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In the search for peptides that could effectively enhance the monoclonal antibody
production of a model hybridoma, the performance of five lysine-containing peptides
was compared. The capacity of the peptides to enhance the monoclonal antibody yield
correlated with their growth-suppressing activity. No correlation of the production-
enhancing activity with the character of the distribution of cell-cycle phases could be
found. All of the tested peptides, including the negative control peptide Gly-Phe-Gly,
altered the cell-cycle phases distribution in favor of the proportion of the S phase.The
peptides added to the hybridoma culture were found to be gradually decomposed into
dipeptides and free amino acids. Among the set of tested lysine-containing di- to
pentapeptides, the best results were obtained with the tripeptide Gly-Lys-Gly. The
growth-suppressing and production-enhancing capacity of this peptide supplement was
obviously associated with the temporary presence of the intact peptide molecule in
the culture media, because the addition of a mixture of free amino acids constituting
this peptide, i.e., glycine and lysine, displayed a different effect—a slight promotion of

cell growth.

Introduction

Increasing demands for large quantities of monoclonal
antibodies (mAbs) and other protein products of cultured
animal cells stimulate efforts at increasing volumetric
productivity of cell cultures. Three factors are of decisive
importance in the achievement of this goal: first, the
genetic background of the production cell line (the nature
of the genome may be substantially improved by various
kinds of genetic manipulations, including transfection
with foreign genes); second, optimization of nutrients
supply; third, medium additives modulating the cell
metabolism and, perhaps, also gene expression in favor
of enhanced proteosynthesis.

Our previous work led us to suggest not only that
protein hydrolysates, frequently used as beneficial me-
dium supplements (1—4), contribute to optimization of
nutrition but also that they may act as a source of
bioactive peptides of signal character (5). This idea
prompted us to start an investigation of the effects of
synthetic peptides that were likely to be similar to
putative peptides contained in the protein hydrolysates
(6, 7). Using a series of oligoglycines and oligoalanines,
we were able to show that the growth- and production-
enhancing effects increased with the peptide chain length
up to the length of pentapeptides and manifested them-
selves at higher than millimolar peptides concentration.
Higher viability at the decline phase of batch cultures
pointed to antiapoptotic activity of those peptides. It was
also shown that oligoglycines and oligoalanines were
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relatively stable during the course of the culture and that
the amino acids liberated from them were utilized only
marginally.

The assay of the effects of various tripeptides reported
in the previous paper (7) showed that peptides containing
a basic amino acid, lysine or histidine, suppressed cell
growth and enhanced the mAb yield. In the present work
we focused our attention to a more detailed analysis of
the effects of a set of lysine-containing peptides in
laboratory-scale experiments. An altered character of the
distribution of the cell-cycle phases pointed to a complex
nature of the action of the peptides.

Materials and Methods

Materials. Synthetic peptides of L-configuration were
purchased from Bachem (Bubendorf, Switzerland). Cell
culture media and supplements were from Sigma-Aldrich
(St. Louis, MO).

Cell Culture. Mouse hybridoma ME-750 was cultured
in DMEM/F12/RPMI 1640 (3:1:1) medium supplemented
with BME amino acids, 2.0 mM glutamine, 0.4 mm each
of alanine, serine, asparagine, and proline (8), 15 mM
HEPES, and 2.0 g L~* sodium bicarbonate and with the
iron-rich, protein-free, growth-promoting mixture con-
taining 0.4 mM ferric citrate (9). The cultures in 25 cm?
T-flasks were kept at 37 °C in a humidified atmosphere
with 5% CO,. The culture volume was 6.0 mL. In fed-
batch cultures, a volume of 0.25 mL of a feeding mixture
(DMEM fortified with 10x BME amino acids, 10x BME
vitamins, and 20 mM glutamine) was added daily start-
ing from day 1. The kinetics of mAb production was
determined in a series of 25 cm? T-flasks. Two control
flasks and two flasks with peptide-supplemented medium
were taken for evaluation each day.
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Table 1. Batch Cultures of Hybridoma ME-750 Supplemented with Various Peptides?

