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Abstract

Directed control of cell metabolism by a modification of the physicochemical conditions (presence of Na-butyrate
and modification of the temperature) was used to modulate the productivity of human recombinant tissular plas-
minogen activator (t-PA) expressed under control of SV40 promoter in Chinese Hamster Ovary (CHO) cell lines.
We showed that both by adding Na-butyrate or lowering temperature from 37 °C to 32 °C there is an increase in the
amount of t-PA excreted, while cell growth is significantly reduced. The treatments also increased the intracellular
amount of t-PA.

We measured the distribution of cell cycle phases by cytometry and used a modification of the equations of
Kromenaker and Srienc (1991, 1994 a, b) to analyse the intracellular t-PA production rate in the different cell cycle
phases. Intracellular t-PA was shown to accumulate in G1 phase in all conditions (at 37 °C, at 32 °C and in presence
of butyrate). Moreover, we have shown that the distribution of the time cells treated by butyrate are maintained in
the G1 cell cycle phase is significantly increased.

t-PA produced in the different cell culture conditions tested was analysed by zymogram and western blotting:
neither butyrate, neither the shift of temperature changed significantly the overall quality of the protein. The N-
glycan patterns of recombinant human t-PA was also analysed with carbohydrate-specific lectins. Butyrate caused
a transitory increase in N-linked complex high-mannose oligosaccharides without any effect on the sialic acid
content of t-PA.

Introduction may indeed be important for their biomedical activ-
ity. These important modifications could be achieved
properly only in higher eukaryotic systems. The

amino-acids sequence of t-PA contains four potential

Mammalian cell culture is becoming increasingly im-
portant for the production of human recombinant

proteins especially in the pharmaceutical field. The
growing demand for these products prompted the de-
velopment of mammalian cell culture to large scale
and long term operation.

The production of therapeutic proteins in mam-
malian cells has advantages over the use of bacteria
or yeast. Post-translational processing such as glyc-
osylation and proteolytic cleavage of human proteins

N-glycosylation sites, three of them only being usu-
ally glycosylated (Asn''7, Asn**3 Asn!'8%) (Parekh
et al., 1989). The N-linked complex oligosaccharides
include fucose, galactose, N-acetylglucosamine and
N-acetylneuraminic acid linked «(2-6) or «(2-3) to
galactose while N-linked high-mannose oligosacchar-
ides include only terminal mannose «(1-3), a(1-6) or
a(1-2) linked to mannose. The natural t-PA produced
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in almost all human cells predominantly contains man-
nose oligosaccharide structure at the 117 site, the 184
and 448 sites have a complex type oligosaccharide
structure which presents differences in antennarity and
sialylation according the conditions of cell culture. In
contrast to the native t-PA which contains a NeuAc
a(2-6) Gal link, the recombinant t-PA synthesised
from mammalian cells in culture has a NeuAc «(2-3)
Gal link. This difference has a relatively low import-
ance for activity according many authors (Spellman et
al., 1989; Parekh et al., 1989a, b) but glycosylation is
specific to cells, tissues, cell differentiation state, and
it is therefore difficult to establish a general theoretical
model for t-PA glycosylation.

The yield of protein production in eukaryotic cell
systems is however lower than in prokaryotic sys-
tems. Therefore adequate optimisation of the process
is essential.

Any improvement of cell production may be of
importance toward this goal. Stimulation of specific
protein expression was also looked for. Number of
stimulating agents are known for their potency to
enhance protein productivity. It was shown that Na-
butyrate increases the specific production in CHO cells
of Factor VIII and of number of other heterologous
secreted proteins (Dorner at al., 1987; Ganne et al.,
1991; Gebert and Gray, 1991) including t-PA either in
transfected CHO (Palermo et al., 1991) or in cultured
human endothelial cells (Kooistra et al., 1987). It was
shown that hybridoma cells are more productive dur-
ing the G1 phase of the cell cycle (Kromenaker and
Srienc, 1991, 1994a, 1994b).

It was therefore of interest to investigate if Na-
butyrate is stimulating t-PA through a specific mod-
ulation of the cell cycle. As temperature is also an
important factor influencing cells (Jenkins and Hovey,
1993; Kretzmer et al., 1998) and prolonging G1 cell
cycle phase (Hendrick et al., 1999), the effect of tem-
perature shift down on t-PA production was therefore
further investigated in parallel to butyrate treatment.
The direct comparison undertaken in the present paper
on the same system of the effects of Na-butyrate and of
the temperature shift permitted us to ascribe a general
effect of the cell cycle on the production of a given
recombinant protein.

