MED

DOI: 10.1002/cmdc.200700047

1,2-Mannobioside Mimic: Synthesis, DC-SIGN
Interaction by NMR and Docking, and Antiviral

Activity
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The design and preparation of carbohydrate ligands for DC-SIGN
is a topic of high interest because of the role played by this C-
type lectin in immunity and infection processes. The low chemical
stability of carbohydrates against enzymatic hydrolysis by glyco-
sylases has stimulated the search for new alternatives more
stable in vivo. Herein, we present a good alternative for a DC-
SIGN ligand based on a mannobioside mimic with a higher enzy-
matic stability than the corresponding disaccharide. NMR and

Introduction

DC-SIGN (dendritic cell-specific ICAM-3 grabbing nonintegrin)
is a tetrameric C-type lectin presenting four copies of a carbo-
hydrate recognition domain (CRD) at the C terminus."™ This
calcium dependent lectin specifically recognizes highly-glyco-
sylated structures present at the surface of several pathogens
such as viruses (HIV, SIV, Hepatitis C, Ebola, Cytomegalovirus,
Dengue, SARS), bacteria (Mycobacterium tuberculosis, Klebsiella
pneumonae, Helicobacter pylori), yeasts (Candida albicans), and
parasites (Leishmania spp, Schistosoma mansoni).” The main
carbohydrate ligand recognized by DC-SIGN is the high man-
nose glycan, (Man)y(GlcNAc), also represented as (Man,), a
branched oligosaccharide which is presented in multiple
copies by several pathogen glycoproteins (gp120, GP1, etc.).
DC-SIGN plays a key role in the infection process of some of
these pathogens and it is considered as an interesting new
target for the design of anti-infective agents.

Carbohydrate multivalent display should be an adequate
strategy to interact with this lectin with high affinity. The com-
plexity of high mannose structures makes them unlikely candi-
dates for the preparation of multivalent systems with potential
applications in biomedicine. However, high mannose presents
in all its arms, terminal disaccharides Mana1-2Man which are
likely to be involved in high mannose recognition processes.
For instance, the well characterized neutralizing monoclonal
antibody 2G12 that recognizes the highly glycosylated HIV gly-
coprotein gp120 interacts with this disaccharide.>® Very re-
cently, it has also been demonstrated that high-density arrays
of unbranched Mana1-2Man-terminated oligosaccharides bind
to DC-SIGN almost as efficiently as the entire Man,.”’ This sug-
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docking studies have been performed to study the interaction of
this mimic with DC-SIGN in solution demonstrating that this
pseudomannobioside is a good ligand for this lectin. In vitro
studies using an infection model with Ebola pseudotyped virus
demonstrates that this compound presents an antiviral activity
even better than the corresponding disaccharide and could be an
interesting ligand to prepare multivalent systems with higher af-
finities for DC-SIGN with potential biomedical applications.

gests an important role of the nonreducing end Mana.1-2Man
fragment of Mang in DC-SIGN recognition.

We have recently reported that compound 1 shares the
three-dimensional structure and conformational behavior of
Mana1-2Man 2 (Figure 1) but is more stable to hydrolysis
mediated by jack-bean mannosidase.”

Herein, we describe the synthesis of a pseudo-1,2-manno-
bioside (Man1,2-psMan-OCH,CH,NH, 1a, Scheme 1) designed
to allow conjugation of the mimic to polyvalent or solid sup-
ports. The molecule was built by connecting a mannose unit
to a conformationally locked diol (psMan, R=H in Figure 1),
which acts as a mimic of the reducing end mannose ring and
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Figure 1. Chemical structure of pseudo-1,2-mannobioside 1, Mana.1-2Man 2,
and numbering of the ps-Man fragment.

o OAc
AcO
0 AcO
% OTCA
ref9
C02 COQMe
3
HO
COMe ) CO,Me
COMe ~—— COMe
0\_n, 0\_g,
5 4

MeO,C_ O — MeO,C_ O
MeO,C e) Meozcﬁ%
o—Ns O~ NH,
7 1a

Scheme 1. Synthesis of the pseudomannobioside Man1,2-psMan-O
CH,CH,NH, 1a. a) Cu(OTf),, BrCH,CH,OH, 41 %; b) NaN;, DMF, 50°C, 89 %;
¢) 6, TMSOTT, -20°C, 48 %; d) NaOMe, MeOH, 95 %; €) H,, Pd(c), MeOH, RT,
100 %.

features a short tether terminated by either an azido (1¢) or an
amino (1a) group (Scheme 1). This structure is a good candi-
date to generate new multivalent DC-SIGN ligands that may
display enhanced metabolic stability. The interaction of 1c¢
with the DC-SIGN extracellular (EC) domain was studied in so-
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lution by NMR spectroscopy and a model of the DC-SIGN-com-
pound 1 complex was obtained by docking studies. The antivi-
ral activity of 1a was tested using an infection model based
on pseudotype Ebola virus and Jurkat cells expressing DC-SIGN
and was found to be superior to that of its natural counterpart
2a.

