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Abstract

CD44 is a widely-distributed type | transmembrane glycoprotein that binds hyaluronic acid (HA)
in most cell types, including primary tumor cells and cancer-initiating cells and has roles in cell
migration, cell-cell, and cell-matrix adhesion. HA-derived conjugates and nanoparticles that target
the CD44 receptor on cells have been reported for targeted delivery of therapeutics and imaging
agents. Altering crucial interactions of HA with CD44 active sites holds significant importance in
modulating targeting ability of hyaluronic acid to other cancer types that do not express the CD44
receptor or minimizing the interaction with CD44" cells that are not target cells. The approach
adopted here was deacetylation of the N-acetyl group and selective sulfation on the C6-OH on the
HA polymer, which form critical interactions with the CD44 active site. Major interactions
identified by molecular modeling were confirmed to be hydrogen bonding of the C6-OH with
Tyr109 and hydrophobic interaction of the N-acetyl group with Tyr46, 83 and Ile 92. Modified HA
was synthesized and characterized and its interactions were assessed by /7 vitro and molecular
modeling approaches. /n vitro techniques included flow cytometry and fluorescence polarization,
while in silico approaches included docking and binding calculations by a MM-PBSA approach.
These studies indicated that while both deacetylation and sulfation of HA individually decrease
CD44 interaction, both chemical modifications are required to minimize interaction with CD44*
cells. The results of this study represent the first step to effective retargeting of HA-derived NPs
for imaging and drug delivery.
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Introduction

Hyaluronic acid (HA) is a linear, non-sulfated, and negatively charged polysaccharide that is
comprised of {f1—3} N-acetylglucosamine (GIcNAc) and {$1—4} glucuronic acid
(GIcUA) units. HA, an integral part of the extracellular matrix (ECM),1-3 contributes to
lubrication of joints,* cell migration® during embryonic morphogenesis,? cell adhesion,
tumor cell proliferation,23:6 metastasis, angiogenesis, tissue regeneration, leukocyte
trafficking, and progression of inflammation and cancer.2:3.7-13 The native ligand for HA is
the transmembrane receptor CD44.14-16 HA binds to the N-terminus of CD44, which
functions as the docking site and is lined by a mixture of primarily basic and hydrophobic
amino acids.}” The CD44 gene contains 20 exons, 10 of which can be regulated by
alternative splicing leading to generation of other splice variants (variant or ‘v’ exons),
which are translated to a polypeptide of molecular weight 80-90 kDa depending on the
splice variant.1® Biological functions, such as cell migration, adhesion, and structural
integrity during anti-inflammatory processes, rely on HA-CD44 interaction.10:11.19-21 The
smallest CD44 isoform, CD44 standard (CD44s), is ubiquitously expressed, whereas the
variant isoforms are expressed in a few epithelial tissues and in cancers.10:22.23 The
expression of variants of CD44 is heterogeneous among progression of various tumors. For
example, CD44v10 and v3 are significantly associated with head and neck squamous cell
carcinoma (HNSCC) primary tumors, and were shown to stimulate cell growth, proliferation
and over-expression of metalloproteinases (MMP), whereas high expression of CD44v4-9 is
observed in other tumors.24-33 HA s also known to bind to other receptors such as
RHAMM and TSG-6. Major interactions of RHAMM involve association of CD44 for
binding34, whereas for TSG-63° the binding events are controlled by a small 45 amino acid
binding domain, as compared to large 160 amino acid domain in CD44. Recognition of
hyaluronic acid by CD44 regulates various downstream pathways, e.g. activating/inhibiting
phosphorylation of tyrosine kinases, activation of Nanog, which leads to overexpression of
MDR1/P-gp gene, phosphorylation of c-Jun n-terminal kinases (JNK), and activation of
GSK3p.36-44 The downstream events are triggered when CD44 recognizes certain key
moieties in the hyaluronic acid polymer chain,38 which include hydrophobic interactions
between the N-acetyl group of HA with the phenyl ring of Tyr83, the side chain of 11e92 and
the disulfide bond between Cys81 and Cys101 of CD44; water-mediated hydrogen bonding
between the carboxylate group of HA with Tyr46 and Arg45 of CD44; hydrogen bonding
between the C6-hydroxy group of HA with Tyr109 of CD44, which serves to lock HA to the
CDA44 active site; and hydrogen bonding between the vicinal diols of HA with guanidine
groups of Arg45 and Arg82.17 These interactions are summarized in Figure 1. Desirable
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features of CD44-HA binding are the absence of ionic interactions and strong prevalence of
a hydrophobic core.1” The molecular weight (MW) of HA is also known to play a crucial
role in the recognition and binding to the CD44 protein in the ECM.4°

