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Biological Functions of Carbohydrates

The Glycocalyx

Large Oligosaccharide Structures Determine Protein Function

— R —
8% of hemagglutinin (HSN1 50% of HIV gp120 molecular
influenza virus) is attributed weight is attributed to
to carbohydrates carbohydrates.

Wong et ol. PNAS 2009; Schiefl, Not. Res. CounciV 2012, Transforming Glycosdence




Glycans in Health and Disease

Agrin, neural synapse formation
pibetes type2

Gautam et al. Cell 1996
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folding Culyba et al. Science 2011
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Selectins (Rivipansel) [ eeYCS j\) immune Glycosylation of gp120
Chang et al. Blood rolling evasion McLellan et al. Nature 2011
2010)

-

Influenza i protei

ein Galectin cross-linking
Rotavirus, ebola a‘g‘:‘mm —— WGEPZETGRL  Belardi et al. JACS 2012

Varki et al. (2009) Essentials of Glycobiology 2nd Ed.

Your First Carbohydrate-Lectin Interaction

* Most abundant terminal sequence on N-
and O-glycans of human ZP: sialyl Lewis*

OoH Oy _OH OH
HO, on OH
o]
NG O?T% or
OH NHAc
Hi
HOOH

¢ Sperm-ZP binding largely inhibited by
desialylation or anti-sLe* antibodies.
e sLe* epitope represents the major CH-ligand

H fertilization begi ith
uman fertiization begins wi for human sperm-egg binding.

spermatoza bind to the zona pellucida.

0,1)

Pang et al. Science 2011; http://blog.f1000.com/2011/12/16/how-egg-greets-sperm/

Glycocode

Ability to form large (rigid?) polymers with an enormous coding capacity
* Anomeric configuration (o or B)
* Linkage position (1 2 1, 2, 3, 4, 6 for a hexapyranose)
* Ring size (pyranose / furanose)
* Branching
* Site specific modifications (e.g. acetylation, sulfation, phosphorylation...)
=> From 4 hexoses: 393’216 tetrasaccharides (R. Laine, Glycobiology 1994, 4, 759)
From 5 hexoses: 31°457°280 pentasacchrides

6
HO HO
HO ° OH =—1p HO o
4= Hﬂ OH =— 1p %o
OH =— 1a
OoH < 1a HO OH HO OH
2 pyranose furanose

Carbohydrate-Lectin vs Glycomimetic-Lectin Interactions

Carbohydrate v v Glycomimetic

low affinity (UM to mM) and mimics carbohydrate and
insufficient PK properties; shows high affinity and a
however high specificity drug-like PK profile

Lectin

Lectin: A carbohydrate-binding
protein playing a role in biological
recognition phenomena.

Glycomimetics for lectin targets:
Selectins, Siglecs, Galectins, DC-SIGN, ASGP-receptor, bacterial lectins

Beat Ernst, John L. Magnani, From carbohydrate leads to glycomimetic drugs, Nature Reviews Drug Discovery 2009.




Druggability of Lectins - Mission Possible?

Limitations of carbohydrate-lectin interactions are
fundamental, severe, and likely insurmountable.

0% Teone et al. in Protein-Carbohydrate Interaction: Fundamental
Whmdw Emnat, B, Hart,
GmbH 2008, p.

u|
o | IIII!|
H

Eiggrr EERE r!!!!!
{RHUUIRUHHHS

Druggability is the likelihood of modulating a therapeutic
target with an orally available small molecule drug.
Hopling & Groom, Nat. Rev. Drug Discov. 2002,

Carbohydrate-based Drugs

SGLT-2 Inhibitors (Diabetes)

%J?”“%’“gﬁ‘%f

" Strespeaerych
* various natersl
areogyconkdes

B. Emnst, J. Magnani, Not. Rev. Drug Disc. 2009

Druggability of Lectins - Mission Possible?