A sequence of correlations was followed in the
present study to develop a mathematical model to
discriminate the individual cell cycle phases. In bac-
teria, protein production is correlated to the cell size
and a specific equation was established by Collins
and Richmond (1962) to characterise this property.

This equation has been adapted by Kirkwood and
Burdett (1986, 1988) to calculate the growth rate of
individual cells of bacteria. Kromenaker and Srienc
(1991, 1994a, 1994b) however, by isolating cells ac-
cording their size demonstrated that there is no clear
correlation between the cell size and the cell cycle po-
sition. Such a conclusion is however controversial at
the moment.

On the basis of centrifugal elutriation to produce
cell cycle enriched fractions, Lloyd et al. (2001)
established a correlation of productivity and cell size.

The use of a mathematical approach as described
here to analyse cytofluorimetry data avoids to select
cells in different phases of the cell cycle, by us-
ing chemicals or elutriation, which causes important
perturbations to the balanced cellular properties.

This paper demonstrates that Na-butyrate and tem-
perature shift increase recombinant t-PA productivity
in CHO cells in suspension culture with serum free
medium. It showed also that there is a clear relation
between the intracellular accumulation of recombinant
t-PA in CHO and time cells are maintained in GOG1
cell cycle in the different conditions tested. t-PA pro-
ductivity may therefore be improved by controlling the
cell cycle.

Materials and methods

Cell lines and culture conditions

The t-PA-producing cell line (CHO Tf70R) was
obtained from Pharmacia Upjohn (kind gift of T.
Bjoring). All cells were usually grown at 37 °C in a
5% CO; and 95% humidity atmosphere.

The recombinant cells were grown in suspension in
a serum free medium (Biopro-1: BioWhittaker) sup-
plemented with 2 mM glutamine and 20 mM glucose
either in 80 cm? T.C. Flasks for preliminary studies
and in 250 ml or 500 ml Techne spinners (agitation: 50
rpm). The cell concentration determination was car-
ried out manually with a haemacytometer and viability
by trypan blue dye exclusion. The cells were inocu-
lated at 37 °C at 1.5 x 10° cells ml~! either treated
72 hours later with 1mM Na-butyrate or shifted from
37°Cto 32 °C.

Protein concentration determination

Protein concentration was determined by dye binding
using the Bradford method with bovine serum albumin
(BSA) as the standard (Bio-Rad).



t-PA concentration

A sandwich ELISA test (Immulyse t-PA kit by Dia-
gnostic International, Germany) was used for the
quantitative determination of single-chain and two-
chain t-PA antigen in cell culture supernatants.

The determination of the intracellular t-PA amount
was done after a complete lysis (five minutes treatment
: ‘Mammalian Protein Extraction buffer’ supplied by
Pierce). After centrifugation of pellets, supernatants
were tested for the intracellular t-PA concentration
with the ELISA kit as above.

t-PA activity

The enzymatic activity of t-PA was measured by a
colorimetric method using the synthetic peptide-p-
nitroanalide (Chromozym t-PA by Boehringer Man-
nheim).

The intracellular activity determination of the t-
PA was done after a complete lysis obtained as
above. After centrifugation of pellets, supernatants
were tested for the intracellular activity of t-PA with
the same chromogenic test.

Cell cycle analysis

The distribution of cells in the different phases of the
cell cycle (GOG1, S, and G2M) was analysed by cyto-
fluorimetry (Excalibur, Becton Dickinson). The cells
were fixed in 75% PBS/25 % methanol (v/v) and then
maintained at —20 °C until analysis.

Cells were centrifuged and the pellet was homo-
geneized in 2ml of phosphate-citrate buffer (0.2M
NayHPOy4, 0.1M monohydrated citrate). After incuba-
tion during 30 min, 1 ml of RNase (3 mg ml~!) was
added to the solution. After incubation at 37 °C during
20 min, pellet was resuspended in propidium iodide
(PD (50 pg/ml).

Distinction between cells in G2 or M phase

The classical cell cycle analysis methods can not dis-
criminate cells in G2 phase or in M phase; indeed they
both contain the same DNA amount. However to apply
the Kromenaker and Srienc equation (1991), it is ne-
cessary to separate the cells into two clear distinct G2
and M phases. The following procedure was therefore
required to differentiate cells in G2 and M phases:
Briefly, cells were fixed in PBS-methanol and
formaldehyde. RNase and HCI-Triton X-100, respect-
ively destroying RNA and histone of DNA, were ad-
ded to the solution. Cells were boiled to separate the
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two strands of DNA and kept after on ice to prevent
renaturation of DNA. An anti-t-PA FITC antibody (la-
belling was operated using the “fluoresceine Labelling
kit” from Boehringer Mannheim following instruc-
tions described by the firm) and PI was added to the
samples before the cytometric analysis.

