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The article deals with prospects of using recombinant horseradish peroxidase in analytical biochem-
istry and biotechnology. Problems of recombinant horseradish peroxidase cloning in different expression
systems, possible approaches to their solution, advantages of recombinant recombinant horseradish pe-
roxidase and recombinant horseradish peroxidase-fusion proteins for immunoassays are considered.
Possibility for development of mediatorless bienzyme biosensor for peroxide and metabolites, yielding
hydrogen peroxide during their transformations, based on co-adsorption of recombinant horseradish pe-
roxidase and the appropriate oxidase was demonstrated. The possibility to produce a fully active recom-
binant conjugate of recombinant horseradish peroxidase with human heart-type fatty acid binding pro-
tein, which may be used in competitive immunoassay for clinical diagnosis of acute myocardial infarction,
and recombinant conjugates (N- and C-terminus) of recombinant horseradish peroxidase with Fab-frag-
ments of the antibody against atrazine, which may be applied for atrazine pesticides detection, are
demonstrated for the first time.
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Horseradish peroxidase isoenzyme C
(HRP, EC 1.11.1.7), a heme- and Ca?'-contai-
ning glycoprotein, is a member of the superfa-
mily of plant peroxidases [1-3] that are able to
utilize hydrogen peroxide to catalyze the one
electron oxidation of a wide variety of organic
and inorganic substrates. Whereas plant pe-
roxidases find interest for applications in va-
rious biotechnological processes, like bleaching
and degradation of organic compounds (e.g.
phenols and lignin), HRP specifically is used
in analytical biochemistry and biotechnology
as a marker enzyme for antibodies, DNA and
low molecular mass analytes. Broad substrate
specificity and high catalytic activity and sta-
bility determined the world-wide application
of HRP in bio- and immunosensors, chemilu-
minescent, fluorescent and electrochemical
detection systems, DNA microarrays and
biochips with HRP-based colorimetric detec-
tion [4-6, 14, 56].

Progress made in peroxidase gene hetero-
logous expression opened up the prospect to
study structure-function relationships by
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means of genetic engineering. The baculovirus
expression system allowed production of
recombinant HRP in soluble, active and glyco-
sylated form [7], however, this system is labo-
rious and not as wide spread as expression in
E. coli. Expression of HRP in yeast indicated
only very low expression of active enzyme [8].

Up to date for the production of wild-type
as well as mutant recombinant HRP the E. coli
expression system is mostly used [9, 10].
Recombinant HRP forms inclusion bodies con-
taining only traces of heme if expressed in bac-
terial cytoplasm. Multistep refolding and
reactivation of recombinant apo-peroxidase
with the prosthetic heme group is complex as
the protein contains four disulfide bonds and
in addition must bind two Ca?*'-ions per mole-
cule. Moreover, the plant-derived enzyme con-
tains 18% carbohydrates via 8 glycosylation
sites. Crystal structure of recombinant HRP
has been solved, revealing the presence of two
domains formed by a total of ten a-helices[11].

Among of the factors leading to the forma-
tion of inclusion bodies upon expression of
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cysteine-rich proteins is the reduction poten-
tial of E. coli cytoplasm, preventing correct
formation of disulfide bonds [12]. One solu-
tion to this problem was fusion of such a pro-
tein to a signal peptide for secretion into the
bacterial periplasm. After translocation the
signal peptide is cleaved off and a correctly
folded protein with disulfide bonds can be
formed under the oxidizing conditions of this
compartment. This approach has been success-
fully applied for the production of soluble
active recombinant HRP, though with rather
low yield [13].

In biotechnological applications, however,
a more effective and reliable way for produc-
tion of recombinant HRP is desirable.
Introduction of a C-terminal His-tag facilita-
ted renaturation and purification of recombi-
nant peroxidase from inclusion bodies.
Moreover, by addition of a His-tag to the
recombinant peroxidase it was envisaged to
facilitate downstream processing, in particu-
lar of the dilute solutions obtained after the
refolding procedure. The high yield and high
specific activity obtained with the optimized
protocol enables to produce sufficient recom-
binant enzyme for the development of biosen-
sors in which electrons are directly trans-
ferred from the electrode to the immobilized
peroxidase [4, 6] or in which the sensitivity of
the enhanced chemiluminescence reaction is
increased [14]. In particular, His-tag recombi-
nant HRP co-adsorbed with corresponding
oxidases producing H,0, can be considered as
promising for future multienzyme biosensor
development [4, 5].