day 3 day 6
viable cells viability viable cells viability mAb
peptide (x1073 cells mL™?1) (%) (x1073 cells mL™1) (%) (mg L™
none (control) 1590 87 1060 55 31
Gly-Lys-Gly 990 91 930 62 49
Gly-Gly-Lys-Ala-Ala 920 92 1120 75 44
Lys-Lys-Lys 1010 90 1130 56 39
Gly-His-Lys 1350 89 1110 54 38
Gly-Lys 1620 87 1290 70 37
Gly-Phe-Gly 1760 88 1350 65 29
a The concentration of peptides at inoculation was 0.2% (w/v).
Table 2. Fed-Batch Cultures of Hybridoma ME—-750 Supplemented with Various Peptides?
day 3 day 6 day 10
viable cells viability viable cells viability viable cells viability mAb
peptide (x1073 cells mL™1) (%) (%1073 cells mL™1) (%) (x1073 cells mL™?1) (%) (mg L™
none (control) 1840 90 1560 72 1070 45 74
Gly-Lys-Gly 1280 91 1620 83 1770 54 118
Lys-Lys-Lys 1310 88 1780 73 1350 53 90
Gly-Phe-Gly 2210 86 1750 67 1110 40 73

a The concentration of peptides at inoculation was 0.2% (w/v).

Assays of Peptide Activity. The cultures were
inoculated at a density of (250 + 50) x 10° cells mL™?
and incubated until the decline phase, i.e., for 6 or 7 days
(batch cultures) or up to 14 days (fed-batch cultures). The
starting concentration of tested peptides was 0.2%
(w/v). The assays were conducted at least in duplicate.
Viable cells and dead cells were counted in a hemocy-
tometer using the trypan blue exclusion test. The experi-
mental error involved in the estimation of cell density
and viability was +10%. The mAb concentration in
culture supernatants was determined by immunoturbi-
dimetry (10). Briefly, aliquots of media were diluted by
5% solution of poly(ethylene glycol) and incubated for 1
h with porcine anti-mouse immunoglobulin affinity-
purified antibody. The turbidity was measured at 340
nm. The mAb concentrations were determined using a
calibration curve. The experimental error associated with
the estimation of mAb concentration was +5%.

Determination of Peptides and Amino Acids
Concentrations. The culture supernatants were freed
of high-molecular weight components by ultrafiltration
(Ultrafree-CL centrifugal filter UFC4LTK25, Milli-
poreCorp., Bedford, MA). The concentrations of peptides
and amino acids in ultrafiltered culture supernatants
were determined on an automatic analyzer Biochrom 20
(Amersham Pharmacia Biotech, Freiburg, Germany)
using peptide standards. The experimental error involved
in peptide and amino acid analyses was +10%.

Cell-cycle Phases Profiles. The proportion of cell-
cycle phases in cell populations was determined upon
permeabilization and staining with propidium iodide
using DNA Prep kit (Coulter Immunology, Hialeah, FL).
The samples were measured with FACSCalibur flow
cytometer 20—120 min after staining, and the data were
analyzed by ModFit software. The proportion of apoptotic
cells was determined in separate aliquots. The cells were
fixed in ice-cold 70% ethanol for at least 24 h, DNA
fragments were extracted with phosphate-citrate buffer,
and the cells were stained with propidium iodide (11).

Results and Discussion

Effects of Lysine-Containing Peptides on Cell
Growth and mAb Production. A set of five lysine-
containing peptides was tested at standard concentra-
tions of 0.2% (w/v) (Table 1). The peptide Gly-Phe-Gly

was included in the set as a negative control. Supple-
mentation of the media with the peptides, except for the
dipeptide Gly-Lys and the negative control peptide, led
to a certain suppression of viable cell density observed
at the end of the exponential phase, i.e., on day 3. In
contrast, at the decline phase on day 6 the viable cell
density was higher than in the control experiment in
most cultures, except for the culture containing the
peptide Gly-Lys-Gly. Largest differences could be seen
in the values of the final mAb yields. MAb concentration
values in cultures supplemented with lysine-containing
peptides were significantly higher than in the control.
The value of 158% of control was achieved with the
peptide Gly-Lys-Gly and 126% with the peptide Lys-Lys-
Lys. The addition of the dipeptide Gly-Lys led to slightly
enhanced viable cell density, as well as to slightly
enhanced mADb yield. In the culture supplemented with
the negative control peptide the mAb concentration was
even lower than in the control, but the viable cell number
exceeded markedly the cell number in the control,
particularly on day 6.

