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Abstract

A simple and inexpensive shaker/Erlenmeyer flask system for large-
scale cultivation of insect cells is described and compared to a
commercial spinner system. On the basis of maximum cell density,
average population doubling time and overproduction of recombinant
protein, a better result was obtained with a simpler and less expensive
bioreactor consisting of Erlenmeyer flasks and an ordinary shaker
waterbath. Routinely, about 90 mg of pure poly(ADP-ribose) poly-
merase catalytic domain was obtained for a total of 3 x 109 infected
cells in three liters of culture.
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Introduction

Poly(ADP-ribose) polymerase (PARP, EC
2.4.2.30) is an abundant, highly conserved
zinc-finger enzyme involved in the detection
of DNA strand breaks in the nuclei of most
eukaryotes. In response to these DNA breaks,
which act as an essential cofactor, PARP
catalyzes the covalent attachment of ADP-
ribose units from NAD+ to itself and to nuclear
DNA-binding proteins. Therefore, poly
(ADP)-ribosylation is a post-translational
modification of proteins induced by DNA
damaging agents (for reviews, see 1 and 2).
Although its precise biological role has not
been fully elucidated, PARP has emerged as
a critical regulatory component of the cellu-

lar response to DNA damage (3,4). PARP is
a highly conserved enzyme consisting of three
main functional modules: a 46-kDa N-termi-
nal DNA-binding domain bearing the nick-
detection and the nuclear localization func-
tions, a central 22-kDa polypeptide fragment
containing the automodification sites and a
C-terminal fragment of 40 kDa containing all
the catalytic activities usually associated with
the full-length enzyme (for a review, see 5).

Since PARP is a potential target in cancer
chemo- and radiotherapy (for a review, see
6), there was a need to know the three-
dimensional structure of PARP and particu-
larly its catalytic domain to generate new
specific inhibitors. In turn, production of
large quantities of fully active recombinant
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polypeptide necessary for crystallization ex-
periments required an appropriate expres-
sion system. In our attempts to overproduce
the full-length PARP protein (7) or any of its
functional domains (4,8) we have learned
that the most appropriate system was, by far,
the insect cell/baculovirus expression vector
(IC/BEVS). However, despite substantial
efforts to improve the engineering aspects of
cell cultivation and protein production scale-
up (9-14), large-scale protein production by
IC/BEVS at the bench level has always posed
a problem for researchers wishing to utilize
this powerful expression system. In order to
produce milligram amounts of protein, a few
liters of cell culture must be prepared and a
large number of culture flasks, expensive
bottles or bioreactors, items not common in
many laboratories, must be employed. In our
laboratory, after discarding the use of cul-
ture flasks to grow insect cells, we tried to
use spinner flasks. Despite the use of differ-
ent protocols, results were unsatisfactory re-
garding final cell density, volume of cell
culture, and growth rate. Since Neutra et al.
(15) have recently indicated that the IC/
BEVS can be efficiently run in shaker flasks,
we implemented a bioreactor system similar
to that described by Neutra and co-workers
which was simpler and could be used on a
larger scale. This system proved to be effi-
cient, easy to run, and inexpensive, and the
results obtained were superior to those ob-
served using spinner flasks. In the present
study we describe this system and the proto-
col we routinely use for large-scale produc-
tion of the chicken poly(ADP-ribose) poly-
merase catalytic domain and its purification.

Material and Methods

Cell stock and medium

Spodoptera frugiperda cells (Sf9 cells)
were grown at 27oC in TNM-FH medium
(Sigma Chemical Co., St. Louis, MO) pre-
pared from powder and supplemented with

10% fetal calf serum and 100 µg/ml gen-
tamicin (Gibco, Grand Island, NY). The
medium for cell cultivation in suspension
also contained 0.2% pluronic acid (Gibco)
to protect cells from mechanical shearing.
Stocks of Sf9 cells were maintained as mono-
layers in 75-cm2 tissue culture flasks and
subcultured once a week. Medium was
changed every three days.

Production of recombinant baculovirus

The 1070-bp cDNA encoding the cata-
lytic domain of chicken PARP has been
isolated by PstI restriction from the plasmid
pTG1.2 (8) and was inserted into the single
PstI site present inside the polylinker of the
baculovirus transfer vector pVL 1392 (16).
An ATG codon was introduced by PCR in
such a way that the first amino acids of the
recombinant protein were Met Ala Leu Thr
Val (the amino acids Met and Ala were
added by PCR). The amplified fragment was
completely sequenced to ensure that no mu-
tation was introduced by PCR. The resulting
recombinant plasmid and the linearized
BaculogoldTM baculovirus DNA (Pharmigen,
San Diego, CA) were cotransfected into Sf 9
cells according to manufacturer instructions.
The recombinant viral plaques were identi-
fied by visual screening and several putative
recombinant viruses were isolated and iden-
tified. The overexpression of the recombi-
nant protein was confirmed by Western blot
using an antibody raised against the catalytic
domain (8).