Principal possibility of the development of
a mediatorless bienzyme biosensor for per-
oxide and metabolites, yielding hydrogen per-
oxide during their transformations, based on
co-adsorption and cooperation of HRPhis,
capable of efficient direct electron transfer,
and the appropiate oxidase, e.g., LysOx, was
demonstrated. Amperometric bienzyme bio-
sensor for the determination of L-lysine based
on LysOx and HRP containing 6-His tag at the
C-terminus physically co-immobilized on the
surface of polycrystalline gold electrodes is
shown to be simple in manufacturing and
operation, sufficiently effective and highly
reproducible. Efficient direct electron trans-
fer between gold electrodes and immobilized
His-tag HRP makes it possible a mediatorless
detection of hydrogen peroxide that is
released during the enzymatic oxidation of L-
lysine, thus decreasing the number of compo-
nents in the system used for the detection
[4-6].

Genetic engineering approach offers new
opportunities for broad application of recom-
binant HRP to design highlysensitive immu-
nobiosensors of a new generation, based on the
recombinant DNA technology.

Survey on recombinant conjugates
for analytical application

Horseradish peroxidase is a key marker
enzyme for immunodiagnostics. Enzyme
immunoassays for the detection and quantita-
tive analysis of various substances are based
on coupling of marker enzymes like HRP with
antigens or antibodies. However, all the chemi-
cal conjugation methods result in partial inac-
tivation of the enzyme and heterogeneity of
the conjugates, which in turn influence speci-
ficity and sensitivity of the assays. With the
advance of genetic engineering it became clear
that genetic in frame fusions of antigens/anti-
bodies and enzymes would provide many of the
desirable features of conjugates for use in
immunoassays, in particular homogeneity, 1:1
stoichiometry, reproducibility and ease of pro-
duction [15].

Early fusion proteins contained the bacterial
enzymes [P-galactosidase [16—18] or alkaline
phosphatase [19-21], which can be easily
expressed in E. coli. In addition to these
enzymes, bioluminescent or fluorescent mark-
er proteins such as aequorin or green fluores-
cent protein [22, 23] have been used as fusion
partners for a model octapeptide. Genetic
fusion was also employed to construct conju-
gates with protein A [24] or an in vitro biotiny-
lated polypeptide tag for f-galactosidase [25].
The genetic approach is particularly attractive
for fusions to small peptides with numerous
functional groups, which are difficult to con-
trol [26], or with human proteins which often
are not easily available [27]. Whereas -galac-
tosidase 1is solubly expressed in the
cytosplasm, the disulfide-containing alkaline
phosphatase is secreted into the periplasm,
thus also broadening the spectrum of fusions
to disulfide-containing proteins [28, 29]. The
drawback of the lower specific activity of the
bacterial alkaline phosphatase in comparison
to the calf intestinal alkaline phosphatase rou-
tinely used in chemical conjugations could be
partly overcome by using a genetically engi-
neered mutant of the bacterial enzyme with
increased activity [30]. Recombinant conju-
gates of antibodies with alkaline phosphatase
[31-35], luciferase [36], and peroxidase
Arthromyces ramosus [37] were obtained ear-
lier.
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A principal problem associated with B-
galactosidase or alkaline phosphatase fusions
is their tetrameric and dimeric structure,
respectively, which likely leads to an increased
apparent affinity (avidity) of a conjugate in
comparison to the free antigen. This is not
desirable for the development of competitive
immunoassays. On the other hand, horsera-
dish peroxidase, which is very popular for
preparation of enzyme-conjugates [38], can
only be expressed in E. coli in the form of
inclusion bodies. The yield of refolded and
reconstituted (with heme) recombinant per-
oxidase used to be rather low[9, 10], which has
so far precluded the use of this enzyme in the
genetic fusion approach. Progress in heterolo-
gous expression in E. coli and reactivation of
recombinant HRP carrying a C-terminal oligo-
histidine tag (HRPhis) [13] opened the
prospect of producing a recombinant conju-
gate of HRPhis with a marker enzyme for
application in immunoassays.

