based on steric considerations, the
number of clustered proteins is reduced. The higher association
constant of CV-N for dimannose and the specific disposition
of two binding sites on a single protein molecule provide one
possible explanation for the observed differences between CV-N
and Con A recruitment by dendrimers. Although it is counter-
intuitive, the degree of lectin clustering on cell surfaces may
be attenuated by changes in binding on/off rates, where higher
affinities cause lower numbers of proteins to be bound. This
finding has important implications for the design of therapeutic
agents designed to target multivalent protein—carbohydrate
interactions.

Experimental section
General protocols

General reagents were purchased from Aldrich, Sigma, and
Acros. PAMAM dendrimers were purchased from Dendritech as
aqueous solutions. All MALDI-TOF reference standards were
purchased from Sigma. Compounds 1, 2,'* 4,5 and 5,> were
synthesized as previously reported.

1,3,4,6-Tetra- O-acetyl-2-0-(2,3,4,6-tetra-O-acetyl-a-D-man-
nopyranosyl)-o-D-mannopyranose (3). The 2,3.4,6-tetra-O-
acetyl-o-D-mannopyranosyl trichloroacetimidate 1 (2.76 g,
5.7 mmol) was dissolved in 10 mL of CH,Cl, and combined
with 1,3.4,6-tetra-O-acetyl-a-D-mannopyranoside 2 (2.0 g,
5.7 mmol) in 10 mL of CH,Cl, with 4 A molecular sieves. The
solution was cooled to —50 °C under N,. BF;-Et,O (866 png,
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6 umol) was added to the flask, and the solution was allowed to
warm to room temperature. The reaction was stirred overnight
for 18 h and quenched with 1.5 g of sodium bicarbonate. The
reaction mixture was filtered over Celite, concentrated in vacuo,
and purified by silica gel chromatography (70 : 30 ethyl acetate :
hexanes) to yield 3.6 g of white fluffy solid product (94% yield).
'"H NMR (300 MHz, CDCl;) 6 5.77 (s, 1H), 5.44-5.52 (m, 1H),
5.19-5.43 (m, 4H), 5.02-5.19 (m, 2H), 4.99 (s, 1H), 4.37-4.45
(m, 1H), 4.00-4.47 (m, 7H), 3.74-3.81 (m, 1H), 2.14 (s, 5H),
2.11 (s, 2H), 2.07-2.08 (m, 5H), 2.02 (bs, 5H), 2.00 (s, 3H) ppm.
Characterization data matched previously reported values.'®

1- O-(5-isothiocyanato-3-oxapentyl)-3,4,6-tri- O-acetyl-2- O-
(2,3,4,6-tetra-O-acetyl-o-D-mannopyranosyl)-o-D-mannopyranose
(6). A solution of 4 (633 mg, 810 umol) and 2-(2-
isothiocyanatoethoxy)ethanol (5)* (418 mg, 2.8 mmol) in
CH,Cl, was added to 4 A molecular sieves and cooled to —50 °C
under Ar (g). After stirring for 1 h, trimethylsilyl trifluoro-
methane sulfonate (140 uL, 172 mg, 775 umol) was added and
the reaction was allowed to warm to room temperature over
4 h. Benzene (12 mL) and pyridine (7.5 mL) were added, the
solution was filtered through celite, and solvents removed in
vacuo. The product was purified on silica gel (95 : 5 ethyl acetate :
hexanes) and recrystallized (3 : 1 ether : petroleum ether) to
afford 386 mg of 6 as a white solid (504 pmol, 62% yield). Mp
67-68 °C; '"H NMR (500 MHz, CDCl;) ¢ 5.18-5.35 (m, SH),
4.93 (s, IH), 4.87 (s, 1H), 4.01-4.19 (m, 6H), 3.92 (m, 1H), 3.79
(m, 1H), 3.58-3.64 (m, 7H), 2.08 (s, 3H), 2.07 (s, 3H), 2.02 (s,
3H), 2.01 (s, 3H), 1.97 (s, 3H), 1.97 (s, 3H), 1.94 (s, 3H) ppm; *C
NMR (125 MHz, CDCl;, not observed/overlapped: 1 CH;CO,
4 CH;CO) ¢ 170.8, 170.4, 170.3, 169.8, 169.7, 169.3, 133.1,
99.1, 98.3, 77.0, 70.2, 70.0, 69.7, 69.4, 69.1, 68.5, 68.4, 67.3,
66.4,66.1, 62.5,62.1,45.3,20.8, 20.7, 20.6 ppm; IR (KBr) 1365,
1737, 2109, 3044; HRMS: calc for (M + Na)* C;;H,;;0,i\NSNa
788.2048, found 788.2031.

