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Purpose: The BetaGalSim programme is intended for teaching about optimisation of fed-batch
fermentation and protein extraction in an aqueous two-phase system. The process example is based
on production of the intracellular enzyme B-galactosidase produced in E. coli.

The f3-galactosidase process: E. coli B-galactosidase is a large cytoplasmic protein ( 464 kD). It is
frequently used for labelling of antibodies. The process is composed of five unit operations/
processes.

1) fed-batch fermentation

2) cell centrifugation

3) cell disintegration

4) extraction in an aqueous two-phase system

5) ultra-filtration (dia-filtration followed by concentration).
The product is then confined in the concentrate.

To design the fermentation process, the initial concentration of the carbon- and energy source
(glycerol) for the batch phase and the glycerol feed rate for the fed-batch phase must be calculated.
Both these parameters depend on the oxygen transfer capacity, which is related to the volumetric
oxygen transfer coefficient, K, a.

In the current version of BetaGalSim only the K, a determination, the fermentation and the extraction operations are
simulated. In the transition from fermentation to extraction yields of 95 and 90 % are assumed for centrifugation and
disintegration, respectively.
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Programme and system: The simulation of the process is made with MATLAB version 5 or later
and can be run on MacOS as well as Windows. The folder BetaGalSim contains the MATLAB
files that make up the programme BetaGalSim.

Your task: Produce 50 000 kU enzyme with a minimum specific activity of 400 kU/g protein. ‘

Start by determining the KLa as function of stirrer rate (RPM) and aeration rate (Q), respectively.
Use the maximum KLa value you obtain for calculation of the initial glycerol concentration (S0O)
and the glycerol feed rate (F) for the fed-batch process. Run the fermentation with these data.
When satisfactory result has been obtained, report by printing out the Fermentation page (see Fig
4). Harvest and disintegrate the cells and proceed to the Extraction of the simulation programme.
Also report the extraction result by printing the Extraction page with the final data (see Fig 5).
Report the results of the KLa determination with graphs of KLa = f{RPM) and KLa = f(Q).

How to run BetaGalSim. Open MATLAB and enter the word betagal in the Command Window.
The first time this is done after downloading the BetaGalSim folder in your computer an error
message (Undefined function or variable 'betagal') may appear. Then use Set Path in MATLAB’s
File menu to set and save the path to the folder BetaGalSim.

When the BetaGalSim program has been started, select which mode of operation you will use: KLa-
determination or Run f3-galactosidase process.

1 K, a determination

The purpose of this exercise is to learn how to determine the volumetric oxygen transfer coefficient
K,a in a fermenter by means of the dynamic method. Furthermore, the exercise includes an example
of how the K,a value can be used for estimation of the maximum feed rate of limiting substrate to
the process. The exercise also includes some training in MATLAB.
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1. 1. Obtain the data for K,a determination.

Start the simulation with the red Start button (not visible in Fig 1). The initial default settings are
X=1 g/L, V=200L and S=10 g/L, but aeration (Q L/min) and stirrer speed (RPM) are both zero. The
DOT will then drop towards zero since the K, a is now zero and the cells will rapidly consume the
dissolved oxygen. Before DOT reaches zero (e.g. at about 10%, press red button Stop and set the
RPM and Q to values at which you want to calculate K,a. Then press the Continue button and the
DOT curve will raise rapidly to its quasi-steady state of DOT at the current values of oxygen
consumption rate and oxygen transfer rate (See Fig 1) . K,a can now be calculated from an
integrated form of the mass balance equation for DOT:

In( DOTprim - DOT )=-Kra (t-t,) + In( DOTprim - DOT),)

where DOTprim is the quasi-steady state DOT reached a few minutes after the restoration of the
aeration (See Fig 1). DOT, and ¢, are the DOT and time values at the time of restoration of the
aeration, respectively. However, since only the slope is needed, it is enough to plot In(DOTprim -
DOT) against t and it is independent on t,.

1.2. Calculate K,a with MATLAB

The following calculations of K,a from the simulation data can be done from the Command
Window of MATLAB. However, if more than one calculation is to be done, it is convenient to put
these commands into an m-file, since this m-file can then be used for calculations with data inputs
from repeated experiments with other RPM and Q-values. The simulation result is stored in the
global matrix xyall(row, col), where column nr 1 contains the time variable while the DOT-variable
is stored in col nr 5 (according to the list of variables under the figure above). To obtain the K, a-
value for the experiment above do the following operations step by step in MATLABs Command
Window. At the end these commands will be written in an m-file for the 2nd and further KLa
determinations.

