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Abstract

To mimic the activity of hyaluronidase in natural environment, the hydrolysis of hyaluronic acid (HA) by hyaluronidase was

investigated for the first time in the presence of crowding agents using capillary electrophoresis (CE) as a simple and reliable technique

for conducting enzymatic assay. Polyethylene glycol (PEG) 6000was selected as amodel crowder and the hyaluronic acid degradation

catalyzed by bovine testes hyaluronidase (BTH) was carried out at different PEG concentrations (0%, 10%, and 17%). After

optimization of the CE analytical method and enzymatic assay, the degradation products were monitored at different HA

concentrations. At 10% of PEG and 0.3 mg mL−1 of HA, the activity of the enzyme was significantly reduced showing inconvenient

interactions of PEG with the hyaluronidase blocking the release of hydrolysis products. A similar reduction of hyaluronidase activity

was observed at 1 mgmL−1 of HA due to the presumable formation of the BTH-substrate complex. The experimental curves obtained

by CE also evidence that the overall kinetics are governed by the hydrolysis of hexasaccharide intermediates. Finally, the effect of PEG

on hyaluronidase activitywas evaluated in the presence of natural or synthetic inhibitors. Our results show a significant difference of the

inhibitors’ affinity toward hyaluronidase in the presence of PEG. Surprisingly, the presence of the crowding agent results in a loss of the

inhibition effect of small polycyclic inhibitors, while larger charged inhibitors were less affected. In this work, CE analyses confirm the

importance of mimicking the cellular environment for the discovery and development of reliable inhibitors.
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BTH Bovine testes hyaluronidase

CPA Corrected peak area
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tetrasaccharides
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ECM Extracellular matrix
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IB Incubation buffer

MC Macromolecular crowding

Oct Octasaccharide

QTT-I Quercotriterpenoside-I

Tdec Tetradecasaccharide

Tet Tetrasaccharide

μeph Electrophoretic mobility

DIM Dimeric
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Introduction

Historically, enzymatic studies were assayed in vitro, in dilute

conditions, without considering the complexity of real in vivo

conditions such as the cellular environment. Awide variety of

biomolecules (proteins, nucleic acids, ribosomes, and carbo-

hydrates) occupy 20–40% of the total volume of a typical cell

[1–3]. The activity of an enzyme in such crowded media can

be very different in comparison to dilute conditions [3–5].

This may be evaluated experimentally by using concentrated

solutions of model “crowding agents” such as polyethylene

glycol (PEG), dextran, Ficoll (branched carbohydrate deriva-

tive), or inert proteins [5]. Most of the enzymatic studies car-

ried out in vitro under macromolecular crowding (MC) con-

ditions have been monitored either by UV-visible spectrosco-

py, fluorescence, or far UV-circular dichroism spectroscopy

[6–9]. Some other studies have used isothermal titration calo-

rimetry and turbidimetric methods to study the effect of

crowders on enzymatic activity [10, 11].

Capillary electrophoresis (CE) is a well-established separa-

tive technique that enables fast, highly efficient, cost-effective

analyses of a wide range of molecules [12]. Several detection

tools may be used in conjugation/hyphenation with CE such

as UV, fluorescence, contactless conductivity, and mass spec-

trometry [13–20]. CE offers the possibility to carry out enzy-

matic assays using two main homogeneous approaches, in

which neither the enzyme nor the substrate is immobilized:

(i) off-line or pre-capillary mode and (ii) on-line or in-capillary

mode. For the off-line assays, the enzymatic reaction is per-

formed in a vial, before the introduction of the reaction mix-

ture into the capillary. The on-line mode implies that the reac-

tion takes place directly inside the capillary that plays the role

of an enzymatic nanoreactor [14, 21]. In this work, we study

for the first time the effect of crowding media on hyaluroni-

dase activity using two techniques, a referenced one based on

neocuproine spectrophotometry [22] and a pre-capillary CE-

UV-based assay previously developed by our laboratory [17].

The hyaluronic acid (HA) or hyaluronan is a major component

of the extracellular matrix (ECM) and is especially abundant

in loose connective tissue [23–25]. It is a linear polysaccharide

that forms long, worm-like filaments in aqueous solutions

allowing to hold/trap approximately 1000 times its weight of

water giving tissues such as the skin its viscoelasticity, hydro-

philicity [6, 26], and plasticity [27]. HA is increasingly used as

a non-immunogenic and a non-inflammatory filler and scaf-

folding material in cosmetic dermatology [6]. It is a non-

sulfated glycosaminoglycan with repeating disaccharide units

of D-glucuronic acid (β1→ 3) and N-acetyl-D-glucosamine

(β1→ 4). The size and abundance of HA are controlled by

hyaluronidases. Bovine testicular hyaluronidase (BTH) and

all human hyaluronidases specifically split the β 1,4-

glucosaminidic bond between C1 of the glucosamine moiety

and C4 of the glucuronic acid [28]. This produces

oligosaccharides of an even number of repeating monosaccha-

ride units (n). The tetrasaccharide (Tet, n = 4) is considered as

the final product of the BTH hydrolysis reaction [24, 29]. The

products of HA degradation are implicated in different patho-

logical processes including inflammation, tumor progression

[30, 31], epidermal homeostasis, and skin aging [25]. For this,

searching for inhibitors of hyaluronidase is of great interest

[28, 31].