Flow cytometric measurements were made with a
Facscalibur Becton Dickinson cytometer. The green
fluorescence represented the amount of FITC bound to
the t-PA protein and the red fluorescence represented
the amount of PI bound to the DNA.

Determination of time passed in the different cell
cycle phases

Slater et al. (1997) have defined three equations to
characterise the time passed in the different cell cycle
phases. The proportions of the cells in each phase of
the cell cycle were obtained through the CellQuest
program (Becton Dickinson). The equations involved
are the following:

Toi = Td/n(2). In [1- f51/2]
Ts = Td/In(2). In [1+ fs/(1+ fgom)]

Tcom = Td/n(2). In [1+ f gam]

where:
Td: Doubling time (h)

Tgi: Time passed in G1 phase (h)

Ts: Time passed in S phase (h)

Tgom:  Time passed in GoM phase (h)

fo1: Fraction of the population in G1 phase (%)
fs: Fraction of the population in S phase (%)

fgom:  Fraction of the population in GoM phase
(%)

Conversion from cell percentages to t-PA production
rates in the different phases of the cell cycle

The mathematical basis of this analysis were, as repor-
ted above, first developed by Kirkwood and Burdett
(1986, 1988) for bacterial growth, and later exten-
ded to animal cell growth by Kromenaker and Srienc
(1991, 1994). Briefly, they consider a population of
hybridoma cells in exponential growth with a spe-
cific growth rate k. This population is maintained in a
steady state so that the dynamics of protein products
can be established between the different cell cycle
phases. In other words, we convert measures of cell
distribution and t-PA concentration in each phase of
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the cell cycle into accumulation rates of t-PA in the
same phase as a function of cell distribution. This
lead to the following equation for GOG1, G2M and
S phases respectively:

VGI(P) = )LGl(l;)_Gl
[Gr f722% (.dx — 2N, [P W) .dx +

(N + G2 + 9). 57 0(x).dx]

V3(p) = A—s(l;).s
[S-J738 (0.dx + (G2 + N) [ x(0.dx —

N + G2 + ). [0(x).dx]

VGz(P) = )»Gz(l;)).GZ
[Gz. 2302 (x).dx + N. [ g(x).dx +

(N + G2+ 8). [F X(x).dx]

where:

N: Cell number at any time

K: Specific growth rate

Gy Cell number in G phase

S: Cell number in S phase

Gy : Cell number in GoM phase

x(): Frequency distribution values of intracel-
lular amount for cells in S/G2M transition
phase

261(p):  Frequency distribution values of intracel-

lular amount for cells in G1 phase

AS(p):  Frequency distribution values of intracel-
lular amount for cells in S phase
2G2(p):  Frequency distribution values of intracel-

lular amount for cells in GoM phase

o(p): Frequency distribution values of intracel-
lular amount for mitotic cells

W(p): Frequency distribution values of intracel-
lular amount for post-mitotic cells

0(p): Frequency distribution values of intracel-
lular amount for cells in G1/S transition
phase

Electrophoresis analysis

t-PA protein is detected by two methods of SDS-
PAGE electrophoresis analysis: a classical sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) in 12% Acrylamide-bis-acrylamide gel
under reducing conditions using the Laemmlips
method (1970) and a modified substrate gel method
used to detect proteolytic activity (Heussen et al.,
1980; Blankaert at al., 1998). This zymographic ana-
lysis differs from SDS-Laemmli gels in two aspects:
—the gel were made by incorporating the protein
substrates (plasminogen and gelatin) of interest
within the polymerised acrylamide matrix.
—the gel were then incubated in order to activate the
action of the enzyme on the substrates.