Recently, several groups have attempted to alter the properties of HA by chemical
modification. The modified HA target other proteins and enzymes and regulate CD44-
independent biological processes. One such chemical modification that has been extensively
explored is the sulfation of HA. Sulfated HA showed selective binding, as measured by
surface plasmon resonance (SPR), for isoform 165a of vascular endothelial growth factor
(VEGF1654)%6 and sclerostin, a secreted glycoprotein that has an integral role in bone
biology.#’ Integration of in silico (molecular docking and dynamics simulations) and in vitro
SPR studies showed that binding to sclerostin was dependent on the degree and pattern of
HA sulfation. Others showed that increased sulfation of HA resulted in higher binding
affinity to TGF-B1 compared with native HA or chondroitin sulfate.*8

In the current study, HA was rationally modified to investigate the potential to minimize its
interaction with CD44. Our group has previously observed the uptake of HA-derived
nanoparticles (NPs) into CD44-expressing tumors and organs, e.g. liver and speen.49-51
Liver cells express stabilin-2 (sub-family of CD44) and spleen cells have high expression of
CD44.52 Similar results were observed by Lin et a/>3, where HA-IR-780-based nanosystems
accumulated largely in liver and spleen. HA-functionalized glycyrrhetinic acid nanoparticles
accumulate in major CD44 clearance organs — liver and spleen®. This demands new
approaches to design polymers by precisely tuning their structure to achieve maximum
tumor accumulation by reducing CD44 interactions nontarget organs. Ultimately, we
postulate that NPs derived from structurally-modified HA could have decreased uptake in
liver and spleen and/or could be retargeted by conjugation of other targeting ligands to
specific receptors with the end goal of increasing accumulation of NPs in tumor. By
chemically modifying HA, a wide spectrum of binding partners can be exploited in
rationally designing a robust drug/dye delivery system for enhanced tumor recognition. The
investigation reported here studies HA-CD44 binding after HA deacetylation, sulfation, and
a combination thereof. We hypothesized that deacetylating the HA backbone as one
modification, selectively sulfating the C6-OH as a second modification, and incorporation of
both deacetylation and sulfation as a third modification, would decrease the binding of these
modified derivatives of HA to CD44. Interactions of the modified HA with CD44 were
measured using flow cytometry, fluorescence polarization, and /in silico approaches.

Materials and Methods

Materials

Sodium hyaluronate, 10 kDa, was purchased from Lifecore Biomedical (Chaska, MN).
Tetrabutylammonium (TBA) hydroxide, DOWEX 50WX8-400 ion exchange resin, sulfur
trioxide pyridine complex (SOs-pyridine 98%), hydrazine, hydrazine sulfate, N-(3-
Dimethylaminopropyl)- -ethylcarbodiimide hydrochloride (EDC), A-hydroxysuccinimide
(NHS) and fetal bovine serum (FBS) were purchased from Sigma-Aldrich (St. Louis. MO).
All water was purified with Barnstead™ Nanopure™ Diamond system (Thermo Scientific;
Waltham, MN). Methanol, N, A-dimethylformamide (DMF), 96-well tissue culture plates
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(Falcon), 12-well tissue culture plates and dialysis tubing (MWCO = 3500) were purchased
from Fisher Scientific (Pittsburgh, PA). Ethanol was purchased from the Warner-Graham
Company (Cockeysville, MD). Recombinant human CD44-F. Tag (HPLC—verified) was
purchased from Acrobiosystems. Ninhydrin reagent and hydridantin dehydrate 96% and
fluoresceinamine isomer I, 99% were purchased from ACROS Organics and 2-methoxyethyl
acetate was obtained from TCI America. Anti-CD44 antibody was purchased from BD
Pharmigen BD Biosciences. NMR was performed on a 500 MHz Bruker or 600 MHz Varian
system using a 5 mm probe at room temperature. Deuterated water (D20, 99.9% D) was
purchased from Cambridge Isotope Laboratories. FTIR measurements were performed on
Nicolet IR200 FT-IR instrument using single-reflection ZnSe ATR crystal. Penicillin/
streptomycin (100x solution) was purchased from Corning. Cell lines (PC-3, MDA-
MB-231, RKO and LNCaP cells) were obtained from American Type Culture Collection
(Manassas, VA) and were grown in RPMI-1640 (HyClone, GE Healthcare Life Sciences)
with 10% fetal bovine serum and 1% penicillin/streptomycin (P/S).

