
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
6:

53
:4

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Heparan sulfate
aDepartment of Chemistry, Boston College, C

E-mail: udayan.mohanty@bc.edu; jia.niu@
bCenter for Biomedical Mass Spectrometry

Boston, MA 02118, USA
cDepartment of Surgery, Beth Israel Deaco

School, Brookline Ave, Boston, MA 02215, U
dDepartment of Chemistry, Faculty of Scien

10330, Thailand

† Electronic supplementary informa
https://doi.org/10.1039/d3sc00260h

‡ These authors have contributed equally

Cite this: Chem. Sci., 2023, 14, 3514

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 14th January 2023
Accepted 27th February 2023

DOI: 10.1039/d3sc00260h

rsc.li/chemical-science

3514 | Chem. Sci., 2023, 14, 3514–35
glycomimetics via iterative
assembly of “clickable” disaccharides†
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Heparan sulfate (HS) glycosaminoglycans are widely expressed on the mammalian cell surfaces and

extracellular matrices and play important roles in a variety of cell functions. Studies on the structure–

activity relationships of HS have long been hampered by the challenges in obtaining chemically defined

HS structures with unique sulfation patterns. Here, we report a new approach to HS glycomimetics

based on iterative assembly of clickable disaccharide building blocks that mimic the disaccharide

repeating units of native HS. Variably sulfated clickable disaccharides were facilely assembled into

a library of mass spec-sequenceable HS-mimetic oligomers with defined sulfation patterns by solution-

phase iterative syntheses. Microarray and surface plasmon resonance (SPR) binding assays corroborated

molecular dynamics (MD) simulations and confirmed that these HS-mimetic oligomers bind protein

fibroblast growth factor 2 (FGF2) in a sulfation-dependent manner consistent with that of the native HS.

This work established a general approach to HS glycomimetics that can potentially serve as alternatives

to native HS in both fundamental research and disease models.
Introduction

As amajor class of glycosaminoglycan polysaccharides, heparan
sulfates (HS), are essential components of the cell surface gly-
cocalyx and extracellular matrix that play important roles in cell
proliferation, differentiation, migration, and cell–cell interac-
tion.1 HS consist of uronic acid-(1 / 4)-D-glucosamine disac-
charide repeating units that are sulfated at various positions.
Variable patterns of N-sulfate, O-sulfate and N-acetyl substitu-
tions on the polymeric backbone of HS give rise to a high degree
of sequence complexity, which in turn enables active modula-
tion of the sulfate-dependent interactions of HS with a plethora
of signaling proteins.2,3 Many HS-binding proteins employ
a distinct sequence of positively charged residues to engage
with HS, and correspondingly, require specic sulfation
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patterns of HS to achieve selectivity among the complex
glycome.

To understand the structure–activity relationships of the
sulfation patterns in HS, Seeberger,4,5 Linhardt,6,7 Liu,8,9

Boons,10,11 Weigel,12 DeAngelis,13 Hung,14,15 Huang,16–18 and
others19–24 have developed chemical and chemoenzymatic
synthetic approaches to well-dened HS oligosaccharides that
have signicantly advanced our understanding of HS biology.
Nevertheless, the chemical synthesis of HS oligosaccharides
oen requires exquisite synthetic route design and skillful
carbohydrate chemistry manipulations, resulting in high
production cost and scalability challenges. Chemoenzymatic
synthesis has emerged as a scalable method to access HS
oligosaccharides, but the requirements for engineered enzymes
and large quantities of activated substrates oen render the
synthesis expensive and technically demanding.

