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Abstract

Affibody® molecules are small therapeutic proteins which mimics antibody
functionality. This is a report of several methods for increasing productivity
and yield in recombinant production of Affibody® molecules. This literature
study shows several steps in the production line which can be optimised,
several novel methods for cultivating and harvesting cells and purification
of proteins. There is also a section about validation of therapeutic pro-
tein production according to The International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use (ICH) are
presented.
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1 PREFACE

1 Preface

1.1 How to read

The report is organised in sections of the production line. The idea behind
the disposition in this article is to read our short and long term proposals
first. Then reading the supportive theory behind the methods. The proposals
give a condensed view of the strategies and methods we see as the most
promising modifications of the production line. The sections following each
proposal aims to give a deeper understanding and reasons motivating the
relevant proposal. The sections also contain alternative methods which are
not included in our proposal. These methods can give a deeper understanding
or be an option to the chosen methods in our proposal. As a helping tool
grey words are linked to and described in the attached glossary.

1.2 Background

1.2.1 Problem formulation

The specification received from Affibody AB states that they are using the
facilities at Clinical Manufacturing Organisations inefficiently regarding pro-
duction time and downtime. There is recombinant protein production only
during 10 of the week’s 168 hours. Their request was to keep a batch
methodology but increasing the protein output by optimising different parts
of the protein production line. Affibody AB’s general production of different
Affibody® molecules consists of a batch cultivation of Escherichia coli that
expresses the target protein. The current system also uses a plasmid based
system where plasmid retentation and selection is enforced via antibiotics
use. Expression and culturing is followed by filtration and heat treatment.
Final purification consists of anion- and cation-exchange chromatography
and further filtration.

1.2.2 The Affibody® molecule

Affibody® molecules are a class of small, engineered proteins produced by
Affibody AB. Affibody® molecules mimic the functionality of antibodies,
they bind with high specificity and affinity to a specific target molecule.
Antibodies are used today in disease treatments and for research purposes,
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1 PREFACE

owing to their high specificity and affinity. Affibody® molecules differ from
antibodies in several aspects however. They are a light protein, at ∼6.5 kDa,
they do not contain any disulfide bridges and they demonstrate a shorter
biological half-life in the body than monoclonal antibodies. Structurally
Affibody® molecules are composed of one or more copies of a basic compo-
nent, a 3-α-helix domain called Protein Z, which is around 60 amino acids
long (Frejd and Kim 2017; St̊ahl et al. 2017; Löfblom et al. 2010).

1.2.3 The 2017 Affibody gene cassete

The 2017 Affibody AB antibiotic free gene cassette, Figure 1, was designed
by Vlassov et al. (2017). This gene cassette contains the gene needed to
express Affibody® molecules and various optimisations to have a high level
of expression, such as increased mRNA stability. In the report there was
also four loci specified in the bacterial chromosome of E. coli where this gene
cassette should be integrated. To learn more about the original inception of
the cassette we recommend reading the original report (Vlassov et al. 2017).

Figure 1: The original antibiotic free cassette is composed of four distinct compo-
nents. In subsequent order: The strong T7 promoter, ompA-5’UTR region (leading
to increased mRNA stability), Affibody® molecule gene and the rrnB-termination
sequence with three parts.

The motivation for using this cassette is strongly tied to decreasing reliance
on short batches and eliminating use of antibiotics in the production line.
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2 TWO PROPOSALS FOR AN OPTIMISED PROTEIN PRODUCTION

2 Two proposals for an optimised protein pro-

duction

2.1 Short term solution

Our suggestion for the fermentation stage of the process is to use self-cycling
fermentation (SCF) using glucose or glycerol as the carbon source and lactose
or IPTG as the inducer. See Section 4.2 for SCF and Section 4.3 for growth
medium optimisation. The method would utilise two separate reactors where
the primary reactor would be used for the growth of E. coli and the induction
would take place in a secondary reactor. Multiple parallel secondary reactors
could possibly be used. This way there will always be ongoing growth of new
bacteria in the primary reactor while induction and protein production takes
place in the secondary reactor. Under the assumption that the previously
mentioned cassette had been integrated according to Vlassov et al. (2017)
specifications, this process would be free of antibiotics. The methodology
itself is however also adaptable to use with a plasmid based system.

If changing and updating filters in the production line is desired we pro-
pose the use of high performance tangential flow filtration, HPTFF. Because
of the charged membranes the method can limit the work load on chromatog-
raphy, increasing the process speed. We have also chosen to highlight the
method single pass tangential flow filtration (SPTFF) which concentrates the
sample in one single passage but has some drawbacks compared to HPTFF,
further explained in Section 5.1

After induction the contents of the bioreactor will be filtered and pumped
back into the same reactor. In the reactor the same heat stage that Affibody
AB uses in its current process is performed where the filtered solution is
heated to 80◦C. After this heat stage we propose using a continuous flow
centrifuge to further separate the Affibody® molecules from the host cell
contents, for detailed explanation see Section 5.3

We further suggest an advanced elution method of the ion exchange chro-
matography. This method is based on the use of two columns. The idea is
to rapidly elute a large column and further purify the product and a second
smaller column. This would allow higher capacity since the larger column is
eluted quickly and can be reused to process more solution. The method is
explained in detail in section 5.4.2.

Also a method of altering several columns between being eluted and
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2 TWO PROPOSALS FOR AN OPTIMISED PROTEIN PRODUCTION

loaded could be employed. This would allow for a cyclic process where smaller
columns can continuously process larger amounts of product compared to a
single batch chromatography. This method is presented more thoroughly in
section 5.4.1. These methods could be used on their own or combined to
achieve a more time effective process, decreasing process costs.

We would like to introduce future concept and protein purification method
of the multicolumn counter current solvent gradient purification (MCSGP).
This is a novel method that can achieve continuous chromatography processes
that more effectively utilise the resins, see section 5.4.3.

2.2 Long term solution - Gene cassette 2.0

The long term proposal includes our vision for a semi-continuous production
line for Affibody® molecules. This proposal would include improvements on
the gene cassette proposed in 2017 by Vlassov et al. (2017), including the
addition of a secretion system, see Figure 2. This would allow for a continuous
production and subsequent secretion of Affibody® molecules, resulting in an
purer outflow from the putative bioreactor used, see Figure 2 and Section 6
for detailed explanation. We believe that this method would require thorough
planning regarding facilities and the production line. There is also a need
to re-engineer the previous years gene cassette in a stable BL21(DE3) E.
coli strain derivative with the cassette integrated in its genome. See Section
1.2.3 for the original cassette. One of the main economic advantages of using
a secretion system with a continuous or semi-continuous production is that
protein purification would be massively simplified and contamination risks
from host cells protein considerably lowered. This is due to a much lower
amount of proteins being localised to the periplasmic space. This could
potentially reduce the number of chromatography steps from two to one,
depending on the characteristics of the product protein in question.

The system would be integrated at multiple loci into the bacterial chromo-
some. This system has the distinct advantage of recombinant protein produc-
tion without plasmids or antibiotics. Furthermore we propose an addition
to previous years project, see Figure 2, by introducing a secretion system
downstream of the original gene casette (Vlassov et al. 2017). These genes
would contain a Pbad promoter which is inducible by L-arabinose and a copy
of the TatABC operon, which encodes the Twin-arginine(Tat)-translocation
pathway. Using Pbad as a promoter would allow for a controlled overexpres-
sion of the Tat-operon, leading to secretion of a significant fraction of the
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2 TWO PROPOSALS FOR AN OPTIMISED PROTEIN PRODUCTION

target protein. Furthermore having Pbad means that the Tat-operon can be
induced separately from the Affibody® molecule operon which operates un-
der a T7 promoter, inducible by IPTG. The Tat-translocation operon will be
placed in conjunction, at the same locus, as the Affibody® molecule cassette
from the project described in Section 1.2.3 .

Figure 2: The above illustration shows the proposed cassette 2.0. Image created
using Illustrator for Biological Sequences(W. Liu et al. 2015).

Each Affibody® molecule operon will also be extended with a TorA signal
sequence in order to be targeted by the Tat-Translocation pathway, Figure 2.
This peptide sequence will be cut off in the periplasmic space after transloca-
tion over the inner membrane (IM). Matos Cristina F.R.O. et al. (2012) used
a Tat secretion system, with a GFP fused to a number of signal sequences.
With this system they performed a series of experiments in both shake-flask
and bioreactor E. coli cultures. They analysed what signal sequence gave
the best output as well as what amount of feed-medium was optimal. How-
ever using such a system only allows export of the product to the periplasmic
space, where it is vulnerable to proteolysis. Inducing a leaky outer membrane
(OM) would instead cause the target protein to leak out of the periplasmic
space and into the extracellular medium. We believe that this system would
be able to consistently produce recombinant protein over time, producing at
least 1.1 g/L per 12 hours of culturing. This number could likely be increased
via optimisation of culture conditions and genetic engineering, for example
implanting additional copies of the cassette in the genome, (Matos Cristina
F.R.O. et al. 2012).

We also suggest to further increase the time of production via a parallel
system of two bioreactors that will be set up with the continuous chromoso-
mal protein production, further explained in 6. In this system a secondary
batch of E. coli is started at an appropriate time in the first batch’s lifetime
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2 TWO PROPOSALS FOR AN OPTIMISED PROTEIN PRODUCTION

to ensure a minimal amount of downtime. Our initial suggestion of this start
time would be at around the halfway point of the induction period of the
first batch. The reason for the specific length of the batch is to minimize
the risk for mutation. This will create an overlapping protein production
and an increase in production time with the least amount of downtime. The
technical details of this proposal is explained more thoroughly in Section 6.
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3 Low risk of accumulation of mutations in E. coli

In recombinant protein production a cultivation of the host cells are needed.
Affibody AB uses a bioreactor for cultivation with a schedule restart of the
culture each week. E. coli is capable of dividing into two every 20 minutes
if suspended in a nutrient rich medium (Fossum et al. 2007). This raises a
potential issue with recombinant protein production in E. coli ; the mutation
rate of each generation can effect the target protein. During the fermentation
process in a bioreactor, every replication has the potential to cause a random
mutation. Wielgoss et al. (2011) sequenced 19 genomes of E. coli after 40.000
generations and found that the mutation rate of E. coli were 8.9 ∗ 10−11 per
base pair per generation. Foster et al. (2015) compared three different E.
coli strains and sequenced 11 genomes and concluded that there is a small
difference in mutation rate of 50% between the strains with an estimation
of the mutation rate per genome to be 1 − 2 ∗ 10−3. Foster et al. (2015)
showed that there are four major mechanisms that random and spontaneous
mutations derive from: ”[...]intrinsic DNA polymerase errors, endogenously
induced DNA damage, DNA damage caused by exogenous agents, and the
activities of error-prone polymerases.” Foster et al. (2015).