The first substrate (plasminogen) reacts with the
t-PA protein and forms plasmin which then degrades
gelatin. We used in this case 15 % acrylamide gel to
increase the resolution of the electrophoresis. After
migration, proteins were stained with Coomassie blue
and clear bands appeared on the gel where gelatin was
degraded by the activated enzyme on a blue back-
ground. These degraded bands represent active t-PA
chains.

t-PA Western blotting

After SDS-PAGE (12%acrylamide-bis-acrylamide),
the gel content was transferred onto western blot-
ting nitrocellulose membranes. After the transfer step,
membrane was washed with PBS and saturated with
BSA-PBS (0.1% W/V) for 1 hour. Later, S5ug ml~! t-
PA IgG antibody conjugated with biotin (The Binding
Site, Birmingham, UK) was added to the membrane
for 2 hours. The membrane was then washed twice
with PBS-Tween 20 (0.1% V/V) and the membrane
was incubated for 1 hour with 50 ng m1~! streptavidin-
peroxydase. The Staining was performed by the HRP
conjugate Substrate kit from Biorad.

Detection of glycan structures with
digoxigenin-labeled lectins

After SDS-PAGE and electrotransfer of proteins onto
nitrocellulose membranes, glycoproteins were in-
cubated with digoxigenin-labeled lectins followed
by detection of glycoprotein-bound lectins with al-
kaline phosphatase-conjugated anti-digoxigenin im-
munoglobulin (Boehringer Mannheim). Fetuin and
asialofetuin (Boehringer Mannheim) were used as



control glycoproteins to certify the reactivity of the
lectins.

Nothern blotting

The plasmid t-PA probe from E. Coli bacteria used
(pKGE-45), was received from Pharmacia Upjohn (Dr
T. Bjoring). A single colony should be inoculated
into 2-10 ml of LB-medium (‘Luria Bertani medium’)
containing 10 g ml~! Ampicillin as selective agent
(and grown for 8 hours : logarithmic phase). First,
DNA was purified from bacteria with a Quiagen Kkit.
After harvesting and resuspension, the bacterial cells
were lysed in NaOH-SDS in presence of RNase A.
The cleared lysate was loaded onto a pre-equilibrated
column (anion-exchange resin) by gravity flow. The
column was then washed with medium-salt buffer
which removed traces of RNA and protein, without
affecting the binding of the plasmid DNA.

After purification, 30 pug of pKGE-45 DNA was
digested by a ECO-RI restriction enzyme for 2 hours
to obtain a fragment of DNA (+/- 400 pb) and analysed
by an Agarose gel electrophoresis (in 1.2% TEA: 40
mM Tris-Acetate, | mM EDTA; pH 8). The DNA band
was then extracted from the agarose gel. A radioactive
probe (dCTP P3?) was prepared with the Rediprime II
kit from Amersham. The RNA extracted from CHO
cells using TRIZol from Life Technologies-Gibco was
hybridized with the radioactive probe.

The nitrocellulose membrane was incubated for 2
hours with a pre-hybridisation solution (50% form-
amide, 6X SSC, 1001g ml~! de DNA salmon, 5X
Denhaert’s) to saturate the non-specific binding sites
and the radioactive probe was incubated overnight in
this solution at 65°C. After hybridising, the nitrocel-
Iulose was washed (twice for 20 min. with a 2X SSC
buffer and again with a 0.2X SSC buffer) before auto-
radiographic processing and scanned for quantitative
evaluation of mRNA amounts.