Promising results were obtained also with the pen-
tapeptide Gly-Gly-Lys-Ala-Ala. However, because the
final goal of our research was an enhancement of volu-
metric productivity in large-scale cultures, the application
of this pentapeptide was discontinued, with respect to
the high cost of synthetic peptides, increasing progres-
sively with the peptide length. The peptides concentra-
tion of 0.2% (w/v), applied in the reported experiments,
was selected on the basis of previous experience (6, 7).
When the peptides were added at 0.1% (w/v) concentra-
tions, the observed effects were of the same character,
but quantitatively lower (data not shown).

Two lysine-containing peptides and the negative con-
trol peptide Gly-Phe-Gly were applied to cultures in the
fed batch mode. Again, the values of viable cell densities
on day 3 were lower than the control value, but higher
than the control value on days 6 and 10 (Table 2).
Conceivably, the final mAb yields were more than two
times higher than in the batch experiment. The enhance-
ment of the mAb yields, relative to control, was very
similar to that found in the batch experiment (159% for
Gly-Lys-Gly and 122% for Lys-Lys-Lys). No enhancement
of the product yield was found with the negative control
peptide Gly-Phe-Gly.
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Table 3. Specific mAb Production Rate in the Hybridoma Culture with Gly-Lys-Gly

control 0.2% (w/v) Gly-Lys-Gly
culture duration viable cells mAb qmab® viable cells mAb qmab®
(days) (x1073 cells mL™?1) (mg LY (pg cell~1 day1) (x1073 cells mL™?1) (mg LY (pg cell~1 day1)

0 210 2 210 2

3.2 7.3
1 410 3 340 4

3.3 7.3
2 1390 6 760 8

45 7.5
3 1740 13 1390 16

4.9 7.1
4 1500 21 1420 26

3.8 6.3
5 1160 26 1110 34

2.8 4.7
6 1010 29 1000 39

2.1 3.3
7 860 31 800 41

a Specific mAb production rate.

Table 4. Decomposition of the Peptide Gly-Lys-Gly in
the Hybridoma Culture

day 0 day 3
concn found concn found concn caled
peptide or amino acid (mM) (mM) (mM)
Gly-Lys-Gly intact 5.2 1.9 naP
Gly-Lys-Gly decomposed na na 3.3
Gly-Lys-or Lys-Gly 0 25 2.3
Gly?2 0 35 3.3
Lys? 0 0.3 0.5

a Increment over the value found in the control culture. ® Not
applicable.

The kinetics of the effect of a production-enhancing
peptide was studied with the peptide Gly-Lys-Gly (Table
3). The values of the mAb concentrations and of the
specific mAb production rates were markedly higher,
relative to control, for the whole duration of the batch
culture. The values of the specific production rate in the
first 2 days were apparently more than two times higher
than the values obtained in the control. This enhance-
ment of the specific production rate is striking even if
we take the values of the first 2 days with caution,
because the absolute values of the mAb concentrations
are very low.

We have shown in our previous paper (7) that tetra-
glycine promoted solely the cell growth when applied to
a batch culture, while in the fed-batch culture, under a
sufficient supply of nutrients, a higher mAb yield could
be found with this peptide, as well. The present results
with the peptide Gly-Phe-Gly revealed another dimension
of diversity of peptide effects. Solely the cell growth was
promoted in the presence of this peptide even in the
culture conducted in the fed-batch mode.

Consumption and Decomposition of the Peptides
in the Culture. Changes of the concentrations of the
added peptides were determined on an amino acid
analyzer. Ultrafiltered samples of culture supernatants
taken after inoculation and on day 3 were analyzed.
During the 3 day period the levels of the peptides were
found to decrease substantially. The concentration of the
peptide Gly-Lys-Gly decreased by 63%, that of the peptide
Gly-His-Gly by 67%, and that of the peptide Gly-Phe-
Gly by 35%. Analogous data on the peptide Lys-Lys-Lys
could not be obtained due to technical difficulties associ-
ated with the extremely basic character of this peptide.

