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Abstract

Hyaluronidases are enzymes controlling many crucial physiological processes. Imbalanced enzymatic activity is connected
with severe diseases. Because there is limited availability of drugs modulating hyaluronidase activity, the search for
hyaluronidase interacting compounds is getting more and more important. A series of fifteen indole carboxamides and
acetamides were synthesized and tested on inhibition of bovine testes hyaluronidase. In vitro assays were performed using
stains-all at pH 7 and the Morgan-Elson reaction at pH 3.5. At neutral pH, the most active inhibitory compound was
N-(Pyridin-4yl)-[5-bromo-1-(4-fluorobenzyl)indole-3-yl]carboxamide (20) with an ICs, value of 46 uM. Surprisingly,
inhibition of all compounds was completely abolished by a decrease in pH. At pH 3.5 the activity of the enzyme was increased
up to 134% by compound N-(4,6-Dimethylpyridin-2yl)-(1-ethylindole-3-yl)acetamide (24) at a concentration of 100 uM.
The known activating effect of bovine serum albumine (BSA) on hyaluronidase activity was verified in the assay and compared
to the effect of compound 24. Structure-activity relationships are discussed and a model is proposed, which explains the
increase in activity at pH 3.5 by bonding of the protonated form of N-(4,6-Dimethylpyridin-2yl)-(1-ethylindole-3-yl)-
acetamide (24) to hyaluronic acid. The bonding results in an elongated form of the substrate with easier enzymatic access.

Keywords: Hyaluronic acid, hyaluronidase, carboxamides, acetamides, Morgan-Elson, stains-all, activation, inhibition

Introduction Hyal-1, Hyal-2 and PH20 [8]. Elevated activity of
hyaluronidases is connected with pathologic processes
like inflammation or arthrosis [9]. It has also been
found in many human cancer cells [10,11]. Small HA
fragments generated by degradation induce angiogen-

esis [12] and show inflammatory effects [13].

Hyaluronic acid (HA), a non-sulfated glycosaminogly-
can also known as Hyaluronan, is consisting of repeated
disaccharide units of D-glucuronic acid and N-acetyl-
D-glucosamine [1]. It is the main component of the

extracellular matrix and its turnover is undoubtedly
connected with important physiological processes such
as ovum fertilization [2], angiogenesis [3], cell adhesion
and proliferation, growth or repair of tissues [4—6].

In human, HA concentration depends on the
balance between synthesis via hyaluronate synthases
[7] and enzymatic degradation via hyaluronidases

Furthermore, degradation of the extracellular matrix
can support cancer cells leaving the primary tumor
and forming metastasis. It has been found that
hyaluronidase negative tumor cells showed significant
reduced angiogenesis [12] and Hyal-1-siRNA showed
potency in cancer inhibition [14]. Furthermore, Hyal-
1 and PH20 can be used as tumor markers [15-17].
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On the other hand, decreased hyaluronidase activity
can lead to severe diseases like mucopolysaccharidosis
[18]. Some type of cancer cells were reported to show
increased HA concentrations and low activity of
hyaluronidases [19—21], probably enabling these cells
to hide from being identified by immunocompetent
cells. In these cases, adding of hyaluronidases to the
cytostatics made the cancer cells more sensitive
against the cytostatic therapy [22,23].

Inhibitors of hyaluronidases could represent a
completely new group of cytostatic drugs, contra-
ceptives and anti-arthrosis therapy. Activators of
hyaluronidases have also been identified over the
last decades [24,25], but a potential use as drugs for
treatment of low hyaluronidase activity has never
been discussed. Benzimidazole and indole derivatives
have been tested as hyaluronidase inhibitors before
[26—29]. Buschauer and co-workers identified several
inhibitors of hyaluronan lyase derived from Strepro-
coccus agalactiae [26,27)]. 1-Decyl-2-(4-sulfamoylox-
yphenyl)-1H-indol-6-yl sulfamate showed an ICs,
value of 11 wM at pH5 [27] and 1,3-diacetylbenzimi-
dazole-2-thione of 160 uM at pH 5 and 5pM at
pH 7.4 [26]. N-substituted benzoxazole-2-thione
derivatives were also tested and ICs, values between
15 and 260pM [27] were obtained. Our
group examined indole-2- and 3-carboxamide deriva-
tives for their BTH inhibitory activities and found an
1C5y value of 26 uM for N-(4-fluorobenzyl)-[1-(4-
fluorobenzyl)indole-3-yl]carboxamid at pH 7 [28].