Results

Effect of Na-butyrate

Effect of Na-butyrate on cell growth and protein
production

It is known that butyrate have some effects on cell
growth and productivity. Although its precise mech-
anism of action is unknown, it is clear that butyrate
changes chromatin structure as a result of hyper-
acetylation of histones, and that these changes can
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Figure 1. Cell growth kinetics for CHO-Tf70 in function of time in
T.C. flasks. Arrow represented the addition of butyrate at 24 hours
(e Control; A 1 mM; x 2mM; O 5 mM butyrate).
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Figure 2. Viability for CHO-Tf70 in function of time in T.C. flasks.
Arrow represented the addition of butyrate at 24 hours (e Control;
A 1 mM; x 2mM; O 5 mM butyrate).
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Figure 3. t-PA specific activity (mUI/ug) for CHO-Tf70 in function
of time after addition of butyrate in T.C. flasks (Control, 1 mM,
2mM, 5 mM butyrate respectively as indicated).
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Figure 4. Cell growth kinetics (seeding at 1.5 x 10 cells in 200
ml medium) for CHO-Tf70 in function of time in mini-bioreactor
‘spinner’” with addition of 1 mM butyrate at 72 hours (Arrow) after
splitting the culture in two separate cultures of 100 ml in 250 ml
stirrers (e Control and A 1 mM butyrate).
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Figure 5. t-PA concentration for CHO-Tf70 in function of time in
mini-bioreactor ‘spinner’ with addition of 1mM butyrate at 72 hours
(Arrow) after splitting the culture in two cultures of 100 ml in 250
ml stirrers (Same conditions as in Figure 4) (e Control and A 1 mM
butyrate).
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Figure 6. t-PA productivity for CHO-Tf70 in function of time in
mini-bioreactor ‘spinner’ with addition of 1 mM butyrate at 72 hours
(Arrow) (Same conditions as in Figure 4) (e Control and A 1 mM
butyrate).
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be correlated with a modulation of gene expression
(Kruh, 1982). Palermo et al. (1991) have tested 5
mM of butyrate on different CHOt-PA clones and they
have shown that at this concentration, the activity per
cell is increased as is the specific activity of the pro-
tein produced. As for our own experiments the overall
conditions and in particular the cell culture media and
the transgenic construction were not the same, it was
necessary to test a panel of concentrations to confirm
the sensitivity of our CHO cells to butyrate. After 24
hours of cell culture, the effect on the growth of CHO
cells of different butyrate concentrations were there-
fore tested first in T.C. flasks. We observed that for the
control by seeding 1.5 x 103 cells mI~!, a cell density
of 3.5 x 10° cell ml~! was reached after 96 hours of
cell culture while the cell density decreased below 1
x 10° cell ml~! for the different concentrations of
butyrate tested at this time (Figure 1). Cell viability
decreased also somewhat when the butyrate concen-
tration increased and at SmM, clear cytotoxic effects
were readily observed (Figure 2). Moreover, the t-PA
specific activity (UI activity/mg protein) increased for
all butyrate concentrations used (Figure 3).

The increase is 3-fold in 5 mM butyrate compared
to the control after 48 hours of cell culture. For the
control culture, t-PA specific activity remained more
or less at the same level, indicating that the quality of
the protein was maintained during the culture.

However, for the butyrate treatment, the t-PA spe-
cific activity increased 24h and 48h of cell culture
after the addition of the agent and then decreased at
72 hours to reached the same value than the control
(Figure 3). It appeared that butyrate treatment exerted
an important but transitory effect on the specific activ-
ity of t-PA produced. It should however be pointed out
that butyrate concentration in the culture medium de-
creased during incubation indicating some metabolism
by hybridoma cells (Cherlet et al., 2000).

To limit deleterious perturbations of the CHO cells
by butyrate, the concentration of 1 mM butyrate was
first selected for further experiments in spinner flasks.
In a second step, bi-phasic growth conditions were ap-
plied: first the cells were grown without treatment and
in its mid-exponential phase of growth, ImM butyrate
was added to the cell culture.

The viable cell density increased from an initial
value of 1.5 x 10°ml~! to a maximum of 1 x 10°
ml~! after 168h for the control culture and to 4 x 103
ml~! with Na-butyrate (Figure 4).

t-PA production in CHO cells was measured and
the productivity (ug cell™! hour™!') was calculated



in function of time. t-PA concentration (Elisa essay)
increased to a maximum value of 3.65 mg 1= with
1mM butyrate and 1.72 mg ml~! for the control. Bu-
tyrate reduced significantly cell growth (Figure 4) but
increased t-PA concentration, up to two folds after
144 hours of cell culture (Figure 5) while cell growth
is significantly slowed down. t-PA productivity is in-
creased by butyrate as shown in Figure 6. The maximal
productivity for the control is 0.011 ug cell™! h~!
and 0.035 pug cell"'h™! for the treatment with Na-
butyrate. t-PA productivity of CHO cells is increased
about 3 folds by butyrate ImM.

These results indicated that both t-PA concentra-
tion and t-PA productivity increased after butyrate ad-
dition in CHO cell culture. The decrease of t-PA titer at
the end of cell culture (Figure 5) in presence of butyr-
ate might be related to the cytotoxic effect of butyrate,
cell lysis probably increasing t-PA degradation.

Those results indicate that Na-butyrate increased
recombinant t-PA production in CHO cells ; the
amount, the activity and the specific activity of t-PA
are positively affected by the treatment.