Results and Discussion
Synthesis

The synthesis of the pseudomannobiose 1a is described in
Scheme 1. Starting from the known epoxide 3, the enantio-
pure scaffold 5 (Scheme 1) was synthesized by a Cu(OTf),-pro-
moted epoxide opening with 2-bromoethanol to afford 4, that
was then treated with NaN;. The pseudodisaccharide skeleton
7 was assembled in 50% yield by glycosylation of the acceptor
5 with the tetraacetylmannose trichloroacetimidate 6""""'?
(Scheme 1). The reaction was promoted by 0.4 mol equiv of
TMSOTf in CH,Cl, at —20°C. Deacetylation (MeONa in MeOH)
followed by azide reduction using hydrogen at one atmos-
phere and Pd on carbon as catalyst quantitatively afforded 1a,
whose structure was unequivocally characterized by 'H and
3C NMR and by mass spectrometry.

NMR studies

The azide 1c was selected for the NMR studies. Its interaction
with the extracellular (EC) domain of DC-SIGN was studied by
NMR spectroscopy at 600 MHz. Addition of the DC-SIGN EC
domain to a 2 mm solution of 1¢ in D,O (d-Tris buffer, pD 8,
150 mm NaCl, 4 mm CaCl,) induced broadening of the reso-
nance signals in the '"H NMR spectrum, indicating that binding
occurs (Data not shown).

For ligands exchanging between free and bound state at a
reasonably fast rate compared to the NMR time scale, the Satu-
ration Transfer Difference (STD)"*"*'and the transferred nuclear
Overhauser enhancement (TR-NOESY)"**lexperiments can be
used to observe the binding event. In STD experiments, irradia-
tion of the protein is followed by transfer of magnetization to
the ligand protons, which in turn causes a signal enhancement
that can be best appreciated in the difference spectrum. STD
experiments were carried out for 1c in the presence of DC-
SIGN (50:1 ligand:receptor ratio). Saturation build-up was stud-
ied between 0.4 and 2 seconds. The difference spectrum re-
ported in Figure 2a (saturation time: 2s) clearly shows reso-
nance signals belonging to both the mannose residue and the
cyclohexanediol moiety. This confirms that binding occurs and
indicates that the ligand is in close contact with the protein.
Proper quantification of the STD data was very difficult, be-
cause of signal overlap. The STD build-up curves are reported
as Supporting Information.

The binding event was also analyzed by TR-NOESY experi-
ments (50 ms mixing time). Cross peaks with the same sign as
the diagonal were clearly observed at 288 K, confirming the in-
teraction between DC-SIGN and the ligand (Figure 3). In the
free state, the pseudomannobioside 1c¢ has two limit confor-
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Figure 2. a) 'H-spectrum of 1¢; b) STD experiment on 1c as reference (1408
scans, 16 dummy scans, on-resonance frequency 0 Hz and off-resonance
12000 Hz); ¢) 1c+DC-SIGN (2.5 mm ligand and 0.05 mm protein; binding
site molar ratio 50:1 in 400 pL of d-Tris, pD 8, 150 mm NaCl, 4 mm CaCl,)
STD experiment (1408 scans, 16 dummy scans, on-resonance frequency 0 Hz
and off-resonance 12000 Hz, saturation time 2 s).
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Figure 3. 1c+ DC-SIGN (2.5 mm ligand and 0.05 mm protein; binding site
molar ratio 50:1 in 400 pL of d-Tris, pD 8, 150 mm NaCl, 4 mm CaCl,) TR-
NOESY experiment (mixing time 50 ms).

mations E and S, each character-
ized by one critical NOE cross
peak.® They both are present in
the TR-NOESY spectrum report-
ed in Figure 3, suggesting that
both conformers may be able to
interact with the protein. How-
ever, the presence of some spin
diffusion noise in the spectrum
does not allow definite conclu-
sions about the preferred con-
formations of the ligand in the
binding site to be drawn.
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Docking studies

