
Kanagasabai Balamurugan, Linda Koehler, Jan-Niklas Dürig, Ute Hempel, Jörg Rademann,
Vera Hintze and M. Teresa Pisabarro*

Structural insights into the modulation of PDGF/
PDGFR-β complexation by hyaluronan derivatives

https://doi.org/10.1515/hsz-2021-0173
Received February 26, 2021; accepted June 18, 2021;
published online July 20, 2021

Abstract: Angiogenesis is an importantphysiologicalprocess
playing a crucial role in wound healing and cancer progres-
sion. Vascular endothelial growth factor (VEGF) and platelet
derived growth factor (PDGF) are key players in angiogenesis.
Based on previous findings regarding themodulation of VEGF
activity by glycosaminoglycans (GAG), here we explore the
interaction of hyaluronan (HA)-based GAG with PDGF and its
receptor PDGFR-β by applying molecular modeling and dy-
namics simulations in combination with surface plasmon
resonance (SPR). Computational analysis on the interaction of
oligo-hyaluronan derivatives with different sulfation pattern
and functionalization shows that these GAG interact with
PDGF in relevant regions for receptor recognition, and that
high sulfation as well as modification with the TAMRA group
convey stronger binding.On the other hand, the studied oligo-
hyaluronan derivatives are predicted to scarcely recognize
PDGFR-β. SPR results are in line with the computational pre-
dictions regarding the binding pattern of HA tetrasaccharide
(HA4) derivatives to PDGF and PDGFR-β. Furthermore, our
experimental results also show that the complexation of PDGF
to PDGFR-β can bemodulated by HA4 derivatives. The results

found open the path for considering HA4 derivatives as po-
tential candidates to be exploited formodulation of the PDGF/
PDGFR-β signaling system inangiogenesis and relateddisease
conditions.

Keywords: angiogenesis; extracellular matrix (ECM); gly-
cosaminoglycans (GAG); hyaluronan (HA); platelet derived
growth factor (PDGF); vascular endothelial growth factor
(VEGF).

Introduction

Platelet-derived growth factors (PDGF) are important pro-
teins acting as potent mitogens for connective tissue cells
such as fibroblasts and smooth muscle cells and, in turn,
regulating processes such as embryonic development and
tissue regeneration (Kohler andLipton 1974;Ross etal. 1974).
PDGF exists in four isoforms, namely PDGF-A, -B, -C and -D,
forming homodimers and heterodimers (i.e. PDGF-AA, -BB,
-CC, -DD and -AB). PDGF interacts with its corresponding
receptors PDGFR-α and PDGFR-β to carry out distinct func-
tions. PDGFR-α is involved in the signaling controlling
gastrulation and in the development of various organs
including intestine, lung, skin, kidney and testis; whereas
PDGFR-β signaling is well established in the process of early
hematopoiesis and blood vessel formation (Andrae et al.
2008). PDGF-BB is a ligand for PDGFR-β, which is relevant in
angiogenesis. Enhanced PDGF/PDGFR signaling is also
observed in a variety of disease conditions such as cancer,
pulmonary fibrosis and atherosclerosis (Ostman 2004). Due
to the significance of the signaling of the PDGF/PDGFR
system, its inhibition has become an attractive strategy, for
instance, in anti-cancer therapy (Gialeli et al. 2014).

PDGF and vascular endothelial growth factors (VEGF)
are related structurally and functionally. Structurally, both
consist of an evolutionarily conserved cysteine-knot fold of
around 100 amino acids, which is involved in dimerization
(i.e. disulfide-linked dimer form) and binding to the cor-
responding receptor as shown in Figure S1 (Fredriksson
et al. 2004; Shim et al. 2010). Functionally, both growth
factors are involved in vascular formation or angiogenesis
(Banfi et al. 2012). Since PDGFs and VEGFs are of common
origin, their respective receptors are also related (PDGFRs
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and VEGFRs, made up of 5 and 7 immunoglobulin do-
mains, respectively), and the structural features essential
for the protein ligand/receptor recognition complex are
also perceived to be analogous (Schlessinger 2000).

The combined inhibition of PDGF and VEGF signaling
hasemergedasapotential route for suppressingangiogenesis
in tumor progression (Erber et al. 2004). It was recently found
that the transitionbetweennormal andaberrant angiogenesis
was not exclusively dependent on the VEGF dose but a deli-
cate balance between the endothelial stimulation by VEGF
and pericyte recruitment by PDGF-BB (Gianni-Barrera et al.
2018). PDGF-BB has been recently found to play a key role in
pathological angiogenesis in osteoarthritis (Su et al. 2020).
Several strategies have been used to block PDGF/PDGFR
signaling such as neutralizing antibodies for ligands and re-
ceptors, N-terminal processing-deficient PDGFs, aptamers,
soluble receptors without the kinase domain and by natural
cyclopeptide Destruxin A5 (Andrae et al. 2008; Kuai et al.
2015; Siegfried et al. 2005; Wang et al. 2016).