Effect of Na-butyrate on cell cycle
In order to further discriminate cell growth from t-PA
production we have studied the distribution of CHO
cells in the cell cycle both in absence and in presence
of butyrate. We observed a 10% increase in the pro-
portion of cells in GOG1 after ImM butyrate addition
during cell culture. This increase is clearly marked
24 hours after addition of butyrate (direct data from
cytometry not shown). The small difference observed
between the control and the butyrate cultures may be
explained by the fact that control cells maintained
an active cycling throughout all the experimentation
while in presence of butyrate part of the cells stopped
their division process and accumulated into the GOG1
cell cycle phase, some of the cells undergoing a cell
death process. Butyrate exerted most of its transitory
effect on the cell cycle phase after 24 hours of addi-
tion. Butyrate disappeared during the cell culture as a
consequence of cell metabolism (Cherlet et al., 2000).
In order to further characterise this situation, we
have calculated here, from these raw cytofluorimetry
data, the time during which cells are maintained in
each cycle phases, according to the relation of Slater
et al. (1997) as indicated in materials and methods.
An increase in the proportion of the time in which
cells remained in the G1 phase after 24 hours butyrate
addition (54%) compared to the control (43%) could
be derived (Figure 7).
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The intracellular t-PA content being an interesting
parameter to evaluate the cell behaviour after butyr-
ate addition, a detailed analysis was provided by the
observation of the evolution of the intracellular t-PA
quantity during cell cycling as adapted from the re-
lations derived by Kirkwood and Burdett (1988) and
Kromenaker and Srienc (1991, 1994 a and b) (as de-
scribed in ‘materials and methods’). Flow cytometric
measurements, provided data on intracellular t-PA dis-
tribution in different cell cycle phases (GOGI, S and
G2M).

Cells in G2 and M phases can be isolated by the
treatment described in ‘materials and methods’ and
analysed individually by cytometry : the membrane
of mammalian cells nucleus was dissolved during mi-
tosis (M phase) and the DNA of mitotic cells are more
readily denatured than the DNA of the cells in the
G2 phase. Acid and heat treatments of the sample
provided modification of the right angle light scatter-
ing. The two different cell populations may be clearly
distinguished. Moreover, as mitotic cells have more
DNA in single stranded form and as propidium iod-
ide intercalating only in double stranded DNA, the
distinction is even more easy due to this effect. The
treatment induced thus a lower red fluorescence with
mitotic cells than with G2 cells even with the same
DNA content.

After cell cycle analysis and separation by appro-
priate gate selection, one can obtain the cell popu-
lations in the different cell cycle phases (GOG1, G2,
M and S) as well as the t-PA intracellular amounts in
those cell cycle phases. These data were introduced in
the mathematical model, with which one can calculate
the different rates of t-PA accumulation in the different
cell cycle phases.

Very different patterns for t-PA production rates in
the different cell cycle phases were derived from the
model (Figure 8).

The interpretation of the curve corresponding to
the distribution in G1 cell cycle phase, indicated
that cells with low concentration of t-PA accumulated
strongly the recombinant protein.

This accumulation gradually dropped while t-PA
concentration reached high level. During the S phase
a similar trend was followed, t-PA accumulation
dropped until reaching a very low value, ending to zero
level. In G2M on the contrary, we observed a negative
rate of accumulation which resulted from the fact that
rates of secretion and degradation exceed the rate of
synthesis. This result indicated that the overall beha-
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Figure 7. Proportion of the time cells are maintained in different cell cycle phases (GOG1, S and G2M) function of time in mini-bioreactor

‘spinner’: Control (left)- Addition of 1 mM butyrate at 72 hours (right).
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Figure 8. The intracellular t-PA rate value in function of the different cell cycle phases (GOG1, S and G2M) obtained by Kromenaker and

Srienc equations described as in material and methods.
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Figure 9. Intracellular t-PA in Tf70R cells in function of time in mini-bioreactor ‘spinner’ for control and with addition of ImM butyrate:
intracellular t-PA concentration (left) and intracellular t-PA activity (right) (Same conditions as in Figure 4).
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Figure 10. Cell growth kinetics for CHO-Tf70 in function of time in spinner flasks (e Control and [(J Temperature shift at 32°C at 72 hours).

viour may be directed mainly by secretion properties
of t-PA.

In another experiment, we measured directly the
intracellular concentration and activity of t-PA in CHO
cells after addition of 1 mM butyrate. We observed that
both intracellular t-PA activity and concentration were
higher in presence of butyrate except at the end of the
culture (Figure 9).

The overall transitory increase of t-PA production
by butyrate treatment observed in all experiments re-
ported above, indicated that the transcriptional effect
of the agent showed by others previously (Ganne et
al., 1991) should be well terminated before the end
of the culture. Indeed a preliminary analysis of the t-
PA mRNA by Nothern blot showed that 72 hours after
addition of butyrate only 51% of the specific message
remained compared to the control. However, as some
cytotoxic effect of butyrate is observed even at the
low concentration used, a more careful kinetic study
of the t-PA mRNA should be undertaken in order to
fully discriminate the relative importance of transcrip-
tional and post-transcriptional effects of butyrate in
t-PA expression.