To obtain a working model for the structure of the DC-SIGN
complex with 1¢, docking studies were performed starting
from the PDB structure of the DC-SIGN Man4 complex (PDB
code 1L4)®" and using the QMPolarized ligand docking proto-
col of Glide.”? In the QM-polarized ligand docking protocol, li-
gands are docked with Glide, then charges on the ligand in-
duced by the protein are calculated and a set of the best
ligand poses are redocked. This protocol aims to improve the
partial charges on the ligand atoms by replacing them with
charges derived from quantum mechanical calculations on the
ligand in the field of the receptor. In this way the polarization
of the charges on the ligand by the receptor is accounted for,
and redocking of the ligands with these new charges can
result in improved accuracy. Earlier studies performed by the
Anterio group (Jianxin Duan, Jorg Weiser, personal communi-
cation) have validated this protocol for the DC-SIGN case using
the available X-ray structures.”?"’ We had previously shown
that in water solution the pseudomannobiosides 1 adopt two
rapidly interconverting conformations that differ in the rotation
around the vy inter(pseudo)glycosidic bond C1-O1-C2’-C1" and
are equivalent to the stacked (S) and extended (E) conforma-
tions described for 1,2-mannobioside.”! These two were used
as starting points for the docking run. The methyl ether glyco-
side 1Tb (R=Me) was used as a convenient computational
model of 1.

All complexes obtained appeared to maintain the interac-
tions between the Ca®™" atom and two hydroxy groups of the
nonreducing end mannose unit. The twenty final poses were
subjected to cluster analysis using the inter(pseudo)glycosidic
dihedral angles ¢ (05-C1-O1-C2) and vy (C1-O1-C2’-C1’). The
top ranked pose (Figure 4a, Gscore=—6.40) belongs to the
most populated cluster and the pseudo-mannobioside adopts
a stacked conformation (¢p=761=—78). The second cluster
contains the extended conformations. The lead member fea-
tures a Gscore=—6.13 and a distorted conformation with a ¢
value of 156° (Figure 4b). a-Glycosides such as 1 are subjected
to a strong exo-anomeric effect which forces ¢ to maintain a
gauche conformation.” Therefore this value is likely to be an
artifact due to the simplified conformational search procedures

Figure 4. a) Top ranked pose from docking (QM-polarized Glide) of 1b (R=Me) in DC-SIGN Gscore =—6.40
(Ph=76 Psi=—78); b) “Extended” pose Gscore =—6.13 (Phi=—156 Psi=—131); ¢) The third cluster lead member
G=—6.12 (Phi= 156 Psi=—80).
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used by Glide during the flexible docking phase. The lead
member of the third cluster (Figure 4c, Gscore=—6.12) is a
stacked conformation but the dihedral ¢ is again distorted at
156°.

Infection Studies

The antiviral activity of 1a was tested using an infection model
based on Ebola envelope-pseudotyped viruses and Jurkat cells
expressing DC-SIGN.?Y These cells are permissive to this type
of virus and this infection model has been used previously by
our group to test the antiviral activity of multivalent carbohy-
drate ligands.”™ The activity of 1a in this infection model was
compared with the natural disaccharide derivative 2a present-
ing the same linker at the anomeric position. Different concen-
trations of compounds 1a and 2a were used up to a concen-
tration of 10 mm and assays were repeated at least three times
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Figure 5. Inhibition of Infection results for compounds a) 1a and b) 2a.
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for each concentration. The results found in this study are rep-
resented in Figure 5.

The curves represent a clear dose dependent inhibition ac-
tivity for both compounds. The analysis of the curves shown in
Figure 5 allows estimation of the ICs, for each compound. The
ICs, measured for the mimic 1a was 0.62 mm, approximately
three times lower than the IC;, value estimated for the corre-
sponding disaccharide 2a (1.91 mm). This biological model
showed that the designed pseudodisaccharide 1a is a stronger
inhibitor than the corresponding disaccharide 2a and taking
into account its enzymatic stability could be considered as a
promising candidate to prepare multivalent systems to be
used as inhibitors of viral infection.

Conclusions

We have synthesized a pseudo-1,2-mannobioside with a short
linker at the anomeric position suitable for preparation of the
corresponding multivalent systems. The synthesis is very
simple, and the compound can be easily prepared in gram
scale. The binding process between this compound and DC-
SIGN was analyzed by NMR and the information was comple-
mented by docking studies in silico that yielded a reasonable
picture of the binding mode. The results from the NMR studies
so far do not allow discrimination among the models obtained
computationally, nor do they allow any further refinement. At
this stage we regard the structures shown in Figure 4 as a rea-
sonable working model, which can be used to support further
ligand design.

