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1LEBp, Laboratório de Engenharia de Bioprocessos, Departamento de
Processos Biotecnológicos, FEQ, UNICAMP, CP 6066, CEP 13083-970,
Campinas, SP, Brazil; fax: +55 19 3788-3918;
e-mail: everson@feq.unicamp.br
2ProdiGene, Inc., College Station, Texas 77802
3Iowa State University, Ames, Iowa 50010
Received 21 December 2001; accepted 11 April 2002

DOI: 10.1002/bit.10408

Abstract: Expression in transgenic plants is potentially
one of the most economical systems for large-scale
production of valuable peptide and protein products.
However, the downstream processing of recombinant
proteins produced in plants has not been extensively
studied. In this work, we studied the extraction and pu-
rification of recombinant aprotinin, a protease inhibitor
used as a therapeutic compound, produced in transgenic
corn seed. Conditions for extraction from transgenic corn
meal that maximize aprotinin concentration and its frac-
tion of the total soluble protein in the extract were found:
pH 3.0 and 200 mM NaCl. Aprotinin, together with a na-
tive corn trypsin inhibitor (CTI), was captured using a
tryspin–agarose column. These two inhibitors were
separated using an agarose-IDA-Cu2+ column that
proved to efficiently absorb the CTI while the recombi-
nant aprotinin was collected in the flowthrough with pu-
rity of at least 79%. The high purity of the recombinant
aprotinin was verified by SDS-PAGE and N-terminal se-
quencing. The overall recombinant aprotinin recovery
yield and purification factor were 49% and 280, respec-
tively. Because CTI was also purified, the recovery and
purification process studied has the advantage of pos-
sible CTI co-production. Finally, the work presented here
introduces additional information on the recovery and
purification of recombinant proteins produced in plants
and corroborates with past research on the potential use
of plants as biorreactors. © 2002 Wiley Periodicals, Inc. Bio-
technol Bioeng 80: 268–276, 2002.
Keywords: recombinant aprotinin; transgenic corn; pro-
tease inhibitor purification; downstream processing

INTRODUCTION

Aprotinin, also known as bovine pancreatic trypsin inhibi-
tor, is a serine protease inhibitor that was first isolated from
bovine tissue by Kunitz and Northrop (1936). It is a single-
chain polypeptide of 58 amino acid residues and with a
molecular mass of 6.5 kDa. In addition to its application as
a protease inhibitor in tissue cultures, aprotinin is an effec-
tive but expensive drug used during cardiac surgery to re-

duce postoperative organ dysfunction and bleeding disor-
ders caused by blood activation (Beath et al., 2000). It re-
duces contact activation fibrinolysis via kallikrein and
plasmin inhibition, respectively (Baufreton et al., 1996). Al-
though it is a bovine protein, aprotinin is well tolerated by
humans, probably because of its similarity to human
Kunitz-type inhibitors (Vedvick et al., 1991).

In the current commercial production of aprotinin from
bovine lung, the main concerns include storage cost and
possible contamination of the bovine tissue with bovine
spongiform encephalopathy (BSE). Consequently, finding
an alternative production system for aprotinin has been of
interest for some time. During the last several years the
expression of recombinant aprotinin in Escherichia coli
(Auerswald et al., 1987, 1988), Pichia pastoris (Vedvick et
al., 1991), Saccharomyces cerevisiae (Barthel and Kula,
1993; Norris et al., 1990), and Hansenula polymorpha
(Zurek et al., 1996) has been reported. More recently, maize
transformation and generation of transgenic maize lines pro-
ducing recombinant aprotinin were reported by Zhong et al.
(1999). The main advantages of a plant system over other
systems include low production and scale-up costs, the natu-
ral storage stability of the recombinant proteins in tubers or
seeds, and well-established post-harvest handling and crop
processing (Kusnadi et al., 1997). A particular advantage of
producing therapeutic proteins in plants is the fact that
transgenic plants do not propagate human or animal patho-
gens (Cramer et al., 2000; Zhong et al., 1999). Furthermore,
plant cells tend to produce protein identical to those of the
native source, e.g., properly processed and assembled
(Hood and Howard, 1999). A potential concern for plant-
derived biopharmaceuticals is the difference between the
glycosylation patterns of plant and mammalian systems.
Fortunately, aprotinin is not glycosylated and its structure–
function characterization does not include glycosylation.

