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Abstract

A spectrophotometric assay for the determination of horseradish peroxidase (HRP) in aqueous
solution with p-phenylenediamine (PPD, benzene-1,4-diamine) as electron donor substrate and
hydrogen peroxide (H»O5) as oxidant was developed. The oxidation of PPD by HRP/H,0, leads
to the formation of Bandrowski’s base ((3£,6 £)-3,6-bis[(4-aminophenyl)imino]cyclohexa-1,4-
diene-1,4-diamine), which can be quantified by following the increase in absorbance at 500 nm.
The assay was applied for monitoring the activity of HRP inside ~180 nm-sized lipid vesicles
(liposomes), prepared from POPC (1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine) and
purified by size exclusion chromatography. Because of the high POPC bilayer permeability of
PPD and H,0,, the HRP-catalyzed oxidation of PPD occurs inside the vesicles once PPD and
H,0, are added to the vesicle suspension. In contrast, if instead of PPD the bilayer-impermeable
substrate ABTS27(2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonate)) is used, the oxidation of
ABTS?Z inside the vesicles does not occur. Therefore, using PPD and ABTS2™ in separate assays
allows distinguishing between vesicle-trapped HRP and HRP in the external bulk solution. In this
way, the storage stability of HRP-containing POPC vesicles was investigated in terms of HRP
leakage and activity of entrapped HRP. It was found that pH 7.0 suspensions of POPC vesicles
(2.2 mM POPC) containing on average about 12 HRP molecules per vesicle are stable for at least
1 month without any significant HRP leakage, if stored at 4 °C. Such high stability is beneficial
not only for bioanalytical applications but also for exploring the kinetic properties of vesicle-
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entrapped HRP through simple spectrophotometric absorption measurements with PPD as a
sensitive and cheap substrate.

Horseradish peroxidase (HRP, EC 1.11.1.7) is a well-known heme-containing enzyme which
is widely applied in bioanalytics, organic synthesis, and wastewater treatment.1-7 Following
the oxidation of the heme group of HRP by added hydrogen peroxide (H,05), the oxidized
forms of HRP, compounds | and |1, can oxidize relatively unspecifically a variety of different
aromatic substrates. Some of these substrates can be applied for the spectrophotometric
quantification of HRP. Basically, there are only two requirements for serving as
chromogenic HRP substrate: (i) the absorption spectrum of the product(s) obtained must
differ significantly from the absorption spectrum of the substrate and (ii) conditions must
exist at which for a fixed H,O, concentration the initial rate of substrate oxidation results in
absorbance changes which depend (in the ideal case linearly), within a certain HRP
concentration range, on the HRP concentration. These requirements are fulfilled, for
example, in the case of ABTSZ™ (2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonate)), which
can be analyzed at 414 nm (formation of the radical anion ABTS""),8,9 or o
phenylenediamine (OPD, benzene-1,2-diamine), which is analyzed at a wavelength, A, of
417 nm (formation of 2,3-diaminophenazine).10,11

The aim of the work was to explore the possibility of using p-phenylenediamine (PPD,
benzene-1,4-diamine) as a chromogenic substrate of HRP for analyzing HRP entrapped in
the aqueous interior of lipid vesicles (liposomes). The lipid we used was POPC (1-
palmitoyl-2-oleoyl-smglycero-3-phosphocholine), and the aqueous solution with which the
vesicles were formed, was a 50 mM potassium phosphate buffer of pH 7.0. Although PPD
has already been, and is being, used as chromogenic substrate for determining the activity of
ceruloplasmin, a multifunctional copper-containing protein,12-14 PPD was only scarcely
applied as substrate of heme peroxidases, such as HRP,15 lactoperoxidase,16 or tomato
peroxidase.17 For the purpose of our work with HRP-encapsulating POPC vesicles at pH
7.0, however, we considered PPD to have certain advantages over, for example, ABTS2~
since PPD is a small molecule, uncharged at neutral pH and partially hydrophobic, but still
water-soluble, and expected to be able to permeate across POPC bilayers. We thought that
after adding H,0, and PPD to a suspension of HRP-containing vesicles it is likely that both
H,0,18 and PPD permeate relatively unhindered across the lipid bilayer of the vesicles so
that they can reach the entrapped HRP and then react with it: oxidation of PPD and
appropriate follow-up reactions. In this way the activity of the enzyme might be measurable
spectrophotometrically inside intact vesicles without using fluorogenic substrates, therefore
simplifying the analysis. This indeed turned out to be the case.

We first reinvestigated the use of PPD as chromogenic substrate for HRP and optimized the
conditions so that low amounts of HRP can be quantified reliably by following the formation
of the reaction product with absorption around 500 nm, which originates from Bandrowski’s
base (Figure 1).19-22

In a second step of the work, we prepared HRP-encapsulating POPC vesicles with average
diameters of about 180 nm and investigated the stability of the entrapped HRP and its
possible leakage from the vesicles during storage at 4 °C by using in addition to the PPD
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method also the established spectrophotometric assay with ABTS2~ (membrane
impermeable). Knowing the storage stability of HRP-containing vesicles is an important
requirement for their considerations in bioanalytical applications,23-32 as biomaterials,33
and possibly as HRP nanoreactors for biomedical applications,34 as suggested for vesicles
prepared from amphiphilic block copolymers (polymersomes),35-37 or as sensory model
compartment system and for fundamental studies of enzymes in volume-confined systems.