Compared to the native HS structures, HS-mimetic oligo-
mers and polymers require less efforts to synthesize and provide
comparable activities in many functional assays, making them
highly useful tools to study HS biology. For example, the work by
Hsieh–Wilson25,26 and Godula27,28 demonstrated that the
repeated display of sulfated disaccharides along a polymer
backbone possesses activities similar to the native HS in anti-
coagulation, stem cell differentiation, and chemokine response.
However, most existing HS-mimetic polymers incorporate
sulfated oligosaccharides as pendant groups and do not allow
© 2023 The Author(s). Published by the Royal Society of Chemistry
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precision control of the sulfation patterns, limiting their utility
in the investigation into functional roles of sulfation patterns in
HS. Herein, we developed a series of “clickable” disaccharides
that resemble the repeating unit of HS and can be rapidly
assembled into sequence-dened glycomimetic oligomers via
the copper(I)-catalyzed alkyne–azide cycloaddition (CuAAC)
click chemistry (Fig. 1). These clickable disaccharides consist of
an iduronic acid (IdoA)-(b1 / 4)-glucosamine (GlcN) core
structure and an azide and a triisopropyl silyl (TIPS)-protected
alkyne end groups, with various positions modied by the
sulfate group (Fig. 1a). We have shown that a variety of HS-
mimetic oligomer structures with dened sulfation patterns
could be facilely synthesized following efficient solution-phase
iterative assembly and their sequences could be independently
veried by tandem mass spectrometry (Fig. 1b). A microarray
consisting of HS-mimetic oligomers with various sulfation
patterns was fabricated to examine their ability to bind bro-
blast growth factor-2 (FGF2), a model protein with well-
established sulfation-dependent interactions with HS.29,30

Molecular dynamics (MD) simulation of the glycomimetic
oligomers bound to FGF2 corroborated the binding assay
results, conrming that these HS-mimetic oligomers bind FGF2
in a sulfation-dependent fashion similar to the native HS
oligosaccharides. Taken together, our studies suggest that the
clickable disaccharides are facile tools for investigating the
functional roles of sulfation in diverse physiological processes
involving HS.
Results and discussion
Design and synthesis of clickable disaccharides

The development of chemically dened HS mimetics has been
stymied by the difficulties in preparing large collections of these
compounds with tunable chain length and precisely controlled
Fig. 1 Overview of this work. (a) Chemical structures of natural HS and
the HS glycomimetics developed in this work. (b) The iterative
assembly of the clickable disaccharides via CuAAc click chemistry.

© 2023 The Author(s). Published by the Royal Society of Chemistry
sulfation patterns. Inspired by the chemical synthesis of poly-
peptides31 and nucleic acids32 via solid-phase and solution-
phase iterative synthesis, we envision that a synthetic
approach to HS-mimetic oligomers could be realized by con-
necting modular disaccharide building blocks using the CuAAC
click chemistry, due to its mild reaction condition, high
coupling efficiency, and excellent tolerance to a broad scope of
functionalities.33 In particular, CuAAC coupling can be per-
formed in the late stage of the synthesis with minimal impacts
on the structural integrity of the oligomers generated from the
iterative synthesis. To this end, we designed the partially pro-
tected IdoA-(b1 / 4)-GlcN disaccharides with sulfation at
specic hydroxyl and amino groups and an azide and a TIPS-
alkyne group at C1 and C4 positions, respectively (Fig. 1).
Non-sulfated hydroxyl groups were protected by benzyl ether
(Bn) groups. As such, these disaccharide building blocks could
be iteratively assembled aer the TIPS group is removed via
tetra-n-butylammonium uoride (TBAF) aer each coupling
step.

