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Abstract

The influence of sonication power, suspension volume and cell concentration on the kinectics of cytochrome bs
and intracellular protein release by sonication of Escherichia coli TB1 cells was studied. The influence of freezing
and thawing of the cell suspension was also evaluated. Freezing and thawing increased the recovery yield of
cytochrome bs. The sonication efficiency increased with the increase of sonication power and with the decrease of

the suspension volume and cell concentration.

’

Introduction

In recent years owing to the introduction of genet-
ic engeneering and the development of biotechnolo-
gy, the number of economically attractive intracellular
products with applications in food and pharmaceutical
industries, such as chemicals, proteins, enzymes and
antibiotics, has significantly increased.

The isolation of intracellular materials requires that
the producing cell either be genetically modified to
excrete the intracellular product into the extracellular
environment, or be disintegrated by physical, chemical
or enzymatic methods to release its contents into the
surrounding medium. As making the cell fully perme-
able is still limited (Christi et al., 1986), microbial cell
disruption for intracellular product isolation is becom-
ing of increasing importance. Cell disruption, as the
first stage in the isolation of intracellular materials, is a
crucial step in downstream processing because it limits
the performance of subsequent recovery and purifica-
tion steps, and, on the other hand, the achievement of
high disruption yields will allow more flexibility in the

subsequent treatment of the product (Keshavarz et al.,
1987).

In this work, we have studied the release
of cytochrome bs, a recombinant protein, from
Escherichia coli by sonication, a well recognized effec-
tive procedure at laboratory scale.

Cytochrome bs of the endoplasmic reticulum of
mammalian liver is a small heme protein, with a
well-known three-dimensional structure, that plays
an important role in a variety of electron transfer
reactions related to fatty acid desaturation, hepatic
cytochrome P-450 reduction and regeneration of fer-
rous hemoglobin in erythrocytes. This protein is com-
posed of two domains: a soluble heme-containing glob-
ular core and a smaller carboxy-terminal tail anchored
in the microsomal membrane. The synthetic gene of
the soluble domain of cytochrome bs was cloned into a
plasmid and expressed into Escherichia coli. The trans-
formed cells containing the cytochrome bs sequences
are red coloured due to the intracellular production of
this protein in amounts up to 8% w/v of the total cel-
lular protein (von Bodman et al., 1986; Karim et al,,
1993).
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Materials and methods
Cell growth and storage

Escherichia coli TB1 cells, genetically modified with
the plasmid pUC13 (von Bodman et al., 1986), which
contains the cytochrome bs (MW = 13.6 kDa) expres-
sion gene and confers ampicillin resistance to the cells,
were grown in a 2 L Erlenmeyer flask (with a lateral
port for a pH electrode), with a working volume of
1.1 L, using a fermentation medium composed of |
% peptone (BDH), 0.5% yeast extract (Difco), 1%
glucose (Merck), 0.5% sodium chloride (Merck) and
supplemented with 100 pzg/mL ampicillin (Boehringer
Mannheim). Fermentations were carried out for 32 h at
37 °C, 200 rpm, and the pH was automatically adjusted
to 7.0 with the addition of 2N NaOH or 2N HCI.

After cell growth, the Escherichia coli cells were
harvested by centrifugation at 4 °C and 9000 rpm for
10 min, washed twice and ressuspended in 20 mM
phosphate buffer pH 7.0 up to the experimental vol-
umes. The cells were then stored frozen at -20 °C and
thawed just prior to the experiments.

Cell disruption

Cell suspensions were sonicated at 20 kHz, using a
Labsonic 2000 sonicator (B. Braun) with a 3/4" stan-
dard titanium probe. All experiments were performed
in a batch system using a cup (with a cooling jack-
et) with a total volume of 280 ml (with a diameter
and a height of 6 and 10 cm, respectively): The probe
was immersed 1.5 cm below the liquid surface. Dur-
ing sonication, a large amount of heat is transfer to
the liquid. To prevent the temperature rising above 15
°C the suspension was cooled by running a 10% cold
solution of ethylene glycol in the cooling jacket and
by sonicating for 1 min followed by another minute
of waiting before proceeding with the next sonication
step (Braun, 1984).