In the present study, we tested a new series of
carboxamide and acetamide derivatives for their hyalur-
onidase modulating capabilities at neutral and acidic pH
values using our recently developed stains-all and
Morgan-Elson assay [29]. All mammalian hyaluroni-
dases belong to an identical class of enzymes catalyzing
the degradation of HA by cleavage of the (1 — 4)-bonds
between the disaccharide units. The most important
human hyaluronidases are Hyal-1, Hyal-2 and PH20. In
the present investigation all assays were performed using
bovine testes hyaluronidase (BTH) which exhibits a
homology of about 65% to PH20 and 40% to Hyal-1.

Hyal-2, PH20 and BTH show high activities over a
wide range starting at neutral pH down to pH 3 [30-32],
whereas Hyal-1 is much more active at acidic pH than at
neutral pH [31]. Because in contrast to blood and most
healthy tissues, where a neutral pH has to be expected, the
pH-value of inflamed areas is remarkably lower, e.g. in
the state of arthrosis. Therefore we decided to test the
compounds at pH 7 and pH 3.5 as described earlier [29].

Materials and methods
Chemustry

Instrumentarion. All chemicals and solvents were
commercially available and of analytical or HPLC
grade and supplied by Acros Organics (Geel, Belgium),

Fisher Scientific (Nidderau, Germany), Merck
(Darmstadt, Germany) or Sigma Aldrich (Steinheim,
Germany). They were used without further
purification. Hyaluronidase from bovine testes (BTH)
was purchased from Serva (Heidelberg, Germany),
hyaluronic acid was purchased from Sigma Aldrich
(Steinheim, Germany). Water was purified using a
Milli-Q Biocel system.

Melting points were determined using an Electro-
thermal TA9300 digital melting point apparatus and
reported uncorrected. IR spectra were recorded on a
Perkin-Elmer Paragon FTIR 1000 PC spectrometer in
KBr. Only the most significant absorption bands have
been reported. '"H NMR spectra were recorded on
a Bruker AC250 (250 MHz) or on Bruker Avance
400 spectrometer (400 MHz). Chemical shifts are
expressed as 8 values (ppm) relative to tetramethylsi-
lane as internal standard (in NMR description, s =
singlet, d = doublet, and m = multiplet). Coupling
constants J are given in Hz. All reactions were
monitored by TLC analytic, using 0.2 mm-thick silica
gel plates 60F-254 (5735 Merck). Column chroma-
tography was carried out using silica gel 60 (70—230
Mesh, ASTM, Merck). Compounds 16-24 and 27
have been previously described [33—-36].

Synthesis

Synthesis of N-(4,6-Dimethylpyridin-2-yl)-(1-benzy-
lindole-3-yl) acetamide (25) (Method h). A mixture of
triphenylphosphine (6.94g, 26.4mmol), bromotri-
chloromethane (10.5 g, 52.8 mmol), (1-benzylindol-3-
ylacetic acid (7.00g, 26.4mmol) and 2-amino-4,6-
dimethylpyridine (6.59g, 52.8 mmol) in 150 mL of
anhydrous THF was refluxed for 3 h. After filtration,
the filtrate was concentrated in vacuum to dryness and
chromatographed on silica gel eluting with dichlor-
omethane/ethanol (98/2) to afford pure amide 25 in
60% yield. White powder; mp = 40-50°C; IR (KBr) v
cm ' 3240 (NH), 1650 (C=0); NMR 'H (DMSO-
de): 8 ppm 2.26 (s, 3H, 4-CH3), 2.38 (s, 3H, 6/-CHs),
3.84 (s, 2H, CH,), 5.42 (s, 2H, NCH,), 6.81 (s, 1H,
H’), 7.05 (dd, 1H, ] = J = 7.60Hz, H’), 7.13 (dd,
1H,J =) =17.60Hz, H%, 7.23-7.35 (m, 5H, Bn),
7.44-7.46 (m, 2H, H?, H"), 7.68 (d, 1H, ] = 7.60 Hz,
H%, 7.79 (s, 1H, H), 10.49 (s, 1H, NH).