Depth of binding site (3 @
Total size of contact area 21042 Q 340 A? @
Hydrophobic fraction thereof FEy e e 1nA @
Affinity of physiological ligand trimannoside; uM | @]  sialyl Lewiss, mM | @
Residence time (t,,; of complex with physiol. ligand) > min [} <1s ®
Pharmacokinetic properties of CH ligands logD<1,logP<-57| @] logD<1,l0gP,<-57 | @

Carbohydrate Recognition Domain
of the Bacterial Lectin FimH

&

Methyl mannoside = K,: 1 uM
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Pascal Thimann, Xiachua Sang, submitted.




Carbohydrate Recognition Domain
of the Bacterial Lectin FimH

n-Heptyl mannoside - Ky: 29 nM

Tyrosine gate O
‘I‘yraﬂj
7 ) ]
! Tyr137 g ob20 a4 230 asH
| SA "W -.'lﬂ.
B [ ) ‘ \ -
differential
7// Asnlls » thermedynamic
‘Aspd7 v = =
Asplao »
g oo i -
- 7 =
" ener M O cinta
oo [l
Pascal Zhimann, Xiaches Jiang, submitted.

Carbohydrate Recognition Domain
of the Bacterial Lectin FimH
n-Heptyl mannoside - Kp: 29 nM “gé&'
'ryms\? Tyrosine gate SN
C/ JA)‘ Tyrl3?
~\ ¥ 05pM
7 // L H zam

F O0Sum
| a 23um
hspa? Br 43pM

ees Asplé0 H 1aum
nee ; / F 1a5um
) H 110 M
: - >1mM
Phel Ginl33 H >1mM
J

Other pyranoses (Gle, Gal, Tal_..): K5 > 1 mM

Pascal Thimann, Xiachua Sang, submitted.

Case Study: Selectin Antagonists

+——— Selectins
-

In}lammatory
Stimulus

Rolling Arrast

Extravasation

Integring ——— -

Origin of the Affinity Glycoprotein Ligands
Endothelial Leukocyte

GlyCAM-1

Treatment with sialidases or fucosidases
abolishes binding
=+ Glycans are essential for binding

- %_

’_/ st

L-selectin

E-selectin

Ko [um] ty, [s)
L-selectin/CD34 108 0.06 | L-selectin/sLe*
E-selectin/ESL-1 62 02
P-selectin/PSGL-1 0.3 05

=3-7000
E-selectin/sle*  =1000
P-selectin/sle*  =3-7000

D. Vestwaber et of. JBC 2001, 34, 31602-31612.




The Pharmacophore Dilemma: 2-Hydroxy of Fucose
(E-selectin soaked with sLe¥)

The Pharmacophore Dilemma: 2-Hydroxy of Fucose
(E-selectin co-crystallized with sLe)

=
7 g
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: ’
H
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;... : _ ,J@z ’

S —_ -
“ ,.‘//5
= < '
PDBID: 1G1T W.S. Somers et al. Cell 2000, PDB 10: 4CSY " Roland C. Preston et ol. J, Mal. Chem, Biol. 2015,
Druggability of E-selectin Druggability of E-selectin
Pharmacodynamics (PD) Pharmacodynamics (PD) I L\
sialyl Lewis® | Drug-like How can we close this PK/PD gap between
Affinity (E-selectin) 1mM 1nM Affinity carbohydrates and drug-like molecules?
Selectivity o High Selecty Pre-organization of pharmacophores in the bioactive I' y
Residence time (t,,) | <1 sec > 10 min Reside conformation J
- s B. Reducti f desolvati
sl P . on of de on penalty
availability C. Glycomimetic replacement of monosacharide moieties
MW 834 500 . e A Mw D. Linkage of carbohydrate with fragments binding in o
H-donors 14 <5 toic conc. H-dond cose proximity -
H-acceptors 25 10 ’l N o pr— H- E. Improvement of the pharmacokinetic properties
LogD;., -6.1 <5(1-3) Themmpenic LogD, (bioisosteres, prodrugs........)
Rotatable bonds 25 $10 - Rotatable Gonas z5 |
Polar surface area ik | c10A B — Polar surface area 372 A2 o




A. Pre-Organization of Bioactive Conformation

360, Core
Solution Conformation SoOmn
MC, JBW-MD, GBSA
Acld
orlentation
o
-180 o 180
Core conformation