BTH activity is conventionally monitored by spectropho-

tometry and viscosimetry methods [22, 32]. These techniques

are prone to interferences and only allow the determination of

the total hyaluronidase activity and not the quantification of

the different oligomeric species. In order to quantify precisely

the obtained products of BTH degradation, HPLC and size

exclusion chromatography with UVand/or mass spectrometry

detection have been explored [4, 33–36]. CE-UV was also

used to obtain a complete identification of the HA degradation

products after electrophoretic separation and quantitative de-

tection [17, 19, 21, 37–40].

This study was focused on the evaluation of the effect of a

typical crowding agent, namely PEG 6000, on HA degrada-

tion by BTH. The activity of hyaluronidase was monitored by

following the concentration of oligomer products during ki-

netic runs at different concentrations of the crowding agent.

Several optimizations were performed concerning the injec-

tion conditions and reaction time for CE-UV. The optimized

conditions were then applied to follow the reaction in different

enzymatic media with CE-UV and the neocuproine assay in

parallel. Since CE separation provides information on free

concentrations of reaction intermediates and final products, a

better insight into the mechanism of HA degradation at differ-

ent crowding conditions has been obtained. Finally, natural

inhibi tors , epigal locatechin gal la te (EGCG) and

quercotriterpenoside-I (QTT-I), as well as two original synthe-

sized inhibitors were tested in order to evaluate their effect on

hyaluronidase activity in the presence of PEG 6000.

Experimental

Materials and methods

Chemicals

All reagents were of analytical grade and used as received

without any further purification. Ammonium acetate

(CH3COONH4, purity ≥ 98%), epigallocatechin gallate

(EGCG, purity ≥ 95%), hyaluronidase type I-S from bovine

testes (BTH, 400–1000 units mg−1 solid, CAS 37326-33-3,

sodium acetate (CH3COONa, purity ≥ 99%), sodium hydrox-

ide (NaOH, purity ≥ 98%), and oligohyaluronic acid (oligo-

HA4 or tetrasaccharide (Tet), C28H44N2O23) were purchased

from Sigma-Aldrich (Saint-Quentin Fallavier, France).
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Hyaluronic acid, sodium salt, and Streptococcus pyrogenes

(HA, CAS 9067-32-7 – Calbiochem) were purchased from

Merck Millipore (Molsheim, France). Glacial acetic acid

(CH3COOH) and ammonia (NH4OH, 28%) were purchased

from VWR International (Fontenay-sous-Bois, France).

Biotinylated 4-sulfated (CS-A) and 6-sulfated (CS-C)

chondroitin tetrasaccharides, two original synthetic oligosac-

charides, were synthesized in our laboratory [41] and tested as

inhibitors of hyaluronidase activity.

Polyethylene glycol (PEG) 6000 was purchased from

Merck, USA. Hydrochloric acid (HCl) was purchased from

Fisher (Thermo Fisher Scientific Corp., USA). Potassium car-

bonate (Aldrich, USA), glycine (Aldrich, USA), cupric sulfate

pentahydrate (Merck, USA), and 2,9-dimethyl-1,10-

phenanthroline hemihydrate (neocuproine) were purchased

from Alfa Aesar (Thermo Fisher Scientific Corp., USA).

Quercotriterpenoside-I (QTT-I) or 23-O-galloyl arjungenin

28-O-β-glucopyranosyl with the molecular formula

C43H62O15 was isolated from an extract of Quercus petraea

wood using centrifugal partition chromatography fraction-

ation and high-performance liquid chromatography purifica-

tion according to the procedure described by Marchal and

coworkers [42].

Ultrapure water (18.2 MΩ-cm) was produced from an Elga

apparatus (Elga, Villeurbanne, France). Syringes and hydro-

philic polyvinylidenedifluoride (PVDF) Econo Syringe

Filters, pore size 0.2 μm, were purchased from Agilent, USA.

Solutions

All buffer solutions, with and without crowders, were freshly

prepared every day in ultrapure water. Then, their pH was

adjusted before being filtered and stored at 4 °C.

Buffers The incubation buffer (IB) was prepared by dissolving

the appropriate amount of sodium acetate in ultrapure water to

make a 2 mM solution and the pH was adjusted to 4.3 with

1 M glacial acetic acid. The background electrolyte (BGE) for

capillary electrophoresis was prepared by dissolving the ap-

propriate amount of ammonium acetate in ultrapure water to

make a 50 mM solution. The pH was adjusted to 8.9 with 1 M

ammonia.