Although a significant number of proteins have been ex-
pressed and extracted from transgenic plants (Giddings et
al., 2000), very few studies have reported conditions forCorrespondence to: Everson A. Miranda
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recombinant protein isolation and purification from plant
biomass (Austin et al., 1994; Kusnadi et al., 1988; Leite et
al., 2000; Zhang and Glatz, 1999; Zhong et al., 1999). This
knowledge is needed because the purification of identical
recombinant proteins may differ significantly from that de-
veloped for the native or recombinant host system. Because
process development can be the most time-consuming part
of a research project (Evangelista and Suttnar, 1997), a fun-
damental understanding of the factors that affect the quality
and quantity of purified protein is necessary to advance the
commercialization of the recombinant product from plant
systems. The main contribution of the work we present here
is along this line: the study of the extraction and purification
of recombinant aprotinin produced in transgenic corn seeds.

In purifying a recombinant aprotinin from corn seed, be-
sides the presence of oil and various nonprotein soluble
solids in the aqueous extract, the main challenge was the
presence of a native corn protease inhibitor (corn trypsin
inhibitor, CTI). CTI is a 112-amino acid protein with a
calculated molecular mass of 12.5 kDa (Mahoney et al.,
1984). The purification of CTI has been carried out by using
a combination of affinity (immobilized trypsin or antibody),
ion-exchange, and reverse-phase chromatography (Hojima
et al., 1980; Lei and Reeck, 1986; Swartz et al., 1977; Wen
et al., 1992). Peculiarity of CTI is the presence in its amino
acid sequence of three tryptophan residues usually not
found in plant protease inhibitors (Mahoney et al., 1984)
and one histidine residue. Since the latter has been studied
for its ability to interact with IMAC resin, we used immo-
bilized metal affinity chromatography (IMAC, with Cu2+ as
ligand) for the binding of CTI, providing the final recom-
binant aprotinin purification, after a previous affinity ad-
sorption step.

MATERIALS AND METHODS

Materials

The transgenic corn seed containing the recombinant apro-
tinin used in this work was the same as that used by Zhong
et al. (1999). The Sepharose 4 Fast Flow resin (agarose
matrix) was purchased from Amersham-Pharmacia (Upp-
sala, Sweden). The His●Bind IMAC resin (agarose-IDA)
was obtained from Novagen, USA. N-�-Benzoil-DL-
arginine-p-nitroanilide (BApNA), N-tosyl-L-phenylalanine
chloromethyl ketone (TPCK)-treated trypsin, bovine trypsin
(Type I), imidazole, and aprotinin were purchased from
Sigma Chemical Company (St. Louis, MO). CTI was puri-
fied from nontransgenic corn seed according to Swartz et al.
(1977). The Coomassie Plus Protein Reagent was from
Pierce (Rockford, IL). All other chemicals used in this work
were of at least reagent grade.

Methods

Transgenic Corn Seed Grinding

Extraction studies were carried out with seeds ground to a
particle size smaller than 1.70 mm. For purification studies,

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

Analytical Assays

Total protein concentration was determined by following
the Pierce Coomassie Plus Protein Assay Reagent instruc-
tions (Pierce). Trypsin inhibition assay was carried out ac-
cording to the Sigma Enzymatic Assay of Aprotinin per
Kassel (1970). One trypsin unit was defined as the amount
of enzyme that hydrolyzes 1.0 �mol 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 al. (1999). All assays were done in
triplicate, and the final 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 al. (1999). The
flowthrough fractions from the IMAC column containing
recombinant aprotinin were pooled and sent to the Protein
Chemistry Laboratory at Texas A&M University (College
Station, TX) for N-terminal amino acid sequencing.

Effect of pH and Ionic Strength on
Protein Extraction

Twenty-gram batches of corn meal were suspended in either
100 mL of extraction buffer of varying pH or 100 mL of
NaCl solution with an increasing ionic strength. The buffers
were the following: 200 mM glycine (pH 3.0), 200 mM
sodium acetate (pH 4.0), 200 mM NaPi (pH 6.0 and 8.0),
and 200 mM sodium carbonate/bicarbonate (pH 10.0). NaCl
concentrations were 0, 50, 100, 200, and 300 mM. The
suspensions were stirred for 60 min with a magnetic bar in
a 250-mL beaker and then centrifuged at 9,000g for 15 min.
The supernatants were collected and stored at 4°C for analy-
sis. All samples were assayed for aprotinin concentration,
trypsin inhibition, and total protein concentration. Initial
and final pHs and conductivities of all extracts were moni-
tored.