Experimental Section

Materials

PPD (p-phenylenediamine, 1,4-diaminobenzene, purum, > 99%), the diammonium salt of
ABTS?Z™ (2,2’ -azino-bis(3-ethylbenzothiazoline-6-sulfonate)), cholic acid sodium salt
(=99%), Sepharose 4B, chloroform (stabilized with ethanol, 99.8%), ammonium thiocyanate
(NH4SCN, =99%), KH,PO4 (puriss p.a.), and KoHPO,4 (=98%) were purchased from
Sigma-Aldrich. POPC (1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine) was from
Sigma-Aldrich (=299%). Hydrogen peroxide (H,0,, 35%) and ferric chloride hexahydrate
(FeCls- 6H,0, =99%) were from Acros Organics; NaH,PO,4 (=98%) and methyl-t-butyl
ether (MTBE, = 99%) were from Fluka. All chemicals were used as obtained with the
exception of PPD, which was purified by crystallization as follows. The slightly purple PPD
product was first completely dissolved in ethanol (EtOH) by heating to 90 °C in an oil bath,
followed by recrystallization in an ice bath. The obtained pink flocculent PPD crystals were
then dissolved in benzene at 85 °C, followed by recrystallization at room temperature. The
purified flocculent PPD crystals were snow-white and stored at room temperature in a brown
bottle /n vacuo before use. HRP (Horseradish peroxidase isoenzyme C, product code
PEO-131, grade I, 278 U/mg, lot 2131616000, RZ (= A4g3/A2g0) > 3.1) was from Toyobo
Enzymes (Japan), purchased through Sorachim SA, Switzerland. The HRP concentration
was determined spectrophotometrically using 403 = 1.02 x 10° M~ cm™1 as the molar
absorption coefficient.38

Buffer Solutions

Two different buffer solutions were used. Buffer-1: 100 mM sodium phosphate, pH 7.0,
prepared by dissolving NaH,POy4 in Milli-Q water, followed by pH adjustment with 2 M
NaOH. Buffer-2: 50 mM potassium phosphate, pH 7.0, prepared from 61.5 mL of 1 M
KH,PO,4 and 38.5 mL of 1 M KoHPOy, filled up to 1 L with Milli-Q water.

UV-Visible Spectrophotometers

Absorption measurements in the ultraviolet (UV) and visible (vis) region of the spectrum
were recorded at ~25 °C with a Specord S 600 diode array instrument from Analytik Jena
AG, Germany. For determining the HRP concentration in small volumes (below 0.1 mL), a
NanoDrop ND1000 instrument from Thermo Fisher Scientific was used (about 5 gL
required).

Anal Chem. Author manuscript; available in PMC 2017 November 11.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zhang et al. Page 4

Mass Spectrometry (MS) Analysis

The MS analysis was carried out by the MS service of the Laboratory of Organic Chemistry
at the Department of Chemistry and Applied Biosciences at ETH, using electrospray
ionization (positive mode).

Sensitive Quantification of HRP in Bulk Aqueous Solution with PPD and H>0-

A HRP stock solution was prepared by dissolving 3.4 mg of HRP powder in 1 mL buffer-1,
yielding 57.20 xM HRP (spectrophotometrically determined). This solution was further
diluted two times (1:399, v/v) with buffer-1 to yield 357.5 pM HRP. This diluted solution
was used within 1 day after preparation. A H,O5 stock solution (20 mM) was prepared by
appropriate dilution with deionized water of a 35 wt % aqueous H,0, solution (11.6 M). For
each series of reactions, a PPD stock solution (40 mM) was freshly prepared by dissolving
4.32 mg of PPD in 1 mL of buffer-1.

The activity measurements were carried out at 25 °C in a 1 cm quartz cuvette (from Hellma).
The changes in the absorption spectrum were recorded as a function of time. For each
reaction, between 0 and 279.7 yL of the HRP stock solution was first added to 678.8-958.5
L of phosphate buffer solution (pH 7.0) to yield a total volume of 958.5 /1. After the
addition of 37.5 L of the 40 mM PPD stock solution, the reaction was initiated by the
addition of 4.0 £ of the 20 mM H,0, stock solution, followed by a quick gentle shaking.
Briefly, for assaying HRP in a concentration range between 10 and 100 pM at 25 °C, the
following reaction conditions were found to be appropriate: [PPD] = 1.5 mM, [H,0,] = 80
UM. The reaction was monitored every minute for the first 30 min after H,O, addition. One
example for the first 10 min is shown in Figure 2. A plot of Agqg (the absorbance at the
isosbestic point, Ajgo) Vs time showed that for 10-100 pM HRP the increase in Aggg with
time is linear during the first 10 min (Figure S-1). Therefore, Asgg measured after 10 min
was used for preparing a calibration curve with known amounts of HRP (Figure 3).

Preparation of HRP-Encapsulating Large Unilamellar POPC Vesicle (LUV5qg) Suspensions

HRP-containing POPC vesicles were prepared by first hydrating a dry POPC film with an
aqueous HRP solution, followed by polycarbonate membrane extrusion39 and size exclusion
chromatography.40,41 Details of the preparation steps are given in the Supporting
Information, illustrated in Figure S-2.

DLS Analysis of the Vesicle Fractions

Dynamic light scattering (DLS) measurements were carried out with a ZetaSizer Nano from
Malvern by using disposable polystyrene semimicro cuvettes from BRAND with a path
length of 1 cm.

Quantification of POPC in the Vesicle Fractions

The Stewart assay was employed to determine the POPC content of the vesicle fractions,
42,43 see the Supporting Information and Figure S-3.
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Solubilization of POPC LUV5qo with Sodium Cholate

The addition of sodium cholate to HRP-encapsulating POPC LUV qq leads to a
transformation of the vesicles into mixed POPC-cholate vesicles and mixed cholate-POPC
micelles,44 with a concomitant HRP release. For finding a suitable minimal amount of
cholate for solubilizing the vesicles, POPC vesicles were prepared in the same way as
described above but without HRP in the hydration solution (including extrusion and size
exclusion chromatography). The main chromatographic fraction of this “empty” POPC
LUV preparation (fraction 17) was then exposed to different cholate concentrations, and
the turbidity was measured between 400 and 600 nm, see Figure S-4a. A cholate
concentration of 8.0 mM was found to reduce the turbidity to baseline level with a HRP
activity decrease of about 10%, see the Supporting Information (Figure S-4b).