Effect of temperature

Effect of temperature on growth kinetics

We have studied in another set of experiments oper-
ated in ‘stirrers’, the effect of a temperature shift from
37 °Cto either 32 °C or 29 °C. As viability is too poor
at 29 °C we selected a shift of temperature from 37 °C
to 32 °C for further experiments reported here.

A bi-phasic growth procedure was undertaken as in
the experiment with butyrate addition: first, cells were

grown for 72 hours at 37 °C and then a temperature
shift to 32 °C was operated. For the experiment with
temperature down shift, the density of the live cell in-
creased to a maximum of 1 x 10° cells mI~! while
in the control it reached a value of 1.5 x 10 ml~!
after 120 hours of cell culture (Figure 10). As expected
substrate use and general cell metabolism appeared to
be slowed down at 32 °C (data not shown). But, this
slower growth at 32 °C allowed a prolonged active life
time of the culture during which a higher amount of
t-PA was produced as described below.

Effect of temperature on t-PA produced

t-PA production in CHO cells was followed at 37 °C
and 32 °C in function of time. t-PA concentration pro-
duced increased with cell density to a final value of
about 7.5 ug ml~! for the control and about 13 ug
ml~! for the temperature shift from 37 °C to 32 °C. A
clear increase in t-PA concentration after the shift of
temperature operated at 72 hour was observed (Figure
11) while the cell concentration decreased at the same
time compared to the control.

The temperature down shift caused a significant
but transitory increase of the amount of intracellular t-
PA (observed 24 hours after temperature shift and not
after 48 hours) while no difference in intracellular t-PA
activity could be detected 24 hours after temperature
shift.

The increase in intracellular activity is however
well observed 48 hours after the temperature shift
(Figure 12). A maturation process could therefore be
involved.
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Figure 11. t-PA concentration for CHO-Tf70R in function of time in mini-bioreactor ‘spinner’ with shift of temperature to 32 °C at 72 hours
after splitting the culture in two separate cultures of 100 ml in 250 ml stirrers. (e Control and OJ Temperature shift at 32 °C).
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Figure 12. Intracellular t-PA for CHOT{70R in function of time in mini-bioreactor ‘spinner’ for control and with shift of temperature to 32 °C
at 72 hours: intracellular t-PA concentration (left) and intracellular t-PA activity (right).
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Figure 13. Zymographic analysis of t-PA produced: Temperature shift experiment (32 °C) compared to the control (37 °C) (left) and Addition
of ImM butyrate compared to the control (37 °C) (right).
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Figure 14. Western blotting with Antibody FITC-t-PA. Experiment with addition of ImM butyrate (left) and temperature shift at 32 °C at 72
hours of cell culture (right). The same amount of 10 pg protein was loaded in each well.
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Figure 15. Western blot with GNA lectin specifically recognising mannose core structures. Experiment with 1mM butyrate (left) and
temperature shift (32 °C) at 72 hours of cell culture (right). The same amount of 10 ug protein was loaded in each well.
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Figure 16. Western blot with SNA lectin specifically recognising terminal sialic acid. Experiment with 1mM butyrate (left) and temperature
shift (32 °C) at 72 hours of cell culture (right). The same amount of 10 xg protein was loaded in each well.

CTRL  but CTRL but CTRL but CTRL 32°C CTRL 32°C CTRL 32°C

24h 24 h 48h 48h T 24h 24 h 48h 48h 72h 72h

Figure 17. Western blot with MAA lectin specifically. Experiment with ImM butyrate (left) and temperature shift (32 °C) at 72 hours of cell
culture (right). The same amount of 10 g protein was loaded in each well.



82

Effects of physico-chemical conditions on the quality
of t-Pa

The different patterns of active t-PA

Activity of the different excreted t-PA molecules pro-
duced in the different conditions as shown by zymo-
grams indicated that a good protein quality is produced
at 37 °C and in presence of 1 mM butyrate (Figure 13).
In all conditions single chain t-PA (Sc t-PA) and two
chains t-PA (Dc t-PA) were observed. An extra band
of 32 kDa appears at the end of the process indicat-
ing partial degradation of t-PA, the degraded protein
maintaining however part of its biological activity.

Both the presence of butyrate or shift of temperat-
ure to 32 °C caused an accumulation of the activity of
this lower molecular weight (M.W.) partially degraded
t-PA. The high M.W. activity shown in the zymograms
corresponded to t-PA bound to an inhibitor. Part of the
activity of t-PA bound to the inhibitor is maintained in
the zymographic conditions.