1. Transfer the t and DOT values from the simulation to a z-vector and a DOT-vector:

t=xyall(:,1);
DOT = xyall(:,5);

The semicolon ( ;) sign prevents MATLAB from printing the whole vector on the screen.

1. Get the DOTprim value from the last DOT-value in the DOT-vector:
DOTprim = DOT(length(DOT));

The MATLAB command length retrieves the length of the vector. You gan obtain information about all
MATLAB commands by entering help commandname in the Command window.

1. Make a vector (here called Indiff) of the logarithm of the difference between DOTprim and
DOT.
Indiff = log(DOTprim-DOT);

1. Calculate the slope of the Indiff-variable plotted against time:
slope = diff(Indiff) ./ diff(¢t);

The command diff creates a new vector with the differences between two adjacent values in a vector.
Note that there is a period sign before the division sign ( ./ ). This is forcing MATLAB to perform
element-wise division of the two vectors instead of normal vector division.
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1. To illustrate the DOT, the [ndiff and the slope variables, plot them against time in a multi-plot
graph. To do this first open a new figure; call it e.g. fig!:

figl = figure;
A new empty window is opened. Return to the Command Window.

1. Specify that you want a plot with three graphs placed in one column and then execute the plot
command for plotting the DOT curve:

subplot(3,1,1);
plot(t,DOT);

Option: to make the plot more informative you can enter the axis units and a legend that tells at which
aeration conditions the experiment was done:

ylabel’DOT’);
xlabel(’hrs’);

String variables (=words) must be embraced by single quotation signs in MATLAB.

7. Then plot the Indiff in the second graph:

subplot(3,1,2);
plot(t,Indiff);
ylabel(’Indiff’);

8. Place the plot of the slope in the third graph of fig!:

subplot(3,1,3)
plot(t(1:length(t)-1), slope )

The length of the slope -vector is one unit shorter than the length of the #- and DOT- vectors.
Therefore only the first to the second last cells of the t-vector are used in the plot (the vector
lengths must be the same in a plof command).

9. The values of the slope parameter may be extreme and are irrelevant in the beginning and the end
of the vector. Since MATLAB scales the plot automatically, you must force the plot to a scale
that fits the area where you will obtain the K,a value (i.e. just after the aeration and stirrer were
switched on). In this range the slope should have values in the realistic K,a range (0 —1500 h™).
Set the y-scale of the plot to —2000 to O with the command

set(gca,’ylim’,[-1500 0]);

You can also add an axis label to this plot as in the first plot. For instance:
ylabel('slope of In(DOTprim-DOT) = - KLa'")

10. NOTE: According to the theory it is only a limited part of the slope plot that represents the
K,a, namely the part representing increasing DOT. The remaining data are just nonsense in this
context. To identify the correct part of your plot of slope = f{(t) use the upper DOT-graph (See
Fig 2). To obtain the coordinate value in the correct part of the plot, use MATLABs function
ginput, which retrieves the co-ordinates in a graph where you locate the cursor and press the
mouse:

coord = ginput(1);
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The ginput command returns a vector with the x- and y-coordinates of the point of the cross
(Fig 2). (The figure 1 in the command means that MALAB expects only one co-ordinate) The
KLa value is the negative y-coordinate in the plot slope = f{(1):

KLa = - coord(2)
Do not use the semicolon in this command. You will then get the value printed out in the
Command Window.
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11. Option: To make the plot more informative you can let MATLAB enter a title with information
about the KLa-value, and the RPM and Q values at which this KLa was obtained. A string
variable can be build up in a row vector:

txt=['KLa= ',num2str(KLa),' at RPM= ',num2str(RPM),' and Q= ',num2str(Q)];

The MATLAB command num2str converts a numeric variable to a string variable which can
then be positioned in the string vector, here with name #xz.
To print this information above the graph, enter

title(txt)

and the following text will appear as title on the graph (with data from the example above:
KLa= 484 at RPM= 300 and Q= 30.