Determination of Adsorption Isotherms

The adsorption isotherms of aprotinin and CTI on trypsin
agarose and CTI on agarose-IDA-Cu2+ resin were generated
at 25°C using 1.5-mL Eppendorf tubes. The agarose-trypsin
resin was equilibrated with 50 mM NaPi buffer, pH 7.8. The
agarose-IDA resin was first saturated with Cu2+; the un-
bound metal was washed out with deionized water, and a
100 mM imidazole solution in the adsorption buffer (50 mM
NaPi buffer, pH 7.0, containing 0.5 M NaCl), and in the end,
the resin was equilibrated with adsorption buffer. Ten mil-
ligrams of drained resins were used per batch. The adsorp-
tion isotherms determination was conducted as described by
Azzoni and Miranda (1999). Nonlinear regression fit of the
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experimental data was done using the Langmuir adsorption
model (Langmuir, 1916).

Aprotinin Purification

Two hundred grams of aprotinin corn meal were extracted
in a beaker for 30 min with 1.0 L of deionized water at pH
3.0 (pH controlled by addition of 1.0 M HCl) and then
filtered using a 3-�m pore filter paper. The pH of the filtrate
was adjusted to 7.8 using a 1.0 M NaOH solution, and the
filtrate was stored overnight at 4°C. It was again filtered
immediately before being loaded into the affinity column.
The trypsin agarose affinity chromatography was carried
out using an XK 16 column (16 × 100 mm) with 10 mL of
trypsin-agarose resin. TPCK-treated trypsin was immobi-
lized on the Sepharose 4 Fast Flow resin according to the
resin supplier’s instructions (Amersham-Pharmacia). The
column was equilibrated using 50 mM NaPi buffer, pH 7.8,
with 0.25 M NaCl. After the sample was loaded (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 KCl-HCl at pH 2.0 (at 3.0 mL/min). The
eluted fractions (4.0 mL) were immediately diluted with 0.2
M NaPi buffer, pH 7.6, containing 2.0 M NaCl.

IMAC was performed in an XK 16 column packed with
13 mL of cross-linked agarose-IDA resin. The Cu2+ ion was
bound to the resin by saturation with copper sulfate, and the
unbound metal was removed by washing with deionized
water followed by 100 mM imidazole in the adsorption
buffer (50 mM NaPi buffer, pH 7.0, with 0.5 M NaCl). After
equilibration, the 34-mL aprotinin pool (fractions #20 to
#26 eluted from the trypsin-agarose column) was loaded
into the column. After being washed with adsorption buffer,
the elution was carried out using an imidazole gradient (0 to
100 mM in adsorption buffer, in 10 column volumes). Frac-
tions were of 8.0 mL for the flowthrough and washing and
of 9.0 mL for the elution and regeneration steps. The flow
rate used during the loading of the sample was 1.0 mL/min.
All other steps were carried out at 2.0 mL/min.

RESULTS AND DISCUSSION

Effect of pH and Ionic Strength on
Protein Extraction

Extraction is a key step in the recovery of proteins from
plant tissue. The appropriate choice of extraction media
(i.e., buffer, salts, solvents, protease inhibitors) and condi-
tions (i.e., pH, ionic strength, temperature, time, agitation)
is crucial to achieving good extraction yields and reducing
the complexity and costs of purification.

Recovery and purification of the recombinant aprotinin
from transgenic corn seed that was made available to us for
this study presented two major challenges: the relatively
low expression level (0.17% of soluble seed protein ex-
tracted at pH 3.0) and the presence of CTI. The effect of

ionic strength and pH on aprotinin, CTI, and total soluble
protein extraction was studied to improve aprotinin extrac-
tion and to reduce the presence of CTI and other corn seed
proteins in the extract (Fig. 1 and 2). The CTI concentration
in the extract was monitored as total trypsin inhibition be-
cause CTI contributed to more than 90% of the total inhi-
bition activity in the transgenic corn seed extracts. The ionic
strength experiments were performed using different NaCl
solutions (0, 50, 100, 200, and 300 mM) in deionized water.
In these experiments, buffers were not used to eliminate the
possible influence of buffer ions on protein extraction. The
natural buffering capacity of soluble proteins maintained the
pH between 6.2 and 6.4 in all the experiments.