Infection studies were carried out using an Ebola infection
model and proved that the glycomimetic compound 1a inhib-
its infection of DC-SIGN expressing Jurkat cells more efficiently
than the corresponding natural disaccharide. The inhibitory
concentration of 1a in the infection experiments was found to
be in the low millimolar range, as expected for small, monova-
lent ligands interacting with DC-SIGN. However, the results ob-
tained indicate that these types of mimic compounds are
good candidates to prepare high affinity multivalent systems
with the aim to interact and block the receptor DC-SIGN. The
advantage presented by this type of ligand in terms of stability
against glycosidases converts these mimic compounds in very
attractive ligands for developing new antiviral drugs. Prepara-
tion of multivalent systems and evaluation of the correspond-
ing activities are underway.

Experimental Section

Synthesis: NMR spectra were recorded at 25 and 30°C on Bruker
spectrometers. The cyclohexanediol moiety is numbered as in
Figure 1. Subscripts D refer to the cyclohexanediol (ps-Man) resi-
due of 7 and 1. Chemical shifts 'H and *C NMR spectra are ex-
pressed in ppm relative to TMS or to DSS for spectra recorded in
D,0. Mass spectrometry was performed with a VG 7070 EQ-HF ap-
paratus (FAB ionization), or an Omniflex apparatus (MALDI ioniza-
tion), or Apex Il ICR FTMS (ESI ionization - HR-MS). Optical rotations
[al, were measured in a 1-dm path-length cell with 1T mL capacity
on a Perkin-Elmer 241 polarimeter. Thin layer chromatography
(TLC) was carried out with precoated Merck F254 silica gel plates.
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Flash chromatography (FC) was carried out with Macherey-Nagel
silica gel 60 (230-400 mesh). Solvents were dried by standard pro-
cedures and reactions requiring anhydrous conditions were run
under nitrogen. The epoxide 3® and the trichloroacetimidate
6"'%'? were prepared by published procedures.

Dimethyl (15,25,4S,55)-1-(2-bromoethoxy)-2-hydroxycyclohexane-4,5,-
dicarboxylate 4: 2-bromoethanol (600 uL, 8.45 mmol, 4 equiv) and
Cu(OTf), (81 mg, 0.224 mmol, 0.11 equiv) were added to a solution
of the epoxide 3® (447 mg, 2.09 mmol, 1equiv) in dry CH,Cl,
(5 mL). The solution was stirred at room temperature for 3 h, fol-
lowing the progress by TLC (6:4 hexane:AcOEt) before quenching
with 1:1 NH,Cl,, and NH,OH and extracting with AcOEt. The organ-
ic phase was washed twice with a saturated water solution of
NH,Cl and then with water. The organic phase was dried over
Na,SO, and the solvent evaporated to yield a crude yellow oil
(646 mg), which was purified by flash chromatography (6:4
hexane: AcOEt) to afford 281 mg of pure 4 (41%). [a]X=+3.7 (c=
1.55 in chloroform); 'H NMR (400 MHz, C,Dg): 6=1.95 (dt, Jgem=
14 HZ, Jseqr=J3eqa =4 Hz, TH; Haeg), 2.08 (M, 2H, Hy), 2.18 (dt, Je, =
Jmea=14Hz, J;=2.5 Hz, TH; Hy,y,), 3.00 (t, Jg, =4 Hz, 2H; CH,Br),
3.15-3.25 (m, 2H; H,, CH,0), 3.30-3.50 (m, 9H; CH,0, H,, Hs, 2
OCH,), 3.70 ppm (Q, Jysex=Jrseq=J21=2.5Hz, TH; H,); CNMR
(100.6 MHz, C¢D¢): 6=27.3 (C6); 30.7 (C3); 30.8 (CH,Br); 39.0 (C5);
39.5 (C4); 513 (2xOMe); 66.8 (C2); 68.8 (CH,0); 76.9 (C1);
174.7 ppm (C=0); HR-MS (ESI): calculated for C,,H,sBrO¢ [M+Na]*:
361.02572; found [M+Na]*: 361.02525.