Bioreactor system

The simplified bioreactor system for cell
cultivation and protein production consisted
of Erlenmeyer flasks (0.5, 3, and 6 l) im-
mersed in a water bath at 27oC with a recip-
rocating platform (amplitude of 1 cm). To
assure proper mixing without foaming, shaker
frequency was adjusted from 75 to 90 cycles/
min according to the flask size and cell cul-
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ture volume. The Erlenmeyer flasks were
sealed with cotton plugs. The traditional spin-
ner flask systems consisted of 100- and 1,000-
ml spinner flasks (Belco, Vineland, NJ) and
a magnetic stirrer was placed inside an incu-
bator. Temperature was set at 27oC and mix-
ing was adjusted with the same criteria as
used for the Erlenmeyer system.

Purification of the recombinant PARP
catalytic domain

The polypeptide produced in the Erlen-
meyer system was purified using a protocol
similar to that described by Giner et al. (7).

Results and Discussion

The protocol for cell cultivation in Erlen-
meyer flasks followed by infection using this
same system is outlined in Figure 1. Cultiva-
tion was initiated by seeding 4.0 x 107 cells
in a 500-ml Erlenmeyer flask containing 100
ml of medium. After three days, 2.0 x 108

cells were centrifuged at 1,000 g for 5 min,
resuspended in 400 ml of fresh medium, and
transferred to 3-l Erlenmeyer flasks. At the
end of two additional days of cultivation, a
last cell propagation step was undertaken by
centrifuging and resuspending 5.9 x 108 cells
in 1.2 l of medium placed in a 6-l Erlenmeyer
flask. Within three days, cell density was
about 2.4 x 106 cells/ml (3 x 109 total cells).

Recombinant protein was produced by
cell infection with recombinant baculovirus
and subsequent cultivation for overexpres-
sion of the desired protein. Infection with
recombinant baculovirus containing the se-
quence for the expression of the catalytic
domain of PARP was carried out at 27oC by
recovering the cells by centrifugation and
suspending them in the virus stock solution
(multiplicity of infection of 5; cell density of
1.0 x 107 cells/ml). After 1 h of infection, the
cell suspension was diluted ten-fold with
fresh medium (final cell density of 1.0 x 106

cells/ml). This cell suspension (3 l) was di-

vided into three equal fractions that were
incubated in three 3-l Erlenmeyer flasks for
final cultivation and protein overexpression.
Samples were taken daily from flasks under
a sterile hood to allow exchange of air in the
head-space. Cells were harvested on the third
day after infection and immediately frozen
at -80oC until purification of the recombi-
nant protein.

Using Erlenmeyer flasks to cultivate Sf9
cells proved to be more versatile and simpler
than using spinner flasks since flasks of dif-
ferent sizes were readily available. Erlen-
meyer flasks do not have any impellers or

1) Cell cultivation in 3 steps

4.0 x 107

cells

2.0 x 108 cells

3.0 x 109 cells

1000 g
5 min

1000 g
5 min

1000 g
5 min0.5 l 3 l 6 l

72 h
100 ml of medium

48 h
400 ml of medium

72 h
1.2 l of medium

2) Infection (1 h)

3 x 109 cells

(1.0 x 107 cells/ml)

3) Protein production (72 h) 2.7 l of medium

3 l3 l3 l

1 l of cell suspension in each flask at 1.0 x 106 cells/ml

Figure 1 - Schematic outline of the protocol for cell cultivation/infection and protein produc-
tion in Erlenmeyer flasks.

5.9 x 108 cells
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vated in spinner flasks as determined by
SDS-PAGE and by densitometry at 550 nm
(Figure 2).

The recombinant PARP catalytic domain
produced in the Erlenmeyer flask system was
purified to homogeneity (as indicated by
SDS-PAGE) (Figure 3). The protocol used
for this purification was a modification of
the protocol previously described (7) to pu-
rify whole chicken PARP, a 113-kDa pro-
tein. This protocol is based on the ability of
PARP to bind through its catalytic domain to
3-aminobenzamide, a nicotinamide analogue
which is an inhibitor of this enzyme. This
affinity purification was carried out as af-
finity adsorption after lysis of the infected
Sf9 cells and removal of nucleic acids by
protamine sulfate precipitation. The modifi-
cation introduced in this protocol was a
change in the ammonium sulfate concentra-
tions used for the two precipitation steps for
partial purification (from 30 and 70% satura-
tion to 50 and 65% saturation). The objec-
tive was to optimize the recovery of the 40-
kDa chicken PARP catalytic domain since
Simonin et al. (8) used this narrow concen-
tration range when purifying the same polypep-
tide overproduced in Escherichia coli.