HRP Activity of the Vesicle Fractions Measured with ABTS27/H,0,

Stock Solutions—The stock solutions were made as follows: ABTS2~, 10 mM in buffer-2
(freshly prepared); H,O5,, 20 mM in buffer-2 (freshly prepared); and sodium cholate, 200
mM in buffer-2.

Calibration Curves with Free HRP—Two calibration curves were prepared: (i) without
sodium cholate and (ii) with 8.0 mM sodium cholate, see the Supporting Information (Figure
S-5).

Intact HRP-Encapsulating Vesicles (No Cholate Addition)—A volume of 100 zL
of the ABTS2~ stock solution was added to 880 sl of buffer-2, followed by addition of 10
L of vesicle fraction. The reaction was started by adding 10 wL of the H,O5 stock solution.
Total volume: 1.0 mL, [ABTS%7] = 1.0 mM, [H205] = 0.2 mM, 25 °C. The absorption
spectrum was recorded every 15 s for the initial 150 s. As an example, the changes in the
spectrum caused by the addition of vesicle fraction 16 are shown in Figure S-6a.

Solubilized HRP-Encapsulating Vesicles (After 8.0 mM Cholate Addition)—A
volume of 100 /i of the ABTS?~ stock solution was added to 840 L of buffer-2, followed
by addition of 10 s of vesicle fraction and 40 £ of cholate stock solution. The reaction
was started by adding 10 L of the H,0, stock solution. Total volume: 1.0 mL, [ABTS] =
1.0 mM, [cholate] = 8.0 mM, [H20,] = 0.2 mM, 25 °C. The absorption spectrum was
recorded every 15 s for the initial 150 s. As an example, the changes in the spectrum caused
by the addition of vesicle fraction 16 are shown in Figure S-6b.

Initial ABTS2~ Oxidation at Fixed HRP and H,0, and Variable ABTS2~ Concentrations
(“Michaelis-Menten Kinetics”)

The initial rate of ABTS2™ oxidation was measured in buffer-2 with 1.0 nM HRP, 0.2 mM
H,0,, and ABTS2~ concentrations varying between 0.05 and 1.80 mM (Figure S-7). The
reactions were carried out in a similar way as described above. The initial rate was
determined from the slope of the A414 Vs time curve during the first 100 s after starting the
reaction by H,O, addition. The experimental data were fitted with the Michaelis—Menten
equation by using the OriginPro software (version 8.5.0. SR1, from OriginLab Corporation).
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HRP Activity of the Vesicle Fractions Measured with PPD/H,0-

Compared to the elaborated conditions for the quantification of HRP with PPD in bulk
aqueous solution (see above and Figures 2 and 3), the assay conditions were adjusted for the
same type of buffer (buffer-2) and for the same substrate concentration as used for the
activity measurements with ABTS2~, i.e., 1.0 mM PPD and 0.2 mM H,0,.

Stock Solutions—The stock solution were made as follows: PPD, 10 mM in buffer-2
(freshly prepared); H,O5, 20 mM in buffer-2 (freshly prepared); sodium cholate, 200 mM in
buffer-2.

Calibration Curves with Free HRP—Two calibration curves were prepared: (i) without
sodium cholate and (ii) with 8.0 mM sodium cholate, see the Supporting Information (Figure
S-8).

Intact HRP-Encapsulating Vesicles (No Cholate Addition)—A volume of 100 zL
of the PPD stock solution was added to 880 gL of buffer-2, followed by addition of 10 /L of
vesicle fraction. The reaction was started by adding 10 wL of the H,O5 stock solution. Total
volume: 1.0 mL, [PPD] = 1.0 mM, [H,05] = 0.2 mM, 25 °C. The absorption spectrum was
recorded every 15 s for the initial 150 s. As an example, the changes in the spectrum caused
by the addition of vesicle fraction 15 are shown in Figure S-9a.

Solubilized HRP-Encapsulating Vesicles (after 8.0 mM Cholate Addition)—A
volume of 100 gL of the PPD stock solution was added to 840 yi of buffer-2, followed by
addition of 10 s of vesicle fraction and 40 gL of the cholate stock solution. The reaction
was started by adding 10 4L of the H,0, stock solution. Total volume: 1.0 mL, [PPD] = 1.0
mM, [cholate] = 0.2 mM, [H,0,] = 0.2 mM, 25 °C. The absorption spectrum was recorded
every 15 s for the initial 150 s. As an example, the changes in the spectrum caused by the
addition of vesicle fraction 15 are shown in Figure S-9b.

Initial PPD Oxidation/Trimerization at Fixed HRP and H,0, and Variable PPD
Concentrations

The initial rate of the formation of Bandrowski’s base from PPD was measured in buffer-2
with 0.5 nM HRP, 0.2 mM H,0,, and PPD concentrations varying between 0.05 and 1.50
mM (Figure 4). The reactions were carried out in a similar way as described above. The
initial rate of formation of Bandrowski’s base was determined from the slope of the Aggg
time curve recorded during the first 100 s after starting the reaction by H,O, addition. The
experimental data were fitted with the Michaelis—Menten equation by using the OriginPro
software mentioned above.