Dimethyl  (1S,25,4S,55)-1-(2-azidoethoxy)-2-hydroxycyclohexane-4,5-
dicarboxylate 5: NaN; (527 mg, 8.11 mmol) was added to a solution
of the bromide 4 (275 mg, 0.811 mmol) in DMF (8 mL). The mixture
was stirred under N, at 50°C for two days. AcOEt was added; the
organic phase was washed with water then dried over Na,SO,. The
solvent was evaporated under reduced pressure, to yield 217 mg
of 5 (89%), that was used for the mannosylation reaction without
further purification. [a]?=+19.2 (c=1.15 in chloroform); 'H NMR
(400 MHz, CDg): 0=1.97 (dt, Joem=13.6 HZ, Jseqs=Jseq, =44 Hz
TH; Hie), 2.08 (M, 2H, He), 2.18 (dt, Jye=Jspa=13.6 HZ, s =
2.8 Hz, 1H; Hy,), 2.68 (m, TH, CH,N;); 2.78 (m, TH, CH,N,), 3.03
(ddd, Jyem=10.4 Hz, J,5,=3.6 Hz, J;5,=7.6 Hz 1H; CH,0)), 3.20-3.28
(m, 2H, H,; CH,0), 3.30-3.50 (m, 2H; H, Hs), 3.47 (s, 3H; OCH,),
3.48 (s, 3H; OCH,), 3.75 ppm (bs, 1H; H,); *CNMR (100.6 MHz,
CeD¢): 0=26.5 (C6); 30.8 (C3); 39.0 (C5); 39.4 (C4); 51.1 (OMe); 51.2
(OMe); 55.9 (CH,N,); 66.6 (C2); 66.7 (CH,0); 77.7 (C1); 174.9 ppm
(C=0); IR (KBr): #=2103; HR-MS (ESI): calculated for C,,H;,0¢N;Na
[M+Na]": 324.11661; found [M+Na]*: 324.11624.

Synthesis of the protected pseudo-1,2-mannobioside 7: The trichlor-
oacetimidate 6"°'? (518 mg, 1.05 mmol) and the alcohol 5
(207 mg, 0.688 mmol) were dried overnight over acid-washed mo-
lecular sieves, then they were dissolved in dry CH,Cl, (11 mL).
TMSOTf (50 pL, 0.275 mmol) was added under nitrogen at —20°C
and the reaction was stirred for 25 min monitoring by TLC (95:5
CH.,Cl,: acetone). Et;N (80 pL) was added, the mixture was filtered
through a celite pad and the solvent evaporated. The crude was
purified by flash chromatography (95:5 CH,Cl,:acetone) to yield
200 mg of pure 7 (48%); [al’=+33.3 (c=1.10 in chloroform);
"HNMR (400 MHz, C,Dg): 6=1.75 (s, 3H; OCOCH,), 1.80 (s, 3H;
OCOCH;), 1.82 (s, 3H; OCOCH,), 1.89 (s, 3H; OCOCH,), 2.03-2.13
(M, 4H; Hyo, Hep), 2.74-2.87 (m, 2H; CH,Ny), 3.13-3.20 (m, TH;
CH,0), 3.23-3.38 (m, 3H; H,p, Hsp, CH,0), 3.4 (s, 3H; OCH;), 3.46 (s,
3H; OCH,), 3.46 (m, 1H; H,), 3.95 (m, 1H; H,p), 435 (m, TH; Hy),
440 (dd, Jyem=124Hz , Js=24Hz, 1H; Hg), 452 (dd, Jye=
124 Hz, Jg.s=6 Hz, 1H; Hgy), 5.16 (d, J,,=2 Hz, TH; H,), 5.65 (dd,
Ji,=2Hz, J,;=3.5Hz, 1H; H,), 581 (t, /5,=J,s=10Hz, 1H; H,),
5.88 ppm (dd, J5,=10 Hz, J,5=3.5 Hz, 1H; H,); *C NMR (100 MHz,
CeDy): 0=20.6, 20.65, 20.7 (CH,C=0); 27.5 (C6p); 28.5 (C3 ); 39.9
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(C5 p); 40 (C4 p); 51.5 (CH,N5); 52; 63, 67.5; 69; 70; 70.5; 71; 73; 76;
96 (C1); 170, 170.5, 175 ppm; HR-MS (ESI): calculated for
CoeHs7N;0,5 [M+Na] *: 654.21169; found [M+Na]*: 654.21075.
Synthesis of the pseudo-1,2-mannobioside 1c: 50 uL of a 1m solu-
tion of NaOMe (0.05 mmol, 0.16 equiv) in MeOH were added to a
solution of the protected pseudo-1,2-mannobioside 7 (197 mg,
0.312 mmol, 1 equiv) in MeOH (3.2 mL). The reaction was stirred
for 20 min monitoring by TLC (1:1 hexane : AcOEt). Amberlite IR
120 H* was added until pH 7, the beads were filtered off and
washed with MeOH. Solvent was evaporated under reduced pres-
sure, to yield 137 mg of the product 1c¢ (95%), that was used with-
out further purification. [a]y=+80.0 (c=0.65 in methanol);
"HNMR (600 MHz, D,0, pD 8 Tris-d buffer): 5=1.64 (app t, J=
12 Hz, TH; Hypa), 1.69 (@pp t, J=12 Hz, TH; Hgp,l), 1.96-2.02 (m,
2H; Hipeq Hepeg) 279 (M, 2H; Hap, Hsp), 3.28 (m, 2H; CH,N,), 3.45
(m, 1H; H,), 3.46 (m, 4H; OCH,, H), 3.52 (m, 4H; OCH,, H,,), 3.56
(m, TH; CH,0), 3.63 (M, 2H; Hyp, CH,0), 3.65 (m, TH; H,), 3.67 (m,
1H; Hg), 3.82 (bs, TH; H,), 3.88 (bs, 1H; H,p), 4.85 ppm (bs, 1H;
H,), *C NMR (150 MHz, D,0): 6=26.5 (C3,), 27 (C6p), 39 (C4, and
C5p), 50.5 (CH,N3), 53 (COOMe), 60 (COOMe), 61 (C6), 66.5 (C4),
67.5 (CH,0), 70 (C2, C3), 70.5 (C2p), 73 (C5), 74 (Clp), 98.5 ppm
(C1); HR-MS (ESI): calculated for CygH,oN;0;, [M+Na]": 486.16943;
found [M+Na]*: 486.16870.