The effective energy of the sound waves generat-
ed by the transducer was estimated by subtracting the
power output in the air from that in the cell suspension
(James et al., 1972), and from an adiabatic tempera-
ture increase measured in the experimental cup with a
known volume of water (Thacker, 1973; Augenstein
et al., 1974; Bar, 1988). However, as these two meth-
ods are not accurate measurements of that energy, and
lead to quite different results, it was decided to use the
output power as the ultrasound power (Davis, 1959).

The influence of freezing and thawing the cellular
suspension was also evaluated, as well as the influence
of output power, suspension volume and cell concen-
tration on cell disruption by sonication. The disruption
was evaluated by the release of cytochrome b5 and the
total soluble intracellular protein. Experimental condi-
tions for the sonication process are indicated in Table

1.
Optical microscope observations

The photographs were taken on a optical microscope
(Zeiss Axioplan), and observations were made at a
magnification of 1000x.

Particle size determinations

Particle size analysis of Escherichia coli cells and cell
debris were carried out by light scattering (Brookhaven
Instruments Corporation), and by direct measurement
from the photographs (between 30 and 50 particles
measured for each sample) taken from the optical
microcope.

Viscosity determinations

Viscosily determinations were made at 30 °C in a rota-
tion viscometer (Brookfield LVTDYV - II CP), at a shear
rate of 450.0 s~! (60 rpm), using-the spindle #40 and
a cup containing sample volumes of 0.5 mL.

Analytical methods

Cell concentration (g Dry Cell Weight/L) was deter-
mined by drying a known cell suspension volume for
24 h at 80 °C. After sonication, cell debris was removed
by centrifugation at 4 °C and 12 000 rpm for 45 min,
and the supernatant assayed for cytochrome bsand total
protein. Quantification of cytochrome bs was achieved
by absorbance measurements at 410 nm, and using the
Lambert-Beer law with a known extinction coefficient
(e=130mM~! ecm™!) (von Bodman et al., 1986). The
total soluble protein was obtained from the clear super-
natant by the Bradford’s method (Bradford, 1976).
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Table I. Experimental conditions for the sonication process

Parameter Output  Sonication  Suspension Cell
studied power time volume concentration
(W) (min) (mL) (g DCW/L)
QOutput power 100-250 20 100 21
Suspension 100 10-30 50-200 28
volume
Cell concentration 150 20-30 100 5.7-58

Results and discussion

1. Effect of freezing and thawing on the cell disruption

A

Freezing/thawing is a physical method of cell break-
age, with known applications in the recovery of intra-
cellular bioproducts since the twenties (Hugo, 1954).
It has the advantage of simplicity, reproducibility, and
the cells are not subjected to harsh mechanical treat-
ment or high temperatures, and, when needed, can be
performed on a sealed vessel. However, many microor-
ganisms are resistant to rupture and many enzymes are
inactivated by repeated freezing and thawing. When
used as a method for releasing periplasmic substances,
it has advantages over conventional techniques such as
of osmotic shock or chemical treatment (the absence
of use of lysozyme, chloroform, toluene, sucrose or
EDTA) (Paoletti, 1987).

Freezing/thawing depends on many factors, includ-
ing composition of fermentation medium, growth
phase and rate, rate of freezing (Calcott, 1975), and the
presence of cryoprotective compounds in the freezing
medium (e.g. ethanol, under conditions of rapid freez-
ing (Lewis, 1993)). It is easily performed in medium
or large scale, however it is not extensively used due
to it is time-consuming. The main application of this
method has been as an adjunct to other cell-breaking
methods. In this work the cells were frozen only to
preserve the cell suspensions until the sonication test
was done. Cells were frozen for one week, at -20 °C
and were thawed, at room temperature, just prior to
sonication experiments.

It was observed that the freezing/thawing treatment
released a considerable amount of cytochrome bs and
of intracellular protein to the medium. These amounts,
which were independent of the volume processed in the
range used (50 to 200 mL), were, respectively, 2.99
+ 0.23 and 14,7 £ 1.3 mg/gDCW, or 21.1 &+ 2.7%
and 4.02 &+ 0.32% of total amounts of cytochrome
bs and total soluble intracellular protein released by

freezing/thawing plus sonication, for the suspension
with a cell concentration of 25 gDCW/L.