Results and Discussion

Optimal Assay Conditions for Quantifying Low Amounts of HRP in Bulk Solution with PPD

The following conditions were found to be ideal for quantifying picomolar concentrations of
HRP with PPD in aqueous solution: 1.5 mM PPD, 80 xM H,05, pH 7.0 (100 mM sodium
phosphate buffer buffer-1), 25 °C, 10 min reaction time, see Experimental Section. In the
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presence of HRP and H,0,, the initially colorless PPD solution (absorption maximum at
~280-300 nm, depending on pH)45-47 transforms into a purple solution (Anax & 520 nm),
see Figure 2 for the changes occurring in the absorption spectrum during the first 10 min
with 20 pM HRP. Without HRP, the spectral changes are the same, but they occur much
slower (Figure S-1). Therefore, nonenzymatic PPD oxidation15 does not hinder HRP
quantification. In Figure 3, the absorbance at 500 nm, Asgqg, after 10 min is shown for HRP
concentrations varying between 10 pM and 0.1 nM. There is a clear linear relation between
Asqo (measured after 10 min) and the HRP concentration. Independent of whether HRP is
present or not, the product obtained from PPD under the conditions used at pH 7.0, at least
during the initial phase of the reaction, is Bandrowski’s base,20,22 see Figure 1 and Figure
S-10. Depending on the pH, Bandrowski’s base exists in its neutral form, abbreviated as BB,
or in its mono- or diprotonated form, BBH* and BBH22*, respectively. The reported pKj
value of BBH*, protonation occurring at one of the imino-nitrogens, is 7.4.20 The pK; value
of BBH,2* must be below 5, because in aqueous solution between pH 5 and pH 12 the
absorption spectrum shows the presence of two main components only (two isosbestic points
at 500 nm and about 405 nm).20 Therefore, BBH* and BB are the dominating species
obtained with HRP and H»05 at the pH 7.0 assay conditions we used (Figure 1).46 The
absorption maximum of BBH* is at 530-540 nm (with a molar absorption coefficient,
£530-540 = 1.288 x 10* M~ cm™1).20 For BB, Amax = 460 nm and &40 = 1.288 x 10* M1
cm™1),20 exactly the same value as e530-549 Of BBH*. At i, = 500 nm, 500 = 11 090 M1
cm~1.48 In order to eliminate changes in absorbance caused by small changes in pH, the
formation of Bandrowski’s base in the elaborated assay was analyzed at this upper isosbestic
point, i.e., at 500 nm, see Figure 3. As an example, Asgg = 0.1 in Figure 3 means that within
the first 10 min of reaction 9.0 M Bandrowski’s base formed, i.e., 27 x4M PPD (and 27 (M
H»05) are consumed, corresponding to 1.8% of the initially present 1.5 mM PPD (and 34%
of the added H,05). The sensitivity of the PPD assay for determining HRP is comparable to
the sensitivity and conditions of the assay using OPD.11 The main difference between the
two assays is the different wavelengths at which product formation is monitored, 500 nm in
the case of PPD and 417 nm for OPD.11 The latter wavelength is close to the one which is
usually also used in the case of ABTS2.8,9

Determination of Apparent Ky, and k¢, Values for PPD and HRP at pH 7.0

The PPD assay conditions can easily be adjusted for quantifying HRP above 0.1 nM (Figure
S-8a). In Figure 4, the initial rate of the formation of Bandrowski’s base, v, is plotted for
different PPD concentrations between 0.05 and 1.50 mM at [H,0,] = 0.2 mM and [HRP] =
0.5nM (pH 7.0, 25 °C). At [PPD] = 0.05-0.2 mM, the rate increased almost linearly with
increasing PPD concentration, while for 0.2 mM < [PPD] < 1.5 mM, there was still an
increase in the rate but clearly nonlinearly. The entire reaction is rather complex: (a) H,O5 is
also a substrate of HRP (K (H205) ~ 12 1M),49 (b) the oxidation of PPD is expected to
follow a ping-pong mechanism (ordered two substrates two products) with two subsequent
one electron steps,50 and (c) the formation of Bandrowski’s base involves three PPD
molecules and fast nonenzymatic follow-up reactions. It is likely that HRP is only involved
in the oxidation of PPD to the p-phenylenediamine radical, PPD°. The subsequent oxidation
and coupling steps may then occur without direct involvement of HRP, e.g., through
disproportionation reactions and direct oxidations with H,O, and via Michael-type
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nucleophilic additions of PPD to intermediate diimines, see the suggested mechanism in
Scheme S-1. The data in Figure 4 were fit with the Michaelis—Menten equation (Vin = Vimax
[PPD]/(Kpm + [PPD]), Vinax being the maximal rate, whereby Vinax/[HRP] = Az4t, the turnover
number; solid line). This analysis yields apparent values for Ky, and Ao for PPD at pH 7.0
and 25 °C (at 0.2 mM H,0,) of 0.92 + 0.09 MM (Kyy) and 1064 + 55 s71 (kcyy).

Because of the discussed complexity of the reaction, it is somewhat surprising that the
formation of Bandrowski’s base with HRP follows Michaelis—Menten kinetics. The
determined apparent values of Ky, and A4t have to be taken cautiously. In the case of the
reducing substrate ABTS2~, the situation is a bit different, since the rate of reaction is
determined by analyzing the formation of ABTS", i.e., no nonenzymatic follow-up
reactions are involved in the spectrophotometric analysis, as long as the disproportionation
of two ABTS"™ species into ABTS2~ and ABTS can be ignored.8 For the sake of a direct
comparison, we also determined the apparent Ky and A values for ABTS2™ at pH 7.0 and
25 °C with [HRP] = 1.0 nM, [H,05] = 0.2 mM, and [ABTS27] = 0.05-1.80 mM, see Figure
S-7. The values obtained are 0.96 + 0.13 mM (apparent Kj) and 160 + 10 s~1 (apparent
Keat)- These values are similar to previously determined values for HRP isoenzyme C and
ABTS?™ under comparable experimental conditions: 0.64 + 0.06 mM and 45.5 + 2.0 s™1 (pH
7.0, 25 °C, Rodriguez-Lop6ez et al., 2000);50 0.44 + 0.03 mM and 226 + 14 s™1 (pH 6.0,
25 °C, Ryabov et al., 1999);51 0.24 + 0.01 mM and 211 + 7 s™1 (pH 6.0, 25 °C; Grotzky et
al., 2013).52 With this comparison, it is clear that at neutral pH values and 25 °C the
apparent k., value for the oxidation of PPD with HRP/H,0, is at least about 4-5 times
higher than the apparent k., value for ABTSZ™,