We began the synthesis of the “clickable” disaccharide
building blocks using commercially available diacetone glucose
and N-acetylglucosamine starting materials (Fig. 2). Specically,
1,6-anhydro b-(L)-idopyranose was synthesized from diacetone
glucose in six steps.34 While our initial attempt to install trii-
sopropyl silane (TIPS) protected alkyne using TIPS-protected
propargyl bromide was unsuccessful due to ester migration,
an alternative route from TIPS-protected propargylic tri-
chloroacetimidate successfully afforded anhydrosugar 2. Ace-
tolytic ring opening of 2 provided the 1,6-diacetate, which was
converted into thioglycoside 3 in a combined yield of 38% over 3
steps. Aer the removal of the C6 acetyl group, 4 was oxidized
and esteried into thioglycoside methyl ester 5 as an iduronic
acid donor in 57% overall yield over 3 steps. To access the
glucosamine acceptors, glycosylation of (D)-N-acetylglucos-
amine 6 with the 2-chloroethanol followed by sequential acet-
ylation and azidation yielded the 1-azidoethyl compound in
65% overall yield. The followed installation of 4,6-benzylidene
acetal and benzyl ether furnished 7 in 77% yield. Aer the
benzylation on C4 hydroxyl and the removal of the 4,6-benzyli-
dene protection in 7, the 6-hydroxyl was selectively protected by
levulinic acid to afford N-acetylglucosamine acceptor 9 in 61%
overall yield. To prepare the glucosamine acceptor for N-sulfa-
tion, we deacetylated 7 and protected the C2 amine with 2,2,2-
trichloroethoxycarbonyl (Troc) group to arrive at 12 in 86% yield
over two steps. Tin(II)-catalyzed benzylation of 12 under acidic
conditions followed by the removal of 4,6-benzylidene protec-
tion produced the glucosamine acceptor 13 with Troc-protected
amine in 31% overall yield. Lastly, glycosylation of acceptor 9 or
13 by thioglycoside donor 5 generated b-linked core disaccha-
ride 10 and 14 in 65% and 76% yields, respectively.

The orthogonal protecting groups in the core disaccharide
10 provided the opportunity for regioselective deprotection and
sulfation at various positions. Through protecting group
manipulation and O-sulfation, non-sulfated disaccharide 16
and differentially sulfated disaccharides (17−19) were readily
obtained. Similarly, trisulfated disaccharide building block 21
was generated from 20 via sequential deprotection and O- and
Chem. Sci., 2023, 14, 3514–3522 | 3515
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Fig. 2 Synthesis of clickable disaccharides. Reagents and conditions: (a) TIPSCHCCH2ONHCCl3, TfOH, molecular sieve 4 Å, 45 °C, 46%; (b): (i)
Cu(OTf)2, acetic anhydride, (ii) TolSH, TfOH, DCM, 82% in two steps; (c) AcCl, DCM/MeOH, 92%; (d): (i) TEMPO, BAIB, DCM/H2O, (ii) Me2SO4,
acetone, 0 °C, 62%; (e): (i) ClCH2CH2OH, AcCl, 70 °C, 65%, (ii) acetic anhydride, pyridine, quant, (iii) NaN3, DMF, 60 °C, quant, (iv) NaOMe, MeOH,
quant, (v) benzaldehyde dimethyl acetal, TsOH, DMF, 65 °C, 77%; (f) BnBr, NaH, DMF, 90%; (g): (i) TFA, DCM/H2O, 30 °C, 74%, (ii) Lev acid, EDC,
DMAP, DCM, 91%; (h) TIS, TfOH, molecular sieve 4 Å, 69%; (i) KOH, dioxane/2-methoxyethanol, 120 °C; (j) TrocCl, sat. NaHCO3, THF, 86% in two
steps, (k) (i) BnOCNHCCl3, Sn(OTf)2, Et2O, molecular sieve 4 Å, 62%; (ii) TFA, DCM/H2O, 30 °C, 66%; (iii) Lev acid, EDC, DMAP, DCM, 76%; (l) TIS,
TfOH, molecular sieve 4 Å, 76%; (m) hydrazine acetate, MeOH/THF, quant; (n): (i) LiOH, MeOH, 0 °C, (ii) NaOH, MeOH/H2O, 80% in 2 steps; (o) (i)
SO3$Py, DMF, 87%; (ii) LiOH, MeOH/H2O, 0 °C, (iii) NaOH, MeOH/H2O, 93% in 2 steps; (p): (i) MeONa, MeOH, 88%, (ii) Lev acid, EDC, DMAP, DCM,
83%, (iii) SO3$Py, DMF, 77%, (iv) LiOH, NaOH, THF/H2O, 87%; (q): (i) MeONa, MeOH, 88%, (ii) SO3$Py, DMF, 90%, (iii) LiOH, MeOH/H2O, 93%; (r): (i)
hydrazine acetate, THF/H2O, (ii) MeONa, MeOH, 66%; (s) (i) SO3$Py, DMF, 89%, (ii) LiOH, MeOH/H2O, (iii) SO3$Py, NaOH, TEA, DMF, 79% in two
steps.
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N-sulfation. Importantly, disaccharides 17–19 and 21 were
conrmed to be compatible with CuAAC coupling and TBAF
deprotection conditions (Fig. S1†). Taken together, variably
sulfated clickable disaccharides were efficiently prepared and
validated for an iterative coupling–deprotection procedure,
making them promising building blocks for the synthesis of
sequence-dened HS-mimetic oligomers.
Iterative assembly of clickable disaccharides