The presence of salt had a strong influence on the extrac-
tion of recombinant aprotinin (Fig. 1a). The final concen-
tration of recombinant aprotinin in the extract showed a
12-fold increase (1,200%) when 300 mM NaCl solution was
used instead of deionized water (from 0.06 to 0.78 �g/mL).
Because aprotinin is a highly water-soluble protein, we

Figure 1. Effect of ionic strength on protein extraction from transgenic
corn meal. (a) Recombinant aprotinin concentration; (b) trypsin inhibition
(�) and total protein concentration (�). Extractions were carried out in
aqueous NaCl solutions. In the experiments, the pH was kept between 6.2
and 6.4, taking advantage of the natural buffering capacity of the corn-
soluble molecules. Duplicates did not deviate more than 19%.
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speculate that the effect of ionic strength on the extraction
of aprotinin resulted from disturbing the interactions be-
tween the components of the extracellular matrix and apro-
tinin. The effect of salt on CTI and total protein extraction
was not as strong as that for the recombinant aprotinin (Fig.
1b). Increases of 25% and 50% were measured for CTI and
total protein concentrations, respectively, as salt concentra-
tion increased from 0 to 300 mM.

Extraction of aprotinin had the lowest yield at pH 8.0
(Fig. 2a). The extraction was not significantly affected by
pH in the range between pH 3.0 and 6.0. The apparent
differences between aprotinin extracted at pH 3.0, 4.0, and
6.0 were probably due to the different buffer systems used.
However, the lowest efficiency of aprotinin extraction
found at pH 8.0 was significant and could not be explained
by the difference in buffer since the same buffer (NaPi) was
used for the extractions at pH 6.0 and 8.0. Since the pI of the
recombinant aprotinin was the same as that of the native
aprotinin (Zhong et al., 1999), the phenomenon could be

due to the effect of pH on the extracellular microenviron-
ment, where most of the recombinant aprotinin accumulated
(Zhong et al., 1999).

The extractability of CTI increased with total protein as
the pH was increased (Fig. 2b). The concentration of CTI in
the extract increased from 0.039 to 0.203 IU/mL (a 5-fold
increase) when the extraction pH increased from 3.0 to 10.0.
The concentration of total soluble protein in the extract also
increased as the pH of the extraction buffer increased, prob-
ably because most of the water-soluble corn proteins have a
pI around 5.0 (Wilson, 1987).

One of the advantages of extraction at pH 3.0 was the
4.2-fold increase in the mass fraction of aprotinin (from
0.04% to 0.17% of the total soluble protein), compared with
that extracted at pH 6.0. Extraction at pH 3.0 also reduced
the amount of CTI in the extract. The stability of the re-
combinant aprotinin at low pH should not be a problem on
a commercial scale since the protein is very stable at drastic
pH conditions. The inhibitor has a remarkable stability at
high temperatures in acidified solutions. Kassel (1970) has
demonstrated that bovine aprotinin could be heated for a
short time in diluted acid at 100°C and in 2.5% trichloro-
acetic acid at 80°C without loss of activity.

To conclude, the different extraction behavior of the re-
combinant aprotinin compared with CTI and other corn seed
proteins allows for selection of conditions that would maxi-
mize recovery of aprotinin and its fraction of total soluble
protein in the extract. The pH and ionic strength of the
extraction can be optimized to assure either low or high CTI
extractability depending on whether CTI will be purified as
a coproduct. A pH of 6.0 and a 300 mM NaCl concentration
should be used if the designed aprotinin purification process
is not affected by the presence of CTI or the latter is con-
sidered a valuable coproduct to be co-purified by the same
process. If aprotinin is the only target, then extraction at pH
3.0 in 200 mM of NaCl concentration is recommended.

Determination of Adsorption Isotherms

Adsorption isotherms were determined to compare the in-
teractions of aprotinin and CTI with trypsin-agarose and
agarose-IDA-Cu2+ resins and to estimate the equilibrium
parameters that would be useful for future process scale-up.
The maximum binding capacities (Qm) and effective disso-
ciation constants (Kd) that describe the equilibrium relation-
ship were calculated by a nonlinear regression fit of the
experimental data to the Langmuir adsorption model (Lang-
muir, 1916).