Synthesis of N-(pyridin-2-yl)-(1-benzylindol-3-yl)
acetamide (26) (Method g). To a solution of
(1-benzylindol-3-yl)acetic acid (2.28 g, 8.6 mmol) in
100 mL of dry dichloromethane were added 2-chloro-
1-methylpyridinium iodide (2.2 g, 8.6 mmol), triethy-
lamine (6 mL, 21.6mmol) and 2-aminopyridine
(0.85 g, 8.6 mmol). The mixture was refluxed for 2h
and after cooling washed with H,O, dried (Na,SO,),
concentrated and chromatographed on silica gel
eluting with dichloromethane/ethanol (97/3) to
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provide the amide 26 in 78% yield. White powder;
mp = 120-121°C; IR(KBr) vem ™ ': 3260 (NH), 1690
(C=0); NMR 'H (DMSO-dy): & ppm 3.88 (s, 2H,
CH,), 5.43 (s, 2H, NCH,), 7.03-7.16 (m, 3H, H’,
H®, HY), 7.23-7.35 (m, 5H, Bn), 7.45-7.47 (m, 2H,
H?, H), 7.68 (d, 1H, ] = 7.60Hz, HY), 7.78 (dd,
1H, J=] =7.60Hz, H”), 8.11 (d, 1H,
J = 8.40Hz, HY), 8.34 (d, 1H, ] = 4.80 Hz, H*),
10.64 (s, 1H, NH).

N-(4,6-Dimethylpyridin-2-yl)-[1-(4-fluorobenzyl) -
ndol-3-yl] acetamide (28). was prepared as described
for compound 26. Yield: 73%; White powder;
mp = 130-132°C; IR (KBr) v cm ': 3260 (NH),
1675 (C=0); NMR 'H (DMSO-dy): 8 ppm 2.26 (s,
3H, 4-CH,), 2.38 (s, 3H, 6/'-CH,), 3.84 (s, 2H, CH,),
5.41 (s, 2H, NCH,), 6.81 (s, 1H, H>), 7.05 (dd, 1H,
J =7 =17.60Hz, H, 7.14 (dd, 1H, ] = 7.60Hz,
H®, 7.17 (dd, 2H, J = J = 8.80Hz, Bn-H>, H’),
7.30 (dd, 2H, ] = 5.60Hz, ] = 8.40 Hz, Bn-H?, H°),
7.45-7.47 (m, 2H, H>, H"), 7.67 (d, 1H,] = 7.60 Hz,
H%, 7.78 (s, 1H, H*), 10.50 (s, 1H, NH).

N-(Pyridin-2-yl)-[1-(4-fluorobenzyl)indol-3-yl] acet-
amide (29). was prepared as described for compound
26. Yield: 73%; White powder; mp = 110-111°C; IR
(KBr) v cm ™ ': 3280 (NH), 1715 (C=0); NMR 'H
(DMSO-dg): & ppm 3.87 (s, 2H, CH,), 5.42 (s, 2H,
NCH,), 7.05 (dd, 1H, ] = J = 7.60Hz, H>), 7.10-
7.19 (m, 4 H, H°, Bn-H>, H°, HY), 7.30 (dd, 2H,
J = 5.60Hz, ] = 7.60Hz, Bn-H? H°), 7.47-7.48
(m, 2H, H?,H), 7.67 (d, 1H,] = 7.60 Hz, HY), 7.77
(dd, 1H, J=J =17.60Hz, H*), 8.10 (d, 1H,
J = 8.40Hz, HY), 8.34 (d, 1H, ] = 4.00Hz, H?),
10.64 (s, 1H, NH).

N-(Pyridin-3-yl)-[1-(4-fluorobenzyl)indol-3-yl] acet-
amide (30). was prepared as described for compound
26. Yield: 68%; White powder; mp = 144-145°C; IR
(KBr) v cm ™ ': 3240 (NH), 1710 (C=0); NMR 'H
(DMSO-dg): 8 ppm 3.83 (s, 2H, CH,), 5.42 (s, 2H,
NCH,), 7.06 (dd, 1H, ] = J = 7.60Hz, H>), 7.15
(dd, 1H,J] = J = 7.60Hz, H®),7.17 (dd,2H,] = J
= 8.80 Hz, Bn-H>, H”), 7.31 (dd, 2H, ] = 5.60 Hz,
J = 8.80Hz, Bn-H? H°), 7.37 (dd, 1H,] = 4.40 Hz,
] = 8.00Hz, H”), 7.47-7.49 (m, 2H, H?, H"), 7.65
(d, 1H, J = 7.60Hz, H*), 8.09 (d, 1H, J] = 8.00 Hz,
H*), 8.29 (d, 1H, ] = 4.40Hz, H®), 8.80 (d, 1H,
J = 2Hz, H?), 10.42 (s, 1H, NH).

Measurement of hyaluronidase activiry

Stains-all assay. An enzyme solution of 100 U/mL
hyaluronidase was prepared from 3110U/mg
hyaluronidase powder with 50mM sodium
phosphate buffer at pH 7.0. As substrate solution,
2 mg/mL hyaluronic acid was dissolved in water. All

Hyaluronidase activity modulation 721

compounds (16-30) were prepared with DMSO to
give stock solutions of 10 mM.