Preparation of HRP-Encapsulating POPC LUV3qg

The general methodology used for the preparation of HRP-containing POPC vesicles is
basically the same as described previously for encapsulating HRP in vesicles formed from a
mixture of egg yolk phosphatidylcholine (egg PC), 1,2-dimyristoyl-srglycero-3-phospho-
(1’-rac-glycerol sodium salt (DMPG), and cholesterol (4:1:5, molar ratios),40 or for
encapsulating a-chymotrypsin in POPC vesicles,41,53 see the Supporting Information
(Figure S-2). In short, a thin film of POPC was first formed inside a round-bottom flask
made from silicate glass. This film was hydrated with a 50 mM potassium phosphate buffer
solution of pH 7.0 (buffer-2) containing HRP at a total final concentration of 31 M to
obtain a multilamellar vesicle suspension of 20 mM POPC. In a next step, the size and the
lamellarity of the vesicles were decreased by polycarbonate membrane extrusion (final
extrusions through a membrane with a nominal pore diameter of 200 nm), yielding a
suspension of mainly large unilamellar vesicles, abbreviated as LUV (with the subscript
200" the nominal pore diameter of the membranes used for the final extrusions is
specified).39 In the absence of attractive interactions between HRP and POPC, only a very
small portion of the HRP molecules used during the preparation is expected to be entrapped
inside the LUV qq by this procedure (<5%). The calculated trapped aqueous volume of
LUVqo With a diameter of 200 nm is 6.7 /L zmol~1 POPC /54 i.e., 13.7 gL mL™1 (= 1.37
vol %) for 20 mM POPC (= 20 zmol POPC mL™1). Nonentrapped HRP was separated from
the HRP-encapsulating vesicles by size exclusion chromatography (Sepharose 4B), whereby
the length of the column was chosen such, that complete separation could be achieved, see
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Figure 5. Great care was taken in performing this separation since incomplete removal of
nonentrapped HRP may lead to wrong conclusions from measurements carried out with
fractions of HRP-encapsulating vesicles (see below).55 Figure 5a shows for each fraction
Ao7s (protein band) and A403 (Soret band of the heme group) vs fraction number. For the
vesicle fractions (numbers 15-21), the measured values Ay75 and Azgz do not only reflect
true light absorption but mainly originate from scattered light which did not reach the
detector (turbidity caused by the vesicles). The HRP activity in the vesicle fractions was
measured by adding a small volume of the fractions to either an assay solution of

ABTSZ™ (1.0 mM) and H,05 (0.2 mM) (Figure 5b) or to an assay solution of PPD (1.0 mM)
and H,0, (0.2 mM) (Figure 5c), see also Table S-1. For both substrates, the HRP activity
was also measured in the presence of sodium cholate (8.0 mM) to destroy the vesicles and to
release vesicle-entrapped HRP. By taking into account appropriate calibration curves
prepared with known amounts of HRP (see Figure S-5b for ABTS%™ and Figure S-8b for
PPD), the activity measurements carried out in the presence of cholate provided information
about the total amount of active HRP in each vesicle fraction. The corresponding values are
given for the determinations with both substrates in Figure 5b,c (J~axis on the right-hand
side). The quantifications agree quite well with each other and correlate qualitatively with
Aozs and Agqz. The fraction with the highest HRP activity (or content) was the one with the
highest Ay75 and Agpz values, i.e., fraction 16. For the HRP activity measurements of the
vesicle fractions carried out without cholate, a clear substrate selectivity exists, which is due
to the different POPC bilayer permeabilities of the two substrates; while there was only a
minor extent of ABTSZ™ oxidation, the oxidation of PPD to Bandrowski’s base occurred
readily, although the reaction was slower than in the presence of 8.0 mM cholate, see also
Figure S-9.

The total amount of POPC applied onto the Sepharose 4B column and the amount of POPC
in each vesicle fraction was determined with the Stewart assay42,43 by taking into account
an appropriate calibration curve (Figure S-3). The results are shown in Figure 5d and Table
S-1. While the entire amount of applied POPC was found to elute in the pooled vesicle
fractions 15-21 (~6.0 umol), these vesicle fractions contained only 1.25% of the applied
amount of HRP (200 pmol of 16 nmol, Table 1), which is in the range of the expected
amount, see above. With the chosen method of vesicle preparation, the vast majority of the
HRP molecules will not be trapped inside the vesicles but remains in bulk solution, eluting
in fractions 30-45 (Figure 5a and Figure S-11). Therefore, an efficient separation of
nonentrapped enzyme for the preparation of enzyme-encapsulating vesicles is absolutely
essential for making sure that any detected enzyme activity in the prepared vesicle
suspension is caused by entrapped enzyme molecules and not by enzyme molecules which
are present in bulk solution.

Since for the analysis of the vesicle fractions with ABTS2~ without cholate (Figure 5b,
empty symbol), ABTS"~ formation always occurred to a small extent, we tested the stability
of ABTS2™ (and PPD) in the presence of “empty” POPC vesicles, prepared in the same way
as with HRP and passed through a Sepharose 4 B column. Somewhat surprisingly, we found
that for both substrates their oxidation is promoted by the vesicles in the presence of H,0,
(0.2 mM) in a vesicle concentration-dependent manner, see Figures S-12a and S-13a. The
extent of oxidation in the case of ABTS2~ (Figure S-12b) agrees well with the extent of
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oxidation observed for the fractions with the vesicles containing encapsulated HRP
(fractions 15-21 in Figure 5b). Therefore, the observed oxidation of ABTS2™ in the case of
HRP-encapsulating vesicles (measurements without cholate addition, Figure 5b, empty
symbol) is due to the vesicles and not due to HRP. For PPD, the background activity caused
by “empty” POPC vesicles and H,0, (0.2 mM) is shown in Figure S-13b. This “activity”
was much smaller than the activity measured with the fractions containing vesicles-
entrapping HRP (Figure 5c, open symbol). The reason for the effect of empty POPC vesicles
on the stability of ABTSZ™ or PPD in the presence of H,0 is not clear at the moment but
certainly deserves detailed future investigations. It may be due to a phospholipid-mediated
activation of H,O,, which leads to an increased oxidative power of the added H,0,.56,57