Bound Conformation
by trNOE NMR

Add orlentation
Add orlentation
E

PII) 0 180
Core conformation
Bioactive conformation
acophores by Not involved in binding;
hesis and STO-NMR spacial task
Chem. Ew. L 1997;
Pure Appl. Chem. 1997; Angew. Chem, 1995;
Angew. Chem. 1999; J. Blomol NMR 1997;
L Am. Chem. Soc 2013, J. Am. Chem. Soc. 1999,

Add orietation

The Importanoe of Pre-organization

¥ 5

Acd orienstation
o

&
-.w ° 1m0 3» ° 10 -% o w
Core conformation Core confoemation Core conformation
K, 2 10 mM K, =1mM K, 2 10 mM

Total loss of affinity although all pharmacophores are still present!

What are the Stabilizing Forces for the Lewis* Core? -
E
Literature value for the two Solution structure of Lewis*
glycosidic bonds of Lewis* determined by 1H-NMR

- Fuoaf 1-3) G
x
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W MM N D
¢

va | Cap14)Cemie

M. ZTiarke et ol. JACS 2013, 135, 13464,

Increase of Tumbling Rate by Linking to *C,**N-labeled Protein

/7 o o
f !" et ) e
LAY
'.\'-:: A oM
fant
rrbieg a) Infroduction of linker
b) Glycosylation of S78C-mutant of SC-
& *N-iabeled FImH
o Non-conventional H-bond
om * H5-05 distance is 2.50A (sum
r™ o_~_N of van der Waals radic 2.614)
N Fi« * Major contribution to the
. o stabilization of Lewis* core: 40%
L ]
9 inter-residual Y 10,
NOEs define e N
Lewis* structure x '\ -
in solution Ty K7

M. Zherke ot of. JACS 2013, 135, 13464,




B. Desolvation Costs and Water Reorganization

OH (2595 3638 -1043
NH, 24.13 nan Q.08
SH 13.55%
o 1.06 307 2.01
o, 317 239 -5.56
F 5.14 187 3.7
d 7.26 6.90 036
Br 778 9.27 152
S. Cabani et al L. Salution Chem. 1981
* Minnesota Solvation Database

oH—0 @ss)

O-H—N 186

NH-—-0 164

Vedani & Dunitz J. Am. Chem. Soc. 1985, 107, 7653.

B. Desolvation Costs and Water Reorganization

JGh

sle®™: K, 877 pM
Angew. Chem, 2012,

o & o -

T

B 2833

Roland C. Preston et ol J. Mol Cell Blol 2015.

C. Glyomimetic Replacement of
Monosaccharide Moieties

oy

S @

Improved affinity
by a factor of § No bnprwomcnt by a factor of 10

uc.mwommsa. w.musas.
ATtz et of. Eur. J. Org. Chem. 2012, 5534
D. Schwizer et ol Chem. Eur. L 2012, 18, 1342,
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Bealrice Wagner
Daniel Schwizer
Xlahua Jiang

FPascal ZIhimann
Roland C. Preston

GlcNAc-Mimetics — Chemical Approach

O="0F= 0 =00

R«H) wER-K.m ant! an

lr R = (S)}-MTPA ester RGPy
o on?
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-uo-cn ”:@ ﬁtw ?: To’ HOF o
anty
mmm or
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ReMe ReMe PO, My R = B, RY = B2
ey ey LOM, MeOMMO Lpe RY & RY & W
Gncoty oty
I |- =

D. Schwizer ot o, Chem. Ewr, 1 2012, 18, 1342,




GlcNAc-Mimetics — Enzymatic Approach (1) Q

Jm Me| € |Pr| "B | ‘Bu
97| 96 [8s| 90 | 95ee

"Bu | *Hex | Ph | OPh | CHCH

89| 9 (8] 97 | 97ee

GlcNAc-Mimetics — Enzymatic Approach (2) ;‘ Q

Friem WA

RonGleNac | H [ Me | Et 'Bu [ *Bu | "Hex | Ph | CH,P | (CH,):Ph | CH CH,
mimic h 1
K, [nM) 61|14 |10| 7 |54| 6|51 4 |88 18 28 14
Ko 26° aH° | T8 0 H Me Et *Hex