The analyses of culture supernatants collected on day
3 revealed a general phenomenon, namely, that the
concentrations of free amino acids, constituting the

1 - Control

2 - Gly-Lys-Gly

3 - Lys-Lys-Lys

4 - Gly-His-Lys G,/ M
5 - Gly-Phe-Gly BXJ Apo

Figure 1. Cell-cycle-phase distribution of hybridoma ME-750
cells in media supplemented with various peptides. The error
bars represent standard deviations. The concentration of pep-
tides was 0.2% (w/v).

respective peptides, increased in comparison with levels
on day 0. New peaks of peptides, most likely dipeptides
arising by partial cleavage of the tripeptides, emerged
in the analyzer records of the culture supernatants. An
attempt at a more profound analysis of the fate of the
added peptide was done with the tripeptide Gly-Lys-Gly.
The mode of decomposition of the 63% fraction of the
peptide Gly-Lys-Gly was analyzed on an assumption
that (1) a new peak emerging in the analyzer record of
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Figure 2. Batch culture and fed-batch culture of hybridoma ME-750 in the presence of the tripeptide Gly-Lys-Gly and of amino
acids glycine and lysine. The culture volume was 6.0 mL. The concentration of the peptide was 0.2% (w/v). The amino acids glycine
and lysine in a total concentration 0.2% (w/v) were present in a molar ratio of 2:1. A volume of 0.25 mL of a feeding mixture (DMEM
fortified with 10x BME amino acids, 10x BME vitamins, and 20 mM glutamine) was added daily starting from day 1.

the supernatant collected on day 3 was the dipeptide
Gly-Lys or Lys-Gly and (2) that the decomposed 3.3 mM
Gly-Lys-Gly (i.e., the 63% of the value found on day 0)
was cleaved into 2.3 mM dipeptide(s) (Gly-Lys or Lys-
Gly) and free amino acids. The data presented in Table
4 have to be considered as an approximation, because
the correct constants for the putative dipeptides were not
available. With this reservation, the differences between
the found and calculated concentrations of glycine and
lysine indicated that a fraction of the liberated lysine,
but not that of glycine, was most likely consumed by the
cells during the 3 day culture period.

Our previous study dealing with the application of
homooligomeric peptides tetraglycine and tetraalanine
to hybridoma cultures led to a conclusion that the
molecules of these peptides preserved largely their
integrity during a 4 day culture period (7). The lysine-
containing peptides investigated in the present work
were found to be more accessible to proteolytic enzymes.
Nevertheless, the impact of a single dose, applied on day
0, could be observed not only during 6 or 7 days of the
batch culture (Table 3), but also in a prolonged fed-batch
culture (see below). It seems to be necessary to consider
seriously a hypothesis that a single peptide dose, if large
enough, may provoke long-lasting shifts in the metabo-
lism, such as a switch to another steady state (13), and
possibly alterations in gene expression.

Distribution of Cell-cycle Phases in Peptide-
Supplemented Batch Cultures. The cell-cycle-phase
profiles of the cultures were investigated in the course
(day 2) and on the end of the exponential phase (day 3)
of the peptide-supplemented cultures (Figure 1). The

profiles obtained on day 3 were characterized by an
appreciable increase of the S-phase fraction in cultures
supplemented with any of the tested peptides, including
the negative control peptide Gly-Phe-Gly. This finding
pointed to a complex mechanism of the action of peptides
under investigation. Increase of the S-phase fraction was
found both with the lysine-containing peptides, which
suppress the cell growth, and with the peptide Gly-Phe-
Gly, which stimulates the cell growth. No meaningful
correlation could be seen between the values of the mAb
product yield (Table 1) and the proportions of the cell-
cycle phases. This finding is in agreement with the
conclusion of other authors (12), namely, that product
formation is not restricted to any particular cell-cycle
phase.

Effect of Peptide versus the Effect of Constitut-
ing Amino Acids. Batch and fed-batch cultures were
set up, in which single doses of either the tripeptide
Gly-Lys-Gly or of the constituting amino acids glycine
and lysine in free form were applied upon culture
inoculation. The substances were given on an equivalent
mass basis, i.e., 0.2% (w/v) peptide or 0.2% (total w/v) of
the mixture glycine + lysine at a molar ratio of 2:1.

The batch cultures showed striking differences between
parameters of the culture with the peptide, on one hand,
and those of the culture with glycine/lysine mixture, on
the other hand (Figure 2). While the viable cell density
in the presence of the peptide was lower than in the
control, higher viable cell density values than in the
control were reached upon addition of the amino acid
mixture. With the glycine/lysine mixture a substantially
lower mADb yield was obtained than that reached with
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the peptide. This was true both in the batch cultures and
in the fed-batch cultures. The fed-batch cultures could
be continued for 14 days before the viability of the
peptide-supplemented culture dropped below 50%.