Based on our previous studies on the modulation of
angiogenesis by the interaction of glycosaminoglycans
(GAG) with VEGF (Koehler et al. 2019), here we explore the
interaction of GAG with PDGF. GAG are a class of carbo-
hydrate molecules ubiquitously present in the extracellular
matrix (ECM) and at the cell membrane. These molecules
act as a molecular cue in cell proliferation, regeneration
and other important biological processes. GAG are linear
polymers made up of repeating disaccharide units (D.U.),
and they exist in different forms with variable O- and/or
N-sulfation patterns giving rise to different classes of GAG
such as heparin (Hep), dermatan sulfate (DS), chondroitin
sulfate (CS) and hyaluronic acid (HA) depending on their
disaccharide composition. The relevance of GAG recogni-
tion by proteins has been well established (Samsonov and
Pisabarro 2016; Vallet et al. 2020; Xu and Esko 2014). The
non-immunogenic property of HA alongwith its large-scale
availability by biotechnological processes make it an ideal
component for innovative strategies for the development of
new tissue engineering (regeneration/biomaterials) appli-
cations (Necas et al. 2008; Scharnweber et al. 2015; Xing
et al. 2020). The synthesis of chemicallymodifiedHA-based
oligosaccharides with different sulfation degree and
pattern as well as with different functionalization such as
azide and carboxytetramethylrhodamine (TAMRA) groups
have been previously reported (Köhling et al. 2016; Ros-
tovtsev et al. 2002; Tornoe et al. 2002).

In our previous studies, we have investigated the mo-
lecular recognition properties of different GAG toward
various growth factors (Hintze et al. 2014; Koehler et al.
2019; Köhling et al. 2019; Rother et al. 2017, 2021; Salbach-
Hirsch et al. 2013; Thönes et al. 2019; van der Smissen et al.

2013). Particularly, our binding studies of chemically
modified tetra- and hexasaccharides (HA4 and HA6,
respectively) to VEGF and HB-EGF and their delivery using
collagen-based hydrogels have illustrated the relevance of
such GAGderivatives forwound healing and thereof a great
potential for the engineering of new biomaterials for ap-
plications in tissue regeneration (Koehler et al. 2019; Rother
et al. 2017, 2021; Thönes et al. 2019). Interestingly, we have
previously demonstrated that GAG act as anti-angiogenic
factors in the presence of VEGF165, and, on the other hand,
in the absence of VEGF165 they exhibit pro-angiogenic
properties (Koehler et al. 2019), highlighting the importance
of GAG as possible regulators of ECM signaling and there-
fore are of interest for innovative regenerative strategies.

Earlier studies on the interaction of GAG with PDGF
include for instance differential binding of PDGF isoforms
with GAG such as HS, DS and CS polymers carried out in
mutant Chinese hamster ovary cells as well as by SPR,
which suggested that polymeric GAG can bind to PDGF
with high affinity (García-Olivas et al. 2003). Besides, CSA
has been previously shown to enhance the mitogenic ac-
tivity of PDGF in fibrosarcoma cells (Fthenou et al. 2006).
Nevertheless, all so far conducted studies on the interac-
tion of GAG with PDGF have been performed using whole
cells and exclusively with GAG polymers. These studies
illustrated that GAG could play an important role in regu-
lating PDGF-mediated cellular processes; however, they
did not offer molecular details on the GAG/PDGF interac-
tion, which are crucial for understanding the regulatory
mechanisms involved and to potentially exploit them to
modulate the PDGF/PDGFR signaling pathway. So far, the
atomic details of the interaction between GAG and PDGF
and their functional mechanisms in regulation of the
PDGF/PDGFR signaling system remain unknown.

Considering the dual axis control of angiogenesis by
the interplay of the VEGF and PDGF systems (Bai et al.
2018; Mamer et al. 2017), and based on our previous studies
on themodulation of VEGF-mediated angiogenic processes
by GAG (Koehler et al. 2019), here we investigate the mo-
lecular recognition of several oligo-hyaluronan derivatives
by PDGF-BB and PDGFR-β in atomic detail taking into ac-
count the structural and functional similarity between
PDGF andVEGF. Our earlier studies illustrated that defined
sulfated oligo-hyaluronan derivatives can effectively bind
to growth factors such as TGF-β1, FGF-1, FGF-2 and some
interleukins based on their distinct sulfation pattern,
anomeric functionalization and length (Köhling et al.
2019). In particular, HA4 with different sulfation and
functionalizationwere found to be relevant for recognition.
Thus, here we decided to explore in atomic detail the
interaction of PDGF-BB and PDGF-β with four
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representative HA4 derivatives (i.e. non-sulfated HA4)
anomerically functionalized with either an azide or a

TAMRA functional group (HA4-N3 and HA4-TAMRA,

respectively) and their per-sulfated variants (9s-HA4-N3

and 9s-HA4-TAMRA, respectively) (Figure 1A) in order to

unravel the molecular mechanisms behind their recogni-

tion process and the possible functional implications. For

this purpose, we have used computational methods such

as docking and molecular dynamics (MD) simulations in

combination with experimental binding analysis by surface

plasmon resonance (SPR). Our computer-based studies

predict significant differences in binding strength as well as

binding site and mode based on sulfation and anomeric

functionalization. Furthermore, our molecular models

illustrate the functional relevance of such recognition by

predicting poses in the protein-receptor recognition inter-

face. Our computer-based predictions are in line with

SPR experiments demonstrating that the studied HA4

derivativesmodulate the complexation of PDGF toPDGFR-β.
Our work adds insights into the molecular recognition of

oligomeric HA derivatives by PDGF-BB and the implica-

tions for PDGF-BB/PDGFR-β complex formation. This

information is of value for future design of HA-based

molecules with regulatory properties in terms of fine-

tuning PDGF-mediated biological processes.