25 uM, 50 wM and 100 wM inhibitor concentration
were obtained by adding inhibitor stock solution to the
enzyme solution. The inhibitor/enzyme-solution was
incubated for 1h at 37°C. After incubation substrate
solution, 0.2 M phosphate buffer and water were
mixed and spotted onto a microplate. The assay was
started by adding the same amount of enzyme/inhi-
bitor-solution to the wells. While running, the plate
was incubated at 37°C. To measure HA concen-
tration, stains-all solution and water were added to the
wells and the absorption was monitored at 650 nm by
a microplate reader (Mithras 1.B940, Berthold,
Germany). The activity of a positive control with
pure DMSO instead of inhibitor solution was
measured and set to 100%. The activity was
calculated depending on the change in absorption
using this equation:

AA compound*100%
AA positive control

activity[%] =

(1)

A more detailed description of the assay procedure and
used solutions has been published by us recently [29].

For investigating the influence of NaCl and BSA
concentrations on BTH activity, enzyme solutions of
100 U/ml hyaluronidase containing different amounts
of NaCl and BSA were prepared and used in the same
way as the pure hyaluronidase solution. Negative
controls without enzyme were used to eliminate
possible interactions of stains-all with BSA or NaCl.

Morgan-Elson assay. An enzyme solution of 800 U/mL
hyaluronidase was prepared from 3110U/mg
hyaluronidase powder with formate buffer
containing 0.1 M sodium formate and 0.1 M NaCl
at pH 3.5. The compounds (16-30) were dissolved to
10mM in DMSO as above. 5mg/mL. HA were
dissolved in water to give the substrate solution.
25 M, 50 uM and 100 pM inhibitor concentration
were obtained by adding inhibitor stock solution to the
enzyme solution. The inhibitor/enzyme-solution was
incubated for one hour at 37°C.

After incubation 0.2 mg/mL BSA solution, incu-
bation buffer, water and inhibitor/enzyme-solution
were mixed and the assay was started by adding
substrate solution. While running, the mixture was
incubated at 37°C. For investigating the influence of
different BSA concentrations on BTH activity at pH
3.5, solutions with different protein concentration
were used in the same way as the original 0.2 mg/mL
BSA solution.

To measure HA fragments concentration, several
quota of the incubated solution were heated for
4.5min at 100°C after addition of a KOH-solution.
Subsequently, the solutions were transferred onto
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a microplate and stained using DMAB (dimethylami-
nobenzaldehyde).

The absorption was measured at 590 nm using a
microplate reader (Mithras 1.LB940, Berthold,
Germany). The activity of a positive control with pure
DMSO instead of inhibitor solution was set to 100%.
The activity was also calculated using Equation (1).
A more detailed description of the assay procedure and
used solutions has been published by us recently [29].

For both assays a negative control lacking hyalur-
onidase enzyme was measured. 6-Palmitoyl-L-
ascorbic acid was used as a control compound in the
same way as the other inhibitors.

For compound activity measurement at pH 7 with
the Morgan-Elson assay a phosphate-citrate buffer
containing 0.1M sodium citrate, 0.2M sodium
dihydrogenphosphate and 0.1 M NaCl was used in
the same way as the formate buffer at pH 3.5.

Results and discussion
Chemistry

As previously described [33—-36], (indol-3-yl)carbox-
amides and acetamides were synthesized from the
corresponding activated carboxylic acids using 2-
chloro-1-methylpyridinium iodide, the couple PPhs/
BrCCls, or phenyl dichlorophosphate, dicyclohexyl-
carbodiimide. N-substituted (indo-3-yl)carboxylic
acids precursors were obtained from the commercially

available (indo-3-yl)carboxylic or (indo-3-yl)acetic
acids, after esterification, N-alkylation followed by
an alkaline hydrolysis. The 5-bromo-(indol-3-yl)car-
boxylic acids 14-15 were prepared by oxidation of the
corresponding carbaldehydes (Scheme 1).

Hyaluronidase modulating effects at pH 7

Compounds 16-30 (Table I) were first tested at a
concentration of 50 wM at pH 7. The assay at neutral
pH is based on the cationic carbocyanine dye (I-ethyl-
2-[3-(1-ethyl-naphtho[l,2-d]thiazolin-2-ylidene)-2-
methylpropenyl]naphtha[1,2-d]thiazolium bromide,
also known as “stains-all”. This compound forms
blue colored complexes with long chains of HA.
Reduced chain length of HA as obtained by
hyaluronidase activity results in a reduced absorbance
of the complex at the absorption maximum of 650 nm.
A detailed description of this inhibitor assay has been
published before [29]. Compound 20 and 17 were by
far the most active inhibitors of bovine testes
hyaluronidase (BTH) with IC5, values of 46 M and
78 WM respectively. These results are summarized in
Table II. Ascorbic acid palmitate (Vcpal), which is a
well known inhibitor of hyaluronidases [37], was used
as a control substance. All compounds containing an
acetamide chain were less active than compounds with
a carboxamide chain. Among the carboxamide series
N-methyl substituted compounds (16-18) showed
very low activity unless the pyridine was additionally