Synthesis of the pseudo-1,2-mannobioside 1a: Azide 1c (130 mg,
0.28 mmol) was dissolved in MeOH (10 mL), and Pd-C 10% (cat.)
was added. The reaction mixture was hydrogenated (1 bar) at
room temperature until reduction was complete monitoring by
TLC (CH,Cl,-MeOH, 7:3) to afford 122 mg of amine 1a (100%) as a
white solid. [a]?’=+48.3 (c=0.60 in methanol); '"H NMR (500 MHz,
D,0): 6=1.68 (M, TH; Hepas 1.71 (M, TH; Hipeg) 1.98 (m, 1TH;
Hipeg) 2.06 (M, TH; Hgpyy), 2.85 (M, 2H; Hyp and Hsp), 2.96 (m, 2H;
CH,NH,), 3.50-3.70 (m, 6H; H,, Hs, Hga Hip, CH,0), 3.60 (s, 6H; 2%
COOMe), 3.70-3.80 (m, 2H; Hg and H,), 3.89 (dd, J=1.5 and
3.0Hz, 1H; H,), 3.93 (m, TH; Hy), 493 (bs, 1H; H,), “CNMR
(125 MHz, D,0): 6=26.5 (C3p), 26.9 (C6p), 38.9 and 39.7 (C4, and
C5p), 42.0 (CH,NH,), 52.3 (COOMe), 52.6 (COOMe), 61.0 (C6), 66.8
(CH20), 70.4 (C2 and C3), 70.8 (C2D), 74.3 (C5), 75.0 (C1p), 98.5 (C1),
178.5 (CO), 178.6 (CO); HR-MS (ESI): calculate for C;gH;;NO;;
[M+Na] ": 460.17893; found [M+Na]*: 461.17826.

NMR studies: The spectra were recorded at 288 K on a 600 MHz
using a 2 mm solution of 1¢ in D,0 (d-Tris buffer, pD 8, 150 mm
NaCl, 4 mm CaCl,) and a 50:1 molar ratio of 1¢ and the EC domain
of DC-SIGN. STD experiments were carried out at two frequencies
0 and 300 Hz (corresponding to 0 and 0.5 ppm), where ligand sig-
nals were not affected. For all the irradiating resonances, five STD
experiments were carried out with an increasing saturation time of
protein resonances: 400 ms, 800 ms, 1.2's, 1.6 s and 2 s. TR-NOESY
experiments were also performed on the same solution using
50 ms of mixing time and suppressing the water signal.
Computational methods: All calculations were run using the
Schrodinger suite of programs (http://www.schrodinger.com)
through the Maestro graphical interface.