Next, we explored the iterative assembly of the clickable disac-
charides into sequence-dened HS-mimetic oligomers. Starting
3516 | Chem. Sci., 2023, 14, 3514–3522
from a benzyl chloroformate (Cbz)-protected propargyl amine
initiator, successive CuAAC coupling and TBAF deprotection
were performed in several iterations until the desired length of
the oligomer was obtained (Fig. 3a). In each cycle, a unique
disaccharide building block was incorporated to generate
a sequence-dened oligomer with a specic sulfation pattern.
The product of each coupling and deprotection step was iso-
lated by ash silica chromatography and conrmed by liquid
chromatography/electrospray ionization mass spectrometry
(LC-ESI-MS) before the next cycle. Using 6-O-sulfated disaccha-
ride 17 as a model building block, we constructed a model
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Assembly and MS/MS sequencing of the HS-mimetic oligomer.
(a) Solution-phase assembly of variably sulfated clickable disaccha-
rides. (b) LC-ESI-MS analysis of a model HS-mimetic octasaccharide
oligomer M after the hydrogenolysis of oligomer S34 generated from
solution-phase assembly. (c) NETD MS/MS sequencing of oligomer H
allowed for confident assignment of the sulfation pattern.
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octasaccharide S34 in an overall yield of 16% in eight steps aer
isolation by semi-prep HPLC (80% average yield in each step)
(Fig. S2†).

The Bn-protected oligomers from the solution-phase were
deprotected via hydrogenolysis by Pd(OH)2/C in tert-butanol/
water (1/1, v/v) in high efficiency, producing the HS-mimetic
oligomers in excellent yields. For example, hydrogenolysis of
S34 afforded fully deprotected octasaccharide M in 70% yield
(Fig. 3b). Following the synthetic procedures established in the
model studies, we constructed a library of 14 HS-mimetic tet-
rasaccharides and octasaccharides with various sulfation
patterns (A–N) (Fig. 4a).

The sequencing ability of the HS-mimetic oligomers is
important for future combinatorial library synthesis and high-
throughput screening. To this end, the sequence of the
synthetic HS glycomimetics were independently veried by
tandem mass spectrometry (MS/MS). The conventional
collision-induced dissociation (CID) spectrum was dominated
by sulfate loss and unable to produce informative tandem mass
spectra for reliable sequencing due to the lability of the sulfate
© 2023 The Author(s). Published by the Royal Society of Chemistry
group during collisional excitation (Fig. S3†). To overcome this
challenge, negative electron transfer dissociation (NETD) was
performed on the tetrasaccharide oligomer H (Fig. 3c).35,36