The western blot demonstrated that the antibody
against t-PA recognized a main band of 55 kDa cor-
responding to t-PA double chain (Figure 14) in all
conditions.

t-PA glycosylation

As zymograms demonstrated that both single chain
and double chain t-PA are the main products observed
after addition of ImM butyrate or after shifting down
of the temperature. Further characterization of the
glycoprotein produced was undertaken using specific
lectins.

The lectins conjugated with the steroid hapten
digoxigenin enabling immunological detection of the
specific binding to t-PA produced in the different ex-
perimental conditions were leading to the following
general observations:

— The Galanthus nivalis agglutinin lectin (GNA) blot
detection showed that butyrate (1mM) transiently in-
creased the amount of the N-linked high-mannose
oligosaccharides (24h after butyrate addition but not
at 48h or at 72h where these high mannose structures
are less abundant) (upper band : t-PA single chain with
70 kDa and lower band : double chain with 50 KDa).
It was mainly the quantity of unfinished glycoproteins
which was increased by butyrate treatment. The tem-
perature shift caused also a significant modification of
the amount of high mannose containing t-PA relative
to the control, we observed a decrease of terminal
mannose in t-PA single chain but not in t-PA double
chain except at 72 hours after the temperature shift

down at 32 °C (Figure 15). Butyrate and temperature
shift down at 32 °C don’t seem have the same effect on
the terminal N-linked high-mannose oligosaccharide.
— In comparison during the same periods of culture
there was, compared to the control, no modifica-
tion by butyrate of the terminal sialic acid structures
(N-Acetylneuraminic acid «(2—-6) linked to galactose)
produced (Sambucus nigra agglutinin lectin blot). The
shift down of temperature had no significant effect
either (Figure 16).

— The Maackia amurensis agglutinin (MAA) lectin
blots showing the presence of a number of bands (N-
Acetylneuraminic acid «(2-3) linked to galactose),
with minimal positive signal at the M.W. of t-PA how-
ever, indicate a microheterogeneity of glycoproteins
produced in these experimental conditions (also in
presence of butyrate or after temperature shift) (Figure
17).

Conclusions and discussion

The preliminary experiments in T.C. flasks confirmed
the numerous studies showing that butyrate treatment
in the range of 1-5 mM, increased t-PA activity pro-
duced in CHO cells. In order to limit the negative
effect resulting from cytotoxic effect of butyrate, a
biphasic strategy to produce more efficiently t-PA us-
ing this additive was designed as following : first
biomass was produced at 37 °C during the exponential
growth of the cells, and then addition of butyrate was
operated to enhance the t-PA production. A similar
biphasic procedure involving a shift down of temper-
ature could also be proposed : biomass accumulation
at 37 °C and t-PA production at 32 °C.

We have studied then the relations between cell
productivity and the cell position in the different cell
cycle phase by cytometry and we have shown that the
distribution of cells in GOG1 phase of the cycle is in-
creased by both treatments : cells are maintained for
a longer period in this phase of the cell cycle after
butyrate addition or shift down of temperature. Using
the mathematical model derived from the data pub-
lished by Kromenaker and Srienc (1994a, b) and by
labelling t-PA for cytofluorimetry, we demonstrated
that it was in this GoG1 phase that cells produced more
t-PA. Thus, the increase in t-PA production by butyrate
induction is directly related to the fact that cells are
maintained in the G1 phase longer and that this phase
is the t-PA accumulation phase for CHO Tf70R cells.



Electrophoretical analysis of the t-PA produced
showed that neither butyrate addition at 1mM, neither
the shift down of temperature caused any signific-
ant deleterious modification of the active structure of
the protein. The N-glycosylation structures of recom-
binant t-PA were investigated by binding of specific
lectins. The amino-acids sequence of t-PA has four po-
tential N-glycosylation sites : Asn!!7, Asn**8 Asn!84
and Asn?!® (Parekh et al., 1989). Lectin glycosylation
analysis of t-PA indicated that we are dealing with a
complex type carbohydrate structure containing ter-
minal linked mannose units and sialic acid linked to
galactose. Our data indicate that butyrate treatment
caused a transitory accumulation of high mannose
active precursor structures.

In conclusion, the direct comparison of the effect
of butyrate addition and shifting down of the temper-
ature, showed that despite minor differences in their
action on t-PA produced, situations may be of interest
to improve t-PA production process.
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