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Abstract Flow cytometric techniques were used to investigate cell size, protein content and cell
cycle behavior of recombinant Saccharomyces cerevisiae strains producing human lysozyme (HLZ).
Two different signal sequences, the native yeast MFaf signal sequence and the rat a-amylase sig-
nal sequence, were used for secretion of HLZ. The strain containing the rat a-amylase signal se-
quence showed a higher level of internal lysozyme and lower specific growth rates. Flow cytomet-
ric analysis of the total protein content and cell size showed the strain harboring the native yeast
signal sequence had a higher total protein content than the strain containing the rat a-amylase
signal sequence. Cell cycle analysis indicated that the two lysozyme producing recombinant
strains had an increased number of cells in the G,+M phase of the yeast cell cycle compared with

the host strain SEY2102.
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INTRODUCTION

Recombinant expression systems such as Saccharomy-
ces cerevisiae have generated a wide range of new appli-
cations and products [1-8]. The development of these
recombinant DNA systems created the need to under-
stand and to predict their behavior in response to
changes in growth conditions. Maximizing the produc-
tivity of these recombinant expression systems often
requires special attention to the ‘trade-offs’ involved
between cloned-gene expression and the biosynthetic
activity of the host cell [9]. Failure to control cloned-
gene expression may lead to undesirable overproduction
of the cloned-gene protein which is deleterious and may
even prove to be fatal to the growth of host cells.

Flow cytometry offers rapid measurements of physi-
cal and biochemical characteristics of individual cells,
allowing statistical distributions of these properties in
the whole population to be obtained in a very short
period of time [10]. This analytical technique has been
applied to growing yeast cells for variety of purposes
including characterization of single-cell growth dynam-
ics, kinetic analysis of heterologous protein production,
selection of yeast cells with specific properties, and
studies on the metabolic state of cell populations [11-
22].

Lysozyme is a hydrolytic enzyme that cleaves the a,
1-4 glycosidic linkages in the murein cell wall of various
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bacteria [23]. The human lysozyme gene (HLZ) con-
taining 130 amino acids acquires a mass of approxi-
mately 14.5 kD and is cross-linked by four disulfide
bonds [24].

Based on the previously published work [5,7], we
used flow cytometric techniques to investigate the
physiological changes and secretion behavior of recom-
binant S. cerevisiae producing cloned human lysozyme.

MATERIALS AND METHODS
Strain and Plasmids

The S. cerevisae strain SEY2102 [MAT o ura 3-52 leu 2-
3-112, his 4-519] was used for transformation of plas-
mids pMC614 and pMC632 [5]. These 2 pm based
plasmids both contain the ADH7 promoter, the HLZ
structural gene, and the LEUZ gene as a selection marker.
Plasmid pMC614 contains the native yeast MFaf signal
sequence for the secretion of human lysozyme, while
plasmid pMC632 employs the rat a-amylase signal se-
quence.

Media and Cultivation

Recombinant S. cerevisiae strains producing HLZ were
grown in leucine-free medium supplemented with 80
g/L glucose. Approximately 1 mL of frozen yeast culture
was used to inoculate 5 mL of selective medium. The
culture was allowed to grow for 24 h at 30°C in a shak-
ing incubator. From the overnight culture, 2.5 mL was
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used to inoculate 50 mL of fresh medium in a 250-mL
Erlenmeyer flask. This culture was again placed in the
incubator and grown to the late exponential growth
phase and then, 30-40 mL of the culture was used to
inoculate the fermentor (Queue Systems, Parkersburg,
WV, USA). During the fermentation, the temperature
was maintained at 30°C and the pH was kept at 5.5
through the addition of sterile 1.0 M phosphoric acid
and 1.0 M ammonium hydroxide.

Analysis

Dry cell mass concentration was measured with a
spectrophotometer (Bausch and Lomb, Berlin, Ger-
many) at 600 nm. Glucose concentrations were deter-
mined either by an enzymatic kit (Sigma Chemical Co,,
St. Louis, MO, USA) or a glucose analyzer (YSI Life Sci-
ences, Yellow Springs, OH, USA). A Varian 3,700 gas
chromatograph (Palo Alto, CA, USA) was used to
measure ethanol concentrations. Helium was used as a
carrier gas at a flow rate of 30 mL/min. The injector
and detector were maintained at 160°C while the col-
umn was kept at 130°C. To determine the amount of
human lysozyme activity in either the culture broth or
inside the cells, a method developed by Morsky [25]
was adapted for use with recombinant yeasts. In the
assay, crude lysozyme solution was added to 55 mM
phosphate buffer (pH 6.2), which contained human
serum albumin and Micrococcus lysodeikticus (Sigma
Chemical Co., St Louis, MO, USA) as a substrate. The
mixture was placed in a prewarmed cuvette (37°C) and
the decrease in absorbance was followed for three min-
utes. One unit of lysozyme activity was defined as de-
crease in absorbance (DA) per minute at 700 nm (1 unit
= 0.001 DA/min).

Flow Cytometric Analysis

Cells harvested during the culture were fixed by add-

ing 2.5 mL of a sample to 18 mL of ice-cold 70% ethanol.

