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ARTICLE INFO ABSTRACT

Keywords:

The cell-surface protein CD44, a primary receptor for hyaluronic acid (HA), is one of the most promising targets

CD44 for cancer therapies. It is prominently involved in the process of tumor growth and metastasis. The possibility of

Hyaluronic acid
Small-molecular inhibitors
Fragment-based screening

modulating the CD44-HA interaction with a pharmacological inhibitor is therefore of great importance, yet until
now there are only few small molecules reported to bind to CD44. Here, we describe the results of the NMR
fragment-based screening conducted against CD44 by which we found eight new hit compounds that bind to the

receptor with the affinity in milimolar range. The NMR-based characterization revealed that there are two
possible binding modes for these compounds, and for some of them the binding is no longer possible in the
presence of hyaluronic acid. This could provide an interesting starting point for the development of new high-
affinity ligands targeting the CD44-HA axis.

1. Introduction

The CD44 protein belongs to a large family of type I transmembrane
glycoproteins. CD44, first described in 1983 [9], is expressed on the
surface of most vertebrate cells and is an important receptor for the
components of extracellular matrix (ECM) such as: fibronectin [13],
osteopontin [35], collagen [34] and, most notably, hyaluronic acid
(HA) [2]. CD44 and its interaction with hyaluronan have been found to
be involved in a wide variety of physiological processes, among which
are cell adhesion and migration [8], cell signaling, lymphocyte acti-
vation [27] or tumor metastasis [10].

Structural diversity of the CD44 variants originates in an alter-
native splicing of the CD44 gene and is further enhanced by post-
translational modifications, mainly N- and O-glycosylation [6,25].
The first and last 5 exons of the CD44 gene are constant and encode
the simplest, and ubiquitously expressed in most tissues, standard
isoform (CD44s). The middle exons are included in larger variant
isoforms of CD44, which are expressed only under specific condi-
tions, e. g. in some epithelial cells, activated T-cells or in cancer
tissues. The first five exons encode the extracellular N-terminal do-
main of the protein, which is responsible for binding hyaluronan.
This domain is connected to the transmembrane domain through the
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stem structure, which differs in length among different CD44 variants
[28].

The importance of CD44 in the process of tumor growth and me-
tastasis has been studied extensively since the discovery that its splice
variant CD44v4-7 is involved in the metastatic spread of tumor cells
[10]. It has been also found that variants containing exon v6 are spe-
cific for advanced stages of tumor development and progression [36].
Overexpression of CD44v6 was associated with poor prognosis for
several types of cancer [14,20], while antibodies against this variant
inhibited metastasis [26]. Also other variants of CD44 can have impact
on tumor growth, metastasis and chemoresistance among many types of
cancer (reviewed in [7]).

The role of CD44 in metastasis makes it a potential target in cancer
treatment. During last several years several monoclonal antibodies
(mAb) against CD44 were tested in animal studies [17] and even in
preclinical and clinical trials [30,33,38], however severe toxicity-re-
lated events seriously hampered some of these studies [22]. Other
studies showed that the conjugates of the anti-CD44v antibodies with
radioisotopes exhibit significantly higher uptake in tumor tissues [23].
Apart from antibodies, other strategies for targeting CD44 include:
using peptide mimetics [15,32], aptamers [1,12,39] or pharmacolo-
gical inhibitors [11,16]. Targeting CD44 with direct small-molecular
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inhibitors is considered to be difficult due to the lack of the well-de-
fined, deep binding pocket. The structure of the murine CD44-HA
complex reveals that the binding site for hyaluronan forms a shallow
groove dominated by hydrogen bonds, which is not attractive for
binding of small molecules [5]. Recently, however, formation of a small
binding site, adjacent to the HA groove, was found to be induced by the
binding of some 1,2,3,4-tetrahydroisoquinoline derivatives [18]. The
reported compounds exhibit milimolar affinity, as determined by the
SPR assay; however, some of these results were questioned in more
recent studies by NMR [3]. Until now, only few small molecules were
found to bind to CD44, all with affinity in milimolar range, thus making
the development of novel binders still an important issue in the field of
modern targeted therapies.