Recombinant conjugates of HRP
with protein antigens

Earlier we’ve exemplified that a fusion
protein of peroxidase and human heart fatty
acid binding protein (H-FABP) can be used as
a recombinant tracer in immunoassays for
detection of H-FABP [39]. This small (15 £Da)
cytosolic protein is a member of a protein fami-
ly specialized in transport of fatty acids and is
highly abundant in heart muscle (0.52 mg/g
heart tissue). Its rapid release into the circula-
tion and its good tissue specificity make it an
ideal early marker for clinical diagnosis of
acute myocardial infarction [27, 40].

A fusion protein comprising HRP and
human heart-type fatty acid-binding protein
(H-FABP) was constructed by introducing the
coding part of the human H-FABP ¢cDNA into
the Xmalll site of the expression vector for
horseradish peroxidase, pETHRPhis[13], just
in front of the 6xHis tag (Fig. 1).

Recombinant HRP-FABPhis conjugate has
the same Soret band absorption with a maxi-
mum at 403 nm as native peroxidase and
recombinant HRPhis, indicating that the Fe**
co-ordination by heme as well as proximal and
distal histidines is not affected. These data
indicate that C-terminal extension of the
recombinant peroxidase with the 15 kDa
human H-FABP has no drastic influence on
the activity of the recombinant conjugate,
which values corresponds to that for recombi-
nant HRPhis alone and the plant-derived
enzyme (1000 U/mg against ABTS substrate)
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A B

Fig. 1. Cloning scheme (A) and spatial model (B)
of HRP-FABP conjugate

[13]. At the same time the recombinant conju-
gate bound fatty acids as shown qualitatively
by a gel elution assay with radioactive oleic
acid (data not shown) and was recognized by a
sandwich ELISA with two monoclonal antibo-
dies [27] indicating the structural integrity of
the FABP part.

The competitive assay format with its
reduced number of incubations can be success-
fully employed to develop fast immunoassays.
Solid phase immunoassay is based on competi-
tion of free H-FABP with HRP-FABP conju-
gate for binding sites on microtiter plates
coated with polyclonal antibodies against H-
FABP. A conjugate of plant peroxidase and
human H-FABP has been synthesized based on
periodate oxidation of oligosaccharides [41].

The typical calibration curves shown in
Fig. 2 demonstrate the wide measuring range
(3 orders of magnitude of H-FABP concentra-
tion) and the good detection limit — 1,5 ng H-
FABP per ml of sample (0.05 ng/well). The
intraassay variation coefficient was between 4
and 8% [39]. The detection limit of this new
immunoassay is similar to that observed with
sandwich-type ELISAs using monoclonal anti-
bodies against human H-FABP (0.02-0.1 ng/well)
[27, 40]. Interestingly, at higher concentra-
tions H-FABP competed better with the
recombinant conjugate than with the chemi-
cally prepared conjugate for binding to the
polyclonal capture antibodies. One explana-
tion could be the presence of chemically pre-
pared conjugate consisting of HRP with more
than one H-FABP attached, which would
exhibit a higher apparent affinity due to mul-
tipoint binding to the immobilized antibodies.

To challenge the competitive ELISA we
analyzed a set of plasma samples periodically
withdrawn from one patient with diagnosis of
AMI over a period of 24 h after admission to
the hospital (Fig. 3) [39]. The values for
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Fig. 2. Calibration curves for the competitive
immunoassay. Competition of 7 — recombinant
(-®-) or 2 — chemically prepared conjugate (-H-)

with H-FABP

Fig. 3. Comparison of FABP plasma concentra-
tion, obtained with different immunoassay
formats. Profile of patient No. 14: -®@-sandwich
ELISA, -O- electrochemical immunosensor, -H-
competitve ELISA

H-FABP concentrations in the plasma samples
assayed with the competitive ELISA exhibited
good correlation with those obtained by the
reference sandwich ELISA and the developed
EUROCARDI immunosensor [27, 40].