Computational results

Protein and receptor structure modeling

The complete structure of the PDGF-BB protein is not
available in its unbound form in the Protein Databank
(PDB). The crystal structure of the PDGF-BB dimer in
complex with the receptor PDGFR-β is available at 2.3Å
resolution (PDBID 3MJG (Shim et al. 2010); Figure S2A). In
this crystal structure, the PDGF-BB terminal residues 1–5
and 102–109 are missing. Those residues were modeled in
extended conformation, and the whole protein structure
was energy refined as described in the methods section.
The resultant complete structure of PDGF-BB is shown in
Figure S2 B. The terminal residues 1–5 were not organizing
themselves structurally and did not appear interacting
with the structured protein but remained in extended
conformation, whereas residues 102–109 were organizing
themselves closer to the L1 loop region of the other
monomer. The resulting full structure of PDGF-BB was
used as the initial structure for the GAG docking and dy-
namics studies (vide infra).

In the case of PDGFR-β, out of its 5 domains only 3

(D1–D3) are available in the crystal structure of the

PDGF-BB/PDGFR-β complex (PDBID 3MJG (Shim et al. 2010))

as illustrated in Figure S2 A. These three domains have been

Figure 1: (A) Chemical structures of the HA4 derivatives used in our studies. (B) Clusters obtained from the docking of the HA4 variants on the
PDGF-BB dimer (in red cartoon representation). The structure of PDGFR-β is shown in green transparent cartoon for reference (i.e. it was not
used in the calculations). The structures of 9s-HA4-N3, 9s-HA4-TAMRA, HA4-TAMRA and HA4-N3 are shown in orange, magenta, yellow and
cyan sticks, respectively. (C) Closer view of panel (B) on the clusters obtained for the studied HA4 derivatives. The residues R27, R28 and R27′,
R28′ (eachmonomer, respectively) which have been shown to be significant for recognizing PDGFR-β are shown in sticks, labeled and colored
by atom type. (D) Clusters obtained from the docking of the HA4 variants 9s-HA4-N3, 9s-HA4-TAMRA, HA4-TAMRA and HA4-N3 on PDGFR-β (in
orange, magenta, yellow and cyane sticks, respectively). The structure of PDGF-BB as well as the second receptor molecule are shown in
transparent cartoon for reference (i.e. they were not used for the calculations). (E) Closer view of panel (D) on the cluster obtained for HA4-N3.
The side chains of residues E241, K163 and K164 are shown in sticks, labeled and colored by atom type.
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reported to be important for interaction with PDGF-BB (Shim
et al. 2010); therefore, the PDGFR-β structure containing the
D1–D3 domains was considered sufficiently relevant for the
GAG docking studies. The PDGFR-β structure is missing res-
idues 105–110 froma loop region in theD1 domain,whichwe
modeled as described in the methods section. The resultant
complete structure of the D1–D3 domains of PDGFR-β is
shown in Figure S2 C. Themodeled loop regionwas observed
connecting the two beta-strands in the D1 domain of
PDGFR-β. This structure was used as the initial structure for
the GAG-docking and dynamics studies (vide infra).

Analysis of the protein-receptor interface

The protein-receptor interaction interface of the full PDGF/
PDGFR-β complex exhibits two major interaction sub-
interfaces (Shim et al. 2010): a first one formed by the
hydrophobic and aromatic rich cluster between PDGFR-βD2
and PDGFR-BB, and a second one formed between the
membrane-distal loops of PDGFR-βD3 and PDGF-BB, which
is predominantly hydrophobic but having also patterns of
hydrogen bonding and a salt bridge at the edge (for a close
view on the PDGF-BB-PDGFR-β interface and relevant resi-
dues see Supplementary Material Figure S3). Clements and
co-workers mutated amino acids throughout the PDGF-B
surface and demonstrated that most mutations had only
negligible effects on receptor binding, but that Arg27 and
Ile30 were two major amino acids which determine
PDGF-BB/PDGFR-β interaction (Clements et al. 1991; Shim
et al. 2010). The terminal guanidino group of Arg27 in
PDGF-BB forms intramolecular hydrogen bonds with two
main chain oxygen atoms and is buried at the protein/re-
ceptor interface forminghydrogenbondswith themain chain
oxygen atom of Glu241 in PDGF-β. These intramolecular
hydrogen bonds (Arg27 Nϵ—Phe37 O, and Arg27 Nη2—Ala35
O) are crucial and serve to lock the conformation of the L1
loop (residues 25–38), enabling the formation of the hydro-
phobic patch centered at Ala35 for receptor contact (Shim
et al. 2010). The analysis of the protein-receptor interface and
the available mutational studies clearly illustrate the impor-
tance of Arg27 in PDGF-B for PDGFR-β recognition.