With cell freezing, the water inside the cells forms
ice crystals, and the total water volume can increase
by about 14% (Perry,1984), with the ice crystals being
very destructive to membranes and organelles (Scopes,
1982). The stress due to the increase of water volume
inside the cells can split membranes and cell walls,
and low molecular proteins can be released. This is
proved by the high amount of cytochrome bs (a 13.6
kDa protein) released comparatively to the amount of
total intracellular protein.

With the freezing/thawing, the cell length
decreased (Fig. 1A and B) and the distribution of cell
sizes changed (Fig. 2). The Escherichia coli average
cell length was 1.4 + 0.3 and 1.1 4 0.2 pm before and
after freezing/thawing, respectively. The main reason
for this decrease seems to be the premature breakage
of cells that are in the division process, since in Fig.
1B, when compared with Fig. 1A, there are less cells
with narrow isthmus and no cell debris are visible.

The increase in cellular concentration seems to pro-
mote the increase of cytochrome bs and total protein
release (Table 2). An increase of the ratio cytochrome
bs/total protein was also observed, which suggests that
the splits increase mainly in number and not in enlarge-
ment.

2. Cell sonication

(A) Effect of output power

Cytocrome bs and total soluble protein released with
time are shown in Fig. 3 (results shown are only for
the lowest and highest output power used). The release
rate increases significantly with the sonication power,
and after 10 min of sonication reaches a plateau,

If cell disintegration follows a first order kinetics,
the rate of protein release, in a batch system, is direct-
ly proportional to the amount of unreleased protein
(Davis, 1959; Augenstein, et al., 1974; Christi et al.,
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" Table 2. Cell concentration effect on cytochrome bs and total protein

released by freezing/thawing

Cell Released (mg/g DCW) (Cyt. bs/protein)
concentration  Cytochrome bs  Total protein (mg/mg)
(g DCW/L)
57 2.8 16 0.18
25 42 20 0.21
4] 4.8 21 0.23
58 55 22 0.24

Fig. 1. Escherichia coli cells as Dhservéd through an optical micro-
cope before freezing (A) and after freezing/thawing (B)

1986):
dR/dt = k.(R,, — R)

where k; is the protein release constant, t is the son-
ication time, R is the protein released and R, is the
maximum protein releasable by sonication. After inte-
gration it can be obtained:

R = Rp[l — exp(—kit)]

Escherichia coli cell disintegration follows a first order
kinetics in the first 2 or 3 mins of sonication (Figs. 4 and
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Fig. 3 Time dependence of cytochrome bs ((o), (O0y) and total
soluble protein ((e, (H)) released at 100 ((o)) and 250 W (({J),
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5). For higher sonication times, the disintegration rate
decreases and the kinetics order is lower than unity.
This may be explained by cavitation unloading, that
markedly affects the efficiency of sonication. This is
due to the increasing of the surface tension caused by
the release of proteins and nucleic acids (e.g. surface-
active products), and to the intense foaming that can
result and contributes to the denaturation of proteins
at the gas-liquid interface decreasing the amount of
soluble protein (Garcia, 1993).
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In Table 3 are indicated the kinetic constants and
the maximum cytochrome bs and protein released for
different output powers. The kinetic constants increase
almost linearly with the output power (see also Fig.
6), in the range tested. A doubling of output power
roughly leads to a two fold increase of k. As the kinetic
constants for the release of cytochrome bs and for total
soluble intracellular protein are identical, it can be
confirmed that cytochrome bs is a cytoplasmic protein
(von Bodman et al., 1986; Follows et al., 1971).
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Fig. 6. Cytochrome bs (o) and total protein (e) release constants as
function of output power.
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The dependence of the protein release constant on
output power was established (Doulah, 1977) as:

ke = a(W — W,)?P

where o and 3 are constants, W is the ultrasound power
and W, is the cavitation threshold power. By extrapo-
lating the experimental values, W intercepts the power
axis (W,) at 22 and 21 W for cytochrome b5 and total
protein, respectively. The experimental k; values ver-
sus (W=W,) are shown in Fig. 6, and from the fitting of
the equation above, the values of « and 3 were calcu-
lated (Table 4). The values of 3 are in good agreement
with those obtained theoretically by Doulah, (1977)
(that was 0.895), and experimentally with yeasts by
James et al. (1972) (that was 0.9).

