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ABSTRACT

We present an economical and environmentally-friendly method in which
peroxidase from Raphanus sativus L (wild radish) is separated fromacrude
extract by precipitation with polyacrylate, a commercially available
negatively-charged weak polyel ectrolyte. Peroxidase was precipitated by
adding polyacrylate at pH 4.00 to the extract. Under these conditions, the
enzyme is positively charged and forms non-soluble complexes with the
negatively charged polyacrylate. The purification factor of peroxidase was
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1.8 with aenzyme recovery of 60%. The volume of the final product was
decreased to 10% of theinitial feedstock in order to concentrate the sample

up to 10 times.

INTRODUCTION

The production of proteins by genetically engi-
neered modified microorganisms, yeasts and animal
cells became a very important technique for the
preparation of pharmaceuticalsand other molecules
used in Biotechnology. The feedstocks from which
proteins are prepared are generally complex, con-
taining solid, soluble and dissol ved biomass of vari-
ous sizes and molecular mass. Enzymes have been
traditionally purified from avariety of sources. Cur-
rent methods of protein purification involve an ex-
tensive series of steps and processes that increase
the cost of thefinal product. Bioseparation stepsfor
the recovery of thefinal product can account for 50
— 80% of overall production costs. New techniques
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for large-scale protein separation are therefore of
interest. One of these involvesthe addition of poly-
electrolytes (PE), leading to selective protein phase
separation. Proteinsinteract with PE to form soluble
or non-soluble complexes according to the experi-
mental conditionsof themedium™. By changing these
conditions, such aspH or ionic strength, the protein
can be released, keeping its secondary and tertiary
structure aswell asitsbiological activity. Synthetic
and natural PE have been used to purify proteins
from avariety of sources such as chitosan'?, carrag-
eenan®®, poly vinyl sulphonate, poly acrylic acid®.

Peroxidases (EC 1.11.1.x; POD) are enzymesthat
catalyze the H,O,-dependent oxidation of a wide
variety of substrates, the heme group being essential
for their catalytic activity. PODs are widely used as
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indicator enzymesin enzymeimmunoassays, enzyme
electrodes, food industries, nucleic acid detection
systems, in the cellulose industry to remove hydro-
gen peroxide excess, asacomponent in cleaning so-
lutions of contact lenses, etc. Because of its exten-
sive usesin Biotechnology, it is necessary to have a
simple and economical method for POD isolation
and purification.

PODs have been isolated and purified from a
number of organisms including bacteria, fungi and
higher plantg® 9. Although PODs are widely dis-
tributed, the main source of commercially available
POD is horseradish roots. The typical methods for
POD purification used are the precipitation with
ammonium sul phatefollowed by ion-exchange chro-
matography with salt gradient or sizeexclusion chro-
matography™® . |t has been reported a purification
factor of 9.7 with alow recovery using ammonium
sulphate precipitation, dialysis, ion exchange chro-
matography, hydrophobic interaction chromatograpy
and size exclusion chromatography!*4. Obviously
these results do not offset the time and cost of the
total process. Besides, the salt isdifficult to recycle
and cannot be discarded in the environment because
has anegative impact onit. In addition, its scale-up
isdifficult and thefinal cost of the product ishigh.

Raphanus sativus L (wild radish) is a biennal
species grown throughout the world. Its cultivation
is simple, requires little time and space and it is
resistant to extreme weather conditions.