Protein-GAG docking and representative
structure selection

The docking of the four tetrasaccharide hyaluronan-based
(HA4) variants (Figure 1A)withPDGF-BBwas carriedoutwith
Autodock 3 (Morris et al. 1998) as described in the methods
section. The attained binding poses and modes were

clustered and analyzed in order to select representative
poses. The results acquired from this analysis showed
HA4-N3, 9s-HA4-N3, 9s-HA4-TAMRA and HA4-TAMRA
clustered around residue R27/R27′ (first or second mono-
mer, respectively) of PDGF-BB. The representative binding
poses resulting from the clustering of HA4 variants with
PDGF-BB are shown in Figure 1B. Interestingly, 9s-HA4-N3
and 9s-HA4-TAMRA bind to PDGF-BB in the receptor recog-
nition region and, therefore, could potentially interfere
PDGFR-β interaction (Figure 1C). The HA4-N3 variant was
found binding at other regions of PDGF-BB that are not
relevant for receptor recognition, i.e. more towards the inner
core region of the PDGF-BB interface (Figure 1B).

Each complex with the corresponding GAG represen-
tative structure was further energetically optimized by
molecular dynamics (vide infra).

Molecular dynamics of protein-GAG
interaction and analysis

The complex of PDGF-BB with each GAG representative
structure resulting from the clustering analysis of the four
HA4 variants was energetically refined by MD as described
in methods. The binding energies are presented in Table 1.

Structural snapshots of theHAderivativeswith PDGF-BB
from theMD simulation are provided in Figure 2. The order of
binding of HA4 derivatives to PDFG-BB was: HA4-N3 < HA4-
TAMRA < 9s-HA4-N3, 9s-HA4-TAMRA. As a first observation,
the presence of sulfate groups and functional moieties pro-
vided a significant enhancement on the binding to PDGF-BB,
being the non-sulfated HA4-N3 the variant with the weakest
binding energy. During the MD simulation, HA4-N3 was
observed to move towards the core cavity region of the
PDGF-BB/receptor interface. Worth mentioning is the sig-
nificant enhancement observed in the binding energy of non-
sulfatedHA4on the addition of the functional group TAMRA.
The TAMRA-substituted nona-sulfated HA4 exhibited the
strongest binding energies.

The results of the per-residue interaction energy anal-
ysis are illustrated in Figure 3. From the values for the
interaction of HA4-N3 and 9s-HA4-N3 with PDGF-BB, it
can be appreciated that the presence of sulfate groups in
9s-HA4-N3 significantly enhances its binding to PDGF-BB in
comparison to the non-sulfated HA4-N3 (Figure 3A; azide
group and residues 1–4 for sugar moieties). The values ob-
tained for HA4-TAMRA and 9s-HA4-TAMRA reflect the sig-
nificant effect of the functional group TAMRA in increasing
the binding to PDGF-BB (Figure 3B).

The favorable interaction observed represents the
rhodamine group of this functionalization. Closer analysis
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of the MD results illustrates the cation-π interaction be-
tween the rhodamine group of TAMRA and Arg side chains
in PDGF-BB (Figure S4). It is worth noting that with the
inclusion of sulfate groups into HA4 the contribution of the

TAMRA decreases, which in turn is compensated by the
gain in binding energy of the sulfate groups in the sugar
component (residues 1–4) of theHA4molecule. Thus, there
is a distinguishable effect on growth factor recognition

Table : MM-GBSA binding free energy values of the studied HA derivatives with PDGF-BB and PDGFR-β (kcal/mol).

GAG variant PDGF-BB PDGFR-β

Clus Clus Clus Clus Clus

HA-N −. ± . – . ± . −. ± . . ± .
s-HA-N −. ± . – −. ± . – –
HA-TAMRA −. ± . – −. ± . . ± . –
s-HA-TAMRA −. ± . −. ± . −. ± . . ± . –

Figure 2: Snapshot of the MD simulation of PDGF-BB in complex with the representative structures of the docked HA4 derivatives (A) HA4-N3,
(B) 9s-HA4-N3, (C) HA4-TAMRA and (D) 9s-HA4-TAMRA.
PDGF-BB is shown in red cartoon. The side chain of relevant protein residues and the HA4 derivatives are shown in atom-colored sticks (green
and pink for carbons, respectively).
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depending on the sulfation and functionalization, which
can be rationalized based on our molecular models.

The significant per-residue binding energies of
PDGF-BB residues interacting with HA4 derivatives were
also analyzed (Table 2). The results indicated significant
binding energy of derivatives 9s-HA4-N3, 9s-HA4-TAMRA
andHA4-TAMRA to residuesR27 andR27′ in eachmonomer
of PDGF-BB, respectively, and the neighboring region,
which might be relevant for PDGFR-β recognition. In the
case of 9s-HA4-TAMRA, although the interaction observed
with R27′ is weak, we could observe that this GAG deriva-
tive binds strongly to the loop regions which act as entry
point to access to R27′, thus being able to disrupt PDGF-BB/
PDGFR-β recognition (Figure 2D). HA4-N3 was observed
interacting with other regions of PDGF-BB which are not
involved in receptor recognition as evident by the obtained
per-residue binding energy values.