The mixture was then vortexed and stored at —20°C
until a flow cytometric run could be performed. Quan-
tization of the cell size and total protein content was
accomplished by running beads of known size and fluo-
rescence through the flow cytometer. For cell size
measurement, two different sized beads, 2.07 um and
6.9 um were used. Fluorescein isothiocyanate (FITC)
was used to stain cellular proteins. Fixed cells were
sonicated with a Sonifier Cell Disruptor (Heat Systems-
Ultrasonics, Plainview, NY, USA) for one minute and
washed with 0.1 M phosphate buffer (pH 7.4). The cells
were then stained with FITC solution (0.05 mg/mL 0.5
M NaHCO,) for 40 min on ice. The stained cells were
finally resuspended in 0.85% saline solution. Flow cy-
tometric analyses were carried out on a Coulter Epics
flow cytometer (Coulter Corp., Hialeach, FL, USA) util-
izing an argon laser at a wavelength of 488 nm and a
light output of 0.11 W A 525 nm band-pass filter
(Omega Optical, Brattleboro, VI, USA) was used to
detect linear green fluorescence. Total protein content
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was calibrated in terms of percent brightness [10]. A
12.5% set of beads was run on the flow cytometer and
the mean of this distribution was used to find the per-
cent brightness of the cells. For cell cycle analysis, acri-
flavine was used to stain DNA. RNA was removed with
4 N HCl and cells were stained with acriflavine solution
for 20 min. Excess acriflavine was then removed b
washing with an acid-alcohol solution (1% HCI in 70%
ethanol). After washing three times with acid-alcohol
solution, the cells were resuspended in distilled water
and stored for the flow cytometric analysis.

RESULTS AND DISCUSSION

Aerobic batch fermentations were performed for the
lysozyme producing recombinant yeast strains with
leucine-free medium supplemented with 80 g/L glucose.
High glucose concentration was used to derepress the
ADH1 promoter, leading to the expression of human
lysozyme. The strain containing pMC614 plasmid
demonstrated an initial exponential phase of growth on
glucose as expected, but the cells left the exponential
growth phase before glucose had been completely con-
sumed. The cells then continued to grow on glucose at
a reduced rate. The HLZ level began initially very high
and leveled off at the completion of the exponential
phase of growth.

Flow cytometric analysis showed an initial adjust-
ment of the seed culture to the fresh growth medium
where the total protein and cell size levels decreased to
a minimum level during the exponential phase of
growth on glucose as reported elsewhere [7,26,27]. To-
wards the end of the exponential growth, an increase in
both cell size and total protein content was observed. It
was important to note that the highest amount of HLZ
was produced during the exponential phase of growth.

Batch culture of SEY2102/pMC632 containing the rat
a-amylase signal sequence was also performed. The
growth behavoir was very similar to that for SEY2102/
pMC614. The cells left the exponential growth phase
prior to the complete consumption of glucose and con-
tinued to grow on glucose at a reduced rate. Since these
strains were essentially identical except for the nature
of the signal sequence for HLZ, similar growth charac-
teristics were expected. However, both the growth rate
and the lysozyme secretion rate for the strain harboring
the native yeast signal sequence were higher than the
strain with the non-native signal sequence as reported
previously [5].

The flow cytometric results were also similar be-
tween the two strains, with reduced cell size and pro-
tein content following a rapid increase in both of these
parameters during the later stages of the exponential
phase of growth. The amount of HLZ produced was
also similar. It was discovered, however, through local-
ization experiments that there was three to four times
more HLZ located within the cells in the strain with
the rat a-amylase signal sequence than in the recombi-
nant strain containing the native yeast signal sequence.
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Fig. 1. Profiles of fermentation and cell cycle parameters for
aerobic batch culture of recombinant S. cerevisiae SEY2102/
pMC614 at pH 5.5 and 30°C. Ethanol (#), glucose (W), and
ODy,, (A).

The level of lysozyme retained in the intracellular space
of the pMC614 strain was only 20 to 30 units/mlL at
the beginning of the fermentation, while the maximum
intracellular lysozyme for the pMC632 strain was 100
units/mL at its highest level. This suggested that the rat
a-amylase signal sequence was not efficient for secret-
ing the HLZ protein out of the yeast cell.

To further characterize the production patterns of
HLZ in these strains, a cell cycle analysis was per-
formed by staining the cells with a nucleic acid dye,
acriflavine. Fig. 1 and 2 show the fermentation behavoir
and cell cycle parameters for the recombinant strains
SEY2102/pMC614 and SEY2102/pMC632, respectively.
A comparison of the characteristics of cell growth and
cell-cycle parameters for the two strains demonstrated
similar results. During the exponential phase of growth,
there were fewer cells in the G, phase of the cell cycle as
would be expected for rapidly growing cells. More cells
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Fig. 2. Profiles of fermentation and cell cycle parameters for
aerobic batch culture of recombinant S. cerevisiae SEY2102/
pMC632 at pH 5.5 and 30°C. Ethanol (#), glucose (M), and
ODy,, (A).

were present in the S phase of the cell cycle. Towards
the end of the exponential phase, the growth rate
slowed down and the number of the cells in the G,
phase increased while the cells in the S phase decreased.
Instead of a drop (24% to 19%) in the number of cells in
the G,+M phase observed in the host strain SEY2102,
both of the HLZ producing strains showed an increase
in the number of cells in the G,+M phase of the cell
cycle. Suca a difference in cell-cycle parameters was
probably due to the secretory nature of the cloned-gene
product HLZ. Even with the efficient secretion of the
HLZ product out of the cells, the secretion pathway
seemed to be saturated as previously discussed for the
recombinant yeast producing cloned invertase [7]. At
the stationary phase of the fermentation, the recombi-
nant yeast strains continued to grow at a reduced rate
and were able to produce HLZ. The transport of the
product protein required the secretory pathway, which
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is also used by many important proteins necessary for
cell division [8]. Saturation of the secretion pathway
might block or hinder the passage of proteins necessary
for cell division, leading to low growth rate, concomi-
tantly trapping the cells in the G,+M phase of the cell
cycle.
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