In this study, we assayed the capacity of a syn-
thetic weak anionic polyel ectrolyte polyacrylate (so-
dium salt) (PAA) to precipitate POD from a fresh
homogenate of radish rootswith theaim of applying
it to the isolation of this enzyme in scaling up. So-
dium polyacrylateisanon-toxic chemical usedina
variety of common products, from diapers to fake
snow to tampons and similar female hygiene prod-
uctd®®. Some polymers derivate from acrylate acid
have been registrated as trade mark, as in the case
of Eudragit L100 and L50 ®. In this work we intend
to use polyacrylic acid which is not protected by
any patent, being its use free, on the other hand this
polymer is relatively non expensive and non-toxic
which adds novelty to the method that we intend to
develop.
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MATERIALSAND METHODS

Chemical

Pyrogallol, Poly (acrylic acid), M, 240.000
(PAA), sodium salt, 25% w/w, solution in water,
polyethylene glycol average molecular mass 4000
(PEG4000) and dextran average molecular mass 500
kDa (Dx500) were purchased from Sigma-Aldrich
and used without further purification. All other re-
agents were also of analytical grade.

Buffers of different pH were prepared: 50 mM
and 25 mM phosphate buffer, pH 7.00; 100 mM phos-
phate buffer, pH 6.00; 500 mM acetic acid/acetate
buffer pH 4.00; 10 mM phosphate-10 mM acetic
acid- 0.15M NaCl buffer; 10 mM phosphate-10 mM
acetic acid- 0.3 M NaCl buffer. The pH was ad-
justed with NaOH or HCI in each case.

Preparation of crudeextract

Radish roots (Raphanus sativus L) were pur-
chased locally. Radish roots (100g) were processed
in a blender and filtered. The volume of juice ob-
tained was made up to 100 ml with 50 mM phos-
phate buffer pH 7.00. The resulting extract was di-
vided into aliquots and frozen at -30°C.

M easur ements of the enzymatic activity of POD

POD activity was spectrophotometrically moni-
tored by following the oxidation of pyrogallol to
purpurogallin. The reaction mixture contained: 2.40
ml of 100 mM phosphate buffer pH 6.00, 300 uL of
5.3 % wi/v pyrogallol solution, 200 uL of 0.6 % v/v
H, 0O, and enough enzyme concentration to produce
appreciable changein the absorbance at 420 nm be-
tween 0 and 90 s. The reaction mixture without the
enzyme served as control. The activities were cal-
culated from the slope of theinitial linear portion of
the absorbancevs. timecurve. Activity isdefined in
pyrogalol units; one pyrogallol unit will form 1.0
mg of purpurogallin from pyrogallol in 20 s at pH
6.00 at 20°C¢, Changes in the absorbance of the
sample were followed using a Jasco FP520 spec-
trophotometer with 1 cm of path length thermostatized
cell. Measurements were taken every 0.1 s and the
solution was kept under continuous agitation during
the measurements.
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Deter mination of total protein concentration

Tota protein concentration was determined by
Warburg-Christian method based in absorption mea-
sures at 280 and 260 nm{*7,

POD isoelectric pH determination by partition-
ingin aqueoustwo phase system

We sel ected an agueous two-phase system (ATPs)
formed by PEG4000 and Dx500. The ATPs were
prepared according to the binodial diagram reported
by Walter et all*8. Solid PEG4000 and Dx500 were
weighed and dissolved in an appropriate mass of
universal buffer formed by 10 mM sodium acetate—
10 mM sodium phosphate. The system was carried
out at desired pH by adding small aiquotsof NaOH.
Several ATPs were obtained with pH ranging from
4.00 to 8.00. The same procedure was used to ob-
tain ATPs with high ionic strength by adding solid
NaCl to the buffer. The same amount of crude ex-
tract was added to each tube, mixing during 1 hsand
the phases separated by low-speed centrifugation.
The POD activity was determined in each phase.
Also, ablank was performed to correct the possible
influence of the phase medium on the enzyme activ-
ity. Theresultswere expressed asthe POD partition
coefficient (Kr), calculated as the POD activity co-
efficient between thetop and bottom phase.

POD precipitation from crudeextract

All operations were carried out at 25°C unless
otherwise stated. After mixing the crude extract and
the polymer, the tubes were stirred for 30 min and
centrifuged at 2000 g for 10 min. The supernatant
and the precipitate were separated and the precipi-
tate wasre-dissolved by the addition of 25 mM phos-
phate buffer, pH 7.00. POD enzymatic activity inthe
supernatant and in the re-dissolved precipitate was
measured. Data were transformed according to the
following equation:

Activity POD in precipitate

(or supernatant)
Activity POD control

In all cases, the values reported are the mean of
at least two independent determinations.