Encouragingly, NETD generated complete series of glycosidic
fragments, including all B-, C-, Y-, and Z-ions. Product ions at
each cleavage site were detected without sulfate loss, allowing
condent assignment of the sulfate modications at the residue
level. Localization of the sulfate modications within each
residue could also be achieved by identifying the mass differ-
ence between key cross-ring fragments and their corresponding
glycosidic fragment. For example, the presence of a 3,5A2 ion (m/
z 451.022) and a 0,2X2 ion (m/z 845.181) provides conclusive
evidence for assignment of the 6-O-sulfation and N-sulfation at
the second GlcN residue. The presence of the triazole linker
does not appear to interfere with the structural characteriza-
tion, as no fragmentation within the triazole moiety was
observed in the NETD spectrum.
Protein-binding studies

We used glycan microarray and surface plasmon resonance
(SPR) to analyze the interactions between the HS-mimetic olig-
omers and FGF2. Glycan microarrays have become a key gly-
comic technology for systematically evaluating the structure–
activity relationships of complex carbohydrates.37 We fabricated
microarrays of the HS-mimetic oligomers by reacting their
terminal amino groups with N-hydroxysuccinimide (NHS)-
activated glass slides (Fig. 4b). The microarray of HS-mimetic
oligomers was incubated with FGF2 in the Tris buffer (20 mM
Tris–HCl pH 7.4, 150 mM NaCl, 2 mM CaCl, 2 mM MgCl) con-
taining Tween-20 (0.05%) and BSA (1%), and binding was
indirectly observed using unlabeled anti-FGF2 antibody and
a goat-anti-mouse IgG 635 detection antibody. Fluorescence
signal at excitation wavelength 635 nm was measured and the
average signal for replicate spots (n = 4) was calculated as the
mean RFU. Encouragingly, the HS-mimetic oligomers exhibited
sulfation-dependent binding to FGF2 similar to the native HS
(Fig. 4c). It was observed that, at both 100 mM and 300 mMof HS-
mimetic oligomers, FGF2 bound tetrasaccharide oligomers G–K
comparably but to a greater extent than the oligomers with
lower sulfation density. Specically, the oligomers with N-sul-
fation, 2-O-, and 6-O-sulfation (e.g., J and K) exhibited higher
uorescent intensity than those carrying only 2-O- or 6-O-sul-
fation (e.g., C, D, M, or N) in the microarray experiment using
uorescently labeled FGF2. To rule out the avidity effect in
which multiple surface-bound HS-mimetic oligomers in prox-
imity bind to the same FGF2 protein, the FGF2-oligomer inter-
actions were further investigated using an SPR competition
assay (Fig. 4d). Biotinylated heparin was immobilized onto the
streptavidin-functionalized SPR sensor chip, to which a solu-
tion containing a xed concentration of FGF2 and various
concentrations of a specic HS-mimetic oligomer was injected
and allowed to ow through the sensor chip. The HS-mimetic
oligomer competes with the immobilized heparin and inhibits
its binding to FGF2, resulting in decreased responses in the SPR
sensorgrams. The half maximal inhibitory concentration (IC50)
of the HS-mimetic oligomers against the FGF2 binding by
Chem. Sci., 2023, 14, 3514–3522 | 3517
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Fig. 4 Characterization of the interactions between the HS-mimetic oligomers and FGF2. (a) Sequences of the HS-mimetic oligomer library. A
native HS hexasaccharide is used as a control in the SPR competitive binding assay. (b) Workflow of the glycanmicroarray experiment. (c) Binding
profile of the HS-mimetic oligomer library microarray at 100 mM and 300 mM (n= 4). The concentration of FGF2 was 5 mgmL−1. P: buffer only. (d)
Workflow of the SPR experiment. (e) FGF2 binding of the HS-mimetic oligomers and native HS hexasaccharide in competition with the
immobilized heparin in the SPR experiment. The results are fitted to the competitive inhibition model.
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heparin could be determined by tting the concentration-
dependent SPR responses to a competitive inhibition model
(see ESI Methods†).38 Consistent with the microarray results,
oligomers with higher sulfation, e.g., K (IC50 = 5.9 mM) and G
(IC50 = 6.4 mM), exhibited higher affinity to FGF2 than the ones
with lower sulfation, e.g., C (IC50 = 39.0 mM) (Fig. 4e and S4†).
Notably, the IC50 of K is only slightly lower than a native HS
hexasaccharide S, GlcNS(6S)-GlcA-GlcNS(6S)-IdoA(2S)-
GlcNS(6S)-GlcA (IC50 = 2.0 mM). Furthermore, the IC50 value
of K is also consistent with the FGF2 affinity of an analogous
native IdoA-GlcNS(6S)-IdoA(2S)-GlcNS(6S) tetrasaccharide re-
ported by Boons et al. (KD = 1.2 mM).10 In contrast, disaccharide
Q and R are insufficient to inhibit the FGF2 binding by heparin:
not only their IC50 values are much higher (IC50 = 45.2 mM for
trisulfated R; IC50 = 64.0 mM for disulfated Q), the maximal
inhibition for Q and R were also lower than 30% of the total
binding. Taken together, the structure–activity relationship
demonstrated by the HS-mimetic oligomers in FGF2 recogni-
tion is consistent with that of the native HS
oligosaccharides.10,39,40
Molecular dynamics simulations