Preparation of modified HA derivatives

Modifications to HA were synthesized based on methods described in the literature?6:55 with
slight modifications as described below (Scheme 1).

Synthesis of TBA salt of hyaluronic acid (HA-TBA)—Sodium hyaluronate (10 kDa,
250 mg) was dissolved in 100 ml ultrapure water, which was mixed with 5 g of DOWEX
50WX8-400 ion- exchange resin to allow the substitution of sodium ions with TBA. This
mixture was stirred for 6-8 h for the effective exchange process. The reaction mixture was
then filtered through a 0.45 pm membrane filter paper obtained from Millipore. This
solution was then lyophilized to yield a white powder with a yield of 90% (HA-TBA).

Synthesis of deacetylated HA-TBA (deHA-TBA)—HA-TBA (200 mg) was dissolved
in a three-neck round bottom flask with 20 mL DMF under argon flow at room temperature
(rt) to aid the formation of a homogenous mixture. Hydrazine (20 mL) and hydrazine sulfate
(200 mg) were added to the mixture and the reaction was allowed to proceed for 8 h under
an atmosphere of argon at 100°C. After the reaction was complete, the mixture was cooled
to rt and the pH was adjusted to 10 using 4.0 M aqueous NaOH. The mixture was dissolved
in 100 mL of 1:1 acetone:water, which was then extensively dialyzed (MWCO = 3500 Da,
Spectrum Laboratories) against 1:1 methanol:water for 24 h, followed by 1:1 ethanol:water
for 24 h with 4 changes and finally 8 changes of water over 72 h to remove unreacted TBA.
The material obtained had a yield of 24% and was then lyophilized and stored at —20°C.

Selective sulfation of hyaluronic acid at C6 position (sSHA)—HA-TBA (200 mg)
was dissolved in a three-neck round bottom flask with 20 mL DMF under argon for 15 min.
Sulfur trioxide pyridine complex (0.325 g) was dissolved in 4 mL of DMF and added
dropwise to the reaction mixture. The temperature was maintained at rt for 40 min, and then
the reaction was quenched by adding 20 mL of ultrapure water. Acetone was added to the
reaction mixture to precipitate the product, which was then filtered and washed with acetone
and water. The product was dissolved in water and dialyzed against 1:1 ethanol:water for 24
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h with 4 changes followed by 48 h of ultrapure water with 8 changes. This solution was then
lyophilized yielding an off-white solid with 82% yield that was stored at —20°C.

Synthesis of deacetylated and sulfated hyaluronic acid (s-deHA)—Sulfated HA-
TBA, as prepared above, was utilized for the preparation of deacetylated and sulfated
hyaluronic acid. Sulfated hyaluronic acid-TBA compound (200 mg) was dissolved in 20 mL
of DMF under argon for 15 min in a three-neck round bottom flask. Hydrazine (20 mL) and
hydrazine sulfate (200 mg) were added to the reaction under argon. The reaction mixture
was stirred for 8 h at 100°C. It was then allowed to cool to rt and its pH was adjusted to 10
using 4.0 M NaOH. The mixture was then dissolved and dialyzed as described for deHA-
TBA above, lyophilized, and stored at —20°C (yield = 34%).