2. Results
2.1. Expression and purification of CD44

Screening experiments were conducted on a '°N labeled, re-
combinant construct of the human CD44 hyaluronic acid binding do-
main (HABD) (residues 22-178) expressed in Eschericha coli and pur-
ified as reported previously [4].

2.2. Fragment-based screening of ligands

We have applied a high-throughput screening approach in order to
find possible novel binding agents for CD44. The Maybridge Ro3 di-
versity fragment library was screened for the binding to CD44 using the
'H—'>N HMQC NMR experiments. The initial hits were further vali-
dated for their binding to CD44. This was accomplished with the NMR-
binary-titration experiment, during which CD44 was treated with in-
creasing concentration of each compound (dissolved in dimethylsulf-
oxide-dg), and 'H and 'H-'®N-sofast-HMQC NMR spectra were col-
lected after each addition. The significant changes in chemical shift of
protein signals upon addition of the tested compound indicate their
mutual interaction. For the compounds found to interact with CD44
(Fig. 1, compounds 1, 2, 3, and 4), we observed substantial changes in
both the 'H and 'H — >N HMQC spectra (Fig. 2 with spectra for 1 and 4
as an example; Figs. S1-S3 for other compounds).

Quantitative analysis of the perturbations of the protein NMR sig-
nals allowed us to determine binding constants (Kp) for the compounds
according to the standard procedure used for the fast-exchange binding
[37]. The titration curves are provided in Figs. 3 (for compounds 1 and
4) and S5 (for the remaining compounds). The values of K, are between
0.66 and 2.56 mM (Table 1).

Compounds 1-3 showed chemical structures somewhat similar to
those found in the screening for binders to the unrelated protein studied
by us: the deubiquitinase USP2a [31]. We therefore checked several of
these small-molecule inhibitors of USP2a for binding to CD44. No cross-
binding between CD44 and USP2 was detected (Table S3).

2.3. Analysis of the binding mode of HTS hits

Analysis of perturbations of chemical shifts of protein signals in the
HMQC spectra allowed us to select residues that are most strongly af-
fected by binding of the compounds. In the case of compounds 1, 2 and
3, the most significant chemical shift perturbations can be observed for
Gly159, Aspl28, Leul35, and Aspl34 (mainly for compound 3)

Y/ NH

1 2 3
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(Fig. 2A). The changes look different, however, for compound 4. In this
case the signals from Gly159 and Lys158 are not affected, while strong
changes can be observed for Ser122, Thr27, Ser58 and Argl50
(Fig. 2B). The differences in the binding of these compounds are also
reflected in the "H NMR spectra (Fig. 2C and D). For compounds 1, 2
and 3 the signals from Leul35 methyl groups (8 = —0.11 and
8 = —0.47) are moved towards lower values of chemical shift upon
binding, which is the same direction as for the binding of hyaluronic
acid. Contrary, binding of compound 4 moves them in opposite direc-
tion.

In order to further investigate these differences, we have repeated
the NMR titration experiment for compounds 1 and 4 in the presence of
the octamer of hyaluronic acid (which was obtained by enzymatic di-
gestion of commercially available high-molecular mass HA [19]). The
solution of the '°N-labeled CD44 was first treated with increasing
amount of HAg, until the formation of the complex was visible in the 'H
NMR spectra. The complex obtained in this way was then treated with
increasing amount of the compound and the 'H and 'H-'®N-sofast-
HMQC NMR spectra were collected after each step (Fig. 4). The 'H
spectra show that the aliphatic signals of CD44 complexed to hyalur-
onan are further perturbed upon addition of compound 1 (Fig. 4A),
indicating that its binding is independent of the binding of HA. A dif-
ferent behavior is observed for compound 4 (Fig. 4A)—the protein
signals once perturbed by hyaluronan are not moved any further after
addition of the compound, even though strong changes were observed
without HA. This suggests that the interaction with HA somehow pre-
vents CD44 from binding this compound, and not compound 1.