During a week E. coli will divide approximately 500 times under the
assumption of a doubling time of 20 minutes. A simulation of a bacterial
population of E. coli with a mutation rate of 8.9 ∗ 10−11 per base pair per
mutation was run, see Diagram 1. In the simulation we make the assump-
tion that the population is of a constant, arbitrarily large size, meaning that
genetic effects due to population bottlenecks or sub populations are ignored.
Gaining the mutation had a selective pressure of 1/1000, reflecting an im-
proved fitness for any bacteria which had lost the functionality of the gene
cassette, for example via the introduction of a stop-codon. The simulation
was run for 10 0000 generations which can be roughly estimated to 20 weeks
in an optimal medium.
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3 LOW RISK OF ACCUMULATION OF MUTATIONS IN
E. COLI

Diagram 1: The diagram above shows the mutant gene frequency in the bacterial
population after 10.000 generations or approximately 20 weeks. The mutation
frequency was at most 0.0019 according to our simulations.
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4 FERMENTATION

4 Fermentation

In this article we use fermentation to mean the process of cultivating bacteria
and using them for production of a desired molecule. Fermentation is the
foundation on which an effective bioreactor process for production of recom-
binant protein is built. If the fermentation stage fails to produce a high yield
of proteins the process would not be profitable. The three large categories of
fermentation processes are batch fermentation, fed-batch and continuous fer-
mentation. This project is focused on a semi-continuous fermentation process
in order to meet Affibody AB’s interests.

4.1 The fed-batch cultivation strategy

Fed-batch is a semi-continuous fermentation process, which is used for con-
trolling the concentration of substrates and the climate inside the bioreactor
through feeding strategies in order to achieve an optimal growth rate. The
difference between batch and fed-batch is that in the batch-fermentation the
substrate is provided all at once but in the fed-batch the substrate is pro-
vided in smaller volumes throughout the process. In a fed-batch process the
substrate is divided into smaller amounts which are supplied according to a
feeding strategy optimised for the bacterial culture (Yee and Blanch 1992).
By controlling the nutrient feed, the growth rate can be controlled. Riesen-
berg et al. (1991) shows that by lowering the feed rate when bacteria reaches
the highest growth rate of 0.45 Lh−1 the cell yield increased from 12 gL−1

to 95 gL−1.
Using a fed-batch fermentation method over a batch culture method will

give rise to a higher cell concentration. The concentration of cells is measured
in grams dried cell weight per liter (gDCW/L). Using fed-batch, concentra-
tions greater than 50 gDCW/L can be achieved compared to the lower 5-10
gDCW/L usually gained in batch cultures (Yee and Blanch 1992).

According to Yee and Blanch (1992) feed-back control and pre-determined
feeding strategies are essential regarding fed-batch fermentation. The feed-
back is received from sensors hooked up to the bioreactor. By specifying
dynamic parameters such as growth medium and substrate concentration
the specific growth rate can be controlled. Yee and Blanch (1992) empha-
sises that by controlling these parameters the by-product formation can be
minimized.
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4 FERMENTATION

4.2 Self-cycling fermentation

Self-cycling fermentation(SCF) is a semi-continuous fermentation method
like the fed-batch fermentation method. It has been shown to produce more
protein in shorter time compared to batch fermentation (Storms et al. 2012).
The “self-cycling” part of the method’s name comes from the fact that the
host cell’s metabolism is what determines when the cells should be induced
which leads to a high level of cell-synchrony being achieved. During cell-
synchrony all the cells are in more or less the same phase of their life cycle
and hence will produce protein at approximately the same time. Therefore
it is more efficient than a batch culture method where the cells are less
synchronized (Storms et al. 2012). If this is used with an optimal medium a
very effective and reproducible fermentation process can be created.

The SCF method’s central concept is harvesting half of the bioreactor
contents when the culture’s carbon dioxide evolution rate (CER) is at a min-
imum as this indicates that the culture has stopped growing. This is called
reaching the stationary phase. After half of the bioreactor is harvested it
is filled up to initial level with fresh growth-medium to restart the growth-
stage. In a publication by Storms et al. (2012) describing the use of SCF
for fermentation of E. coli induced by bacteriophages the induction part of
the process takes place in a secondary stage. This could be applied to an
Affibody® molecule production by letting the bacteria grow in the primary
bioreactor and then inducing the protein production in a secondary bioreac-
tor. Alternatively two or more secondary bioreactors can be used. Due to
sanitary reasons the secondary reactor requires cleaning after the last induc-
tion stage. This would allow the bioreactors to be used in parallel so there
is minimal downtime.

In order to establish stable and reproducible cycles it has been shown
that it is important that the growth medium used in the initial cycle is
twice as concentrated as the growth medium used in all the other cycles.
When comparing SCF with batch-fermentation it was found that for SCF the
protein production was 50% higher and the production time was 40% lower
when using the double concentration feeding strategy mentioned above. In
this context the protein production is the amount of protein produced over
the specific induction time and the production time is the time when protein
is being produced in the induction stage (Storms et al. 2012). The fact
that the induction stage was performed in shake-flasks should be taken into
consideration but conceptually the results should be similar in bioreactors.
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4 FERMENTATION

The results should be similar in a bioreactor because the reason the induction
was faster in the study was that the cells from SCF were more synchronous.
This meant that they would express the protein at approximately the same
time and not spread out over time as the less synchronous batch-fermented
cells did.

A possible setup has been designed where the primary bioreactor has
a CER-sensor in order for the automated system to determine when the
bacteria should be harvested, Figure 3. The primary reactor should also have
a high-level sensor at the level of maximum volume and a low-level sensor at
the level of half of the maximum volume. In the secondary bioreactor there
should also be a CERS for feedback on the bacterias lifecycle, a mid-level
sensor for the level of induction medium including lactose instead of glucose
to be added before the bacteria is added to the secondary bioreactor. There
should also be an high-level sensor for the maximum volume and an low-
level sensor at the bottom of the reactor in order to make sure that all the
product has been emptied out from the reactor. The setup was inspired by
experiments with bacteriophages mentioned earlier (Sauvageau and Cooper
2010).
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4 FERMENTATION

Figure 3: A possible setup for SCF operation including sensors. The sensors
shown are carbon dioxide evolution rate sensors (CERS) used to determine when
the culture has reached the stationary phase and level-sensors used to determine
the correct levels of the contents in the reactors. The level-sensors include: high-
level sensors (HLS), low-level sensors (LLS) and a mid-level sensor (MLS). The
setup was inspired by Sauvageau and Cooper (2010).
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4 FERMENTATION

4.3 Growth and medium optimisation

The production of proteins from a host cell always starts with considering
the host organism’s metabolism and how to optimise their growth. The
gene cassette of Vlassov et al. (2017) uses the lactose pathway in order to
produce Affibody® molecules (Vlassov et al. 2017). The lac-operon is utilised
in a regulatory way, when lactose or the lactose mimic IPTG is present
the T7 promoter is induced and the Affibody® molecule production will
begin. However IPTG has shown to have a negative effect on cell growth
at a concentration above 1 mM (Larentis et al. 2014). Therefore lactose, or
alternatively IPTG, will be introduced to the E. coli in order for the cells to
start producing the Affibody® molecules.

When choosing a primary carbon-source for the growth-medium the choice
is largely between glycerol and glucose when growing an E. coli culture for
protein production. Glycerol has in experiments comparing it with glucose
been shown to produce a higher yield of the target protein, i.e. a higher
amount of protein per gram of dry cell weight (DCW). In addition, glycerol
has a positive effect on target protein production especially when combined
with lactose. Research shows that glycerol has significant effects on produc-
tivity and viability of cells in comparison with glucose (Kopp et al. 2017).
However when glucose was used in the same study it resulted in a larger
biomass. This is due to the fact that both the carbon-source and the lactose
was added at the same time and unlike glycerol, glucose represses the lactose
operon. This leads to the cell focusing solely on consuming the glucose and
dividing. When using glycerol the cells consumes both glycerol and lactose.
This leads to a slower culture growth when induced with lactose because of
the simultaneous production of recombinant protein.

In fed-batch fermentation a decision must therefore be made between
using a larger biomass which starts producing the desired protein after it is
done growing and a smaller biomass producing protein continuously through-
out the growth of the culture (Fruchtl et al. 2016). Other ingredients in the
medium need to include necessary salts like a minimal-salt-medium and dis-
solved oxygen needs to be supplied to the bioreactor in order to oxygenise
the media and create an aerobic climate for the cells. According to Hengwei
Wang et al. (2014) E. coli grows optimally when the pH of the media is be-
tween 7.5 and 8.5. Therefore it is important that the pH can be adjusted by
alkali addition, if the pH decreases due to acetic acid formation, preferably
by an automatic feedback control.
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4 FERMENTATION

Recently Hengwei Wang et al. (2014) developed a growth medium that
is optimised for the proposed E. coli BL21(DE3) strain and it has achieved
successful results. According to Huilin Wang et al. (2015) ”the induction
method and transitional temperature also lead to changes in the cellular phys-
iology and metabolism”. When induction is performed the glycerol feeding
rate should be decreased to 8-10 mLH−1 per L of cell culture when induced
with IPTG. By employing this strategy the overall accumulation of acetate
and glycerol can be avoided (Huilin Wang et al. 2015). If the feeding rate
reaches 12.5 mLH−1 per L of cell culture during the exponential phase the
second phase begins with a constant feeding rate, see Table 1 for a detailed
composition of the growth medium.

An optimal medium for HCDC of E. coli in a fermentation reactor pre-
sented in Table 1.

Table 1: Optimal medium composition.

Exponential feeding phase
Component Amount Unit Role
Glycerol 10 g L−1 Carbon source
KH2PO4 10.5 g L−1 Limiting nutrient
(NH4)2PO4 6 g L−1 Limiting nutrient
MgSO4 1.6 g L−1 Limiting nutrient
Citric acid 1.7 g L−1 Limiting nutrient
Trace metal solution 10 mL L−1 Limiting nutrient

Trace metals component Amount Unit Role
FeSO4 5.47 g L−1 Iron
ZnSO4 2.95 g L−1 Zink
CuSO4 0.5 g L−1 Copper
N2B4O7 0.23 g L−1 Boron
CaCl2 2.0 g L−1 Calcium
(NH4)6Mo7O24 0.1 mL L−1 Molybdenum
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5 PROTEIN PURIFICATION

5 Protein purification

If an increased protein production in the fermentation process is desired, it
needs a well adapted downstream process adjusted to handle the increase
in volume. Biopharmaceuticals require a certain amount of purity and to
achieve that this section presents methods within filtration, centrifugation
and chromatography.

5.1 Two-dimensional tangential flow filtration

For protein purification and concentration Affibody AB uses tangential flow
filtration (TFF) where water flows tangentially over a membrane. Compo-
nents being smaller than the pores in the membrane are let through and
larger components are retained. By changing to high performance tangen-
tial flow filtration (HPTFF) components can be separated based on both
size and charge. Compared to TFF the HPTFF is two-dimensional and can
separate components that differ less than three-fold in size. Ordinary TFF
separates components with a ten-fold difference in size which imply e.g. cell
host protein and virus protein. HPTFF uses sensitive membranes and ac-
curate optimisation of buffer and flow dynamics. The method concentrates,
performs buffer exchange and purifies proteins all at the same time. It can
simplify existing processes while reducing cost and increasing yield (Christy
et al. 2002).

Ion exchange chromatography, ultra filtration and size separations are
commonly used methods for concentration, purification and buffer exchange
during downstream processes. When using HPTFF all of this is possible
to achieve in one single step. This minimises production costs while giving
high resolution, keeping the high throughput and high yield. All this makes
HPTFF useful during all stages of purification (Christy et al. 2002).

