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Abstract - Protein expression in transgenic plants is considered one of the most promising approaches for
producing pharmaceutical proteins. As has happened with other recombinant protein production schemes,
the downstream processing (dsp) of these proteins produced in plants is key to the technical and economic
success of large-scale applications. Since dsp of proteins produced transgenically in plants has not been
extensively studied, it is necessary to broaden the investigation in this field in order to more precisely
evaluate the commercial feasibility of this route of expression. In thiswork, we studied the substitution of
an IMAC chromatographic step, described in previous work (Azzoni et a., 2002), with ion-exchange
chromatography on SP Sepharose Fast Flow resin as the second step in the purification of recombinant
aprotinin from transgenic maize seed. The main goal of this second purification step is to separate the
recombinant aprotinin from the native corn trypsin inhibitor. Analysis of the adsorption isotherms
determined at 25°C under different conditions allowed selection of 0.020 M Tris pH 8.5 as the adsorption
buffer. The cation-exchange chromatographic process produced a high-purity aprotinin that was more
than ten times more concentrated than that generated using an IMAC step.

Keywords: Recombinant aprotinin; Transgenic corn; Protease inhibitor purification; Downstream
processing; lon-exchange chromatography.

INTRODUCTION

Aprotinin, aso known as bovine pancrestic
trypsin inhibitor, is an inhibitor of serine proteases
including kallikrein, trypsin, and chymotrypsin. First
isolated from bovine sources by Kunitz and Northrop
(1936), it is a single-chain polypeptide made up of 58

*To whom correspondence should be addressed

amino acid residues with a molecular mass of 6.5
kDa. Aprotinin has applications as a protease
inhibitor in tissue cultures and is also an expensive
drug used during cardiac surgery (Beath et a., 2000).
Bovine lung has been the commercial source of
pharmaceutical-grade aprotinin.  The bovine source
of pharmaceutica proteins poses concerns about
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possble product contamination with bovine
spongiform encephaopathy (BSE). Consequently,
aternative systems of aprotinin production have been
pursued. Recombinant gorotinin has been expressed in
Escherichia coli (Auerswad et d., 1987), Pichia pagtoris
(Vedvick et d., 1991), Sacharomyces cerevisae (Norris et
d., 1990), and Hansenula polymorpha (Zurek et d., 1996).

Taking into account the important advantages of
plants over other expression sysems, such as low
production and scdeup cods, the natura storage
Sability of the recombinant proteins in tubers or seeds,
and the fact that transgenic plants do not propagate
human or anima pathogens (Cramer et d., 2000; Hood
and Howard, 1999; Kusnadi et d., 1997), the expression
of gprotinin in maize seeds was sudied by Zhong et d.
(1999). Now, recombinant gprotinin produced in maize
seeds is commercidly available under the name of
AproliZean™ (Prodigene, 2004).

Recently, Azzoni et a. (2002) reported the
extraction and purification of recombinant aprotinin
produced in maize seeds utilizing a two-step
chromatographic process. After agueous extraction
of transgenic seed flour, aprotinin was adsorbed from
the liquid phase in an immobilized trypsin affinity
column together with the native corn trypsin inhibitor
CTl. Then, immobilized metal ion chromatography
(IMAC) used in a negative mode, removed CTI from
the recombinant aprotinin.  Although the two-step
process produced aprotinin of high purity and yield,
this purification method had two disadvantages:
possible contamination of the final product with metal
ions that could be difficult and/or expensive to
remove and excessive dilution of the recombinant
gprotinin during the negativeemode IMAC step.
Therefore, the objective of this work was to evaluate the
posshility of subdituting a cation-exchange
chromatographic step for the IMAC step to separate CTI
from agprotinin, since ion exchange does not have meta
leskage and mgjor dilution problems. The rationde for
selecting a cation-exchange sep includes the fallowing
condderations: 1) the significant differencein pl between
gprotinin (10.5) and CTI isoforms (5.1-7.3) (Hojima et
a., 1980), 2) the low cost of resin, and 3) ion-exchange
scaability and robustness.

MATERIALSAND METHODS

Materials

The transgenic corn seed containing the
recombinant aprotinin used in this work was the same

as that used by Zhong et al. (1999). The HiTrap
column loaded with SP Sepharose Fast Flow resin
(cation-exchange resin) was purchased from
Amersham-Pharmacia, USA. N-a-benzoyl-DL-
arginine-p-nitroanilide (BApNA), bovine trypsin
(Type 1), and aprotinin were purchased from Sigma,
USA. CTI was purified from nontransgenic corn
seed according to Swartz et a. (1977). The
Coomassie Plus Protein Reagent was from Pierce,
USA. All other chemicals used in this work were of
at least reagent grade.