2.4. Optimization of fragment hits

In spite of lack of a detailed explanation of the binding mode of
compound 4, we were trying to find some other compounds binding to
CD44 in a similar way. Thus, we have tested several commercially
available aniline and benzylamine derivatives, similar to those found in
the HTS, in NMR binary titration experiment (Table S1) and found next
4 compounds exhibiting affinity for CD44 (Table 2). For one of those
compounds (5), we observed similar behavior as for compounds 1, 2
and 3, while for the remaining three the binding was similar to that for
compound 4.

3. Discussion

We have found four initial active structures by high-throughput
screening of commercially available library of small molecules and next
four by testing various modifications of the initial hits. The structures
are to some extent similar to 1,3-thiazole derivatives previously de-
scribed by Baggio [3], yet the binding constant reported there for the
optimized structure is about 7.5 mM, which over one order of magni-
tude higher than for the compounds described here (between 0.66 mM
and 2.65 mM). Other small molecules with affinity for CD44 in similar
range were described by Liu in 2014 [18] and were based on 1,2,3,4-
tetrahydroisoquinoline moiety, with best Kp values of 0.5mM and
0.9 mM. However, these values were obtained from less sensitive SPR
assay and subsequent validation of one of these compounds (with
Kp = 0.9mM) by NMR and ITC did not confirm its binding to the
human CD44 [3].

The analysis of changes induced on CD44 upon binding of our
compounds allowed us to divide them into two subsets. Compounds 1,

Fig. 1. Active compounds found by NMR
screening of CD44.
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Fig. 2. 'H-'°N-sofast-HMQC and 'H NMR spectra of CD44 with compound 1 (A and C) and 4 (B and D). A: HMQC NMR spectrum of apo CD44 at 0.4 mM (red) and
the spectra after subsequent additions of 1 (blue, green, yellow; at compound concentrations 0.4 mM, 1.2mM and 2.8 mM, respectively). The most significant
changes in chemical shifts can be observed for signals of Gly159, Asp128, Leul35 and Lys158. B: HMQC NMR spectrum of apo CD44 at 0.3 mM (red) and CD44 with
the addition of compound 4 (blue, green, yellow; at compound concentrations 0.3 mM, 0.9 mM and 1.5 mM, respectively). More residues are affected by binding of
this compound than by binding of compound 3, the most shifted being Ser122, Thr27, Asp134, Leul35, Argl50 and Ser58. C and D: 'H NMR spectra of apo CD44

(red) and CD44 with increasing concentrations of compounds 1 (C) and 4 (D).

2, 3 and 5 caused the aliphatic NMR signals of CD44 to move towards
lower values of the chemical shift, whereas binding of compounds 4, 6,
7 and 8 induced the opposite changes. Also the perturbations of signals
in the HMQC spectra are distinct for each group, with the most visible
examples being the changes of Gly159 for first group and Ser122 for the
second.

This different behaviour was also observed in the titration experi-
ment repeated in the presence of the hylauronic acid octamer. For

A 0.035 [
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0.02 [

0.015 [

Chemical shift [ppm]

0.005
1.5 2 25
Ligand concentration [mM]

compound 1, the experiment indicates that its binding is independent of
the binding of HA, while binding of compound 4 seems to be blocked by
hyaluronan. The differences in location of amino acids residues affected
by the binding of these two compounds may shed some light on this
effect. Residues Arg150 and Trh27, which are affected by binding of 4
and not by 1, are located in close proximity to the area occupied by
hyaluronic acid (Fig. 5). In fact, these residues form the inducible
binding site described by Liu and Finzel [18], and a similar compound
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Fig. 3. Titration curves for compounds 1 (A) and 4 (B), plotted for perturbations in chemical shifts of the aliphatic signals in the '"H NMR spectra.
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Table 1
The values of binding constant for compounds found in HTS and validated by
the binary titration experiment.