1.3. Make an m-file

The task requires repeated simulations and calculations with different settings of RPM and Q. Thus,
for the coming KLa determinations, make an m-file to calculate KLa after each simulation
experiment.

Open a new empty m-file from MATLABs menu. On the first lines of the m-file enter:

Junction klacalc(RPM,Q)
global xyall

Enter all the commands (1-10) that were used above to make a KLa-calculation from the simulation.
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Save the file with the name (for instance) klacalc.m.. Locate it in a folder where MATLABs path
is set, for instance in BetaGalSim.

1.4 . Determine K,a = f{ RPM) and K,a = f(Q)

Repeat K, a determinations with other values of RMP and Q, so you can produce the two plots K,a
= f{RPM) at constant Q=100 and K,a = f{Q) at constant RPM=400. Use the m-file for calculation of
the K, a after each simulation with different Q and RPM values. Execute the programme by entering
the file name (exclusive the .m extension) but with the experimental values for RPM and Q in
parenthesis for instance klacalc(300,100). The program execution will halt to let you locate the
correct point for calculation of the K,a (See Fig 2). When this is done the K,a value is printed in the
Command window if you omitted the semicolon on the line where KLa is obtained. Repeat the
determinations until you can produce two graphs showing K,a = f{RPM) and K,a = f{Q). Also this
can be made with MATLAB:

1. Enter these results into vectors in the Command Window, e.g.:

RPM = [300 500 700]; (use your on figures!)
KLa=[ 420 625 810];

1. Create a new figure window:
fig2= figure;

1. Return to the Command Window and create a plot of K;a = f{fRPM):
plot(RPM,KLa,'x-');

1. Enter x/y-scale labels and a title of the plot, for instance:

titleKLa=f(RPM) at Q=30’); (use your on figure for Q!)
xlabel’RPM’);
ylabel’KLa’),

Repeat the K;a determinations of different Q-values at constant RPM.

2. Calculate initial glycerol concentration and the maximum feed rate for the fed-batch culture

Repeat the K,a determination for one setting of RPM and Q that you choose on basis of previous
determinations of K,a , for instance the highest K,a you can achieve.

Use this K, a value to calculate the maximum feed rate (F,,,,) of glycerol. This feed rate corresponds
to a certain oxygen consumption rate ( r,) which is limited by the oxygen transfer rate (K,a). Since
the process must be glycerol limited during the feeding, a certain minimum cell concentration (X,,;,)

is needed at the start of the feeding to have the capacity to consume this feed rate. The X

nin Value is
used to calculate the initial glycerol concentration (SO) that results in X,,, at the end of the batch

phase. If feed rate F_,, is applied too early (at lower cell concentration than X, ; ), glycerol will
accumulate and this may result in oxygen limitation before the glycerol becomes limiting.

Assume the following oxygen solubility and properties of the cells:
gSmax =145 gg'h' |[C*=0.007 g/L
Yx/s=0.52 g/g S, =700 g/L
Yx/o=13 g/g
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Futhermore, do not accept DOT< 20% air sat.

For calculation of the maximum feed rate (F,,) and the minimum cell density (X
feed can be applied, use the mass balance for the glycerol:

) at which this

min

ds F
E=V(Si—S)—rS (1)

Assume that dS/dt = 0 and S; >> S under the process conditions.
The mass balance is then simplified to:

F
=t @

The corresponding oxygen consumption rate is obtained by means of the coefficient Y

To =105 3)
where Y 5,5 can be obtained from the ratio of the biomass yield coefficients on oxygen and glycerol:

Y,
YO/S — XIS (4)
YX /0
Thus, the oxygen consumption rate is obtained from:
F Y,
r,=—3S8*X5% 5)
14 YX /10

This oxygen consumption rate must be less than or equal to the maximum oxygen transfer rate,
which is the oxygen transfer rate when DOT is the lowest acceptable ( 20% air saturation). Thus,

r, = K,a(C*-0.2C%) (6)

By combining equations (5) and (6) the flow rate that gives 20% air saturation is calculated as

_0.8K,aVCYy,, o
" SiYX/S

The minimum cell concentration ( X,,,) required to consume the this feed rate is obtained from