Solubility curvesof POD-PAA mixtures

Activity recovered (%) = x100% (1)

Aliquots of crude extract (500 pL) at different
pHswere mixed with afixed concentration of PAA,
the crude extract at the corresponding pH served as
control. The activity recovered (%) in both phases
was plotted against pH. These phase diagrams show
the pH range where the polymer-protein complex is
soluble or insoluble.

Kineticsof precipitation

In order to determinethe kinetics of aggregation
of POD with PAA, afixed volume of crude extract
was mixed with a fixed concentration of polymer
and the tubes were stirred for different time inter-
valsand centrifuged.

Titration of extract with PAA

Aliquots of crude extract (500 pL) at pH 4.00
weretitrated with the polymer solution asthetitrant
(0.05% w/w). To avoid changes in the pH during
titration, 50 mM acetic acid/acetate buffer pH 4.00
was added to the crude extract. Complex formation
was studied at different ionic strengths adding dif-
ferent NaCl concentrations.

Complex formation wasfollowed through aplot
of activity recovered (%) vs. polymer concentra-
tion. Theresultswerefitted with a4-parameter sig-
moidal function. The polymer concentration required
for maximum precipitation was calculated from the
intersection of thetangent at theinflection point with
the plateau of the plot.

Effect of temperature on the efficiency of the
precipitation

Precipitation was performed at three different
temperatures: 5°C, 25°C and 40°C. POD activity and
total protein concentration were determined in the
supernatant and the re-dissolved precipitate. Yields
and purification factors were obtained for each con-
dition from these data.

RESULTSAND DISCUSSION

POD isoelectric pH valuedeter mination

Partition of proteins in agueous two-phase sys-
tems is greatly influenced by the ionic composi-
tion*8. Further, partition depends on the charge of
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the protein, thus partition coefficients for proteins
aredifferent in different salt mediaand also vary as
a function of pH. The Albertsson equation*® al-
lows us to explain the partition behavior of a pro-
tein as a function of pH and the medium ionic
strength, it can be used to determinetheisoel ectrical
pH of amacromolecul e as shown equation (2).

F Ay Zp

RT 2)

Where: K andK  arethe partition coefficientsinthe
presence and absence of electrostatic effects, Ay
and Zp are the electric interfacia potential and the
electrical charge of the protein and ‘ is the Faraday
constant. Equation (2) shows that the electrostatic
term depends on ionic strength, so its variation in-
duced a variation in K. If the components of both
phases do not have charges, as is the case of the
system formed by PEG and Dx, the pH and ionic
strength of the medium influence on Zp and “y val-
ues, except when Zp = 0 (at the pH value of the
isoelectrical point). So the curvesK vspH, obtained
at different ionic strengths, intersect at a constant
pH, the isoelectric value. Figure 1 shows the parti-
tion coefficient of POD vs. pH determined at differ-
ent NaCl concentrations. Walter and Sasakawa?®
reported that many proteins show a cross partition
zone for the curves and not a unique cross point.
Thismay bedueto two reasons: the protein has zones
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with net electrical charge at the isoelectric pH or
the protein presents different isoenzymes with dif-
ferent values of isoelectric point. Therefore, the
curves cannot cross at the same point, and, asare-
sult, a cross pH zone is obtained. By non- lineal
fitting of the curvesfrom Figure 1, it could be con-
cluded that the cross partition pHs are in the inter-
val between 4.61 — 5.52. 1t has previously reported
the presence of four isoenzymes for POD, and our
finding shows that the isoelectric pH of themisin
thisinterval.