Compound Structure Kp [mM]
1 s N NH, 0.895 = 0.042
&
| )
2 N 2,56 + 0.13
©_</ ]ﬁ NH
S
3 / \ 0.662 + 0.082
S NH,
4 NH2 2.16 = 0.19
NH,

described there, (3-methylbenzene-1,2-diamine), was found to bind in
this site (the complex with murine CD44 was crystallized: PDB code
4mre). This resemblance does not prove the binding site for compound
4, since the effect induced on Ser122, Asp134 and Leul35 might as well
suggest binding on the opposite site of the protein, with perturbations
in Argl50 and Thr27 caused by some conformational changes, or even
simultaneous binding at multiple sites. The exact nature of this inter-
action cannot be determined without results of other experiments, such
as a crystal structure of the complex of CD44 with this compound;
nevertheless, the fact that binding of compound 4 is blocked by the
presence of HA seems to be compatible with its influence on Argl50
and Thr27 residues of CD44.

All of these observations suggest that the two groups of compounds
feature different binding modes, yet its detailed description and ex-
planation would require additional experiments. Nevertheless, the
finding that the interaction of CD44 with some compounds is blocked
by hyaluronic acid is especially interesting, since by developing more
potent ligands in future we might be able to influence or modulate the
binding of hyaluronan itself.

4. Conclusion

CD44 and its interaction with hyaluronic acid are important in
many physiological processes, especially in the formation and spread of
cancer. The druggability of the interaction of CD44 with hyaluronic
acid is challenging. In this paper we describe the fragment-based
screening conducted with NMR methods. The screening, and sub-
sequent modifications of initial hits, resulted in eight active compounds

Bioorganic Chemistry 82 (2019) 284-289

Table 2
Active compounds found by screening of aniline and benzylamine derivatives.

Compound Structure Kp [mM] Most affected
residues
5 2.44 = 0.22 G159, D128,
D134, A138,
K158
NH,
6 2.65 = 0.23 S122, D134,
V132, T111/N137
NH,
7 : NH2 1.687 + 0.071 S122, D134, L135
OH 0.980 + 0.038 S122, L24, T27,
D134, L135
NH,

with the binding constants in the range 0.66-2.65 mM. The modes of
binding can be divided into two groups, according to the differences in
the changes induced by the compounds on CD44, observed in both 'H
and 'H— "N HMQC spectra. These differences can be attributed to the
distinct binding sites of the compounds from each group, and, more-
over, one of these modes seems to be blocked by the binding of hya-
luronan to CD44. Such dependence can be potentially very interesting
in the design of future small-molecular binders to CD44.

5. Materials and methods
5.1. CD44 expression and purification

The CD44 HABD construct in pET 19b vector (Novagen) (residues
22-178) was transformed into the E. coli strain BL21 (DE3) Rosetta
(Invitrogen). Cells was selected on Luria-Bertani (LB) agar plates sup-
plemented with appropriate antibiotics. Starting bacteria culture in
15N labeled M9 Minimal Medium was inoculated by single colony and
grown at 37 °C on a rotary shaker at 180 rpm, afterwards used for 4 L
culture inoculation. Culture was grown to mid-log phase
(OD600 = 0.6-0.9), then recombinant protein expression was induced
by addition of isopropyl 3-D-1-thiogalactopyrano-side (IPTG) to a final

0.2 0.0 -0.4

-0.6 1H [ppm]

0.2 0.0 0.2 0.4 -0.6 1H [ppm]

Fig. 4. "H NMR spectra of apo CD44 at 0.2mM (red), CD44 in the presence of 7-fold excess of hyaluronic acid octamer (blue) and in the presence of both HAg and
increasing concentrations of compound 1 (A) or compound 4 (B). The aliphatic signals of the protein already bound to HA are still shifted upon addition of compound
1. In case of compound 4, the signals are not moved any further, suggesting that presence of HAg prevents binding of the compound.
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Fig. 5. Representation of the crystal structure of human HABD (PDB: 1UUH).
Residues located in hyaluronan binding groove are colored in yellow. Residues
affected by binding of compound 4 are coloured in red and those affected by
compound 1, in green. Residues L135 and D134 are affected in both cases.