F
rS = qS,mamein = ‘n;ax Si (8)
The initial glycerol concentration (SO) needed to produce X,

min

is obtained from the yield coefficient:

X .
Y. — min 9
xis = "¢o ®)

Use this information about RPM, Q (required to give the KLa), and F_,, and S, to run the 8-
galactosidase process for production of minimum 50 MU enzyme with minimum purity of 400
U/mg protein. Quit the KLa simulation program and restart BetaGalSim with the command betagal
and choose the process option. Read the manual BetaGalSimManual for further information.
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3 Fermentation
When the programme is started with the command betagal, and the the 3-gal. process option is
selected, the following Fermentation window should appear .
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The feed control panel is designed to permit exponential fed-batch processes where the feed rate is
increasing exponentially to a maximum value and then kept constant at the maximum value,
according to the formula:

F(f) = FO .e(t-SFR) < Fmax

You can obtain a constant feed by setting F0 = Fmax = your wanted constant feed rate , F'.

Under the simulation graph, the control parameters feed rate F, L/h, aeration rate Q, L/min, and
stirrer speed, RPM are displayed during the process together with and the process variables:
concentrations of biomass (X,g/L), acetate (A, g/L), dissolved oxygen (DOT, % of air saturation),
product B-galactosidase P, kU/g cell dry weight and the volume V, L.

The upper right part of the window shows the continuous centrifugation for cell harvest after the
fermentation, with control parameters flow rate F'c L/h and emptying (shoot) interval tint sec. The
table to the right shows data for the resulting cell concentrate. Many of the buttons and displays are
connected with information that is displayed if you move the cursor slowly over the object.

(In the current version of BetaGalSim, the centrifugation and cell disintegration are not included in the
simulation, instead a yield of 95 and 90 % is assumed in each step, respectively.)

BetaGalSim contains default values for start of the process as a batch process (See Fig 4). These
values are displayed in and around the fermenter symbol and may be altered by you before you start
the process. Start the fermentation with the Start button and the simulated curves will grow on the
graph (See Fig 5). The batch-wise process with the default settings will not yield much enzyme. To
improve the process use the control parameters RPM, air flow rate (Q) and glycerol feed rate (F) to
optimise a fed-batch process. You can change the feed rate, the aeration rate and the stirrer speed
during the simulation. Then interrupt the simulation by pressing the Stop button, enter new values
for the control and resume simulation by pressing the Continue button. The Reset button will restore
all parameters to the default values.
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Principles of fed-batch control

There are two ways to run a fed batch:

1) start as a batch with surplus of substrate (glycerol) and start a constant feed when the substrate
(glycerol) is consumed.

2) start with a growth rate limiting level of glycerol ( e.g. 0.1 g/L) and calculate the initial feed rate
(F0) according to the wanted growth rate for the inoculum biomass, then let this feed rate increase
exponentially with exponent SFR until it reaches a maximum value Fmax (determined by the
oxygen transfer capacity).

The maximum glycerol feed rate is limited either by the cells capacity to consume the feed (mainly
at low cell density, eq 6) or by the oxygen transfer (mainly at high cell density, eq 4):

If you feed at a higher rate than the current maximum consumption rate of the cells, the
glycerol concentration will increase and since there is no growth rate limitation then, the oxygen
concentration will decline and eventually there will be oxygen limitation
* Ifyou feed at a higher rate than the corresponding oxygen transfer rate (can be controlled by

stirrer speed and aeration rate) DOT will decline so that the cells become oxygen limited
* Ifyou set too high stirrer speed the motor fuse may blow!
* Ifyou use too high aeration rate the fermenter will probably empty itself by over-foaming or the
aeration will stop due to wet outlet air filter.

4 Cell harvest and disintegration
When satisfactory amount of B-galactosidase (i.e. the product of X*V*P, kU) has been obtained,
harvest the cells by starting the centrifuge.