Molecular dynamics of receptor-GAG
interaction and analysis

The complex of PDGFR-β with each GAG representative
structure selected from clustering analysis of the four
HA4 variants was energetically refined by MD as
described in methods. The obtained results are presented
in Table 1. The binding energy analysis showed very weak
binding of HA4-N3 (Clus2) to the D1–D3 domain regions
of PDGFR-β (in the range of ∼ −10 kcal/mol). Further-
more, for HA4-N3 (Clus1 and 3), HA4-TAMRA (Clus2) and
9s-HA4-TAMRA (Clus2) positive binding energy values
were observed, clearly indicating no interaction with the
receptor.

The per-residue binding energy values for the inter-
action of HA4-N3 with PDGFR-β are shown in Table 2, in
which it can be observed the predicted weak binding to

Figure 3: Per-residue interaction energy of the studied HA4 derivatives with PDGF-BB.
(A) N3 derivatives. (B) TAMRA derivatives. Residue 1–4 refers to 1–4 sugar moieties. The errors bars represent the standard deviation.

Table: Per-residue binding free energy for the studiedHAderivativeswith PDGF-BBandPDGFR-β (kcal/mol). Residues known to be relevant
for molecular recognition are highlighted in bold.

GAG variant PDGF-BB PDGFR-β

Clus Clus Clus Clus

HA-N – – – K(−. ± .)
K(−. ± .)
Y(−. ± .)

s-HA-N R(−. ± .) R(−. ± .)
R′(−. ± .) R′(−. ± .)
R′(−. ± .)

–

HA-TAMRA R(−. ± .) L(−. ± .)
R(−. ± .)

–

s-HA-TAMRA R(−. ± .) T(−. ± .)
N(−. ± .) K(−. ± .)
K(−. ± .) S′(. ± .)

R(−. ± .) A(−. ± .)
A(−. ± .) R(−. ± .)
V(−. ± .) R′(−. ± .)
R′(−. ± .) K′(−. ± .)
K′(−. ± .)
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residues K163 and K164, which are located in a relevant
region for the recognition of PDGF-BB (Shim et al. 2010).

Experimental results

Binding of HA4 derivatives to immobilized
PDGF-BB

The interaction of solute HA4 derivatives with immobilized
PDGF-BB was analyzed by SPR as described in the methods
section. The ranking of binding strength of the HA4
derivatives with PDGF-BB was as follows: HA4-N3 < HA4-
TAMRA ∼ 9s-HA4-N3 < 9s-HA4-TAMRA (Figure 4A). The re-
sults obtained clearly demonstrate the impact of GAG modi-
fication with TAMRA, as those derivatives (HA4-TAMRA and
9s-HA4-TAMRA) showed a higher binding strength com-
pared to their counterparts lacking this modification. These
experimental observations are in linewith the computational
predictions in terms of a clear enhancement of GAG binding
energy with increase in sulfate content as well as with the
presence of TAMRA.

Binding of PDGF-BB to immobilized PDGFR-β
in the presence of HA4 derivatives

HA4 derivatives incubated with PDGF-BB affected receptor
recognition in a sulfation- and concentration-dependent
manner (Figure 4B), while HA4 derivatives when added
alone to immobilized PDGFR-β showed weak interaction, as

predicted by our theoretical models. Pre-incubation of
PDGF-BB with the derivatives HA4-TAMRA, 9s-HA4-N3 and
9s-HA4-TAMRA significantly reduced the complexation of
growth factor and receptor, while in the presence of HA4-N3
no inhibitory effect was observed. Among the HA4 de-
rivatives, 9s-HA4-TAMRA revealed the strongest blocking
potential for protein-receptor recognition. Thus, the
complexation of PDGF-BB and PDGFR-β is hindered by the
presence of HA4 derivatives in the order of HA4-
TAMRA ∼ 9s-HA4-N3 < 9s-HA4-TAMRA. Complete blocking
of growth factor-receptor complexation was, however, not
observed at the GAG concentrations investigated.

From the computational and experimental results, it
can be concluded that the studied HA4 derivatives can
bind to PDGF-BB in a sulfation- and functionalization-
(TAMRA group) dependent manner, and that such HA4
derivatives have a very weak interaction with PDGFR-β.
The 9s-HA4-TAMRA derivative was found to interfere with
the PDGF-BB-PDGFR-β interaction at micromolar con-
centration (15–150 μM).

These results illustrate the potential of 9s-HA4 de-
rivatives with particular functionalization such as TAMRA
for the design of molecules with inhibitory properties of
PDGF-BB/PDGFR-β signaling.