While the CuAAC coupling chemistry enables highly efficient
iterative assembly in the solution phase, it involves incorpora-
tion of a non-natural triazole spacer between adjacent
3518 | Chem. Sci., 2023, 14, 3514–3522
disaccharide units. To study how the spacer in HS-mimetic
oligomers affects their ability to replicate behavior of native
HS, we performed molecular dynamics (MD) simulations of
compound K (Fig. 5a) and compared it with its native counter-
part, a IdoA(2S)-GlcNAc(6S)-IdoA(2S)-GlcNS(6S) tetrasaccharide.
To model the compounds, we employed a combination of the
GLYCAM 06j41,42 and generalized Amber force elds43 in the
OpenMM soware package44 (refer to ESI† for details). We
analyzed four major polymer properties to compare the
behavior of HS mimetic with native HS: (1) glycosidic linkages;
(2) ring-ipping states; (3) end-to-end distance; and (4) ion
atmosphere. For this, we used the crystallographic conforma-
tion of an FGF2-bound HS tetramer (PDB: 1BFB45) as a point of
reference. In addition, we performed simulations of FGF2
binding to demonstrate that mimetic HS can reproduce the
sulfate-dependent binding behavior of the native polymer.

Rotation about glycosidic linkages are important for deter-
mining the long-chain conformation of HS polymers.46 For K,
we nd that the exibility of the GlcNAc(6S)-IdoA(2S) linkage is
greatly enhanced due to the triazole spacer (Fig. S5a†). In
contrast, conformations of adjacent linkages are identical
between the native HS tetrasaccharide and K (Fig. S5b and c†),
indicating they are unaffected by the spacer.