CH,),COOH
{Cheln (CH_,), COOEt (CHz)nCOOEt
| b orc
N
H
1-2
Rs (CH,),,CONHAr (CH,),,COOH
g, h,iorj \CE—/'( g,hlor] @\—/(
N
7-10
1630 R, R,
. . Ar = O
Tg h, ior | \N / \ N

Br CHO Br

Br.
1)e
U U —— -t
N~ 2)borc N 'Il

H |

12-13

Scheme 1.

Ry Ry =H, CH3, C,Hs,
Bn, 4-FBn
Rs=H,Br
n=0,1

Synthesis of indo-3-ylcarboxamides and acetamides 16-30. Reagents and conditions: (a) 1M HCI, EtOH, reflux; (b) NaH, DMF,

CHs;I or C,H5], rt; (c) Cs,CO3, CH5CN, BnCl or 4F-BnCl, reflux; (d) 1) 2M NaOH, EtOH, reflux, 2) 2M HCI; (e) POCIls;, DMF, 10 °C;
() NaClO,, NaH,PO,, 2-methyl-2-butene, tBuOH, THF, rt; (g) 2-chloro-1-methylpyridinium iodide, THF, reflux; (h) PPh;, CBrCl;, THF,

reflux; (i) phenyldichlorophosphate, CH,Cl,, rt; (j) DCC, THF, rt.
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Table I. Compounds tested on hyaluronidase modulating activity at pH 7 and pH 3.5.

carboxamide series

acetamide series

0 H
R, NP Rs N.g
| H &
N N
R, R,
Compound R1 R2 R3 Compound R1 R2 R3
16 — CH, - H 22 H CHy H
) =
= ‘ 7
N~ CH,
CH,
X
17 — CH; S Br 23 H | H
Pz N
N~ CH,
CH,
18 k@\ \ /N Br 24 — CH,CH,4 ﬁ H
F N” > CH,
CH, CHy
19 B Br 25 B H
- /
F N~ “CH, N™ "CH,
SN X
20 \ Br 26 \ H
= N/
F
X X
21 h \ Br 27 b \ H
F
CH,4
F N~ CH,
X
29 K@\ \ H
N/
F
30 h H
‘ N

-

substituted with two methyl groups in meta positions
(17) which made this part of the molecule more
lipophilic. The addition of Br in position R; seemed to
have no effect as compounds 16 and 18 showed nearly
the same amount of inhibition. In contrast, the
introduction of a p-fluoro benzyl ring enhanced the
inhibitory activity from 3% (18) up to 50% (20) at
50 wM. Interestingly, introducing both the p-fluroro
benzyl ring and the additional substitution of the
pyridine with two methyl groups decreased the activity
from 50% (18) down to 17% (19). Exactly the same
effect could be observed within the acetamide series
but in less amount: Inhibitory activity decreased from
10% (29) to 5% (28) and from 9% (26) down to a
complete loss of activity (25) when both substituents
were combined. Probably the compounds are not
allowed to get too much lipophilic in order to interact
with the enzyme. Another explanation could be, that
the free electron pair of the nitrogen and the electron

rich p-fluoro-benzyl ring are interfering and pushing
each other into a less advantageous position.

Within the acetamide series the additional substi-
tution of the pyridine with methyl groups in meta
position did not influence the inhibitory activity (22,
24, 25, 28). As expected, the introduction of a benzyl
ring or a p-fluoro benzyl ring elevated the inhibitory
activity (26, 27, 29, 30) up to a maximum of 15%. In
contrast to the carboxamide series the amount of
inhibitory activity still was low, so we could assume the
molecule did not fit the active site as good as before,
probably due to the longer backbone and the shifted
position of both the amide and the pyridine. If
compound 30 was compared to compound 21, which
also had a longer backbone and therefore a shifted
position of the pyridine but not the amide, they
showed the same inhibitory activity. This could be a
hint, that the pyridine plays the more important role in
fitting the active site than the position of the amide.
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Table II. Hyaluronidase activity in the presence of compounds
16 — 30 in a concentration of 50 .M at pH 7 (stains-all assay)
and pH 3.5 (Morgan-Elson assay).