For the experiment carried out at 100 W, the evo-
lution of the particle size with sonication time was
measured by light scattering. With the exception of
the initial sample (0 min of sonication), two distinct
populations were found. However, it was not possible
to estimate the highest population parameters because
its dimensions were too close to the detection. limit
of the equipment used and also because of the pres-
ence of dusty particles in the suspension. Therefore
only the smallest population was considered, the mean
distribution value being determined. In order to find
out whether the unbroken cells and dusty particles left
in the suspension could interfere with the particle size
determination of much smaller cell debris, the mean
particle size was measured directly in the photographs
taken on the optical microscope for the initial sample
(0 min of sonication) and for the sample corresponding
to S min of sonication (in this sample it was not consid-
ered the measurements higher than | pm). The results,
indicated in Fig. 7, show a reasonable reproducibility
(error around 10%). This figure shows that particle size
pronouncedly decreased in the first minutes of sonica-
tion (the apparent particle size was 0.5 after 2 min of
sonication), followed by a slower decrease. The evo-
lution of mean particle size can also be seen in Fig.
7.

After 20 min of sonication several particles were
still observed in the suspension with a length close to
I pm, which could be whole or partially desintegrated
Escherichia coli cells. In Fig. 8B a small particle is
visible (according to Escherichia coli patticle size dis-
tribution (see Fig. 2)) with a length of 0.93 pm. This
was also observed with yeast cells (Thacker, 1973),
with Escherichia coli cells and several other microor-
ganisms (Wase et al., 1985) and was theoretically
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Table 3. Effect of output power on the kinetics of cytochrome bs
and total intracellular protein release constants

Output Cytochrome bs Total protein
power Maximum ke Maximum ke
released released

(W)  (mg/gDCW) (min~!) (g/gDCW) (min~")

100 11 0.44 0.35 0.44
125 11 0.55 0.38 0.56
150 11 0.77 0.38 0.77
200 10 0.87 0.36 0.87
250 11 1.1 0.38 1.2

Table 4. Coefficients e and 3 from the fitting of the equation k.

= a(w-wﬂ)ﬂ
a B Correlation
(Watt™8 min—") () coefficient
Cytochrome bs 0.011 0.85 0.997

Total protein 0.0093 0.89 0.985 ;
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Fig. 7. Effect of sonication time on apparent particle size measured
by light scattering (e) and directly on the photographs taken from
the optical microscope (o).

explained by Doulah (1977, 1981). This author pre-
dicted a cell dimension below which the cells remain
intact. This dimension (dimension of the largest sta-
ble cell) depends directly on the wall cell strength and
inversely on the square root of the density and viscos-
ity of the suspension and the energy dissipation rate
(related with ultrasound power).

(B) Effect of the volume of suspension

The volume of the cell suspension to be treated affects
significantly the performance of the sonication process,
since the kinetic constants are an inverse function of
this volume (Table 5). However, the increase in vol-
ume seems not to affect significantly the maximum
of cytochrome bs and total protein released, and, as




seen before, the kinetic constants for the release of
cytochrome bs and for total soluble intracellular pro-
tein are identical.

According to Davis (1959), k, is proportional to
(C/V), where C is the number of cavitations per minute
and V is the volume of cell suspension. If C is inde-
pendent of the volume of the suspension and is only a
function of the sonication power, k;V should be con-
stant for a given power. In this case, and for the range
of volumes tested, it was found out that k,V was inde-
pendent of the suspension volume. This conclusion is
particularly important to design a flow system, where
the fraction of released protein, at equilibrium, should
be dependent only on the flow rate (James et al., 1972).
However, for this*system, this is only true if the resi-
dence time is inferior to 2-3 min, otherwise cell disin-
tegration will not follow a first order kinetics.

(C) Effect of cell concentration

The increase of cell concentration causes a decrease
in the kinetic constants for cytochrome bs and the
total protein (Table 6). However, when cell concen-
tration increases 10 times (from 5.7 to 58 gDCW/L),
k. decreases only by half. After 5 min of sonication,
the fraction of cytochrome bs released was 0.95 for
the suspension with 5.7 g DCW/L, and 0.88 for the
suspension with 58 g DGW/L, but it led to 90 and 940
mg of cytochrome bs/L in solution, respectively.