Overall, the data clearly show that PPD which is added to HRP-encapsulating POPC
LUV at pH = 7.0 can reach the vesicle-trapped enzyme, while the permeability of the
POPC bilayer for ABTSZ is so low that ABTSZ™ cannot cross the membrane. The latter
conclusion about ABTS?™ is in agreement with previous observations for vesicles formed
from egg lecithin,58 or DPPC.59 For the best of our knowledge, no permeability literature
data is available for PPD. However, a high POPC bilayer permeability of PPD at pH 7.0 is
expected since (i) the majority of the PPD molecules is present in their neutral form,46 and
(ii) the reported permeability coefficient of the neutral form of the related compound
tyramine (= 4-(2-aminoethyl)phenol) for DOPC/DOPA (96:4, mol ratio) LUV1q bilayers at
25 °C is high, P=1.74 + 1.05 x 1072 cm s71.60 Molecules with such a high value of Pare
expected to be taken up by the vesicles very rapidly, see Figure S-14.

The situation with the HRP-encapsulating POPC LUV and externally added H,O», PPD,
and ABTS?™ is illustrated in Figure 6: the selective oxidation and trimerization of PPD
inside the vesicles to yield Bandrowski’s base.

Quantification of HRP-Encapsulating POPC LUV5qq

As already mentioned above, all vesicle fractions were analyzed for content of POPC and
content of active HRP, see Figure 5 and Table S-1. In order to further quantify the HRP
loading of the vesicles, size determinations were carried out by dynamic light scattering
measurements, yielding a hydrodynamic diameter (£54) of about 180 nm for the vesicles
eluting in fraction 16 (Table 1), the one with the highest POPC and HRP contents, and for
the vesicles of the pooled fractions (15-21), all values with a polydispersity of less than 0.1,
see Table S-2.

For fraction 16, the POPC concentration was 2.17 mM and the overall HRP concentration
was 92 nM; for the pooled vesicle fractions, the values were 1.10 mM (POPC) and 37 nM
(HRP), see Table 1. Assuming uniform spherical size and unilamellarity of LUVqg, an
average POPC headgroup area of 0.72 nm? and a bilayer thickness of 3.7 nm,61,62 one can
calculate that one 180 nm POPC vesicle is composed of about 278 000 POPC molecules and
has an internal aqueous volume of 2.88 x 10718 L (= 2.88 aL). Furthermore, the calculated
concentration of vesicles in fraction 16 was 7.8 nM, which means that each vesicle on
average contained ~12 HRP molecules, corresponding to 6.8 £M HRP inside the vesicles,
see Table 1 for details. This calculated value is lower than the HRP concentration used for
dispersing the POPC molecules (62 ¢M or 31 1M after dilution, see the Experimental
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Section). We did not attempt to increase the entrapment efficiency, for example, by using
freeze—thawing cycles53 or by applying another method.54

Stability of HRP-Encapsulating POPC LUVyqg

The combined use of both substrates allows an easy spectrophotometric monitoring of the
stability of HRP entrapped inside POPC vesicles (with PPD) and of the leakage of HRP
from the vesicles (with ABTS27), for example, during storage. Knowing such stability is
essential for applications of HRP-containing vesicles. Therefore, the storage stability of
HRP-encapsulating vesicles was investigated by using the fraction with the highest HRP
activity (fraction 16, Figure 5, Table 1). This vesicle suspension (fraction 16) was stored at
4 °C, and the HRP activity was measured from time to time at 25 °C with ABTSZ/H,0, in
the absence and in the presence of 8.0 mM cholate (Figure 7). A comparison was made with
the stability of free HRP dissolved in buffer-2 at 1.0 nM. Similarly to free HRP (3 in Figure
7), the LUVgg-entrapped HRP was stable for at least 31 days (2 in Figure 7) without
significant enzyme leakage (1 in Figure 7). The stability of HRP-encapsulating POPC
LUV qq is much higher than the one reported by Suita et al.40 for HRP-encapsulating
LUV1ggo formed from egg PC, DMPG, and cholesterol (4:1:5, molar ratios) at 4 °C and pH
= 7.2 (10 mM Mops-buffered saline). Whether this higher stability of HRP POPC LUVyqy is
due to differences in the types of lipids used or in the size and/or lamellarity is not clear.

Application of the PPD Assay for Characterizing HRP-Encapsulating POPC LUV5qq

The preparation of HRP-encapsulating POPC LUV, with the procedure described above
was carried out three times. The reproducibility is high, which is at least partially due to the
high stability of HRP. For a second preparation, the chromatogram for the separation of
HRP-containing vesicles from free HRP is shown in Figure S-15 and the results of the
quantification of some of the vesicle fractions are given in Table S-3. The fraction with the
highest HRP content was used at a fixed overall concentration of HRP (0.5 nM) for PPD
activity measurements with varying concentrations of PPD (0.05-1.50 mM) and a fixed
H»0, concentration (0.2 mM). The measured initial rate of formation of Bandrowski’s base
is shown in Figure S-16. A fit of the experimental data with the Michaelis—Menten equation
yielded apparent values for Ky and Ayt of 0.79 £ 0.07 mM and 720 # 33 s71.63 Both of
these values are in the same order of magnitude as the values for the free enzyme. Although
it is not immediately clear why the data shown in Figure S-16 obey Michaelis—Menten
kinetics and what the determined apparent values mean, they are taken as interesting
preliminary observation for further more detailed investigations toward a better
understanding of enzyme-catalyzed, vesicle-confined reactions.64 Ultrafiltration
experiments showed that the reaction product, Bandrowski’s base, did not remain inside the
vesicles but leaked out (Figure S-17). Future systematic measurements should show whether
the measured reaction rates reflect the influence of the permeability barrier provided by the
POPC bilayer, or whether they are related to the enzyme concentration inside the vesicles
(about 4.2 1M, Table S-3), which is much higher in the case of the reaction studied in bulk
solution (0.5 nM, Figure 4). The POPC-HRP/H,04/PPD system appears to be an ideal
sensitive model system, with which fundamental questions concerning enzymatic reactions
inside submicrometer-sized compartments can be answered. Such studies are considered
complementary to previous studies on the hydrolysis of benzoyl-L-tyrosine-p-nitroanilide
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(Bz-Tyr-pNA) with a-chymotrypsin-encapsulating POPC LUV g 41 or DOPC-LUVqq 65
(DOPC = 1,2-dioleoyl-srglycero-3-phosphocholine); in the case of Bz-Tyr-pNA, the bilayer
permeability coefficient is lower (*10~7 cm s71)41,65 than for PPD (#1072 cm s71, see
above).