When using membranes for separation the goal is that some components
are retained by the membrane and others are let through. According to
Christy et al. (2002) the amount of received target protein increases by using
charged membranes. HPTFF is developed from ultra filtration, UF, technol-
ogy and can therefore benefit from the large scale membranes and systems
already established. To increase selectivity and throughput membranes with
defined pore size and surface charge should be used. To maximise outcome
yield and purity the method should be handled under defined pressure and
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5 PROTEIN PURIFICATION

using diafiltration (DF)(Christy et al. 2002).
The sieving coefficient is defined as the parameter describing the molecules

relative sizes in comparison with the pores of the membrane. Another pa-
rameter used in this context is effective volume, the size of the protein in
the membrane system. In other words it represents the effective size of the
protein according to the ionic layer connected to the protein in solution. At
the isoelectric point of the protein the smallest effective volume is reached
and also the highest sieving coefficient. Outside the isoelectric point the net
charge on the protein increases resulting in increased effective volume. The
effective volume and sieving coefficient correlates more strongly with pH for
proteins at low ion strength, approximately 10 mM. The ionic layer is reduced
among proteins at high ion strength, resulting in a high sieving coefficient
(Christy et al. 2002).

Among positively charged proteins in a positively charged membrane the
sieving coefficient is lower due to repulsion. The proteins do not pass through
the membrane because of the repulsions, resulting in lower transmission of
proteins and less membrane clogging. By choosing a buffer pH where the
protein has positive charge and the waste components has negative charge
passing a positively charged membrane will result in a low passage of product
through the membrane and high passage of waste components, see Figure4.
This has shown to work best at low ion strengths. To maximise the difference
in effective volume, pH and ion strength can be modified (Christy et al. 2002).

5.2 Achieving tangential flow filtration in one step

Single pass tangential flow filtration (SPTFF) is a method for facilitating
protein production suitable if the pool tank size is a limiting factor. It can be
incorporated in already existing processes after chromatography or filtration
steps. According to Dizon-Maspat et al. (2012) SPTFF is a simple, flexible
and robust method. They state that downstream processes have trouble
handling large batches and that current methods often are adapted after low
Titer levels. When the Titer levels increase the downstream process must
perform better. Larger batches and Titer levels require wider filter area,
larger columns, more resin and more buffer. Developing a new process with
other resin and filters is often time consuming (Dizon-Maspat et al. 2012).

Affibody AB uses UF and TFF which many other facilities also use and
according to Dizon-Maspat et al. (2012) this is a good combination. Ordi-
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Figure 4: The flow meets the filter tangentially. A positively charged membrane
will make negatively charged molecules with the right size pass through the pores
in the membrane. Molecules with a positive charge will be repelled from the
membrane. The charged membrane in combination with tangential flow avoids
membrane clogging. Image adapted from El–Safty and Hoa (2012).

.

20



5 PROTEIN PURIFICATION

nary TFF requires UF, large pumps and a recycling tank. This takes up
a lot of space and is a big investment and process alteration if not already
established. SPTFF on the other hand concentrates the sample in one single
pass without recycling. The method is based on multiple TFF steps in one
unit requiring little space and investment. The TFF-cassettes can be ordered
and only needs to be placed in a stainless steel container. Since there are
many TFF membranes in one container the path length and residence time
for the protein in the filter increases. This results in more filtrate being re-
moved and a reduction in feed volume. The membrane area lessens as the
volume decreases which maintains the flow rate and pressure while avoiding
contamination (Dizon-Maspat et al. 2012).

The largest difference between normal TFF and SPTFF is that the latter
one happens in space while TFF happens over time. This is explained by
the flow path increasing with more layers in series. During SPTFF feed
flow rate, retentate flow rate and filtrate flow rate are kept constant. The
parameter called volumetric concentration factor, VCF, is defined by feed
flow rate divided by retentate flow rate. The feed flow rate is the retentate
flow rate added with the filtrate flow rate. SPTFF can be described in
three steps. First the membranes need to pass pre-use, meaning sanitisation
and equilibrium. Then the protein solution is concentrated and hold up is
gathered from the system. Last is the post-use step where the membranes
are regenerated, tested and stored (Dizon-Maspat et al. 2012).

Dizon-Maspat et al. (2012) describe how they have tested SPTFF on mon-
oclonal antibodies and evaluated how it would work in commercial scale. The
protein concentration and turbidity was measured with UV-Vis spectropho-
tometer to ensure correct VCF. To evaluate the method Dizon-Maspat et al.
(2012) used two modules with different amount of membranes (see Table 2).
More membranes in series gives a higher concentration due to the increase
in membrane area and more membrane area in relationship to protein mass
gives higher VCF. With increasing protein concentration in feed flow the
VCF decreases which contradicts ordinary TFF. With high flow rates the
differential pressure increases resulting in higher filtrate flow as in ordinary
TFF. The filtrate flow rate does not increase as fast as the feed flow, when the
feed flow increases the retention time decreases (Dizon-Maspat et al. 2012).
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Table 2: Values corresponding to SPTFF modules with 4-in series cassette (7 membranes)
and 9-in series cassette (18 membranes). The values comes from Dizon-Maspat et al.
(2012).

Membranes Area (m2) VCF Input(g/L) Output(g/L)
7 0.065 3 25 47
18 0.167 8 29 133

Since the results in Table 2 was achieved using one simple module, SPTFF
is suitable for facilities wanting to make as small changes as possible. The
possibilities with SPTFF increases with the fact that it works without a
retentate-valve. Being put as last concentration step SPTFF has some draw-
backs since the concentration range is much tighter. It is also problematic
if it requires a buffer exchange step since SPTFF is not proven compatible
with diafiltration (Dizon-Maspat et al. 2012).

When using ordinary TFF the sample is concentrated gradually but in
SPTFF the desired concentration is reached in a single pass. SPTFF can be
implemented in various parts of the purification process, for instance when
loading the UF/DF tank if the tank size is a time limiting factor. To get a
high protein concentration it generally requires more TFF-cassettes to get
an effective method (Dizon-Maspat et al. 2012).

The input and output concentrations show in Table 2 shows the big appli-
cations for SPTFF since it works with low concentrations which is required in
process pools and high concentrations needed in the UF-step. The through-
put concentration decreases if the pressure through the module increases due
to increased feed flow rate. This phenomena can be explained by the reduced
retention time (Dizon-Maspat et al. 2012).

A request from Affibody AB was to lessen the turbidity of the final solu-
tion. Unfortunately Dizon-Maspat et al. (2012) came to the realisation that
the sample had an increase in turbidity after SPTFF concentration. The
amount of aggregates appearing are the same for SPTFF and TFF which
is not a problem for Affibody AB since they do not have any aggregates in
their current process (Dizon-Maspat et al. 2012, Affibody AB, unpublished
communication 2018). SPTFF is less effective than TFF when it comes to
filtrate flow per membrane area. Controlling the SPTFF process can only
be made by modifying flow rates and retentate pressure. As mentioned be-
fore, the method is not compatible with diafiltration and can therefore not
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replace the UF/DF step. From testing the two modules the result was that
SPTFF can concentrate samples without affecting their quality or yield and
is therefore suitable for protein purification (Dizon-Maspat et al. 2012).

5.3 Continuous flow centrifugation

In biotechnological processes a common method of separating a desired molecule
is to centrifuge the slurry of host cells. The problem faced when creating an
automated continuous protein purification process that includes centrifuga-
tion is that traditional centrifugation needs to be stopped to be emptied and
refilled with new solution.

One type of traditional centrifuges, the disc-stack centrifuge, can be re-
purposed to be used as a continuous flow centrifuge. During continuous
operation a suspension containing the desired molecule is added and cen-
trifuged continuously. By exposing the solution to centrifugal forces it is
separated into a pellet and a supernatant containing the desired molecule.
The pellet is stored in a compartment of the centrifuge and when that space
is close to being at maximum capacity the pellets are discarded. On the
other hand the supernatant is ejected continuously during the centrifugation
process. The disc-stack centrifuge has two types of configurations called split
bowl and disc nozzle that are chosen depending on the amount of solid con-
tent in the solution being centrifuged. For centrifugation of solutions with
a high concentration of solid content a split bowl configuration is preferred
over the disc nozzle design. At the time of the article’s writing the smallest
continuous commercial disc-stack centrifuge required a feed-rate of 1 L/min
(Jungbauer 2013).

If a centrifuge with that high throughput is to be implemented, a holding
stage would have to be put in place before the supernatant reaches the pro-
tein purification columns as they cannot be loaded as fast as the centrifuge
processes cell slurry (GE 2008). However, Beckman Coulter, one of the lead-
ing producers of centrifuges, have developed a continuous flow centrifugation
rotor called JCF-Z (Dorin and Cummings 2015). This rotor has a minimum
feed-rate of 3 L/h (Dorin and Cummings 2015). While this feed rate is lower
than that of the disc-stack centrifuge a holding stage would still be required.
Using a rotor designed for continuous flow would be more reliable than re-
purposing a traditional disc-stack centrifuge. If it is required a high-flow
assembly could be used to enable a flow rate of 100 L/h, the maximum flow
rate with the standard assembly is 45 L/h. There are two main qualities
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required from the solution being processed. Firstly, the solution must have,
according to Dorin and Cummings (2015), a solid/liquid ratio between 5%
and 15%. Secondly the sedimentation coefficient of the desired particle must
be higher than 50 S because of the rotor’s high pelleting efficiency (Dorin
and Cummings 2015).

The JCF-Z rotor has three different cores that can be chosen depending
on the nature of the desired particle. As the Affibody® molecules are small
and soluble they will stay in the supernatant which would mean a clarifying
process is required. The only core designed for this is the standard core which
has a volume of 660ml out of which 400ml is able to contain pellets (Dorin
and Cummings 2015).

5.4 Protein purification by Chromatography

Protein purification often involves chromatographic steps to achieve desired
purity. Due to recent developments in fermentation and harvest, these op-
erations often become the bottleneck of the production process, being time
consuming and expensive. It is therefore important that these steps are de-
signed with great care to achieve a sustainable production line (Nfor et al.
2009). In this section various chromatography strategies and methods for op-
timisation that might be implemented to the ion-exchange chromatography
steps in Affibody AB’s general production scheme are discussed.

5.4.1 Simple method for achieving a continuous purification

Staggered cycling is a relatively simple concept and can be employed under
capture/elute conditions. This is a mode of chromatography where the tar-
get protein is captured in the column and subsequently eluted, as opposed to
flowthrough mode where impurities are captured and product flows through.
The idea is to use multiple columns alternating between being loaded then
washed, and being restored. Restoring a column means eluting, regenerating
and to re-equilibrate the column. The cycle is started by loading the first
column until breakthrough of the product, i.e. the protein being purified
starts being detected in the outflow of the column. At this point the feed
is redirected to another column, while the first one is eluted and then re-
generated and re-equilibrated. The process repeats in this way, and the first
column can be loaded again when fully restored.
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Figure 5: Initially column 1 is loaded and column 2 is idle. When loading of column
1 is completed, column 2 starts to be loaded. While loading column 2, the first
column is eluted and restored. A cyclic process is thus achieved.

Depending on the ratio of the time to restore and elute a column and the
loading time, different numbers of columns are needed to achieve a continuous
process. The method is illustrated in Figure 5 (C. Liu and Jr 2016). This
method allows for a semi-continuous purification in a non-complicated way,
which decreases required column size while not resulting in any downtime.
Through staggered cycling it is possible to decrease costs by reducing resin
use compared to single-column batch processes (C. Liu and Jr 2016).