Thus we have opened up for the first time
the possibility to reproducibly produce a
recombinant conjugate of a protein antigen
with horseradish peroxidase as marker
enzyme for use as tracer in competitive
immunoassays [39]. The applicability of this
genetically engineered fusion protein with a
defined 1:1 stoichiometry for a clinically rele-
vant analyte, the human heart fatty acid bin-
ding protein, has been shown with plasma
from a patient after myocardial infarction.
Our approach paves the way for broad applica-
tion of the popular peroxidase marker enzyme

in competitive immunoassays employing
genetically engineered conjugates. We have
already extended the concept by preparation
of a recombinant conjugate of peroxidase and
human myoglobin, another analyte important
for early detection of myocardial infarction.

Recombinant conjugates of HRP
with (Fab) antibodies fragments

The functional expression of the recombi-
nant conjugate of HRP and antibody fragments
in E. coli is associated with a number of diffi-
culties, since there is no post-translational gly-
cosylation of proteins in E. coli cells, resulting
in low solubility and aggregation of the resul-
ting protein. This problem can be solved by
replacing the expression system. For instance,
it has been shown that methylotrophic yeast
Pichia pastoris is a more suitable medium for
antibody expression than E. coli cells [42, 43].

HRP [44] and antibody fragments [45] were
successfully expressed individually in P. pas-
toris cells, both in the single-stranded form
scFv[46, 47] and in a Fab form [48]. Moreover,
certain immune conjugates have also been cre-
ated using this expression system [49-51]. It
has been demonstrated that gene expression in
the Pichia pastoris system in the secreted form
considerably simplifies the scaling of the
process for biochemical applications [52].

Progress in functional secreted expression
of HRP and antibodies in Pichia pastoris [44,
53] open the prospect to produce recombinant
conjugates of HRP with antibodies for appli-
cation in immunoassays. However, the pro-
duction of recombinant conjugates is an appre-
ciably complicated task, since it remains thus
far impossible to reliably predict the structure
of the desired conjugate; hence, loss of the
functional activity of both the marker enzyme
and antigen is possible, due to the incorrect
folding of two components.

General versatile expression system for
recombinant conjugates of peroxidase with
Fab fragments of antibodies production has
been elaborated based on pPICZalfa vector and
X33 P.pastoris strain (Invitrogen). These sys-
tems provide secreted, methanol-inducible
expression in cultural medium two types of
conjugates where the peroxidase part geneti-
cally fused to N- or C-terminal part of variable
heavy chain of antibody via short flexible link-
er sequences (Gly,Ser) (Fig. 4) [54].

To exemplify the applicability of this
approach for the first time we have produced
set of conjugates of peroxidase with Fab
against atrazine pesticides (Fig. 4).

89



BIOTECHNOLOGIA ACTA, V. 6, No 4, 2013

Fig. 4. Cloning schemes and spatial models of recombinant conjugates:
Fab-HRP and HRP-Fab (left and right panel respectively)

The developed expression vectors allow
simple recloning of any wvariable heavy
(PstlI/BstEII sites) and light (BamHI/Xhol
sites) chains, thus providing general vectors
for recombinant conjugates of peroxidase with
antibodies production in P. pastoris.

The total yield of recombinant conjugates
was approximately 3—-10 mg per 1 L of the
P. pastoris culture supernatant. A relatively
low yield of secreted conjugates correlates
with the yield upon expression of the HRP
gene only [54]. We believe that one of the fac-
tors that have a negative effect on the yield of
the secreted product is the excessive glycosy-
lation of the peroxidase component of the con-
jugate, which is typical of P. pastoris cells. In
order to verify this hypothesis, it may be rea-
sonable to remove all N-glycosylation sites in
HRP or replace HRP with another reporter
protein, such as EGFP.