pH influence on the POD-PAA complex forma-
tion

Asastarting step to carry out the POD precipi-
tation with PAA, the pH effect on the POD precipi-
tation was studied. Figure 2 shows the results ob-
tained for a constant POD - PAA ratio. The forma-
tion of POD-PAA complex isdramatically influenced
by the pH of the medium. When pH decreased from
5.00 to lower values, a significant increase in the
POD recovered activity in the precipitate was ob-
served, in agreement with the formation of a non-
soluble POD-PAA complex. PAA isasynthetic weak
anionic PE with apKavalue of 3.5, so the fraction
of anion present becomesimportant at pH 3.50, be-
ing totally negatively charged at pH higher than 5.0.
The pl of POD isin the range of 4.61-5.52. Thisis

pH 4.61-5.52

v 0MNaCl
m  0.15 M NaCl
® 0.075MNaCl

| | 1 1

3.0 3.5 4.0 4.5 5.0

5.5 6.0 6.5 7.0 7.5 8.0

pH

Figure 1 : Dependence of the partition coefficient (K) of POD in polyethylene glycol 4000- dextran system at
different pH. Medium: universal 10 mM sodium acetate — 10 mM sodium phosphate buffer. Temperature 20 °C.
NaCl concentrations: 0 mM (v), 75 mM (m) and 150 mM (e).
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Figure 2 : Solubility phase diagrams of POD-PAA complex as pH function. Medium: 25 Mm sodium acetate-phos-

phate buffer, Temperature 25°C

consistent with the range where PAA-POD complex
formation occurs. The increase of pH above 3.50
induced an increase in the POD recovered activity
in the re-dissolved precipitate consistent with the
formation de non-soluble POD-PAA complex. Inthis
pH region, the protein and PE have opposite charges
and interact between them.

Figure 2 showsthat the maximal recovery of POD
in the precipitate takes place at pH 4.00, suggesting
that at this pH the interaction PAA —POD is maxi-
mal. At pH higher than 4.00, the recovered activity
significantly decreased, due to a lesser interaction
PAA- POD. Above this pH, POD lost its electrical
charge because it isthe pH zone of the isoel ectrical
pH of the enzyme. The experimental result suggests
that the pH rangefrom 3.00to 5.00 isthe best for the
precipitation of the enzyme.

A control curve of POD activity vs. pH extract
was made in the same pH range assayed and no ef-
fect of the pH in the POD activity was observed
(datanot shown)

Kinetic of POD-PAA complex formation

Thetimeneeded to form the complex was eva u-
ated by measuring the time required to obtain the
maximal POD recovered activity in the precipitate.
To achievethis, afixed volume of crude extract was
mixed with afixed concentration of polymer and the

tubes were stirred for different time intervals and
centrifuged. The experiment showed that only less
than 1 minisneeded for the complex formation (data
not shown).

Titration curvesof POD with PAA

Figure 3 shows POD activity recovered in the
re-dissolved precipitate and supernatant obtained
from thetitration curves with PAA at pH 4.00. This
pH was sl ected becauseisthe pH of maximal POD
activity recovery. The data were fitted with a4-pa-
rameter sigmoidal function. From thiscurve, the sto-
ichiometric of POD in extract/polymer ratio was
obtained. Thisvalueisimportant becauseit allows
us to know the amount of precipitant (PAA) to ob-
tain the maximal recovery of POD. The PAA mini-
mal concentration required to obtain the maximal
enzyme activity in the precipitation processwas (7.0
+0.6) 10 % w/w. This amount is extremely small
when compared to the val ues obtai ned for other PE-
protein systems? 224 or thetraditional proteinspre-
cipitants such as inorganic cations and aniong?,
Moreover, from Figure 3, it can be concluded that
PAA did not affect the activity of the protein since
the sum of the POD activitiesin the supernatant and
the precipitate equaled theinitial POD activity (data
not shown). Also we assayed the POD activity in
the presence of PAA (1. 102 w/w) at pH 6.0 where
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the complex is soluble and not modification in the
enzyme activity was found (data not shown). The
titration was also performed in the presence of NaCl
250 mM (Figure 3). Thetotal POD recovered activ-
ity was not affected by the presence of NaCl; how-
ever, the PAA concentration for maximum precipi-
tation was (1.2+ 0.2) 102 % w/w. This vaue is
almost twice that obtained for the precipitation in
the absence of salt. Thisfinding suggests acompeti-
tion between the PAA anion and ClI- for the posi-
tively charged groupsin POD, so at increasing con-
centration of Cl-, a higher concentration of PAA is
required to displacethe PAA-POD equilibrium com-
plex formation.