5.4.2 Dual column method for improved elution in ion exchange
chromatography

Based on the principles of and knowledge about ion exchange chromatog-
raphy (IEX) this is a method that could improve effectiveness. To increase
efficiency of the elution process of an IEX, it is possible to adapt the gradient
such that a smaller fraction containing the target protein is transferred to
a second smaller column and further purified. This could allow for faster
throughput in the larger column, using a steeper gradient, which can be re-
generated, cleaned and re-equilibrated after the product containing fraction
has been eluted. In the second, smaller column a more flat gradient or possi-
bly even constant concentration elution can be used to achieve higher purity
on a smaller sample that has already been partially purified. Depending on
how early the product elutes there are three basic scenarios:

I The target protein and impurities that have similar retention time have
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low adsorption to the column and thus elute quickly. In this scenario
the early emerging fraction containing a significant amount of product is
directly eluted using a suitable gradient onto the second smaller column.
When the product fraction is eluted, the concentration of the modifier
can immediately be set to regenerate concentration and the outfeed to
waste. The larger column is then re-equilibrated and the smaller eluted
using a gradient small enough to achieve desired purity.

II The second scenario is when the target protein elutes between low and
high adsorbing impurities. A schematic of this scenario is shown in
Figure 5. In this scenario the gradient is maintained until the first
fraction of impurities is eluted into waste and the product-containing
fraction is eluted onto the second column. The first column can then
be regenerated, cleaned and re-equilibrated while the second column is
eluted as described above.

III Final case is when the desired protein comes last. This means the gradi-
ent is maintained until the early fractions not containing any product are
eluted into waste. Then the product-containing fraction can be quickly
eluted and transferred onto the second column.

26



5 PROTEIN PURIFICATION

Figure 6: Schematic time line over the proposed method for IEX elution in scenario
II. The feed is loaded onto the first, larger column, and subsequently washed. The
weak adsorbing impurities are sent to waste as the gradient elution begins. When
product starts to break through, the outflow is redirected to the second smaller
column. The smaller column has a feed of buffer with a modifier concentration
to achieve required properties, e.g. salt concentration. In the final step the small
column is eluted with a small gradient, depicted green in the diagram, and the
large column is washed with high modifier concentration, depicted blue in the
diagram. On the x-axis is time, and the y-axis the concentration of modifier. The
time for each step is not to scale.
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This method requires two columns, an extra switch and a pump to transfer
the outstream from column one to waste or to column two. To achieve a
suitable gradient in the second column a pump and inlet for buffer will be
necessary in most cases. Note that the second, smaller column could be of
the same or different type than the first column.

A cyclic process can be achieved by matching the times for the two
columns. This means that the time for restoring the first column and for the
target protein from a second load to start breaking through, should match
the time for eluting and restoring the smaller column. Thus the smaller col-
umn is ready to be loaded with the target protein fraction from the larger
column. This might not always be the case, but parameters such as gradient
and flow rate can be altered to synchronise the processes. Alternatively extra
columns operating at the faster step could be introduced. If a continuous
process is desired the methodology of staggered cycling could be applied, an
elution cycle consisting of the method described above.

5.4.3 Novel methods for continuous chromatography

There are several methods for continuous chromatography that better utilises
the binding capacity of columns. This means that the column is more sat-
urated with protein when eluting the product. The benefits of this is less
buffer use and longer resin lifetime (C. Liu and Jr 2016). Many of these are
getting increased attention in protein production. These methods might not
be applicable today since they have some constraints; the setups are often
more complex and require more hardware. Experiments described in litera-
ture today focuses more on situations where the protein of interest is more
easily distinguishable in binding properties from the contaminants. Other
applications mentioned is for polishing steps when separating isoforms, vari-
ations such as dimers of fractions of the same protein. However, continuous
production seems to be a rising trend, especially in the antibody industry,
thus it seems suitable to introduce an example of these concepts as a prospect
for the future (Klutz et al. 2015; Steinebach et al. 2017).

A technique called Multicolumn Countercurrent Solvent Gradient Purifi-
cation (MCSGP) is a continuous chromatography method suitable for IEX. It
utilises linear gradients and is based on the elution of pure product and inter-
nal recycling of product fractions that are still contaminated. MCSGP relies
on multiple columns, which can quickly become complicated and demands
more intricate hardware in terms of pumps, valves etcetera. However the
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simplest variant, twin-column MCSGP, only uses two columns (Steinebach
et al. 2017).

Steinebach et al. (2017) describes a simple method for designing a twin-
column MCSGP purification process. This method has shown to be more
productive than single column batch chromatography and can be designed
from a given buffer system (Müller-Späth et al. 2009). The process begins
with a chromatogram derived from a single column batch chromatography,
where amount of load and gradient slope are chosen so that there is a re-
gion of the chromatogram where the product fulfils the purity requirements,
region A in Figure 7. In other words there is a region of time where the
eluted substance contains impurities at or below the decided purity thresh-
old (Steinebach et al. 2017). This design can be made without knowledge
about thermodynamics or the contamination components as well as with-
out any modelling. This being favourable since a correctly described model
can become complex due to the involvement of dead volumes and start up
time for different pumps (Müller-Späth et al. 2009). The designed chro-
matogram is then applied to the twin column MCSGP, in other words the
feed composition, buffer system, resin material and columns from the design
chromatogram are kept unchanged. Steinebach et al. (2017) compares purifi-
cation of monoclonal antibodies using MCSGP and batch chromatography.
They use ion-exchange chromatography but states that MCSGP can be used
with other types of chromatography. When using batch chromatography the
procedure can be divided in to following steps; loading, washing, elution and
regeneration (Steinebach et al. 2017). This results in discontinuous cycles
(Andersson 2009).
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Figure 7: Timeline over components being eluted during MCSGP. W corresponds
to weakly bound components. P stands for product and S for strongly bound
components. Where P does not overlap with W and S the product has the desired
purity. The fractions that are represented as overlaps are in MCSGP recycled
through the system, in other words being loaded to another column. The graph
shows the gradient slope used to elute the product. Adapted from Steinebach et al.
(2017).

.
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When using MCSGP the elution is divided into three fractions. Elution
containing product that fulfils purity requirements (between the intersects
in Figure 8), elution containing product contaminated with weak adsorbing
impurities (red and green intersect in Figure 8) and the fraction contain-
ing product contaminated with strong bonding impurities (blue and green
intersect in Figure 8). These two parts contain some product and some con-
taminants and are recycled within the system. These are the strong and
weakly bound contaminants and are transferred from column 1 to column
2. To get adsorption in column 2 the liquid leaving column 1 needs to be
modified with compensation buffer, see Figure 8 (Steinebach et al. 2017).
The buffer modifies the mobile phase leading to the concerned components
differing in binding strength, simplifying the purification (Andersson 2009).
Loading of the column is divided into three steps, uptake of weakly bound
components and product, load of fresh feed and last uptake of product and
strongly bound components. The column is then restored in the same way as
for batch chromatography where the columns are not connected (Steinebach
et al. 2017).

After half a cycle the columns change place and the same steps are re-
peated. Once per cycle each column is loaded and eluted. This requires three
pumps, one gradient pump, one compensation and re-equilibrium pump and
one loading pump. During the first change in the first cycle there is no prod-
uct to recycle and therefore the load amount can be the same as in the batch
design. MCSGP is often used with three or six columns but Steinebach,
Fabian et al. (2016) proves that two columns also provides an increase in
product outcome. The two column method has the same productivity as
the single column and has lower complexity and less demands on hardware
compared to using more columns (Steinebach et al. 2017).
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Figure 8: A graph showing the stages after loading and washing in MCSGP. The
graph in the background represents the design chromatogram used. The gradient
elution is started on column 1 and outflow, containing weakly bound impurities
W, is discarded. The product containing the fraction contaminated with weak
impurities, W/P, is loaded onto column 2. A second compensation buffer-pump
ensures right buffer composition for the gradient elution on column 2. The product
is eluted while the feed stream F is directed to column 2, loading it. Subsequently
the product containing fraction contaminated with strongly bound impurities, S/P,
is loaded onto column 2. Compensation buffer from the second pump ensures right
buffer composition for the gradient elution on column 2. Column 2 is now at a
stage equal to column 1 in the first stage. This means that W is eluted and
discarded. Column 1 is regenerated, eluting strongly bound impurities still left in
it. Adapted from Steinebach et al. (2017).
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6 Continuous extracellular secretion system

Using a continuous extracellular secretion system in recombinant protein pro-
duction will promote less production downtime, potentially raise the purity
of the product and may also be a cheaper option to cytoplasmic expression
systems. Most cells have a need to move proteins or other larger, polar
particles through membranes. Common examples of this include exotoxins
produced by pathogenic bacteria and digestion enzymes by a wide variety of
prokaryotic and eukaryotic cells. The transport systems which are used to
transport such particles or proteins through the cell membranes are called
secretion systems. Using a secretion system to export a recombinant protein
for analysis or industrial purposes from the cytoplasm and into the extracel-
lular medium or periplasmic space does bring with it a series of challenges
but also offers a number of advantages. These include avoiding toxic build-up
in the cells, reducing metabolic stress and improving growth, reducing the
amount of product in proximity to proteases and allowing correct folding for
proteins which contain disulphide bonds. Having a secretion system also re-
duces production downtime and promotes production continuity. One of the
largest advantages is also that less downstream processing is needed. This is
partially because the cells will not have to be lysed and therefore the product
protein does not need to be isolated from all of the host cells proteins. Since
protein purification can be a large portion of production time and cost. Using
a secretion system can drastically improve efficiency and reduce costs in in-
dustrial protein production lines. There are a wide variety of different types,
employing vastly different mechanisms and transporting a diverse range of
substrates. Green and Mecsas (2016) presents a brief overview of the six dif-
ferent systems in gram negative bacteria which are the ones of interest when
producing recombinant proteins using E. coli.

For the production of Affibody® molecules the secretion system needs to
fulfil three requirements:

I The system must be able to transport folded proteins since Affibody®

molecules fold rapidly in the cytoplasm.

II The system must be able to secrete a substantial amount of protein.

III The system should have a minimal negative effect on cell growth and
viability.
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6.1 An overview of secretion systems

There are six known secretion systems present in E. coli. They are listed
along with their most important characteristics in Table 3. Of these six
only three are of interest for secretion out of the cytoplasm and into the
extracellular medium or periplasm: the type I, type II and type V systems.
The three systems that could be dismissed directly due to requiring a target
cell are listed below with a brief explanation. A comparison between the
known systems are presented in Table 3 (Green and Mecsas 2016).

• The type III systems are used by bacteria to inject proteins into other
cells past their membranes, using flagella related structures.

• The type IV systems are related to conjugation systems and are used
to transfer both DNA or proteins from one cell to another, this system
also requires a target cell.

• The type VI systems are the least characterised systems but are also
involved in transporting proteins from one cell into an recipient cell.

Table 3: Comparison of secretory systems.

Type Substrate Membrane Mechanism Target
Sec Unfolded Proteins Inner Pore Periplasm
Tat Folded proteins Inner Pore Periplasm
I Folded proteins Both Channel Extracellular
II Folded proteins Outer Multiple Extracellular
III Folded proteins Both Flagella-related Other cells
IV DNA & folded proteins Both Conjugation-related Other cells
V Proteins Outer Auto transporter Multiple
VI Proteins Both Unknown Other cells

The following section is a detailed explanation of the most promising se-
cretion system, the Tat pathway whereas the other discarded translocation
systems are presented in appendix C.