Stock solutions Stock solutions of BTH, HA, EGCG, and

tetrasaccharide were prepared in the IB at a concentration of

10 mg mL−1 and diluted to the appropriate concentrations in

the same buffer. The enzyme stock solution was prepared at

10 mg mL−1 and then aliquots of 2 mg mL−1 were stored at −

20 °C. Stock solutions of CS-A and CS-C were prepared at

10mgmL−1 in ultrapure water and then diluted in the IB to the

appropriate concentration. QTT-I stock solutions were pre-

pared at 40 mg mL−1 in pure methanol and then diluted in

ultrapure water to the appropriate concentration.

Stock solutions of PEG 6000 were prepared by dis-

solving the appropriate amount in the IB to have 7%,

14%, and 25% (w/w) solutions in order to have a final

concentration in the reaction media equal to 5%, 10%,

and 17%, respectively. The pH of this mixture was ad-

justed to 4.3 with 1 M or 5 M of glacial acetic acid.

The solutions were then homogenized with the homog-

enizer 850 (Fisher Scientific, USA) seven times for

3 min at 11,000 rpm, with 1 min between cycles to

prevent overheating as optimized in our previous work

[9]. This step helps preventing the formation of aggre-

gates but no breakdown of PEG was observed as shown

by dynamic light scattering. The dimensions of the ho-

mogenizer probe were 7 mm × 115 mm. Finally, the so-

lutions were filtered through 0.2 CHROMAFIL Xtra

regenerated cellulose syringe filters (Macherey-Nagel,

Germany) and stored at − 20 °C before use.

Instrumentation and operating conditions

Neocuproine spectrophotometric assay

The assay was performed as described in the work of

Vercruysse et al. [22] with the exception of using potassium

carbonate instead of sodium carbonate. Briefly, two reagents,

named C and D in the work of Vercruysse, were prepared as

follows: 19.5 mg of neocuproine was dissolved in 10 mL of

ultrapure water followed by adding 1 M HCl until

neocuproine is dissolved (reagent C). To prepare reagent D,

521 mg of potassium carbonate, 160 mg of glycine, and

4.5 mg of cupric sulfate pentahydrate were dissolved in

10 mL of ultrapure water. Both reagents were stored at 4 °C.

In this assay, Cu2+ is reduced to Cu+ that binds to

neocuproine resulting in the shift of the absorption spectrum

of this compound. Reagent and sample volumes were opti-

mized in this study. Forty microliters of reagent C and

40 μL of reagent D were added to 20 μL of the reaction

mixture. After 12 min of incubation at 100 °C and cooling

down, 100–200 μL of water was added to the assay mixture.

Then, 200 μL of the mixture was pipetted on a 96-well plate.

The absorbance at 450 nm was measured with a Mithras plate

reader (Berthold, Germany).

Capillary electrophoresis analysis

All enzymatic reactions were conducted by off-line assays

based on the protocol previously developed by our laboratory

[17, 37, 40]. Bovine testes hyaluronidase (BTH) was chosen

since it is commercially available and presents a similar activ-

ity to that of the human hyaluronidase [43].

For all the reactions, unless otherwise stated, 35 μL

of incubation buffer or PEG solution was pre-incubated

with an appropriate volume of HA (10 mg mL−1) for
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10 min at 37 °C and then 5 μL of enzyme solution was

added to the reaction mixture, so that the final concen-

tration of the enzyme in the mixture was 0.2 mg mL−1.

Reactions were incubated at 37 °C for 180 min and

then stopped by increasing the temperature using a wa-

ter bath to 90 °C for 10 min. For the inhibition assay,

the reactions were carried out and stopped using the

same protocol described above. More precisely, 25 μL

of IB or PEG solution was pre-incubated with 10 μL of

HA and 10 μL of inhibitor before adding 5 μL of

enzyme. All reactions were carried out in duplicate.

The reaction mixtures were analyzed on a Beckman

P/ACE MDQ (AB Sciex, USA) CE apparatus equipped

with a photodiode array detector. The control of CE was

performed using the Beckman 32 karat software

(Beckman Coulter, USA). Uncoated fused silica capil-

lar ies purchased from Polymicro Technologies

(Phoenix, AZ, USA) were used. The total length of

the capillary was 57 cm (47 cm to the detector) with

50-μm inner diameter. The detection wavelength was set

at 200 nm (bandwidth 10 nm). New capillaries were

conditioned by performing the following rinsing cycles:

1 M NaOH (10 min), water (10 min), and BGE

(10 min). At the start of each working day, the capillary

was rinsed with 1 M NaOH (5 min), water (5 min), and

BGE (5 min), followed by applying + 15 kV (10 min)

[44]. Between the runs, the capillary was flushed with

NaOH (5 min), water (0.5 min), and BGE (3 min) to

ensure a good cleaning of the inner capillary surface. At

the end of each day, the capillary was rinsed with

NaOH (10 min) and water (10 min), both at 50 psi

and stored overnight in water at 25 °C. All rinse cycles

were carried out at 30 psi.