Deacetylation quantification—The colorimetric ninhydrin assay was used to quantify
the primary amine produced by deacetylation of the A-acetyl-D-glucosamine
monosaccharide. Standard solution (0.1 mg/mL) of glucosamine was used to build the
standard curve in acetate buffer (0.5 mL; pH 5.5; 4 M). deHA (0.5 mg) and s-deHA (0.5 mg)
were used for the assay. The ninhydrin reagent was prepared by mixing 1 g ninhydrin, 0.12 g
hydridantin, 23 mL of 2-methoxyethyl acetate with 12.8 mL of 4 N acetate buffer. The total
volume of the sample was 2 mL, and this solution was heated in a boiling water bath for 15
min. The reaction mixture was cooled subsequently to rt followed by measuring the
absorbance at 570 nm. Absorption and spectra were recorded on Evolution 220
spectrophotometer (Thermo Scientific) in quartz cells with the optical path length of 10.0
mm at 25°C.

Synthesis of hyaluronic acid conjugate with fluoresceinamine (HA-FITC)—
Sodium hyaluronate (90-95 mg, M, = 10-20 kDa) was dissolved in 20 mL of ultrapure
water in a 50 mL round bottom flask. Fluoresceinamine (8 mol %) was dissolved in 10 mL
DMSO under constant stirring. NHS and EDC, 96-132 mmol (10x molar excess to
fluoresceinamine) were dissolved into HA solution and stirred for 30 mins to allow
activation of carboxylic groups on HA. The fluoresceinamine DMSO solution was then
added dropwise to HA solution under constant stirring. The reaction mixture was stirred for
24 h at rt, wrapped in foil to prevent light exposure. The reaction mixture was then dialyzed
against 1:1 ethanol:water for 48 h with 4 changes followed by water alone for 72 h with 8
changes. The product was lyophilized and stored at —20°C with a yield of 68%.

Flow cytometry analysis for binding assays

A cellular binding assay was performed using HA-FITC as the competing probe. MDA-
MB-231, PC-3, RKO and LNCaP cells, approximately 90,000 cells/well, were seeded in a
12-well plate. The cells were pre-incubated with sHA, deHA, s-deHA and HA (200 uM) for
1 h at rt with constant shaking. HA-FITC (20 pg/mL) was added to the mixture for 1 h under
constant shaking in the dark as the competing ligand to allow for displacement of the
unlabeled sample. Cells incubated with unlabeled HA served as the negative control,
whereas cells incubated with HA-FITC alone served as the positive control. After
incubation, the cells were diluted to 300 uL with PBS in FACS tubes. A FACS LSRII-green
flow cytometer (BD) was used for all flow cytometry measurements. A total of 10,000 gated
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events were acquired per sample and the mean fluorescence intensity was plotted in a
histogram-based graphical representation. Each data point is representative of the mean of
three independent measurements on the flow cytometer. Data were analyzed with FlowJo
(Tree Star) software.

Fluorescence polarization assay

Fluorescence polarization measurements were performed in a 384-well low-volume black
round-bottom polystyrene NBS microplate (Corning) using a Spectromax M5 plate reader
(Molecular Devices, Sunnyvale, CA, USA). Polarization values are reported as
millipolarization units (mP). The fluorescent probe, HA-FITC, synthesized above and
rhCD44-Fc were dissolved in 1x PBS. For direct binding assay between the fluorescent
probe and the CD44 protein, 1 uL of 50 nM fluorescent probe and 10 pL of solution with
increasing concentration of recombinant CD44 protein (130 nM-72 uM) in PBS were
transferred to the microplate wells. The final volume of the reaction mixture was 11 L in
each well, and all measurements were performed in triplicate. The microplate was shaken
for 5 min in the dark at rt before being read by the plate reader (Agy = 489 nm; Aoy, = 538
nm). Estimation of binding of modified HA derivatives was carried out using a competitive
binding assay. To each well in the 384-well plate, 10 ul of 23.4 uM recombinant CD44 was
added along with 1 ul of increasing concentration of unlabeled HA derivatives (64 nM -
1000 M) and 1 pl of fluorescent probe (HA-FITC, 50 nM). The total volume of the reaction
mixture was 12 pL in each well. Fluorescence measurements were made after a 15 min
incubation. The data was fitted and 1Cs values were determined using a non-linear least
squares fit to a single site binding model (Graphpad v7.0).