Binding of HA4 derivatives to immobilized
PDGFR-β

The derivative 9s-HA4-TAMRA showed a direct and
concentration-dependent binding to PDGFR-β in contrast

Figure 4: (A) Binding levels for the interaction of immobilized PDGF-BBwith solute HA4 derivatives as determined by SPR. All values represent
themean±SDofn=3andare given as relative to baseline response and corrected for the respectivemolecularweight of HA4derivatives. Two-
way ANOVA: *p < 0.05 versus respective treatment; #p < 0.05 versus 9s-HA4-TAMRA. (B) Binding levels for the interaction of immobilized
PDGFR-βwith 40 nMPDGF-BB alone or after pre-incubationwith 15 and 150 µMHA4derivatives. All values represent themean±SD of n=3 and
are given as relative to baseline response. One-way ANOVA: *p < 0.05 versus respective treatment; #p < 0.05 versus 40 nM PDGF-BB.
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to all other HA4 derivatives, which did not exhibit binding
to the receptor. Nevertheless, the needed concentrations
for 9s-HA4-TAMRA to obtain binding (150 and 300 µM,
respectively) were higher compared to the ones for
PDGF-BB (20 and 40 nM) (Figure 5A). Binding curves for
9s-HA4-TAMRA and PDGF-BB appeared to be different, as
for 9s-HA4-TAMRA no equilibrium between association
and dissociation of the analyte during its injection was
achieved in contrast to PDGF-BB (Figure 5B). Furthermore,
less 9s-HA4-TAMRA dissociated from the receptor during
dissociation phase compared to PDGF-BB, which indicates
a strong interaction of the GAG derivative with PDGFR-β at
the tested concentrations (Figure 5C). However, with re-
gard to the higher concentrations of 9s-HA4-TAMRA that
were used (µM vs. nM), its binding strength appears to be
weaker compared to PDGF-BB. It is worth mentioning that
our theoretical models also pointed out the weak binding
of HA derivatives to PDGFR-β. Whereas our models only
included domains D1–D3 of PDGF-BB which are relevant
for receptor recognition, the experimental studies included
domains D1–D5 of PDGFR-β. Therefore, some binding

might occur in regions of D4–D5 which are not relevant for
PDGF-BB/receptor recognition.

Discussion

Growth factors such as VEGF and PDGF are demonstrated to
play a major role in angiogenesis (Bai et al. 2018; Mamer
et al. 2017), which is a very important process in wound
healing due to the fact that most tissue types like skin and
bone are vascularized. The role of VEGF in angiogenesis is
well studied and established. The effect of GAG as pro-
angiogenic or anti-angiogenic agents in VEGF/VEGFR
mediated angiogenesis has been recently established
(Koehler et al. 2019). In the case of PDGF-mediated angio-
genesis, the so-far available studies on the effect of GAG are
limited and are mostly with polymeric GAG and lacking
structural andmechanistic details (García-Olivas et al. 2003;
Fthenou et al. 2006). Most importantly, the available studies
on PDGF/GAG interactions have been carried out with
naturally occurring GAG such as polymeric HS, DS and CS,

Figure 5: Binding of HA4 derivatives to immobilized PDGFR-β in comparison to PDGF-BB analyzed via SPR.
(A) Binding levels of the interaction were recorded 10 s before injection stop and corrected for the respective molecular weight of the analyte.
(B) Sensorgram of the interaction of 150 and 300 µM 9s-HA4-TAMRA with the receptor compared to 20 and 40 nM PDGF-BB. Binding response
was corrected for the respective molecular weight of the analytes. (C) The relative amount of dissociated analyte from PDGFR-βwas calculated
from the slope of the dissociation phase. For (A) and (C) values represent the mean ± SD for n = 3. For (B) one representative curve from three
measurements is shown. One-way ANOVA: *p < 0.05 versus Respective treatment, #p < 0.05 versus 20 and 40 nM PDGF-BB.
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which indeed shows a vital role of GAG in modulating the
proliferation process. Chemically defined HA4 derivatives
with different degrees of sulfation have been shown to be
effective in binding and modulating the bioactivity of
various growth factors which in turn influence healing and
regeneration process (Koehler et al. 2019; Rother et al. 2017,
2021; Thönes et al. 2019). Based on our previous knowledge
of GAG-mediated angiogenesis modulation of the VEGF/
VEGFR system, herewe attempted to explore the interaction
of GAG with the analogous PDGF-BB/PDGFR-β system,
which is also an interesting target to tackle for angiogenesis
regulation. The aim of this study has been to understand the
modeof interactionof a set of representative oligomericHA4
derivatives of different sulfation and functionalization with
the PDGF-BB/PDGFR-β system and the potential functional
implications. For this purpose, and in order to gain atomic
and mechanistic details, here we apply molecular docking
and MD simulation techniques to obtain theoretical models
that allow us to gain new structure-based insights into the
molecular recognition process and its functional implica-
tions. Furthermore, our computer based work is combined
with experimental SPR binding studies.

The results from the computational investigation show
that the studied oligomeric HA4 derivatives interact with
PDGF-BB and PDGFR-β in a different manner; indeed, with
strong binding affinity to the PDGF-BB while insignificant to
PDGFR-β. The binding to PDGF-BB is affected by sulfation,
which clearly plays a major role in dictating the binding af-
finity of the studied HA4 derivatives to PDGF-BB and is
illustratedby thehigher bindingenergyof 9s-HA4derivatives
versus the non-sulfated variants. The functionalization of the
HA4 derivative also influences its recognition to PDGF-BB,
which is exemplified by the higher binding strength of the
TAMRA derivatives with respect to the azido counterparts.
The experimental SPR results fully agree with the computa-
tional predictions as they show that the sulfation and func-
tionalization with TAMRA attributes a great impact on the
binding strength of the studied HA4 derivatives to PDGF-BB.