Inhibition [%] 1Csp [LM]
Compound pH 7 pH 3.5 pH 7 pH 3.5
16 6 3 - -
17 37 —-17 78 -
18 3 —16 - -
19°¢ 17 -5 - -
20° 50 -20 46 -
21 15 —-15 - -
22 9 —-25 - -
23 8 —27 - -
24 3 —34 - -
25 0 —-10 - -
26° 9 1 - -
27% 12 -3 - -
28 5 —4 - -
29 10 7 - -
30° 14 -2 - -
Vcpal 99 99 8 18

#only partially soluble in aqueous buffer at pH 3.5

These findings support the view of previous investi-
gations [26—29] that benzimidazoles are promising
structures for the development of hyaluronidase
inhibitors and their full potential of inhibitory
capabilities has not been tapped yet.

Hyaluronidase modulating effect at pH 3.5

Because the absorption of the stains-all complex with
HA is reduced at pH values below 5 [38], which
definitely interferes with enzyme activity measure-
ment, a Morgan-Elson assay [39] based on staining of
N-acetyl-D-glucosamine with dimethyl amino ben-
zaldehyd (DMAB) was used for measuring at pH 3.5.
Incubation of HA with mammalian hyaluronidases
produces short chains with N-acetyl-D-glucosamine
at the reducing end. If these sugars converts from the
pyranoside into the furanoside form and are boiled
under alkaline conditions, a Morgan-Elson reaction
can take place. One or more of the resulting
chromogens reacts with DMAB under acidic con-
ditions [40] and gives a red-colored product with a
maximum in absorbance at 590 nm.

Pyridines in general show good water solubility,
because the free electron pair of the nitrogen is able to
interact with polar water molecules at neutral pH.
At pH 3.5 the pyridine structure is protonated and
therefore we expected a reduced solubility of the
compounds in aqueous buffers for this pH. Actually
nearly all benzyl ring containing compounds were
found to be not completely soluble (19-21, 25-30).
Although the effect on BTH activity was measured for
all compounds, only the data of those compounds,
which were completely soluble give a reliable picture
on structure-activity relationship. All data obtained

with the Morgan-Elson assay at pH 3.5 are
summarized in Table II. In contrast to our expec-
tations, none of the compounds tested (except the
control inhibitor Vepal) showed any inhibitory
activity on BTH. However, the indole acetamide
derivatives in particular obviously had an activating
effect on the degradation of HA. To verify that the
activation was not an artifact caused by a reaction
between the potential inhibitors and the solute
DMSO, all compounds were measured in a control
assay without enzyme. As expected, no influence on
absorbance at 590nm could be observed for any
compound. Furthermore, in a cross control, the three
most potent compounds in activating BTH at pH 3.5,
compounds 22, 23 and 24, were also tested in a
Morgan-Elson assay at pH 7 (Table III) in order to
exclude that the activation was not an pH dependent
phenomenon, but an assay depending phenomenon,
because in the stains-all assay no activation of HA
degradation could be observed at neutral pH. It
turned out, that all also in the Morgan-Elson assay,
the three compounds were weak inhibitors of HA
degradation and their inhibitory potential was in
the same order of magnitude as measured before.
This indicates, that activation and inhibition is
pH-depended and probably an effect of protonation.
The nitrogen of the pyridine is the most basic one
within the molecule and will be protonated and
positively charged at pH 3.5. By comparison to
pyridine derivatives with determined pKg values, a
value of about 5 for our compounds can be assumed.

This indicates, that the activating effect of
compounds 22-24 on BTH is pH-depended and
could probably be an effect of protonation. The
nitrogen of the pyridine is the most basic one within
the molecule and will most probably be protonated at
pH 3.5, resulting in a positive charge. By structure
comparison to pyridine derivatives with known pK,
values, a pK, value of about 5 appeared to be
expectable for our compounds.Interestingly, acti-
vation was much higher in the acetamide series than
in the carboxamide series. One possible explanation
could be a possible additional protonation of the
indole structure, since the indole of the acetamides
is expected to be much more basic than that of the
carboxamides. In the acetamide group, the indole
nitrogen is not part of a vinylogous amide and its free
electron pair is less delocalized than the free electron
pair in the correspondent carboxamides, leading to a

Table III. Inhibitory effect of compounds 22, 23 and 24 (50 pM)
on hyaluronidase activity at pH 7 (Morgan-Elson assay).