Molecular docking of hyaluronic acid derivatives

The X-ray diffraction crystal structure of mouse CD44 hyaluronan-binding domain was
obtained from Protein Data Bank (PDB ID: 4MRD).1’ There is similarity in binding of HA
between the murine and human CD44 active site, which is conserved.1”6 Molecular
docking was performed to gain deeper insight into the interaction of modified hyaluronic
acid derivatives compared to native hyaluronic acid. The protein structure was cleaned by
removing water molecules and other inorganic ions/atoms. The HA ligand consisting of 12
units was prepared in Maestro molecular modelling software (Schrodinger). Docking studies
were performed using Auto-DockTools (AutoDock Vina).>” The grid box of dimensions 40
A x40 A x 40 A was generated with a 0.375 A spacing to perform docking. AutoDock
Tools were used to add Gasteiger charges and polar hydrogens to CD44 and modified
hyaluronic acid derivatives. The structures were saved in .pdbqt file format. These systems
were loaded in the graphic user panel and the grid pane, grid box, and the box dimensions
were set accordingly to completely occupy the entire ligand-protein surface to perform
docking using AutoDock vina software.®8 10 runs were performed for statistical analysis on
the obtained docking results. Docking was also performed using SwissDock (http://
swissdock.vital-it.ch/),59:60 provided as a free web service. The ligands were docked to the
desired protein structures by using suitable docking parameters allowing the online web
service to produce docking results using CHARMM energies.® Similar grid size box
dimensions used in AutoDock were used for SwissDock. The docked ligand file was
visualized with the protein using UCSF Chimera 1.4.51
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Statistical Analysis

Analysis of competitive binding flow cytometry, fluorescence polarization, and molecular

docking were performed with one-way ANOVA with Tukey multiple comparisons test,
Student’s ftest, and non-linear least squares fit to a single site binding model. All statistical
analysis was done in Prism 7.0 (GraphPad Software; La Jolla, CA) and Microsoft Excel.

Results and Discussion

Synthesis and characterization of modified hyaluronic acid derivatives (deHA, sHA and s-

deHA)

Deacetylated, sulfated, and deacetylated sulfated HA derivatives were prepared according to
Scheme 1 using previously reported methods with slight modifications. Based on their
importance for CD44-HA binding,1’ the Atacetyl and the C6-OH moieties were chosen for
synthetic modifications. We synthesized deacetylated, sulfated, and deacetylated sulfated
derivatives of HA of molecular weight 10 kDa by controlling the amount of hydrazine and
hydrazine sulfate for deacetylation reaction and molar ratios of sulfur trioxide-pyridine
complex per repeat units of HA for selective sulfation reaction. The A-acetyl group was
deacetylated using the hydrazine/hydrazine sulfate mixture following the Wolff-Kishner
reaction under reflux conditions under an atmosphere of argon, cleaving the acetyl group
with the initial evolution of gas to produce the amino group during the reaction. The degree
of deacetylation of HA changed with the reaction times from 4 to 8 h. The 8 h reaction time
was close to 100% deacetylation with complete absence of N-acetyl peak in the
corresponding 1H NMR spectra (2—-2.2 ppm) as seen in Figure S5 with reference to 1H and
13C NMR spectra of HA in Figures S6-7. The deacetylation reaction by hydrazinolysis has
been reported to cause a reduction in overall molecular weight®2 due to C-5 epimerization
and B-elimination at the C-4 position leading to breakdown of the glycosidic bonds.%3 We
observed a lower yield of deacetylated HA presumably due to the above explanation. At the
reaction temperature, the deacetylating agents, hydrazine and hydrazine sulfate, convert the
free carboxylic group to carboxylic hydrazides. For this reason, the TBA salt was
synthesized to avoid generation of side products. Ninhydrin colorimetric assay was used to
quantify the degree of deacetylation of HA. The ninhydrin reaction is specific to the primary
amino group generated during deacetylation reaction producing a distinct purple violet color
which was quantified by absorption spectroscopy. *H-NMR was also used to assess the
degree of deacetylation, where one repeat unit of native HA bears 3 methyl protons for every
2 anomeric protons leading to the theoretical integral ratio between the two of 3:2,
respectively. Using this ratio equation,54 the degree of deacetylation was calculated to be
82.6 and 88% for deHA and s-deHA obtained from Ninhydrin assay standard curve.
Selective sulfation of HA was controlled by using 3:1 molar ratio of sulfur trioxide-pyridine
complex to repeat units of HA. Major sulfation sites on HA are the primary hydroxyl group
being the most reactive, while other (secondary) hydroxyl groups are less susceptible to the
attack of the sulfating nucleophile moiety due to steric hindrance and spatial orientation of
these groups on HA. H and 13C NMR analysis was performed on sHA and s-deHA to
confirm the sulfation of HA. The reactive center C-6 OH linked to CH, exhibited a
downward shift to 3.55 ppm due to the increased electron withdrawing caused by the sulfate
group. Absence of additional peaks between 3.9-4.4 confirmed no side products at positions
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C-2’,C-3” and C-4’, indicating selective sulfation of the C-6 OH (Figures S1-S4). The
FTIR data in Figure 2 demonstrates the peaks for vibrations of C-O-S and S=0O in the range
of 800 and 1290 cm™1, indicating the presence of sulfate moieties in SHA and s-deHA.
These results were also confirmed by elemental analysis for sulfate content (Table S1). 13C
NMR spectra confirmed that HA was sulfated at C6 position by the shift of the C-6 peak
from 61.9 to 68 ppm with complete disappearance of the former shown in Figure S3. The
surface charge for the modified polymers was assessed using zeta potential to further support
the results from colorimetric assay and NMR spectroscopy. Deacetylation was responsible
for introducing positive charges in the polymer, thereby shifting the zeta potential of highly
negative HA to near neutral values. The s-deHA had a zeta potential of -6 mV, indicating
counter balancing effects of both positive and negative charges induced due to deacetylation
and sulfation (Figure 3). At the same time, sulfation lead to further negative charge.