Electrokinetic and hydrodynamic injections were per-

formed from the anodic side of the capillary. The elec-

trokinetic injections were tested at different voltages. On

the other hand, the hydrodynamic injection conditions

were optimized to achieve consistency and comparabili-

ty. For both types of injection, the separation was per-

formed in normal polarity mode at + 15-kV separation

voltage. The corrected peak area (CPA), which is the

ratio of area over the migration time, was used as a

reliable mean for the quantification of different electro-

pherogram peaks. It is assumed that the absorbance

measured at 200 nm is proportional to the number of

dimeric motifs within the HA oligomer.

For inhibition assays, all inhibitors were tested at

1 mg /mL: (i) EGCG, a well-known inhibitor of hyal-

uronidase [37]; (ii) CS-A and CS-C, original synthe-

sized inhibitors previously assayed for their hyaluroni-

dase inhibition using CE by our laboratory [40]; and

(iii) quercotriterpenoside-I (QTT-I), a natural compound

we isolated from an oak wood extract [42]. For all

tested inhibitors, the percentage of inhibition was calcu-

lated according to Eq. 1.

%I ¼ 1−
Ax

A0

� �

� 100 ð1Þ

where Ax is the CPA of the tetrasaccharide product

formed in the presence of the inhibitor and A0 is the

CPA of the tetrasaccharide product formed in the ab-

sence of an inhibitor.

Results and discussion

Hyaluronidase activity was investigated in the absence and in

the presence of PEG 6000 using the conventional neocuproine

spectrophotometry technique as well as capillary electrophore-

sis (CE). The neocuproine assay enables the determination of

the total amount of reducing ends of HA hydrolysis by measur-

ing absorbance at 450 nm. CE allows the separation and the

quantitative detection of different products obtained after the

HA hydrolysis leading to a better understanding of BTH activ-

ity in a crowded environment and in the presence of inhibitors.

Capillary electrophoresis–based enzymatic assays

CE-UV was used to investigate the influence of PEG 6000 on

HA hydrolysis. Tests were conducted at different concentrations

of crowders, between 5 and 30%. The activity of hyaluronidase

was determined by following the formation of the tetrasaccharide

(Tet) fraction (oligo-HA4) which is the final product of HA hy-

drolysis by hyaluronidase. Our previously developed pre-

capillary CE assay was adapted and used for this study [17].

Firstly, the influence of PEG 6000 on the repeatability of the

injections into the capillary and on the electrophoretic separation

of the obtained products was evaluated. Secondly, the hyaluron-

idase activity was monitored in the presence of the crowder.

Optimization of injection

The addition of PEG 6000 to the reaction media will inevitably

increase its viscosity [45] which will result in inaccurate and

unreproducible injections of representative samples into the cap-

illary [13]. Consequently, being known to be well adapted for

viscous samples [44], electrokinetic injection was tested by ap-

plying 5, 10, and 15 kV (positive and negative polarities) for 5 s.

Hydrodynamic injection was also employed and optimized by

applying a pressure of 0.5 psi or 1.5 psi for 5 s (respectively

corresponding to 5 nL and 15 nL when using dilute solutions

with a viscosity comparable to water according to Poiseuille

equation). The hyaluronidase activity was assessed in the ab-

sence of PEG and in its presence at 10 and 17%. Working with

higher concentrations of PEG (25% and 30%) was excluded
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because the high viscosity of the solutions prevented an accurate

preparation of the incubation media (pipetting issues for exam-

ple). The influence of the crowders on the injection quality was

evaluated at different concentrations of HA between 0.1 and

1.2 mg mL−1. Other conditions were similar to those presented

above. The CPA value of the tetrasaccharide product peak was

monitored in the different conditions.

Using the electrokinetic injection, the detected peaks were of

low intensity and poor CPA repeatability even in the absence of

the crowding agent. These results indicate that this approach is

not suitable for the injection of the hyaluronidase reaction mix-

ture. Indeed, it is known that the electrokinetic injection is less

suitable for anions since it depends on the magnitude of the

electrophoretic mobilities comparedwith the electroosmotic flow

(EOF). When performing hydrodynamic injections at 0.5 psi for

5 s, results were not repeatable in the presence of PEG 17%.

Using 1.5 psi for 5 s ensured good repeatability of the CPA of

the tetrasaccharide peak for the different substrate concentrations.

However, when the HA concentration was higher than

0.5 mg mL−1, the CPA values decreased in the presence of

PEG at 17%. This is due to the high viscosity of the injected

reaction media engendered by the presence of both polymers,

PEG and the HA at high concentrations.

Based on these results, the hydrodynamic injection was

fixed at 1.5 psi for 5 s for the rest of the study.