In terms of the functional implications derived from
our studies, the distinguishable site and mode of interac-
tion obtained for each of the studied HA4 derivatives is of
great interest and it is also supported by the SPR experi-
ments. HA4-TAMRA, 9s-HA4-TAMRA and 9s-HA4-N3 are
predicted to be interacting with PDGF-BB at sites which are
relevant for receptor recognition. The complexation of
PDGF-BB and PDGFR-β is demonstrated by SPR to be pre-
cluded by the per-sulfated and TAMRA HA4 derivatives.

The observed high binding strength makes hyaluronan-
based tetrasaccharide derivatives promising candidates for
being exploited to modulate the PDGF-BB/PDGFR

complexation process and potentially the signaling of this
macromolecular system. For such potential future bio-
logical applications, the interaction of such GAG de-
rivatives with other proteins involved in the biological
process should be investigated in detail. VEGF and PDGF
function in a tandem fashion in the process of angiogen-
esis, whereas GAG have been earlier demonstrated to be
able tomodulate VEGF-mediated angiogenesis. Thus, this
study opens up the possibility that this kind of GAG may
be used as a single molecular entity with the potential to
effectively modulate VEGF- and PDGF-mediated signaling.
Our molecular models will be of value to guide future in-
vestigations along these lines.

Materials and methods

Molecular modeling of HA4 derivatives

The modeling of the structures of tetrasaccharide HA4 and 9s-HA4 (as
Azide and TAMRA derivatives) has been previously reported (Köhling
et al. 2019). The structure of the GAG molecules used in this study are
shown in Figure 1A.

Molecular modeling of protein and receptor

The structure of the PDGF-BB/PDGFR-β complex was obtained from
the Protein Data Bank (Berman et al. 2000) (PDBID 3MJG, 2.3Å reso-
lution (Shim et al. 2010)). The missing terminal residues 1–5 and 102–
109 of PDGF-BBweremodeled in extended conformationusingPyMOL
(Schrödinger 2009–2015). The residues 105–110 from a loop region in
the D1 domain, which were missing in the PDGFR-β receptor structure
were modeled using the Swiss-Model server (Waterhouse et al. 2018).

The full structure of PDGF-BB (residues 1–109) and the D1–D3 do-
mains of PDGFR-β (residues 33–314)were energetically refined separately
byMDsimulationusingAMBER14 (Case et al. 2014). The ff14SB forcefield
parameterswere used. Each system, protein and receptor separately, was
solvated in a truncated octahedral box of TIP3P water molecules and
neutralized with Na+ or Cl− counterion. The energy refinement protocol
used was as follows: PDGF-BB was treated fully flexible, whereas for
PDGFR-β only the modeled loop region was left unrestrained. The rest of
the receptor structure was fixed with weak positional restraints (10 kcal/
mol/Å2) during the MD simulation. The protein structure as well as the
receptorwere energetically refined individually by 25nsofMDsimulation
each. The resulting energyoptimized structuresofPDGF-BBandPDGFR-β
were used for the docking calculations.

Molecular docking of GAG to protein and receptor

Docking was carried out with Autodock 3 (Morris et al. 1998) to predict
the binding of derivatives HA4-N3, 9s-HA4-N3, HA4-TAMRA and 9s-
HA4-TAMRA to PDGF-BB and to PDGFR-β. Autogrid3 was used to
calculate the atomic potential of each full structure with a grid box and
spacing grid of 124 × 126 × 126 Å and 0.602 Å for PDGF-BB and of
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126 × 126 × 126 Å and 0.736 Å PDGFR-β. HA4 derivatives were treated
flexible, whereas protein and receptor were maintained rigid. A total of
1000 independent runs were carried out with the Lamarckian genetic
algorithm (initial population size: 300, termination condition: 10,000
generations, energy evaluations: 9995 × 105). The top 50 docking so-
lutions in each case (i.e. protein and receptor) were clustered with
DBSCAN (Ester et al. 1996) as previously described (Gehrcke and Pisa-
barro 2015). For PDGF-BB and PDGFR-β, a representative pose from
each HA4 derivative cluster was selected for further energy refinement.