Peracetylated dimannose functionalized G(3)-PAMAM 7. A
solution of 6 (35 mg, 46 umol) in 1 mL DMSO was added
to G(3)-PAMAM (6.3 mg, 0.91 umol) and the solution was
stirred for 48 h. Dialysis against DMSO (MWCO 3500 g mol™')
and lyophilization afforded 30 mg of pale yellow oily solid 7
(121% yield, some DMSO still present). '"H NMR (500 MHz,
CD;SOCDs) ¢ 7.96 (bs, 1H, amide NH), 7.75 (bs, 1H, amide
NH), 7.47 (bs, 2H, CH,NHC(S)NHCH,), 5.06-5.20 (m, 7H),
4.98 (bs, 1H), 3.99-4.09 (m, 7H), 3.87-3.89 (m, 1H), 3.73-3.79
(m, 2H), 3.58-3.62 (m, 5H), 3.48 (bs, 5H), 3.38 (m, 2H), 3.29
(bs, 2H), 3.13 (bs, 3H), 3.05 (bs, 2H), 2.54-2.70 (m, 4H), 2.47
(s, 2H), 2.33-2.45 (m, 3H), 2.16, (bs, 4H), 2.08 (s. 4H). 2.00
(s, 3H), 1.98 (s, 7H), 1.95 (s, 7H), 1.92 (s, 4H) ppm; *C NMR
(125 MHz, CD;SOCD;, not observed/overlapped: CS, amide
CO, CH;CO, 3 CH;CO, 2mannose CO, 5 CH,N)¢ 170.5,170.4,
170.2, 170.0, 169.9, 169.7, 98.5, 97.9, 76.3, 69.9, 69.5, 69.2, 68.9,
68.5, 68.3, 67.2, 66.0, 62.5, 62.0, 50.0, 33.7, 21.0, 20.9, 20.8,
20.7 ppm; MALDI-TOF MS (pos) 27,100 g mol~' (theoretical
MS Ci206H 555N 154066582, 32 endgroups, 31441 g mol™).

Peracetylated dimannose functionalized G(4)-PAMAM 8. A
solution of 6 (35 mg, 46 umol) in 1 mL DMSO was added
to G(4)-PAMAM (6.3 mg, 0.47 umol) and the solution was
stirred for 48 h. Dialysis against DMSO (MWCO 3500 g
mol™") and lyophilization afforded 20 mg of pale yellow oily
solid 8 (85% yield). 'H NMR (500 MHz, CD;SOCD;) J 7.93
(bs, 1H, amide NH), 7.72 (bs, 1H, amide NH), 7.44 (bs, 2H,
CH,NHC(S)NHCH,), 5.05-5.20 (m, 7H), 4.98 (bs, 1H), 3.99—
4.09 (m, 7H). 3.88-3.89 (m, 1H), 3.74-3.79 (m, 2H), 3.56-3.63
(m, SH), 3.48 (bs, 5H), 3.39 (m, 2H), 3.37 (s, 3H), 3.14 (bs, 3H),
3.05 (bs, 2H), 2.96 (s, 1H), 2.56-2.70 (m, 4H), 2.47 (s, 5H), 2.33—
2.43 (m, 3H), 2.11-2.27 (bs, 5H), 2.07 (s, 4H), 2.00 (s, 4H), 1.98
(s, 8H), 1.95 (s, 8H), 1.92 (s, 4H) ppm;*C NMR (125 MHz, 1
CH,CO overlapped) ¢ 172.2, 171.7, 170.5, 170.4, 170.2, 170.0,
169.9, 169.9, 169.7, 98.5, 97.9, 76.3, 69.9, 69.5, 69.2, 69.0, 68.9,



68.5,68.3,67.4,67.2,66.0,62.5,62.0,50.0,45.5,43.7,42.6, 38.6,
37.3,33.7,21.0, 21.0, 20.9, 20.9, 20.8, 20.7 ppm; MALDI-TOF
MS (pos) 50,400 g mol~! (theoretical MS Ci40s Hu004N31401340Se4
64 endgroups, 63250 g mol ).

Dimannose functionalized G(3)-PAMAM 9. Methanolic
NaOMe (0.31 M, 93 puL) was added to a suspension of 7
(30 mg, includes some DMSO) in MeOH : H,O (1 : 1, 3 mL)
and stirred until all the solid dissolved (ca. 12 h). The solution
was neutralized with Amberlite IR-120 (acidic), dialyzed against
water (MWCO 3500 g mol™!), and filtered (Acrodisc 13 mm
inline syringe with 0.2 um membrane). Lyophilization afforded
9.5 mg of 9 as a pale tan oily solid (ca. 35% yield). 'H NMR
(500 MHz, CD;SOCD;) ¢ 5.00 (s, 1H), 4.91 (s, 1H), 3.95 (s, |H),
3.86 (s, 1H), 3.71-3.81 (m, SH). 3.50-3.65 (m, 14H), 3.26, (bs,
5H), 2.52-3.00 (m, 6H), 2.39 (bs, 4H) ppm; *C NMR (125 MHz,
CD;SOCD;, not observed/overlapped: amide CO, CS, 2 CH,N)
0102.3, 98.4, 78.7, 73.3, 72.8, 70.4, 70.3, 70.0, 69.5, 68.9, 67.0,
67.0, 66.6, 61.2, 61.0, 51.7,49.4, 43.2, 36.4, 31.8 ppm.