Conclusions and Outlook

PPD is a sensitive substrate for quantifying HRP with high reproducibility in aqueous
solution and in vesicle suspensions in the presence of H,O, at nanomolar or even
subnanomolar concentrations. The oxidation of PPD by HRP/H,O, results in the rapid
formation of Bandrowski’s base, which is the linear trimer of PPD with an isosbestic point at
500 nm and a molar absorbance of e5pp = 11 090 M~1cm~1.48 PPD is particular useful for
analyzing the activity of HRP inside phospholipid vesicles. Using HRP-encapsulating
extruded POPC vesicles, POPC LUVyqq, with PPD and the alternative electron donor
substrate ABTSZ", it could be demonstrated that the entrapped enzyme shows a substrate
selectivity which is based on significant differences in the POPC bilayer permeability of the
two substrates. While the POPC bilayer is highly permeable for PPD, it is impermeable for
ABTSZ, Since the storage stability of HRP-encapsulating POPC LUV is very high,these
vesicles are an interesting model system for studying basic aspects of the activity of
enzymes inside confined volumes upon external addition of substrates.64 Furthermore, the
high stability of HRP-encapsulating POPC LUV qq allows using them as sensory tools for
bioanalytical applications. The enzymes are protected by the enclosing lipid bilayer during
enzymatic assays. Further, immobilization of HRP-containing LUV qq can be achieved via
the vesicle membrane, e.g. viacholesterol tethers, leaving the enzyme uncompromised.66
HRP-encapsulating vesicles in combination with PPD and ABTS2~ could potentially be used
to monitor the integrity of surface bound vesicles. Additionally, compared to more
conventional enzyme-based biosensors, lipid vesicles allow the study of membrane
dependent events and biomolecules, e.g. solute permeation or ligand binding to membrane
bound receptors.67 In both cases, HRP enclosed in the aqueous interior of lipid vesicles
might act as sensitive reporter.
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Figure 1.

Stoichiometric equation for the HRP-catalyzed oxidation of p-phenylenediamine (PPD) with
H»0, to Bandrowski’s base at pH 7.0 in its neutral (BB) and monoprotonated (BBH*)
forms. The reported pK; value of BBH* is 7.4.20 At pH 7.0, the calculated molar ratio of
BBH* to BB is 2.5:1.
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Figure 2.
Time-dependent changes in the absorption spectrum of a reaction solution which is kept at

25 °C containing initially 1.5 mM PPD, 20 pM HRP, and 80 tM H,0, at pH 7.0 (buffer-1).
The reaction solution was kept in a 1 cm quartz cell and the spectrum was recorded every
min after starting the reaction by adding H,O, for a total of 10 min. The dashed line
indicates Ajso; Amax (BB) = 460 nm; Amax (BBHY) = 530-540 nm, see text for details. With
e500 = 1.109 x 104 M1 cm™1 (see text), Asgo (/= 1 cm) = 0.01 corresponds to 0.9 xM
Bandrowski’s base.
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Figure 3.

ng?P concentration dependency of the absorbance at 500 nm, Asqg, measured after 10 min
incubation at 25 °C for [PPD] = 1.5 mM, [H,0,] = 80 4M and pH 7.0 (buffer-1). Each data
point represents the average and standard deviation for three measurements using the same
HRP and H,05 stock solutions and a freshly prepared PPD stock solution. Linear regression
of the data points yields a slope of 0.00144 pM~1, /2 = 0.9993. With e509 = 1.109 x 10% M1
cm™1 (see text), Aspp (/=1 cm) = 0.10 corresponds to 9.0 M Bandrowski’s base.
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Figure 4.
HRP activity measurements with p-phenylenediamine (PPD) at 25 °C and pH = 7.0

(buffer-2), with 0.2 mM H,0, and 0.5 nM HRP. The initial rate of product formation
(Bandrowski’s base) is plotted as a function of PPD concentration. Each data point
represents the mean and standard deviation from three measurements. The data points were
fit with the Michaelis—Menten equation, /2 = 0.9961.
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Chromatogram for the separation of nonentrapped HRP from HRP-encapsulating POPC
LUV qq by size exclusion chromatography with Sepharose 4B (/=35 cm; d=1.1 cm;
applied volume, 0.5 mL (12 mM POPC, 31 xM HRP) (polycarbonate membrane extrusion
resulted in a loss of POPC of ~38%. Therefore, the POPC vesicle suspension applied onto
the column had a concentration of 12 mM instead of 20 mM.); elution flow rate (buffer-2),
0.33 mL/min; fraction volume, 0.78 mL), see the Experimental Section for details. (a) Ay7s
and Agqz Vs fraction number (/=1 cm); (b and ¢) HRP activity measured with ABTS2~ (b)
or PPD (c) without (blue, open squares) and with cholate (8.0 mM, black, filled circles); the
y-axis on the left-hand side is the increase in Aa14 (for ABTSZY) or Agqq (for PPD) per s,
caused by the addition of 10 zL of the fraction to 1 mL of the assay solutions (/=1 cm); the
axis on the right-hand side refers to the calculated amount of HRP for the measurements
carried out in the presence of 8.0 mM cholate and taking into account the calibration curves
in Figure S-5b (for ABTS2") and Figure S-8b (for PPD); (d) POPC concentration, as
determined with the Stewart assay and taking into account the calibration curve in Figure
S-3 (left y~axis, red); the axis on the right-hand side refers to the calculated number of

vesicles, see Table 1.
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Figure®6.