Molecular dynamics (MD) simulations

Each GAG/PDGF-BB and GAG/PDGFR-β complex selected as representa-
tive from the docking studies was further energetically optimized by mo-
lecular dynamics (MD) simulations using AMBER14 (Case et al. 2014) as
previouslydescribed (Köhlingetal. 2019;Koehler et al. 2019).Chargeswere
taken from the GLYCAM 06-j force field (Kirschner et al. 2008) for the HA
units and from the literature for sulfate groups (Huige and Altona 1995).
Parameters for the HA part were taken from the GLYCAM-06j force field
and for the proteins from the ff14SB force field (Case et al. 2014). Libraries
and parameters for the functionalized derivatives were provided from
Köhling et al. (2019). EachGAG/PDGF-BBandGAG/PDGFR-β complexwas
solvated in a truncated octahedral box of TIP3P water molecules and
neutralizedwithNa+ or Cl− counterions.MD simulationswere preceded by
two energy-minimization steps: (i) only the solvent and ions were relaxed
withposition restraints for the solute (500kcal/mol/Å2)using 1000stepsof
steepest descendent minimization followed by 500 steps of conjugate
gradient minimization; (ii) the entire system was energy-minimized
without restraints applying 3000 cycles of steepest descendent and
3000 steps of conjugate gradient equilibration. Then, the system was
heatedup from200 to300K in20pswithweakposition restraints (10kcal/
mol·Å2). The pyranose rings in the HA molecules were harmonically
restrained. Langevin temperature coupling with a collision frequency
γ = 1 ps−1 was used at this step. The whole system was equilibrated under
constant pressure of 1 atm using periodic boundary conditions (NPT
conditions) at 300 K for 50 ps. A total of 30 ns MD simulation was carried
out at 300 K NPT conditions for each complex. All bonds involving
hydrogen atoms were constrained using SHAKE algorithm. A time step of
2 fs was used. A cutoff of 8 Å was applied to treat the non-bonded in-
teractions, and the Particle Mesh Ewald (PME) method was used to treat
long-range electrostatic interactions. MD trajectories were recorded every
10 ps. Trajectories were visualized with VMD (Humphrey et al. 1996). En-
ergy decomposition per residue as well as binding free energy post-
processing analysis of the last 200 frames from the MD simulations were
performed in implicit solvent using the MM-GBSA method (Miller et al.
2012; Wang et al. 2001) as implemented in AMBER14. Data analysis was
carried out with OriginLab (OriginLab 2019). Figures were created with
PyMOL (Schrödinger 2009–2015).

Experimental methods

Synthesis of HA4 derivatives

The HA4 derivatives were synthesized using the protocols published
earlier in Köhling et al. (2016, 2019).

Proteins

Recombinant humanPDGF-BB (220-BB) andPDGFR-β (358-PR/CF)were
purchased from R&D Systems (Wiesbaden-Nordenstadt, Germany).

Immobilization of PDGF-BB and PDGFR-β on SPR sensor
chips

SPR analysis was performed with a BIACORE T200 instrument (GE
Healthcare). PDGF-BB and PDGFR-βwere immobilized on the surface of
Series S Sensor Chip CM5 at 25 °C in HBS-EP running buffer (0.01 M
HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, 0.055% surfactant P20)
using the amine coupling reaction according to the manufacturer’s
protocol. 10 µg/ml protein diluted in sodium acetate buffer (pH 5.5 for
PDGF-BB and pH 5.0 for PDGFR-β) were injected at 5 μL/min until an
immobilization level of 3000 RU for PDGF-BB and 1300RU for PDGFR-β
was achieved. As a reference one flow cell was activated and directly
deactivated without immobilizing the protein.

SPR analysis of GAG binding to immobilized PDGF-BB

Interaction study was performed as described previously (Koehler et al.
2019) Briefly, HA4 derivatives (diluted in HBS-EP) were injected for
300 s at 30μL/min (at 37 °C inHBS-EP) andbinding levelswere recorded
10 s before injection stop. The injection was followed by a 10 min
dissociation phase in running buffer at a flow rate of 30 μL/min. After
each sample injection the sensor chip surface was regeneratedwith two
pulses (60 s) of 5MNaCl in 35mMNaOHat 30 μL/min. The baselinewas
allowed to stabilize for 1000 s with running buffer prior to injection of
the next sample. BIACORE evaluation software 2.03. was used to eval-
uate binding parameters. Data were double referenced by the response
of the reference surface and the responseofHBS-EPbuffer alone relative
to a baseline report point. To consider the fact that the SPR binding
response is related toamass increase at the sensor chip surface, binding
levels were corrected for the respective molecular weight of the HA4
derivatives.

SPR analysis of PDGF-BB binding to PDGFR-β in the
presence of HA4 derivatives

The chip surface with immobilized PDGFR-β was blocked with 1%
BSA, 5% sucrose in HBS-EP (3× 700 s at 30 μL/min) prior to interaction
analysis. 15 and 150 μM of the respective HA4 derivatives were pre-
incubated for 60min at RTwith 40 nMPDGF-BB inHBS-EP. After three
start up injections, PDGF-BB with and without HA4 derivatives was
injected for 120 s at 30 μL/min. The injection was followed by a
dissociation phase of 600 s in running buffer at 30 μL/min. The sensor
surface was regenerated after each sample injection with an injection
of 10 mM glycine-HCl pH 2.0 for 30 s (30 μL/min) followed by 5 M
sodiumchloride in 35mMNaOH for 60 s (30 μL/min). The baselinewas
allowed to stabilize for 1000 s with running buffer prior to injection of
the next sample. Data were double referenced by the response of the
reference surface and the preceding response of HBS-EPbuffer relative
to a baseline report point.
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SPR analysis of HA derivatives binding to PDGFR-β

150 and 300 µM of HA4 derivative diluted in HBS-EP were injected over
immobilized PDGFR-β for 120 s at 30 μL/min. As a control, 20 and 40 nM
PDGFwere injectedaswell. The injectionswere followedbyadissociation
phase of 10 min in running buffer at 30 μL/min. Regeneration was per-
formed with 10 mM Glycine-HCl (pH2.0) for 30 s at 30 μL/ml followed by
5 M NaCl in 35 mM NaOH for 60 s at 30 μL/min. Data were double
referenced and corrected for the respective molecular weight of the
analytes.
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