M ethods
» Transgenic Corn Seed Grinding

Seeds were ground to a particle size smaller than
0.85 mm using an Intermediate Modedl laboratory-
scale mill from Thomas-Wiley, USA.

= Analytical Assays

Total protein concentration was determined by
usng the Pierce Coomasse Plus Protein Assay
(Pierce, USA). Trypsin inhibition assay was carried
out according to the Sigma Enzymatic Assay of
Aprotinin per Kassel (1970). One trypsin unit was
defined as the amount of enzyme that hydrolyzes 1.0
mmol of BApNA per minute at pH 7.8 and 25°C. One
trypsin inhibition unit was defined as the amount of
inhibitor that decreases the activity of two trypsin
units by 50%. Aprotinin was quantified by ELISA
according to Zhong et a. (1999). All assays were
done in triplicate, and the fina aprotinin
concentration of each sample was expressed as the
mean of the three replicates. Electrophoresis was
carried out under denaturing conditions (SDS-PAGE)
as described by Zhong et a. (1999).

» Determination of Adsorption | sotherms

The adsorption isotherms of aprotinin and CTI on
the cation-exchange resin (SP Sepharose Fast Flow)
were generated at 25°C using 1.5 mL Eppendorf
tubes. Six different adsorption buffers were used:
0.020 M Tris and 0.030 M sodium phosphate buffers
at pH values of 7.5 and 8.5 and 0.020 M TrispH 8.5
containing 0.100 and 0.200 M NaCl, respectively.
Five milligrams of drained resn previoudy
equilibrated with a specific adsorption buffer was
added to 1.0 mL of the desired protein solution
prepared in the same buffer. The adsorption isotherm
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experiments were conducted as described by Azzoni
and Miranda (1999). A nonlinear regression fit of the
experimental data was done using the Langmuir
adsorption model (Langmuir, 1916).

» Aprotinin Extraction and Affinity Chromatogr aphy
on Trypsin-Agarose Resin

Aqueous extraction of the recombinant aprotinin
and its recovery utilizing affinity chromatography on
immobilized trypsin was carried out according to
Azzoni et a. (2002). Typically, two hundred grams
of aprotinin corn meal were mixed with 1.0 L of
water for 30 min at pH 3.0 (pH controlled by addition
of 1.0 M HCl). Filtered liquid phase was adjusted to
pH 7.8 using a 1.0 M NaOH solution. The affinity
chromatography was carried out with a 16 x 100 mm
XK16 column (Pharmacia, Sweden) with 10 mL of
trypsin-agarose resin. The column was equilibrated
using 50 mM NaPi buffer pH 7.8 with 0.25 M
NaCl. After loading the sample (775 mL at 2.0
mL/min), the column was washed with 50 mM
NaPi buffer pH 7.8 containing 0.6 M NaCl. The
elution step was done with 50 mM KCI-HCI pH
2.0 and 3.0 mL/min. The eluted fractions (4.0 mL)
were immediately diluted 1:1 with 0.04 M Tris
buffer pH 8.5 (final Tris concentration of 0.020
M), combined, and then adjusted to pH 8.5 with
1.0 M NaOH.

» | on-Exchange Chromatography

lon-exchange chromatography was carried out
using SP Sepharose Fast Flow packed in a 1.0 mL
HiTrap column. The column was equilibrated with
0.020 M Tris pH 8.5 (buffer A). The eluted peak
from the affinity chromatography containing the high
aprotinin concentrations were combined as a pool and
fed into the SP-Sepharose column (only the first two
fractions of this peak with a high protein
concentration - mainly corn trypsin inhibitor - but a
low aprotinin concentration were discarded, as
previously described by Azzoni et al. (2002)). The
column was then washed with 5 mL of buffer A.
Elution was accomplished with a linear gradient of O
to 1.5 M NaCl in buffer A using 20 column volumes
(20 mL). All chromatographic steps were performed
a a flow rate of 1.0 mL/min. The flow-throughs of
the feeding and washing steps were collected as two
Separate pools and analyzed for aprotinin, total
soluble protein, and trypsin inhibition along with the
1.5 mL fractions from the elution step.