6.2 Secretion across the inner membrane

Due to the difficulties in transporting a high amount of protein over the outer
membrane with a secretion system the solution was found in using the Tat-
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translocation pathway to transport protein only over the inner membrane.
Then using a chemical or physical method to induce a leaky outer membrane,
allowing secretion of protein into the extracellular medium.

6.3 The twin arginine translocation pathway(Tat)

The Tat system has the ability to translocate folded proteins unlike the
Sec-system, section C Cristóbal et al. 1999, and is an interesting solution
to recombinant protein secretion on a large scale. However according to
Browning Douglas F. et al. (2017) the native Tat system in bacteria has
been shown to translocate at a low capacity and would hence not be suitable
for large-scale production. In the same publication Browning Douglas F.
et al. (2017) showed that an overexpression of the Tat-operon, TatABC,
significantly increased the concentration of the target protein exported to
the periplasm.

6.3.1 The operon TatABC

The Twin-arginine translocation operon consists of the TatABC genes and
the Tat E gene. According to Mangels et al. (2005) TatABC has a total mass
of 57kDa and the ability to move folded proteins up to 600kDa over the inner
membrane. The Tat-translocation pathway is driven by proton motive force
(PMF) (Gohlke et al. 2005), over the inner membrane and into periplasmic
space. This means that the export efficiency of the Tat system correlates
with the difference in pH between the periplasmic space, which is equal to
the pH of the extracellular medium and the cytoplasm, which is between
7.4-7.8. (Wilks and Slonczewski 2007). The TatBC complex is membrane
bound while the TatA protein units forms oligomeric complexes (Mangels et
al. 2005). ”TatA forms ring-shaped structures of variable diameter in which
the internal channels are large enough to accommodate known Tat substrate
proteins” Gohlke et al. (2005). TatB functions as a signal recogniser for
the translocation pathway and the TatC complex binds to a signal peptide
(Gohlke et al. 2005). The function of Tat E is not fully understood to this
date but it is supposedly a minor part of the Tat-system (Mangels et al.
2005).
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6.3.2 TatExpress - An overexpression strain

The TatExpress is a genetically engineered strain of E. coli made by Brown-
ing Douglas F. et al. (2017) and has a genetically modified TatABC operon.
In the TatExpress strain the TatABC secretion output has been increased by
integrating a Ptac promoter upstream. This was done in 2017 by Browning
Douglas F. et al., described in their article “Escherichia coli “TatExpress”
strains super-secrete human growth hormone into the bacterial periplasm by
the Tat pathway”. They inserted a Ptac promoter upstream of the TatABC
operon in two E. coli strains, W3110 and BL21(DE3), and then used these
promoters to export two target proteins into the periplasmic space. The
experiments were done in shake-flask cultures and so were performed at
low cell concentrations. In the experiment they show that cell viability is
only marginally inhibited by the increased metabolic stress of overexpressing
TatABC.

6.3.3 Promoters for expressing Tat

The choice of promoter is crucial in recombinant protein production due
to its function as target for RNA-polymerases. Promoters have different
characteristics some of which are and not always suitable for recombinant
protein production. The 2017 Affibody gene cassette used a T7 promoter
regulated by a lacrepressor, see section 1.2.3. Using the 2017 cassette with
the TatExpress system solution will mean that both the Ptac promoter up-
stream of TatABC and upstream of the Affibody® molecule genes will be
induced simultaneously with IPTG. This will lead to an increase in metabolic
stress and a limitation of growth rate since the two promoters are induced
by the same chemical. In order to avoid such limitation, Pbad would be a
suitable replacement for the Ptac promoter upstream of TatABC. Using the
pBAD operon designed by Guzman et al. (1995) will allow induction with
L-arabinose. Pbad also has the advantage to be less leaky than the lac-operon
based Ptac promoter (Baneyx 1999).

This arrangement of promoters will allow induction of either promoter
simultaneously or individually at any given point in time.
In order to give a better understanding of the promoters involved, a short
summary of each promoter follows below.
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6.3.3.1 The T7 promoter and T7-RNA-polymerase is present in the
BL21(DE3) E. coli strain, according to Jia and Jeon (2016), and the T7-
RNA-polymerase is regulated via a lacrepressor, Rosano and Ceccarelli (2014).

The T7 promoter is popular and highly used in the production of recom-
binant protein and it is highly active under induction and is not considered
leaky but a very strong promoter , (Jia and Jeon 2016). According to Rosano
and Ceccarelli (2014) the target ”[...]recombinant protein can accumulate to
up to 50% of total cellular proteins”.

6.3.3.2 The Pbad promoter was introduced by Guzman et al. (1995)
and is constructed from the araBAD operon, which in contrast to the well
known lactose based lac-operon the araBAD-operon utilises arabionse. Guz-
man et al. (1995) shows that the Pbad promoter compared to Ptac, has a
1200-fold increase in induction repression rate or in other words decrease
leakiness. Guzman et al. (1995) designed the pBAD vectors to contain the
Pbad promoter and the araC gene that regulates the expression by induction.

It has tight control and hence low uninduced expression rate. The pBAD
expression system has a high level of expression when induced.

6.3.3.3 The Ptac promoter was synthesised by Boer et al. (1983) from a
combination of the Ptrp promoter and the lac-UV5 promoter. Ptac is relatively
strong and can accumulate up to 30% of total cell weight as product protein
according to Baneyx (1999). As with different lac-operon based promoters
the regulation shows leakiness.

6.3.4 Tat Signal Sequence

The Tat-system uses a signal sequence appended to the N-terminal of the
protein. There is a large number of known proteins and signal sequences and
although they all vary in their sequence to some degree there is a consen-
sus motif: S/T-R-R-X-F-L-K, where the double arginine residues gives the
system its name. The Tat signal sequence is quite similar to the Sec signal
sequence in that it contains three essential parts: A strongly polar sequence
(n-region), a hydrophobic core region(h-region) and a region containing a
peptidase cleaveage sequence(c-region). The Tat-sequence is however gener-
ally longer than its Sec counterpart, mainly due to an elongated n-region.

Choosing a correct signal sequence for the Tat-system is crucial and the
signal sequence which has been shown to work the most consistently in E.
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coli is the TorA signal sequence. TorA is a signal sequence belonging to a
native protein:

MNNNDLFQASRRRFLAQLGGLTV AGMLGPSLLTPRRATA|AQA
(1)

6.4 Membrane preparations

Exporting proteins from the periplasmic space is advantageous in continuous
production for several reasons. Since only 4-10% of E. coli cell proteins
are natively in the periplasmic space the outflow from the reactor is much
purer in regards to the target protein. This makes the purification step much
simpler as the number of proteins needing to be removed goes from thousands
of proteins to a hundred or less.

There are three main ways of producing a leaky outer membrane without
lysing the cell: genetic modifying, chemical manipulation of the media or
physical manipulation of the culture conditions (Wurm David J. et al. 2017;
Shin Hyun-Dong 2008).

The genetic modifying method primarily involves either changing or delet-
ing an integral OM protein to decrease cell envelope rigidity and increase
permeability. A promising target protein for this approach is the outer mem-
brane protein lpp which exists in roughly 700,000 copies/cell. Shin Hyun-
Dong (2008) used a strain which had the gene for lpp deleted out of its
genome to show that alteration or deletion of lpp would increase permeabil-
ity without greatly affecting cell viability and growth. However due to the
high amount of modification in the genome in the long term proposal the
initial recommendation would be a chemical method as detailed below.

There are several different methods listed by Wurm David J. et al. (2017)
but most of these are used to purify proteins post-harvesting whereas the
goal with this production line was to create a process where protein could be
continually secreted over time. In their experiment they test various different
methods of triggering periplasmic space release, using TRIS and regulating
the temperature of the culture. Their conclusion is that incubation with 350
mM TRIS at constant pH for several hours followed by a mild heat treatment
to 38◦C caused significant periplasmic space release of protein, 30%, while
keeping cell lysis low, <10% (Wurm David J. et al. 2017).
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6.5 The envisioned bioreactor process

6.5.1 Startup phase

During this phase the culture is grown in a standard bioreactor using a nu-
trient rich media with high aeration and stirring. pH should also be kept at
a relatively high level, around 7.5. This ensures a high rate of growth, max-
imising the amount of biomass available for the next step. The temperature
can also be kept at a relatively high level here at 37◦C. The next step should
be entered when OD600 is sufficiently high. In the bioreactor experiments
done by Matos Cristina F.R.O. et al. (2012), the second step took place at
the OD600 100-110 mark, which is a good baseline. In their study this point
was reached after roughly 24 hours.

6.5.2 Induction phase

The secretion system should be induced separately, before the Affibody
AB production system, to decrease metabolic stress. Therefore L-arabinose
should be added to the feed-medium, at a concentration of 0.2 (V/V%) (Guz-
man et al. 1995). To decrease metabolic stress the temperature here should
be reduced to 28◦C. After 2-4 hours the feed-medium should be supplemented
with IPTG. It should be supplied at a rate which allows the final concentra-
tion of IPTG in the bioreactor to reach 0.2-0.4 mM, shown to be the optimal
inducer concentration to maximise yield by Larentis et al. (2014). Simulta-
neously the pH should be decreased to about 6, decreasing cell growth but
increasing translocation capacity of the PMF-dependent Tat-system (Wilks
and Slonczewski 2007).

6.5.3 Membrane permeabilisation & continuous product outflow

At this point the cells should be stably producing Affibody® molecules and
exporting these to the periplasmic space of the cells. Once the concentration
of product in the periplasmic space has reached sufficiently high levels the
OM should be permeabilised to allow for product outflow. In a study done
with a single overexpressed Tat-operon under the control of a pBad promoter
this periplasmic space concentration is reached after 12 hours. In this study
the periplasmic space concentration in the cells in the bioreactor had reached
1.1 g/L (Matos Cristina F.R.O. et al. 2012). The permeabilisation should
be performed as detailed in 6.4. Further increases in temperature or TRIS
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concentration is not recommended. This was shown to increase the number
of cells lysed while not appreciably increasing the amount of secreted protein.

6.5.4 Finishing phase

Once a batch is finished, any leftover parts of the culture should be harvested
according to the methods set up in previous sections, to retrieve the protein
which is still left in the culture cells.

Figure 9: The above illustration shows a possible parallel production line. I:
Startup phase II: Induction phase III: Membrane permeabilisation & continuous
product outflow IV: Finish phase.

40



7 VALIDATION PROTOCOLS

7 Validation protocols

A full validation of a production line is a formidable task, there are whole
books on the subject for example Process Validation in Manufacturing of
Biopharmaceuticals by Rathore and Sofer (2012). To be able to present a
comprehensive summary, this section will focus on principles and examples of
validation strategies of the newly proposed elements in the production line.

There are clear guidelines for purity when producing pharmaceutical anti-
bodies and therefore also production of Affibody® molecules. A routine pro-
cess requires high yield and a reliable production line. The process should be
designed to fit well with validation in order to receive an approved product.
Validation is often complex and includes both validation of manufacturing
process and the analytical support. It is needed to regularly demonstrate
that a process constantly can produce a specific product under specific pa-
rameters. Equipment, cleaning of equipment, software, utilities, and analyt-
ical methods should be validated within one process. An important part of
validation is developing protocols describing how the validation should be
handled including test parameters, product characteristics, equipment used
and determination points for when a test result is acceptable (Fahrner et al.
2001).