In order to confirm the antigen-binding
activity of recombinant conjugates, we selec-
ted the scheme of indirect competitive single-
stage ELISA carried out on the wells with an
immobilized atrazine—BSA conjugate. The
data obtained attest to the presence of both
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catalytic and antibody activity in all forms.
However, the low activity of the HRP-Fab in
comparison with the C-terminal conjugate
Fab-HRP may attest to the fact that the mutu-
al spatial arrangement of two components of
the chimeric protein in this case results in a
decrease in the catalytic activity of peroxi-
dase. Typical calibration curve (Fig. 5) allows
one to determine the atrazine concentration
over a wide range, from 0.1 to 50 ng/ml; the
variation coefficient being no higher than 8%.
IC5( is equal to 8 ng/ml, which agrees well
with the results of atrazine determination by a
two-stage ELISA procedure using recombi-
nant Fab fragments of the same antibody
K411B [54] and with the data on the single-
stranded mini-antibody (scFv) obtained earlier
in E. coli [563, 55]. Thus, the recombinant con-
jugates of peroxidase with Fab fragments of
antibody against atrazine obtained in the pre-
sent study possess functional activity and can
be used to determine atrazine via ELISA.

We have for the first time demonstrated
the possibility to produce a fully active recom-
binant conjugate of a protein antigen with
horseradish peroxidase as marker enzyme for
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Fig. 5. Calibration curve for atrazine determination in competitive ELISA
with recombinant conjugate of Fab-HRP

use as tracer in competitive immunoassay for a
clinically relevant analyte. We have already
extended the concept by preparation of a
recombinant conjugate of peroxidase and
human myoglobin, another analyte important
for early detection of myocardial infarction.
The possibility of using a recombinant,
functionally active HRP (as a marker enzyme)
conjugated with Fab fragments of the anti-
body against atrazine was shown for the first
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CTaTTiO IPUCBSIYEHO IIEPCIEKTHUBAM 3aCTO-
CYyBaHHS PeKOMOIHAHTHOI MEPOKCHUIA3U XPOHY
B aHaJiTmuHi# O6ioximii Ta OGioTexHoJOTii.
PosrasuyTo mpobieMu KJIOHYBaHHSA ITEPOKCU-
a3’ XPOHY B PiBHUX €KCIIPeciiHUX cucremMax,
MOJKJIMBI ITiAX0AU M0 1X BUPIIIEHHS, a TaKOXK
mepeBaru BUKOPHUCTAHHS B iMYyHoaHaJisi
pPeKoMOiHaHTHOI IIePOKCHUIa31 XPOHY i BJIUTUX
nporeiHiB Ha ii ocHOBi. [lokazaHO TPUHITMTIOBY
MOKJINBICTH CTBOPEHHSA 6e3MeiaTopHOTO OieH-
3UMHOTO OioceHcopa JJisi BUSABJIEHHA ITEPOKCU-
Iy BOOHIO i MeTaboJIiTiB, III0 YTBOPIOIOTHL MOTO
mig gyac TpaHcdopmaliii, Ha ocHOBI Koancopbo-
BaHUX PeKOMOIHAHTHOI IIePOKCHUIa31 XPOHY Ta
BifmmoBimHOI OKcumasm. YIeplie II0Ka3aHo
MOJKJMBICTL oOAepKaHHA (GYHKI[IOHAIBHO
AKTUBHOTO pPEKOMOiHAHTHOTO KOH IOTaTy
MePOKCUAA3W XPOHY i3 CepIeBUM IIPOTEiHOM
JIIOMWHU, 110 3B’A3Y€ KUPHI KUCIOTH, AKUMN
MOKe OyTM 3aCTOCOBAHO B KOHKYPEHTHOMY
iMyHOaHAaJi31 Aad miarHOCTUKU iH(MAaAPKTy Mio-
Kapzga, a Takok N- i C-KiHIleBUX pexoMOiHaH-
THUX KOHIOTaTiB IIepoxcugasu xXpoHy i3 Fab-
¢dparMeHTaMU AHTUTIJI IPOTH aTPABUHY — IJIs
BUABJEHHA NECTUIIUIY aTPa3uHYy.