Protein Setup: In the protein data bank three high-resolution X-
ray crystal structures of human DC-SIGN complex with oligosac-
charides are stored with the following PDB entry codes: 1L4.pdb,
1L5.pdb, and 1K9l.pdb. The binding determinant of the ligand in
1K9l and in 1L4 is a mannose unit, in 1L5 it is a fucose residue be-
longing to the Lewis-x (Fucal,3-(Galf31,4-)-GIcNAc) fragment of
LNFP. Both monosaccharides interact with the Ca** atom, but the
remaining part of the binding region is quite different for the two
ligands. Starting from the coordinates taken from the structure
with 1L4 pdb code (crystal structure of the DC-SIGN carbohydrate
recognition domain complexed with Man,) a molecular model of
the protein to use in docking studies was prepared. This X-ray crys-
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tal structure was chosen because it has the best resolution of the
group deposited so far. The protein was set up as follows: all
water molecules were removed except one (PDB code HOH 19)
that is conserved in 1L4, 1L5, and 1K9l and bridges between the li-
gands and the protein. Charged groups neither located in the
ligand-binding pocket nor in salt bridges were neutralized using
Schrédinger pprep script (First Discovery 2.5 User Manual). Hydro-
gens were added using Maestro, side chains and hydrogens added
were optimized using Schrédinger impref script (First Discovery 2.5
User Manual), (RMSD between X-ray structure and output of
impref was 0.372 A).

As described above, the binding region of DC-SIGN is potentially
quite extended, and this feature should be taken into account
when building a docking model. This was done by defining a “su-
perligand” taken from 1L4 (mannose-based ligand) and 1L5
(fucose-based ligand), and defining the active shell of protein resi-
dues for the molecular calculations starting from this virtual struc-
ture. The reference ligand (Man4) was subjected to a minimization
in the ligand binding pocket using a substructure built as follows:
the atoms within 10 A from the superligand were unconstrained
during the calculations; the force constants used for the restraining
potentials were distance dependent relative to the superligand
with the following parabolic force constants for the constrained
atoms: 10-15 AK=50kJA™"; 15-20 AK=100kJA™"; 20-25AK=
200 kJA™"; the Ca** atoms and oxygen atom of water were con-
strained with k=100 kJA™"; the part of the protein outside these
shells were frozen. The Macromodel/batchmin software package
(version 8.5) employing the AMBER* force field was used for mini-
mization.”*?” Bulk water solvation was simulated using Macromo-
del’s generalized Born GB/SA continuum solvent model.”® Energy
minimization was performed using truncated Newton conjugate
gradient (TNCG) procedure and was terminated either after 500
iterations or when the energy gradient RMS fell below 0.05 kJA~".
This minimized structure was employed as receptor structure in
the grid generation and as reference structure in the docking stud-
ies.

Docking: Starting from the minimized complex described above,
structural models for the interaction of the pseudomannobioside
with the ligand binding site of the DC-SIGN receptor were generat-
ed by automated computational docking using the QMPolarized
ligand docking protocol of Glide™ after removal of the oligosac-
charide ligand. In the QM-polarized ligand docking protocol, li-
gands are docked with Glide, then charges on the ligand induced
by the protein are calculated with Qsite, and a set of the best
ligand poses are redocked.

Glide (Grid-based Ligand Docking with Energetics) calculations
were performed with Impact®® version 4.0 and Qsite calculations
were performed with Jaguar version 6.5 (L. Schrédinger). Glide
uses a hierarchical series of filters to search for possible locations
of the ligand in the active-site region of the receptor. The shape
and properties of the receptor are represented on a grid by several
different sets of fields that provide progressively more accurate
scoring of the ligand poses. To begin the Glide calculation an en-
closing box and a bounding box are defined starting from the
center of the reference ligand. The starting poses for the ligands to
be screened are generated by placing the center of the ligand in
random points of the bounding box. Conformational flexibility is
handled in Glide by an extensive conformational search, augment-
ed by a heuristic screen that rapidly eliminates conformations
deemed unsuitable for binding to a receptor, such as conforma-
tions that have long-range internal hydrogen bonds. After all the
filters have been applied, the remaining best 400 poses are partial-
ly minimized in the grid field using the OPLSAA force field and fi-
nally scored using the GlideScore scoring function. GlideScore is
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based on ChemScore,* but includes a steric clash term and adds
buried polar terms to penalize electrostatic mismatches.

The grid generation step started from the minimized structure of
the DC-SIGN: Man, complex (from 1L4) described in the protein
setup section and used mae input files of both ligand and active
site, including hydrogen atoms. The center of the grid enclosing
box was defined by the center of the bound Man, ligand. The en-
closing box dimensions, which are automatically deduced from the
ligand size, fit the entire active site. For the docking step, the size
of bounding box for placing the ligand center was set to 10 A.