Ligand (M) Ky | D/ | [y

mol]l | moll | mol] | -10
" 61 | -241 | 53 [-188 3

-20

Me 14 | 271 | 59 |-112 S
Et 10 | -29.0 | -10.7 | -183 -30
"Hex 4 | -308 | 47 |-261 0! @ac® @ak @-Tas*

B. Wagner, X Jiang, P. Zihimann et al. submitted.

C. Glyomimetic Replacement of
Monosaccharide Moieties

Improved affinity

Ch s
-

e
2@

by a factor of § No improvement by a factor of 10
of affinity Beafrice Wagner
Daniel Schwizer
H. C Kolb, WO 97/01569, price. date 26.6.96. Xiahua Jiang
ATtz et ol. Eur. J. Org. Chem, 2012, 5534 Norbert Varga
D. Schwizer et ol Chem, Eur. J. 2012, 18, 1342, Pascal Zhimann
G. Thama et &, Angew. Chem. 2001, 113, 3756 Raoland C. Preston

Gal-Mimetics

N. Varga, X. Rang et ol submitted.




C. Glyomimetic Replacement of Monosaccharide Moieties

affinity Combination of
by a factor of 4

the best elements

f

Koo =2 uM (sle* = 877 uM)

ITC for Mimetics of sLeX/E-selectin: AAH & -TAAS

*Mﬁvé»éd_ . B

1

(11
X

L

W

WM K 3TaM

e B

4 L
ot e o0 Wi
-
f o N [
-2 -2
Improved affinity Improved affinity . ad
by a factor of S No improvement by a factor of 10 @ »
of affinity 24 =
= -
H. C Kolb, WO 97/01569, price. date 26.6.96, -l -
e
ot 2
D. Schwizer et al. Chem. Eur. L 2012, 18, 1342, K" > 1 mM (sLe* > 3 mM)
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Florfan Binder, Kafrin Lemme, Roland Presion, Angew. Chem. 2012,

IS

D. Linkage of CH

Thermodynamic additivity principle
When two independent fragments A and B are Iﬁud, then the total change in free
energy is the sum of the individual free energies; AG = AG* + AG®; Kp = Kp* - Kp®

In addition, linking of two fragm leads to:

* Reduction of translational and body rotational entropy costs
(binary vs. ternary complex, a 10 ki/M)

« Favorable/unfavorable caused by linker

* Entropy costs for rotatable added by the linker
(two rotatable bonds add approx. 2 to 3 kJ/M to the entropy

5 w.p. Jancks, PNAS USA 1981, 78, 4046; ! G.M. Whitesides, . Ovg Chems. 1998, 63,

Proximity

1% Step: Identification of Second-site Ligands
Transverse Magnetization Decay Depends on the Molecular Weight

L

" 40 »

200 Da fragment ' 60 kDa lectin
10ms | f 10 ms
relaxation il 'I l , I AC PV AN relxation
RS L SN W S—— N
200ms l 200 ms
relxation

relaxation !. ll_,a J A ——
1] . ovm o v b ' ’

B. Emnst, B. Cutting, 5. Shalke, PCT WO 2007/105094 AL; Jonas Egger et all /. Am. Cham. Sec. 2013, 135, 9820,
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274 |dentification of “Real” Second-site Ligands

Second-site ligands identified by
NMR-screening based on transverse o
magnetization decay

green: 10ms relaxation
red: 200ms refaation

Jomas Egger, Céine Wckerle et al. J. Am. Chem. Soc. 2013, 135, 9820, il

i —al

3" Step: Linking Glycomimetic & Real Second-Site Ligand

7

¢ Eseloctin

AN 2 .
7 g f/% :

Kofor Esclectin:30aM K 14220 Mgt
Pssloctin: > 1mM Ky 0.0026 5% 30 430 e e 10 °
Ly 250 S [ Flest-site Triacok

Jomas Egger, Céline Weckerle et ol, J, Am. Chem, Soc. 2013, 135, 3620,

Pan-Selectin Antagonists:
Screening a Thematic Library of Fragments

E I
Ewww “.

|
QATEYEYLDYDFLPETYEPP-POL1

P-selecuq/w 300 nM

x”‘z
|
OATIYIYLDYD'L'I'I'P PsoL1

Binding to P-selectin

Glyco- rel. Glyeo- el
sulfopeptide binding sdfopeptice binding

20 ¢ x 00% i 3%

2 2 | 5% |gee YW i P-selectin co-crystallized with
e SiadachiAc PSGL-1 fragment
Iy 1 6% | 23 ¢ 1 0% WS, Somers et ol Cel 2000.