Compound Inhibition [%] 1Cs5p [LM]
22 4 -
23 2 -
24 6 _
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Figure 1. Change of the protonation state of compound 24
(N-(4,6-Dimethylpyridin-2yl)-(1-ethylindole-3-yl)acetamide) from
pH 7 to pH 3.5.

higher pK, value. Therefore, these compounds could
carry two positive charges at pH 3.5, as proposed in
Figure 1. An additional charge would then enhance
the activating effect on HA degradation. Besides the
acetamide backbone, a substitution with bromine at
R; (17, 18) seemed to increase activating effect, as
compound 16 showed no activity in comparison to 17
and 18, which could be the result of a more basic
indole. Additional methyl groups at the pyridine,
identified as important for hyaluronidase inhibitory
activity, had no effect. On the contrary, ethyl
substitution at R; had great effect on activation of
HA degradation, since compound 24 showed the
highest rate of activation and BTH activity raised up to
134% at 100 uM concentration of the compound.
The concentration dependent increase in BTH
activity was evaluated for compounds 22-24 and
appeared to show logarithmic relationship (Figure 2).

Inhibitors of BTH at pH 7, like compound 17, were
not at the same time activators of the enzyme at pH
3.5. We assumed that the protonated form of the
compounds could no longer be able to bind to the
active site of BTH. Proteins like BSA, hemoglobin or
transferrin [24,25], as well as smaller compounds like
platinum complexes [41], tranilast or monovalent
salts [42] have been reported to be activators of HA
degradation as well in previous studies. To get a

40
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o
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m
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0 , ——— ,
10 100
concentration [uM]
Figure 2. Concentration dependent activation of BTH by

compounds 22 (A), 23 (W) and 24 (®) in the Morgan-Elson assay
at pH 3.5.
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deeper insight on the activating effect observed with
our compounds, the influence of BSA on activity
of BTH was measured at pH 7 and pH 3.5 and
compared to our most active compound 24. It is well
known, that BSA forms complexes with HA [25],
resulting in an elevated HA degradation. Mainly two
explanations have been suggested in the literature so
far for this observation [25,43]. The first suggestion is,
that hyaluronidases can bind hyaluronic acid non-
specifically too, leading to the formation of catalyti-
cally inactive complexes [43]. This could explain the
decrease in activity observed at high hyaluronic acid
concentrations, which has been described [44]. If BSA
is added to a solution of hyaluronidase, it competes the
binding of HAhis which results in reduced amount off
bound and hence inactive hyaluronidase. The second
explanation suggests a modifying of the complex
structure of HA caused by binding of BSA. In previous
studies, structure analysis revealed that HA chains are
randomly coiled and contain entanglements [45]. An
opening of the random coil structure would make HA
better accessible for the enzyme [25]. Furthermore,
HA is likely to include alternating folded and stretched
parts, as can be derived from recently done molecular-
dynamic simulations of theoretical polyelectrolytes in
solution [46]. It is to assume, that the stretched and
unfolded form of HA is easier accessible to the enzyme
and can be digested. If BSA binding increases the
amount of unfolded HA, this could result in an
increased activity of hyaluronidase. In our experi-
ments, we observed high activation of BTH activity by
BSA at pH 7 (Figure 3), as expected by the preceding
considerations. The concentration dependence of
effect was almost linear. The highest activation
measured in our test was 163% in comparison to the
enzyme activity with no modulator added, obtained by
a concentration of 1 g/l BSA. Higher concentrations of
BSA did not yield another increase in BTH activity.
In the protocol of the Morgan-Elson assay at pH
3.5, as developed by our group [29], BSA is added in a
concentration of 0.44 g/l just before the digestion is
started. In these experiments the influence of BSA was
found to be critical, for enzyme activity and inhibitor
effect, as well [29]: if BSA was added together with
potential inhibitors in one step, the inhibitory effect
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Figure 3. Activating effect of BSA on BTH activity measured by

the stains-all assay at pH 7. Activity without BSA was set to 100%.

RIGHTS

i
L

| MR



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by University of South Carolinaon 12/25/11

For personal use only.

726 A. Kaessler et al.

was completely abolished. On the other hand,
omitting BSA completely from the assay resulted in
very poor BTH activities. In the present experiments
we tried to elucidate the effect of different BSA
concentrations at pH 3.5 and performed the assay
with concentrations ranging from 0 to 1 g/l (Figure 4).
As reported before, a complete lack of albumin
resulted in a severe reduction of activity. In contrast to
the stains-all assay at pH 7, addition of BSA had a
much stronger effect in the Morgan Elson assay at
pH3.5. The optimal concentration of BSA appeared
to be 0.1 g/l with an activation of up more than 400%
in comparison to the activity without albumin. These
results are consistent with those reported earlier
by Maingonnat et al. [25], who found a four-fold
activation of hyaluronidase activity after addition of
0.1 g/l BSA. To summarize, we observed an increase of
BTH activity after addition of BSA in the stains-all assay
at pH 7 of about 63% and in the Morgan-Elson assay at
pH 3.5 of more than 400%. Due to its IEP 0f 4.8, BSA is
expected to be positively charged at pH 3.5 and can
interfere with the negatively charged HA much stronger
than at pH 7. Furthermore HA is likely to be more
twisted and folded at lower pH [45,46]. If we assume the
effect of BSA is based on elevating the quota of stretched
and unfolded HA, this could explain the higher amount
of HA degradation activation we found at pH 3.5.