The adsorption isotherms for aprotinin and CTI on tryp-
sin-agarose were very similar (Fig. 3). The Qm values cal-
culated for both proteins were virtually the same: 1.55 ±
0.04 mg/mL and 1.55 ± 0.08 mg/mL for aprotinin and CTI
adsorption, respectively. This similarity was not expected
because the theoretical molar association between these
molecules and trypsin should have been 1:1, which trans-
lates to 1:3.8 for aprotinin and 1:2.0 for CTI on a mass basis.
Since a higher capacity on a mass basis was anticipated

Figure 2. Effect of pH on protein extraction from transgenic corn meal.
(a) Recombinant aprotinin concentration; (b) trypsin inhibition (�) and
total protein concentration (�). Buffers used were 200 mM glycine, pH
3.0; 200 mM acetate, pH 4.0; 200 mM phosphate, pH 6.0 and 8.0; and 200
mM carbonate, pH 10.0. Error bars in panel indicate the standard deviation
of five replicates. Duplicates did not deviate more than 18% (panel b).
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for CTI, a steric hindrance may explain the lower-than-
expected adsorption capacity value. The estimated Kd val-
ues were 0.126 ± 0.051 mg/L and 0.550 ± 0.248 mg/L for
aprotinin and CTI absorption, respectively. In spite of some
scattering and our inability to collect experimental data
points on the steepest parts of the isotherms, the values for
the dissociation constant suggest that aprotinin and CTI can
be efficiently captured in a trypsin-agarose column, even
considering the very low concentration of these proteins in
the extract. The binding capacity of the tryspin-agarose col-
umn was rather low, and an increase in this parameter would
be required for large-scale applications.

The adsorption isotherm for CTI on immobilized copper
resin is shown in Fig. 4. The choice for the use of copper ion

was based on the fact that CTI has only one histidine residue
and copper is known to promote the strongest interaction in
such cases (Sulkowski, 1989). The Langmuir model gave a
very good prediction of the experimental adsorption data,
with maximum binding capacity and effective dissociation
constant of 32.8 ± 0.7 mg/mL and 60.7 ± 0.35 mg/L, re-
spectively. The Kd value is sufficiently small to predict
efficient CTI binding and separation from the recombinant
aprotinin during an IMAC step. The binding capacity was
sufficiently large to suggest that a small column volume
could be used for CTI and aprotinin separation.

An adsorption isotherm for aprotinin binding to immobi-
lized copper resin was not generated because aprotinin does
not interact with metal affinity resins (Tamagawa et al.,
1999).

Recombinant Aprotinin Purification

Recovery and purification of recombinant aprotinin from
corn seed extract was carried out by a process outlined in
Fig. 5. To maximize the aprotinin concentration and mini-
mize the amount of CTI and other corn proteins in the
extract, the corn meal was extracted with water at pH 3.0
and no salt. The use of affinity adsorption as the first puri-
fication step was designed to take advantage of the low
dissociation constant of the aprotinin-immobilized tryspin
interaction (Kd of 0.126 ± 0.051 mg/L) and therefore to
achieve high efficiency in the capture and purification of the
recombinant product from the dilute extract. Because the
affinity column was expected to bind CTI equally well,

Figure 3. Adsorption isotherms of aprotinin and CTI on agarose-trypsin
resin at 25°C. Adsorption was carried out using 50 mM NaPi buffer, pH
7.8, in a batch-stirred tank system. (a) Aprotinin adsorption isotherm: the
resin maximum binding capacity (Qm) and effective dissociation constant
(Kd) were 1.55 mg/mL and 0.126 mg/L, respectively. R2 for the regression
was 0.917. (b) CTI adsorption isotherm: Qm and Kd were 1.55 mg/mL and
0.550 mg/L, respectively, and R2 was 0.878. The parameters were calcu-
lated by nonlinear regression using the Langmuir adsorption model.

Figure 4. Adsorption isotherm of CTI on immobilized copper resin (aga-
rose-IDA) at 25°C. Adsorption was carried out in 50 mM NaPi buffer, pH
7.0, containing 0.5 M NaCl, using a batch-stirred tank system. The resin
maximum binding capacity (Qm) and effective dissociation constant (Kd)
were 32.8 mg/mL and 60.7 mg/L, respectively. The parameters were cal-
culated by nonlinear regression using the Langmuir adsorption model. R2

for the regression was 0.996.
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IMAC was used as the second step to separate the two
proteins and to purify aprotinin to a higher degree.