Flow cytometry analysis of binding of modified HA polymers to CD44

The /n vitro binding affinity of modified hyaluronic acid polymers was studied using CD44-
expressing cell lines (PC-3, MDA-MB-231 and RKO) and a CD44~ cell line (LNCaP). PC-3
prostate, MDA-MB-231 breast, RKO colon cancer cells overexpress CD44 on their surface.
The cell lines were first confirmed for CD44 expression using a PE-labelled anti-CD44
antibody. Analysis confirmed that the LNCaP prostate cancer cells did not express the CD44
receptor, while the other cell lines had pronounced CD44 expression (Figure 4).

To study the interactions of modified HA with CD44* and CD44~ cell lines we used an
assay based on the concept of competitive binding, where the modified HA polymers were
initially pre-incubated with the cells for 1 h to allow their binding to the CD44 receptor on
the cell surface. This was followed by incubation with HA-FITC for another 1 h to allow
competition of the native ligand with the modified HA for the CD44 receptor. Cell staining
was then analyzed using the FITC gate to allow acquisition of FITC fluorescence intensity
over 10,000 events. In all CD44* cell lines, HA-FITC effectively displaced the modified
polymers, yielding a higher fluorescence intensity compared to the cells incubated with HA.
When the cells were incubated with native unlabeled HA, the displacement by the HA-FITC
was not effective compared to the modified HA polymers, indicating that unlabeled HA had
a higher binding affinity than modified HA. To confirm the findings, the assay was
performed using the CD44" cell line, LNCaP. Here, the overall fluorescence intensity for all
HA derivatives was significantly lower compared to CD44" cell lines, demonstrating little or
no affinity for CD44~ cells. Results are reported as both fluorescence intensity and
fluorescence intensity for the modified HA polymers for individual cell lines (Figure 5).
Fluorescence index (FI) values were calculated using the following equation, where MFI is
mean fluorescence intensity:

FI:(]\JFIsample - A/jFlnegative control)/(]\'[Flpositive control — ]\/IFIHE){](Lti’UE control)

J Mater Chem B. Author manuscript; available in PMC 2018 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhattacharya et al. Page 9

Interaction of modified HA polymers with CD44 recombinant protein studied by
fluorescence polarization