Kanawuoei cnosa: pekomMbiHaHTHaA IIepOKCHUIa3a
XPOHY, 3JUTI mpoTeinu, iMmyHoaHamis, 6esmemia-
TOpHUI OiemsumuUIE Giocencop, Fab-pparmenTu
AHTUTIJ, ceplieBUH MPOTeiH, IM0 3B’A3ye JKUPHI
KUCJIOTH, TIECTUITI] aTPa3uH.

HCIIOJIb30BAHUE PEKOMBUHAHTHOM
IIEPOKCHJIASBI XPEHA
AJIAd AHAJIUTUYECKUX METO/J10B
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Xumnueckuit paxyabrer MI'Y

uMm. M. B. JlIomonocoBa,
MockBa, Poccus

20T e MUKPOOHOJIOTHH,

Poccuiickasa MmeguiimHCcKad aKageMUIsI
MOCJIeIUIIIOMHOTO 00pa30oBaHUsd,
MockBa, Poccus
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CraTbs IOCBAIIEeHA IIePCIeKTUBAM IIPHUMe-
HeHUA PeKOMOMHAHTHOI MePOKCUAA3bl XPeHa B
AHAJIUTUYECKON OMOXUMUU U OMOTEXHOJIOTHH.
O6cy:xkmaroTcss NOpobJaeMbl KJIOHUPOBAHUS
IepoKCHUIa3bl XpeHa B PAa3JNYHBIX SKCIIPec-
CUOHHBIX CUCTEMAX, BOBMOKHBIE ITOAXO0/BI K UX
pellleHnio, a TaK:Ke IIPEeuMYIIecTBa MUCII0JIb30-
BaHUA B MMMYyHOAHa/JIW3e PEKOMOMHAHTHON
MepPoKCUa3bl XPeHa U CAUTHIX IIPOTENMHOB Ha
ee ocHoBe. IlokasaHa TpUHIIMOIHWAJIbHAS BO3-
MOKHOCTBH CO3JAaHUSA 0e3MeIuaTOPHOTO OMIH-
3UMHOT0 0110CeHCOopa A BhIABICHUS IIEPOKCH-
IIa BOJOpoJa 1 MeTabO0JINUTOB, 00Pa3yOIIUX €ro
mpu TpaHchopMaIum, Ha OCHOBE K0aAcopoupo-
BaHHBIX PEKOMOMHAHTHOMN IIePOKCHU/Ia3hbl XpeHa
M COOTBETCTBYIOIEN OKcuaasbl. BiepBbie
IMOKa3aHa BO3MOJKHOCTh IOJAYUeHUS PYHKI[HO-
HaJIbHO aKTHUBHOTO PEKOMOMHAHTHOIO KOHBIO-
raTa IIepoKCHUIa3bl XpPeHa C CePAeYHBIM IIPOTEN-
HOM UeJIOBeKa, CBAS3LIBAIOINUM JKUPHEBIE
KHCJIOTHI, KOTOPBLIII MOMKeT OBITH IIPUMEHEH B
KOHKYPEHTHOM MMMYHOAaHAaJ3e IJs MuarHo-
CTUKU MH(}papKTa MuUoOKapaa, a takxke N- u C-
KOHIIEBBIX PEKOMOMHAHTHBIX KOHBIOTATOB
mepoxcuznassl xpexa ¢ Fab-gpparmenramu aunTu-
TeJ IPOTUB aTpasdwmHa — [OJd BBLIIBJIEHUS
HeCcTUIINIa aTpas3uHa.

Kntouesvle cnosa: peKOMOMHAHTHAA ITePOKCUIA-
3a XpeHa, CJUTHIe MIPOTEUWHBI, MMMYHOAHAJUS3,
0e3MenUAaTOPHBIM OMYH3UMHBIN OmoceHcop, Fab-
dparMeHTHI AaHTUTEJ, CepAedYHbI TNPOTeuH,
CBABBIBAIOIIUN JKUPHBIE KUCIOTHI, ITECTUIUT
aTpasuH.
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