Ring ipping is also key for deciding HS conformation and
can affect protein binding.47 The ring of central IdoA(2S) has
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 MD simulation results. (a) Representative configuration of
compound K, with the sulfate groups on each monosaccharide
residue labeled. Atom color code: H – white, C – gray, N – blue, O –
red, S – yellow. (b) Free energy of ring flipping for central IdoA(2S)
(adjacent to spacer). q is the Cremer–Pople parameter50 for moni-
toring ring flipping between chair conformers. The 1C4 conformer
corresponds to 2-O-sulfate adopting the equatorial geometry, while
4C1 corresponds to the axial geometry. (c) Free energy of end-to-end
distances, defined as the distance betweenC4 of terminal IdoA(2S) and
C1 of terminal GlcNS(6S). Dashed lines give the crystallographic
distances for FGF2-bound tetramer and hexamer structures (PDB:
1BFB and 1BFC). (d) Spatial distribution function (SDF) of Na+, a repre-
sentative counterion, around native HS. Orange wireframe shows the
1.2 M isosurface for Na+ concentration. (e) SDF of Na+ ions around
compound K, with the 1.2 M isosurface shown. (f and g) Interactions
between the sulfate groups of K or the native HS tetrasaccharide and
the amino acids of the FGF2 heparin binding domain. (f) Probability for
sulfate groups to be in contact with positively charged residues when
the native HS tetrasaccharide binds to FGF2. A sulfate is defined to be
in contact with a residue if the distance between any non-hydrogen
atoms is less than 0.3 nm. (g) Probability of contact with positively
charged residues when compound K binds to FGF2.
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a thermodynamically preferred chair conformer (1C4) (Fig. 5b),
consistent with previous studies.47,48 In K, the less favored chair
conformer (4C1) is stabilized by ∼5 kJ mol−1 relative to the
native HS tetrasaccharide. The lower energy of this conformer
(4C1) in the mimetic is due to its spacer, which creates a spatial
buffer between residues and mitigates unfavorable interactions
in the axial geometry. Based on the crystal structure (PDB: 1BFB)
reported by Faham, et al.,45 HS tetramer binds to FGF2 mainly
© 2023 The Author(s). Published by the Royal Society of Chemistry
through two adjacent sulfate groups, one of which is on
a central IdoA(2S) residue. Interestingly, in order for FGF2-
binding to occur, IdoA(2S) must adopt the less favored ring
conformer (Fig. 5b). Since the triazole spacer in mimetic HS
stabilizes the less favored conformer, this suggests that the free-
energy cost of binding due to ring ipping is lowered in the
mimetic. Meanwhile, ring ipping for other residues is similar,
in terms of free energy, between native HS tetrasaccharide and
K (Fig. S6†).

The overall polymer conformation of HS can be character-
ized bymeasuring its end-to-end distance. The preferred end-to-
end distance of native HS tetrasaccharide is 1.5 nm, close to the
FGF2-bound distance (Fig. 5c). In contrast, the most favorable
distance for K is 2.1 nm. However, the exibility of the triazole
spacer enables K to adopt folded conformations where its
polymer length is close to the FGF2-bound distance, at a free-
energy cost of ∼6 kJ mol−1. On the other hand, the preferred
end-to-end distance of K is closest in length to HS hexamer
(PDB: 1BFC45) when bound to FGF2 (Fig. 5c).

Protein binding in HS occurs through its sulfate groups,49

which requires desolvation of counterions. We analyzed Na+

solvation around native HS tetrasaccharide and compound K
through the potential of mean force (PMF). The PMF value at
a given distance from a sulfate group is the free energy change
associated with moving an Na+ ion from bulk solution to that
distance. The PMF between sulfate groups and their
surrounding Na+ solvation shell is greater in the native HS tet-
rasaccharide than in K (Fig. S7†). This suggests that desolvation
of Na+ ions around sulfate groups can occur more easily in the
mimetic than in native HS. This effect can be attributed to the
greater polymer length, and hence smaller linear charge
density, of K. Accordingly, we nd the counterion density
around most regions of compound K to be smaller than that
around native HS (Fig. 5d and e). Furthermore, the average
excess number51 of Na+ ions surrounding native HS is greater
than that around themimetic by 0.4 (Fig. S7†). This is due to the
stronger interaction of native HS tetrasaccharide, compared to
K, with its surrounding Na+ ion environment.