The effect of cell concentration on the disintegra-
tion performance may be explained by the increase in
the viscosity of the cell suspension (Fig. 9), which
affects the rate of energy dissipation and inhibits the
phenomenon of cavitation (Garcia, 1993). In the first
seconds of sonication, an increase in the viscosity was
observed due to the release of nucleic acids to the
medium. Eventually the disruption of the nucleic acids
caused by the liquid shear and the free radicals attack
(Hughes and Nyborg, 1962), decrease significantly the
viscosity.

The maximum cytochrome bs and lotal protein
released decreased slightly with the increase in cel-
lular concentration (Table 6). This is directly related
to the intracellular amounts of cytochrome bs and total
protein, since the previous freezing/thawing released
a considerable amount of cytochrome bs and some
intracellular protein to the medium, and these amounts
increased with the cellular concentration. The total
amount of cytochrome bs and total protein released
by freezing/thawing plus sonication remained constant
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Fig. 9. Effect of cell concentration on the variation of the viscosity
of the suspension with sonication time (5,7 — (); 25 — (e; 41 — (CI)
and 58 g/L. — (H)).

and equal to 16.1 & 0.4 mg/g DCW and 0.331 % 0.007
g/g DCW, respectively.

As previously mentioned, sonication is mainly a
laboratory method for cell disintegration. It has, how-
ever, several experimental difficulties and limitations
such as: high heat generation (a good temperature con-
trol is necessary), exposure of operators to high sound
levels (the equipment needs to be shielding to reduce
the ultrasound o a safe and comfortable level and the
operator should use ear protection) and generation of
free radicals (this problem, which can affect the integri-
ty of the product but has no effect on cell breakage, can
be alleviated by the addition of free radical scavengers
such as glutathione or cysteine or by prepassing the cell
suspension with hydrogen (Garcia, 1993)). Another
limitation is the unavailability of equipment for large
scale operation. A possibility for large-scale operation
was suggested by Doulah (1981) using a continuous
feed through a series of equal-sized tanks, each with
a sonication probe. However, there are no published
results of experiments using such a continuous system
(Garcia, 1993).

In the system studied, for a power of 150 W, a
suspension volume of 100 mL with 58 g DCW/L, and
a global sonication time of 10 min (which corresponds
to an efective sonication time of 5 min and a cellular
desintegration of 90%), was possible to disintegrate
35 g DCW/h, which corresponds of about 12 L/h of
fermentation broth with 3 g DCW/L. This flow rate
could be increased using high sonication power and
high cell concentration,
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Table 5. Effect of the volume of suspension on the kinetics of cytochrome bs and total intracellular protein

release constants

Suspension Cytochrome bs Total protein
Volume Maximum ke kv Maximum = k:V
released (min~")  (mL min— ") released (min~')  (mL min—1)
(mL) (mg/g DCW) (g/g DCW)
50 9.7 0.93 47 0.34 0.95 47
100 10 0.44 44 0.34 0.44 45
200, i1 0.23 46 0.33 0.23 47

Table 6. Effect of cell concentration in the suspension on the kinetics of
cytochrome bs and on total intracellular protein release constants

Cell Cytochrome bs Protein
concentration Maximum ke Maximum ke
released released
(gDCW/L)  (mg/gDCW)  (min~!)  (mg/g DCW) (min—")

53 13 1.0 0.32 0.97

25 12 0.82 0.32 0.78

41 12 0.61 0.31 0.62

58 11 0.52 0.30 0.51

Conclusions

Escherichia coli cell disintegration, for cytochrome
bs release, by freezing/thawing plus sonication was
carried out with high efficiency. The maximum amount
of cytochrome b5 released by the conjugation of these
two methods was equal to 16 mg/g DCW (4.0% of total
intracellular protein). i
Tt was observed that the freezing and thawing treat-
ment of the cell suspension plays an important role in
the disintegration process, since, for the suspension
with the highest cell concentration tested, 33 and 6.8%
of cytochrome bs and total intracellular soluble protein,
respectively, were released.

It was observed that the sonication efficiency
(reduction on sonication time for the same fraction of
release) increases with the increase of sonication pow-
er, and with the decrease of the suspension volume and
cell concentration. However, there is an advantage in
working with high cell concentration suspensions since
the release constant k, decreases only by half when cell
concentration increases 10 times. It was also observed
that, after ten minutes of sonication (20 min of oper-
ating time) the maximum amount of cytochrome bs
and total protein released was achieved, these maxima
being independent of the operating conditions and cell

concentration (only in the first minutes of sonication
are these parameters important).
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