Effect of temperature and final volume on the
efficiency of the precipitation

Finally, the data were applied to the precipita-
tion of POD from its natural source. Aliquots of ex-
tract at pH 4.00 were precipitated with PAA in a
final concentration of 7.0 10“% w/w.

The temperature effect on the purification fac-

tor, on the POD activity recovered in PPand on the
total protein yield of the process was also assayed.
Threetemperature val ueswere sel ected because they
arethemost useful valuesused in the scaling-up pro-
duction of an enzyme: 5, 25 and 40 °C. The POD
activity recovered and the total protein concentra-
tion were determined in the supernatant and the re-
dissolved precipitatein order to calculate theyields
and purification factors. TABLE 1 showstheresults
obtained. The purification factor, POD recovered
activity and protein total yield remained constant in
therange of assayed temperatures.

The effect of the final volume where the non-
soluble complex was dissolved was also assayed.
In the experiment, aconstant volume of fresh radish
extract (5 ml) wastreated with PAA (7.00 104% w/
w). The mixture wasincubated, centrifuged and the
precipitate was re-dissolved in adifferent final vol-
ume of 25 mM buffer, pH 7.00. The final volume
was changed between 0.5to 5 ml. The POD activity
and total protein concentration were measured in
each re-dissolved precipitate. Figure 4 shows the
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Figure 3 : Recovery of the POD activity in the precipitate (PP) and in the supernatant (SN) at different initial
concentrations of precipitant agent (PAA) and different salt concentration. Crude extract with POD initial activity
of 30.1 pyrogallol units/ml and total protein concentration of 1.03 mg/ml

TABLE 1 : Purification of POD from Rhapanus sativus extract at differents temperature

Temperature Purification POD activity Total protein
(({8) Factor recoveredin PP (%) yield (%)
5 1.8+0.1 58+4 33+3
25 1.8+0.3 53+1 30+£5
40 1.7+0.2 51+7 28+4
%jogecﬁnofo_q C—
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Figure 4 : POD activity and total protein recovered in the re-dissolved precipitate in function of re-dissolution
volume. Medium :50 mM phosphate buffer pH 7.00. Temperature : 25°C

results obtained. POD activity recovered remains
constant up to a 10-fold decrease in the volume of
re-dissolution, and then it begins to decrease, indi-
cating that not al the precipitate was re-dissol ved.
It isimportant to point out that activity measuresare
astandardized way to make themindependent of the
final volume of the sample. Figure 4 showsthat to-
tal proteinsincrease with decreasing volumes of re-
dissolution. Thisfinding might suggest an aggrega-
tion of the protein in the sense of decreasing thefree
volume available.

Effect of biomass variation on the efficiency of
the precipitation

Finally, the effect of the percentage of biomass
present was assayed. We prepared different dilu-
tions of extract (1, 0.75, 0.5 and 0.25) which were
treated with PAA in the concentration determined
above. POD recovered activity and thetotal protein
concentration were determined i n the supernatant and
the re-dissolved precipitatein order to calculate the
yieldsand purification factors. The purification fac-
tor, POD recovered activity and protein total yield
remained constant and independent of biomass per-
centage (datanot shown).

CONCLUSION

Peroxidases are versatile enzymes with awide
variety of usesin industry, medicine, research, etc.

The classical methodsfor POD isolation aretedious
and expensive due to the large quantity of reagents
that consume; besides, they are not environmental ly-
friendly.