In the receptor grid generation the metal constraint was em-
ployed. No further modifications were applied to the default set-
tings. The protocol carried out for the QM polarized ligand docking
was the following: initial docking: SP, poses saved: 5, Qsite setting:
fast, final docking: SP. The GlideScore function was used to select
ten poses for each ligand.

With this computational protocol automated docking calculations
starting from the two representative conformations of pseudoman-
nobioside, stacked and extended,” were performed. The methyl
ether derivative 1b (R=Me) was used as a computationally con-
venient model.

The 20 higher ranking poses were subjected to cluster analysis
using Xcluster (Macromodel 9.1—Xcluster manual) and the inter-
glycosidic angles ¢ (05-C1-01-C2') and v (C1-01-C2'-C1') were
used as variables

DC-SIGN EC expression and purification: Plasmids pET30b (Nova-
gen) containing cDNA encoding the EctoDomain ECD (correspond-
ing to amino acids 66-404) of DC-SIGN were used for overproduc-
tion as described previously.?" Proteins produced in inclusion
bodies have been refolded as already described.”’ Purification of
functional DC-SIGN proteins were achieved by an affinity chroma-
tography on mannan-agarose column (Sigma) equilibrated in
25 mm Tris-HCl pH 7.8, 150 mm NaCl, 4 mm CaCl, (Buffer A), and
eluted in the same buffer lacking CaCl, but supplemented with
10 mMm EDTA. This step was followed by a superose 6 size exclusion
chromatography equilibrated in buffer A. Protein was concentrated
to 9mgmL™" and dialyzed three times against the deuterated
buffer 25 mm Tris DCl, 150 mm NaCl, 4 mm CaCl, at pD 7.8 in D,0
(deuterated Tris-d11 (98 %) was purchased from Cambridge Labora-
tories Inc. and the D,O from Spectra Stable Isotopes). Protein was
then stored in liquid nitrogen.

Cell culture and Reagents: 293FT cells obtained from Invitrogen
were grown in Dulbecco’s Modified Eagle Medium (p-MEM, Cam-
brex, Verviers, Belgium) supplemented with 10% heat-inactivated
Fetal Bovine Serum, 2 mm L-glutamine, and 50 ugmL~' gentamicin.
Jurkat cells stably expressing DC-SIGN®? were grown in RPMI 1640
medium (Cambrex) supplemented with 10% Fetal Bovine Serum,
2 mm L-glutamine (Sigma) and 50 ugmL™~" gentamicin.
Pseudovirus production: The lentiviral vector pNL4-3.Luc.R-E- (ob-
tained from Nathaniel Landau through the AIDS Research and Ref-
erence Reagent Program, Division of AIDS, National Institute of Al-
lergy and Infectious Disease, National Institute of Health, Rockville,
Maryland) was used for the production of vesicular stomatitis virus
G protein (VSVG) and EboZV GP-pseudotyped lentivirus. Expression
plasmid for the GP of the Zaire Ebola virus was kindly provided by
A. Sanchez, Centers for Disease Control and Prevention, Atlanta,
Ga. These viruses were produced according to a transient-transfec-
tion protocol using 293FT cells. Briefly, virus producer cells (293FT)
were seeded at 6.0x 10° cells in 100 mm plates 1 day before trans-
fection. Cells were cotransfected using a calcium phosphate trans-
fection kit (Invitrogen). Supernatants were harvested after 48 h,
centrifuged at 300 g 10" at RT to remove cell debris, and stored
frozen at —80°C.
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Infection Assay: To determine the role of compounds 1a and 2a
in inhibiting the infection of EboZV GP-pseudotyped lentivirus,
200.000 Jurkat DC-SIGN cells were preincubated with serial dilu-
tions of compounds for 30" at 37°C and 5% CO,. Cells were infect-
ed with Ebola GP-pseudotyped lentivirus at a MOl of 0.1 and
VSVG-pseudotyped lentiviruses as control, to rule out nonspecific
neutralization. Cells were lysed 48 h after infection, and the lysate
was evaluated with a luciferase assay (reagents from Promega,
Madison, WI, USA), in a Berthold Sirius luminometer (Berthold,
Munich, Germany) with a dynamic range of 10*-10 relative lumi-
nescence units (RLUs). Statistics: Fifty percent inhibitory concentra-
tions (ICs,) were calculated in GraphPad Prism 4.
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