RESULTSAND DISCUSSION
Determination of Adsorption Isotherms

The goal of the adsorption isotherm experiments
was to identify conditions that alowed for maximum
binding of aprotinin while minimizing the amount of
CTI binding to the cation-exchange resin. Conditions
examined included type of ion, pH, and the effect of
NaCl in the adsorption buffer. Kinetic experiments
were first carried out to determine the time needed to
guarantee that equilibrium was achieved in the
adsorption of aprotinin.  This experiment was
conducted using 2 0.020 M Tris pH 7.5 buffer a 25°C.
Since gprotinin liquid phase concentration tabilized
after an adsorption time of just over 1 h (Figure 1), the
adsorption time for isotherm experimentswas set to 2 h.

Next, the effect of Tris and phosphate buffer ions on
the adsorption of gprotinin and CTl was compared.
Figure 2 shows the adsorption isotherms obtained at
25°C for aprotinin and CTI binding to the cation-
exchange resin with the Tris buffer & either pH 7.5 or
pH 85. Figure 3 shows the results of the same
experiment performed in phosphate buffer. The shape of
gorotinin  isotherms is of the Langmuirian type,
indicating specific interaction of gpratinin in both buffers
and pHs. CTI isotherms were linear in both buffers and
suggest nonspecific, week interactions with the resin.
The dgnificant difference in adsorption at equilibrium
between gprotinin and CTI under dl conditions sudied
(Figures 2 and 3) indicates the possbility of cetion-
exchange chromatographic separation of gprotinin and
CTI. The equilibrium binding parameters of gprotinin,
cdculated by a nonlinear regresson fit of the
experimentd datain Figures2 and 3, are shown in Table
1. Adsorption capacities for gprotinin were at least five
to eighteen times higher than those for CTI. The lower
adsorption pH alowed a higher adsorption capacity for
gprotinin (gy) and stronger interaction between gpratinin
and the resin adsorption Sites (indicated by a lower Kg).
Because the greatest difference in adsorption between the
two proteins was measured in Tris pH 85, dl
subsequent experiments were performed in this buffer.

The effect of salt (ionic strength) on adsorption of
aprotinin was also checked a two different NaCl
concentrations. The data presented for adsorption of
aprotinin in 0.020 M Tris pH 85 were plotted
together with data for adsorption in this same buffer
with 0.1 or 0.2 M NaCl (Figure 4). The results
indicated that NaCl drastically reduces the adsorption
of agprotinin onto the resin and aprotinin could be
desorbed in a step change using a NaCl concentration
higher than 0.2 M.
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Figure 1: Kinetics of aprotinin adsorption onto SP Sepharose Fast Flow ion-exchange resin. Adsorption buffer,
0.020 M Tris pH 7.5; temperature, 25°C; initial aprotinin concentration, 0.82 mg/mL.
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Figure 2: Adsorption isotherm of aprotinin (¢) and CTI (A) on SP Sepharose Fast Flow ion-exchange resin at
25°Cin 0.020 M TrispH 7.5 (full symbols) and 8.5 (empty symbols).
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Figure 3: Adsorption isotherm of aprotinin (¢) and CTI (A) on SP Sepharose Fast Flow ion-exchange resin at
25°Cin 0.030 M sodium phosphate buffer pH 7.5 (full symbols) and 8.5 (empty symbols).
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Table 1: Equilibrium parametersfor aprotinin adsor ption onto
SP Sepharose Fast Flow resin with Trisand NaPi buffers.

Equilibrium . ] _ .
parameter TrispH 7.5 TrispH 85 NaPi pH 7.5 NaPi pH 8.5
dm (Mg/mL) 215 177 145 135
Ka (mg/mL) 1.2* 10? 7.2% 102 0.22* 102 56+ 102
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Figure 4: Adsorption isotherm of aprotinin onto SP Sepharose Fast Flow in 0.020 M TrispH 8.5
with zero (m), 0.1 M (A), and 0.2 M (e) NaCl. Temperature, 25°C.

Recombinant Aprotinin Purification Using Cation-
Exchange Chromatogr aphy

Having determined the condition of high
adsorption of aprotinin onto the SP Sepharose Fast
Flow resin, a pool of fractions eluted from a trypsin-
agarose chromatographic column containing aprotinin
was chromatographed on this cation-exchange resin.
The fractions were analyzed for protein and aprotinin
contents and trypsin activity inhibition. The profiles
obtained are presented in Figure 5. Mass and activity
balances for the whole process (extraction, affinity,
and ion-exchange chromatographies) are presented in
Table 2.