Dimannose functionalized G(4)-PAMAM 10. Methanolic
NaOMe (0.31 M, 93 pL) was added to a suspension of 8 (20 mg)
in MeOH : H,O (1 : 1, 3 mL) and stirred until all the solid
dissolved (ca. 12 h). The solution was neutralized with Amber-
lite IR-120 (acidic), dialyzed against water (MWCO 3500 g/
mol), and filtered (Acrodisc 13 mm inline syringe with 0.2 um
membrane). Lyophilization afforded 6.8 mg of 10 as a pale
tan oily solid (34% yield). '"H NMR (500 MHz, CD;SOCD;)
0 5.04, (s, 1H), 4.95 (s, 1H), 3.99 (s, 1H), 3.90 (s, 1H), 3.75-
3.85 (m, 6H), 3.54-3.69 (m, 15H), 3.30 (bs, SH), 2.60-3.10 (m,
7H), 2.46 (bs, 4H) ppm; *C NMR (125 MHz, CD;SOCD;, not
observed/overlapped: amide CO, 5 CH,N) ¢ 173.9, 102.3, 98 .4,
78.7,73.3,72.9,70.4,70.3,70.0, 69.5, 68.9, 67.0, 67.0, 66.6, 61.2,
61.0, 49.5, 31.5 ppm.

MALDI

Matrix assisted laser desorption ionization (MALDI) mass
spectra were acquired using a Bruker Biflex-I11 time-of-flight
mass spectrometer. Spectra of dendrimers were obtained using
a trans-3-indoleacrylic acid matrix with a matrix : analyte
ratio of 3000 : 1 or 1000 : 1. Horse heart myoglobin (MW
16952 g mol™'), bovine serum albumin (MW 66431 g mol™"),
Bradykinin (MW 1061 g mol~"), Cytochrome C (MW 12361 g
mol™"), and Trypsinogen (MW 23982 g mol™') were used as
external standards. An aliquot corresponding to 12-15 pmol
of the analyte was deposited on the laser target. Positive
ion mass spectra were acquired in linear mode, and the ions
were generated by using a nitrogen laser (337 nm) pulsed at
3 Hz with a pulse width of 3 ns. Ions were accelerated at
19-20000 V and amplified using a discrete dynode multiplier.
Spectra (100 to 200) were summed into a LeCroy LSA1000
high speed signal digitizer. All data processing was performed
using Bruker XMass/XTOF V 5.0.2. Molecular mass data and
polydispersities of the broad peaks were calculated by using the
Polymer Module included in the software package. The peaks
were analyzed using the continuous mode. Delta values were set
at minimum levels.

Precipitation assay

CV-N was prepared as described previously. All reactions were
carried out in 110 pL of 20 mM sodium phosphate buffer,
0.02% NaN;, pH 6.0, in 1.5 mL microcentrifuge tubes. In
different series the protein concentration varied (20-50 pM) but
was constant throughout a single series. Increasing amounts of
dendrimer were added, mixed and incubated at ambient tem-
perature for 1 h. After centrifugation (20 min) the supernatants
were transferred to fresh tubes and their UV/Vis absorbance
spectra were recorded. Absorbance values at 280 nm are plotted
in Fig. 2. In order to test for reversible binding, the pellets
were washed with 100 pL of ice-cold buffer and dissolved in

100 puL of 40 uM dimannoside. Dimannose dissolved the pellet,
while similar experiments with methyl mannose did not. The
precipitation assay is a modification of the protocol described
in reference 17. PAMAMs functionalized with 5 rather than
with 6 do not cause CV-N or Con A to precipitate. Even when
5 was used at 50-fold higher concentration than 6, no CV-N
precipitation occurred.

Modelling

The maximum number of Con A lectins that can sterically
fit around mannose-functionalized dendrimers of different
sizes was determined using computer simulations as reported
previously.” To determine how many CV-N proteins can steri-
cally fit around the dendrimers, physical models of the appro-
priate sizes (spheres for dendrimers and ellipsoids for proteins)
were constructed as scaled models from clay (1 A = 1 mm).
The ellipsoids were then secured to the sphere, and the maximum
number that would fit was determined. As a check, similar clay
models for the Con A-dendrimer systems were constructed, and
the computed values were found to be in agreement with those
obtained from physical models. Con A can be approximated by
a sphere, which facilitates computer simulation, since modelling
of spheres on spheres is a readily solvable problem.*** Because
CV-N is ellipsoidal rather than spherical, computer simulation
of the CV-N-dendrimer interaction is a formidable task.
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