Recovery of Recombinant Aprotinin and CTI in
the Trypsin-Agarose Column

Protein and aprotinin concentrations and trypsin inhibition
profiles for the affinity chromatography are shown in Fig. 6.
No significant recombinant aprotinin or trypsin inhibition
was found in the fractions collected in the flowthrough and
washing steps, indicating that the recombinant aprotinin and
the CTI were efficiently captured in the column. The col-
umn was not saturated: it was loaded 30% of its equilibrium
capacity. A protein peak containing the recombinant apro-
tinin and trypsin inhibition activity was collected in the
eluted fractions at low pH. By comparing the total protein,
aprotinin concentration, and trypsin inhibition curves, a de-
lay in aprotinin elution was detected. At the beginning of the
elution step, the mixture of incoming elution buffer (pH 2.0)
and washing buffer (pH 7.8) may have resulted in a pH
gradient that caused a slight separation of aprotinin and CTI.
The recombinant aprotinin corresponded to approximately
9.5% of the eluted protein with a purification factor of 33
(Table I). The rest of the protein was CTI. Recoveries of
trypsin inhibition and aprotinin were 82% and 71%, respec-
tively. A substantial loss of aprotinin occurred during the
elution because the eluate pH was not sufficiently low to
effectively dissociate the inhibitor from the immobolized
trypsin (peak tail was not included in the pooled fractions).
Significant improvement of the aprotinin recovery may be
obtained by optimization of the elution step (i.e., pH and
buffer).

Separation of Recombinant Aprotinin and CTI
by IMAC

The recombinant aprotinin and CTI rich fractions from the
affinity column elution were pooled and loaded into the
IMAC column (Fig. 7), except for fractions eluted between
110 and 116 mL (Fig. 6b). These first two fractions of the
trypsin agarose column elution peak were not pooled be-
cause their aprotinin concentration was low compared to
that of CTI. As in the previous chromatographic step, an
excess of resin was used to avoid saturation and capture all
corn protein impurities (we designed to use 1% of maxi-
mum equilibrium capacity). Trypsin inhibition activity was
detected in the flowthrough as well as in the eluted peak
(Fig. 7a). The ELISA assay indicated that aprotinin was
present mainly in the flowthrough fractions; less then 1% of
the aprotinin was detected in the eluted fractions (Fig. 7b).
The recoveries of total tryspin inhibition and recombinant
aprotinin for this adsorption step were 97% and 81%, re-
spectively, resulting in an overall purification factor and
aprotinin recovery (trypsin-agarose and IMAC steps) of 280
and 49% respectively (Table I). Table I shows a purity of

Figure 5. Block diagram of the process studied for the recovery and
purification of recombinant aprotinin.

Figure 6. Chromatographic profiles the recovery of recombinant aproti-
nin and CTI from transgenic corn seed extract using a trypsin-agarose
column. (a) Total protein and inhibition profiles. (b) Total protein and
aprotinin concentration profiles. A 775-mL sample of extract was loaded
into the column and washed with 50 mM NaPi buffer, pH 7.8, containing
0.6 M NaCl. The bound proteins were eluted with 50 mM KCl-HCl at pH
2.0. W and E indicate the beginning of the washing and elution steps,
respectively.
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79% for the purified aprotinin based on the mass ratio of
aprotinin to total protein. However, total protein was deter-
mined in terms of equivalent mass of a reference protein,
bovine serum albumin. The results from more direct analy-
sis of aprotinin purity, e.g., based on inhibition activity,
suggested that the purity may be higher than this, at greater
than 95% (data not shown).

The flowthrough fractions containing the recombinant
aprotinin (24 to 64 mL fractions) were pooled and a sample
was sent for N-terminal amino acid sequencing. The amino
acid sequence for the recombinant aprotinin was compared
to that for the bovine aprotinin, showing a match between
the recombinant and bovine molecules (Table II). The letter
X for the fifth amino acid on the recombinant aprotinin
sample indicates that a major amino acid was not detected in
this cycle. Because the sample was neither reduced nor
alkylated, this amino acid is probably a cysteine, which was
the amino acid expected to be found at this position in the
sequence.