7.1 Validation of fermentation

A validation of a fermentation process should result in documented proof
that shows that all aspects of the process work as intended to provide a
consistent product. Since conditions normally vary to some degree during
production, acceptable ranges of variation for these conditions are validated
in the fermentation process (Junker 2007). According to Rathore and Sofer
(2012) some of the key parameters that need to be monitored and controlled
are:

• Growth curves and final Optical Density (OD)

• Growth rates

• Concentration of final product, titer

• Percentage of solids present

• The feed of medium in case of fed-batch fermentation
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• Addition of acid/base to control pH

• Medium composition

• Times for different stages of fermentation, e.g. harvest

• Genetic stability

• Cell viability

• Product quality

Which of these that are considered critical can vary from case to case. Junker
(2007) identifies examples of critical attributes that can be measured to es-
timate how the process is functioning. These include yield, cell density, and
culture purity. To evaluate downstream effects of these parameters, it can be
necessary to perform validation experiments that include one or more pro-
cess steps downstream in the production line. Thus effects of fermentation
parameters can be validated in subsequent steps by measuring purity and
product quality after these steps. Cell viability and percent solids can in
particular affect processing downstream of fermentation (Rathore and Sofer
2012; Junker 2007).

The validation of a fermentation process is often scaled down due to
the many experiments required. Normally a ten litre scale is employed, with
complementing experiments at full scale to support the results from the scaled
down experiments. Real scale reactors range from hundreds of litres to several
thousand litres. To make the validation process effective and not performing
unnecessary runs, design of experiments can be used. Design of experiments
is a methodology that tries to identify important variables using the least
amount of experiments (Rathore and Sofer 2012).

A concrete example is presented in Moran et al. (2000), with a suggestion
for a systematic approach for validation of process parameters in fed-batch
fermentation. The fermentation was used to grow Murine myeloma cells to
produce monoclonal antibodies. In this report they use design of experiments
to identify critical control parameters and their effect on titer, purity and
quality.

The particular design used in the article was half-fractional factorial de-
sign. This involves selecting parameters to be tested, in this case five. Fer-
mentations are run using highs and lows of these parameters. This means
that reasonable highest and lowest values are decided beforehand, and com-
binations of these high and lows for the parameters are combined in a series
of experiments (Moran et al. 2000).
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The parameters investigated were pH, temperature, dissolved oxygen,
feeding strategy and the concentration of cells used to start the fermentation.
This design makes it possible to make assessments of the effect of each control
parameter independent of each other. The effect is measured by culture
responses such as growth rate, productivity etcetera. The method needs
pre-existing knowledge about which parameters might be critical, and which
ranges for them are reasonable. This can require previous experiments or
assumptions based on theory and experience (Moran et al. 2000).

To measure culture responses when validating a wide range of analytical
methods is used (Rathore and Sofer 2012; Junker 2007; Moran et al. 2000).
To exemplify methods that can be used in the validation of a fermentation
process, some of the methods used in Moran et al. (2000) is presented:

• The cell exclusion method was used to determine number of cells and
viability. This method relies on the principle that dead cells lack intact
cell membranes. This means that they cannot exclude specific dyes.
Addition of such dyes results in cells with coloured cytoplasm (dead)
and clear cytoplasm (viable).

• Nephelometry was used to measure the concentration of antibodies.
This method is based on measuring the turbidity, cloudiness, of a liq-
uid with a beam of light. When antibodies bind to an antigen a change
in turbidity can be detected and the concentration of antibodies calcu-
lated.

• The isoelectric point of the antibodies from samples was determined
using isoelectric focusing. Antibodies are loaded onto a gel with a pH
gradient. An electric field is applied over the gel and the antibodies
travel until they reach a pH where they are neutral in charge and stop.
By comparing with an antibody reference, deviation can be detected.

• SDS-PAGE gel electrophoresis was used to asses molecular weight of the
antibodies sample purity and presence of antibody fragments and ag-
gregates. Further analysis of fragments and aggregates was conducted
using size exclusion chromatography.

Antibody binding activity and immunoreactivity were also analysed. These
methods may not be directly applicable, but equivalent methods could be de-
veloped or these methods adapted to suit validation of Affibody® molecule
production. In any way, this is a strategy that illustrates possible methodol-
ogy to effective validation (Moran et al. 2000).
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A more modern approach to more accurately characterise the product is
mass spectrometry. This provides molecular weight with very high precision
and would be able to detect deviations in single amino acids. This way even a
minor mutation could be detected and characterised. Thus a correct product
sequence can be guaranteed (Pappin et al. 1993).

7.2 Validation of centrifugation

A validation of a centrifugation process is also needed. Validation usually
contains qualification, which is important for validation of centrifuge. The
steps of validation process according to Bioservices and Park (2015)

• Design Qualification based on defining the both operational and func-
tional specifications of the instruments which are used for centrifuge.

• Installation Qualification checking proper voltage, leveling and it helps
to control if all the units are installed correctly.

• Operational Qualification checking alarms and temperature units, namely
installations qualifications. In the next step other features should be
tested like centrifuges rotation and pH units.

• Performance Qualification is important to be sure that the operates it
to work.

Validation of centrifugation should begin with validation of the different
steps of centrifugation. This can be done by “Scale-Down Parameters and
Assessment Methods for Centrifugation Steps “ which is achieved by first
reducing the number of equipment used or by reducing the number of discs
in the centrifugation. In addition, according to Rathore and Sofer (2012),
following parameters must be controlled:

• Centrifuge control parameters:
Feed flow rate
Centrifuge rounds per minutes
Back pressure
Temperature
Pressure of the feed
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• Measuring the step performance
Step yield is about measuring the concentration and volume of the
product by using high-performance liquid chromatography (HPLC).
HPLC is a separation method for chemical compounds using a two-
phase system.

• The clarity of the centrate is when the centrate quality fall off after
the feed rate is increased UV-VIS spectroscopy which basically means
sending light through a sample, measuring the amount of radiation
absorbed by the sample.

• Filterability of the centrate filter-specific capacity is the capacity that
filter can cold at specific volume.

• Particle size distribution are values that defines amount by particles or
mass according to size.

• Amount of generated cell lysis is measured by light scattering. Light
scattering is a technique which is used to measuring the surface texture.
The principle of this method is that the sample should be highlighted by
a laser and then scattered light have to be detected by photon detector.

• Centrate and solid temperature are measured by using a thermometer.

7.3 Validation of filters

When introducing a new filter to a production line, its suitability for the
intended process and other components of the production line must be val-
idated. This is a review of some of the key ideas to validating a tangential
flow filtration filter (Rathore and Sofer 2012).

Generally for a filtration step it is required to validate that the filter is
chemically compatible with all the fluids used in the process. This means
that all fluids that interact with the filter must not degrade or in any other
way hinder the function of it. This includes the chemicals used in the cleaning
procedure, another process that also has to be validated (Rathore and Sofer
2012).

The cleaning procedure has to be shown to satisfactory eliminate con-
taminants to a set purity limit. Cleaning agents also have to be removed
after the procedure. In the case of sodium hydroxide( NaOH) as washing
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agent, this can be checked by measuring pH or conductivity of the washing
water after it flows through the filter. To verify that the cleaning protocol in
fact eliminated contaminants to an acceptable level, a method called TOC
presented in Section 7.4.1, is often used (Rathore and Sofer 2012).

When using tangential flow filtration there are a series of process param-
eters that should be validated according to Rathore and Sofer (2012):

• While developing the process, flux required at the process pressure
and temperature should be established through experiments. The flux
should be consistent, as an inconsistent flow usually depends on sub-
stances in the solution binding to the filter.

• Ranges for temperature, pressure, volumes, flow rates and processing
times should be set. These can then be monitored to ensure consistency
of the process and to see that they are within the set acceptable ranges.

• The concentration of product and other components in the in-feed to
the filter should be monitored and acceptable ranges set. This allows
for measuring how much of a component enters the filter versus how
much exits. This value should be consistent throughout, and deviation
might indicate failure or blockage of the filter. Specifically the yield of
product should be taken into account as it also shows the effectiveness
of the process.

7.4 Validation of chromatography

The stability of antibodies, here also applied to Affibody® molecules, are
controlled by limitation of extreme pH and temperature. Also other process
variables should be controlled to reduce oxidation, deamidation, aggregation
and variant formations. Finding variants does not necessarily mean they
have to be controlled or even removed since they might not be harmful.
The chromatography process needs to be robust, reliable and constructed
for validation. Purity is the most important part of chromatography even
though yield and throughput can be important in economic aspects. Without
desired purity there will be no product to produce (Fahrner et al. 2001).

The solution of harvested cells contain many small molecules. Instead of
determining the level of each small molecule some representative molecules
are chosen and their levels analysed. Impurity is often given in ppm or ng/mg
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product. The reported impurity therefore relies on the product concentration
in the sample (Fahrner et al. 2001).

Host cell proteins are measured with ELISA quantitatively and with SDS-
PAGE qualitatively. Guidelines from World Health Organization states that
biopharmaceuticals can contain maximum 10ng DNA per dose. In harvested
cells DNA levels can be above 1 000 000 pg/mg. DNA levels can be measured
with Threshold DNA assay kit where Fahrner et al. (2001) received detec-
tion between 6.3 and 400 pg/ml. Some buffers and impurities can inhibit the
detection of DNA. When purifying antibodies aggregates are removed dur-
ing cation exchange chromatography. Amount of aggregates are validated
through size-exclusion chromatography (Fahrner et al. 2001).

Validation of chromatography needs to be done during extreme situations
for the parameters load, conductivity, pH and column lifetime. This valida-
tion has to be carefully designed in advance and the data received during
development is often used to decide in what range and with which critical
variables the process needs to be validated. By validating removal of impuri-
ties the need to measure amount of impurities in each batch can be ignored.
Which impurities to be measured needs to be defined from the beginning.
Some validations in chromatography has to be made on manufacturing scale
while others can be made in laboratory scale. These are virus removal, times
for production pools, buffers used, column parameters, and re-use of columns
and resin (Fahrner et al. 2001).

The effect on product and process when varying process circumstances
are decided from parameter validation. This effect is measured by yield and
purity. The re-use validation determines how many times a column can be re-
used or cycled on. When doing validation in laboratory scale all parameters
except column diameter has to be held as during manufacturing, e.g. buffers
and column heights (Fahrner et al. 2001).

Critical variables during wash and elute is buffer pH and salt level in
buffer. These needs to be validated since they have a big effect on separation
of antibodies. With size exclusion chromatography, DNA analysis and SDS-
PAGE the quality depending on amount of antibodies loaded can be analysed.
The methods listed can also be used to see how flow rate affects product
purity (Fahrner et al. 2001).

To know if the quality of purification i affected by re-use, column cycles
can be reproduced in laboratory scale with the same parameters and ranges
as during manufacturing. With SDS-PAGE the effect on re-used resin can
be analysed (Fahrner et al. 2001).
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7.4.1 Validation of chromatography cleaning

A part of validating a new method of chromatography is the validation of
the cleaning procedure. Cleaning can be required to restore the columns if
resins and column are to be reused in multiple cycles. A validation of the
procedure should assure no contaminants remain after cleaning, that cleaning
agents used are effectively removed and no damage to the resin is caused.
Since a new process line can involve the use of new chemicals and substances
in for example the fermentation, special attention needs to be taken to ensure
the cleaning procedure can cope with these changes (Sofer and Yourkin 2007).