Leppdnen et o/, L Blol Chem. 2003, 278, 26391-26400.

Unspecific P-selectin Antagonists

A wide range of structurally diverse, negatively charged molecules have been
reported to bind to P- and L-selectin:

* Sulfatides e
ARl PRy
* Fucoidan

* Sulfated dextran - Hezacn - Fuccidan

* Condroitin sulfate
* Dermatan sulfate

W o0 HO90
* Sulfated hyaluronic acid
* Sulfogalabiose : B - n

* Suramin
— * Polysulfonated naphthylurea
* Paraciticide (sleeping sickness)
! . Anﬁcuuugenthnlnhlbluumoroel
1'5 . Mwl’-ll—ulemmto&sdedn
* Plasma half-life: > 50 h!




Thematic Library of Suramin Fragments — Some Examples
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GMI-1070 BWEE Gal-1iTD n- G070

Baoatrice Wagnar; John L Magnani, Asun Sarkar, John T, Patton/GMI

Convergent Synthesis of GMI-1070

Syntheses of bulkiing biocks

Effect of GMI-1070 in Preclinical Animal Models
with an inflammatory component

GMI-1070 inhibits thrombus formation

GMI-1070 increases survival in multiple myeloma
GMI-1070 inhibits relapse in multiple sclerosis (EAE)
GMI-1070 reduces infarct size in a myocardial infarct model
GMI-1070 protects mice treated with chemotherapy

GMI-1070 resolves vaso-occlusive crisis in sickle cell disease mice

R I N N N

John L Magnani, GlycoMimetics, Inc.




Effect of GMI-1070 in Sickle Cell Mice Effect of GMI-1070 in Sickle Cell Mice

Pre-d Models P.S. Frenette et al End ot Time of
.&&M— S O vvast. 2067. rcordng  death
Treatment of vaso-occlusive crisis in sicide cell mice Recording l , l
minutes 00 7/ x
Clot formation is dissolved by GMI-1070
-t
C Treatment leads to
= improved blood flow
= reduced leukocyte/sicde RBC interaction
= Increased survival
o -u pes
L = GMI-1070
»
©
0
@
»
»
»
'y
P85 CMLLOD PES GNE-1070 L s s0 A 0o

Paul Frenette et of Slood 2010,

Sickle Cell Mouse In a Vasoocclusive Crisis

GlycoMimetics Announces Top Line Results from Phase 2 Trials
with GMI-1070 in Sickle Cell Disease

Patients Treated with GMI-1070 Experlence Improved Outcomes In Vaso-Occlusive Crisls
Press Release: GlycoMimetics, Inc. - Tue, Aprll 16, 2013 6:00 AM EDT

-

3 year Phase 2 clinical trial in 22 hospital sites in the US and Canada on the
treatment of Sickle Cell Disease patients in Vaso-occlusive Crisis (VOC).

=+~ Piscebo Double-blinded and placebo-controlled.

(Rivipansel) Reduction of multiple Clinical Endpoints:

* Reduction in duration of vaso-occlusive
crisis

* Reduction in length of hospital stay

* Reduction in the use of narcotic pain relief

* Reduction of irreversible, cumulative

= organ damage
Dayl Osy2 Owy3d Owyd OwS Owyé Owy7
Maan hourly opleld wie by dey Biood 2015, 125, 2656-2664.
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Pfizer Announces Enrollment Of First Patient In Phase 3 Trial Thank Y
In Sickle Cell Disease

RESET Trial to Assess Effectiveness and Safety of Rivipansel (GMI-1070) in the
Treatment of Vaso-Occlusive Crisis in Hospitalized Individuals with Sickle Cell Disease
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