In the present version of BetaGalSim there is no model for centrifugation simulation. When you
press the start button on the centrifuge the programme just produces a biomass concentrate of 160
g/L cell dry weight with a yield of 95%. This concentrate is then suspended in a disintegration
buffer to a biomass concentration of about 54 g/L. dry weight (The Buffer button is inactive in the
present version). Then start disintegration. No disintegration model is included in the present
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version, and the programme just delivers a disintegrate with 90% disintegration yield. Turn to the
Extraction Window by pressing the Extraction button. The following page should appear:

5 Extraction in an aqueous two-phase system

o Extraction 1 HH . . .
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upper left par shows the vessels of
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A default phase system is indicated by the circle in the phase diagram. Select another system
composition by means of the mouse after pressing the button SelectSystem. The phase diagram is
then re-drawn and the new system characteristics are calculated and updated above the phase
diagram: the partition coefficients for B-galactosidase (Kf3gal), total protein (Kprot), the solubility
of B-galactosidase (solub.) and the relative top phase volume (Vrop).

The table shows to the left some parameters for the disintegrate. The extraction is started by
pressing the button Start under the centrifuge symbol. Then the data for bottom phase and top phase
are updated in the table together with the levels in the vessels.

Increasing the tie-line length makes the partition coefficients more extreme, i.e. it increases for 3-
galactosidase and decreases for contaminating protein. This increases both the purity and yield, but
too high salt concentration reduces the -galactosidase solubility, which may reduce the yield, since
the protein is accumulated in the inter-phase. Increasing the top phase volume increases the product
yield but reduces its purity.

To repeat the extraction with another phase system:

1. Press button Refill to reset the disintegrate.

2. Press button SelectSystem and specify the new phase system by pressing with the mouse
in the phase diagram.

3. Press Start again to run a new extraction.

Report by printing the Extraction window when the goal is reached: Minimum 50 000 kU with a
purity of at least 400 kU/g.

You can return to the fermentation to run a new process, by means of the button Fermentation.
If repeated error messages appear in the Command Window, quit MATLAB and restart BetaGalSim
with the betagal command in the Command Window.
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Summary of the strategy:
To obtain satisfactory fermentation result, the parameters stirrer speed (RPM), air flow rate (Q,
L/min) and glycerol feed rate (F, L/h) must be controlled during the fermentation. Some hints:

1 Oxygen limitation causes anaerobic metabolism, here included only as acetate
formation. This causes low cell yield and product instability due to proteolysis.

2 Oxygen limitation can be controlled by the stirrer speed (RPM) and by the aeration
rate (Q), but too high values may blow the motor fuse or cause over-foaming,
respectively.

3 The initial glycerol concentration is used to achieve a sufficient cell concentration for
the start of the fed-batch, in which the glycerol feed rate controls the oxygen
consumption rate.

4 If the initial glycerol concentration is too high, oxygen limitation will appear before
the glycerol is consumed, but if it is too low, the feed rate must be set low to avoid
over-dosing of glycerol, that also may cause oxygen limitation later on.

5 To increase the extraction yield, make the partition coefficient more extreme (higher
for B-gal and lower for most other components) by selecting systems with longer tie
lines (but the yield may drop due to reduced solubility) or increase the top phase
volume.

6 To increase the purity of the product, reduce the top phase volume or increase the
partition coefficient for B-gal.

Symbols

Co, concentration of oxygen (gL™")

DOT dissolved oxygen tension (% air sat.)

DOT* dissolved oxygen tension in equilibrium with the gas phase (% air sat.)
DOT ° dissolved oxygen at quasi-steady state in KLa determination (see Fig 2)
F glycerol feed rate (Lh™)

Frnax maximum feed rate (Lh‘l)

FO initial feed rate (Lh™)

H conversion constant (% L g‘l)

Kia oxygen transfer coefficient (h™)

Ks saturation constant for glycerol (g L™")

OCR oxygen consumption rate (g L' h™)

OTR oxygen transfer rate (g L™ h™")

P B-galactosidase concentration (U g™ cells or U g protein)

Q air flow rate (Lmin™)

RPM stirrer speed (min™)

qgs specific glycerol consumption rate (g g' h™")

S glycerol concentration in medium (g L)

Si glycerol concentration in feed (g L™)

SO initial glycerol concentration (g L™

SFR specific feed rate (exponent for feed increase rate) (h™)

t process time (h)

A% medium volume (L)

X biomass concentration (g L™)

Xo initial biomass concentration (g L™)

xyall matrix with simulated variables (variables in column order as under the graph, fig 4)
Yxis yield coefficient of biomass per glycerol,(g g")

Yxo yield coefficient of biomass per oxygen,(g ™)