The fractions collected during the purification process
were also analyzed by SDS-PAGE (Fig. 8), confirming the
purification of the recombinant aprotinin (lane 4). Also, the
gel indicates that the fractions collected during elution from
the IMAC column contained purified CTI in their single-
and two-chain forms (Lei and Reeck, 1986) (lane 5). Under
reducing conditions for SDS-PAGE, the two-chain CTI (14
kDa) can be seen on the gel as two polypeptides of approxi-
mately 8.0 and 5.0 kDa each. The two-chain CTI results
from the cleavage of CTI by the immobilized trypsin in the
affinity adsorption step (Lei and Reeck, 1986). A weak band
corresponding to a protein with a molecular mass of ap-
proximately 24 kDa (not seen in Fig. 8) can also be seen on
the original gel in lane 5. This band probably corresponds to
trypsin released from the trypsin-agarose column during the
low pH elution step (Lei and Reeck, 1986). Because trypsin
is also adsorbed on metal affinity resins (Tamagawa et al.,
1999) the use of IMAC after the trypsin-agarose column
provides a way to overcome the problem of trypsin leakage
during purification of the recombinant aprotinin.

Figure 7. Profiles for the immobilized metal affinity chromatography. (a)
Total protein and trypsin inhibition profiles. (b) Total protein and aprotinin
concentration profiles. A 34-mL pool of fractions #20 to #26 recovered
from the affinity column elution (Fig. 6) was loaded into the column. It was
washed with 50 mM NaPi buffer, pH 7.0, containing 0.5 M NaCl, and the
elution step was carried out using an imidazol gradient in the same buffer.
I, W, and E indicate the beginning of the injection, washing, and elution
steps, respectively.

Table I. Purification of recombinant aprotinin (rAprotinin) from transgenic corn seed extract.a

Step
Volume

(mL)
Protein
(mg)

Inhibition
(IU)

rAprotinin
(mg)

rAprotinin
yield (%)

rAprotinin
purity (%) Purification factor

Extraction 775 225 17 0.64 100 0.28 1
Affinity

Flowthrough 837 119 0 0 0 — —
Eluate 48 4.8 14 0.46 71 9.6 33

IMAC
Load 34c 2.2 4.3 0.39 61 18 62
Flowthrough 48 0.39 1.5 0.31 49 79b 280
Eluate 39 1.7 2.7 0.002 0.30 — —

aExtraction condition: 1:5 solid to liquid ratio (w/v) using de-ionized water at pH 3.0 for 30 min and then filtered through 3.0-�m filter paper.
bDirect analysis of the purity, e.g., using inhibition activity, gave values >95% (data not shown).
cThe first two fractions from affinity elution containing mainly CTI were discarded.

Table II. N-terminal sequence for bovine (from native source) and
transgenic aprotinin.

Protein N-terminal sequence

Bovine aprotinin RPDFCLEPPYa

Transgenic aprotinin RPDFXLEPPYb

aAccording to Kassel (1970).
b“X” Denotes that an amino acid was not detected in this cycle.
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It is important to note that an increase of the expression
level of the recombinant aprotinin should have an important
impact on the economics and on the feasibility of a large
scale commercial production. The expression level (0.17%)
in the seed we had for this work is not as high as in two
other recombinant proteins commercially produced in corn
seed, avidin at 5.7% and �-glucuronidase at 0.7% (Kusnadi
et al., 1998). In the meantime, ProdiGene, Inc., has in-
creased aprotinin expression by more than 20-fold and will
launch the aprotinin product at the end of 2002 (Zivko L.
Nikolov, personal communication).

CONCLUSION

The proposed process for extraction and purification of re-
combinant aprotinin form transgenic corn extracts yielded a
highly purified aprotinin with an overall recovery of 49%.
An appropriate choice of extraction pH and ionic strength
offers control of aprotinin and CTI extractability. A key step
in the purification process studied was the IMAC step. The
immobilized metal column allowed the separation of apro-
tinin from CTI and also captured the trypsin leakage. Thus,
the use of IMAC as a second step may eliminate the need
for a subsequent chromatographic polishing of the aprotinin
product. Another advantage of the proposed purification
process is the copurification of CTI. And finally, the use of
IMAC as the CTI removal step may also be useful for the
recovery and purification of other recombinant proteins pro-
duced in corn.
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