Finally, we compared the sulfate-dependent binding
behavior of native HS tetrasaccharide and K by performing
representative simulations of these two oligomers binding to
FGF2. Based on the crystal structure (PDB: 1BFB45), HS tetramer
binds to the positively charged domain of FGF2 containing
Lys120, Arg121, Lys126, and Lys130. For the native HS tetra-
saccharide, we reproduced this interaction in our simulations
(Fig. S8a†) and nd that the polymer remains stably bound to
FGF2 (Fig. S8c†). Specically, sulfate groups S1N and S2 (Fig. 5a)
show the most extensive binding to the positively charged
domain (Fig. 5f and S8a†), consistent with the crystallographic
binding conguration (Table S1†). Sulfates S3 and S4 (Fig. 5a)
can also interact via Lys27 and Lys136, though to a lesser
degree. Likewise, K binds to FGF2 stably (Fig. S8d†). This
binding occurs predominantly through S1N and S2 (Fig. 5g and
S8b†), the same as in the native HS tetrasaccharide and similar
to the crystal structure (Table S1†). In addition, K adopts a partly
folded conformation (Fig. S8b†), enabled by the exibility of the
triazole spacer. This conformation facilitates partial
Chem. Sci., 2023, 14, 3514–3522 | 3519
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interactions of S3 with Lys27 and binding of S4 to both Lys27
and Arg121 (Fig. 5g and S8b†). These lesser variations in S3/S4
interactions are the main point of difference between the
bound structures of K and native HS tetrasaccharide. Overall,
these results show that the HS mimetic is capable of repro-
ducing the sulfate-dependent binding behavior of its native
counterpart.

The simulation results also provide further insights on the
sulfate-mediated binding of HS-mimetic oligomers. From the
protein-binding studies by microarray and SPR, we nd that
oligomers G–K show strong binding affinity to FGF2 (Fig. 4a and
c). With the exception of G, these mimetic oligomers all possess
N- and 2-O-sulfation on adjacent residues. This is consistent
with our simulations, which indicate that the predominant
interactions of the glycomimetic oligomers with the positively
charged domain of FGF2 occurs through adjacent N- and 2-O-
sulfates (i.e., S1N and S2 in Fig. 5g). The importance of these two
sulfation positions is also observed in native HS (Fig. 5e).39,40,45

In addition, the strong binding oligomers (G–K) have the
highest sulfation density, with 4–5 sulfate groups across four
monosacharride units. The simulated binding conformation of
K illustrates how up to four of these sulfates can simultaneously
participate in interactions with FGF2 (Fig. 5g and S8b†), which
explains the contribution of the additional sulfate groups in G–
K. Binding by these additional sulfate groups is also seen in
native HS tetrasaccharides (Fig. 5e).45

Overall, our simulations suggest that the greater exibility
and weaker ion interactions of the HS-mimetic oligomers can
compensate for the effects of the triazole spacer. This can lead
to a high degree of similarity in protein binding between HS-
mimetic oligomers and native HS, as shown by their sulfate-
dependent interactions with FGF2.

Conclusions

In conclusion, we developed a new approach to HS glycomi-
metics based on iterative assembly of clickable disaccharide
building blocks. Mimicking the disaccharide repeating units of
native HS, these clickable disaccharides can undergo solution-
phase iterative assembly via click chemistry to generate
sequence-dened glycooligomers with variable sulfation
patterns. To demonstrate the versatility of this general
approach, we constructed a library of HS-mimetic oligomers
with dened sulfation patterns that can be readily sequenced by
tandem mass spectrometry. Microarray and SPR experiments
conrmed that, despite incorporating non-natural triazole
spacers, these HS-mimetic oligomers bind FGF2 in a sulfation-
dependent manner consistent with that of the native HS. This
structure–function relationship was further conrmed by MD
simulations of the HS-mimetic tetramer and the corresponding
native HS tetrasaccharide. As a future direction, we envision
that the combinatorial assembly of modular HS disaccharide
structures via exible non-natural linkers will allow access to
sulfation patterns and conformations both within native HS
and beyond. Such an ability makes the method presented
herein readily applicable to generating glycomimetic oligomers
capable of interacting with other HS-binding proteins. In
3520 | Chem. Sci., 2023, 14, 3514–3522
parallel to our work, Huang and coworkers demonstrated that
the amidation chemistry widely used in peptide synthesis can
also be used to construct HS-mimetic oligomers with diverse
sulfation patterns.52 Collectively, these results established
general approaches to HS glycomimetics that can serve as
promising alternatives to native HS in functional studies in
both fundamental research and disease models.
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