The validation can be made easier with the use of non-specific assays, in
other words not specific for certain components or contaminants. Such assays
include Total Organic Carbon (TOC) and has been accepted by worldwide
regulatory agencies through The International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH). This is
a project that strives to harmonise regulatory requirements worldwide (Sofer
and Yourkin 2007). TOC can be used to validate the cleaning procedures
of chromatography columns and filters (Sofer and Yourkin 2007). When
using TOC as an analytical method, the total amount of carbon is assumed
to be the highest risk factor, and absence of carbon thus indicates purity.
(Schumacher 2002).

The method is based on oxidising organic compounds, how this is achieved
varies between different instruments. An example is where the sample is
passed over a hot catalyst, which causes combustion of carbon to carbon
dioxide, CO2, which is then quantified. First, inorganic carbon can be re-
moved by acidifying the sample and thereafter removing the carbon dioxide
formed with CO2-free gas. The final step can also expel some volatile organic
carbon forms, but these represent a most commonly negligible proportion of
TOC in surface water. With the help of this method, purity can be measured
for the water used during the processes. The TOC analysis include measur-
ing of purgeable organic carbon (POC), inorganic carbon (IC), total organic
carbon (TOC), nonpurgeable organic carbon (NPOC) and total carbon (TC)
(Schumacher 2002; Sofer and Yourkin 2007).

Since TOC is based on the presence of carbon, this method is applicable
only if a substantial amount of contaminants are organic. This also means
that other assays might have to be used if carbon containing buffers are
used. SDS-page, HPLC and monitoring of pH, conductivity and UV are
commonly used. Contaminants that might be present and are not detected
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Glossary

BL21(DE3) A variant of the common strain BL21 of E. coli for recombinant protein production. Con-
tains the gene for T7 RNA polymerase. 7, 17, 36, 37

Capture/elute A mode of chromatography where the target protein is captured in the column and
subsequently eluted, as opposed to flowthrough mode where impurities are captured and product
flows through.. 24

Cassette In comparison to an operon a cassette in nature usually contains one gene between a pair of
restriction sites. 8, 36, 56

CER Carbon dioxide evolution rate, the rate at which carbon dioxide is produced.. 13, 14

DF In diafiltration methodology buffer is introduced into the recycle tank while filtrate is removed
from the membrane operation. Diafiltration can be combined with other membrane filtration
techniques. 19, 22, 23

Downstream (i) Processes in the production line that comes after the process currently discussed
(ii) Genetic position further in the 3’ direction from the locus/genetic element currently discussed.
7, 18, 19, 33, 42

Downtime A period in the production process where no meaningful progress is being made. 9, 13, 25,
33

Elute To release chemical components from a column by addition of agents that disrupt bonding. 24–27,
29–31

Extracellular medium The space and medium outside of the outer cell membrane. 8, 33–35, 56, 57

Filtrate The components passing through a filter. 21, 22

GFP Green fluorescent protein. 8

IEX Ion Exchange Chromatography, a chromatographic method that separates on charge. 25, 27, 28

IM Inner cell membrane. 8, 56, 57

IPTG isopropyl β-D-1-tiogalaktopyranosid, a molecular mimic of a lactose metabolite. 6, 8, 16, 17, 36,
39

Modifier A substance that is added to alter binding of components to a column. 26, 27

Motif A sequence associated with and typical to a certain feature, commonly in DNA or RNA.. 37, 57

OM Outer cell membrane. 8, 38, 39, 56

Operon A unit of DNA containing one to multiple genes controlled by a promoter. 7, 8, 35–37, 39
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Pellet The solid phase present after sedimentation through centrifugation. 23, 24

Periplasmic space Periplasmic space is located between the inner and outer membrane. 7, 8, 33, 35,
36, 38, 39, 56

PMF Proton motive force. The force created by the pH gradient over a membrane. 35, 39

Production time The time from induction to a maximum concentration of Affibody molecules in the
cytoplasm. 9, 33

Promoter A promoter contains a specific DNA sequence as a binding site for a specific RNA-Polymerase.
7, 8, 36, 37, 39

Re-equilibrate To restore the column to initial conditions.. 24–26

Regenerate washing of the column after product elution.. 21, 24–26

Resolution Separation of components in a mixture after eg. chromatography. 18

Retentate The components being retained by a filter. 21, 22

Sedimentation coefficient Calculated by dividing a particle’s sedimentation velocity by the accelera-
tion applied to the particle.. 24

Supernatant The liquid phase present after sedimentation through centrifugation. 23, 24

Tat Twin arginine translocation pathway. 35, 57

TFF Tangential flow filtration where water flows tangentially over a membrane. Components being
smaller than the pores in the membrane are let through and larger components are retained.
Petrus evski et al. (1995). 18, 19, 21, 22

Titer The concentration of the final product after cultivation. 19

TorA The most consistent signal peptide of the Tat-Translocation pathway. 38

UF Ultrafiltration is a type of filtration where liquid is forced towards a membrane. Components with
high molecular weight are maintained. Other components are let through the membrane. UF can
be used for removal of endotoxins (Sandle 2013). 18, 19, 21–23

Upstream Upstream is toward the 5’ end of the DNA in relation to the coding strand of a gene and
downstream is toward the 3’ end. 36
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A.1 Issues regarding responsibility

Drug usage usually leads to difficulties regarding where the responsibility
lies, is the company accountable for how the drug is used? Or are the physi-
cians prescribing the medicine responsible for how the patients use it? What
responsibility lies on the patient when it comes to taking the right dose and
recycling left-over medicine? What responsibility has Affibody AB towards
patients to ensure a safe and effective product? In the following subsections
the ethics regarding the project will be discussed. Thoughts concerning the
ecological, social and economical view of the Affibody® molecules are de-
scribed and discussed.

A.2 Ecological impact

The proposals we recommend in this report are for a completely antibiotic
free protein production line. In today’s society there is an increasing amount
of multiresistant bacteria, often with resistance originating from environmen-
tal sources, i.e. chemical runoffs from laboratories or useage in agriculture
(Organization 2014).

Using an antibiotic free process would lower the risks in the production
of Affibody® molecules. Antibiotics in the environment can lead to the
development of antibiotic resistant bacterial strains. These can then spread
to disease-causing bacteria that become more difficult to handle, which affects
other organisms. This reduces the possibility of curing diseases when patients
become ill (Cervantes 2015). However not using antibiotics could result in
a greater risk of cell-culture contamination. Contamination could lead to
a defective end product and result in harm or ineffective treatment. It is
therefore important to have a properly validated process to minimise the
risk of such events and maximise the rate of detection if it happens.

In accordance with the UN sustainability goals for sustainable consump-
tion and production our proposed process does not contaminate the envi-
ronment. As the process takes place in a controlled environment where all
toxic material is taken care of by a professional workforce the environment
should not be contaminated by the manufacturing process. When the pro-
duced Affibody® molecules are administered to humans they break down in
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the human body which leads to no contamination of the environment and no
danger to marine or land life.

A.3 Social sustainability

Affibody AB has developed an Affibody® molecule which is taken intra-
venously and binds to albumin. According to Affibody AB, albumin accu-
mulate in inflamed areas in the skin and their Affibody® molecule has shown
a significant reduction of the inflammation and peeling in psoriasis patients
in clinical trials. According to Fortune et al. (1998) 1997 the mental health
and the quality of life of psoriasis patients is strongly correlated to the stress
induced by a negative anticipation by the public. Recently one of the first
in depth study of adolescents quality of life with psoriasis was published by
Randa et al. (2018). Randa comes to a similar conclusion as D.G Fortune
of increased attention regarding negative comments or “feelings of being on
display”. Today’s treatment of psoriasis have a lot of side effects, some com-
mon and subtle effects like nausea and burning skin and some more harmful
like liver damage. It is hard to tell what side effects the Affibody® molecule
will have but a benefit with Affibody® molecules compared to antibodies
is that they are easier to administer because of their greater stability and
their smaller size resulting in a less turgid substance. (Affibody AB, un-
published communication, 2018). This could open up for applications for
self-administration, making it easier for the patient. In both an economical
and quality of life view this would be beneficial. Less trips to the hospital
would increase flexibility for the patient, and time for doctors and nurses can
be spent on other more pressing cases. However, it puts more responsibility
on the patient to take correct doses and injecting the drugs intravenously by
themselves.

The Affibody® molecules that we have been attempting to optimise pro-
duction for, are drugs meant to make the lives easier and more bearable for
patients afflicted by diseases. If we manage to optimise a production line
which is more efficient this means that the supply of Affibody® molecules
will, for any given situation, go up. This can lead to decreased prices and
increased availability of the medicine for the market and patients.
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A.4 Economical aspects and health inequalities

Sustainable economics can be seen as central for this project. The small size
of Affibody® molecules make it easier to create than ordinary antibodies
(Frejd and Kim 2017). Being easier to produce reduces total cost of produc-
tion which makes it possible to use Affibody® molecules to produce cheaper
drugs, lowering future prices. As people on earth tend to get older and older
an increasing amount of diseases are affecting us (Niccoli and Partridge 2012).

Today antibodies are widely used in therapeutics and diagnostics to counter
and detect various diseases, including cancer, cardiovascular diseases and
arthritis. One problem with using antibodies is that they cannot easily be
produced in the most commonly used bacterial host, Escherichia coli, pri-
marily due to its inability to perform post-translational modifications and
create sulfide-bridges (Reilly and Yansura 2010). Furthermore antibodies
are relatively large molecules, weighing at ˜150 kDa, whereas Affibody®

molecules are only ˜6 kDa, less than 10% of antibodies mass. The high mass
of Affibody® molecules, combined with its inability to be efficiently con-
structed in Escherichia coli increases its cost of production. Low-cost drugs
can in turn can lead to cheaper health care making it available for more in-
dividuals. Another question is what health you as an individual get for what
kind of money. Will Affibody® molecules change how and to what extent
we use bio-pharmaceuticals? As there are a lot of opportunities for future
therapies with Affibody® molecules it is possible that one of them is for a
major disease that has a large impact on developing countries. As Affibody®

molecules are relatively cheap to produce an effective process could provide
low cost medicines for developing countries and therefore help lessen the
health-inequality in the world.
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B Contribution from group members

Most parts of this project has been written by a majority of group members
together, e.g. Preface, Proposals, Acknowledgements, Glossary and Ethics.
Section 3 and 7 is mainly written by Olle Pontén and Oskar Westlin. Section
4 is mainly written by Nadeen Bahnam and Philip Carlsson. Sections 5.1 and
5.2 are written by Ella Strömberg and Section 5.3 by Philip Carlsson. Section
5.4 is mainly written by Mathias Engström and Ella Strömberg. Section 6 is
mainly written by Mathias Engström, Nadeen Bahnamn and Ella Strömberg.
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C Rejected secretion systems

C.1 One step secretion systems

C.1.1 Type I systems

Type I systems consists of three principal structural components: an IM
ATP-binding cassette, a periplasmic space fusion protein and an OM channel
protein, called a porin. These systems, especially the Haemolysin A system,
henceforth the HlyA system, were considered, since they are relatively well
characterised and allow a one step process for transporting protein directly
out of the cytoplasm and across both membranes. There are however several
arguments against using Type I systems:

I The protein must be in an unfolded state upon translocation initiation.