The interactions between CD44 and modified HA polymers were studied using fluorescence
polarization via a competitive binding assay method. Fluorescence polarization (FP) is a
powerful technique used to study biomolecular interactions. FP assays require relatively
small amounts of expensive reagents as they have been miniaturized to 384 and 1536 well
formats. FP values in an assay are dependent on the rotational rate which correlates with the
molecular weight of the fluorescent species. A low FP value indicates the presence of
unbound fluorescent probe, which rotates rapidly, resulting in depolarization of light,
whereas binding of the fluorescent probe to a high molecular weight protein or bio-
macromolecule rotates the complex slowly, thereby yielding higher FP values. Fluorescence
polarization is usually recorded in mP (millipolarization units). The advantage of using FP is
that the protein and the fluorescent probe are not immobilized on the surface, therefore
allowing no interference between the probe and the binding site domain of the protein. The
binding affinity of HA for CD44 was determined by titrating HA-FITC probe (50 nM) with
CDA44 (130 nM - 72 uM) (Figure 6A). A dose-dependent increase in the FP values was
observed in HA-CD44 binding while no such effect was observed with fluorescein as a
probe, which is indicative of CD44-HA binding. Binding affinity (Kq) of HA-FITC was
determined to be 21 pM using nonlinear least square fitting to a single-site binding model.
This is consistent with studies reported in literature, where the binding affinity (Ky) of 24.6
M was determined by isothermal titration calorimetry1® and SPR.65.66

To evaluate the effect of HA modifications on CD44 binding, we conducted a series of
competition assays. In each assay, a constant mixture of the HA-FITC and CD44 was titrated
with modified HA. The 1Cgq values of unlabeled modified HA were determined using
nonlinear least square fitting to a single-site binding model. The data shows that individual
modifications (deacetlylation and sulfation) indeed reduce binding to CD44 (Figure 6B).
Incorporating both modifications to HA results in reduced binding to CD44 compared to
single modifications; specific values could not be obtained as the slopes were very broad for
double modified HA. Based on these results we suggest that the secondary amino and sulfo
groups on modified HA reduce the affinity of HA for CD44.

Molecular docking

Docking studies and binding energy calculations were used to predict the recognition of
modified HA derivatives to CD44 receptor. Docking was carried out using modified HA
derivatives and native HA with CD44 protein. Docking energies were obtained using
Swissdock and Autodock docking software packages and compared to observe a trend in
decrease of binding energies based on the modifications in the HA structure. The modified
HA derivatives, deacetylated and sulphated HA, had lower binding energies of —8.7 kcal/mol
and —7.6 kcal/mol, respectively, compared to —13.2 kcal/mol for native HA. This implies
that the lower binding energies after the N-acetyl and the C6-OH group were chemically
modified caused the differences in docking energies due to repulsive interactions of the
amino group interactions and sulfo group. The repulsive interaction hindered locking of the
HA structure on the active site of the protein, as indicated in Figure 7 and Table 1, consistent
with AutoDock and SwissDock calculations. s-deHA had the lowest binding energy
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compared to single modifications. This implies that both modifications combined to make
interaction with CD44 least favorable. Findings from FP indicate the order of affinity

HA > deHA > sHA > s-deHA, whereas from molecular docking study we observe the order
of HA > sHA > deHA > s-deHA. Both modifications decrease binding to CD44. It was
observed that only one disaccharide unit is responsible for interaction with the active site, as
illustrated in Figure 1. The described modifications on the disaccharide were observed to
interfere with the major interactions which are key determining factors for HA and CD44
binding. Such structural changes, being introduced with the same substitution ratio, should
have similar effect regardless of the MW of the polymer, as only its small fragment is
responsible for the interaction. This provided the rationale of exploring only one lower
molecular weight (10 kDa) of hyaluronic acid. In contrast, different substitutions ratios will
have different effect on the binding affinity even with the polymer backbone of the same
molecular weight. However, an important consideration should be kept in mind that
hyaluronic acid belongs to family of natural carbohydrates8”, where controlling the exact
molecular weight and chemical substitution ratio is extremely challenging. Even with
precise stoichiometric substitution ratio under control, it will be virtually impossible to
control such modifications site-by-site. This will lead to the possibility for the less (or
completely unmodified) fragments of the polymer to determine the interaction with CD44.