Figure 2 - SDS-PAGE (0.1% SDS-10% polyacrylamide, Coo-
massie blue stained) of whole lysates of Sf9 cells infected with
recombinant baculovirus for the large-scale expression of the
catalytic domain of chicken PARP (72 h of infection, 105 cells/
slot). Lane 1, Molecular mass markers (ß-galactosidase, 116
kDa; phosphorylase b, 94 kDa; serum albumin, 67 kDa; ovalbu-
min, 43 kDa; carbonic anhydrase, 30 kDa; trypsin inhibitor, 20
kDa); lane 2, non-infected Sf9; lane 3, Sf9 cells cultivated in
spinner flasks; lanes 4 to 6, three batches of Sf9 cells cultivated
in Erlenmeyer flasks. The arrow indicates the position of the
band corresponding to the recombinant 40-kDa catalytic domain
of chicken PARP.
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other moving parts, thus making washing
and, especially, sterilization easier or more
efficient. Large-scale processing was facili-
tated by the possibility of handling large
culture volumes in large Erlenmeyer flasks
(as much as 3 l of culture in a 6-l flask). In a
1-l spinner flask, maximum cell culture vol-
ume was limited to 400-500 ml since larger
volumes required stirring speeds which led
to extensive cell damage and death.

Cell growth rates in the Erlenmeyer flasks
were higher and more stable than those ob-
served in the spinner flask. The average
apparent doubling time (doubling time based
on the total number of cells at time zero of
the first cultivation step and at the end of the
cultivation step immediately before infec-
tion) for cells grown in the Erlenmeyer sys-
tem was 31 h, with a standard deviation of 5
h (3 runs), while for the spinner flask it was
45 h, with a standard deviation of 19 h (6
runs). Final cell density in Erlenmeyer flasks
reached on average 2.7 x 106 cells/ml while
in spinner flasks cells only grew to densities
of about 1.4 x 106 cells. Also, a two-fold
larger amount of recombinant polypeptide
was produced per cell from cells cultivated
in Erlenmeyer flasks compared to cells culti-
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The purified catalytic domain was fully
active (data not shown). About 30 mg of
protein was produced per liter of cell culture
(30 mg of protein per 109 cells). The better
performance of the Erlenmeyer flask system
compared to the spinner system may be the
result of a more constant cultivation temper-
ature and improved aeration. The former
may be the main reason for a constant growth
rate since temperature fluctuations are known
to decrease and even stop cell growth (17).
Temperature fluctuations encountered using
spinner flasks with magnetic mixers (which
always generate some heat) inside incuba-
tors were avoided by the use of a water bath.
Higher cell density and protein production
per cell could be the result of improved
aeration in the Erlenmeyer flask since both
parameters have been shown to be highly
dependent on the aeration rate of the culture
(18). Aeration in spinner flasks without oxy-
gen sparging depends on the volume of air in
the head-space of the flask and on the degree
of mixing. This mixing is severely limited
due to high shear forces at the tip of the
impellers. However, since impellers are not
used in the Erlenmeyer system, these mixing
problems are eliminated. Moreover, Erlen-
meyer flasks provide a larger surface area
per liquid volume and a larger head-space

than spinner flasks, favoring improved aera-
tion of the cell culture liquid.

A reviewer has suggested that the deter-
mination of the growth curve in the log phase
for cells growing in both systems is a better
way to compare them. While agreeing with
the reviewer, we believe that the apparent
doubling time is also a suitable way to com-
pare them regarding our objectives. It ac-
counts for the difference between the growth
of the two systems at the log phase and also
for the difference due to growth arrest in the
lag phase.

Using IC/BEVS, it was possible to grow,
infect and produce at high yields a recombi-
nant protein in a simple bioreactor consist-
ing of regular Erlenmeyer flasks and of an
ordinary shaker/water bath. Protein overex-
pression was higher than in systems employ-
ing more expensive and cumbersome biore-
actors. The low cost, simplicity, and versatil-
ity of the system makes this technique fea-
sible for researchers working with equip-
ment available in most biology-related labo-
ratories. The purification protocol produced
a homogeneous, pure, and fully active
polypeptide suitable for further structure and
function studies, e.g., crystallographic anal-
ysis, which should enhance our understand-
ing of how this important enzyme functions.
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Figure 3 - Monitoring the purification of the recombinant 40-kDa
domain of chicken PARP expressed with the baculovirus/insect
cell system. Samples at various stages of purification were
separated on 0.1% SDS-10% polyacrylamide gel (Coomassie
blue stained). Lane 1, Molecular mass markers (ß-galactosidase,
116 kDa; phosphorylase b, 94 kDa; serum albumin, 67 kDa;
ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa; trypsin inhibi-
tor, 20 kDa); lane 2, crude lysate; lane 3, protamine sulfate
precipitation; lane 4, ammonium sulfate precipitation; lane 5, 3-
aminobenzamide affinity chromatography. The arrow indicates
the position of the band correponding to the recombinant 40-
kDa catalytic domain of chicken PARP.
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