II Transport is driven by ATP-hydrolysis resulting in increased metabolic
stress.

III The signal peptide used is relatively long (46-60) amino acids and often
remains uncleaved.

C.2 Secretion across the outer membrane

C.2.1 Type V systems

The type V systems includes all proteins which secretes themselves or uses
one or two partner proteins to export themselves. The mechanism used by
these proteins are insertion of a β-barrel domain into the outer membrane
which the protein is then secreted through. The type V systems can quickly
be dismissed from consideration for Affibody AB production process due to
the nature of the system and the nature of the product protein. The small
size of Affibody® molecules means that a large fraction of the metabolic
stress will come from having to create the individual secretion domains for
each Affibody® molecule.

C.2.2 Type II systems

Type II systems or the secreton as they also are known as transports a wide
variety of folded proteins out of the periplasm and into the extracellular
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medium and so it seems like a good option for extracellular recombinant
protein production. Unfortunately is is not well characterised. There is no
clear understanding to date regarding the target motifs. of

The type II system is regarded as a part of the general secretory pathway
according to Voulhoux et al. (2001). Transport occurs in a two step process,
previously thought to use only the Sec-translocation system over the IM. But
Voulhoux et al. (2001) showed that the type II system or secreton secretes
substances which passed through both the Tat and the Sec-System.

A type II system solution to secretion of the Affibody® molecules is an
interesting idea. However the poly peptide tags that are known today for
export via the secreton is not cleaved after secretion and hence not suited
for Affibody® molecule secretion (Albermann et al. 2010).

C.3 The general secretory system(SEC)

In gram negative bacteria the general secretory system or the Sec-System
is one of the most used translocation system through the inner membrane
according to Kleiner-Grote Gabriele R. M. et al. (2018)

The Sec system consists of three major components according to Green
and Mecsas (2016): Both SecA that functions as an ATP-driven motor and
the SecYEG as a heterotrimeric channel through the membrane are bound to
the inner membrane (Kleiner-Grote Gabriele R. M. et al. 2018). The third
component is the protein targeting consisting of SecB and SecSRP.

SecB is part of the pathway to the periplasm or the extracellular medium,
all proteins secreted contains a signal peptide recognised by the cytoplasmic
SecB protein according to Green and Mecsas (2016). It prevents newly trans-
lated amino-acid sequences with a SecB targeting peptide from folding, then
SecB functions as a delivery system to the SecYEG channel in the inner
membrane. The SecB peptide targeting sequence is then cleaved off by a
protease, Green and Mecsas (2016).

The SecSRP pathway transports non-folded inner membrane proteins to
the Sec-complex of SecYEG and SecB in the inner membrane. The process of
the SecSRP pathway is not yet fully understood, Green and Mecsas (2016).
There is however data supporting the fact that the SecSRP system binds
to the transmembrane region, SecYEG and SecA, while the protein FtsY
delivers the ribosome-protein complex according to Kleiner-Grote Gabriele
R. M. et al. (2018) and Green and Mecsas (2016). The SecSRP contains
a SRP particle that binds to the ribosome. The SecSRP then functions as
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a channel from the ribosome to the Sec-Complex, Green and Mecsas (2016)
Most of the inner membrane or transmembrane proteins are hydrophobic and
hence the need of the SecSRP channel.

The Sec-system only secretes unfolded proteins, which can be a major
problem when viewing it from a engineering/production perspective.
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Wielgoss, Sébastien et al. (2011). “Mutation Rate Inferred From Synonymous
Substitutions in a Long-Term Evolution Experiment With Escherichia
coli”. eng. In: G3 (Bethesda, Md.) 1.3, pp. 183–186. issn: 2160-1836.
doi: 10.1534/g3.111.000406.

Foster, Patricia L. et al. (2015). “Determinants of spontaneous mutation in
the bacterium Escherichia coli as revealed by whole-genome sequencing”.
en. In: Proceedings of the National Academy of Sciences 112.44, E5990–
E5999. issn: 0027-8424, 1091-6490. doi: 10.1073/pnas.1512136112.

Yee, L. and H. W. Blanch (1992). “Recombinant Protein Expression in High
Cell Density Fed-Batch Cultures of Escherichia Coli”. In: Nature Biotech-
nology 10.12, pp. 1550–1556. issn: 1546-1696. doi: 10.1038/nbt1292-
1550.

59

http://dx.doi.org/10.1038/emm.2017.35
http://dx.doi.org/10.1016/j.tibtech.2017.04.007
http://dx.doi.org/10.1016/j.febslet.2010.04.014
http://dx.doi.org/10.1093/bioinformatics/btv362
http://dx.doi.org/10.1002/bit.24535
http://dx.doi.org/10.1038/sj.emboj.7601871
http://dx.doi.org/10.1534/g3.111.000406
http://dx.doi.org/10.1073/pnas.1512136112
http://dx.doi.org/10.1038/nbt1292-1550
http://dx.doi.org/10.1038/nbt1292-1550


REFERENCES

Riesenberg, D. et al. (1991). “High cell density cultivation of Escherichia
coli at controlled specific growth rate”. In: Journal of Biotechnology 20.1,
pp. 17–27. issn: 0168-1656. doi: 10.1016/0168-1656(91)90032-Q.

Storms, Zachary J. et al. (2012). “Self-cycling operation increases produc-
tivity of recombinant protein in Escherichia coli”. In: Biotechnology and
Bioengineering 109.9, pp. 2262–2270. issn: 1097-0290. doi: 10.1002/

bit.24492.
Sauvageau, Dominic and David G Cooper (2010). “Two-stage, self-cycling

process for the production of bacteriophages”. In: Microbial Cell Factories
9, p. 81. issn: 1475-2859. doi: 10.1186/1475-2859-9-81.

Larentis, Ariane Leites et al. (2014). “Evaluation of pre-induction tempera-
ture, cell growth at induction and IPTG concentration on the expression
of a leptospiral protein in E. coli using shaking flasks and microbioreac-
tor”. In: BMC Research Notes 7. issn: 1756-0500. doi: 10.1186/1756-
0500-7-671.

Kopp, Julian et al. (2017). “Impact of Glycerol as Carbon Source onto Spe-
cific Sugar and Inducer Uptake Rates and Inclusion Body Productiv-
ity in E. coli BL21(DE3)”. In: Bioengineering 5.1. issn: 2306-5354. doi:
10.3390/bioengineering5010001.

Fruchtl, McKinzie, Joshua Sakon, and Robert Beitle (2016). “Alternate car-
bohydrate and nontraditional inducer leads to increased productivity of
a collagen binding domain fusion protein via fed-batch fermentation”. In:
Journal of Biotechnology 226, pp. 65–73. issn: 0168-1656. doi: 10.1016/
j.jbiotec.2016.03.016.

Wang, Hengwei et al. (2014). “Improving the Expression of Recombinant
Proteins in E. coli BL21 (DE3) under Acetate Stress: An Alkaline pH
Shift Approach”. In: PLoS ONE 9.11. issn: 1932-6203. doi: 10.1371/
journal.pone.0112777.

Wang, Huilin et al. (2015). “Process optimization of high-level extracellular
production of alkaline pectate lyase in recombinant Escherichia coli BL21
(DE3)”. In: Biochemical Engineering Journal 93, pp. 38–46. issn: 1369-
703X. doi: 10.1016/j.bej.2014.08.020.

Christy, Charles et al. (2002). “High-performance tangential flow filtration:
a highly selective membrane separation process”. In: Desalination 144.1,
pp. 133–136. issn: 0011-9164. doi: 10.1016/S0011-9164(02)00301-6.

El–Safty, Sherif A and Nguyen Duc Hoa (2012). “Organic–Inorganic Meso-
porous Silica Nanotube Hybrid Anodic Alumina Membranes for Ultrafine
Filtration of Noble Metal Nanoparticles”. In: Noble Metals, p. 32.

60

http://dx.doi.org/10.1016/0168-1656(91)90032-Q
http://dx.doi.org/10.1002/bit.24492
http://dx.doi.org/10.1002/bit.24492
http://dx.doi.org/10.1186/1475-2859-9-81
http://dx.doi.org/10.1186/1756-0500-7-671
http://dx.doi.org/10.1186/1756-0500-7-671
http://dx.doi.org/10.3390/bioengineering5010001
http://dx.doi.org/10.1016/j.jbiotec.2016.03.016
http://dx.doi.org/10.1016/j.jbiotec.2016.03.016
http://dx.doi.org/10.1371/journal.pone.0112777
http://dx.doi.org/10.1371/journal.pone.0112777
http://dx.doi.org/10.1016/j.bej.2014.08.020
http://dx.doi.org/10.1016/S0011-9164(02)00301-6


REFERENCES

Dizon-Maspat, Jemelle et al. (2012). “Single pass tangential flow filtration
to debottleneck downstream processing for therapeutic antibody produc-
tion”. In: Biotechnology and Bioengineering 109.4, pp. 962–970. issn:
1097-0290. doi: 10.1002/bit.24377.

Jungbauer, Alois (2013). “Continuous downstream processing of biopharma-
ceuticals”. In: Trends in Biotechnology 31.8, pp. 479–492. issn: 0167-7799.
doi: 10.1016/j.tibtech.2013.05.011.

GE, Healthcare (2008). “Ion exchange columns and media”. In:
Dorin, Mel and Judy Cummings (2015). “Principles of Continuous Flow Cen-

trifugation”. In:
Nfor, Beckley K. et al. (2009). “Rational and systematic protein purification

process development: the next generation”. In: Trends in Biotechnology
27.12, pp. 673–679. issn: 0167-7799. doi: 10.1016/j.tibtech.2009.09.
002.

Liu, Cheng and K. John Morrow Jr (2016). Biosimilars of Monoclonal An-
tibodies: A Practical Guide to Manufacturing, Preclinical, and Clinical
Development. Google-Books-ID: 7fyzDQAAQBAJ. John Wiley & Sons.
723 pp. isbn: 978-1-118-94062-4.

Klutz, Stephan et al. (2015). “Developing the biofacility of the future based
on continuous processing and single-use technology”. In: Journal of Biotech-
nology. Integrated Continuous Biomanufacturing: A New Paradigm for
Biopharmaceutical Production 213, pp. 120–130. issn: 0168-1656. doi:
10.1016/j.jbiotec.2015.06.388.

Steinebach, Fabian et al. (2017). “Experimental design of a twin-column
countercurrent gradient purification process”. In: Journal of Chromatog-
raphy A 1492, pp. 19–26. issn: 0021-9673. doi: 10.1016/j.chroma.

2017.02.049.
Müller-Späth, Thomas, Lars Aumann, and Massimo Morbidelli (2009). “Role

of Cleaning-in-Place in the Purification of mAb Supernatants Using Con-
tinuous Cation Exchange Chromatography”. In: Separation Science and
Technology 44.1, pp. 1–26. issn: 0149-6395. doi: 10.1080/01496390802581243.

Andersson, Niklas (2009). “Simulation of continuous preparative chromatog-
raphy: A case study in MCSGP”. PhD thesis. Lund ; Sweden: Lund Uni-
versity. 538 pp.
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