In a previous work®, we isolated trypsin and
chymotrypsin from fresh pancreas homogenate us-
ing precipitation with PAA. Inthiswork, the recov-
ery of POD from afresh Raphanus sativus L homo-
genate was carried out by means of precipitation
with polyacrylate sodium salt. This PE has proved
effectivein precipitating POD from fresh homoge-
nate. Besides, theisoelectric pH of POD was deter-
mined using the POD partition in agueoustwo phase
systems.

The data about the isoelectric pH of POD re-
ported previously by other authors have great dis-
persion of values (from 4.0to 7.5). Wethink that the
isoelectric pH depends on the type of POD and the
source from which it was isolated. We determined
the isoelectric pH of POD in order to have an idea
of itstrue value. Theinterval value obtained might
be dueto the presence of different POD isoenzymes
and thisvalueisin agreement with the precipitation
resultsfound.

PAA has a net negative electrical charge above
pH 3.5, while POD has a positive electrical charge
uptopH 4.6. Therefore, inthepH interval 3.5t04.6
both molecules interact by appositive electrical
charge through coulombicinteraction. This hypoth-
esis is in agreement with the experimental result
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observed where the mgjor interaction between PAA
and POD isat pH 4.0. Theinteraction of PAA with
other enzymes showed to be 100% coulombic, so
the increase of the NaCl concentration in the me-
dium decreased the complex formation in asignifi-
cant way. However, the interaction PAA with POD
was not decreased by the presence of NaCl, theonly
effect observed was a displacement of the titration
curve (the curve that shows the affinity of PAA for
the enzyme) to high concentration of PAA.

This finding suggests the presence of a highly
coulombic interaction between both, which cannot
be decreased by the presence of salt. In our case, a
high NaCl concentration was not assayed due to a
possi ble enzyme denaturation or precipitation by the
presence of salt.

Early papers about the peroxidase purification
included afirst step of precipitation using ethanol
and/or ammonium sul phate with aend concentration
of salt around 85% of saturation'®. Later theisola-
tion method was modificated adding one or two step
of ionic exchange and exclusion chromatography*4.
Other authorg?? have proposed acombinated meth-
ods, in afirst step the homogenated is partitionedin
an aqueous two- phase systems formed by
polyethylen glycol and potassium phosphate. After
thisextraction most of the enzymeisconcentrated in
the bottom phase and this phase is subjected to ul-
trafiltration. In this case the purification factor in-
creased until 5.9 with arecovery around 90%. How-
ever, agueousto phase systems are not good system
to isolate and purificate aprotein in scaling up, be-
causethe high salt concentration that it uses.

Our finding showed that this negatively charged
PE can precipitate around 58% of the POD from the
fresh homogenate using only one step (ideally effec-
tive in terms of cost and processing time), with a
purification factor of around 1.8. This PE did not
modify the biological activity of the enzyme at the
concentration used to form the complex. Also, this
methodol ogy allowed the concentration of POD ac-
tivity by reduction of thefina volumewherethe pre-
cipitate is dissolved in the order of 10 times. The
non-effect of atemperature increase in the yield of
the process is due to the low enthal py change asso-
ciated with the complex formation of different en-

zymes with polyacrylate, as previously demon-
strated®!. Previous reports® have shown that the
PE concentration necessary to precipitate enzymes
isin the order of 102 to 10 %w/w, however, the
concentration of PAA necessary to obtain the maxi-
mal POD activity was about 10 %w/w, which is
100 times|ower than for the other systems.

The more remarkabl e advantages of this proto-
col arethat we are reducing the volume and clarify-
ing the fresh homogenate of POD in only one step.
Besides this way uses ainexpensive and non-toxic
polyelectrolyte.

ABBREVIATIONS

PE; Polyelectrolyte, POD; Peroxidase, PAA;
Polyacrylate, PEG; Polyethylene glycol, Dx; Dext-
ran, ATP; Aqueous two-phase system
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