Influence of PEG on the electrophoretic separation
of reaction products

The electropherograms recorded in the presence of PEG 6000

show that the overall separation is not affected by the presence

of PEG regardless of its concentration (Fig. 1). Nevertheless,

the peaks are wider and less intense, and the analysis time

increases with the increase of PEG concentration. More pre-

cisely, the EOF decreased from 4.38 × 10−4 cm2V−1 s−1 at 0%

of PEG to 4.08 × 10−4 cm2 V−1 s−1 at 10% PEG to reach

3.82 × 10−4 cm2 V−1 s−1 at 17% PEG. This corresponds to a

decrease of the electroosmotic flow of 6.8% and 12.8% in the

presence of 10% and 17% PEG, respectively. This decrease of

μeof may be associated to the relatively high viscosities of the

analyzed samples and a possible non-covalent neutral coating

of the inner capillary wall formed by hydrogen interactions

between PEG and the silanol groups. However, this coating is

known to be unstable when using an alkaline BGE, such as

pH 8.9 in this study [44, 46, 47]. On the other hand, the

migration time of the substrate HA also increases in the pres-

ence of PEG. The electrophoretic mobilities of HA (μeph) in

the absence of PEG was 2.16 × 10−4 cm2 V−1 s−1. Adding

10% PEG had a negligible effect on μeph (2.13 ×

10−4 cm2 V−1 s−1) while adding 17% PEG caused a decrease

of 6.9% of the μeph (2.01 × 10−4 cm2 V−1 s−1). These results

suggest that HA interacts with higher concentrations of PEG,

which changes the charge-to-size ratio of HA and hence its

apparent mobility.

Enzymatic assays in the presence of PEG

A series of enzymatic assays were conducted at standard con-

ditions and in the presence of PEG 6000, at 10% and 17%.

The separation of hydrolysis products at different concentra-

tions of HA between 0.1 and 1.0 mg mL−1 was carried out by

CE-UV. Assays were conducted using the previously

Fig. 1 Electropherograms of HA hydrolysis by hyaluronidase at different

concentrations of HA at 0% PEG (a), 10% PEG (b), and 17% PEG (c).

Reaction mixture in IB: 0.2 mg mL−1 hyaluronidase and HA (0.1 to

1.18 mg mL−1). Incubation at 37 °C for 180 min. IB: 2 mM sodium

acetate (pH 4.3). Blank assay conducted in the absence of

hyaluronidase in the reaction mixture. Electrophoretic separation

conditions: BGE: 50 mM ammonium acetate (pH 8.9); anodic injection:

1.5 psi for 5 s; separation: + 15 kVat 25 °C; detection: λ = 200 nm; rinse

between analyses at 30 psi: 5 min NaOH (1 M), 0.5 min water, and 3 min

BGE; bare-silica capillary: 57 cm total length, 47 cm detection length,

50 μm i.d. Peak identification: electroosmotic flow (EOF) and

tetrasaccharide (Tet)
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optimized conditions (incubation time of 180 min at 37 °C).

The quantity of the three main products obtained by HA hy-

drolysis, viz. Tet, hexasaccharide (Hex, n = 6), and

octasaccharide (Oct, n = 8), was evaluated by monitoring their

CPAs. The CPA of dimeric (Dim) species during these analy-

ses was zero or negligible to be analyzed here. The relative

evolution of species concentrations in the absence of PEG

(Fig. 2a) shows that Tet, a hydrolysis product that cannot be

hydrolyzed further, is the major species at low HA concentra-

tions, since higher oligomers have been already degraded. The

evolution of CPA of Tet indicates that the hydrolysis rate in-

creases up to ~ 0.3 mgmL−1 of HA and significantly decreases

for higher substrate concentrations whereas Hex and Oct in-

termediates are still detected in the solution. This observation

can be related to the inhibition of BTH at high substrate con-

centrations, presumably due to the formation of an electrostat-

ic BTH-HA complex. Indeed, Lenormand et al. [48] have

shown that the main reason of a reduced BTH activity when

the substrate concentration increases was the formation of an

inactive form of BTH due to its complexation with the HA. To

confirm this observation, the authors have used BSA (bovine

serum albumin) to complex the HA. The formation of the

novel HA-BSA complex liberates the enzyme as observed

by a resurgence of its activity. Moreover, the increasing vis-

cosity at high HA concentration of 1 mg mL−1 would be

suspected to diminish the available water (binding water).

Water plays a major role in the hydrolytic event since the

enzymatic breakdown of HA involves both HA and water.

However, a very recent study [49] showed using near-

infrared (NIR) spectroscopy that HA actively interacts with

water and the difference in interaction with water at 0.1 and

1 mg mL−1 of HAwas not significant.