Schematic representation of the selective oxidation of PPD in a suspension of HRP-
encapsulating POPC LUV5q and externally added H,0, and PPD or ABTS2™. The cross-
section of one spherical and unilamellar vesicle is shown. Since the POPC bilayer is
permeable for H,0, and PPD, but not for ABTS2™, vesicle-trapped HRP can oxidize PPD
(Amax = 300 nm) to yield Bandrowski’s base (1iso = 500 nm), while ABTSZ™ (A1 = 340
nm) is only oxidized to ABTS*™ (Ajnax = 414 nm) by HRP which is present in the bulk
solution. The average size of one POPC vesicle is about 180 nm with a bilayer thickness of
about 3.7 nm.
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Figure7.

Stgrage stability of HRP-encapsulating POPC vesicles (fraction 16, [POPC] = 2.17 mM,
Figure 5), as determined with ABTS?Z as the substrate and H,0, as oxidant, either without
added cholate for quantifying HRP which leaked from the vesicles into the bulk solution
(black squares, 1) or after cholate was added (8.0 mM, red circles, 2) for quantifying the
remaining total HRP activity after storage at 4 °C ([HRP]overal = 0.92 nM in the assay
mixture). For a comparison, 1.4 nM HRP at pH 7.0 (buffer-2) was also stored at 4 °C and
measured during 31 days (blue triangles, 3); the activity measurements were carried out at
25 °C with [ABTS?7] = 1.0 mM and [H,05] = 0.2 mM, [POPC] = 21.7 /M, see the
Experimental Section for details. With 414 = 3.6 x 10* M~ cm™1 (see text), AAsa/AF (/=1
cm) = 2.0 x 1073 571 corresponds to 0.56 nM s~1 ABTS"~ formed.
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Table 1

Characteristic Properties of the HRP-Encapsulating LUV 5q0g Used in This Study

property fractions16  overall vesiclefraction @
[POPC] 217 mM 1.10mM
n(POPC) 1.69 zmol ~6.0 tmol
mean hydrodynamic vesicle diameter 180 nm 180 nm
POPC molecules per vesicle (Abopc)? ~2.78 x 10° ~2.78 x 10°
volume of one vesicle () 288x10°18L 2.88x10°18L
[vesicle]¢ 7.8nM 4.0 nM
number of vesicles (Aes)? 3.66 x 1012 1.30 x 10%
[HRPIovera 92nM 37nM
MHRP) 72 pmol 200 pmol
number of HRP molecules per vesicle (Mygp)®  ¥12 ~9
[HRPTinsige © 6.8 M 5.3 M

Page 23

aFractions 15-21 were considered. Each fraction had a volume of 0.78 mL; total volume of all vesicle fractions, 5.46 mL. Amounts applied onto
the Sepharose 4B column, 6.0 zmol POPC (= 0.5 mL 12 zmol mL™1) and ~16 nmol HRP (= 0.5 mL 31 nmol mL~1) (Figure 5).

Calculated by assuming monodisperse, unilamellar and spherical vesicles. Further, a thickness of the POPC bilayer of 3.7 nm and a mean POPC

headgroup area of 0.72 nm?2 were taken into account.61,62

c[vesicle] = [POPCY/MPOPC.

d/\/\,es = n(POPC)NaA/MPOPC; NA = 6.02 x 1023, Avogadro’s number.

e .
MHRP = MHRP)NA/Myes = [HRP]overall/[vesicle].

THRPinside = MHRP)( WesMyes) = MHRP/(ViesVA).

Anal Chem. Author manuscript; available in PMC 2017 November 11.



	Abstract
	Experimental Section
	Materials
	Buffer Solutions
	UV−Visible Spectrophotometers
	Mass Spectrometry (MS) Analysis
	Sensitive Quantification of HRP in Bulk Aqueous Solution with PPD and H2O2
	Preparation of HRP-Encapsulating Large Unilamellar POPC Vesicle (LUV200) Suspensions
	DLS Analysis of the Vesicle Fractions
	Quantification of POPC in the Vesicle Fractions
	Solubilization of POPC LUV200 with Sodium Cholate
	HRP Activity of the Vesicle Fractions Measured with ABTS2−/H2O2
	Stock Solutions
	Calibration Curves with Free HRP
	Intact HRP-Encapsulating Vesicles (No Cholate Addition)
	Solubilized HRP-Encapsulating Vesicles (After 8.0 mM Cholate Addition)

	Initial ABTS2− Oxidation at Fixed HRP and H2O2 and Variable ABTS2− Concentrations (“Michaelis-Menten Kinetics”)
	HRP Activity of the Vesicle Fractions Measured with PPD/H2O2
	Stock Solutions
	Calibration Curves with Free HRP
	Intact HRP-Encapsulating Vesicles (No Cholate Addition)
	Solubilized HRP-Encapsulating Vesicles (after 8.0 mM Cholate Addition)

	Initial PPD Oxidation/Trimerization at Fixed HRP and H2O2 and Variable PPD Concentrations

	Results and Discussion
	Optimal Assay Conditions for Quantifying Low Amounts of HRP in Bulk Solution with PPD
	Determination of Apparent KM and kcat Values for PPD and HRP at pH 7.0
	Preparation of HRP-Encapsulating POPC LUV200
	Quantification of HRP-Encapsulating POPC LUV200
	Stability of HRP-Encapsulating POPC LUV200
	Application of the PPD Assay for Characterizing HRP-Encapsulating POPC LUV200

	Conclusions and Outlook
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