concentration of 1 mM and kept overnight at 25 °C. After expression
bacteria were harvested by standard centrifugation (4000g, 20 min),
resuspended in phosphate-buffered saline (PBS) and sonicated until the
lysate was homogeneous. Subsequently inclusion bodies were com-
pletely resuspended in ice cold 0.5% Triton X-100, 50 mM Tris-HCl (pH
8.0), 100 mM NacCl buffer and centrifuged (20000g, 10 min) 2-3 times
until the pellet was free from bacterial debris contaminations.
Afterwards washing process was repeated for another 2-3 times in
buffer free of Triton X-100. The inclusion body pellet was solubilized in
20 ml of 8 M urea, 50 mM MES (pH 6.5), 0.1 mM EDTA, 0.1 mM DTT
solution and gently rotated overnight at 4 °C. Than the insoluble ma-
terial was removed by centrifugation (20000g, 20 min) and the protein
was refolded by 200-fold dilution into 400 mM t-arginine, 100 mM
Tris-HCl (pH 8.0), 2mM EDTA, 5mM reduced glutathione, 0.5 mM
oxidized glutathione, 1 mM phenylmethylsulfonyl fluoride (PMSF),
0.5 pg/ml leupeptin buffer. The mixture was stirred for 48 h at 4 °C and
concentrated to a volume of 30 ml by crossflow cassette Vivaflow 200
followed by ultrafiltration on Amicon Ultra-15 to 10 ml. Protein was
purified by gel filtration on a HiLoad 16/600 Superdex 75 pg column
(GE Healthcare) in PBS buffer. For further experiments buffer was
changed on Amicon Ultra-15 to 50 mM KH,PO,, 50 mM Na,HPO,,
150 mM NacCl (pH = 7.4) for NMR experiments.

5.2. Preparation of LMW hyaluronic acid oligomers

Low-molecular-weight hyaluronic acid oligomers were obtained by
the digestion of hyaluronic acid from Streptococcus equi (~1.5-1.8
MDa, Sigma Aldrich) with ovine testicular hyaluronidase (500 U/mg,
Carl Roth). Hyaluronic acid was dissolved in digest buffer consisted of
0.1 M Nacl, 0.15M NaOAc (pH = 5.5 adjusted with acetic acid) to final
concentration 2mg/ml and preincubated for 10 min at 37 °C. Ovine
testicular hyaluronidase was added to final concentration 100 U of
enzyme per 1 mg HA. Reaction of enzymatic digestion was carried out
for 1 h at 37 °C with gentle shaking and quenched by boiling for 10 min.
The sample was centrifuged at 5000 x g for 20 min and the supernatant
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was dialyzed overnight against H>O at 4 °C. Oligomers were separated
using the preparative anion-exchange chromatography using the
HiPrep Q Sepharose High Performance column (GE Healthcare) and
washed with solution A consisted of 0.01 M NaCl, 0.015M NaOAc
(pH = 5.5). Oligomers were eluted with the continuous gradient (37%
in 270 ml) of solution B consisted of 1.01 M NaCl, 0.015M NaOAc
(pH = 5.5). Fractions from each peak were pooled and desalted using
the HiTrap Desalting column with Sephadex G-25 resin (GE Healthcare)
followed by lyophilization and freezing.

5.3. NMR measurements

NMR spectra were acquired on Bruker Avance III (600 MHz) spec-
trometer at 300 K. Protein samples were measured in water solution
with the addition of 10% (v/v) D50 to provide a lock signal, and the
water suppression was carried out with WATERGATE sequence [21].
The 'H— 5N correlations were obtained using the SOFAST HMQC pulse
sequence [24]. Assignment of CD44 resonances was based on Takeda
et al. [29]. Fragment compounds used in the binary NMR titration ex-
periments were purchased from Maybridge (compounds 1-4) or Sigma-
Aldrich (compounds 5-8). For each experiment the protein sample
(0.2-0.4 mM) was treated with increasing amount of the 100 mM stock
solution of a tested compound in DMSO-ds and *H and *H— >N HMQC
spectra were collected. The weight-averaged chemical shift perturba-
tions of protein signals were used to fit the corresponding saturation
curves according to Williamson [37]. The resonances used in this pro-
cedure for each compound are specified in Table S2.
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