The addition of PEG 6000 into the reaction mixture

globally slows down the HA degradation as shown by the

levels of short oligomers in Fig. 2b and c, especially in the

presence of 10% PEG. While the HA is almost completely

hydrolyzed for total concentrations below ~ 0.3 mg mL−1

independent of crowder concentration, the total amount of

shorter oligomers decreases at higher concentrations of HA

in a similar fashion for the three PEG concentrations (Fig.

2d), although the system with 10% PEG is more affected

than the one with 17%. This global evolution presumably

points out to the combination of (i) the inhibition by excess

HA described above and (ii) non-specific interactions of

the enzyme with PEG hindering its activity and/or the dim-

inution of the enzyme/substrate diffusion coefficient in the

crowded reaction media. The increase of the total viscosity

was described by Han and coworkers and reviewed by

Mittal and coworkers [45, 50]. The partial recovery of

BTH activity at higher HA concentrations and 17% PEG

may possibly occur due to an increase of the effective en-

zyme concentration, when the enzyme is released from the

BTH-HA complex being in competition with PEG, or by

the excluded volume effect [48].

a b

c d

Fig. 2 Corrected peak area (CPA) values obtained by CE for

tetrasaccharide (Tet), hexasaccharide (Hex), and octasaccharide (Oct) to

monitor the influence of different concentrations of PEG 6000 on hyal-

uronidase activity: 0% (a), 10% (b), and 17% (c). The total CPAs of short

oligosaccharides obtained as the sum of CPAs for Tet, Hex, and Oct

species detected and quantified during a single CE run are presented in

(d). Incubation time: 180 min. Other conditions: Fig. 1. The dashed lines

in the figures are guide for the eye
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The overall HA degradation by BTH in the absence and in

the presence of PEG at 10% and 17%was evaluated in parallel

with the neocuproine assay (Fig. 3a). It appears that the total

number of reducing ends increases up to ~ 0.3 mgmL−1 of HA

with a little influence by PEG, in agreement with the concen-

tration evolution of short oligomers evaluated by CE-UV.

However, for higher HA concentration, the total amount of

oligomers is much lower in the presence of PEG, which sug-

gests the effective inhibition of the enzyme. The apparent vmax

fitted according to the Michaelis-Menten kinetics decreases in

the presence of 10% PEG (dotted lines in Fig. 3a), while the

decrease is moderate at 17% PEG.

The speciation of HA oligomers with the time course

HA degradation by the BTH activity was investigated, at

37 °C, over a long incubation time at two fixed substrate

concentrations of 0.3 mg mL−1 and 1 mg mL−1, respectively,

which represents one low and one high substrate concentra-

tions according to different reaction modes discussed above.

Again, the experiments were carried out in the media without

PEG and at two concentrations of PEG (10% and 17%). The

electrophoretic separation allows to plot the CPA of each olig-

omer vs. incubation time. Results are presented in Fig. 4 for

[HA] at 0.3 mg mL−1 and in Electronic Supplementary

Material (ESM) Fig. S1 for [HA] at 1 mg mL−1.

The speciation diagrams at 0.3 mgmL−1 (Fig. 4a–c) show a

rapid and successive disappearance of oligomeric species.

After ~ 15 min, the mixture contains only short separated olig-

omers (up to ~ 20–30 monomeric units) depending on the

PEG concentration. These species reach their maximum level

at some point and start to be hydrolyzed relatively rapidly. At

short oligomer length, HA fragments become worst substrates

for the BTH enzyme and their degradation is slower [28]. The

HA degradation is additionally slowed down in solutions with

PEG and this effect is more pronounced at 10% PEG com-

pared with 17% PEG. After ~ 60–100 min of incubation, the

CE separation of all three mixtures shows only five detectable

low molecular weight oligomers (Dim, Tet, Hex, Oct, and

Dec). While Oct and Dec decay relatively rapidly, the Hex

species accumulates and then degrades slowly into the final

products Tet and, to a lesser extent, Dim. When the effect of
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Fig. 3 Neocuproine spectrophotometric assay of the hydrolysis of HA by

hyaluronidase at different concentrations of HA incubated for 180 min

(the trends correspond to hyperbolas supposing Michaelis-Menten kinet-

ics) (a); the evolution of total absorbance with time at 0.3 mg mL−1 HA

(b) and at 1 mg mL−1 (c). Latter fits correspond to a simple exponential

increase. The recovered samples were diluted 1.5 times for (b) and 4

times for (c). Other conditions: see experimental section (“Neocuproine

spectrophotometric assay”)
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PEG on the evolution of Tet is followed by checking the

linearity zone (Fig. 5), it can be seen that the initial slope is

reduced by a factor of 5 in the presence of 10% PEG and only

by a factor of 2 in the presence of 17% PEG. Moreover, the

formation of Tet product proceeds at a rate which is linear with

time for 200 min in the absence of PEG (r2 = 0.9992). In the

presence of 10%PEG, the linearity zone is larger by a factor of

1.5 (300 min, r2 = 0.9971), while in the highly crowded media

(17% PEG), the linearity is reduced to only 150 min. This is

probably due to the high viscosity of the media, the interaction

between PEG and the HA, as well as the increase of the local

enzymatic concentration [51].