If the most active compound 24 was present in the
assay at a concentration of 100 wuM, BTH was active
even without any BSA added (Figure 4). It appeared
that an indole compound carrying a basic pyridine, is
able to replace BSA in its role to activate BTH. If the
BSA concentration was increased in the presence of
compound, the final maximum level of BTH activation
was identical with that at higher concentrations of
BSA, but without compound (Figure 4). Almond et al.
[46] recently proposed a new three dimensional
structure of an HA octamer (HAg) in solution. We
used this structure as a model for a HA chain in order
to analyze possible interactions between our most
activating compound 24 and HA. Interestingly
electrostatic interactions were found to be presumable

—_
)]
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-
o
o

BTH activity [%]
(&)
<

0.00 0.25 0.50 0.75 1.00
BSA concentration [g/l]

Figure 4. Activating effect of BSA on BTH activity at pH 3.5
(Morgan-Elson assay) without additional activator (A) and after
addition of compound 24 in a concentration of 100 pM (H). BTH
activity with 44 mg/L. BSA, as used in our standard protocol of the
Morgan-Elson assay, was set to 100%.

between the negatively charged carboxylate groups of
the HA chain and both positively charged nitrogen
atoms in our compound (Figure 5). The compound
obviously is able to bridge every disaccharide unit by
binding to glucuronic acid, resulting in one bonded
activator molecule per tetrasaccharide. It is concei-
vable that these interactions could be able to open
randomly coiled structures of HA and also to stabilize
and elevate the amount of unfolded parts and finally
making HA better accessible to BTH for degradation.

Therefore we conclude that soluble (indol-3-yl)-
acetamides carrying a pyridine structure as N-(4,6-
Dimethylpyridin-2yl)-(1-ethylindole-3-yl)acetamide,
our compound 24, N-(4,6-Dimethylpyridin-2-yl)-(1-
benzylindole-3-yl) acetamide (25) and N-(pyridin-2-
yl)-(1-benzylindol-3-yl) acetamide (26) are able to
bind HA in the protonated form at pH 3.5 via
electrostatic interaction between the two positively
charged nitrogens and the negatively charged carboxylate
groups of HA. This binding leads to a more stretched and
less folded HA polymer which is better accessible and
cleavable by hyaluronidases. Because the indole nitrogen
of the (indol-3-yl)carboxamide derivatives is not as basic
as of the acetamide derivatives it could be not protonated
and as a consequence indole carboxamides would be
much weaker activators of HA degradation.

A lack of hyaluronidase activity has been identified
for different sort of mucopolysaccharidosis [18] and
some cancer cells [19-21] in combination with an
increased level of HA. In these cases, drugs which
elevate HA digestion might be very useful. NaCl or
other salts cannot be used as treatment agents without
disturbing salt homeostasis in the human body.
Hyaluronidase activating proteins like BSA or even
hyaluronidases themselves are also difficult drugs,
because they might cause allergic reactions and show a
poor bioavailability. The compounds we presented
here are non-proteinogenic and could lead to drugs
which can be used to elevate hyaluronidase activity.
Tranilast, an antiallergenic substance, has been
described as a hyaluronidase activating drug in the
literature before [42]. It is an acidic compound and

Figure 5. Interactions between the protonated form of compound
24 (ball-and-stick model) and HA (stick model) mediated by
saltbridges. Only hydrogens in hydroxyl groups or connected to
nitrogen are shown. Building of the compound and visualization of
both molecules were performed using the program SYBYL from
Tripos (www.tripos.com). HAg molecule was taken from the RCSB
protein data bank (PDB accession code: 2BVK) [46].
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therefore carries no positive chargings at lower pH. In
contrast to our compound N-(4,6-Dimethylpyridin-
2yl)-(1-ethylindole-3-yl)acetamide (24), which elev-
ated BTH activity up to 125% at a concentration of
26 uM, a very high concentration of about 500 puM
tranilast was needed to reach the same amount of
activation at pH 3.5. In summary, it can be assumed,
that (indol-3-yl)acetamide derivatives carrying a
pyridine structure can be used as a starting point for
further development of both, hyaluronidase inhibiting
as well as activating agents, at different pH.
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