At the end of the fed-batch culture the distribution of
the cell-cycle phases in individual cultures was analyzed.
No significant differences could be observed more be-
tween the peptide-supplemented culture and the control.
In all cell populations the proportion of the Go/G; phase
was dominant, i.e., 67—70%, while the S-phase cells
represented 21—25% and the G,/M phase cells 7—9%. As
expected, the apoptotic cell fraction of the total cell count
was quite high, 45% in the amino acid-supplemented
culture, 47% in the peptide-supplemented culture, and
53% in the control.

The reported experiment demonstrates that the effect
of the tripeptide Gly-Lys-Gly on the hybridoma culture
is not equivalent to the effect of supplementation of the
culture with free amino acids constituting the peptide.
According to analyzes performed in this work, the half-
life time of the lysine peptides in the culture can be
estimated to about 2 days. Consequently, it seems to be
necessary to accept the view that peptide molecules hit
specific targets in the cell, and long-lasting alterations
of the cell metabolism and the cell proliferation mecha-
nism follow. The alterations induced by the peptide
probably last for several days, and then gradually disap-
pear. The findings of distinct differences in the cell-cycle-
phase profiles obtained on day 3 in peptide-supplemented
cultures (Figure 1) and the absence of the differences at
the end of the fed-batch cultures support this view.

Data supporting the hypothesis of the crucial role of
intact peptide molecules can be found in the Table 3. The
specific mAb production rate in the peptide-supplemented
culture is obviously markedly higher than the rate in the
control experiment, even in the first days of the batch
culture. At this time period the major fraction of the
peptide is still in intact form, and the supply of all free
amino acids in the medium is far from being exhausted
(14), so that a production-stimulating effect of liberated
additional glycine and lysine is highly improbable. More-
over, no data exist indicating that a relatively slight
excess of glycine or lysine, over the standard media
composition, could cause such a marked initial suppres-
sion of the cell proliferation that is evident from data in
Tables 1—3 and in Figure 2. Thus, the suppression of cell
proliferation, associated with the presence of the peptide
in the media, might represent the primary step resulting
in preferential channeling of nutrients to the synthesis
of the secreted mAb molecules.

Systemic determination of culture parameters, includ-
ing the dynamics of the growth rate, of the production
rate, and of peptides and amino acid concentrations, will
be necessary to elucidate conclusively all features of
peptide-supplemented cultures. Feeding the culture not
only with nutrients but also with the peptide is another
promising possibility of increasing the mAb yields.

Conclusions

Basic phenomena associated with the application of
mADb production-enhancing lysine-containing peptides to
a hybridoma culture may be characterized by the follow-
ing points:

(1) Peptides of the randomly chosen set of three
tripeptides and one pentapeptide containing at least one
lysine residue suppressed hybridoma cell growth and
concomitantly enhanced the mAb yield in batch cultures.
With two selected tripeptides, Lys-Lys-Lys and Gly-Lys-
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Gly, the phenomena could be confirmed also in fed-batch
cultures. A lysine-containing dipeptide, Gly-Lys, stimu-
lated moderately both the cell growth and the mAb
production.

(2) The specific character of lysine-containing peptides
was confirmed by an application of a negative control
peptide, Gly-Phe-Gly, whose presence in the culture
resulted, in contrast, solely in an enhancement of cell
growth.

(3) The cell-cycle-phase profiles of peptide-supplement-
ed hybridoma cultures displayed a markedly increased
proportion of the S-phase cells, irrespective of whether
the peptide suppressed the cell growth or if it stimulated
the cell growth.

(4) A significant fraction of lysine-containing tripep-
tides was found to be cleaved in the culture into dipep-
tides and free amino acids in the course of 3 days.

(5) The growth-suppressing effect of the tripeptide Gly-
Lys-Gly was found to be associated with the intact
peptide molecule. The peptide-constituting amino acids
in free form displayed an opposite effect, namely, the
promotion of cell growth.

This pilot study will hopefully pave the way to the
identification of new lead peptide compounds, enabling
rational manipulation with the balance growth versus
production in animal cell technological processes.
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