Similar speciation studies have been performed at a high

HA concentration (1 mg mL−1) (ESM Fig. S1). The reaction

mixtures were continuously followed for 7 h. The control

analyses were done after 23 and 24 h after mixing. In this case,

the peak distribution and the quantity of species for 17% PEG

are rather close to those for 10% PEG and clearly different in

comparison with the reaction without PEG. The evolution of

oligomeric species (CPA ~mass concentration mgmL−1) with

Fig. 5 CPAvalues of tetrasaccharide obtained by CE at a range of incubation time (15 to 300 min) (a) and the linear portion of the reaction (15–150 min)

(b). HA concentration: 0.3 mg mL−1. Other conditions: Fig. 1

a b

c d

Fig. 4 Evolution of oligosaccharide species resulting from HA

degradation ([HA] = 0.3 mg mL−1) at different PEG concentrations: 0%

(a); 10% (b); 17% (c). Relative molar concentration C of low molecular

weight oligomers (n = 2, 4, 6, 8, and 10; C =∑cn) with time (d), as

estimated from their individual CPA (for CE conditions, see Fig. 1).

The dashed lines in the figures sare guide for the eye
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incubation time is shown in ESM Fig. S1 for three PEG con-

centrations. The reactions at [HA] = 1 mg mL−1 show a sim-

ilar degradation scheme to that of [HA] = 0.3 mg mL−1 al-

though the species evolve over a much longer duration. This

effect could be correlated to a lower free concentration of

BTH available for the reaction [48]. Concerning the effect of

PEG, the obtained speciation data are similar and in agreement

with the observations made for [HA] = 0.3 mg mL−1, where

both PEG solutions inhibit the reaction, with 10% PEG having

a stronger effect. The evolution of the total molar concentra-

tions of shorter oligosaccharides determined with CE is rep-

resented in Fig. 4d and ESM Fig. S1 d, respectively. The

emergence of these species in PEG-containing solutions is

clearly delayed and globally much slower with respect to un-

crowded conditions.

The determination of the total amount of reducing ends

with the neocuproine assay shows the expected exponential

increase with time (Fig. 3b, c). For the reactions with

0.3 mg mL−1, the kinetic curves at all conditions (0% PEG,

10% PEG, and 17% PEG) have similar shapes. The hydrolysis

is faster in the absence of PEG and the fitted global rates are

0.028 min−1, 0.022 min−1, and 0.026 min−1 for 0, 10, and 17%

PEG, respectively. Because of some uncertainty concerning

the last point (ESM Fig. S1), the kinetic curves at 1 mg mL−1

HA were satisfactorily fitted up to 420 min to give the rates

0.0098 min−1, 0.0056 min−1, and 0.0060 min−1 s−1 for 0, 10,

and 17% PEG, respectively. These reaction rates are about 3–5

times lower compared with [HA] = 0.3 mg mL−1. This differ-

ence is tentatively attributed to the inhibition effect at a high

substrate concentration combined with the effect of crowding

that slows down the release of hydrolysis products and simul-

taneously favors species recombination.

Influence of PEG concentrations on the inhibition
of hyaluronidase

Four inhibitors of hyaluronidase were evaluated in the pres-

ence of 10% PEG in order to simulate a complex cellular/

extracellular matrix. The first tested inhibitor was the EGCG

since it is a well-known natural reference inhibitor of hyal-

uronidase (IC50 = 0.03 mg mL−1) [37]. Secondly, an original

natural molecule extracted from oak wood used for wine ag-

ing [42] was also tested for the first time. Finally, we tested

two original synthesized inhibitors (see Experimental section),

4- and 6-biotinylated chondroitin tetrasaccharides (CS-A and

CS-C), previously revealed to be efficient inhibitors of hyal-

uronidase by our laboratory: IC50 = 1.46 and 2.1 mg mL−1,

respectively [40]. For comparison, all four inhibitors were

tested at the same concentration of 1 mg mL−1 in the reaction

mixture. The obtained results are summarized in Table 1 and

show that the referenced inhibitor, EGCG, lost 69% of its

inhibition effect when 10% PEG was added to the reaction

media. If the effect of the presence of PEG is subtracted from

the total inhibition—which is around 20% of inhibition—the

inhibition of hyaluronidase by EGCG in the presence of 10%

PEG would be around 11%. In other terms, the inhibition

effect of EGCG is almost insignificant in a crowded medium.

The same result was observed with the purified natural com-

pound, QTT-I. This compound has been identified as a natural

sweetener in wine. However, its biological effect has not been

assessed yet. In this study, this compound was identified for

the first time as a relevant inhibitor of the hyaluronidase in the

absence of PEG. However, it lost 60% of its effect in the

presence of 10% PEG, which corresponds to a null inhibition

if the effect of PEG on hyaluronidase activity is subtracted.