Conclusions

The reported study was focused on evaluating the effects of chemical modifications of
hyaluronic acid on its binding affinity to standard CD44 glycoprotein receptor. Chemically
modified HA was previously shown to selectively bind various proteins, e.g. TIMP-3,
VEGF165a, FGF-2, sclerotin, and hBMP-4. Modifying HA structure, which alters CD44
interactions, could also potentially affect other receptors such as RHAMM and TSG-6, since
these interactions are exquisitely sensitive to compromising the selectivity by altering the
overall chemical structure. However, modifications such as deacetylation and sulfation of
HA have not been thoroughly evaluated for their influence on CD44 binding. Here we have
described a novel methodology for tuning HA properties to control its binding to CD44. Our
in vitro and theoretical modeling studies have revealed good correlation of reduced binding
with chemical modifications on HA. Future studies will evaluate higher molecular weight
HA, since recognition of different molecular weight of HA and downstream activation
pathways are different for the polymers of various MW.68:45.69.70 Fyrther, we will
investigate /n vivo the role of HA modification on overall biodistribution, tumor
accumulation, and pharmacokinetic profiles by developing nanosystems based on polymers
designed to increase payload of imaging agents/drugs to tumors.
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(GIcUA) repeat unit of hyaluronic acid with crucial amino acids in the murine CD44 active

site.
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FTIR spectra of native and modified 10 kDa HA.
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CDA44 expression studies. Flow-cytometry histograms showing the expression of CD44
receptor (/eft plof) and the ability for HA to block HA-FITC binding (right plot) of CD44*
(A) MDA-MB-231, (B) RKO, (C) PC-3 and CD44~ (D) LNCaP cell lines. HA competitively
inhibited HA-FITC binding in CD44+ cell lines, while CD44- cell lines had lower HA-FITC
signal and no difference in signal after competition with HA.
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Figure5.
Competition binding assay using flow cytometry analysis. Binding of HA-FITC (20 pg/ml)

for 1 hr in the presence of modified HA and native HA determined in (A) MDA-MB-231,
(B) RKO, (C) PC-3, and (D) LNCaP cancer cell lines. Negative control comprised of
incubation of cells with unlabeled HA while positive control cells were incubated only with
HA-FITC. The /eft column indicates fluorescence intensities obtained after competition
binding of modified HA polymers during flow analysis, while the right column indicates the
normalized fluorescence intensities based on the obtained negative and positive fluorescence
intensities. Data are shown as mean £ S.D., * p<0.05, ** p<0.01, *** p<0.001; One-way
ANOVA with Tukey multiple comparisons test.
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(A) Binding curve isotherm of HA-FITC (50 nM) to CD44-Fc protein (130 nM-72 pM). Ky
value obtained for the conjugate = 21 uM. Values are expressed as mean + s.d of n=3 (B)
Effect of increasing concentration of unlabeled derivatives of HA (64nM- 1000uM) and
constant CD44 concentration of 23.4 pM competing with pre-incubated HA-FITC (50 nM).
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Figure7.
Docking energy calculated by Autodock software of HA and modified HA derivatives with

CD44 indicate that each of the modifications had a lower binding energy compared to native
HA with CD44. Graphs show mean £ SD (n=10), **** p < 0.0001; One-way ANOVA with
Tukey multiple comparisons test.
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Scheme 1.
Synthesis of deacetylated, sulfated, and deacetylated and sulfated HA. i: ion exchange with

TBA in H,0; ii: hydrazine, hydrazine sulfate, DMF; and iii: sulfur trioxide pyridine, DMF.
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Table 1

Docking scores from Autodock software plotted indicating; One-way ANOVA with Tukey multiple
comparisons test. (B) Docking energies of modified HA polymers using SwissDock and Autodock software.

Docking Energy (kcal/mol)

HA Derivative
SwissDock energies  Autodock energies
HA -11.87 -13.2
s-HA -7.6 -5.11
deHA -8.7 -4.81
s-deHA -5.2 -2.57
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