Just one protein peak containing aprotinin was
detected. Despite the error in the ELISA method that
overesimated the amount of aprotinin  eluted
(equivalent to 125% of the aprotinin fed into the ion-
exchange column), we can interpret that this
polypeptide was successfully adsorbed and euted
from the column. The ion-exchange chromatographic
step and overal purification factors (9.5 and 465,
respectively) were higher than those reported by
Azzoni et al. (2002) (4.5 and 280, respectively). The
overdl yidd found (37%) was lower than that

previoudy described (49%), mainly due to a column
overload during the affinity chromatographic step.
SDS-PAGE of the samples of the ion-exchange
chromatography confirmed the high leve of
purification of the recombinant aprotinin (Figure 6).
The pool of fractions in which the purified
recombinant aprotinin was expected to elute showed
just one band in SDS-PAGE (lane 5), indicating the
high purity of this preparation. The pool of euted
fractions from the affinity column (feed for the ion-
exchange column, lane 3) contains three bands. The
band with intermediate molecular mass is composed
in part of aprotinin and is found there at low
concentration. This can be redlized by anayzing the
flow-through of the ion-exchange column. It contains
just 3% of the aprotinin fed onto the resin (lane 2)
and the rest is CTI. Under reducing conditions for
SDS-PAGE, the two-chain CTI (14 kDa) can be seen
on the gel as two polypeptides of approximately 8.0
and 5.0 kDa each resulting from the cleavage of the
molecule by the immobilized trypsin in the affinity
column (Lei and Reeck, 1986). The flow through
fraction (lane 4) contained the CTI. For comparison,
aprotinin purified by the method described by Azzoni
et a. (2002) was loaded in lane 6.
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Figure5: SP Sepharose Fast Flow ion-exchange chromatographic profiles for the separation of recombinant gprotinin
from CTI. Feed: duted fractions from the tryspin-agarose chromatography of transgenic corn seed agueous extract.
a) Tota protein and inhibition profiles; b) Tota protein and aprotinin concentration profiles. A sample of 52 mL of
extract was loaded into the column and washed with 0.020 M Tris buffer pH 8.5. The bound proteins were €l uted with
aNaCl linear gradient in this same buffer. Apratinin was € uted from the column at a concentration of approximately
0.4 M NaCl. W and E indicate the beginning of the washing and € ution steps, respectively.

Table 2: Purification of recombinant aprotinin (r Aprotinin) from transgenic corn seed extract*.

St Volume Protein Inhibition | rAprotinin rAprotinin Purification
P (mL) (mg) () (mg) yield (%) factor

Extraction 1500 632 27 112 100 1

Affinity

Eluate 39 7.7 15 0.44 40** 32

SP-Sephar ose

Load 52%** 3.9 6.5 0.34 30 49

Flow through 52 0.39 4.4 0.01 1 -

Eluate 6 0.5 14 0.42 37 465

*Extraction and affinity chromatography carried out according to Azzoni et al. (2002).

**|_ow yield due to column overload during affinity step.

***Eluted fractions from the affinity chromatography containing high aprotinin concentrations were combined and diluted 1:1
with 0.04 M Tris buffer pH 8.5 before column loading. Thefirst two fractions from the affinity column elution peak having a
high protein concentration (mainly CTI) but alow aprotinin concentration were discarded, as previously described by Azzoni
et al. (2002).
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MM (kDa)

Lane 1 - Molecular mass markers,

Lane 2 - Extracted corn proteins loaded into the affinity
column (20 ny of protein);

Lane 3 - Proteins eluted from the affinity column and
loaded into the ion exchange column (10 ng of protein);
Lane 4 - Flow-through from the ion-exchange column
(10 ny of protein);

Lane 5 - Protein eluted from the ion-exchange column
(recombinant aprotinin) (3.0 ng of protein);

Lane 6 - Recombinant aprotinin purified according to
Azzoni et al. (2002) (3.5 ng of protein);

Lane 7 - Commercial aprotinin (6.5 ng of protein).
Acrylamide gel (10 to 20% gradient) in Tris/Tricine
buffer.

Figure 6: SDS-PAGE of the samples from a recombinant aprotinin recovery and purification process having
SP Sepharose Fast Flow as the second purification step. The first chromatographic step on trypsin-agarose
resin was as described by Azzoni et al. (2002).

CONCLUSIONS

In this work adsorption isotherms were obtained
for the binding of aprotinin and CTI to a cation-
exchange resin and binding parameters were
determined for the different conditions examined.
We further demonstrated that substitution of a
cation-exchange chromatographic step for the
IMAC chromatographic step of the purification
process developed by Azzoni et a. (2002) is
feasible.  This ion-exchange purification step
developed here had a significantly high recovery
and a purification factor 2.1 times higher than that
of the IMAC step. More striking was the
concentration of purified aprotinin: the ion-
exchange chromatography produced a recombinant
aprotinin solution over ten times more concentrated
than the IMAC product.
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