Remarkably, inhibition of CS-A and CS-C was increased in

the presence of 10% PEG by a factor of 2.2 and 1.5, respec-

tively. This increase may be correlated to the results obtained

in our previous study where CS-A had higher inhibition

(IC50 = 1.46 mg mL−1) than CS-C (IC50 = 2.21 mg mL−1).

Nevertheless, if we subtract the contribution of PEG, CS-A

inhibition was slightly increased whereas the effect of CS-C

remained constant (Table 1).

The effect of PEG 6000 on hyaluronidase inhibitors is most

likely due to its interaction with the tested inhibitors. On the

one hand, EGCG and QTT-1 have comparable neutral poly-

cyclic structures that probably interact significantly with PEG

and lead to the loss of their inhibition potential. On the other

hand, the larger and negatively charged molecules CS-A and

CS-C (1406 g mol−1) have a linear scaffold probably involv-

ing weak interactions with PEG, which does not affect (or

only slightly) their inhibition potential. Such linear inhibitors

will bind to the BTH active sites, partially hindered by PEG or

HA, more efficiently than EGCG.

Conclusions

For the first time, the activity of hyaluronidase was assessed

in vitro under crowding conditions using conventional

neocuproine spectrophotometry and high-performance capil-

lary electrophoresis. The first technique allows one to deter-

mine the overall quantity of oligomeric species and requires

no specific optimizations. CE on the other hand has demon-

strated to be a powerful technique to follow hyaluronidase

activity under different experimental conditions after appro-

priate optimizations. CE provided an accurate and quantitative

detection of the individual products of HA degradation, which

warrants a more detailed survey of the hyaluronidase activity.

The kinetic studies show that the initial fast hydrolysis of

HA of relatively high molecular weight substrates is followed

by slower reactions involving shorter-length substrate chains,

in agreement with previous observations [52]. The CE sepa-

ration of oligomers containing up to 16 monomers clearly

evidences a sequential degradation of low molecular weight

substrates in agreement with the fact that the stability of the
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active BTH-substrate complex decreases with the substrate

length [28]. The speciation at the late stage of hydrolysis is

reminiscent to the observations made by other authors for the

degradation of short oligomers (Dec, Oct, Hex, and Tet) as

starting substrates [47, 52, 53]. Indeed, the tetramers and di-

mers are accumulated as the final products of the hexamer

slow cleavage, since Hex acts as the shortest but the worst

substrate of the BTH.

The activity of BTH depends on the PEG concentration in

the reaction media. Indeed, the presence of PEG crowding

clearly results in slowing down of the global kinetics com-

pared with standard diluted conditions. This is attributed to a

combination of two inhibiting contributions as supported by

our recent work [9]: (i) a non-specific interaction of PEG with

the BTH-substrate complex and (ii) hindrance of product re-

lease from the BTH binding sites during the substrate cleavage

and pushing toward the species recombination. Consequently,

the reverse reaction, i.e., transglycosylation, is favored in the

presence of PEG, and even more for short-length substrates

[28]. It turns out that the overall degradation rate decreases,

especially for the rate-limiting cleavage of Hex. It is evident

that the presence of PEG definitively influences the subtle

balance between hydrolysis and transglycosylation, both cat-

alyzed by BTH. A stronger inhibition systematically occurs

for 10% PEG comparing with 17%, but it was not possible to

trace back the origin of this difference from our data. In addi-

tion, at high HA concentrations, the BTH activity is reduced

by the substrate inhibition, which decreases the molar fraction

of the free enzyme available for the catalysis [48]. This is

compatible with much slower kinetics at 1 mg mL−1 of HA,

where the degradation mechanism remains similar to that ob-

served at lower HA concentrations.

More interestingly, the inhibition of hyaluronidase by

natural and synthetized compounds is affected by the

presence of crowders, depending on the inhibitors’

structure and their ability to interact with PEG. EGCG

and QTT-1, both of which are neutral and relatively

small and compact molecules, lost their influence on

hyaluronidase in the presence of 10% PEG. The original

synthesized inhibitors, CS-A and CS-C, which are

charged linear compounds were affected differently and

did not lose their inhibition potential. This promotes

these compounds to be used as potential in vivo inhib-

itors of hyaluronidase.

Accordingly, our results confirm the importance of design-

ing novel assays that would include mimicking the cellular

environment for the development of new therapeutic drugs

or cosmetic products screening. The effect of crowded media

on enzyme activity is difficult to predict in a systematical

manner, but crowding should be definitively included among

the key factors to be considered for the development of reli-

able inhibitors of hyaluronidase. With the speciation data in

hand, we intend to develop, in the near future, a global kinetic

model for better understanding of the relevant molecular reac-

tion mechanism.
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